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Abstract

During the last few decades analytical chemistry has experienced an extraordinary evo-
lution in order to meet the actual demand of on-time and in-situ information, moving
from versatile yet bulky, time-consuming and expensive classical instrumentation to-
wards novel economical miniaturised systems which are capable to fulfill the nowadays
requirements. This evolution gave rise to the so-called Lab on a Chip (LOC) systems
and micro total analysis systems (uTAS), these latter integrating all the steps of the
analytical procedure in a single microfluidic platform. This high level of integration
and miniaturisation has been possible due to the existence of a “toolbox” of microflu-
idic elements that allow to perform the basic fluidic operations required within a given
application.

In this context, the present thesis aims to broaden the scope of the pTAS appli-
cations as well as to contribute to the currently available microfluidic toolbox. This
dissertation describes the development of three different microsystems which have been
applied to the quantification of various analytes of interest in wine, along with the de-
velopment of a novel valving system for centrifugal microfluidic platforms. Due to
its outstanding properties, Cyclic Olefin Copolymer (COC) has been selected as the
substrate material for the construction of the abovementioned systems.

Firstly, an economical, automated and miniaturised system for the spectrophoto-
metric determination of titratable acidity in wines is presented. The developed system
permits not only the quantification of titratable acidity in individual wine samples,
but also its continuous monitoring during wine-making processes. The microsystem
has been optimised for both situations, prioritising, in one case, high throughput and
minimal reagent and sample consumptions and, in the second case, high robustness
and a complete automation of the system. The same microanalyser has been suc-
cessfully applied to the measurement of the Primary Amino Nitrogen (PAN) content
in wine. Minimal modifications were required, thus demonstrating its high versatility.
The obtained results confirm an excellent performance of the microsystem for the three
applications studied.

The development of a centrifugal microfluidic system for the parallel enzyme-based
analysis of several wine parameters is also presented. L-lactic acid, the analyte selected
as proof-of-concept, has been quantified by performing an on-chip standard addition.
With that purpose, a double aliquoting structure that allows to split a wine sample into
equal sub-volumes and an L-lactic acid standard solution into variable volumes, has
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been implemented. The platform is still in the development stage, although promising
results have already been obtained.

Finally, a novel magnetically actuated valving system for centrifugal microfluidic
platforms is described. The working principle of the valve is based on the deformation
of a flexible PDMS disc as a result of the magnetic attractive forces between two
magnets, one at each side of the valve. At low rotational speeds, the pressure exerted
onto the disc blocks the connection between two channels. At higher rotational speeds,
one of the magnets is displaced as a result of an increase in the centrifugal force, thus
releasing the pressure that kept the valve closed and allowing the fluid flow. Apart
from being easily constructed and integrated, the major strength of this valve lies on
its reversibility, which enables a highly sophisticated and flexible fluid management.

The results presented in this dissertation demonstrate the advantages of using minia-
turised systems for analytical applications as well as the high potential of using COC
as the substrate material for LOC devices. Moreover, the fabrication methodologies
employed could potentially be extrapolated to mass production, which is an essential
requirement for the commercial viability of these systems.
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Resum

Durante las altimas décadas la quimica analitica ha experimentado una extraordinaria
evolucién con tal de satisfacer la actual demanda de informacién en tiempo real e in situ,
partiendo de la instrumentacién clasica (de gran versatilidad aunque voluminosa, cara
e implicando largos tiempos de analisis) para alcanzar nuevos sistemas miniaturizados
y econdémicos capaces de satisfacer los requerimientos actuales. Esta evolucién ha
dado lugar a la aparicién de los conocidos sistemas de tipo Lab on a Chip (LOC) y
los microsistemas de analisis total (WTAS), integrando, estos altimos, todas las etapas
del procedimiento analitico en una misma plataforma microfluidica. Este alto nivel de
integracién y miniaturizacién ha sido posible gracias a la existencia de un conjunto de
elementos microfluidicos que permiten realizar las operaciones fluidicas necesarias para
una aplicacién dada.

En este contexto, la presente tesis pretende ampliar el alcance de las aplicaciones de
los pTAS, asi como contribuir al conjunto de elementos microfluidicos existente actual-
mente. La tesis recoge el desarrollo de tres sistemas microfluidicos que se han aplicado
a la cuantificacién de diversos analitos de interés en el vino y el desarrollo de una
nueva valvula para plataformas microfluidicas centrifugas. Debido a sus excepcionales
propiedades, se ha escogido el copolimero de olefina ciclica (COC) como sustrato para
la construccién de los sistemas mencionados.

Primeramente, se presenta el desarrollo de un sistema miniaturizado, econémico e
automatizado para la determinacién espectrofotométrica de la acidez titulable en vinos.
El sistema desarrollado permite la cuantificacién de la acidez en muestras individuales,
asi como la monitorizacién de ésta durante los procesos de vinificacién. El microsistema
se ha optimizado para ambos casos, priorizando, en el primero, un alto rendimiento
y un minimo consumo de muestra y reactivos y, en el segundo, una elevada robustez
y la completa automatizacién del sistema. El mismo microanalizador se ha empleado
exitosamente para determinar el contenido de nitrégeno aminico primario (PAN) en
vinos, haciendo minimos cambios en el sistema y demostrando asi su gran versatilidad.
Los resultados obtenidos confirman un excelente funcionamiento del sistema para las
tres aplicaciones estudiadas.

Se presenta, también, el desarrollo de un sistema microfluidico centrifugo para el
analisis enzimatico y en paralelo de diversos analitos de interés en vinos. El 4cido L-
lactico, el analito seleccionado como prueba de concepto, se ha quantificado mediante
un método de adicién estandar “on-chip”. Para ello se ha implementado una estructura
de alicuotado doble que permite dividir una muestra de vino y un volumen dado de
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disolucién patrén en distintos sub-volimenes. Esta plataforma estd todavia en etapa
de desarrollo. No obstante, se han obtenido ya resultados muy prometedores.

Finalmente, se describe el desarrollo de una nueva valvula para plataformas de
microfluidica centrifuga, el funcionamiento de la cual estd basado en la deformacién de
un disco de polidimetilsiloxano (PDMS) debido a la presién que ejercen dos pequefios
imanes, uno a cada lado de la valvula, sobre éste. A bajas revoluciones, la presion
deforma el disco bloqueando la conexién entre dos canales. A velocidades de rotacién
superiores, uno de los imanes se desplaza a consecuencia del incremento de la fuerza
centrifuga, liberando la presion sobre el disco y permitiendo, asi, el paso del liquido.
Aparte de ser facil de construir e integrar, esta valvula es reversible, permitiendo asi
una gestién de fluidos altamente flexible y sofisticada.

Los resultados presentados en esta tesis manifiestan las ventajas del uso de sistemas
miniaturizados para aplicaciones analiticas, asi como el potencial de usar COC como
sustrato para sistemas de tipo LOC. Ademas, los métodos de fabricacion empleados
son potencialmente extrapolables a la produccién en masa, requerimiento esencial para
la viabilidad comercial de este tipo de sistemas.
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Chapter 1

General introduction

1.1 Analytical chemistry - Towards miniaturisation

Analytical chemistry can be described as the metrological science that develops, opti-
mises and applies methodologies, strategies and instrumentation for obtaining quality
spatio-temporal information of biological, chemical and biochemical systems.'” Al-
though it has been frequently considered as a chemical sub-discipline,* some authors
prefer to define analytical chemistry as an interdisciplinary yet individual science®>™" in
order to give it its well-merited relevance. Analytical chemistry, which at the beginning
was mainly focused on obtaining information about chemical systems, has nowadays a
strong impact in almost all existing scientific, technologic and social areas, including
biology, biotechnology, medicine, environmental sciences and industry, among many
others.®?

During the last few decades, analytical chemistry has experienced an enormous evo-
lution in order to meet the increased demand of information as well as to fulfill the new
analytical requirements, which include lower detection and quantification limits, lower
reagent consumption, higher portability, higher automation and shorter analysis times.
Consequently, analytical chemistry has moved from versatile yet complex classical in-
strumental techniques, which were very powerful tools but did not cover the current
on-time and in-situ information needs, to new miniaturised instrumental techniques
which are able to solve some of the classical instrumentation challenges.

The analytical process comprises the series of operations that have to be performed
for obtaining the desired information from a concrete system and it can be divided
into three different steps: the preliminary operations (e.g. sampling, sample transport,
analyte separation, preconcentration and derivatisation, etc.), the measurement and
transduction of the analytical signal and the data acquisition and processing.'”** The
integration and automation of all these steps in a single system led to the well-known
Total Analysis Systems (TAS).'” These systems reduced the complexity of the process
and the analysis time and gave traceability, reproducibility and exactitude to the mea-
surements. However, TAS were noticeably bulky, involved dealing with considerable
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amounts of samples, reagents and waste, and required the fabrication of interfaces
between the distinct components.'*~'°

The latest revolution of analytical chemistry came with the miniaturisation of TAS,
giving rise to the popular Micro Total Analysis Systems (pTAS). Although the first
investigations on integrated, automated and miniaturised analytical systems date from
the seventies,'® it was not until 1990 when the pTAS concept was firstly introduced by
Manz et al.!” The advantages of miniaturising TAS were already outlined and included
shorter analysis times, reduced reagent and sample consumption, minimised production
of waste and higher portability."*'” Since that moment, thousands of articles have been
published about the miniaturisation of analytical systems, giving rise to new concepts
such as the widespread “Lab on a Chip" (LOC).

Analytical process

L Signal L
Preliminary g N\ Data acquisition Useful
System . measurement and . . .
operations . and processing information
transduction

sampling

sample transport
analyte separation
analyte preconcentration
analyte derivatisation

|

Automation
Integration

L

Total Analysis Systems (TAS)

Micro Total Analysis Systems (uTAS)

Figure 1.1: The automation and integration of all steps of the analytical process
gave rise to the well-known TAS. pTAS were the result of the TAS miniaturisa-
tion.

puTAS and LOC have been frequently used as synonyms. Nonetheless, pTAS are
miniaturised, automated and integrated systems dedicated to analysis, whereas the
LOC concept covers a wider spectrum of systems which are not exclusively focused on
analytical purposes.'®'® A large number of LOC devices have been developed for many
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other applications such as synthesis,”>** drug delivery”** and the study of in-vitro

cell culture systems in the frequently referred to as Organ-on-a-Chip”>™ devices.

Figure 1.2: The “Lab on a Chip" concept. Several “lab” functionalities can be
implemented in a single microfluidic platform.

1.2 Miniaturisation and Microfluidics

Miniaturisation of analytical systems led to the development of a new research field
that provided the necessary tools to connect all steps of any analytical procedure. This
field, which is known as Microfluidics, copes with the study of the behaviour of fluids
at the microscale and includes any experimental and theoretical research related to
the development of new miniaturised fluidic systems, including their fabrication and
practical application.'®*
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Microfluidic platforms are the result of the miniaturisation of fluidic systems and
they are conformed by a set of microfluidic elements that are able to perform the basic
fluidic unit operations required within a given application.’’ These elements, which are
designed for their easy combination within a well-defined fabrication technology, are
the building blocks of microfluidic platforms and they provide a generic and consistent
way for the miniaturisation, integration, automation and parallelisation of (bio)chemical
processes.>” Some of the basic fluidic unit operations are: fluid transport, metering,
valving, mixing, reagent storage and release, and separation and preconcentration of
molecules or particles.?"*

A significant part of the research has been focused on the development of new tools
for improving the execution of the different fluidic operations and for implementing new
fluidic functionalities. A considerable effort has been put into the improvement of the
connectivity between the different fluidic elements that are to be combined within a
microfluidic platform, as well as into the development of more efficient construction
methods for their easier fabrication and integration.

1.2.1 Theoretical aspects

In order to develop functional microfluidic elements and operational miniaturised fluidic
devices, we first need to understand the behaviour of fluids at the microscale. At this
scale, the physical phenomena that dominate fluids are substantially different from
those that dominate at the macroscale. An overview of some of the most relevant
effects of downscaling is provided hereunder.

Surface area to volume ratio

The differences in the behaviour of fluids at the microscale compared to the macroscale
are related to the dramatic increase in the surface area to volume ratio when a system
is downscaled (see Figure 1.3). For a system with a characteristic dimension /, the
basic scaling law for the surface area to volume ratio can be expressed as:**

Surfacearea S I?
—_—— = = X — =
Volume VAR,
Equivalently, for surface forces (e.g. surface tension and viscosity) and volume

forces (e.g. gravity and inertia):**

11120 (1.1)

Surface forces  1° 1150
- x5 =" —"—> 1.2
Volume forces ~ |3 (1.2)

Equation 1.1 and Equation 1.2 evidence the increase in the S/V ratio and the
surface forces to volume forces ratio when [ decreases. The microscale, where | — 0,
is therefore controlled by surface dependent phenomena, whereas volume dependent

phenomena become negligible.
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1 mm \

Surface area S 6 mm? (-1/10° =) 6 pm?

Volume % 1 mmd (-1/10° =) 1 pm3

Surface area to Y%

6 mm? - 10% = 6 umt
volume ratio ( ) "

Figure 1.3: Example of the effect of downscaling a system on the surface area
(S), the volume (V) and the surface area to volume ratio (S/V).

Laminar flow

In microfluidic channels, mass transport is dominated by viscous forces, whereas
inertial forces dominating at the macroscale become negligible. The reduced influence
of inertia at the microscopic scale, which is the main reason for the chaotic behaviour
of fluids at the macroscale, leads to a laminar flow of fluids rather than the turbulent
flow we are used to see in macroscopic channels.*

The Reynolds number (Re) establishes the relationship between the inertial forces
and the viscous forces that a fluid of a density p and a viscosity 1 experiments when
flowing at a velocity v inside a channel with a hydraulic diameter Dy, and it can be
calculated from the following expression:*°

o pVDh
N

Re = (1.3)

The hydraulic diameter of a circular channel corresponds to the channel diameter,
whereas for channels presenting other shapes it can be calculated as:*

Dp=— (1.4)

where A is the cross-sectional area and P is the wetted perimeter (i.e. the total
perimeter of all channel walls which are in contact with the liquid).

Re is a dimensionless number which is frequently used to predict the behaviour
of a fluid inside a microchannel. At low Re values, typically below 2000, the inertial
effects causing turbulence and secondary fluid flows are negligible and viscous effects
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dominate the dynamics of the fluid. Conversely, at higher Re values, generally above
3000, the flow becomes turbulent since the inertial effects come to be dominant.®’
Owing to the reduced dimensions of the channels, Re is generally in the laminar flow
regime for microfluidic systems.®>*

\

v

\ v \

Y

\

Laminar flow

Turbulent flow

Figure 1.4: lllustration of the laminar flow regime at the microscale and the
turbulent flow regime at the macroscale.

Diffusion

As a consequence of the laminar flow regime, convective mixing does not occur
at the microscale. Molecular transport is therefore governed by diffusion, which is a
less efficient yet higher predictable mixing process.’” Diffusion is the fluidic transport
phenomenon resulting from concentration gradients and it is described by Fick's first
law, which can be found elsewhere.*’

The time tp it takes for a molecule with a diffusion coefficient D to move a distance
| 'is described as:*!
/2
D

At the macroscale, diffusion is a slow mixing process since the distances that
molecules need to travel are enormous. In contrast, at the microscale, the reduced
channel dimensions lead to reduced diffusion times, enabling a relatively effective mix-
ing of fluids via diffusive mixing.

Tp = (15)
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Entrance
of X

Diffusion

Entrance
of Y

Figure 1.5: Example of laminar flow and diffusive mixing for two fluids (X and
Y) which meet at a T-junction point. Diffusion is responsible for the mixing of
fluids at the microscale due to the laminar flow regime.

Surface tension and capillarity

Capillarity refers to the ability of a fluid to flow through narrow spaces without
the aid of external driving forces.*” Capillary motion mainly depends on the surface
tension forces, which are the result of two competitive forces at an interface: the
cohesive forces between the molecules of a fluid and the adhesion forces between the
fluid and the surfaces in contact with it.*® The first ones solely depend on the fluid
properties, whereas the second ones depend on both the fluid and the surface properties.
Surface tension forces (/2 dependant) play a major role in the fluid behaviour at the
microscale since they become progressively more dominant with the reduction of the
system dimensions.

When a narrow circular tube is immersed vertically inside a liquid source, liquid rises
(or descends) through the tube as a consequence of the capillary effect. The height h

of the liquid column can be described by the following expression:**
0
h— 2ycos® (1.6)
pgr

Where v corresponds to the liquid-air surface tension, 0 is the contact angle of the
liquid-air-surface interface, g is the gravitational constant and r is the radius of the
channel. Whilst for macroscopic channels h is negligible (r — co, h — 0), when the
dimensions of the channels are reduced to the microscopic scale, h drastically increases
(r— 0, h— ).
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Although Equation 1.6 cannot be used to describe capillary motion in horizontal
systems, it illustrates the importance of capillary flow at the microscopic scale.

Several other phenomena can be used to describe the behaviour of fluids at the
microscale. Nonetheless, due to their minor relevance in the work presented in this
dissertation, they have been deliberately omitted. A thorough description of these
phenomena can be found elsewhere.**#%43

Although generally the miniaturisation of a fluidic system cannot be directly per-
formed by scaling it down due to the different behaviour of fluids at the microscale
with respect to the macroscale, the microfluidics community has taken advantage of
these differences and has used these particular phenomena to develop new applications
as well as to achieve new functionalities which were unattainable at the macroscopic
scale. Some examples can be found below.

Large surface area to volume ratios are particularly useful in electroosmotic flow,
where liquids are dragged along a surface by mobile ions in close proximity to them,
and in surface acoustic wave systems,*>*” where the reduced volumes compared to the
high interfacial areas allow acoustic energy to displace droplets. Surface tension forces
have enabled the development of lateral flow tests, where capillary forces are used
to transport fluids along porous materials, and electrowetting flow based systems,***?
where droplets are moved by electrically induced changes in the contact angle. The
laminar flow and the diffusive mixing dominating at the microscale have been used for
the effective separation of particles with different diffusion coefficients without requiring
membranes or centrifuge methods.”%"!

44,45

1.2.2 Microfluidic platforms - Classification

According to their main liquid propulsion principle, microfluidic platforms can be clas-
sified into capillary systems, pressure driven systems, electrokinetic systems, acoustic
systems and centrifugal systems.®” In the work here presented, two different types of
microfluidic platforms have been used: pressure driven systems, where fluids are ac-
tuated by applying positive or negative pressure gradients, and centrifugal systems,
where fluid flow is mainly controlled by centrifugally induced forces. These two types
of platforms are described in detail hereafter.

1.2.2.1 Pressure driven systems

As mentioned before, pressure driven systems use negative or positive pressure gradients
for fluid transport. The pumping and gathering of fluids is achieved by using internal
or external actuators (e.g. pumps and valves).

Ideally, these actuators should be monolithically integrated into the platform in
order to minimise the external instrumentation required and therefore reduce the size
of the system, the fluid consumption and the overall costs. However, the monolithic
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integration of these actuators is still a technological challenge not only due to the high
degree of miniaturisation required but also due to the actual complex connection of
these actuators to the rest of the elements that conform a system.’”” Besides, the
integration of these actuators generally implies complex fabrication processes which may
become prohibitively expensive or even inviable when scaled to mass production.*:>

A huge amount of effort has been put into the development of integrable minia-
turised actuators, and several monolithically integrated micropumps and microvalves
have been reported.”*™ However, the integration of these microactuators is still ex-
tremely challenging due to incompatibilities on materials and fabrication procedures be-
tween the microactuators and the microfluidic platforms. Consequently, most pressure
driven systems found in the literature are “hybrid” and combine the use of microflu-
idic platforms with external macroactuators such as conventional peristaltic pumps and
manual injection valves commonly used in classical flow analysis techniques.

Flow analysis techniques constitute the basis of most of the pressure driven pTAS
and have been an essential tool for the miniaturisation and automation of the analytical
process. Among the existing flow analysis techniques,®” flow injection analysis (FIA) has
probably been the most widely applied one due to its high simplicity. This technique
consists in the injection of a small volume of sample into a carrier stream which is
directed towards a detector. Before reaching the detector, the sample is mixed, when
required, with one or more reagent solutions that meet the carrier stream in one or
more confluence points."’

In order to solve the major drawbacks of FIA, which were mainly related to the
high dimension of the actuators as well as to the relatively limited applicability of these
systems (concerning, for instance, the high reagent and sample consumption), new
methodologies were developed. The bulky conventional peristaltic pumps and manual
injection valves were substituted by solenoid micropumps and microvalves, therefore
diminishing the dimensions of the systems as well as increasing the versatility of the
fluid management. Numerous new techniques arose from the use of these new type of
actuators, including multipumping flow systems (MPFS)®*~** and multicommuted flow
injection analysis (MCFIA) systems,®°" among others.®”"* Apart from the evident
high degree of miniaturisation, other benefits of using micropumps and microvalves
are: a more efficient mixture of the solutions due to the pulsating flow, a reduced
reagent and sample consumption, an easier automation and an increased robustness of
the system. Furthermore, these actuators offer high versatility to the flow system due
to an easier modification of the hydrodynamic parameters (e.g. the flow rate and the
injection volume) and a simpler reconfiguration of the system network.”’

Therefore, despite not being monolithically integrated, the combined use of ex-
ternal microactuators and microfluidic platforms enables the development of highly
miniaturised, automated and economical hybrid analytical systems.

Apart from fluid transport, the other two key unit operations of pressure driven
platforms are fluid introduction and fluid mixing.
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Fluid introduction — Connection to the external world

One important hurdle for the effective application of a microfluidic system is the
connection between the microfluidic platform and the peripherals (e.g. pumps, valves,
etc.), which is commonly referred to as the “world-to-chip” or the “macro-to-micro”
interface. These interfaces, which should apparently be functional, robust and reliable,
often turn out to be responsible for compromising the overall performance of the sys-
tems.”>’* Some attempts to develop universal fluidic connectors have been carried out
(e.g. the Luer Lock system). However, these interfaces are generally suitable for a lim-
ited number of applications and are not compatible with most fabrication techniques.”*

Several aspects have to be considered for the design of a suitable interface. Ideally,
a connector should be simple, easily plugged and removed, have minimal dead volume,
allow to work with a wide variety of flow rates and pressures and present chemical
compatibility with the reagents and samples to be used. Besides, it should be inexpen-
sive and it should provide the maximum possible compatibility with other commercial
fluidic connectors.’

Some examples of connectors for pressure-driven microsystems are: a magnetic
connector based on the sealing of the tubing against inlets/outlets by the attractive
forces between to magnets (Figure 1.6.a);"” a connector based on standard pin header
electrical connectors (Figure 1.6.b);’® a solder-based connection where metal ferrules
are soldered to silicon/glass chips using an intermediate solder layer (Figure 1.6.c);’’
and an in-plane interconnect where polyimide tubing is inserted into a glass/silicon
device and fixed by the deposition of Parylene-C (Figure 1.6.d).”®

The devices that will be presented in this dissertation use modular polymeric con-
nectors for the introduction of fluids into the microfluidic platforms.

Mixing

Although diffusive mixing is considered a relatively efficient mixing method in mi-
crofluidic systems due to the reduced dimensions of the microchannels, most microflu-
idic platforms integrate structures in order to accelerate this process. These structures,
commonly referred to as micromixers, are generally aimed to favour the turbulent flow
of the fluids (instead of the typical laminar flow of the microscale), therefore enhancing
the effective mixing of the solutions in a reduced time.

Micromixers can be classified into active and passive. Active micromixers use ex-
ternal energy sources in order to disrupt the flow, increase the contact area or induce
chaotic advection. Despite their high mixing efficiency, the involved structures are
frequently complicated, thus increasing the complexity of the overall construction pro-
cess.”” This fact, along with the need for external energy sources, has limited the actual
applicability of this type of micromixers. Conversely, passive micromixers are based on
the microstructuring of certain channel geometries to favour the disturbance of the
flow and do not require any external energy source.’’ This type of micromixers have
been widely used due to their simplicity, robustness and easy integration.
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Figure 1.6: Some examples of macro-to-micro interfaces: a) a magnetic con-

nector;”” b) a pin header connector;® c) a solder-based connection;’” and d) an

interconnect using Parylene-C’®. Parylene-C is deposited in the space delimited

in red from the second illustration in (d). Images adapted from the respective
references.

Numerous active and passive micromixers can be found in the literature.”*=** Fig-
ure 1.7 shows three examples of passive micromixers. The pressure-driven microfluidic
platforms presented in this dissertation integrate 2D serpentine micromixers due to
their high efficiency yet simple construction.
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Figure 1.7: Three examples of passive micromixers: a) staggered herringbone
micromixer, b) 2D serpentine micromixer and c) 3D serpentine micromixer. Re-
drawn from reference [79].

1.2.2.2 Centrifugal microfluidic systems

Centrifugal microfluidic systems, also known as Lab on a CD or Lab on a disc due
to their frequent resemblance to conventional compact discs (CD), use centrifugally
induced forces for fluid transport. Fluid motion is controlled by the frequency of rotation
of a platform and depends on the geometry of the channels and chambers as well as
on the properties of the fluids and the surfaces in direct contact with them.

Centrifugal microfluidic platforms offer many advantages compared to other com-
mon microfluidic systems. The most relevant one is related to the “chip-in-a-lab™’
concept, which refers to the general need for bulky external instrumentation for fluid
handling and detection. Centrifugal pumping involves minimum external instrumenta-
tion, requiring only a rotatory motor as actuator and therefore eliminating any external
fluidic interconnection (the “world-to-chip” interfaces introduced in the previous sec-
tion).

Besides, unlike electrokinetic and acoustic pumping, centrifugal pumping is rela-
tively insensitive to various physicochemical properties such as pH, ionic strength or
chemical composition, hence enabling the effective transport of a wide variety of flu-
ids, from aqueous solutions to biological fluids such as blood®*° and urine®>®°. Fluid
transport in centrifugal systems is also highly efficient: a wide range of flow rates can
be achieved, formed bubbles are easily eliminated and reagent and sample consump-
tions are minimised. Moreover, multiplexing is quite easily implemented by means of
integrating multiple parallel structures in a single disc.

Many fluidic functions have been successfully integrated into centrifugal microflu-
idic platforms. These include pumping,®’~® valving,’*=? mixing,”*°* flow switching,®>%°
metering and aliquoting,’ ™" reagent storage,'"”'?! analyte separation'®~'%* and pre-
concentration,”®!% among others. Furthermore, several optical (e.g. molecular ab-
sorption spectroscopy,®"'"® molecular fluorescence spectroscopy,'’’ '’ surface plasmon

TParallelisation in centrifugal platforms is examined in more detail in § 7.2.
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resonance (SPR) spectroscopy and Raman spectroscopy and electrochem-
ical''*11> detection methods have been demonstrated.!

The wide range of available functions for fluid handling and the multiple analytical
detection methods demonstrated enable the development of dedicated systems for many
specific applications by means of the appropriate selection and combination of these
tools. Centrifugal microfluidic platforms have been applied to numerous fields, such as
environmental monitoring'”’ and medical diagnosis.'”

One of the major advantages of using centrifugal microfluidic platforms lies on the
possibility of developing inexpensive dedicated disposable devices. This fact, along
with the minimal external instrumentation required, make these platforms especially
suitable for point of care (POC) applications.'”” The potential of these platforms in
POC diagnostics rapidly caught the attention of several companies, which developed
various centrifugal systems that are now commercially available. Some examples are:
Piccolo Xpress'”® by Abaxis (Union City, CA, USA); Spinit'** by Biosurfit (Azambuja,
Portugal); Revogene'” by GenePOC (Québec, Canada); Cobas b 101'*° by Roche
Diagnostics (Indianapolis, IN, USA); LABGEO IB10'*" by Samsung Healthcare (Seoul,
South Korea); and Gyrolab xPlore'” by Gyros Protein Technologies (Uppsala, Sweden).

Theoretical aspects - Centrifugal hydrodynamics

As mentioned earlier, in centrifugal microfluidic systems fluids are controlled by
the frequency of rotation of a microstructured circular platform. Fluid flow is mainly
governed by three different pseudo forces': the centrifugal force, the Coriolis force and
the Euler force.

TPseudo forces, also called fictitious or inertial forces, refer to apparent forces
which act on masses whose motion is described using a non-inertial frame of
reference (i.e. the coordinate system where the motion of an object is being
analysed)."” In order to describe the mechanics of fluids and particles in rotating
platforms, a rotating reference frame is generally used.

A fluid of a mass density p on a planar substrate rotating at a distance r from the
central axis at an angular velocity « experiences three fictitious force densities (i.e. per
unit volume):***%

f, = prw? (1.7) The centrifugal force (density), which is directed outwards
from the centre of rotation along the radius of the disc. This force
is contained in the plane perpendicular to the rotation axis, and it

TOnly few novel/relevant examples are referenced. Further information about the different unit op-
erations and detection methods can be found in references [116] and [117], and [116], [118] and [119],
respectively.
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Figure 1.8: Some examples of commercially available centrifugal systems for
POC diagnostics: a) Piccolo Xpress'” by Abaxis (Union City, CA, USA);
b) Spinit'** by Biosurfit (Azambuja, Portugal); c) Revogene'”® by GenePOC
(Québec, Canada); d) Cobas b 101'*° by Roche Diagnostics (Indianapolis, IN,
USA); e) LABGEO 1B10"" by Samsung Healthcare (Seoul, South Korea); and
f) Gyrolab xPlore’* by Gyros Protein Technologies (Uppsala, Sweden). Images
adapted from their respective websites.

fc = 2pwov

_ dw
fe = or%;

drives fluids outwards from the centre towards the periphery of the
platform.

(1.8) The Coriolis force (density), which acts in a direction perpen-
dicular to the rotation axis and to the linear velocity of the fluid (v)
in the rotating platform. This force deflects the fluid movement in
the transversal direction and becomes dominant at high rotational
speeds. !

(1.9) The Euler force (density), which appears when the angular ve-
locity changes with time and it is normal to the direction of the cen-
trifugal force. This force drives fluids in a direction opposite to ro-
tation and increases proportionally to the radius. It becomes signif-
icant when high acceleration/deacceleration profiles are used.'*”'*
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These three pseudo forces can be directly controlled by the frequency of rotation
of the platform v. The relationship between the angular velocity « and the frequency

of rotation v is:
w = 2nv. (1.10)

The aforementioned pseudo forces are illustrated in Figure 1.9 for a particle inside a
rotating platform.

Centre of rotation

Particle
trajectory

Fe

Figure 1.9: Pseudo forces acting on a particle inside a spinning disc: the cen-

trifugal force (F.,), the Coriolis force (Fc) and the Euler force (Fg). Fe can act in

both directions depending on the acceleration to which the platform is subjected

(which can be either positive or negative). Capital letter F has been used to
represent force (instead of force density f).

In addition to the inertial forces previously described, centrifugal platforms have ben-
efited from other forces for the development of several fluidic applications. These forces
include capillary force,**'% electrostatic force'*® and magnetic force,'*’~"* among oth-
ers. Out of all these, capillary force has been the most widely exploited. Fluid control
in most passive valves is actually achieved by the interplay between capillary forces and
centrifugally induced forces.!

Valving in centrifugal platforms is examined in more detail in § 6.1.
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1.3 Microfabrication technologies and materials

Over the last decades, LOC microfabrication technologies have experienced a significant
evolution and new materials have emerged as a consequence of the search for enhanced
LOC characteristics, new LOC applications, and more precise, economical and faster
construction methods. In this section, a brief overview of the main substrate materials,
including their strengths and weaknesses as well as their respective most common
microfabrication methodologies, is given.

It is important to emphasize that there is no ideal material (and therefore no ideal
microfabrication methodology) that can fulfill all the requirements for every applica-
tion. Generally, the selection of the suitable material is carried out by considering the
final application of the device. The selected material has to meet the required optical,
electrical, mechanical, thermal and chemical properties, including toxicity and biocom-
patibility, apart from taking into account the available fabrication methods (both at
the prototyping and the mass production scale) and the costs of the material and the
fabrication procedure.'*’ The critical design dimensions along with the manufacturing
time and costs play an important role in the selection of the fabrication method. Be-
sides, the accessibility to equipment and techniques is often a limiting factor (e.g., the
use of clean room facilities is not always plausible).*®

1.3.1 Silicon and glass

Some of the earliest works in microfluidics used silicon and glass as substrate materials
due to the well-established fabrication methods inherited from the microelectronics
industry.***

The usual microfabrication process of silicon and glass devices consists in a first
photolithographic step, followed by (dry or wet) etching and a final anodic bond-
ing.!*>1%* During the photolithographic process (see Figure 1.10.a), the areas that will
be etched later on are defined by using a photosensitive polymer layer deposited onto
the substrate by spin-coating. This layer is then exposed to intense light through a
photomask and, consecutively, the exposed or unexposed photoresist (depending on
whether a positive or a negative photoresist is used) is dissolved. During the etching
(see Figure 1.10.b), the patterns are created by the removal of the material in the parts
that are not covered by the photoresist layer. The pieces that conform the final device
are then sealed together by anodic bonding. The described fabrication methodology
allows precise machining of channels with high resolution down to less than 100 nm
and high aspect ratio structures up to 20:1.'4%44

Other microstructuring techniques such as femtosecond laser 3D micromachin-
ing,*° the use of xurography'*’ as an alternative to photolithography, and some other
bonding strategies'** including direct bonding and adhesive bonding, are also available
for the construction of silicon/glass devices.

The use of silicon and glass as substrate materials for LOC devices is nowadays mod-
est and it is mainly restricted to applications where strong solvents or high temperatures
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a) Photolithography using a positive photoresist
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coating through photomask of photoresist
b) Etching
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Figure 1.10: Schematic representation of basic (a) photolithographic and (b)

etching processes. In this example, a positive photoresist is used and, therefore,

the areas which are dissolved are the ones previously exposed to light. When a

negative photoresist is used, the unexposed areas are the ones which are dissolved.

The etching process removes material only from the areas where there is no
photoresist. Adapted from reference [145].

are required. Glass is the preferred material for on-chip capillary electrophoresis, where
the surface properties of the channels play an important role, and for some biologi-
cal applications due to its high compatibility with biological samples.>*** The current
limited application of these materials (apart from the ones mentioned before) is a di-
rect consequence of the several drawbacks they suffer from.*>'** Silicon devices are
expensive, they require especial microfabrication facilities (clean rooms) and trained
personnel to be constructed and they are optically opaque to visible light. Although
glass is transparent at the UV-visible range of the spectrum, the manufacturing costs
are equivalent to those from silicon since special facilities and trained personnel are
also required. Furthermore, the construction process of both silicon and glass devices
is not only expensive but also highly time-consuming.
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1.3.2 Low Temperature Co-fired Ceramics

Low Temperature Co-fired Ceramics (LTCC), which were originally used for electronic
multilayer packaging, were introduced as substrate materials for LOC devices due to
the high compatibility with conductive materials, the easy integration of electronic
components and the simple and fast prototyping of 3D structures.'**=*" The Group
of Sensors and Biosensors (GSB) has an extensive experience in the use of LTCC to
develop highly integrated microanalysers, being one of the pioneer research groups in
applying this material to microfluidcs.**='%*

LTCC are polycrystalline solids mainly containing alumina (Al,O3, 45%) and glass
(SiOz 40%). In their “green” state (i.e. pre-fired, pre-sintered), they contain a small
percentage of organic compounds (15%) which confer this material the adequate prop-
erties for its manipulation.'*”

LTCC are generally manufactured in malleable sheets of different thicknesses. There-
fore, LTCC devices are generally constructed by using a multilayer approach. The gen-
eral construction process can be divided into three main steps: firstly, the individual
microstructuring of the different layers in their green state; then, the lamination of
these layers by applying temperature and pressure; and, finally, the sintering of the
obtained LTCC block at about 900 °C.'*" The name of this material is actually related
to the sintering temperature, which is considerably lower than that of classic alumina
ceramic substrates (1600 °C to 1800 °C).'*® When required, conductive pastes are
screen printed onto the surface of the ceramics layers in their green state.

The microstructuring of LTCC sheets is generally carried out through laser abla-
tion, although other techniques such as micromilling and jet vapour etching are also
feasible.'*®

Apart from the possibility of integrating conductive materials and electronic compo-
nents, LTCC devices present other advantageous characteristics such as high chemical
inertness and high temperature stability, enabling them to be applied to syntheses
requiring harsh conditions (see Figure 1.11)."°71%% Besides, these devices are easily
prototyped with no need for special facilities. The main disadvantages of these systems
are their relatively high fragility and their optical opacity. Nonetheless, the possibil-
ity of monitoring absorbance and fluorescence by using thin LTCC layers has been
demonstrated by the GSB.'>%1%0

Due to their fast and precise prototyping, LTCC have been used in the work here
presented for the construction of masters for the later hot embossing of microchannels
onto polymeric substrates.

1.3.3 Polymers

The use of polymers has grown rapidly over the last few years due to their low cost
and the vast variety of available materials and fabrication methodologies. Polymers
have attracted attention not only in the research field but also in industry due to the
possibility of developing cost-effective disposable devices.'®'''°? Besides, the wide range
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Figure 1.11: Top (a), bottom (b) and inner (c) view of an LTCC microreactor

for the synthesis of superparamagnetic iron oxide nanoparticles (SPION). The

device contained a monolithically integrated gold resistor which was used as a

heater. The top side (a) of the microreactor included the fluidic inlets and outlets

while the bottom side (b) contained the contact pads for the gold resistor (c)

and a temperature sensor. The internal fluidic system is not shown. Adapted
from reference [158].

of available polymers presenting a wide diversity of mechanical, thermal and chemical
properties offers great flexibility in choosing the suitable material for each specific
application.

Among all available polymers, polydimethylsiloxane (PDMS), poly(methyl methacry-
late) (PMMA), polystyrene (PS), polycarbonate (PC) and cyclic olefin (co)polymers
(COP, COC) are the most commonly used ones.'®® PDMS is, by far, the most often
utilised due to its extremely easy and fast prototyping.

An overview of some properties of these polymers is provided in Table 1.1. In the
following sections, the use of PDMS and COP/COC as substrate materials for LOC
will be presented due to their importance in the microfluidics field as well as because
of their relevance in this dissertation, particularly in the case of COC."

TA more detailed and complete description of the available polymeric materials for microfluidic devices
and their fabrication methods can be found elsewhere. %1
TThermal property refers to the curing temperature of PDMS and the glass transition temperature (Tg)



20 Chapter 1. General introduction
Table 1.1: Summary of some properties of interest of the most commonly used
polymer materials.'®® The qualitative metrics shown in this chart are provided
only as a general guide. Particularly, solvent resistance can be highly dependent
upon the solvent type. A more complete description of the chemical resistance

of these polymers (among other materials) can be found in reference [165].
PDMS Thermoplastics

PS PMMA PC COP/COC
Mechanical property Elastomer Rigid Rigid Rigid Rigid
Thermal property’ ~80°C 90~ 100°C 100~ 125°C 140 ~ 150 °C 70 ~ 155 °C
Solvent resistance Poor Poor Good Good Excellent
Acid/base resistance Poor Good Good Good Good
Optical transmissivity
Visible Excellent Excellent Excellent Excellent Excellent
uv Good Poor Good Poor Excellent
Biocompatibility Good Good Good Good Good
Material cost 150 $/kg <3 $%/kg 2-4%/kg <3 $/kg 20 - 25 $/kg

161,165

Polymer classification

Based on their physical properties, polymers can be classified into three groups:
thermoplastics, elastomers and thermosets. These mainly differ in the degree
of cross-linking of the polymer chains, which results in a difference in the final
physical characteristics of the polymers.

Thermoplastics are polymers with unlinked chains whose polymeric network
is easily broken by heat. Therefore, when heated above the glass transition
temperature (Tg), they become plastic and can be easily moulded into specific
shapes which will be retained once temperature descends. Most of the polymers
used in microfluidics belong to this group (e.g. PMMA, PS, PC, COP/COC).

Elastomers are weak to moderate cross-linked polymers which are characterised
by their capability to stretch or compress when an external force is applied and
return to their original shape once the force is withdrawn. The most popular
elastomer in microfluidics is PDMS.

Thermosets present high cross-linking of the polymer chains, thus impeding
their free movement. This results in hard and brittle materials which are usually
temperature stable. As a consequence, this type of polymers are rarely employed
as substrate materials for LOC devices, although they are frequently used as
photoresists for photolithography.
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The general microfabrication methods of polymeric devices include casting (also
known as soft lithography), injection moulding, thermoforming and hot embossing, all
of them requiring the fabrication of a master mould.'**'° For prototyping purposes,
alternative techniques which avoid the need for a master are generally preferred.®%!%*
These techniques are usually based on a multilayer approach, in which complex 3D
structures are easily obtained by the overlapping of several 2D microstructured layers.
The individual machining of these layers is typically carried out by direct microstruc-
turing techniques such as laser ablation and micromilling. The sealing of the different
layers/parts that constitute the final device can be performed by thermal bonding,
solvent bonding and adhesive bonding, among others.'°” Multilayer construction meth-
ods are widely used due to their broad applicability, material compatibility and high
simplicity.

It is important to highlight that not all the aforementioned construction methods
are feasible for every polymer. The selection of the adequate construction method
will, therefore, depend on the polymer selected. Other aspects such as the available
infrastructure or the required resolution of the final structures may also be considered.

3D printing techniques have recently emerged and are rapidly growing in the mi-
crofluidics field due to the possibility of creating complex 3D structures in an automated
way and without the need for later bonding or assembly.'%¢1%° 3D printing refers to a
set of additive manufacturing techniques where 3D objects are created from a computer
aided design (CAD) in a single process and includes stereolithography, photopolymer
inkjet printing and fused deposition modelling, among many others.'%'"" Relatively
low-cost 3D printers are commercially available, allowing a rapid and cost-effective
prototyping.'’* The major drawbacks of these techniques are principally related to the
resolution of the obtained structures and the properties of the compatible materials
(e.g. their optical transparency and biocompatibility). Notwithstanding, both issues
are rapidly being improved. The possibilities and applications of these techniques are
expected to rapidly increase during the next few years.'’"

1.3.3.1 PDMS

PDMS is the most popular material in research laboratories due to its easy and low
cost prototyping.

PDMS pieces are commonly produced by casting (see Figure 1.12).'*> This process
consists in pouring the liquid PDMS prepolymer onto a mould which is generally fabri-
cated by photolithography (although other techniques are also available). The PDMS
piece is then cured for a few hours at mild temperature and, after the curing process,
it is peeled off the mould. The obtained PDMS piece can be directly (and reversibly)
bonded to other PDMS pieces or other materials such as glass and silicon.'’” The easy
replication of these pieces along with a simple bonding where no additional material or
special process are required confer this material an exceptional usefulness for prototyp-
ing purposes. Furthermore, PDMS casting and bonding involve neither special facilities
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nor expensive instrumentation. It is important to highlight that the direct bonding pre-
viously described is not always suitable and that alternative bonding processes such as
O, plasma bonding are available for applications where a stronger sealing is required.
The O, plasma bonding is also a simple and fast sealing process.'’””

PDMS casting
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Figure 1.12: PDMS casting. Adapted from reference [145].

Apart from the easy replication and bonding of PDMS, this polymer possesses
other interesting characteristics such as good optical transparency and biocompatibil-
ity. However, PDMS exhibits some double-edged properties which can be beneficial
for some applications yet counterproductive for many others. Two examples of these
characteristics are its elasticity and its permeability to gases. The high elasticity of
PDMS has enabled the development of microvalves and micropumps based on thin
flexible PDMS layers.'>17317% Notwithstanding, this property can become problematic
when internal or external pressures are applied to a PDMS microfluidic device, since it
would lead to a change in the dimensions of the patterned microstructures and, there-
fore, to changes in the flow rate, the volume of the chambers, etc.'’ lts permeability
to gases is considered advantageous for some cellular studies where the free diffusion
of O, and CO; is desired.'” However, it may alter the measurements in microfluidic
analytical devices as a result of vapour loss or changes in pH due to CO, diffusion.'’*
The high hydrophobicity of the material is generally considered detrimental, since it
promotes the absorption of small hydrophobic molecules and biomolecules.'”* Further-
more, it is poorly resistant to organic solvents and its use is mainly restricted to aqueous
solutions.***

Additionally, one of the major drawbacks of using PDMS is the difficulty to transfer
the construction methodology at the prototyping scale to mass manufacturing. Casting
has only very little initial equipment costs. However, whilst for other replication tech-
nologies such as injection moulding or hot embossing the cost per device is drastically
reduced with the increase of the number of devices, in this case, the cost per device
remains almost constant.'’® As a consequence, industry has opted for other polymer
materials and the use of PDMS has been basically restricted to research labs.”
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1.3.3.2 COP/COC

During the last decades, the use of cyclic olefin polymers (COPs) as substrate materi-
als for LOC applications has become more and more extensive due to their promising
properties which include high chemical resistance, low water absorption, good opti-
cal transparency in the visible and near UV range, high biocompatibility and an easy
fabrication, among others.!’":17

Different COP materials are commercially available from several suppliers and under
different brand names, being TOPAS'” by Topas Advanced Polymers and Zeonex and
Zeonor'®® by Zeon Chemicals the most commonly employed. COPs are synthesised
by using two different polymerisation processes. The first consists in a ring-opening
metathesis polymerisation of cyclic monomers followed by hydrogenation (e.g. Zeonex
and Zeonor), while the second consists in the chain copolymerisation of the cyclic olefin
monomers with ethene (e.g. TOPAS).'”” The polymers resulting from this second
synthesis are frequently referred to as cyclic olefin copolymers (COCs).

One of the most important characteristics of COPs/COCs is the availability of a
wide range of materials with different glass transition temperatures (Tg). The Tg
of COP/COC can be tuned without altering other interesting properties (such as the
structural or the optical ones) by applying some modifications to the synthesis. In
the case of Zeonex and Zeonor, the Tg is tuned by changing the substituents of the
norbornene,'®" whereas for TOPAS, the Tg is tuned by modifying the norbornene to
ethylene ratio'’’.

As previously mentioned, thermal bonding is one of the usual bonding strategies
for polymer devices. This technique is based on the increase in temperature up to
or above the Tg of the substrate material while pressure is being applied in order
to achieve the interdiffusion of the polymer chains between the surfaces. The main
drawback of thermal bonding is the possible deformation of the internal structures
due to applied temperature and pressure. However, this can be avoided by the com-
bined use of COPs/COCs with different Tg.'’"'/%15% |n this bonding approach, high Tg
COP/COC layers containing the microfluidic structures are sealed together by using
low Tg COP/COC sheets as bonding layers. Hence, the applied temperature must be
above the Tg of the bonding layers but below that of the structural ones. This strategy
avoids not only the deformation of the microstructured features but also the use of
auxiliary bonding materials such as solvents, adhesives or glues.

COC devices are generally prototyped using direct microstructuring methods such
as micromilling and laser ablation. For their mass production, replication techniques
such as hot embossing and injection moulding are preferred.'’’:'"®

Due to its outstanding properties, COC was selected as the substrate material for
the construction of the devices presented in this dissertation. The microstructuring
of the material was principally carried out by micromilling and hot embossing. The
combined use of COC layers with different Tg was chosen as the bonding method.
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1.3.4 Other materials

Apart from the aforementioned, other materials have been used for developing LOC
systems. Paper and hydrogels are two examples worth-mentioning.

Microfluidic Paper-based Analytical Devices (WPADs) have attracted notable inter-
est due to their low cost and their user-friendly operation. The pumping of liquids is
achieved by capillarity, therefore avoiding the need for any external actuator. This fact,
along with the low cost of the material, promoted the use of paper as the substrate
material for many POC applications.'®*7'%

Hydrogels are 3D networks of hydrophilic polymer chains containing up to 99% of
water. Their high porosity and controllable pore size allow small molecules or even
bioparticles to diffuse through. As a consequence, hydrogels are considered the perfect
candidates for encapsulating cells for 3D culture.'** The use of hydrogels for tissue-
engineering is nowadays growing fast due to their interesting properties for mimicking
biological conditions.'®%!¢7

1.4 Microfluidics impact in the “real world”

Over the last decades, a great part of the microfluidics research has been focused on the
development, optimisation and application of new miniaturised analytical systems for
solving the current hunger for on-time and in-situ information. Microfluidic analytical
systems have been applied to a wide variety of fields and have demonstrated a great
potential in several areas with commercial appeal such as POC diagnostics. However,
the number of commercially available LOC systems is low and their actual impact on
the real world is still reduced.

An interesting discussion is currently being held about the actual applicability and
commercialisation of these systems. The lack of commercial LOC systems is generally
attributed to economic issues. In most cases, microfluidic devices are considered novel
solutions to problems which had already been solved.'’® The previous solutions were,
probably, not so “elegant” in one or more aspects (e.g. miniaturisation, time response,
sensibility, etc.). However, if the proposed solution does not substantially improve the
former ones and cannot economically compete against the conventional solutions, the
investment that would be required for the development and commercialisation of these
new systems is considered worthless.’%

Apart from the economic aspects, another important obstacle for the real appli-
cation of these systems relies on the “chip-on-a-lab” concept.”® The unspoken reality
of many LOC devices is that they need a large amount of ancillary equipment to be
operative, including fluidic actuators, power supplies and detection systems, among
others. Frequently, this external instrumentation is larger than the LOC itself, thus
contradicting some of the premises of miniaturisation.

Nevertheless, the effort put into solving some of the aforementioned challenges
is broadly compensated by the benefits reported once the final targets are achieved.
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Intelligent insulin dosing systems for patients suffering from diabetes are one of the
best examples of the unquestionable success of this effort. These devices are able
to measure the glucose levels in blood, decide whether an insulin dose is necessary
or not, and administrate the dose to the patient when deemed necessary, all in an
autonomous, automated and miniaturised fashion. Intelligent insulin dosing systems,
which have considerably improved the quality of life of patients with diabetes, exemplify
the enormous potential of miniaturised analytical microsystems in order to solve some
of the current needs of the "real world".

1.5 Molecular absorption spectroscopy

Due to the relevance of molecular absorption spectroscopy in the work presented in
this dissertation, it has been deemed necessary to give a quite brief overview on this
optical detection method.

Among all the existing spectrometric detection methods, molecular absorption spec-
troscopy is one of the most commonly used ones. This technique is based on the
measurement of the interaction between electromagnetic radiation and matter, making
it possible to establish a proportional relationship between the amount of radiation
absorbed (or transmitted) at a certain wavelength by a specie and the concentration of

this specie in a sample. This relationship is known as Beer's law! and can be described
.189,190
as: %

A=c¢e-c-/ (1.11)

Where A is the measured absorbance, is the molar absorptivity of the specie and | is the
path length of radiation through the sample. Although absorbance is a dimensionless
parameter, Absorbance Units (AU) are frequently used.'”

The experimental value that is actually measured is transmittance, which can be

(0
calculated as: %919

_F
=5
This expression relates the power of the light beam before (P0) and after (P) pass-

ing through the sample. Absorbance and transmittance are related by the following
expression: %219

T (1.12)

P
A= —log T=log— (1.13)
Po

The selectivity of this technique can be modulated by the appropriate selection of the
measurement wavelength. When other matrix species may potentially interfere with
the absorbance measurement of the analyte of interest, the use of colorimetric reagents
which can selectively react with the analyte are frequently used.

The basic components of an optical detection system for measuring absorbance are,
basically, a radiation source capable of emitting light at the desired wavelength and

fLimitations of Beer's law can be found elsewhere.'®



26 Chapter 1. General introduction

a detector capable of distinguish the power changes resulting from the interaction of
the radiation with the analyte.'”” Traditionally, the equipment used for measuring ab-
sorbance was bulky, expensive and high energy-demanding. Nowadays, the availability
of smaller light sources (e.g light emitting diodes (LEDs)) and smaller photodetectors
(e.g. photodiodes) has enabled the development of portable, miniaturised and low-cost
optical detection systems.'”'~'%> Evidently, these miniaturised components reduce the
versatility of the equipment but, on the other hand, they allow the implementation of
dedicated instruments for concrete applications.

The analytical microsystems presented in this dissertation use molecular absorption
spectroscopy for the detection and monitoring of the analytes of interest. A miniaturised
optical detection system based on an interchangeable LED and a small photodiode is
used.'® For the calibration of the microsystems, the absorbance values of standard
solutions of the analyte are represented against the analyte concentration of these
solutions. The data points are fitted to a linear relationship such as:

A=a+b-x (1.14)

Where A is the measured absorbance, a corresponds to the intercept, b is the sensibility
of the method and x is the concentration of the analyte in the solution; the path length
(1) and the molar absorptivity () are included in b.

1.6 Overview of the dissertation

This doctoral thesis reports on the development of a novel magnetically actuated valve
for centrifugal microfluidic systems as well as on the development of novel LOC sys-
tems which have been principally applied to wine industry. These LOC systems include
pressure-driven systems and centrifugal systems. Each chapter contains a brief intro-
duction to the specific problem it is addressed to.

Chapter 2 (§ 2) introduces the general objectives of the thesis. Chapter 3 (§ 3)
describes the general fabrication method of the devices presented in the following
chapters. Chapter 4 (§ 4) presents a microsystem for the determination of titratable
acidity in wine samples and for the continuous monitoring of this parameter during
wine-making processes. In Chapter 5 (§ 5), the microsystem described in Chapter 4 is
used for the measurement of the primary amino nitrogen content in wine. Chapter 6
(§ 6) reports on the development of a novel valving system for centrifugal microfluidic
platforms. Chapter 7 (§ 7) presents the first works on the development of a centrifugal
microfluidic system for the parallel analysis of several wine parameters by using enzy-
matic methods. Finally, Chapter 8 (§ 8) highlights the main conclusions and discusses
future challenges and perspectives.
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Chapter 2

Objectives

The Group of Sensors and Biosensors from the Universitat Autdnoma de Barcelona has
extensive experience in the development of LOC systems, which have been successfully
applied to a wide variety of fields including biomedicine, environmental monitoring
and astronautics. The development of these microsystems has been possible due to
a proprietary fabrication methodology which has been progressively developed during
the last few years and which is continuously increasing its potential as a result of the
accumulative contribution of the different members of the group.

In this context, the work presented in this dissertation aims to contribute to the
existing fabrication methodology by providing new tools with enhanced characteristics
to the currently available microfluidic toolbox, as well as to broaden the scope of the
LOC applications. In this particular case, wine industry is the targeted field, having a
major impact in the economy of both Catalonia and Spain.

The main purpose of this work is divided into several intermediate objectives which
can be summarised as:

e The development of a versatile pressure-driven microfluidic system for the con-
tinuous monitoring of several parameters of interest in must and wine during
wine-making processes.

e The development of a versatile centrifugal microfluidic system for the parallel
enzymatic analysis of several parameters of interest in must and wine samples.

e The development of a novel valving system for centrifugal microfluidic platforms
with enhanced characteristics.






45

Chapter 3

Microfrabrication methodology

All the devices presented in this dissertation have been fabricated using COC as the
substrate material. This thermoplastic is becoming extensively used in microfluidics
owing to its promising properties, previously exposed in § 1.3.3.2.

The selection of this material for the construction of the devices was mainly due
to its thermal and optical properties. The possibility of using a multilayer approach
for a rapid and simple construction of devices makes COC an excellent material for
working at the prototyping scale. Furthermore, its high transparency in the visible
and near ultraviolet regions of the spectrum' enables optical measurements through
layers. Both qualities of COC have been extensively exploited over the course of this
work. Apart from COC, other materials such as LTCC or PDMS have been used
for punctual fabrication steps or applications. A microstructuring process using LTCC
masters has been developed for engraving small features into COC layers (see § 3.2.2.2),
while PDMS has been used for the development of a new type of valve for centrifugal
microfluidic platforms (see § 6).

The construction of the devices has been carried out in the microfabrication facili-
ties of the group. The infrastructure that we have at our disposal permits us to perform
not only all the fabrication processes described in this chapter, but also other interest-
ing techniques such as the screen-printing of electrodes”™ and the integration of gas
diffusion membranes®>°. A thorough description of the COC fabrication methodology
employed is provided hereafter. Specific particularities of each device will be discussed
later on in the corresponding chapters.

3.1 COC as the substrate material

Thermal properties of cyclic olefin copolymers depend on the cyclic monomer and the
polymerisation process used for their synthesis.” Hence, by tuning the polymerisation
conditions, a range of polymer grades that basically differ on the glass transition tem-
perature (Tg) and the heat distortion (or deflection) temperature (HDT) can be easily
obtained. Taking advantage of this property, a multilayer approach that consists in the
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creation of 3D structures by means of the stacking of several 2D layers has been used
for the construction of the devices.

Glass transition temperature versus heat distortion temperature®'"

The glass transition temperature (Tg) of an amorphous polymer is defined as
the temperature at which the polymer changes from a rigid amorphous glassy
solid to a bendable and soft material. Normally, amorphous polymers do not
have a sharp softening point. Instead, this change slowly occurs over a range of
temperatures, hence being the T, the temperature at which this change starts.

Heat distortion temperature (HDT) is defined as the temperature at which a
polymer distorts by a certain amount under controlled stress. Therefore, it
describes the maximum temperature at which the material can be used for
structural applications.

Despite both parameters are used to define the thermal properties of a polymer,
they should not be confused. T, is related to the movement of the polymer
chains that conform the material, thus being related to its internal structure,
whereas HDT is associated to the macroscopic behaviour of the material. For
amorphous polymers, which is the case of COC, HDT is somewhat lower than
T,.

Extruded COC layers were purchased from TOPAS Advanced Polymers (Florence,
USA). TOPAS® is a registered trademark and stands for Thermoplastic Olefin Poly-
mer of Amorphous Structure. TOPAS is obtained by the chain copolymerisation of
norbornene and ethylene using a metallocene catalyst (see Figure 3.1).!' Different
TOPAS grades showing different thermal properties are obtained by changing the nor-
bornene/ethylene proportion.

A broad diversity of TOPAS products are commercially available. The purchased
layers (see Table 3.1) covered a range from 78 °C to 178 °C in T, and from 25 ym to 2
mm in thickness. The multiple combination possibilities arising from this wide variety
of TOPAS layers gave flexibility to the whole construction process and, especially, to
the bonding process, where the use of layers with different T, values was particularly
advantageous in order to prevent the deformation of the internal structures of the
devices. Generally, TOPAS layers presenting high T, values (TOPAS 5013, 6013, 6016
and 6017) were used as structural layers, whereas TOPAS layers with lower T, values
(TOPAS 8007) were used as bonding layers.'***
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chain polymerisation n
+ H;C=—CH,

metallocene catalyst

Figure 3.1: Reaction scheme for the production of TOPAS. The norbornene and
ethylene proportion in the final product (m, n) define the grade of the polymer.
Redrawn and adapted from reference [1].

Table 3.1: Thermal properties of TOPAS grades.""** TOPAS extruded layers are
available in several thicknesses; purchased layers are here indicated.

TOPAS grade
Unit 8007 5013 6013 6015 6017

Norbornene content mol % 36 50 52 56 62
Glass transition temperature (Tg) °C 79 135 142 161 181
Heat deflection temperature °C 75 130 130 150 170

(HDT) at 4.5 bar

Extruded layer thickness (pm)

25 v’
50 v
100
150
300 v’
400
500
1000
2000

AN

COCC KK
AN

COCCKK
AN

3.2 Fabrication process of COC devices

The general fabrication process of polymeric devices can be divided into three main
steps: design, microstructuring and back-end processing.'> The fabrication process
that has been followed for the development of COC devices follows the same scheme
(see Figure 3.2). The process started with the design of the different layers of the
prototypes, followed by the individual microstructuring of these layers. Afterwards,
a thermocompression process was carried out for bonding the layers and sealing the
device. A last machining step was usually required for defining the final shape of the
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device.

If necessary, other components such as electrodes®* or separation membranes®”:
could be integrated before the thermocompression process. Elements that did not resist
temperature and/or pressure or that were placed on the external part of the device were
added once the device was finished.

4 6

!

Bonding Final machining

Design / Microstructuring / Back-end processing

Figure 3.2: General fabrication process of COC microfluidic devices. Back-end
processing may include other steps that are not depicted in this figure for the
better understanding of the scheme.

Three different techniques have been employed for the microstructuring of the
layers: micromilling, hot embossing and laser ablation. Micromilling has been the main
used technique, while hot embossing was only required when features with smaller
dimensions than the micromilling resolution were needed. Some experiments were
performed for the direct laser ablation of COC with no successful results.

A detailed description of the main fabrication steps, design, microstructuring and
bonding, is provided below. A brief summary of additional back-end processes is found
at the end of this chapter.

3.2.1 Design

As previously mentioned, the fabrication method of the COC devices was based on a
multilayer approach, where the final 3D structures were obtained by the overlapping of
several individually micromachined layers. Thus, the fabrication process started with
the design of the different layers that constituted the complete device. This step was
performed by using computer aided design (CAD) software.

Principally, two different strategies can be used for the design of the layers. The
selection of the appropriate strategy depends on the micromachining equipment to be
used and its corresponding software. The first approach consists in drawing the motifs
in the desired final dimensions, which could be understood as a “what you see is what
you get" strategy (see Figure 3.3.a). In this case, the software of the equipment is in
charge of choosing the appropriate microstructuring parameters and tools to create the
motifs. Alternatively, the design can be constituted by the different lines where the
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microstructuring tool has to pass through to produce the motifs (see Figure 3.3.b).
These lines are commonly known as toolpaths. For the toolpath design approach, the
selection of the micromachining parameters and tools is depending on the user. The
devices presented in this work have been designed by using this second approach.

a)

b)

Figure 3.3: Multilayer approach for the construction of a micromixer. The dif-
ferent layers that will constitute the final structure, a top layer containing the
inlet and outlet holes (1), a middle layer containing the main structure (I) and
a bottom layer for sealing the device (lIl), are individually designed. The two
possible design strategies are here represented: a) "what you see is what you
get” approach, where the equipment software will choose the appropriate mi-
crostructuring parameters and tools to create the drawn design; and b) toolpath
design approach, where the user is in charge of choosing the microstructuring
parameters and tools. In this example, the two designs are equivalent for a 0.8
mm diameter milling tool selection for the tootpath design strategy. The stack-
ing of the different microstructured layers (c) will create the final 3D structure
containing the micromixer (d).

In the case of micromilling, the width and depth of the cut were determined by the
diameter of the tool being used and the selection of its penetration, respectively. On
the other hand, for laser ablation, the width of the cut was determined by the laser
beam diameter, which had a fixed value. The penetration of the laser beam could be
tuned by changing different parameters such as the power or the mark speed. However,
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it presented some limitation and, in order to obtain deeper motifs, several overlapped
lines had to be drawn.

Once the design was finished, the individual layer designs were processed using
computer-aided manufacturing (CAM) software. This software created a CAM file
that could be transferred and interpreted by the microstructuring machine.

3.2.2 Microstructuring

The three different COC microstucturing methods used during this work are presented
in the next sections: micromilling, hot embossing and laser ablation. Two of them,
micromilling and hot embossing, were used for the construction of the devices, whereas
direct laser ablation of COC was only studied.

3.2.2.1 Micromilling

All the devices presented in this thesis were totally or partially microstructured by
micromilling. Despite presenting some limitations concerning the roughness of the
surfaces and the resolution of the structures, this technique is considered a powerful
method for the construction of polymeric devices at the prototyping scale due to its
rapidity and simplicity.'*"'¢

A computer numerically controlled (CNC) micromilling machine Protomat C100/HF
from LPKF Laser & Electronics (Garbsen, Germany) was employed. This equipment
allowed the control of several working parameters such as the rotation speed and the
XY displacement speed of the tool, among others. The adjustment of these parameters
depended on the selected tool, the required precision for the motif and the grade and
thickness of the TOPAS layer.

As mentioned before, the width of the cut was determined by the diameter of the
tool. A wide range of milling and drilling tools with different cut profiles and diameters
is commercially available (see Figure 3.4). For the devices presented in this work, end
mill tools from 0.4 mm to 3 mm in diameter were chosen for the microstructuring of
channels and chambers, whereas spiral drill tools from 0.4 mm to 2 mm in diameter
were used for through-layer holes.

The tool penetration distance was manually adjusted using a micrometre with a 10
pm resolution. This precision in the Z axis permitted not only the microstructuring of
through-layer motifs, but also the micromilling of bas-relief structures. Normally, several
steps with accumulative penetration distances were carried out in order to achieve the
desired depth of the motifs but avoiding the damage of the tool. The selection of this
distance was mainly determined by the diameter of the tool being used: the thinner
the tool was, the lower the penetration per step was selected.
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Figure 3.4: a) Different types of milling tools and their corresponding cut profiles.
b) Parameters defining a milling tool. Adapted from reference'’.

Some of the devices that will be presented required the patterning of microchannels
of less than 100 pm in both height and width. Since such small dimensions were not
achievable by common micromilling equipment,'” we developed an hybrid fabrication
method that combined hot embossing for the smallest features and micromilling for
the large motifs.'

3.2.2.2 Hot embossing

Taking advantage of the experience of the group and the infrastructure we had at our
disposal, we developed a simple and cost-effective method for engraving small features
into COC layers which consisted in the hot embossing of the motifs using home-made
LTCC masters.

Despite being considered a fast and inexpensive microstructuring method for mass
production, hot embossing processes are generally not suitable at the prototyping scale
owing to the expensive and time-consuming fabrication of masters.”’>" Nonetheless,
alternatives to classic mould materials and mould fabrication processes in order to
lower costs and reduce manufacturing time have already been proposed.””?* In our
case, the novel use of LTCC as the substrate material for the construction of the master
enabled a rapid and low-cost master prototyping, thereby simplifying the overall process
and making it suitable for prototyping purposes. Besides, the constructed masters
demonstrated excellent performance, remaining completely functional and showing no
evident deterioration after more than 30 hot embossing runs.

The LTCC master construction and the later engraving of the features into a COC
layer are schematically depicted in Figure 3.5.

The master construction started with the lamination of eight 254 pm thick Green-
TapeTM 951 LTCC layers (DuPontTM, Wilmington, USA) in a uniaxial hydraulic press
(Francisco Camps, Granollers, Spain) at 70 °C and 30 bar for 5 minutes, obtaining a



52 Chapter 3. Microfrabrication methodology

LTCC master fabrication

Pre-sintered
LTCC layers l Lamination

Pre-sintered
LTCC block i Laser ablation

Microstructured Engraving of the features

LTCC block l Sintering

Sintered LTCC master

!
[

COC layer
l Hot embossing

l Cooling and demolding

Embossed COC layer

Figure 3.5: LTCC master construction and engraving of the master features onto
a COC layer.

compact and indivisible LTCC block. Then, the surface of the ceramic block was etched
by using a Protolaser 200 laser (LPKF Laser & Electronics). This neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser, working at 1064 nm, had a 25 pm resolution
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(corresponding to the laser beam diameter). Thus, the design of the ablation pattern
consisted in several arrays of lines at 25 pm distance between them creating the negative
image of the design to be engraved onto the COC surface. The shrinkage of the LTCC
during the sintering process (12.7% in the XY plane and 15% in the Z plane according
to DuPont”*) had to be considered when designing the pattern. The sintering prosses
was performed in a programmable box furnace CBCWF11/23P16 (Carbolite, Afora,
Spain). The temperature profile of the sintering process is shown in Figure 3.6.a. As
mentioned in § 1.3.2, LTCC are mainly composed of Al,O3 (45%), SiO, (40%) and or-
ganic components (15%).”” During the first plateau at 350 °C, the organic components
of the material volatilise. During the second plateau, at 850 °C, the glass particles melt
and cover the alumina particles (see Figure 3.6.b). When temperature descends, glass
particles vitrify, resulting in a rigid and compact final structure.

a) b)
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Figure 3.6: a) Temperature profile of the sintering process.”* b) During the
second plateau of the sintering process, at 850 ° C, the glass particles melt and
cover the alumina particles.

For the engraving of the motifs into the polymer layer, a thermocompression process
(the actual hot embossing) was carried out. With that purpose, the master and a COC
structural layer were thermocompressed together in the hydraulic press at Py, = 6 bar
and Tmax >Tg, thus depending the applied temperature on the selected TOPAS layer
grade. As an example, for TOPAS 6013 layers, with a T, of 142 °C, the thermocom-
pression conditions were P, = 6 bar and T, = 155 °C. Once room temperature was
reached, the COC layer containing the embossed motifs was easily released requiring no
demoulding agent. A further bonding step was required in order to seal the engraved
microfluidic motifs.
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3.2.2.3 Laser ablation

Laser ablation is considered a suitable method for the fast prototyping of polymeric
devices, since it has proven to be a simple and rapid microstructuring process.’*=*
Nonetheless, several limitations have been found regarding, for example, the polymeric
materials being compatible with this microstructuring technique.”” Besides, the forma-
tion of bulges at the rim of the channels during the ablation process has been frequently
reported.’*=> Bulges are a consequence of the melting and re-solidification of the poly-
mer and can result in the clogging of the channels during the bonding process as well
as in a poorly bonded final device due to an uncomplete sealing of the layers. Diverse
methods have already been proposed to improve the ablation process and minimise
bulge formation.*"**

Several works have been published with regard to the microstructuring of COP and
COC substrates by using direct laser ablation. Microstructuring by using KrF excimer
laser®®, ArF excimer laser’’ and Ti:Sapphire laser’” have been reported, although the
majority of the research has been focused on CO, and Nd:YAG lasers. Recent publi-
cations stated the feasibility of using a CO, laser for the ablation of COP**~*°, despite
first attempts with TOPAS substrate seemed to be unsuccessful'®. The possibility of
employing Nd:YAG lasers for COP rapid prototyping has also been demonstrated in
several works.**=*

Owing to the apparent advantages of laser ablation and its demonstrated feasibility
over COP and COC substrates, experiments on the microstructuring of TOPAS by using
three different lasers were carried out by members of our research group. The first laser
tested was the one being used for the laser ablation of LTCC, a Nd:YAG infrared laser
(1064 nm) Protolaser 200 from LPKF Laser & Electronics, observing no interaction of
the laser with the COC substrate. Some experiments were carried out with a Nd:YAG
ultraviolet laser (355 nm) from the same company (Protolaser U3). However, the poor
interaction of the laser with the material resulted in irregular ablated surfaces, bubbles
and bulges. A CO; infrared laser (10.6 pm) Epilog Laser Mini (Epilog Laser, Golden,
CO, USA), which was capable to ablate other transparent thermoplastics such as PC,
PET and PMMA, was also tested. Although a better interaction with the polymer
surface could be observed by using this laser in comparison to the previous one, the
same type of defects appeared in all the applied conditions.

Ablation experiments with a fourth laser were performed during the development
of this work. A CO; laser K-1030 HPD UHS PLUS from Macsa ID (Manresa, Spain),
which is usually employed for cutting and perforating flexible plastic films and foils, was
tested for the microstructuring of TOPAS layers of different grades and thicknesses.
The wavelength of the laser was 10.6 pm, with a maximum power output of 30 W.
The focal length of the laser head was set to 60 mm, with a corresponding minimum
diameter of 100 um of the focused spot. Different setups of power, resolution and mark
speed were trialled during the experiments. Unfortunately, none of the combinations
led to suitable marking profiles. Bulges, bubbles and fractures on the material could
be easily noticed. Furthermore, difficulties regarding the reproducibility of the ablated
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features as well as incomplete or irregular cut profiles were also found. Some examples
of the aforementioned defects are shown in Figure 3.7.

Figure 3.7: Microscope images of the laser ablated TOPAS layers using the

CO; laser K-1030 HPD UHS from Macsa ID. Bulges (a-d), bubbles (b-d) and

fractures (b), in addition to incomplete and irregular (c, d) cut profiles can be
noticed.

None of the four lasers tested proved to be useful for the direct microstructuring of
TOPAS. Further attempts with other equipment may be carried out in order to obtain
adequate results for the direct laser ablation of this material.

3.2.3 Bonding

The final internal 3D structures of a device were defined once the individual COC layers
that conformed the whole system were sealed together. Diverse bonding strategies for
COC devices have been proposed, including, for example, adhesive bonding, solvent
bonding, ultrasonic bonding and thermal bonding, this latter being the most widely used
due to its simplicity and relatively high bond strength.'®** Thermal bonding presents
several advantages in comparison to other commonly used methods, as it does not
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involve the use of solvents or other additional materials such as glues, adhesives or
epoxy resins that might lead to the clogging of the channels. Besides, it does not
require the use of expensive instrumentation or special facilities.

Thermal bonding is based on the increase of the temperature up to or above the T,
of the substrate material while pressure is being applied in order to achieve the inter-
diffusion of the polymer chains between the surfaces. As a consequence, a monolithic
and irreversibly sealed device is obtained. The combination of different grades of COC
as the bonding strategy is considered advantageous in comparison to the use of a single
COC grade, as it might prevent the deformation of the features microstructured onto
the COC layers with higher T,.'**

A proper sealing process is crucial to obtain of a completely operational device.
Hence, an accurate optimisation of the bonding process, including the alignment of the
layers and the thermocompression conditions, are of great importance.

The thermocompression processes were carried out in a uniaxial hydraulic press
where temperature and pressure could be manually adjusted. A digital display and a
manometer showed the actual temperature and pressure values, respectively.

Bonding processes started at a mild temperature, generally at 60 °C, and at a fixed
pressure. Once temperature was stable for 10 minutes, it was set to a value over the
T, of the bonding TOPAS layers and, when this temperature was reached, it was set
to the initial value again. After 10 minutes at 60 °C, pressure could be released and
the bonded layers could be removed from the press. Due to residual heat of the press
and thermal expansion of the materials, observed maximum temperature and pressure
values often surpassed the pre-set ones. This difference between the actual and the set
values had to be considered when adjusting the press parameters.

The choice of the thermocompression conditions depended on the TOPAS grades
and the structural motifs of the layers. Pressure had to ensure an appropriate and
homogeneous contact between the different layers, while temperature had to ensure
the melting of the bonding layers yet avoiding the deformation of the structural ones.
As explained before, TOPAS layers with high T, were used as structural layers, whereas
TOPAS layers with low T, generally TOPAS 8007 layers of 25 pm in thickness, were
used as bonding layers. Despite the fact that a considerably wide range of temperatures
and pressures could seem to be suitable, it is important to note that the milder the
conditions were, the larger the risk of an incomplete bonding of the layers was. On the
other hand, too harsh conditions could lead to the deformation of the structural layers
and the consequent alteration of the internal 3D motifs.

The dimensions of the internal structures played an important role when choosing
the thermocompression conditions. Due to pressure and temperature, TOPAS 8007
layers penetrated into the features of the structural layers by several microns. This
penetration was usually not significant for the operation of the devices, as it did not
substantially affect the structure dimensions. However, in some cases this penetration

fUnless otherwise specified, actual maximum temperature and pressure values (rather than pre-set val-
ues) will be detailed for the bonding steps described along this dissertation.
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had a relevant effect and, therefore, had to be controlled and/or minimised. As an
example, for one of the applications presented in this dissertation microchannels of
less than 100 pm were constructed by a hot embossing process and a later sealing
of the embossed layer. Due to the reduced dimensions of the engraved motifs, ther-
mocompression conditions were crucial to avoid channel collapse during the sealing
process. Hence, in this particular case, mild and strictly controlled thermocompression
conditions were applied (see § 7.5.2).

Usually, before the microstructuring process, TOPAS structural layers were (pre)bonded
to TOPAS bonding layers, hence reducing the later micromachining steps and the over-
all complexity of the fabrication process (see Figure 3.7). In this case, the thermocom-
pression conditions were more flexible as there were no structures to collapse or deform.
For this initial bonding step, temperature and pressure conditions were T, = 108 °C
and P.x = 25 bar.

a)

Bonding

108 °C

Tmax
Poax = 25 bar

Micromilling Micromilling

Figure 3.8: A bonding step of TOPAS 8007 layers (light blue) with structural

TOPAS layers (dark blue) before the micromachining process reduces the overall

complexity of the construction process by reducing the required micromachining

steps. As an example, for a device with three structural layers, this previous step
would reduce the micromilling steps from five (a) to three (b).
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As mentioned before, one of the key features of the bonding processes was the
precise alignment of the layers previous to thermocompression in order to obtain a
proper alignment of the internal 3D structures of the device. The method had to
ensure an accurate positioning of the layers while avoiding their misalignment during the
thermocompression process. With that purpose, aluminium blocks containing fiducial
pins were used. Fiducial holes fitting these pins were designed and machined to each
polymeric layer, allowing the placement of the layers with minimum alignment error
and impeding their movement during the whole bonding process.

Apart from the aforementioned aluminium blocks, other auxiliary materials were also
used for guaranteeing a proper sealing of the devices. Flexible silicon layers of about
5 mm in thickness were placed onto the aluminium blocks in order to homogenise
the applied pressure. Non-stick polymer foils were placed between the silicon layers
and the TOPAS layers. These foils avoided the sticking of the device to the silicon
layers. In order to prevent the bending of the structural layers in devices with high
aspect ratio structures, Delrin acetal resin plaques from DuPont were used as sacrificial
layers. The plaques, previously micromilled in the areas where no pressure had to be
applied, were placed between the silicon layers and the non-stick polymeric foils during
thermocompression processes.

The complete setup for the bonding processes, including all materials employed
for ensuring an accurate alignment of the layers and avoiding the deformation of the
internal structures, is illustrated in Figure 3.9.

3.2.4 Additional back-end processes

A last micromachining step to give the devices the desired final shape was generally
performed after the bonding process. Besides, the integration of other elements was
usually required for the actual operation of the devices. Some examples of different
back-end processes can be found along this dissertation, including the integration of
fluidic connections, the sealing of fluidic structures by using adhesive plate seals and
the integration of PDMS discs and magnets. Each back-end process will be addressed
in the corresponding section.
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COC layers

Polymeric foil

Delrin plaque Fiducia

Silicone < pin
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Figure 3.9: Bonding setup. Aluminium blocks containing fiducial pins guarantee

the correct alignment of the layers; silicone layers ensure homogeneous pressure;

polymeric sacrificial plaques avoid the bending of structural layers in devices with

high aspect ratio structures; and polymeric foils prevent the sticking of the device
to the sacrificial plaques.
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Chapter 4

Analytical microsystem for the
spectrophotometric
determination of titratable
acidity in wine samples

4.1 Organic acids and acidity of wines

Organic acids are one of the major components of wine, whose variety and quantity
depend on multiple factors including grape variety, climatic conditions, type of soil and
orientation of the vineyard, applied production methods and storage conditions, among
others.! The principal characteristics of the main organic acids which are found in wine
are shown in Table 4.1.

Organic acids are the main contributors to wine acidity and are responsible of its
buffer capacity. Both wine acidity and buffer capacity have an important and complex
influence on several properties and characteristics of wine, being directly related to its
microbiological and chemical stability and having a strong impact on the organolep-
tic attributes of the final product.” Owing to this important role, acidity levels are
controlled and even modified at several steps of the production process.'*

Acidity of musts and wines can be assessed by the determination of the following
parameters: total acidity, titratable acidity, fixed acidity, volatile acidity and pH.”

Volatile acidity refers to the steam distillable organic acids of wine. It is constituted
by the fatty acids belonging to the acetic series’ and its importance relies on the
relationship of this parameter with possible bacteriological contamination’. Fixed (or
non-volatile) acidity includes all other acids, therefore being the total acidity the sum
of both fixed and volatile acidity.

Titratable acidity is a measure of the number of protons which are recovered during
a titration with a strong base to a specified endpoint. It is normally expressed as g/L
of tartaric acid, being this component the major contributor. Despite it is frequently
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Table 4.1: Characteristics of the main organic acids in wine."”
Name L-(+)-Tartaric acid L-(-)-Malic acid Citric acid
OH O o 0. _OH
H HO o] o]
Structure NOH m
HO OH
Q OH OH
Origin Grape Grape
Must content (g/L) 1-65 05-1
Wine content (g/L) 15-4 0-4 0-0.5
pKa 3.01, 4.05 3.46, 5.05 3.09, 4.39, 5.74
Name L-(+)-Lactic acid Succinic acid Acetic acid
(=] O o
Structure HO
\I)kOH NOH /LOH
OH o]
L Malolactic Alcoholic Alcoholic and
Origin . . . .
fermentation fermentation malolactic fermentation
Must content (g/L) - - -
Wine content (g/L) 0.1-3 0-2 > 0.2
pKa 3.81 4.18, 5.23 4.73

used as a synonym of total acidity, titratable acidity is not a measure of the total
acid content of wine.”® The relationship between these two parameters can be found
elsewhere.”?

pH measures the activity of free hydrogen ions of wine and, even though it is
a measure of its acidity, there is a complex relationship between pH and the other
parameters.'’ This non-direct correlation is a result of the complex composition of
wine and the different contribution of the various species to the overall acidity.

4.1.1 Titratable acidity in wines

Among the various parameters that can be used to assess wine acidity, titratable acidity
is considered one of the most important ones owing to its strong relationship, along
with pH, with the stability and the organoleptic characteristics of wine."»*>!?714 The
measurement and adjustment (when necessary) of this parameter is performed at several
steps of the wine-making process in order to guarantee a high quality of the final
product. Titratable acidity in musts and wines is commonly in the range of 6 g/L to 9
g/L and 4 g/L to 6.5 g/L expressed as tartaric acid, respectively.'!

As mentioned before, titratable acidity is measured by the titration of wine samples
to a specified endpoint. Since organic acids of musts and wines are relatively weak,
the pH at the equivalence point when titrated with a strong base is greater than
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7, commonly between 7.8 and 8.3.' As a consequence, the American Society for
Enology and Viticulture (ASEV) and the Association of Official Analytical Chemists
(AOAC) suggested the titration of the samples to an endpoint of 8.2 by potentiometric
or colorimetric detection using phenolphtalein as pH indicator.'>'® Nonetheless, the
official method proposed by the International Organisation of Vine and Wine (OIV,
standing for Office International de la Vigne et du Vin) established the endpoint at pH
7, also by potentiometric detection or using bromothymol blue (BTB) as pH indicator.'’
Significant differences between the use of 8.2 or 7 as endpoint pH values have been
reported.®=20

Potentiometric methods based on the titration of wine samples to the equivalence
point were compared to those based on the titration to a specific pH.”%”" Higher titrat-
able acidity values were obtained for most of the samples, since their equivalence points
were found to be over pH 8.2. Although the titration to the equivalence point could be
considered more reliable than the titration to an arbitrary endpoint, the determination
of the equivalence point was sometimes challenging.”> Samples containing several weak
organic acids display titration curves with subtle inflection points due to their buffer
capacity.”® Therefore, the titration of this type of samples usually requires an experi-
enced analyst to adequately perform the titrant additions as well as a careful record of
the pH vs. titrant curve.”

The above described methods for the titratable acidity determination are laborious
and time-consuming, require large sample and titrant volumes and usually involve skilled
personnel. Considering the obvious need for simple, rapid and cost-effective methods
displaying a high degree of automation and that could be easily implemented in routine
analysis, several alternative methods to the classical acid-base titrations have been
proposed over the last decades.

Flow based systems for the automated titration of samples with potentiometric
and colorimetric’*™° endpoint determinations have been described. A digital image
based detection system that measures the colour change of anthocyanins at the end-
point of the titration has also been proposed.’’ The degree of automation of these
methods widely differs (from low™ to total’*), as well as the simplicity of the system
(from complex” to very simple manifolds”®) or the sample/titrant required volume
(from several milliliters® to few microliters™), among others.

Several alternative flow based methods that do not involve the titration of the
samples but the construction of a calibration curve by potentiometric®' or colorimet-
ric’*=° detection have also been proposed. The latter are based on the monitoring of
the absorbance of a solution containing an acid-base indicator when it is mixed with a
standard solution or a sample, being the change in the absorbance proportional to the
acidity of the solution. These methods presented several advantages in comparison to
the classical ones, including high automation of the system, low reagent and sample
consumption and high throughput. However, some of them required in-line dialysis®>*°,
involved some sort of sample pretreatment® or displayed narrow working ranges®***.

22
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The purpose of the work described in this chapter was the development of a minia-
turised, versatile and simple flow based microsystem for the determination of titratable
acidity in musts and wines requiring no sample pretreatment and displaying wider
working ranges. The determination method of the proposed system was based on the
monitoring of the blue coloration decrease of a buffered BTB solution in the presence
of acid compounds.

Two main targets were addressed: the determination of the titratable acidity in
individual wine and must samples on one hand, and the continuous monitoring of
titratable acidity during wine-making processes on the other. Two different systems
were developed in order to meet these two targets, both using the same microanalyser
and detection system. Fluid management peripherals and hydrodynamic and chemical
conditions were adapted and optimised for each of the situations.

This chapter is divided in two main parts. The first part describes the development
of the microsystem for the determination of titratable acidity in must and wine samples,
where minimum reagent and sample consumption along with high throughput were
prioritised. The second part of the chapter focuses on the adaptation of the previous
system to the continuous monitoring of titratable acidity during wine-making processes,
where robustness and automation were mainly required.

4.2 Development of an analytical microsystem for the
determination of titratable acidity in must and
wine samples

4.2.1 Methods

4.2.1.1 Reagents and solutions

All used chemicals were of analytical reagent grade and all solutions were prepared in
boiled deionised water.

BTB (Merk, Darmstadt, Germany) stock solutions were prepared by accurate weigh-
ing and dissolution in ethanol (Panreac, Castellar del Vallés, Spain). The working BTB
solutions were prepared by dilution of the stock solution in phosphate buffer aqueous so-
lutions. Potassium phosphate monobasic (KH,PO,) (Merk) and potassium phosphate
dibasic trihydrate (K,HPO4 - 3H,0O, Merk) were used for preparing the phosphate
buffer solutions. Aqueous solutions of 1 M sodium hydroxide (NaOH, Panreac) and 1
M hydrochloric acid (HCI, Merk) were used for pH adjustment.

Standard solutions of L-(+4)-tartaric acid (Merck) were prepared by dilution of a
stock standard solution of 10 g/L. Ethanol, glucose (Merk), fructose (Sigma-Aldrich,
Saint Louis, USA), glycerol 99% (Sigma-Aldrich), magnesium sulphate (MgSQO,4, Merk),
calcium chloride dihydrate (CaCl, - 2H,0O, Merk) and sodium chloride (NaCl, Merk)
were used for preparing a wine model solution (WMS) for the interference studies.



4.2. Development of an analytical microsystem for the determination of titratable

e ; 67
acidity in must and wine samples

All tested samples were commercially available. A 25-fold dilution step was required
prior to analysis.

For the official method, a 0.1 M NaOH aqueous solution was prepared and stan-
dardised by using potassium hydrogen phthalate (KHP, Merk) and phenolphthalein
(Panreac) as pH indicator.

4.2.1.2 Materials

The microanalyser was constructed by using COC layers from TOPAS Advanced Poly-
mers (Florence, KY, USA) of diverse thicknesses and grades. Two 1 mm and one 400
pm TOPAS 5013 layers were used as structural layers, while two 25 pm TOPAS 8007
layers were used as bonding layers. All material was cleaned with MilliQ water and
ethanol before bonding. Delrin plaques of 2 mm in thickness (DuPont, Wilmington,
USA) were used as sacrificial layers for the thermocompression process. Several 3 mm
thick PMMA layers (Plasticos Ferplast, Terrassa, Spain) were used for the construction
of the detection system support.

4.2.1.3 Experimental setup

The experimental setup, which is depicted in Figure 4.1, can be divided into three main
parts: the fluid management peripherals, the microanalyser and the optical detection
system.

The peripherals consisted of a four channel peristaltic pump Gilson Miniplus 3
(Gilson, Wisconsin, USA) equipped with 1.02 mm internal diameter Tygon tubing (Is-
matec, Wertheim, Germany) and a 6-way injection valve (Hamilton, Bonaduz, Switzer-
land). Teflon tubing of 0.80 mm internal diameter (Scharlab SL, Setmenat, Spain) was
used for connecting the peripherals to the microanalyser.

The optical detection system was developed by the GSB in collaboration with the
Grupo de Tecnologias Foténicas (GFT) from the Universidad de Zaragoza and was
subsequently adapted to this work. The system consisted of a light emitting diode
(LED) and a photodiode mounted into a compact PMMA structure where the micro-
analyser was inserted into. The LED and the photodiode were connected to a printed
circuit board (PCB) that, in turn, was connected to a data acquisition card (DAQ) NI
USB-6211 (National Instruments, Austin, Texas, USA). The DAQ was responsible for
the modulation of the LED and the acquisition and transference of the detected signal
to a personal computer (PC). A digital lock-in amplification was used for processing
the raw data, increasing the signal-to-noise ratio and permitting the operation of the
system in ambient light conditions without requiring any physical amplifier.

The detection system was designed to allow the easy change of both the LED and
the photodiode, thus permitting the selection of the appropriate components for each
particular application. In this specific case, a 621 nm LED HLMP-EH1A from Avago
(Digi-Key Electronics, Thief River Falls, USA) and a Si photodiode S1337-66BR from
Hamamatsu Photonics (Hamamatsu, Japan) with an effective area of 33 mm? were
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Figure 4.1: Schematic illustration of the experimental setup. PP: peristaltic
pump; W: waste.

selected. Two other LEDS, a 621 nm LED HLMP-EH3A from Avago and a 607 nm
LED L-53ND from Kingbright (Digi-Key Electronics) were also tested.

The home-made insertion structure was constituted of several 3 mm PMMA layers
(see Figure 4.2). The LED and the photodiode were embedded in the external layers
(Figure 4.2, a, e), while the central layer (Figure 4.2, c) was used for the insertion of
the microanalyser. Two extra PMMA layers (Figure 4.2, b, d) were placed in front of
the LED and the photodiode, one to eliminate the non-direct light emitted by the LED
and the other to define the desired sensing area of the photodiode.

The design of the insertion structure was based on a lock and key concept for
allowing a reproducible positioning of the device with respect to the LED and the
photodiode.®” The insertion structure could be adapted to fit a wide variety of micro-
analysers differing in size, shape and/or thickness by the modification of the number
and/or shape of the PMMA layers.

The possibility of changing the LED and the photodiode as well as of adapting the
insertion structure to the dimensions of the microanalyser gave this optical detection
system an enormous versatility.
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Figure 4.2: Insertion structure of the optical detection system based on a lock

and key concept. The several PMMA layers that constitute the structure are

used for: fixing the LED (a) and the photodiode (e), eliminating the unwanted

light emitted by the LED (b), defining the desired sensing area of the photodiode
(d) and inserting the microanalyser (c). Four bolts secure the structure.

4.2.1.4 Flow manifold

The operating procedure of the analysis consisted in the continuous pumping of an
acid-base indicator solution (a buffered BTB solution) and a carrier solution (H,0)
into the microanalyser. A fixed volume of sample/standard was then injected into the
carrier stream and, when the acidic solution mixed with the BTB solution inside the
microanalyser, a colour change was produced. The mixture was directed towards the
detection chamber, where the optical detection system measured and monitored the
absorbance changes. The microfluidic platform comprised three different channels for
the fluid introduction (see § 4.2.1.5 for the complete description of the device). The
indicator solution was introduced through the first and the second channels (A and B
from Figure 4.1), while the carrier was introduced through the third one (C).
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Figure 4.3: Construction scheme of the microanalyser and photograph of the final device including the fluidic connections.
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4.2.1.5 Microanalyser design and construction

The construction process of the microanalyser is depicted in Figure 4.3." The platform
was constituted by three TOPAS 5013 structural layers, two of 1 mm and one of 400
pum in thickness, and two TOPAS 8007 bonding layers of 25 pm in thickness.

Firstly, the two TOPAS 8007 layers were bonded to two of the structural layers
by applying pressure and temperature (Pmax = 25 bar, Tmax = 108 °C). Next, the
motifs were micromilled onto the different layers using 1.0 mm, 0.8 mm and 0.4 mm
diameter milling tools. The main fluidic structures were micromilled onto the central
layer, while inlet and outlet holes were micromilled onto the top layer; the bottom layer
did not contain any fluidic feature. Fiducial holes for the later alignment as well as
holes for securing the fluidic connections were micromilled in the three layers. Once
the layers were accurately cleaned, dried and aligned, they were irreversibly bonded by
applying pressure and temperature (Pnax = 6 bar, Tax = 102 °C). Sacrificial Delrin
layers were used for preventing the deformation of the structural layers, with special
attention to the detection chamber. A last micromilling step was carried out in order
to give the microanalyser the desired outer shape, which was designed to fit precisely
into the insertion structure of the optical detection system. Fluidic connections were
finally integrated.

The final dimensions of the device were 30 mm x 50 mm x 2.5 mm, and its final
total weight, without the fluidic connections, was approximately 3 g.

The microanalyser was designed to have three different channels for the introduc-
tion of fluids. Liquids entering the two first channels merged at a Y-shaped confluence
point and were then mixed in a first short serpentine micromixer. A second conflu-
ence point connected the third channel with the previous micromixer. This time, a
longer serpentine channel ensured the complete mixing of fluids. The length of the
micromixers was previously optimised by other members of the group;* simple veri-
fication experiments were performed during this work. All the channels for the liquid
introduction as well as the serpentine micromixers were 1.0 mm in height and 0.8 mm
in width.

The serpentine micromixer ended into an optical detection chamber of 4.5 mm in
diameter and 1 mm in height (i.e. the optical path length). The shape of this chamber
(see Figure 4.4) was designed to minimise the formation of gas bubbles and to prevent
their retention inside the chamber.”® Since the formation and accumulation of bubbles
is usually favoured by abrupt changes in the geometry of the fluidic features,® the
walls of the chamber were designed to have smooth contours. Besides, an increment
in the flow rate at the exit of the chamber was used for favouring the evacuation of
bubbles in case they were produced. This flow rate change was achieved by an abrupt
decrease in the cross section dimensions of the outlet channel in comparison to the
detection chamber. With this particular design, the most common problems related to
the presence or the circulation of gas bubbles through the detection chamber, such as

TSee § 3 for further information about the construction process of COC devices.
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an increase in the noise and the appearance of transitory signals or baseline drifts, were
minimised.

Figure 4.4: Detection chamber design. The arrows indicate the flow direction.

Liquid flowed outside the device through a channel of 1.0 mm in height and 0.4
mm in width. The dimensions of this channel were smaller than those from the inlet
and mixing channels in order to produce the aforementioned change in the flow rate at
the exit of the detection chamber.

Despite for this application only two channels would have been required for lig-
uid introduction, one for the indicator solution and the other for the carrier solution,
the microfluidic platform was designed to have an extra channel in order to increase
its versatility. An example can be found in the application of the microanalyser for
the continuous monitoring of titratable acidity during wine-making processes, where
different solutions were introduced through the three channels.

4.2.2 Results and discussion
4.2.2.1 Optimisation of the hydrodynamic and chemical conditions

The different hydrodynamic and chemical variables that could influence the system
were studied for their optimisation. These included, on one hand, the flow rate and the
injection volume and, on the other hand, the composition of the acid-base indicator
solution and the effect of possible interfering species. Parameters regarding the optical
detection system were also adjusted.

Several acid-base indicators have been reported for the determination of titratable
acidity in wine samples. However, special attention has been dedicated to phenolph-
thalein??>26.353% and bromothymol blue**~*, which are the two indicators used in the
AOAC' and the OIV'’ official methods.
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Both white and red wines absorb light at the lower range of the UV-visible spectrum
up to 400 nm approximately. Red wines spectra present an absorbance peak from 400
nm to 660 nm with a maximum centred at 520 nm. This peak is mainly due to the
presence of anthocyanins and their flavylium combinations, which are the main source
of wine's reddish coloration and whose content is minimum in white wines."*

The use of phenolphthalein as the acid-base indicator was discarded since the mon-
itoring of the decrease of its pink coloration, with a maximum of absorbance®’ found
at 553 nm, would be challenging as a consequence of the intrinsic coloration of wine.
Thus, the use of BTB as indicator was preferred.

BTB has a reported pKa of 7.1 and a reported transition interval from 6.2 to 7.6.
Over this latter value, it is found in its basic form (In%") (see Figure 4.5) and presents a
blue coloration with an absorbance maximum at 616 nm. Below pH 6.2, it is found in
its yellow form (HIn"), presenting an absorbance maximum at 433 nm. Between these
two pH values, a green coloration can be observed as a result of the colour contribution
of the different species.”!

40

0. OH
G4 SRR
Br N = <> g
0 S04 pK, =71
Yellow form Blue form
Hin" In%

Figure 4.5: Acid-base equilibrium of BTB. Redrawn and adapted from references
[41] and [42].

The monitoring of the decrease in the blue coloration of the indicator was preferred
over the increase in the absorbance at the yellow range in order to minimise colour
interferences from wine samples.

The experimental determination of the linear range for the fading of the blue col-
oration was carried out. With that purpose, the absorbance spectra of several BTB
solutions at different pH values were recorded and the absorbance at 616 nm was plot-
ted against pH. The linear range was established for pH values from 6.9 to 7.8 (see
Figure 4.6).

The LED and the photodiode of the detection system were selected for working at
the absorbance maximum of the deprotonated specie In>. A Si photodiode with an
appropriate photosensibility at the working wavelength®® was chosen and three different
LEDs (see Table 4.1) were tested by measuring the absorbance of BTB solutions of
different concentrations. Despite the fact that all LEDs showed similar performance,
HLMP-EH1A was selected due to its lower spectral line half-width in comparison to
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Figure 4.6: a) Absorbance spectra of BTB solutions in the pH range from 4.5 to
10.5. b) Linear range for the monitoring of the blue coloration decrease at 616
nm.

the L-53ND LED and its lower viewing angle and higher luminous intensity regarding
both L-53ND and HLMP-EH3A LEDs. The spectral line half-width measures the
width of the emitted light peak at 50% relative intensity, thus being a measure of the
monochromaticity of the emitted light.*

Table 4.2: Main characteristics of the tested LEDs.

LED L-53ND HLMP-EH1A  HLMP-EH3A
Kingbright™ Avago™ Avago'

Material GaAsP/GaP AllnGaP AllnGaP

Lens type Orange diffused  Nondiffused Nondiffused

Optical characteristics

Viewing angle 201/2 Deg 60° 15° 30°
Peak wavelength' Ao nm 607 621 621
Dominate wavelength® Ad nm 610 615 615
Spectral line half-width Akl nm 35 14 14
Luminous intensity at 20 mA I mcd
min 24 12000 5500
max 60 21000 9300

Electrical characteristics

Forward voltage (max) VE max \Y 2.5 2.4 2.4
Reverse voltage (min) VR min \Y 5 5 5
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fPeak wavelength vs Dominant wavelength®’*®

The peak wavelength is defined as the wavelength where the emission spectrum
of a light source reaches its maximum, while the dominant wavelength describes
the perceived colour of the light source. Normally, these two parameters do not
drastically differ. Nonetheless, when the light source is to be used in optical
instrumentation, its selection should be based on the peak wavelength rather
than on the dominant wavelength.

Once the detection conditions were established, the optimisation of the microsystem
parameters was carried out. Tartaric acid was selected as the model acid for preparing
the standard solutions since it is the main contributor to titratable acidity in musts and
wines. Actually, titratable acidity is generally expressed as g/L of tartaric acid. The
targeted working range was established from 0.10 g/L to 0.40 g/L, which corresponded
to a titratable acidity from 3 g/L to 10 g/L expressed as tartaric acid for a 25-fold
dilution of the samples. This range would cover the most common titratable acidity
content in musts and wines (from 6 g/L to 9 g/L and from 4 g/L to 6.5 g/L tartaric
acid, respectively).

Arbitrary initial conditions were chosen, some of them based on reference [33]. An
8 mg/L BTB aqueous solution adjusted to pH 8.0 was initially used as the acid-base
indicator solution, while deionised water was used as the carrier. The initial injection
volume and flow rate were set to 75 pL and 0.75 mL/min per channel, respectively.’
Standard solutions of tartaric acid ranging from 0.02 g/L to 0.50 g/L were analysed in
triplicate.

With these initial conditions, the absorbance peaks showed no height differences,
meaning that all the standard solutions analysed were capable of producing the complete
change of the BTB solution from blue to yellow. Hence, several injection volumes were
tested, being progressively reduced from 75 pL to 7.5 plL, which was the minimum
affordable injection volume due to instrumental limitations.

Despite the considerable reduction of the injection volume, low concentrations of
tartaric acid were still capable of producing a decrease in the pH to a value where BTB
was completely in its yellow acid form (see Figure 4.7).

TFlow rates are given per channel unless otherwise specified.
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Figure 4.7: Signal record for an injection volume of 7.5 pL of (a) 0.02 g/L, (b)
0.04 g/L, (c) 0.08 g/L, (d) 0.12 g/L and (e) 0.16 g/L tartaric acid standard
solutions. No height differences were found for concentrations over 0.08 g/L (c,

d, e).

In order to increase the resistance of the indicator solution to change its pH, the
introduction of a buffer was proposed based on previous works of our research group.*’
Indicator solutions containing 8 mg/L BTB and phosphate buffer concentrations rang-
ing from 0.5 mM to 25 mM were prepared and adjusted to pH 8.0. Tartaric acid
standard solutions from 0.001 g/L to 1 g/L were analysed in triplicate at a flow rate
of 0.75 mL/min and using the minimum injection volume, which was 7.5 pL.

The obtained results are presented in Figure 4.8. Predictably, an increment in the
buffer concentration led to a reduction in the sensibility due to an increased buffer
capacity of the indicator. A drastic decrease in the sensibility was found for phosphate
buffer concentrations over 5 mM, whereas 0.5 mM and 1 mM showed a better com-
promise between sensibility and linear range. Despite not covering the desired working
range, 0.5 mM and 1 mM phosphate buffer indicator solutions were used as starting
points for the subsequent experiments, which included the simultaneous optimisation
of both BTB and phosphate buffer concentrations.
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Figure 4.8: Influence of the phosphate buffer concentration in the absorbance
peak height. a) Representation of the results. b) Linear regression parameters.

At this point, flow rates from 0.75 mL/min to 1.50 mL/min were examined using an
8 mg/L BTB and 1 mM phosphate buffer solution adjusted to pH 8.0 as the indicator
solution. Tartaric acid standard solutions from 0.04 g/L to 0.50 g/L were analysed in

triplicate for a 7.5 pL injection volume.

As presented in Figure 4.9, an increment in the flow rate from 0.75 mL/min to
1.00 mL/min entailed a slight decrease in the sensibility but an increase in the linear
range, whereas a further increase to 1.50 mL/min did not cause any improvement in
the linear range but a slight loss in the sensibility. Hence, 1.00 mL/min was selected as
the optimum flow rate. As a result of using a higher flow rate, the injection frequency
could be incremented, therefore improving the overall throughput of the system.
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Figure 4.9: Flow rate optimisation. a) Representation of the results. b) Linear
regression parameters.

The influence of increasing the pH of the indicator solution was examined by com-
paring two different experiment runs. Two indicator solutions containing 8 mg/L BTB
and 1 mM phosphate buffer were adjusted to pH 8.0 and pH 8.5, respectively. Tartaric
acid standard solutions from 0.005 g/L to 0.50 g/L were analysed in triplicate at a flow
rate of 1.00 mL/min and using an injection volume of 7.5 pL.

The shape of the calibration curve is closely connected to pH in analytical methods
based on the absorbance change of a colorimetric acid-base indicator. Choosing an
initial pH far above the working range of the indicator may difficult the determination
of low analyte concentrations, while the selection of low pH values could result in a
reduction of the working range.”’ In this particular case, a pH value of 8.5 appeared
to be far away from the working range of BTB, which was previously established from
6.9 to 7.8. However, since the sensibility of the calibration was higher for an initial
pH value of 8.5 than it was for pH 8.0 and no loss in sensibility was obtained for low
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Figure 4.10: Influence of an increment in the indicator solution pH. a) Repre-
sentation of the results. b) Linear regression parameters.

tartaric acid concentrations (see Figure 4.10), 8.5 was selected as the optimum pH of
the indicator solution.

Finally, an optimisation of the BTB and the phosphate buffer concentrations of the
indicator solution was carried out. Several solutions containing from 8 mg/L to 40
mg/L BTB and from 0.5 mM to 1.5 mM phosphate buffer, all of them adjusted to
pH 8.5, were tested by the analysis in triplicate of tartaric acid standard solutions from
0.005 g/L to 0.50 g/L, using a flow rate of 1.00 mL/min and an injection volume of
7.5 pL.

The effect of modifying the BTB and the phosphate buffer concentrations is il-
lustrated in Figure 4.11. An increment in the BTB concentration resulted in an im-
provement in both sensibility and linear range (Figure 4.11.a). On the other hand, an
increment in the buffer concentration led to a loss in the sensibility but a wider linear
range (Figure 4.11.b). From the tested combinations, 32 mg/L BTB and 1.0 mM
phosphate buffer were the lower concentrations which covered the targeted working
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Figure 4.11: Optimisation of the BTB and the phosphate buffer concentrations.

Influence of the BTB concentration: a) representation of the results; b) lin-
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representation of the results; d) linear regression parameters.
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range to up to 0.40 g/L tartaric acid with an adequate sensibility and repeatability of
the peaks.

The evaluated ranges as well as the selected values for the studied parameters are
summarised in Table 4.3.

Table 4.3: Optimisation of variables.

Tested range Optimum value
Flow rate (mL/min) 0.75 - 1.50 1
Injection volume (pL) 75-75 7.5
Indicator solution:
pH 8.0, 8.5 8.5
[Phosphate buffer] (mM) 0-25,05-1.5 1
[BTB] (mg/L) 8-40 32

4.2.2.2 Wine model solution

The study of the potential interfering species was performed by considering the typical
composition of wine. With that purpose, a calibration curve was performed using
tartaric acid standard solutions prepared in a 25-fold diluted wine model solution®
(WMS) containing 3 g/L of sugars (40:60 glucose:fructose), 7 g/L of glycerol, 100
mg/L of Mg, 100 mg/L of Ca®*, 50 mg/L of Na* and 10% ethanol. The 25-fold
dilution of the WMS corresponded to the required dilution of must and wine samples
to fall into the linear range. A calibration procedure was performed using the previously
optimised conditions (Table 4.3) and alternating quintuplicate injections of standard
solutions prepared in WMS and standard solutions prepared in deionised water. The
two calibration curves obtained are plotted in Figure 4.12.

No statistically significant differences were found between the two calibration curves
for a 95% confidence level (n = 30), demonstrating no significant interference of the
studied species.
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Figure 4.12: Calibration curves for tartaric acid standard solutions prepared in a
25-fold diluted WMS or in deionised water. a) Representation of the results. b)
Linear regression parameters.

4.2.2.3 Analytical characterisation of the microsystem

The repeatability of the method was assessed by performing four different calibration
procedures in two different working days under identical hydrodynamic and chemical
conditions. Tartaric acid standard solutions from 0.005 g/L to 0.400 g/L were analysed
in quintuplicate by using the optimal conditions summarised in Table 4.3. Figure 4.13
displays the recorded signal and the calibration curve obtained for one of the experi-
ments (Replicate 1 from Table 4.4). Replicates 2 and 3 from Table 4.4 were carried
out during the same day and using the same solutions, while replicate 4 was performed
in a different working day and using newly prepared standards.

The within-day repeatability was found to be highly satisfactory, since no statis-
tically significant differences (n = 40, 95% confidence level) were found between the
calibration curves from replicates 1 to 3. Regarding the between-day repeatability, a
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Figure 4.13: Recorded signal (a) and calibration curve (b) for one of the exper-

iments using the optimised conditions. Standard solutions: (a) 0.005 g/L, (b)

0.010 g/L, (c) 0.025 g/L, (d) 0.050 g/L, (e) 0.100 g/L, (f) 0.200 g/L, (g) 0.300
g/L and (h) 0.400 g/L tartaric acid.

significant difference was found between the calibration curves from replicate 4 and the
previous calibrations. Nonetheless, this difference would not affect the quality of the
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results as long as a calibration of the system was carried out before the analysis of the
samples, especially when using newly prepared solutions.

Table 4.4: Analytical characterisation of the microsystem. Linear regression pa-
rameters and limits of detection (LOD) and quantification (LOQ) for the four
calibration experiments using the optimal conditions. LOD and LOQ were calcu-
lated as 3 times and 10 times the standard deviation of the baseline, respectively.

LOD (g/L LOQ (g/L

. 2
Replicate Slope Intercept R tartaric acid)  tartaric acid)
1 0.181 4+ 0.003 0.0012 £ 0.0006 0.9971 0.0009 0.003
2 0.181 + 0.004 0.0013 £ 0.0008  0.9960 0.0008 0.003
3 0.180 4+ 0.004 0.0014 + 0.0008 0.9958 0.0008 0.003
4 0.164 4+ 0.004 0.0017 £ 0.0008 0.9967 0.0009 0.003

With the optimal conditions, a sampling rate of 100 h™! was achieved, only con-
suming 7.5 pL of sample, 38.4 pg of BTB and 1.2 pmol of phosphate, and producing
1.8 mL of waste per assay.

4.2.2.4 Real sample analysis

The proper performance of the analytical microsystem was assessed by determining the
titratable acidity of eleven Portuguese wine samples, seven white wines and four red
wines. Three of the white wine samples were Vinhos verdes, slightly sparkling young
wines.

In order to select the reference method, the titratable acidity of three wine samples
was determined by using the AOAC'® and the OIV'’ official methods (see § 4.1.1) and
the results were compared to the ones obtained by the potentiometric titration of the
samples to the equivalence point. The AOAC method, consisting in the potentiometric
titration of samples to an endpoint of 8.2, was selected as the reference method since
colorimetric titrations with phenolphthalein and BTB as pH indicators were found to
be complex due to the intrinsic colour of the samples. Besides, in accordance with
previous works'®?, pH 8.2 was found to be closer to the equivalence point than pH 7
for the three samples analysed.

Before being analysed, all samples were thoroughly shaken to remove the CO,.
For the reference method, 5 mL of sample diluted with 100 mL deionised water were
titrated to pH 8.2 against a 0.1 M NaOH aqueous solution. The titrant solution was
previously standardised using potassium hydrogen phthalate and phenolphthalein as
pH indicator.”® For the developed method, the previously optimised conditions were
used (Table 4.3).The linear equation obtained for the calibration was A = (0.163 £
0.003)-[tartaric acid] (g/L) + (0.0013 + 0.0007), R? = 0.9971, for n = 40 and 95%
confidence level. Samples were diluted to 1:25 and were analysed in triplicate.
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Table 4.5: Titratable acidity of eleven wine samples determined by the reference
method and the developed method.

Titratable acidity (g/L tartaric acid)

Sample Reference method  Developed method  Difference (%)
1 White wine 6.1 £0.1 59+ 0.1 -3
2 White wine 8.8 £ 0.1 8.6 £0.1 -2
3 White wine 48 £0.1 49 +£0.2 2
4 White wine 48 +0.3 5.02 £ 0.07 5
5 Red wine 54 £0.1 56 £0.1 4
6 Red wine 52+ 0.1 5.38 £ 0.06 3
7 Red wine 5.0 £0.1 52+ 0.1 4
8 Red wine 6.1 £0.1 58 £0.1 -5
9  Vinho verde 57+0.1 55 +£0.1 -4
10 Vinho verde 7.0+ 0.2 6.9 £0.1 -1
11 Vinho verde 6.2 £ 0.2 6.3 £0.2 2
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Figure 4.14: Comparison of the titratable acidity (TA) results obtained by the
reference and the developed methods. Error bars correspond to the confidence
interval of the results.

The results were compared by applying a paired t-test. No statistically signifi-
cant difference was found between the reference method and the developed method:
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tealc(0.145) < t5(2.2281) for n = 11 and 95% confidence level. A linear relation-
ship between the two methods could be established, being TApeyeloped method = (0.9 £
0.1)-TAReference method + (0.6 & 0.6), R? = 0.9784, for n = 11 and 95% confidence level.

4.3 Adaptation of the microsystem for its application
to the continuous monitoring of titratable acidity
during wine-making processes

Among the large number of parameters to be analysed in wines, only few of them
are periodically checked due to the costs and time associated to the commonly used
analytical methods. Nonetheless, the higher information of wine is obtained, the bet-
ter control of the production and storage processes is achieved.”’ An increase in the
knowledge of wine would therefore lead to a higher quality of the final product. In
this context, the availability of economical automated systems for the continuous mon-
itoring of wine parameters would be extremely advantageous since it would permit a
better knowledge and control of the processes yet requiring low economical and time
investments.® !

The purpose of the work described in this second part of the chapter was focused
on the adaptation of the previously developed microsystem for its application to the
continuous monitoring of titratable acidity during wine-making processes. The same
microanalyser and optical detection system as in the previous application were used,
whereas flow management peripherals were modified to meet the new requirements. In
order to increase the automation of the determination as well as to achieve a further
miniaturisation of the system for a higher portability, the 6-port injection valve of the
previous system was replaced by several automated solenoid valves which were actuated
by a controller. Besides, the composition of the indicator solution was modified for
increasing its stability and, therefore, the robustness of the system.

As a consequence of the modifications applied to the fluid management peripherals
and the indicator solution, the optimal hydrodynamic and chemical conditions had to
be optimised anew.

4.3.1 Methods
4.3.1.1 Reagents and solutions

All used chemicals were of analytical reagent grade and all solutions were prepared in
MilliQ water.

BTB (Sigma-Aldrich, Saint Louis, USA) indicator solutions were prepared by ac-
curate weighing and dissolution in phosphate buffer aqueous solutions. Potassium
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phosphate monobasic (KH,POy4, Sigma-Aldrich) and potassium phosphate dibasic an-
hydrous (K,HPOy, Fluka, Buchs, Switzerland) were used for preparing the buffer solu-
tions. Aqueous solutions of 1 M sodium hydroxide (NaOH, Fisher, Pittsburgh, USA)
and 1 M hydrochloric acid (HCI, Merk, Darmstadt, Germany) were used for pH adjust-
ment.

Standard solutions of L-(+)-tartaric acid (Sigma-Aldrich) were prepared by dilution
of a stock standard solution of 10 g/L.

All tested samples were commercially available. No pretreatment or dilution were
required prior to analysis.

4.3.1.2 Materials

The materials involved in the microanalyser construction are equivalent to the ones
described in § 4.2.1.2.

4.3.1.3 Experimental setup

As in the previous microsystem, the experimental setup can be divided into three main
parts: the fluid management peripherals, the microanalyser and the optical detection
system (see Figure 4.15).

The microanalyser and the optical detection system were the same as in the pre-
vious experimental setup (see § 4.2.1.3), while the fluid management peripherals were
adapted to meet the new requirements, principally aiming to the total automation of
the system.

The peripherals consisted in a four channel peristaltic pump Gilson Minipuls 3
(Gilson, Wisconsin, USA) equipped with 0.64 mm internal diameter Tygon tubing
(Ismatec, Wertheim, Germany) and three three-way solenoid valves 161T031 from
NResearch (West Caldwell, USA). Teflon tubing of 0.80 mm internal diameter (Scharlab
SL, Setmenat, Spain) was used for the fluidic connections between the peripherals. An
automated controller FlowTest from BioTray (Villeurbanne, France) was used for the
actuation of the solenoid valves. Programming of the actuation of the valves was
executed in a computer by using the dedicated CosDesigner software.

4.3.1.4 Flow manifold

The operating procedure of the analysis consisted in the continuous pumping of a BTB
solution (indicator solution) into the microanalyser through channel A (see Figure 4.15),
which was diluted inside the microanalyser by the continuous pumping of H,O through
channel B. Channel C was used for the introduction of the carrier, where fixed volumes
of samples and standard solutions were injected and in-line diluted through the actua-
tion of solenoid valves. When the acidic solutions were mixed with the diluted indicator
solution inside the microanalyser, a change in the colour of the latter was produced.
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H,0

vV Stock standard
solution
Y
Sample
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FlowTest

Indicator
solution

Photodiode L
PCB
Figure 4.15: Schematic illustration of the experimental setup. PP: peristaltic
pump; W: waste; V: valve.

The mixture was directed towards the detection chamber, where the optical detection
system measured and monitored the absorbance changes.

4.3.2 Results and discussion
4.3.2.1 Optimisation of the hydrodynamic and chemical conditions

In order to apply the developed microsystem to the continuous monitoring of titratable
acidity during wine-making processes, several factors had to be considered concerning,
on one hand, the automation of the fluid management and, on the other hand, the
stability of the solutions. Changes in the fluid management peripherals as well as a new
optimisation of the chemical and hydrodynamic parameters were required for meeting
the new requirements.
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During the development of the first microsystem, a significant drop in the pH of the
indicator solution could be noticed within a few hours. If not controlled, a decrease in
the pH could have led to a reduction of the working range of the determination, since
part of the working range of the indicator would have been circumvented. Consequently,
the pH of the indicator solution was measured before each experiment and readjusted
when deemed necessary. Nonetheless, this would not be viable for the new application
of the system, where the stability of the reagents would mandatory for obtaining a
robust and autonomous analyser.

The stability of several BTB solutions differing on their phosphate buffer content
was therefore studied. Solutions containing 32 mg/L BTB and from 2.5 mM to 25 mM
phosphate buffer were prepared. Each solution was divided into two different aliquots;
one of them was stored in a closed flask, while the other was left open in contact with
ambient air. The pH and the absorbance at 621 nm were measured several times during
10 days. The results are depicted in Figure 4.16.
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Figure 4.16: Evolution of the absorbance at 621 nm and the pH of several
buffered BTB solutions during 10 days when stored open (O) (a, b) or closed

(©) (e, d).
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As expected, the time evolution of both absorbance and pH presented similar pat-
terns, since the former depends on the latter. When comparing the two groups of
aliquots, open (O) and closed (C), different behaviours could be noticed.

The aliquots that were kept open during the experiment experienced a remarkable
drop in both absorbance and pH during the first 72 h and, after that period, they
remained nearly stable until the end of the experiment. A slight increase in the pH and
the absorbance of the 2.5 mM phosphate buffer solution was found between 72 h and
144 h.

On the other hand, the aliquots that were stored closed experienced a decline in
both pH and absorbance during the whole experiment, being more pronounced during
the first 72 h. While the pH of the 5 mM phosphate buffer solution remained almost
stable from the 72nd hour, the 2.5 mM phosphate buffer solution exhibited a remarkable
decay up to the end of the experiment.

In general, the group of solutions which were kept open experienced a larger decrease
in both pH and absorbance in comparison to the closed ones. The different behaviour
between the two groups could be related to the dissolution of atmospheric CO, and
the achievement of the equilibrium for the solutions stored open but not for the ones
which were kept closed. The overall change in the pH values was apparently modest.
However, when considering the reduced working range of the BTB solutions (from 7.8
to 6.9), a minor loss in pH could have an important effect on the working range of
the determination. This fact can be seen in Table 4.6, which contains the reduction
percentage of the working range for each studied solution. For a reduction of less than
a 10% in the working range during 10 days, 5 mM phosphate buffer indicator solutions
would be needed, while solutions containing more than 25 mM phosphate buffer would
be required for less than a 5% loss, in both cases being stored closed.

Table 4.6: Reduction of the working range as a result of a decrease in the pH.

Reduction of the working range (%)

[Phosphate buffer] (mM)  Open Closed
25 21.8 18.8
5 20 8.2
10 13.8 7.9
25 8.7 5.3

As described in § 4.2.1.5, the developed microanalyser consisted of three different
channels for liquid introduction. In the previous system, two of these channels were
used for the continuous introduction of the indicator solution. Alternatively, for the
system here presented, it was decided to use one of the channels for the introduction of
H,0, thus in-line diluting the indicator solution to 1:2. Hence, for obtaining the same
final concentration of the indicator solution, the introduced solution had to contain
twice the quantity of BTB and buffer (see Figure 4.17). With this simple modification
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the stability of the indicator solution in terms of pH could be automatically raised as a
result of the increase in the initial buffer concentration.

a) Indicator solution Stl;:ige{rd b) Indicator solution Stljf\fi)e{rd
[buffer] solution/ 2 x [buffer] H,0 solution/
[BTB] Sample 2x [BTB] Sample

Figure 4.17: The same concentration of the indicator solution is obtained when
the solution enters through two of the channels (a) and when it enters through
one channel but it has twice the buffer and BTB content (b).

The optimisation of the BTB and the phosphate buffer concentration was then
carried out using the manifold shown in Figure 4.1 but with the fluidic configuration of
Figure 4.17.b.

As seen during the optimisation of the previous system, an increment in the buffer
concentration of the indicator solution led to an increase in the linear range but a reduc-
tion of the sensibility, whereas when the BTB concentration was risen, the consequences
were the opposite. Therefore, since a higher buffer concentration was needed for this
application, an increase in the BTB concentration was also required to compensate the
loss in sensibility.

Four different indicator solutions were prepared and adjusted to pH 7.8, containg:
50 mg/L BTB and 5 mM phosphate buffer; 100 mg/L BTB and 5 mM phosphate
buffer; 100 mg/L BTB and 10 mM phosphate buffer; and 200 mg/L BTB and 10 mM
phosphate buffer. Arbitrary conditions were established for all other hydrodynamic
parameters: flow rate and injection volume were set to 500 pL/min and 50 pL, re-
spectively. Tartaric acid standard solutions from 0.025 g/L to 1 g/L were analysed in
triplicate.
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Figure 4.18: Optimisation of the BTB and the phosphate buffer concentrations
of the indicator solution. a) Representation of the results. b) Linear regression
parameters.

The opposite consequences of increasing the BTB and the phosphate buffer con-
centrations are illustrated in Figure 4.18: when both concentrations were doubled, the
sensibility remained nearly constant whereas the linear range was doubled. Both 10 mM
phosphate buffer solutions presented an appropriate linear range. From these, the so-
lution containing 200 mg/L BTB was selected due to a higher sensibility in comparison
to the 100 mg/L one.

Once the composition of the indicator solution was optimised, the injection volume
was studied using the same setup and the same conditions as in the previous experiment.
Injection volumes of 50 pL, 100 pL and 200 pL were tested by analysing in triplicate
standard solutions from 0.025 g/L to 0.50 g/L tartaric acid using a 200 mg/L BTB 10
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mM phosphate buffer indicator solution adjusted to pH 7.8.
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Figure 4.19: Injection volume optimisation. a) Representation of the results. b)
Linear regression parameters.

In spite of an appreciable increase in the sensibility with a raise in the injection
volume, the linearity of the results suffered a slight but noticeable decrease (see Fig-
ure 4.19). Thus, injection volumes between 50 pL and 100 pL were considered accept-
able yet the use of higher volumes was discarded.

In order to increase the automation of the system, the 6-way injection valve was
substituted by three three-way solenoid microvalves operated by a controller. The con-
troller permitted the programming of the actuation of the microvalves by means of very
simple and intuitive PC software. Once the actuation program was transferred to the
controller, it could be executed with no further need of the controllerto be connected to
the PC. The actuation of the microvalves was programmed for the automatic calibration
of the system as well as for the automatic sampling and in-line sample dilution.
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Flow based systems where computer-controlled commutators are used for managing
the flow are known as multicommuted flow systems. Multicommutation methods offer
several advantages in comparison to the classical FIA systems, including the miniaturi-
sation of the setup due to the reduced dimensions of the commutators, the reduction of
sample and reagents consumption due to the precise insertion of volumes, the increase
in the reproducibility due to the complete automation of the processes and th emini-
mal operator intervention, and a reduction in the overall costs owing to the previously
mentioned advantages. Furthermore, these systems are flexible and versatile, as several
hydrodynamic and chemical parameters can be modulated by changing the programmed
actuation of the commutators instead of physically modifying the setup.””

The autocalibration of the system consisted in the analysis of several standard
solutions produced by the in-line dilution of a single stock standard solution. In order
to set the dilution sequence for the autocalibration, the limitations of the microvalves
had to be considered.

Three-way solenoid valves have two different positions, “on” and “off”, connecting
two different fluidic paths. When they receive an electronic pulse, they change their
position from “off” to “on” and remain in this position until the pulse is finished. For
diluting a solution, several cycles “off” - “on" are performed during a certain period of
time, entering the concentrated solution at one position and the diluent at the other.
The concentration of the diluted solution is determined by the time that the valve
spends on each position.

The precision of the dilution process depends on the precision of the commutation
of the microvalves on one hand, and the stability of the flow rate on the other. Despite
the technical specifications of the microvalves indicated a response time of less than
20 ms for the “on" position and of less than 30 ms for the “off” one, previous works of
our group reported an actual highest commutation speed of 100 ms for an acceptable
reproducibility of the dilutions.”

In multicommutation methods, the injection volume (V) is defined by the time that
a valve is being actuated (t;) and the flow rate (Q) at which the sample/standard is
being injected:

Vi=1t-Q (41)

In order to achieve a proper dilution of the solutions, all mentioned parameters
(injection time, flow rate and minimum commutation time of the valves) had to be
considered. It is important to highlight that a dilution is only possible when:

(ton + toff) * Neycles = t (42)

Where to, and t.¢ are the times that the valve spends on the “on” and the “off”
positions, respectively, during one cycle, and neyes is the number of cycles during the
injection of a solution.
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As an example, Table 4.7 contains every possible dilution from a 0.40 g/L tartaric
acid stock standard solution for an injection time of 10's. For a flow rate of 500 uL/min,
the injection volume would be 83 pL.

Table 4.7: Diluted standard solutions obtained from a stock standard solution
(stock ss) of 0.40 g/L tartaric acid for an injection time of 10 s. The actuation
of the valve for a 25-fold dilution of the sample is also included.

Injection time Time “on” Time “off”  Number of  Dilution Stock ss  Diluted solution
(s) (stock ss) (s)  (H20) (s) cycles factor (g/L) (g/L)
Standard solutions
10 0.1 9.9 1 100 0.40 0.004
10 0.1 4.9 2 50 0.40 0.008
10 0.1 2.4 4 25 0.40 0.016
10 0.1 1.9 5 20 0.40 0.02
10 0.1 0.9 10 10 0.40 0.04
10 0.1 0.4 20 5 0.40 0.08
10 0.1 0.3 25 4 0.40 0.10
10 0.1 0.1 50 2 0.40 0.20
10 0.3 0.1 25 1.33 0.40 0.30
10 0.4 0.1 20 1.25 0.40 0.32
10 0.9 0.1 10 1.11 0.40 0.36
10 1.9 0.1 5 1.05 0.40 0.38
10 2.4 0.1 4 1.04 0.40 0.384
10 4.9 0.1 2 1.02 0.40 0.392
10 9.9 0.1 1 1.01 0.40 0.396
10 10 0 0 0 0.40 0.40
Sample

10 0.1 2.4 4 25 - -

Theoretically, diluted solutions ranging from 0.004 g/L to 0.396 g/L could be ob-
tained in the conditions described above. Nonetheless, when the difference between
the time that a valve spends in the "on” and the "off” position is excessively high, the
total mixture of the plugs cannot be achieved. This will be discussed later on in this
chapter.

As previously mentioned, microvalves were programmed for the automatic calibra-
tion of the system as well as for the automatic sampling and in-line sample dilution.
An example of a complete operation sequence of the valves for both calibration and
sample analysis can be found in Figure 4.20. The sequence starts by filling the system
with the respective solutions (a-d): filling with the stock standard solution up to V;
(a), filling with H,O up to V, (b), filling with the sample up to V, (c), and filling with
H2O up to V3 (d). All excess fluid is conducted to waste through V3. Afterwards, this
valve is closed, H,O fills the microanalyser (e) and the baseline is established. The next
steps (f-h) are aimed at the autocalibration of the system and exemplify the injection
of the stock standard solution being highly diluted (f), diluted to a 1:2 factor (g) and
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without dilution (h). Finally, the sample is injected and diluted in-line (i). For changing
the sample, Vs is opened while the new sample fills the system up to V; (j). After
cleansing the system by the introduction of H,O up to V3 (k), this valve is closed and
H,O fills the microanalyser (). Then, the baseline is recovered and the second sample
can be injected (m).

H,0

V1 Stock standard
solution

Indicator
solution

DR N E———

Vs

Figure 4.20: Operation sequence of the valves for both calibration and sample

analysis. Vi and V; are in charge of the dilution of the stock standard solution

and the sample, respectively; V3 is used for discarding waste solutions before

entering the microanalyser. The times here represented for each step are for
guidance purposes only.
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Once the solenoid valves were implemented, the flow rate at the exit of V3 (see
Figure 4.20) was measured for all possible flow pathways and in combination with the
actuation of the valves (no commutation of the valves and commutation cycles of 0.1
s, 1.0 s and 10.0 s). The flow rates of the different pathways showed an overall RSD of
0.55%, while changing the frequency of actuation of the valves led to an overall RSD
of 0.76%, demonstrating no influence of the pathway or the actuation cycle in the flow
rate.

A first experiment was carried out using the multicommutation manifold (see Fig-
ure 4.20) and the conditions previously optimised. A 200 mg/L BTB and 10 mM
phosphate buffer indicator solution adjusted to pH 7.8 and a 0.40 g/L tartaric acid
stock standard solution were used. The injection time was set to 10 s, corresponding
to a volume of 83 pL at 500 pL/min. The injection frequency was set to 70 s, based
on the previous experiments with the 6-way injection valve. The programmed dilutions
from the stock solution are highlighted in grey in Table 4.7. Only one injection per
dilution was made.
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Figure 4.21: First calibration using the multicommuted flow system. a) Recorded
signal. b) Representation of the results. c) Linear regression parameters. The
height of the peaks was calculated by considering a common constant baseline.

The absorbance record is depicted in Figure 4.21.a. A patent overlapping of the
peaks indicating a too high injection frequency was firstly noticed, as well as an in-
crement in the signal-to-noise ratio in comparison to the equivalent manual injection
experiment. Although the peaks showed an excellent linearity (see Figure 4.21.b), a
considerable loss in sensibility was noticed when compared to similar calibrations using
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the previous manifold (a 0.283 slope for 50 pL injection volume and a 0.376 slope for
100 pL).

All these unfavourable changes were thought to be directly related to a higher
dispersion of the standard solution plugs inside the system as a consequence of the new
configuration of the setup. On one hand, the distance between the injection point of
samples and standards and the detection point was notably increased, thus increasing
the flow time and, hence, the potencial dispersion. Besides, in this configuration,
sample and standard plugs had to circulate through the peristaltic pump, which could
promote this effect by the movement of the rotating rollers.

In order to minimise the aforementioned phenomena, all the Teflon tubing connec-
tions were shortened and the internal diameter of the Tygon tubing for the peristaltic
pump was reduced from 1.02 mm to 0.64 mm.

A calibration using a 200 mg/L BTB and 10 mM phosphate buffer indicator solution
adjusted to pH 7.8 and a 0.40 g/L tartaric acid stock standard solution was carried
out. The injection time was set to 10 s, corresponding to a volume of 83 pL at 500
pL/min. The injection frequency was increased to 110 s to avoid the overlapping of
the peaks. Standard solutions were analysed in triplicate.

The results were compared to those obtained for a calibration using the same con-
ditions but the original Tygon tubing diameter and the Teflon tubing length (see Fig-
ure 4.22).

The applied modifications led to a remarkable increase in the sensibility, as well as
a drasctic increase in the signal-to-noise ratio due a reduction of the baseline noise.
When decreasing the diameter of the Tygon tubing, the rotation speed of the peristaltic
pump had to be increased for obtaining the same flow rate. This increment caused the
reduction of the baseline noise, which, in this particular case, was mainly due to the
pulsating flow produced by the peristaltic pump.

The effect of using a lower flow rate in the repeatability of the peaks was then
studied (see Figure 4.23). A new calibration using a flow rate of 434 plL/min was
carried out. It is important to highlight that the actuation program of the valves was
not modified for this experiment. As a consequence, the injection volume was reduced
from 83 plL to 72 pL, causing a decrease in the sensibility. However, this effect was not
taken into account since the injection volumes were studied later.
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Figure 4.22: Effect of reducing the length and the diameter of the tubing. a)
Representation of the results. b) Comparison of the peak height and the baseline
noise of the recorded signal. The plotted peaks correspond to the same standard
solution for both cases: two peaks of a 0.04 g/L tartaric acid solution and one
peak of a 0.08 g/L tartaric acid solution. An arbitrary intercept has been used
for better comprehension of the representation. c) Linear regression parameters.
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Figure 4.23: Influence of the flow rate in the repeatability of the peaks. a)
Representation of the results. b) Linear regression parameters. c) RSD values
of the peaks obtained for the two flow rates.

The repeatability of the peaks was noticeably improved with the reduction of the
flow rate. However, this improvement was modest for the 0.20 g/L tartaric acid stan-
dard solution, being this dilution the one involving the fastest actuation of the valves.
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The accuracy of the commutation of the valves was studied in the next series of ex-
periments and the results will be discussed further down in this section.

The influence of the injection time (and, therefore, of the injection volume) was
studied by performing several calibrations with injection times ranging from 8.0 s to
67.2 s at 434 pL/min. Standard solutions were analysed in triplicate. For injection
times of 8.0's, 9.6 s and 11.2 s two different calibration replicates were carried out, one
for a minimum commutation step of 0.1 s and, the other, for 0.2 s. The actuation of
the valves for this series of experiments can be found in Table 4.8.

Table 4.8: Actuation of the valves for a minimum commutation speed of 0.1 s
and 0.2 s for preparing standard solutions of 0.05 g/L, 0.10 g/L, 0.20 g/L and
0.30 g/L tartaric acid from a 0.40 g/L tartaric acid stock solution.

C;J%ln:u::tr;g:usr:e ct)()rﬁzrr?urt];ltr;cl)?us:]e Dilution  Stock standard  Diluted solution
P P factor  solution (g/L) (g/L)
ton (S) toff (S) ton (S) Eoff (S)
0.1 0.7 0.2 1.4 8 0.40 0.05
0.1 0.3 0.2 0.6 4 0.40 0.10
0.1 0.1 0.2 0.2 2 0.40 0.20
0.3 0.1 0.6 0.2 1.33 0.40 0.30
t 0 t 0 1 0.40 0.40

As can be seen in Figure 4.24, a clear improvement in both the repeatability of
the peaks and the linearity of the calibration curve was achieved by using a minimum
commutation speed of 0.2 s instead of 0.1 s. Hence, the actuation of the valves for the
subsequent experiments was programmed for minimum commutation steps of 0.2 s.

Figure 4.25 displays the calibration curves obtained for all the tested injection times.
Adequate linearity and increased sensibility were obtained when increasing the injection
time up to 38.4 s, while higher injection times led to no significant increase in the
sensibility (see Figure 4.26) yet no loss in the linear range. Hence, the optimum
injection time was set to 38.4 s.
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Figure 4.24: Influence of the minimum commutation speed in the repeatability

of the peaks and the linearity of the calibration curve. Representation of the

results for injection times of: 8.0 s (a, b), 9.6 s (¢, d) and 11.2 s (e,f). g) Linear
regression parameters.
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Figure 4.25: Injection time optimisation. a) Representation of the results. b)
Linear regression parameters.

A 5 g/L tartaric acid solution was injected in triplicate as a synthetic sample for
some of the previous calibration runs using dilution cycles with 0.1 s, 0.2 s and 0.3 s
minimum commutation speeds. The results are summarised in Table 4.9.

All the interpolated absorbance values led to sample concentrations far above the
expected value, with a slight improvement trend when injection time was increased.
Besides, a low repeatability of the peaks was obtained for the majority of the experi-
ments.

Unfortunately, no clear relationship between the calculated concentrations and the
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Figure 4.26: Sensibility of the calibration curves against the injection time.
Table 4.9: Interpolated concentration of a synthetic sample of 5 g/L tartaric
acid. The sample was injected in triplicate for each experiment.
t Vi Commutation Cycle Number of  Dilution [M]t  [M]ep Error  RSD
(s) (mL) speed (s) (s) cycles factor  (g/L) (g/L) (%) (%)
0.1 01-1.9 4 8.43 69.6 4.0
80 58 02 02-38 2 20 633 265 80
0.1 01-23 4 8.62 725 5.6
96 69 0,2 02-46 2 24 5.89 17.9 2.0
0.1 0.1-27 4 7.22 443 6.6
11.2 81 0.2 02-5.4 2 28 5 6.44 28.9 5.7
20.8 150 0.1 0.1-25 8 26 6.39 27.9 1.9
0,1 01-23 16 o4 6.85 36.9 9.9
38.4 278 0.2 0.2-4.6 8 6.34 26.9 3.7
0.3 0.3-6.1 6 21.333 5.87 17.4 0.8

number of cycles or the minimum commutation speed could be established. The com-
parison was somehow hindered by the different dilution applied in each specific case
since, as mentioned earlier, dilution factor possibilities are limited by the intrinsic char-
acteristics of the system and by the selection of the injection time.

Since a satisfactory repeatability of the peaks was obtained for the dilution of the
stock standard solution (carried out by the valve at the position 1, V4, see Figure 4.20),
but not for the dilution of the sample (carried out by the valve at the position 2,
V), the performance of the valves was examined. The first experiment consisted in
interchanging the role of the valves, therefore being Vi in charge of the sample dilution
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and V, in charge of the stock standard solution dilution.
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Slope Intercept R? Linear range (g/L)
Original 0.491 4+ 0.009 0.004 + 0.002 0.9991 0-0.40
Interchanged ~ 0.58 +0.02  0.005 + 0.004 0.9970 0-0.30

Figure 4.27: Effect of interchanging the roles of Vi and V; valves. a) Represen-
tation of the results. b) Linear regression parameters.

Table 4.10: Interpolated concentration of a synthetic sample of 5 g/L tartaric
acid. The sample was injected in triplicate for each commutation speed.

ty Vi Commutation Cycle Number of  Dilution  [M]t  [M]ee  Error RSD
(s) (mL) speed (s) (s) cycles factor  (g/L) (g/L) (%) (%) of the peaks

0.1 01-23 16 o4 5.05 0.9 13.2

38,4 278 0.2 02-456 8 5 4.7 -5.9 59

0.3 03-6.1 6 21.333 4.51 -9.8 1.6

Unexpectedly, the calibration curve where V, executed the dilution of the standards
exhibited a higher sensibility but a lower linear range when compared to the equivalent
calibration with the original flow manifold (see Figure 4.27). Furthermore, the calcu-
lated sample concentrations (see Table 4.10) were found to be noticeably lower for the
new configuration than for the previous calibrations, even being below the theoretical
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value. On the other hand, the repeatability of the peaks was similar to the previous
calibrations.

The differences found when interchanging the actuation of the valves could be
mainly related to two different factors: the inherent performance of each valve and/or
the differences in the flow pathway for solutions injected at Vi or V,.

The length of the flow path from V; to the detector was slightly higher than the one
from V,. Besides, solutions injected by V; had to pass through V, (see Figure 4.20).
In order to study the effect of these differences, a 0.20 g/L tartaric acid solution was
injected ten times by both V; and V, valves. The injection time was set to 38.4 s.

Table 4.11: Average peak height and RSD for 10 injections of a 0.20 g/L tartaric
acid solution carried out by Vi and Vs.

V1 V2
Average peak height (AU) 0.123 +0.001  0.122 £ 0.001
RSD (%) 0.379 0.515

The results presented a good repeatability of the peaks for both valves and no sta-
tistically significant difference between the two sets of results for a 95% confidence level
(n = 10), demonstrating no significant influence of the flow pathway (see Table 4.11).

Consequently, a thorough study of the actuation of the valves was carried out.
Several valves were tested for the automatic dilution of standards and samples using
different dilution profiles; the obtained results were compared to the ones obtained by
the injection of manually prepared standard solutions. The most relevant conclusions
are discussed below.

The actuation of the valves was found to be particular for each valve, thus being
difficult to establish a clear behaviour standard. Despite some of them performed an
adequate dilution of the stock solution, not all these valves were found to be useful for
performing the dilution of the sample, which required a considerably different dilution
factor and therefore a remarkably different actuation of the valves. The valves display-
ing the best results regarding the repeatability of the peaks along with the minimum
difference in comparison to the manually prepared solutions were selected.

It is important to note that when a valve suffers from a delay in performing a
commutation from "off” to "on” or vice versa, the higher the number of commutation
cycles is, the higher the accumulated error will be. This error would translate into a poor
linearity of the results due to an inaccurate dilution to an unknown final concentration.
Therefore, in order to minimise this effect, all diluted solutions were prepared by using
the same number of cycles instead of the same minimum commutation speed. Besides,
it was decided to prepare the 0.40 g/L tartaric acid standard solution by dilution (instead
of being the stock solution), hence assuming that if there was an error on the dilution
of the solutions, the same error would be introduced to the preparation of this one.
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Thus, a 0.50 g/L tartaric acid solution was used as the stock standard solution for the
following experiments.

As mentioned before, the number of cycles depends on the injection time, and
vice versa. Consequently, in order to apply the aforementioned changes, the injection
time was set to 40.0 s (corresponding to 289 pL injection volume). The number of
commutation cycles was set to 20. The actuation of the valves for these new conditions
can be found in Table 4.12.

Table 4.12: Programming of the actuation of V; for obtaining diluted solutions
of 0.05 g/L to 0.40 g/L from a stock solution of 0.50 g/L tartaric acid for 40.0
s injection time and 20 commutation cycles per dilution.

§(s) tor (s) tur (s) Number of  Dilution  Stock standard Diluted
! o of cycles factor  solution (g/L)  solution (g/L)
0.2 1.8 8 0.05
0.4 1.6 4 0.1
40.0 0.8 1.2 20 2 0.5 0.2
1.2 0.8 1.33 0.3
1.6 0.4 1.25 0.4

Since the dilution required for the sample was significantly higher than the one for
the standard solutions, the use of the same number of cycles was not affordable. Thus,
a parallel experiment for assessing the optimum actuation of the valve for the dilution
of the samples was carried out. Several minimum commutation speeds were evaluated
for the 25-fold in-line dilution of a 5 g/L tartaric acid sample solution. The solution
was injected in quintuplicate at 434 pL/min flow rate and using a 200 mg/L BTB and
10 mM phosphate buffer indicator solution adjusted to pH 7.8. The injection times
for each cycle were chosen to be as close as possible between them considering the
limitations explained earlier. The experiment was repeated twice.

Despite no statistically significant difference for a 95% confidence level (n = 5) was
found between the average peak height of the two replicates for minimum commutation
speeds from 0.1 s to 0.4 s (see Figure 4.28), the repeatability of the experiment was
considerably higher for cycles of minimum commutation speeds of 0.2 s and 0.3 's. On
the other hand, when analysing the absorbance peak profiles, an incomplete mixture
of the sample - H,O plugs could be noticed for cycles of 0.3 s — 7.2 s, becoming more
evident for cycles with higher minimum commutation times. Therefore, 0.2 s "on" - 4.8
s "off" was selected as the optimum commutation cycle for the sample dilution.
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Commutation speed (s) 0.1 0.2 0.3 0.4 0.5
Cycle (s) 0.1-24 0.2-438 03-72 0.4-9.6 0.5-12
Number of cycles 18 9 6 5 4
Dilution factor 25 25 25 25 25
Replicate 1
Average peak height 0.119 £+ 0.007 0.118 £+ 0.004 0.118 + 0.003 0.12 £ 0.01 0.120 £ 0.002
RSD 2.10 1.08 0.89 2.94 0.65
Replicate 2

Average peak height 0.127 + 0.005 0.120 4+ 0.003  0.120 4+ 0.005 0.125 4 0.004 0.128 + 0.003
RSD 1.51 0.91 1.45 1.29 0.77

Replicates 1 and 2

Average peak height 0.12 4+ 0.01 0.119 4+ 0.003  0.119 4 0.004 0.122 4 0.009 0.12 + 0.01
RSD 3.79 1.15 1.43 3.27 3.6

Figure 4.28: Effect of the minimum commutation speed for a 25-fold dilution of

the sample. a) Recorded signal for the different commutation cycles. An arbitrary

intercept has been used for clearer illustration. b) Experimental parameters and
obtained results.



4.3. Adaptation of the microsystem for its application to the continuous monitorirfg9
of titratable acidity during wine-making processes

The conditions being used before the study of the valves were not adequate for
a linear range to up to 0.40 g/L tartaric acid, as it could be appreciated in previous
experiments (e.g., see Figure 4.27).The valve that was being used for the optimisation
of the injection volume suffered from an inaccurate commutation, leading to an error
on the preparation of the diluted standard solutions. Since this error was reproducible
it was not easily detected and, by increasing the injection volume, we were simply
injecting a higher amount of an incorrectly diluted tartaric acid solution.

Once the best performing valves were selected, the BTB and the phosphate buffer
concentrations of the indicator solution were optimised anew in order to increase the
linear range. The alternative of reducing the injection time (and therefore the injection
volume) was discarded since the number of cycles for the sample dilution would be
affected by this change and could lead to dilution irreproducibility. Furthermore, an
increase in the buffer concentration of the indicator solution would add more stability
to its pH, which, as mentioned earlier, was crucial for the autonomous operation of the
system.

Five different indicator solutions were prepared and adjusted to pH 7.8: 200 mg/L
BTB and 10 mM phosphate buffer; 200 mg/L BTB and 15 mM phosphate buffer; 400
mg/L BTB and 20 mM phosphate buffer; 400 mg/L BTB and 30 mM phosphate buffer;
and 500 mg/L BTB and 35 mM phosphate buffer. Tartaric acid standard solutions were
prepared according to Table 4.12 and were analysed in triplicate at a flow rate of 434
pL/min.

From the several tested combinations, only the two containing the highest buffer
concentrations covered the desired linear range (see Figure 4.29). From these two, 500
mg/L BTB and 35 mM phosphate buffer was preferred over 400 mg/L BTB and 30
mM phosphate buffer due to its higher buffer content, contributing to the stability of
the solution, and its slightly higher sensibility.

For the selected indicator solution, a synthetic sample containing 5 g/L tartaric acid
was analysed in quintuplicate. The interpolated concentration was 5.0 + 0.1 (n = 5,
95% confidence level) and the RSD of the peaks was 0.77%.

To summarise, the final optimal conditions of the microsystem were: a 500 mg/L
BTB and 35 mM phosphate buffer indicator solution adjusted to pH 7.8, an injection
time of 40.0 s (corresponding to an injection volume of 289 pL at 434 pL/min), a 0.50
g/L tartaric acid stock standard solution diluted by performing 20 commutation cycles
per dilution, and a sample dilution to 1:25 by performing commutation cycles of 0.2 s
ton - 4.8 s tog.
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[BTB] (g/L) [Phosphate buffer] (mM) Slope Intercept R? Linear range (g/L)
200 15 0.366 4+ 0.007 0.002 £ 0.001  0.9994 0-0.30
400 30 0.428 £ 0.005 0.003 & 0.001  0.9996 0-0.40
500 35 0.441 + 0.004 0.006 £+ 0.001  0.9997 0-0.40
200 10 0.53 £ 0.01 0.004 £+ 0.002  0.9984 0-0.30
400 20 0.607 4+ 0.008 0.004 £ 0.001  0.9997 0-0.30

Figure 4.29: BTB and phosphate buffer concentration optimisation. a) Repre-
sentation of the results. b) Linear regression parameters.

4.3.2.2 Analytical characterisation of the microsystem

The repeatability of the method was assessed by performing three different calibration
analyses in three different working days under identical hydrodynamic and chemical
conditions using newly prepared solutions. Standards ranging from 0.05 g/L to 0.40
g/L were analysed in triplicate by using the aforementioned optimal conditions. Fig-
ure 4.30 displays the recorded signal and the calibration curve obtained for one of the
experiments (Replicate 1 from Table 4.13).

No statistically significant differences (n = 15, 95% confidence level) were found
between the three calibration replicates, demonstrating an excellent between-day re-
peatability.
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Figure 4.30: Recorded signal (1) and calibration curve (II) for one of the experi-
ments using the optimal conditions. Standard solutions: (a) 0.05 g/L, (b) 0.10
g/L, (c) 0.20 g/L, (d) 0.30 g/L and (e) 0.40 g/L tartaric acid.
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Table 4.13: Analytical characterisation of the microsystem. Linear regression
parameters, LOD and LOQ for three calibration experiments. LOD and LOQ
were calculated as 3 times and 10 times the standard deviation of the baseline,
respectively.

. 2 LOD (g/L LOQ (g/L
Replicate Slope Intercept R tartaric acid)  tartaric acid)
1 0.450 + 0.002  0.0031 + 0.0007  0.9999 0.004 0.01
2 0.445 + 0.004 0.0038 + 0.0008 0.9998 0.004 0.01
3 0.447 + 0.006  0.000 £+ 0.002  0.9994 0.004 0.01

With the optimal conditions, a sampling rate of 26 h.; was achieved, consuming
289 pL of sample, 500 pg of BTB and 35 pmol of phosphate and producing 3 mL of
waste per assay.

4.3.2.3 Real sample analysis

In order to assess the proper performance of the analytical microsystem, the titratable
acidity determination of twenty-five wine samples was carried out. The results were
compared to those kindly obtained by BioSystems (Barcelona, Spain).

For the developed method, the samples were analysed without any pretreatment
or dilution using the previously optimised conditions. The linear equation obtained for
the calibration was A = (0.449 £ 0.004)-[tartaric acid] (g/L) + (0.003 £ 0.001), R?
= 0.9998, for n = 15 and 95% confidence level.

The method used by BioSystems for the titratable acidity determination was based
on the same principle as the here proposed method, consisting in the measurement
of the absorbance change of a buffered BTB solution when mixed with a sample;
the absorbance measurements were carried out at 620 nm using a photometer.”® The
validation of their method was performed by comparing it to the OIV official method.”®

An acceptable correlation of the results was obtained for white and rosé wine sam-
ples, whereas red wine acidity content was underestimated by the developed microsys-
tem (see Table 4.14).

In order to assess the possible interference of the coloured species of red wine,
a blank measurement of the samples 9 to 13 was carried out. With that purpose,
the samples were injected in quintuplicate using the same hydrodynamic and chemical
conditions but removing the BTB from the indicator solution. The absorbance of the
samples was measured and interpolated in the previously obtained calibration curve, and
the correction was applied to the titratable acidity content. The results are summarised
in Table 4.15.

The correction of the colour for the tested samples led to a drastic decrease in the
differences found between the two methods, revealing a clear need to perform a blank
measurement for coloured wine samples.
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Table 4.14: Results for the titratable acidity determination of twenty-five wine
samples obtained by BioSystems and by the system here presented. No confi-
dence interval was given for the BioSystems results.

BioSystems Developed method

Titratable acidity

Sample (g/L tartaric acid) RSD (%) Difference (%)

1 White 5.6 6.05 + 0.06 1 8

2 White 6.0 59+ 01 2 -2
3 White 5.4 54 £0.1 2 0

4 White 6.2 6.0 £0.2 3 -3
5  White 4.3 43 £0.1 2 0

6  White 5.7 56 £0.1 1 -2
7 Rosé 4.3 43 +£0.1 2 0

8 Rosé 5.7 5.78 £ 0.09 1 1

9 Red 5.2 4.91 + 0.04 1 -6
10 Red 5.6 54+03 4 -4
11 Red 53 4.7 £0.2 3 -11
12 Red 51 4.49 £ 0.06 1 -12
13 Red 5.7 53£0.2 3 -7
14 Red 6.2 4.8 £0.2 4 -23
15 Red 6.1 53£0.1 2 -13
16 Red 6.9 6.2 £0.2 2 -10
17 Red 7.7 71+0.2 2 -8
18 Red 6.2 59£0.1 2 -5
19 Red 7.2 6.4+ 0.2 2 -11
20 Red 5.2 47 +£0.1 2 -10
21 Red 5.2 47 +0.2 3 -10
22 Red 55 5.02 + 0.08 1 -9
23 Red 5.4 4.48 £ 0.09 2 -17
24 Red 6.0 5.30 + 0.06 1 -12
25 Red 5.9 52+ 0.1 2 -12

The measurement of the blank could be easily implemented to the system by the
introduction of a fourth three-way solenoid valve (V4) as shown in Figure 4.31. With
this simple modification, which was not carried out during this work, it was expected
to achieve an excellent system performance not only for white and rosé wine samples,
but also for red wine samples.
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Table 4.15: Effect of the colour correction for some of the analysed samples.
Developed method
BioSystems No colour correction Colour correction
Samole Titratable acidity ~ Titratable acidity =~ Difference  Titratable acidity = Difference
P (g/L tartaric acid)  (g/L tartaric acid) (%) (g/L tartaric acid) (%)
9 5.2 4.93 -5 5.26 0
10 5.6 5.40 -4 5.60 0
11 5.3 4.70 -11 4.90 -8
12 5.1 4.49 -12 4.79 -6
13 5.7 5.30 -7 5.60 -2
H,0
Vl Stock standard
c solution
\Z
Sample

Buffer

solution ,
Buffered 0

V.
O/\

solution

Figure 4.31: Introduction of a fourth valve (V4) for the measurement of the
blank.

4.4 Conclusions & future remarks

In this chapter, two microsystems for the titratable acidity determination of must and
wine samples have been proposed, one for its application to the determination of in-
dividual samples and the other to the continuous monitoring of this parameter during
wine-making processes.

The first microsystem demonstrated an exceptional throughput as well as a wider
working range, a reduced sample and reagent consumption and a higher miniaturisation
in comparison to other previously reported systems®'=%%°% The simple and low-cost
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system here presented involved minimal pretreatment of the sample (a 25-fold dilution
being only required) and produced minimal waste. Its performance was compared to
the AOAC official method, proving an adequate accuracy and precision of the mea-
surements. All these advantages make this system a perfect candidate for carrying out
routine analyses in wineries.

For the second microsystem, the complete automation of the analytical process,
including calibration and sampling, was achieved, therefore eliminating any human in-
tervention. The stability of the reagents and the robustness of the system would permit
its application to the on-line continuous monitoring of titratable acidity in wineries, thus
improving the control of wine-making processes and contributing to a higher quality
of the final product. Several issues are still to be studied, such as the implementation
of a blank measurement when titratable acidity of red wines is determined, as well as
the complete automation and miniaturisation of the system through the replacement
of the peristaltic pump by solenoid micropumps that could be automatedly actuated.
Once these final modifications were applied, the microsystem would be ready for its
installation, meeting all the requirements for being considered a completely functional
micro total analysis system (pTAS).
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Chapter 5

Analytical microsystem for the
spectrophotometric
determination of Primary
Amino Nitrogen in must and
wine samples

5.1 Nitrogen compounds in wine

Many nitrogen-containing compounds are found in grape and wine, including inorganic
forms such as ammonia and nitrates, and several organic forms such as amines, amides,
amino acids, proteins and nucleic acids, among others."”

Nitrogen-containing compounds play a major role in wine-making since they are
essential for yeast growth and metabolism during alcoholic fermentation. Besides, the
composition of the nitrogen fraction and the content of the different species do also
have an important effect on other relevant properties of wine such as its acidobasic
buffer capacity and its organoleptic characteristics."? Special attention has been paid
to various nitrogen-containing organic compounds which could have harmful effects on
health, including ethyl carbamate®, ochratoxin A* and some biogenic amines® such as
histamine, tyramine and putrescine.
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Biogenic amines

Biogenic amines are low molecular weight basic nitrogenous compounds, mainly
formed by decarboxylation of amino acids and synthesised by microbial, veg-
etable and animal metabolisms.”°

Although biogenic amines are essential for many physiological functions, they
may become toxic at high concentrations. The consume of significant quanti-
ties of these compounds has been related to several pharmacological reactions
including headache, hypo- and hypertension, nausea, cardiac palpitation and
renal intoxication, among others.”"

Biogenic amines in wines are predominantly produced by bacteria' and their
content and distribution is highly variable. The major compounds are commonly
histamine, tyramine and putrescine.” However, none of them are usually found
in wines at levels capable of producing harmful effects.”

5.1.1 Alcoholic fermentation and Yeast Assimilable Nitrogen

From a biochemical point of view, fermentation is a metabolic process where energy
is obtained from organic compounds without involving exogeneous oxidising agents
such as oxygen.’” During the alcoholic fermentation of wine, yeast and some bacteria
transform sugars, mainly fructose and glucose, into ethanol and carbon dioxide in
anaerobic conditions producing adenosine triphosphate (ATP).” The general reaction
can be summarised in:

Inorganic
phosphate
Adenosine Adenosine
diphosphate 2ADP + 2P 2ATP triphosphate
CeH1205 2CH, CH,OH + 2CO,
Hexoses Ethanol Carbon dioxide

Figure 5.1: Transformation of sugars into ethanol and carbon dioxide during the
alcoholic fermentation of wine.
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Alcoholic fermentation is a highly complex process. While the reaction in Figure 5.1
occurs, several other biochemical, chemical and physicochemical processes do also
take place, involving many different compounds such as numerous nitrogen-containing
species.®’

Apart from sugars, nitrogen compounds are the most important yeast nutrients
in wine.” Saccharomyces cerevisiae, the principal yeast used for fermentation,” needs
nitrogen for its growth and metabolism. However, from the several nitrogen compounds
that can be found in wine, only some of them are available for its metabolism. The
nitrogen fraction which can be used by yeast during fermentation processes is generally
referred to as Yeast Assimilable Nitrogen (YAN) and it mainly comprises ammonium
and certain amino acids. The group of amino acids that can be metabolised by yeast
conform what is often designated as Primary (alpha-) Amino Nitrogen (PAN) (see
Figure 5.2). Both YAN and PAN are usually expressed as mg N/L.

Nitrogen-containing
compounds

Nitrogen not Yeast Assimilable
metabolised by yeast Nitrogen (YAN)

Primary Amino
Nitrogen (PAN)

Ammonia

Figure 5.2: Classification of nitrogen-containing compounds in wine.

Secondary amino acids are not included in YAN, since they cannot be used under
ordinary conditions. Proline, for example, which is the most abundant amino acid in
grape along with arginine, can be assimilated by Saccharomyces cerevisiae but only
under abnormal aerobic conditions.”®' Other compounds such as some low molecular
weight peptides can also be used as nitrogen sources, although their contribution is
much lower in comparison to ammonia and PAN.'!

The YAN content of a must has a significant effect on the success of the alcoholic
fermentation and, therefore, on the quality of the final product. Insufficient must YAN
is generally related to low yeast population, resulting in poor fermentation vigour and
potential risk of sluggish and stuck fermentations.'’'” Besides, low must YAN is also
associated with the production of undesirable thiols and hydrogen sulfide (H,S).*"**
Ammonium salts such as diammonium hydrogen phosphate (DAP) are commonly added
to musts with an excessively low YAN concentration.”’' On the other hand, high
must YAN may lead to excessive non-assimilated nitrogen, which can contribute to
the microbiological instability of the final product.'” Furthermore, excessive YAN is
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often related to the production of several undesired compounds such as urea, ethyl
carbamate and some biogenic amines.”'" YAN has an important impact on the quality
of wine since it affects the production of many other compounds during the alcoholic
fermentation which have a relevant effect on the stability and organoleptic properties
of the final product.'**®

YAN content in musts and wines is highly variable. For example, a survey of 1523
grape juices from California, Oregon and Washington (USA) found YAN concentrations
ranging from 40 mg N/L to 559 mg N/L (ammonium: 5 mg N/L to 325 mg N/L; PAN:
29 mg N/L to 370 mg N/L)."* Similarly, 16 mg N/L and 394 mg N/L were found to be
the minimum and maximum YAN contents in 324 grape juice samples from Trentino
(Italy).'® Several studies have been carried out for estimating the nitrogen requirements
for achieving a satisfactory fermentation. Some authors have suggested 140 mg N/L to
be the minimum YAN concentration.'’~** However, significantly different values ranging
from 70 mg N/L?’ to 267 mg N/L*! have been reported due to several factors affecting
the nitrogen needs.

5.1.2 YAN measurement in wine

Owing to the extensive influence of nitrogen-containing compounds in the alcoholic
fermentation of wine, YAN is routinely measured in grape and must prior to fermenta-
tion in order to predict the success of the fermentation process. As mentioned before,
nitrogen is frequently supplied to musts containing low YAN concentrations by the ad-
dition of DAP. The amount of DAP to be added as well as the timing of the additions
is crucial in order to achieve the desired boosting of the fermentation rate yet avoiding
unwanted side effects such as an excessive release of H,S”” or the production of ethyl
carbamate®, among others”°. Therefore, the availability of rapid analytical methods
for measuring and monitoring YAN during the alcoholic fermentation would be highly
advantageous for an adequate DAP supplementation.

Most of the developed methods for assessing the nitrogen status of musts have
been focused on the quantification of ammonium ions and amino acids, which are
the main compounds of YAN. Ammonium is commonly determined using ion selective
electrodes (ISE) or commercial enzymatic test kits.'”"'* Both methods are simple, rapid
and provide the necessary accuracy and precision.

Several chromatographic methods have been developed for the identification and
quantification of amino acids in wine.”” These methods usually involve pre- or post-
column derivatisation of amino acids for their later spectrophotometric or fluorometric
detection. The use of different derivatising reagents has been reported, including 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC),”**°, diethyl ethoxymethylen-
emalonate (DEEMM),***! 5-(4,6-dichlorotriazinyl)aminofluorescein (DTAF),*” ninhy-
drin®=* and o-phthaldialdehyde (OPA),**~*" among others. Chromatographic methods
provide useful and accurate information about the composition of PAN. Nonetheless,
these methods are not suitable for routine use, since they are time-consuming and
require expensive instrumentation and skilled personnel.
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Several alternative methods have been proposed for the quantification of the total
concentration of free alpha amino acids. The most common ones are the formol titration
method, which includes ammonia and therefore measures the YAN content, and the
use of ninhydrin and OPA for the primary amino acid derivatisation and subsequent
spectrophotometric determination.

The formol titration method is based on the quantification of the protons which
are lost by the amino groups in the reaction between formaldehyde and the free amino
acids to produce methylol derivatives.’**” The procedure consists in the neutralisation
of a sample to pH 8, followed by the addition of an excess of formaldehyde neutralised
to pH 8. Finally, the solution is titrated to pH 8 to quantify the released protons.
Using this method, free ammonia is also quantified, whereas proline is only partially
titrated.**

The use of ninhydrin for the PAN quantification is based on the redox reaction
between ninhydrin and the primary amino acids. Ninhydrin oxidises the amino acids
producing CO,, NH3 and an aldehyde. Then, the reduced ninhydrin reacts with the
unreduced ninhydrin and the NH3 from the previous reaction to form a coloured prod-
uct which can be determined at 570 nm.*"** With this method, proline is almost no
detected, while ammonium ions are partially quantified.*’

A reagent containing OPA and N-acetyl-L-cysteine (NAC) has been used for the
determination of primary amino acids in what is known as the NOPA (standing for
Nitrogen by OPA) assay.”* This method is based on the reaction between OPA, NAC
and the primary amino group to form isoindole derivatives which absorb at 335 nm.
The NOPA assay is quite specific to primary amino acids and it does not quantify either
ammonia or proline.*%%C

Different studies have been carried out for the comparison of the formol, the ninhy-
drin and the NOPA methods.*®*?** |n these studies, the ammonium fraction was also
determined due to the different response of the three methods to ammonium. The
results obtained by using the three methods did not show significant differences when
a 68% and a 100% of the ammonium nitrogen (determined separately) was added to
the values from the ninhydrin and the NOPA assays, respectively.*’

Although it was demonstrated that all three methods could be used for the eval-
uation of the nitrogen status of grape juice, their practical applicability widely differs.
On one hand, the formol titration method is a manual procedure that requires skilled
personnel; it is time-consuming, uses toxic reagents and produces considerable amounts
of waste. Furthermore, formaldehyde solutions must be freshly prepared and carefully
adjusted to pH 8 before each analysis.**** On the other hand, the other two methods
minimise reagent consumption and produced waste and their precision is less dependent
on the executor. However, whereas the reaction of primary amino acids with ninhydrin
is carried out at approximately 100 °C*’, the NOPA assay can be performed at room
temperature®.

The underestimation or no response from the three aforementioned methods to
proline is considered convenient since this amino acid does not contribute to YAN.*
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The existence of rapid and accurate methods for estimating the yeast available
nitrogen would constitute a valuable tool for winemakers. Nonetheless, little investiga-
tion has been performed for the automation of these analyses and the miniaturisation
of the systems. Only two automated (yet not miniaturised) systems for estimating the
overall YAN/PAN content have been reported: a flow injection analysis system based
on the ninhydrin assay” and a sequential injection analysis system for the NOPA assay
automation®. Both systems use conventional spectrophotometers equipped with flow
cells for the absorbance measurements.

The objective of the work presented in this chapter was the development of a
miniaturised flow injection system for the quantification of PAN which could be eas-
ily automated, involved minimal reagent consumption and waste, and presented high
throughput and wide working ranges. A high degree of miniaturisation and automation
would permit the on-line monitoring of PAN during the alcoholic fermentation, enabling
a better control of the process and an improved decision-making with respect to the
DAP supplementation.

The proposed system was based on the NOPA assay previously described and con-
sisted in the monitoring of absorbance changes at 340 nm when a sample was mixed
with a NOPA reagent solution containing OPA and NAC.

In order to demonstrate the versatility of the microsystem presented in the previous
chapter, we decided to use the same microfluidic platform and the same miniaturised
optical detection system, with minimal modifications applied to the flow management
peripherals.

5.2 Development of an analytical microsystem for the
spectrophotometric determination of Primary Amino
Nitrogen in wine samples

5.2.1 Methods

5.2.1.1 Reagents and solutions

All used chemicals were of analytical reagent grade and all solutions were prepared in
MilliQ water.

NOPA reagent solutions were prepared by accurate weighing and dissolution of OPA
(Sigma-Aldrich, Saint Louis, USA) and NAC (Merk, Darmstadt, Germany) in borate
buffer solutions containing 10% v/v ethanol (Panreac, Castellar del Vallés, Spain).
Borate buffer solutions were prepared from boric acid (H3BOs, Fisher, Pittsburgh,
USA) and sodium hydroxide (NaOH, Sigma-Aldrich). Hydrochloric acid (HCI, Sigma-
Aldrich) and NaOH solutions were used for pH adjustment when required. Blank
reagent solutions, which were used for the sample blank measurement, were prepared
equivalently but without containing OPA. Both NOPA and blank reagent solutions were
prepared at least 90 min before use to minimise self-fluorescence interferences.*’
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Standard solutions for the system calibration were prepared by accurate weighing
and dissolution of L-isoleucine (Sigma-Aldrich) in MilliQ water.

All tested samples were commercially available. No pretreatment or dilution were
required prior to analysis. Samples were also analysed using a commercial reagent
kit Primary Amino Nitrogen (ref. 12807) from BioSystems (Barcelona, Spain) for
comparing the obtained results.

5.2.1.2 Materials

The microanalyser was constructed by using COC layers from TOPAS Advanced Poly-
mers (Florence, KY, USA) of diverse thicknesses and grades. Two 1 mm and one 400
pm TOPAS 5013 layers were used as structural layers, while two 25 pm TOPAS 8007
layers were used as bonding layers. MilliQ water and ethanol were used for cleaning
all material before the bonding step. Delrin plaques of 2 mm in thickness (DuPont,
Wilmington, USA) were used as sacrificial layers for the thermocompression process.
Several 3 mm thick PMMA layers (Plasticos Ferplast, Terrassa, Spain) were used for
the construction of the detection system support.

5.2.1.3 Experimental setup

The final experimental setup, which is depicted in Figure 5.3, can be divided into
three main parts: the fluid management peripherals, the microanalyser and the optical
detection system.

The peripherals consisted of a four channel peristaltic pump Gilson Minipuls 3
(Gilson, Wisconsin, USA) equipped with 0.64 mm internal diameter Tygon tubing (Is-
matec, Wertheim, Germany), a 6-way injection valve (Hamilton, Bonaduz, Switzerland)
and a three-way solenoid valve 161T031 (NResearch West Caldwell, USA) actuated by
an HCS-3202 direct current (DC) power supply from Manson Engineering Industrial
Ltd (Kwai Chung, China). Teflon tubing of 0.80 mm internal diameter (Scharlab SL,
Setmenat, Spain) was used for connecting the peripherals to the microanalyser.

The optical detection system, presented in § 4.2.1.3, consisted of a light emitting
diode (LED) and a photodiode mounted into a compact PMMA structure where the
microanalyser was inserted into (see Figure 4.2 from the previous chapter). The LED
and the photodiode were connected to a printed circuit board (PCB) that, in turn,
was connected to a data acquisition card (DAQ) NI USB-6211 (National Instruments,
Austin, Texas, USA). The DAQ was responsible for the modulation of the LED and
the acquisition and transference of the detected signal to a personal computer (PC). A
digital lock-in amplification was used for processing the raw data, increasing the signal-
to-noise ratio and permitting the operation of the system in ambient light conditions
without requiring any physical amplifier.

The versatility of the optical detection system permitted its easy adaptation to the
new application by changing the LED for measuring absorbance in the near-UV range.
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For this particular case, a 340 nm LED MTE340-H32-UV from Marktech Optoelectron-
ics (Latham, USA) was selected. The photodetector was a S1337-66BR photodiode
from Hamamatsu Photonics (Hamamatsu, Japan).

Blank Standard solution /

reagent Sample

solution

NOPA
reagent
solution

Photodiode
PCB

Figure 5.3: Schematic illustration of the experimental setup. PP: peristaltic
pump; W: waste; V: solenoid valve.

5.2.1.4 Flow manifold

The operating procedure of the analysis consisted in the continuous pumping of a
NOPA reagent solution into the microanalyser through channel A (see Figure 5.3),
which was diluted to 1:2 inside the microanalyser by the continuous pumping of H,O
through channel B. Fixed volumes of samples/standards were injected into the carrier
stream (H,O, channel C). When the sample/standard plugs mixed with the diluted
NOPA reagent solution inside the microanalyser, the derivatisation reaction took place.
The mixture was directed towards the detection chamber, where the optical detection
system measured and monitored the absorbance changes at 340 nm produced by the
formation of the primary amino acid derivatives.

In order to avoid interference from the sample species absorbing at the same wave-
length, a blank was measured for each sample. For the blank preparation, the NOPA
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reagent solution was automatically substituted for a blank reagent solution by the ac-
tuation of a tree-way solenoid valve located at the reagent solution stream. The blank
reagent solution, unlike the NOPA reagent solution, did not contain OPA.

5.2.1.5 Microanalyser design and construction

As previously mentioned, in order to demonstrate the high versatility of the microsystem
presented in § 4, we decided to use it for the application here proposed by making
minimal adjustments. No modification was introduced to the design or the construction
process of the microanalyser. For that reason, and in order to reduce the duplicate
information, please refer to § 4.2.1.5 for further information.

5.2.2 Results and discussion
5.2.2.1 Optimisation of the hydrodynamic and chemical conditions

The different hydrodynamic and chemical variables that could influence the system
were studied for their optimisation. These included, on one hand, the flow rate and the
injection volume and, on the other hand, the selection of a reference primary amino acid
to be used for the standard solutions, the composition of the NOPA reagent solution
and the possibility of preparing the reagent solution in-line. Parameters regarding the
optical detection system were also adjusted.

As introduced in the first part of this chapter, the NOPA assay is based on the
reaction between OPA, NAC and the primary amino acids to form isoindole derivatives.
The general reaction scheme is illustrated in Figure 5.4.

o] [¢] ¢} Na, =
)J\ 1
H NH
+ g * o 1
H - OH ¢ =
o .
N
0 SH o ==
OH
o-Phthaldialdehyde N-acetyl-L-cysteine Primary amino acid o
(OPA) (NAC) Isoindole

Figure 5.4: NOPA assay reaction.
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The resulting isoindole derivatives strongly absorb in the UV-visible spectral region,
with an absorbance maximum centred at 335 nm.***® Thus, in order to perform the
absorbance measurements at a wavelength as close as possible to the absorbance max-
imum, a LED with a peak wavelength centred at 340 4= 5 nm*’ was selected for the
optical detection system. It is worth mentioning that the use of COC as the substrate
material for the construction of the devices was appropriate due to its high transmit-
tance in the near UV region of the spectrum®®°'. lts optical transparency in the near
UV range is, indeed, higher than that of other polymers commonly used in microfluidics,
including PMMA, PC and PS.%%*

PAN is composed of several primary amino acids in different proportion and its
composition varies (from slightly to considerably) between two musts. Besides, the
molar absorptivities of the primary amino acid derivatives*® range from 2700 Mt cm!
to 12660 M! cm™. Ideally, the reference amino acid to be used for the calibration of
the system should present such an absorptivity (eg) that:

n
ER = Za,--e,- (5.1)
=1
Where a; corresponds to the molar fraction of the amino acid / in the sample and
g; represents the molar absorptivity of the corresponding isoindole derivative.”
Considering the different (and in principle unknown) PAN composition of the sam-
ples, the selected amino acid should be the one demonstrating the best general fit to
this expression. The selection of the reference amino acid was therefore based on pre-
vious studies where a linear relationship with a satisfactory correlation was established
between the sum of the absorbance of the individual amino acid derivatives and the
absorbance of the predicted isoleucine (ILE) equivalent concentration for ten different
grape juices.”’
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The configuration of the flow manifold used during the optimisation of the variables
is illustrated in Figure 5.5. The NOPA reagent solution was introduced through the
first and the second channels (A and B), while standards were introduced through the
third one (C).

Standard
solution
NOPA
reagent
NOPA solution
reagent
solution

Figure 5.5: Schematic illustration of the flow manifold used during the optimi-
sation of the variables. PP: peristaltic pump; W: waste.

The initial composition of the NOPA reagent solution was based on references [43]
and [46], where equimolar amounts of OPA and NAC were used. A 5 mM OPA and 5
mM NAC reagent solution was prepared in borate buffer 0.14 M and was adjusted to
pH 9.5. Arbitrary initial hydrodynamic conditions were chosen: the injection volume
was set to 7.8 pL, which was the minimum affordable volume due to instrumental
limitations, and four different flow rates were tested, from 100 pL/min to 420 pL/minT.
ILE standard solutions ranging from 0.1 mM to 20.0 mM were analysed in triplicate.

As can be seen in Figure 5.6, the sensibility of the calibration using the highest flow
rate was slightly lower, whereas for all other tested flow rates no significant differences
were found for the linear ranges considered. On the other hand, an increment in the
linear range was obtained using the lowest flow rate. However, since 100 pL/min would
entail an excessively low throughput, 207 pL/min was selected as the optimum flow
rate.

TFlow rates are given per channel unless otherwise specified.
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(b)

Flow rate (pL/min) Slope Intercept R? Linear range (mM ILE)
0.100 0.0340 £+ 0.0004 0.005 + 0.002 0.9991 0-15
0.207 0.0339 £ 0.0004 0.004 + 0.002 0.9991 0-10
0.313 0.0338 £ 0.0004 0.003 + 0.002  0.9991 0-10
0.420 0.0314 £ 0.0003  0.004 + 0.002 0.9991 0-10

Figure 5.6: Flow rate optimisation. a) Representation of the results. b) Linear
regression parameters.

Derivatisation of amines with OPA and NAC is carried out at alkaline pH, generally
about 9.5, which corresponds to the pH where the reaction rate and the molar absorp-
tivity and stability of the isoindole derivatives is the highest.”*° The effect of pH was
verified by performing four calibration experiments at different pH of the NOPA reagent
solution. Four reagent solutions adjusted to pH 9.0, 9.5, 10.5 and 11.5 were used for
the analysis in triplicate of ILE standard solutions ranging from 0.2 mM to 20.0 mM.
Flow rate and injection volume were set to 207 pL/min and 7.8 pL, respectively.

As expected, the major sensibility was obtained for the NOPA reagent solution
adjusted to pH 9.5 (see Figure 5.7). However, no significant differences were found
between pH 9.5 and pH 10.5.Conversely, the sensibilities for the calibrations at pH 9.0
and pH 11.5 were noticeably lower. Hence, suitable pH values were found to be between
9.5 and 10.5, from which pH 9.5 was selected for adjusting the reagent solution for all
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11.5 0.0253 £+ 0.0003  0.003 £ 0.002  0.9992 0-10

Figure 5.7: NOPA reagent solution pH optimisation. a) Representation of the

results. b) Linear regression parameters.

following experiments.

It is important to emphasise the high robustness of the method, where slight vari-
ations in the pH of the reagent solution or in the flow rate (see previous set of ex-
periments) did not lead to significant variations of the signal. The robustness of the
system will be demonstrated all along this section, where slight variations in some other
parameters also had a relatively low effect on the sensibility of the method.

The influence of varying the buffer concentration was also studied. Three different
NOPA reagent solutions containing 5 mM OPA and 5 mM NAC were prepared in borate
buffer: 1) 0.28 M boric acid, 0.20 M NaOH, 2) 0.14 M boric acid, 0.10 M NaOH and
3) 0.07 M boric acid, 0.05 M NaOH, all of them adjusted to pH 9.5. ILE standard
solutions ranging from 0.2 mM to 20.0 mM were analysed in triplicate at 207 pL/min
flow rate and 7.8 pL injection volume.
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Figure 5.8: Borate buffer optimisation. a) Representation of the results. b)
Linear regression parameters.

The three buffer concentrations tested gave similar calibration curves with no sig-
nificant differences in the sensibility for the considered linear ranges (see Figure 5.8).
The obtained results were in concordance with the expected ones, since the formation
and stability of the isoindoles is dependent on the pH of the solution yet not on its
buffer capacity. The selected buffer concentration was 0.14 mM boric acid and 0.10
mM NaOH, which corresponded to the intermediate composition evaluated.

The buffer capacity of the reagent solution was expected to play a more relevant
role when real must and wine samples were being analysed due to their inherent high
acidity and buffer capacity. Therefore, the possible need for readjusting the buffer
concentration when analysing must and wine samples (in order to keep the pH of the
final mixture in the optimum range) was contemplated.
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The NAC and OPA concentrations of the reagent solution were studied in two dif-
ferent sets of experiments, a first one where the amounts of the two species were equally
varied, and a second one where OPA or NAC were varied whereas the concentration of
the other component was kept constant. For the first set of experiments, four different
reagent solutions were prepared in 0.14 M borate buffer and adjusted to pH 9.5: 1)
5 mM OPA, 5 mM NAC; b) 7.5 mM OPA, 7.5 mM NAC; 3) 10 mM OPA, 10 mM
NAC; and 4) 15 mM OPA, 15 mM NAC. ILE standard solutions ranging from 0.5 mM
to 30.0 mM were analysed in triplicate at 207 pL/min flow rate and 7.8 pL injection
volume.
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5 0.0347 £ 0.0004 0.002 £ 0.003 0.9996 0-10
75 0.0343 £ 0.0004 0.008 £ 0.004 0.9995 0-17.5
10 0.0352 £ 0.0005 0.012 £ 0.006  0.9990 0-20
15 0.0353 £ 0.0005 0.014 + 0.006 0.9989 0-20

Figure 5.9: Optimisation of the OPA and NAC concentrations of the NOPA
reagent solution. a) Representation of the results. b) Linear regression parame-
ters.
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As can be seen in Figure 5.9, both sensibility and linear range were slightly improved
with the increase in the OPA and NAC concentrations up to 10 mM. However, no further
improvement was found when the concentrations were raised to 15 mM. Accordingly,
10 mM was selected as the optimum value for the OPA and NAC concentrations.

The reported methods for the quantification of PAN by the NOPA assay used
equimolar concentrations of OPA and NAC, yet the molar relationship between the two
species was not studied in either case.”**° Therefore, in order to assess the influence
of the OPA:NAC ratio, several reagent solutions were prepared containing: 1) 1 mM
OPA, 5 mM NAC (1:5 OPA:NAC); 2) 5 mM OPA, 1 mM NAC (5:1 OPA:NAC); 3) 5
mM OPA, 5 mM NAC (1:1 OPA:NAC); 4) 25 mM OPA, 5 mM NAC (5:1 OPA:NAC);
and 5) 5 mM OPA, 25 mM NAC (1:5 OPA:NAC). ILE standard solutions ranging from
0.2 mM to 20.0 mM were analysed in triplicate at 207 pL/min flow rate and 7.8 pL
injection volume.

The obtained calibration curves were compared in two different groups: variable
NAC concentrations for a constant OPA concentration (Figure 5.10) and variable OPA
concentrations for a constant NAC concentration (Figure 5.11).
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Figure 5.10: Effect of varying the NAC concentration of the NOPA reagent
solution. a) Representation of the results. b) Linear regression parameters.

A decrease in the sensibility was found for a large excess of NAC with respect
to OPA (5 mM OPA, 25 mM NAC; 1:5 OPA:NAC) in comparison to the equimolar
ratio (see Figure 5.10), probably caused by a reduction in the rate of formation of the
isoindoles.”>>°" On the other hand, for a large deficiency of NAC (5 mM OPA, 1 mM
NAC; 5:1 OPA:NAC), the sensibility was similar to the equimolar ratio one, whereas
the linear range was drastically reduced. In that case, the loss of the linearity was
attributed to a lack of NAC, hence impeding the complete derivatisation of the primary
amino acid.
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Figure 5.11: Effect of varying the OPA concentration of the NOPA reagent
solution. a) Representation of the results. b) Linear regression parameters.

The reduction in the rate of formation of the isoindoles as a consequence of a
large excess of NAC with respect to OPA could also be seen for the second set of
calibration curves (see Figure 5.11), where the sensibility of the calibration with 1
mM OPA and 5 mM NAC (1:5 OPA:NAC) was noticeably lower than the one of the
equimolar relationship. Besides, the linear range was also reduced due to a lack of OPA
to proceed with the reaction. On the other hand, an increase in the OPA concentration
with respect to the NAC one (25 mM OPA, 5 mM NAC; 5:1 OPA:NAC) entailed a
slight rise in both linearity and sensibility, possibly as a result of a slight increase in the
reaction rate.

A 1:1 molar ratio of OPA to NAC was selected, since no clear improvement was
found for any of the other ratios tested.
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Apart from the self-fluorescence of the NOPA reagent solution when freshly pre-
pared, a wide variability regarding its lifetime has been reported, from few days**°® to
several weeks"**?%’. A reduction of the ageing effect was described in reference [46]
by using separate solutions of OPA and NAC which were in-line mixed, reporting no in-
formation about the interference of the NOPA reagent self-fluorescence when used just
after being prepared. The possibility of employing separate OPA and NAC solutions,
thus producing the NOPA reagent solution in-line, was studied. Taking advantage of
the versatility of the microanalyser, a 20 mM OPA solution and a 20 mM NAC solution,
both prepared in borate buffer 0.14 M and adjusted to pH 9.5, were introduced through
different inlet ports of the microfluidic device and were then mixed inside the micro-
analyser in a first short micromixer before being merged with the standard/sample (see
Figure 5.12.b). The new fluidic configuration was compared to the previous one where
the NOPA reagent solution, prepared at least 90 minutes before use’, was introduced
through the two first channels (see Figure 5.12.a). ILE standards ranging from 0.5 mM
to 20.0 mM were analysed in triplicate at 207 pL/min flow rate and 7.8 pL injection
volume.

a) Previously prepared b) In-line preparation of the
NOPA reagent solution NOPA reagent solution
10 mM OPA and H,0/ 20 mM 20 mM H,0/
10 mM NAC Standard/ OPA NAC Standard/

NOPA reagent solution Sample solution solution Sample

Figure 5.12: Fluidic schemes for: (a) the introduction of a previously prepared

NOPA reagent solution and (b) the in-line preparation of the reagent using

separate OPA and NAC solutions. OPA and NAC concentrations are equivalent

for both configurations (all channel dimensions and flow rates per channel are
equal).

As mentioned in § 5.2.1.1, all reagent solutions were prepared at least 90 minutes before use to minimise
reagent self-fluorescence interferences.
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Figure 5.13: Effect of preparing the NOPA reagent solution in-line. a) Repre-
sentation of the results. b) Linear regression parameters.

As illustrated in Figure 5.13, the in-line preparation of the reagent solution led to a
noticeable loss in the sensibility of the calibration curve. Two different factors could be
contributing to that event: a decrease in the reaction rate when OPA and NAC are not
pre-mixed and/or the self-fluorescence of the NOPA reagent solution, which has been
reported to be high for the freshly prepared solutions but to decrease and stabilise after
70-90 minutes.”’” Self-fluorescence of the reagent solution could be interfering in the
absorbance measurements since no light filter was being used between the detection
chamber and the photodetector. The in-line preparation of the solution was discarded
and neither the reaction rate nor the self-fluorescence of the reagent solution were
studied.

Whereas for the analysis of individual must and wine samples the stability of the
reagents was not critical, it will become essential for the continuous on-line monitoring
of PAN during the alcoholic fermentation process. Once the stability of the reagents
is studied, the possibility of preparing the reagent in-line (in spite of the loss in the
sensibility) will be considered.
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The evaluated ranges as well as the selected values for the studied parameters are
summarised in Table 5.1. Higher injection volumes were not tested since the use of the
minimum achievable volume was suitable for the purpose of this work.

Table 5.1: Optimisation of variables.

Tested range Optimum value

Injection volume (pL) - 7.8
Flow rate (pL/min) 100 - 420 207
NOPA reagent solution:

pH 9.0-115 9.5
[Borate buffer] (M) 0.07 - 0.28 0.14
[OPA] (= [NAC]) (mM) 5-15 10
[OPA]J:[NAC] 5:1, 1:1, 1:5 1:1
Minimum ageing time (min) 0 (in-line prepared), 90 90

5.2.2.2 Analytical characterisation of the microsystem

The repeatability of the method was assessed by performing three different calibration
analyses in three different working days under identical hydrodynamic and chemical
conditions and using newly prepared solutions. ILE standard solutions ranging from 0.5
mM to 20.0 mM were analysed in triplicate by using the optimal conditions summarised
in Table 5.2. Figure 5.14 displays the recorded signal for one of the replicates (Replicate
1 from Table 5.2) and the calibration curves obtained for all three experiments.

Table 5.2: Analytical characterisation of the microsystem. Linear regression

parameters and limits of detection (LOD) and quantification (LOQ) for three

calibration experiments. LOD and LOQ were calculated as 3 times and 10 times
the standard deviation of the baseline.

Replicate Slope Intercept R? LOD (mM ILE) LOQ (mM ILE)
1 0.0312 £ 0.0004 0.009 £ 0.004 0.9994 0.03 0.10
2 0.0332 4 0.0004 0.011 £ 0.005 0.9991 0.02 0.08
3 0.0323 £ 0.0004 0.014 £ 0.005 0.9989 0.03 0.10

A statistically significant difference (n = 27, 95% confidence) was found between
the sensibility of the calibration curves of the different replicates. Nonetheless, this
difference would not affect the quality of the results as long as a calibration of the
system was performed before the analysis of the samples, especially when using newly
prepared solutions.

With the optimal conditions, a linear range to up to 20 mM ILE, corresponding to
280 mg N/L, and a sampling rate of 30 h"! were achieved, consuming 7.8 pL of sample,
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8.3 pmol of OPA, 8.3 pmol of NAC, 115.9 pmol of boric acid and 82.8 pmol of NaOH,
and producing 1.2 mL of waste per assay.
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Figure 5.14: Recorded signal (1) for the first replicate from Table 5.2 and cali-

bration curves (I1) for all three replicates using the optimal conditions. Standard

solutions: (a) 0.5 mM, (b) 2.5 mM, (c) 5.0 mM, (d) 7.5 mM, (e) 10.0 mM, (f)
12.5 mM, (g) 15.0 mM, (h) 17.5 mM and (i) 20.0 mM.
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5.2.2.3 Real sample analysis

Musts and wines are composed by a wide variety of compounds, some of them (e.g.
phenolic compounds®*®?) absorbing in the near-UV spectral range. In order to avoid
the possible interference of these species, a blank was carried out for each sample.
With that purpose, some modifications were applied to the microsystem, including the
implementation of a three-way solenoid valve for the introduction of a blank reagent
solution. The blank reagent solution contained the same components and in the same
concentration as the NOPA reagent solution but without OPA.

The final flow scheme of the microsystem is depicted in Figure 5.15. In this configu-
ration, the NOPA reagent solution was introduced to the microsystem through channel
A (instead of through channels A and B during the previous experiments). Besides,
a three-way solenoid valve was implemented into the reagent stream, permitting the
automated selection of the NOPA reagent solution or the blank reagent solution.

Since for this configuration the NOPA and the blank reagent solutions were being in-
line diluted to 1:2, both solutions were prepared twice as concentrated as the optimised
ones. The final composition of the NOPA reagent solution was: 20 mM OPA, 20 mM
NAC and 0.28 M borate buffer adjusted to pH 9.5 and containing 20% v/v ethanol;
the composition of the blank reagent solution was: 20 mM NAC and 0.28 M borate
buffer adjusted to pH 9.5 and containing 20% v/v ethanol.

Standard solution /

Blank
reagent Sample
solution H,0
NOPA
reagent

solution

Figure 5.15: Schematic illustration of the flow manifold used for the analysis of
real samples. PP: peristaltic pump; W: waste; V: solenoid valve.
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The blank absorbance (Ag) corresponded to the absorbance of a mixture composed
by the sample and the blank reagent solution. This value was subtracted from the
absorbance obtained with the sample plus the NOPA reagent solution (As). The
absorbance of the NOPA reagent solution and the blank reagent solution were slightly
different due to the absence of OPA in the second one. However, this fact did not affect
the measurement of the the blank peak height or the sample peak height, since they
were measured in relation to their corresponding baselines (the blank reagent solution
baseline and the NOPA reagent solution baseline, respectively). Figure 5.16 illustrates
a conceptual example of the measurement of a blank peak and a sample peak.

Sample peak

Blank peak

Absorbance

NOPA reagent baseline

Blank reagent baseline

Time

Figure 5.16: Measurement of the absorbance of a sample (As) and its corre-

sponding blank (Ag). Firstly, the absorbance of the sample is measured using

a blank reagent solution (without OPA). Then, the blank reagent solution is

automatically substituted by the NOPA reagent solution. The baseline shifts

upwards and, once it stabilises, the sample is injected again. Ag is subtracted
from As.

The proper performance of the microsystem was assessed by measuring the PAN
content of six wine samples. The results were compared to those obtained by using a
commercial reagent kit from BioSystems (Barcelona, Spain).

For the developed microsystem, the samples were analysed in triplicate without
any pretreatment or dilution. For the calibration of the system, ILE standard solutions
ranging from 0.5 mM to 20.0 mM were analysed in triplicate by using the optimal
conditions summarised in Table 5.1. As previously mentioned, the concentration of the
reagent solutions was adapted to the new flow manifold. The linear equation obtained
for the calibration was A = (0.0335 =+ 0.0004) [ILE] (mM) + (0.010 + 0.005), R? =
0.9990, for n = 27 and 95% confidence.

The method used by BioSystems for the PAN determination was also based on the
NOPA assay. The analysis of the samples was performed by following the procedure
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described in the kit brochure®® and the absorbance measurements were carried out at
340 nm using a spectrophotometer equipped with a 1 cm optical path cuvette.

The results obtained by using the developed microsystem and the commercial kit
are summarised in Table 5.3. The relationship between the two methods is illustrated
in Figure 5.17. The results are expressed as mg N/L.

Table 5.3: Results for the PAN determination of six wine samples obtained by
using the BioSystems kit and the microsystem presented in this chapter.

PAN (mg N/L)

Sample BioSystems kit  Developed microsystem  Difference (%)

1 White 26 21 +£1 -19
2 White 25 24 £+ 2 -4
3 Rosé 59 57 £ 1 -3
4  Rosé 94 96 + 1 2
5  Red 63 64 + 1 2
6 Red 63 61 + 2 -3
100 -
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Figure 5.17: Comparison of the PAN content obtained by using the commercial
kit and the developed microsystem. Error bars correspond to the confidence
interval of the results.

The results were compared by applying a paired t-test. No statistically significant
difference was found between the results obtained by using the commercial kit and the
ones obtained by using our system; teyc (1.15079) < tp (2.7765) for n = 6 and 95%
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confidence level. A linear relationship between the two methodologies used could be
established, being PANDeveIoped system — (107 + 0-09)‘PANReference method ~ (5 + 5)v R?
= 0.9963, for n = 6 and 95% confidence level.

Further comparative studies with a higher number of samples will be performed in
the near future.

5.3 Conclusions & future remarks

In this chapter, a microsystem for the quantification of PAN in must and wine samples
has been proposed. The developed microsystem involved minimal sample and reagent
consumptions and produced waste. Besides, it demonstrated an excellent throughput,
a high degree of miniaturisation and a wide working range in comparison to other
systems reported.**“0

The analysis of several wine samples was performed and the results were compared
to those obtained by using a commercial reagent kit, proving no statistically significant
difference between the two procedures. The developed microsystem required no pre-
treatment or dilution of the samples. However, due to the high variability in the PAN
content of musts and wines (e.g. from 29 mg N/L to 370 mg N/L for 1523 grape juices
from USA'™) a 1:2 dilution would be required for samples with higher PAN content.

Several issues are still pendant, such as the study of the stability of the reagents
and the complete automation of the system for its application to the on-line continuous
monitoring of PAN during alcoholic fermentation. Nonetheless, the automation of the
system is expected to be somewhat straightforward in view of the experience acquired
during the automation of the microsystem presented in § 4. The automation of the
process would also permit the in-line preparation of the standards as well as the in-line
dilution of the samples (when required), therefore avoiding any human intervention.

The real-time monitoring of PAN levels during alcoholic fermentation would permit
a more precise control of the process and would entail an improved decision-making
with respect to the DAP supplementation (when required), contributing to a higher
quality of the final product.

The possibility of using an inexpensive, simple, miniaturised and automated system
for monitoring several parameters during wine production would be extremely advan-
tageous for wineries. Currently, several systems which permit the measurement of a
wide panel of parameters are commercially available. However, most of these systems
are expensive and do not allow the continuous monitoring of the parameters. On the
contrary, the developed microsystem, which has been used for measuring titratable
acidity in § 4 and PAN in this chapter, is considerably economical and would permit
the on-line monitoring of two relevant wine parameters (so far) by simply changing the
LED and the reagent solutions. It is expected that small wineries, where the continuous
monitoring of relevant parameters is sometimes economically not worthy, will benefit
from the system here presented.
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Chapter 6

Novel centrifugo-magnetically
actuated valve for centrifugal
microfluidic systems

6.1 Valving in centrifugal microfluidic systems

A centrifugal microfluidic platform comprises a set of fluidic unit operations that are
combined together to enable its final application. Unit operations are defined as the
basic fluidic functionalities' and can be seen as the elemental building blocks that
constitute the final platform.” The basic fluidic unit operations include sample and
reagent supply, reagent pre-storage and release, liquid transport, valving, switching,
metering and aliquoting, among others."” Out of all these, valving is considered one
of the most essential ones, as it allows a precise control of the fluid flow through the
fluidic network.’

Valving techniques on centrifugal microfluidic platforms are typically classified into
two different categories: passive and active.' Passive valves are solely controlled by the
inherent forces of a spinning disc, while active valves are totally or, at least, partially
controlled by external means and therefore require an external actuation mechanism.

6.1.1 Passive valving

Passive valving relies on the interplay between forces acting on a fluid in a spinning
disc and it is directly related to the fluid properties and its interaction with the internal
surfaces of the platform. Passive valves are mainly implemented as “normally closed”
and are defined by their burst frequency, which is the rotational frequency at which the
liquid is released.!

The most common passive valves are capillary burst valves (Figure 6.1.a). These
valves are based on the opposite forces acting on a fluid at a sudden widening of a
capillary channel. Liquid is retained at the exit of the channel until the centrifugally
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induced pressure resulting from the rotation of the platform overcomes the surface
tension of the fluid.* Capillary burst valves have been successfully used in several appli-
cations including enzymatic assays™° and recombinase polymerase amplification (RPA)
reactions,” among many others.

Local hydrophobic surface modifications have been applied to capillary burst valves
to improve their reproducibility for fluids with high wetting capabilities. These valves,
which are commonly referred as hydrophobic valves, are based on the implementation
of a hydrophobic barrier that promotes the blocking of the flow at the exit of a channel
(Figure 6.1.b). Different approaches have been used for the modification of the surfaces,
such as Teflon coatings® or printed toner patches.”™

Alternatives to the need for local surface modifications have been also proposed. In
centrifugo-pneumatic valving, for example, liquid is stopped at the interface between a
channel and a dead-end chamber until the centrifugal force overcomes the pneumatic
counter pressure (Figure 6.1.d)."” The opposite concept has also been reported, where
liquid is retained at an unvented inlet chamber due to the centrifugo-pneumatic under-
pressure generated when liquid is forced radially outwards (Figure 6.1.e)."* Auxiliary flu-
ids have been used for controlling both over- and under-pressure centrifugo-pneumatic
valves. ™

The integration of dissolvable films in centrifugo-pneumatic valves (Figure 6.1.c)
has been demonstrated.'”™'" In this type of valves, a pocket of trapped air prevents
the fluid from wetting the dissolvable film. When the centrifugal force increases, the
liquid-gas interface is disrupted and liquid can reach the dissolvable membrane, thus
opening the valve.!’

While the previously described valves open with an increase in the centrifugal pres-
sure, in siphon valving a temporary decrease of the rotational speed is required for
allowing liquid flow. Siphoning (Figure 6.1.f) is based on the priming of a fluid into
a siphon shaped channel as a result of capillary action. The retention of the fluid
is achieved at high rotational speeds due to centrifugal forces. When the rotational
speed decreases, the capillary pressure exceeds the centrifugal pressure and liquid is
pumped over the siphon channel crest towards a radially lower chamber. The fluid is
then transferred to this second chamber, aided by an increase in the rotational speed.*®
Since siphoning needs for an hydrophilic siphon channel, most of the reported valves
required some sort of surface treatment of an originally hydrophobic surface.'*!’

Passive valves arising from the combination of the previously described working
principles have been reported. Some examples are pneumatic siphon valves’® and
suction-enhanced siphon valves.”’ Apart from the aforementioned, other passive valves
have also been described, including burstable seal valves’ and elastomeric membrane
valves,”> among others. Complex event-triggered valving schemes have been success-
fully implemented by the combination of several passive valves differing on their burst
frequency and/or their principle of operation.”**
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Figure 6.1: Schematic representation of the most commonly used passive valving

systems: (a) capillary valving, (b) hydrophobic valving, (c) dissolvable-film valv-

ing, (d) centrifugo-pneumatic over-pressure valving, (e) centrifugo-pneumatic
under-pressure valving and (f) siphon valving.

Despite passive valving is considered advantageous owing to the reduced need for
external actuation,’ the robustness of these valves is somewhat limited due to relia-
bility issues associated to their burst frequency. Besides, surface modification steps
are usually required for increasing the hydrophobicity or hydrophilicity of channels and,
apart from adding complexity to the manufacturing process, some of the surface treat-
ments which are commonly applied are reversible and therefore limit the shelf life of
the devices.”®

6.1.2 Active valving

Active valves are externally controlled and their actuation is totally or, at least, partially
independent of the rotation of the disc. These valves can be implemented as either
“normally open” or “normally closed” and, in some cases, their state is reversible.

Active valves based on several different principles of actuation have been reported.
The most common active valves are based on applying heat to a concrete spot of the
rotating platform for melting a sacrificial material thus opening (or closing) the valve.
As an example, optofluidic valves based on the piercing of a plastic thin film by a laser
beam have been reported.”” Dark spots were laser-printed over a polymeric foil in order
to focus the heating energy (Figure 6.2.a).

Paraffin wax valves are the most commonly used active valves and are generally ac-
tuated by either infrared lamps™ or heat guns.””*" Laser-irradiated ferrowax microvalves
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(LIFM) were introduced as an alternative to paraffin wax valves in order to minimise
the energy required for the valve actuation.’=* In that case, low-power lasers were
used for melting wax which contained iron oxide nanoparticles (Figure 6.2.b). The
opposite concept was applied in ice valving, where liquid plugs were frozen by using
thermoelectrics to stop the fluid flow.* Other temperature actuated valving systems
have been demonstrated, including, for example, centrifugo-thermopneumatic valving
systems which use temperature-induced partial vapour pressure changes for fluid con-
trol 35:36
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Figure 6.2: Two examples of temperature actuated valving systems. a) Se-

quential actuation of optofluidic valves based on the piercing of a plastic thin

film by a laser beam. Adapted from reference [27]. b) Principle of operation

of “normally closed” (NC) and “normally open” (NO) laser-irradiated ferrowax

microvalves (LIFM). AVC: Assistant valve chamber; LD: Laser diode. Adapted
from reference [33].

Valving systems based on the deformation of a membrane by externally actuated
mechanisms have been recently reported. Check valves based on the application of
negative or positive air pressures to flexible latex films have been applied to enzyme
linked immunosorbent assays (ELISA).>” A similiar concept has been demonstrated in
reversible thermo-pneumatic valves, where a trapped air volume is heated or cooled for
sealing or opening a latex film valve.*® An adhesive tape valve has also been used for
effectively creating a barrier between two channels. The configuration in the resting
state of this type of valve can be either “normally open” or “normally closed”. In the
“normally closed” state, the fluid pressure opens the valve once a critical rotational
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speed is achieved, while for the “normally closed” state, a manual pressure is required
for sealing the connection between the channels and blocking the fluid flow.*”

Membrane deformation has also been achieved by mechanical compression using
spring plungers and a flyball governor.*=*? At low rotational frequencies, spring plungers
are pressed against the membrane thus blocking the liquid transfer. When the spinning
frequency is increased, the flyball governor drives the plungers downwards hence opening
the valve and allowing liquid to flow. A similar approach using a flyball governor has
been applied to magnetically-actuated valves (Figure 6.3).*° At low rotational speeds,
two magnets keep the valve closed by pressing a membrane due to magnetic attractive
forces. When the rotational speed increases, the bottom-side magnet is driven away by
the flyball governor thus releasing the pressure and opening the valve.
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Figure 6.3: Magnetically-actuated valve based on the use of a flyball governor.
a) Schematic diagram of the valve system. b) Exploded view of the assembly.
Adapted from reference [43].

Magnetic attractive forces have also been used for a reversible valving system con-
sisting on a movable plug that closes a channel at high rotational speeds due to cen-
trifugal forces.”* The channel is reopened by lifting off the plug using an external
magnet.

Although the need for external actuation is considered disadvantageous since it adds
complexity to the system and increases manufacturing costs, active valving is regarded
to be more reliable and robust than passive valving.”®
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6.1.3 The need for new valving systems

As can be deduced by the extensive investigation reported, the integration of simple
and robust valving systems in centrifugal microfluidic platforms is still challenging.
Despite numerous approaches have been demonstrated, these are usually accompanied
by undesired side issues. For instance, passive valves often require deliberate geometric
designs or surface modifications, adding complexity to the construction process and
sometimes limiting the shelf life of the devices. Another example would be found in
dissolvable-film and wax valves, where contamination of fluids could occur since they are
usually in direct contact with the sacrificial material. Evidently, the need for external
actuation in active valving is a major disadvantage for their actual implementation,
increasing the complexity of the system and the manufacturing costs. In addition, even
though some reversible valves have been demonstrated, the major part of the valving
systems reported do not allow the commutation of the valve to its initial state once it
has been actuated.

Owing to the aforementioned rationale, the development of new types of valves with
enhanced operational performance is still a target. In this context, the development of
a novel reversible centrifugo-magnetically actuated valve is presented in this chapter.

6.1.4 Development of a novel active valving system for centrifu-
gal microfluidic platforms

Magnetism has been extensively used in a wide variety of microfluidic applications.
Magnetic forces have been employed for manipulating magnetic objects such as mag-
netic particles or ferrofluids, as well as for effectively implementing basic fluidic unit
operations such as pumping, mixing and valving.”

In centrifugal microfluidics, the use of magnets has been mainly focused on the
control of magnetic particles,'%3*24=% although their use has also been described for
other applications such as the development of a magnetically-actuated bead-beating
lysis protocol,’"%? a centrifugo-magnetically actuated gas micropump®°®* and a mag-
netically actuated solid sample preparation technique.®®®" Magnetic forces have been
solely employed for two valving applications in centrifugal microfluidics, both of them
using mobile magnets.**** Similarly to references [43] and [44], the valving system here
presented combines magnetic and centrifugal forces for the effective actuation of the
valve.

The valving principle of the proposed system is based on the strategic positioning
of two magnets, one at each side of the valve. These magnets are responsible of the
control of the fluid flow. At low rotational speeds, a flexible valving area is pressed by
the top magnet due to magnetic attractive forces. When the rotational frequency is
raised, the top magnet is displaced outwards as a consequence of an increase in the
centrifugal force. Hence, the pressure that kept the valve closed is released and the
fluid can flow through the valve. The valving principle is schematically illustrated in
Figure 6.4.
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Figure 6.4: Valving principle of the developed valve. Rotational frequency is
represented by w.

The novel valving system here presented is simple, robust and requires minimal
external actuation. Besides, it is easy to implement, economical and does not involve
complex construction processes.

6.2 Materials & methods
6.2.1 Materials

For the construction of the valves, several COC layers from TOPAS Advanced Polymers
(Florence, KY, USA) of diverse thicknesses and grades were used: TOPAS 8007 layers
of 25 pm and 50 pm in thickness; TOPAS 5013 layers of 100 pym, 150 pym, 400
pm and 2 mm in thickness; and TOPAS 6015 layers of 100 pm, 150 pm, 400 pm,
500 pm and 2 mm in thickness. Neodymium Iron Boron (NdFeB) disc magnets of
6 mm in diameter and 2 mm in height M1D08-032 were purchased from Chen Yang
Technologies GmbH (Finsing, Germany). PDMS discs were prepared from a SYLGARD
184 Silicone Elastomer Kit purchased from Sigma-Aldrich (Saint Louis, USA). Adhesive
plate seals AB-0850 Absolute gPCR from ABgene Advanced Biotechnologie (Epsom,
UK) were used for the reversible sealing of the prototypes. Delrin plaques of 2 mm in
thickness (DuPont, Wilmington, USA) were used as sacrificial layers for the bonding
steps. Previous to the bonding steps, COC layers were cleaned using MilliQ water and
ethanol (Panreac, Castellar del Vallés, Spain).

The rotating platform was constructed by using PMMA plaques (Plasticos Ferplast,
Terrassa, Spain) of 3 mm in thickness.
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6.2.2 Experimental setup

The experimental setup for the evaluation of the valve actuation can be divided into
two main parts: the support platform and the rotatory actuator (see Figure 6.5).

A disc shaped support platform was constructed for accommodating four valve
prototypes. The platform consisted of four 3 mm thick PMMA layers (see Figure 6.6).
The different layers were individually machined using a CNC micromilling machine
and were assembled together by four metallic bolts. An aluminium shaft adapter was
employed for anchoring the support platform to the motor axis, securing the platform
to the aluminium shaft adapter using four extra bolts.

The rotatory actuator consisted of a motor Maxon EC-i 40 50W, an encoder Maxon
MR Type L 256-1024 CPT and a positioning controller (or driver) EPOS 24/5 from
Maxon Motor Ibérica S.A. (Torrején de Ardoz, Spain). The driver controlled and
processed the orders from a PC and sent the results to the encoder, which was in
charge of the conversion of the digital information to an angular movement of the
motor and vice versa. The motor, the encoder and the positioning controller were
powered by an HCS-3202 direct current (DC) power supply from Manson Engineering
Industrial Ltd (Kwai Chung, China).

A complete user interface was developed for controlling the actuation of the motor.
The interface was created using the NI LabVIEW 2012 System design software (Na-
tional Instruments, Austin, USA) and was designed to permit a wide and user-friendly
operational control of the motor including, for example, the automatic sequencing of
multiple spinning steps. The rotational speed, the acceleration and deacceleration rates
and the time of each step could be defined by the user.

6.3 Principle of operation

The developed valve has been constructed by using COC as the substrate material and
consists of two channels that are only connected when a PDMS disc, which is placed
over them, moves upwards as a result of liquid pressure. The valve is closed by the
strategic positioning of two magnets, one on each side of the valve. The position of
the bottom magnet is permanent, while the top magnet can move along an expressly
machined lane. A thin COC layer allows the upward and downward movement of the
PDMS disc.

As previously mentioned, the actuation of the valve relies on the interplay between
magnetic and centrifugal forces. At low rotational frequencies (»), the magnetic force
(Fm) is higher than the centrifugal force (F.) and therefore the two magnets remain in
their initial position. Due to magnetic attractive forces, the PDMS disc is compressed
against the channel holes, plugging the liquid exit and impeding the liquid flow. When
the rotational speed is increased, the centrifugal force becomes higher than the mag-
netic force and the top magnet is displaced outwards. Consequently, the PDMS disc
moves upwards due to hydraulic pressure (P) and liquid can flow from one channel
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Motor

Figure 6.5: Schematic (I) and actual (II) experimental setup for the evaluation

of the valve actuation: support platform (a) and rotatory actuator, including a

motor (b), an encoder (c), a positioning controller (d), a power supply (e) and

a PC (e). The motor, the encoder and the positioning controller were mounted
onto a polymeric perforated base.
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—— Top layer

— Central layers

— Bottom layer

i Aluminium shaft adapter

Figure 6.6: Support platform layers. Top and bottom layers impeded the ejection

of the devices during the rotation of the platform. The different layers were

assembled together by the four outer bolts; the four central ones secured the
platform to the aluminium shaft adapter.

to the other. As far as the centrifugal force decreases, the top magnet returns to its
initial position, closing the valve and blocking the liquid flow again. The principle of
operation of the valve is illustrated in Figure 6.7.

6.4 Optimisation of the valve design

In order to achieve the proper performance of the valve, three main factors had to be
considered: 1) the total sealing of the valve during its closed state, 2) the possibility of
overcoming the magnetic force through the rotation of the platform; and 3) the ability
to generate enough hydraulic pressure to open the valve once the magnets separate.

Basically, the functionality of the valve depended on its design, including the geom-
etry, the materials employed for the construction and the construction process itself.
The final structure of the valve was found after an optimisation process which involved
the development of several prototypes. The design and construction of these prototypes
will be explained and discussed hereafter.
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All prototypes were based on a common simple design consisting of two chambers at
a different distance from the centre of rotation: a radially inward chamber for injecting
the liquid (inlet chamber) and a radially outward chamber for receiving the transferred
liquid (receiving chamber). Both chambers included two inlets. Two 0.4 mm wide
channels connected the chambers and the valve. The centre of the valving area was
located at 4 cm distance from the centre of rotation. The two disc-shaped magnets
(6 mm in diameter and 2 mm in thickness) were placed over and under the valve,
respectively. A lane of 1.2 cm in length was machined onto the devices for the top
magnet displacement. Figure 6.8 shows a general scheme of the developed prototypes.

The final dimensions of the prototypes were 5 cm long and 2 cm wide; the thickness
was of about 5 mm and depended on the number and the individual thickness of the
layers required for each prototype.

Q > \ Centre of rotation

Support
platform Inlet
\ Inlet
chamber
Device
Valve
Lane O
Channel
Receiving
chamber

Figure 6.8: Schematic representation of a device placed into the support plat-
form.
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6.4.1 AIll-COC prototypes

Most of the reported works based on the deformation of a membrane for valving
or pumping®®®* purposes in centrifugal microfluidics used PDMS as the substrate ma-
terial in combination with other polymers. However, the commercial application of
PDMS devices is limited owing to their challenging mass manufacturing and their rela-
tively high costs when compared to other polymers.® Besides, PDMS is poorly resistant
to bases, organic acids and organic solvents”® and its use is commonly associated to
water evaporation, gas permeability and absorption of small hydrophobic molecules and
biomolecules.”*~"

COC offers some advantages with respect to PDMS concerning the costs, the man-
ufacturing processes, the chemical resistance to solvents and the evaporation, perme-
ability and absorption events, among others.””’>* Thus, the possibility of developing
an all-COC valve which avoided the use of PDMS as the substrate material was ex-
plored.

The principle of operation of the all-COC magnetically actuated valving system (see
Figure 6.9) was similar to the one described in § 6.3. However, in this particular case,
the liquid flow was intended to be governed by a thin COC layer. This thin layer was
expected to act as a deformable membrane that could seal the valve when magnets
were pressed against it and that could permit the liquid flow once the top magnet was
displaced.

23,40-43

a) b)
Closed F<F, Open F.>F,
Top .
magnet E Thin
| m COC layer F
p T :

Inlet ! HT ¢ ‘ Outlet
— = = ———
channel channel
] < I

|
Bottom Fm
magnet

Figure 6.9: Principle of operation of the all-COC valving system. a) Closed state,
where the magnetic force (Fr) is higher than the centrifugal force (Fc). b) Open
state, where F. is higher than F,.

Unfortunately, the construction of a functional valving system could not be achieved
by the exclusive use of COC. Two major impediments were found: the irreproducibility
of the construction process and the unfeasibility of blocking the fluid flow during the
closed state of the valve. These major handicaps are discussed below.

TFor further information about the properties, advantages and disadvantages of the use of both PDMS
and COC, please refer to § 1.3.3.
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6.4.1.1 Construction process of all-COC valves

The construction of all the devices presented in this chapter was based on the previously
described multilayer approach,” where TOPAS structural layers with high T, (TOPAS
5013 or TOPAS 6015) were bonded together by using thin TOPAS layers showing lower
T values (TOPAS 8007).

The initially conceived prototypes consisted of five different structural layers (see
Figure 6.10). The magnets were placed into the outer layers A and E, while layers B,
C and D composed the fluidic system. Layer C contained the main fluidic motifs and
layer D was used for sealing the fluidic system. Layer B, with a reduced thickness, was
used as the membrane layer.

Substrate: TOPAS 5013 / 6015

A Top magnet Thickness: 2 mm
layer (+ TOPAS 8007 25 um on bottom)
B Membrane Substrate: TOPAS 5013 / 6015
layer Thickness: 100 um / 150 pm
P Substrate: TOPAS 5013 / 6015
C Fluidics Thickness: 400 pm
layer (+ TOPAS 8007 25 um on top)
: Substrate: TOPAS 5013 / 6015
D Sealmg Thickness: 400 pm
layer (+ TOPAS 8007 25 um on top)

Substrate: TOPAS 5013 / 6015
Thickness: 2 mm
layer (4 TOPAS 8007 25 um on top)

Bottom magnet

Figure 6.10: Scheme of the first prototypes developed. TOPAS 8007 bonding
layers and TOPAS 5013/6015 structural layers are depicted in dark and light
blue, respectively.

For the construction of the device, 25 pm thick TOPAS 8007 layers were bonded
to layers A, C, D and E at T, = 108 °C and P2 = 25 bar. Afterwards, the motifs
were micromilled onto the different layers, from A to E, using 1.0 mm, 0.8 mm and 0.4
mm diameter milling tools. Once the layers were machined, several bonding steps were
carried out: a first bonding step for sealing layers C and D, a second bonding step for
sealing layer B to the previously obtained block, and a final bonding step for sealing
layers A and E to the fluidic system (B+C+D).

fSee § 3 for further information about the construction process of COC devices.
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During the second bonding step, a 5 mm diameter valving area had to be defined
by avoiding the sealing of the membrane layer (B) onto the previously obtained block
(C+D) in that concrete zone. As explained in § 3.2.3, the bonding of the different
COC layers is achieved by applying pressure and temperature. Therefore, in order to
avoid the sealing of a layer in a concrete area, pressure and/or temperature had to
be supressed. Since local heating could not be carried out by using the equipment at
our disposal, a bonding strategy where no pressure was applied to the valving zone
was developed. The strategy consisted in the use of a 2 mm thick Delrin layer as a
sacrificial layer during the thermocompression process. A 5 mm diameter circumference
was machined onto this layer, corresponding to the desired area to be unsealed. During
the bonding process of layer B to layers C and D, the sacrificial layer minimised the
applied pressure onto the valving zone (see Figure 6.11). The same approach was
applied for the final bonding step, where layers A and E were bonded to the fluidic
system. In this particular case, no Delrin layers were required, since the holes for the
magnets of layers A and E were larger than the valving area, hence acting themselves
as sacrificial layers.

Pressure

S Delrin sacrificial layer

B Membrane layer

C+ D  Fluidics layer + Sealing layer

Figure 6.11: Use of a Delrin sacrificial layer for minimising pressure onto the
valving area during the bonding of the membrane layer (B) to the previously
bonded block (C+D).

As mentioned before, the first obstacle encountered was the reproducible and effec-
tive definition of the valving area during the construction of the prototypes. Despite no
pressure was applied to the valving zone during the thermocompression processes, the
achievement of a totally unbonded membrane was challenging. Several temperature
and pressure conditions, TOPAS grades and membrane layer thicknesses were tested
(see Table 6.1), obtaining, in most cases, the total or partial sealing of the membrane.
Some examples can be found in Figure 6.12.
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The optimal conditions were found to be T, = 95 °C and P, = 4 bar for all
bonding steps, using TOPAS 6015 as the substrate material and with a membrane layer
thickness of 150 pm.

Table 6.1: Optimisation of the construction process for the all-COC valving

prototypes.
Variable Tested range  Optimum value
TOPAS grade 5013 / 6015 6015
Membrane layer thickness (pm) 100 / 150 150
Bonding temperature (°C) 85 - 105 95
Bonding pressure (bar) 3-8 4

Figure 6.12: Bonding results for some of the tested conditions. a) Poor sealing

of the device (see upper part of the image) due to low temperature (Tmax = 85

°C) in spite of high pressure (Pmax = 8 bar), along with a partial bonding of the

membrane layer in the valving zone. b) Almost total bonding of the membrane

layer as a consequence of high temperature (Tmax = 105 °C) even though low

pressure was applied (Pmax = 3 bar). c) Perfectly defined valving area using the
optimised conditions (Tmax = 95 °C and Pmax = 4 bar).

Two extra difficulties were found once the optimal conditions were fixed. The first
was related to the low reproducibility of the bonding process: the use of the same
conditions led to partially and even completely sealed valving areas in many cases
(see Figure 6.13.a,b). The second was related to the need for an extra bonding step
after the definition of the valving area, increasing the overall irreproducibility of the
construction process (Figure 6.13.c,d). This second issue was easily circumvented by
eliminating the final bonding step. The external layers containing the magnets were
secured to the rest of the device once they were positioned inside the support platform.
Since the devices perfectly fitted into the platform, all layers were precisely placed and
immobilised without requiring the final bonding step.
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Figure 6.13: Examples of the low reproducibility of the bonding processes: a,

b) partial bonding of the membrane layer in the valving area despite using the

optimised conditions; ¢, d) different degrees of the undesired membrane sealing
as a result of the final bonding step for the integration of the magnet layers.

6.4.1.2 Performance of the all-COC valves

The properly constructed prototypes were used for assessing the valve performance. The
obtained results demonstrated, on one hand, the possibility of overcoming the magnetic
force through the rotation of the platform but, on the other hand, the unfeasibility of
blocking of the fluid flow during the closed state.

Evaluation of the magnets actuation

The actuation of the magnets was evaluated by progressively increasing and lowering
the rotational frequency in 100 rpm increments/decrements during 30 s per step. The
process was carried out five times for four different prototypes.

The rotational frequency at which the top magnet was sent outwards was found
to be 2600 rpm, while the magnet returned to its initial position when the rotational
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frequency was lowered to 1000 rpm. The same frequency values were obtained for
all the experiment runs, hence demonstrating a 100% reproducible actuation of the
magnets.

It is worth mentioning that these rotational frequencies strictly depended on the
magnetic properties of the magnets and the geometric parameters of the devices, the
latter including the radial distance of the magnets to the centre of rotation, the distance
between the top and the bottom magnets and the length of the lane for the top
magnet displacement, among others. All these characteristics defined the magnetic!
and centrifugal forces at which the magnets were subjected. Other factors such as the
frictional force between the top magnet and the surface of the device were also involved
in the final force balance. Since a change in the valve design could result in a change
in the rotational speed at which magnets were displaced, these values were evaluated
for all newly developed prototypes.

Evaluation of the membrane layer actuation

Two different sets of prototypes with different valve designs were analysed: a first
set where the zone to be sealed for blocking liquid flow was considerably large (Fig-
ure 6.14.a), and a second set where this area was minimised, expecting better gathering
results (Figure 6.14.b). In the first design, the area to be sealed comprised part of the
channels, whereas on the second design only two 0.4 mm diameter holes gave access
to the fluid to reach the valve. Besides, in order to favour the plug of at least one of
these holes, the distance between the end of the channels was increased. In both cases,
the valving area was designed to be smaller than the magnet in order to ensure that
the totality of the unsealed membrane would be pressed.

Minor changes on the design and an extra 400 pm thick TOPAS 6015 layer were
required for the construction of the second set of prototypes. The extra layer (C in
Figure 6.15) was bonded to layers D and E prior to the boding of the membrane layer
and using the same temperature and pressure conditions.

The actuation of the valve was evaluated by injecting 30 pL of H,O into the inlet
chamber. Rotational frequencies from 100 rpm to 2600 rpm in 100 rpm increments
were applied to the platform during 30 s per step. The process was repeated five times
for four different prototypes. Changes were examined by visual inspection.

Unfortunately, the proper sealing of the valve during its closed state was not
achieved by any of the four tested prototypes, two of them corresponding to the first
valve design and the remaining two to the second design. Water started to leak at very
variable rotational frequencies ranging from 1300 rpm to 1700 rpm.

The unfeasible sealing of the valve during its closed state was presumably related
to two main factors: a heterogeneous pressure being applied to the membrane due to
irregularities on the involved surfaces and/or the presence of microapertures due to the
lack of elasticity of the membrane layer.

TThe magnetic forces between cylindrical permanent magnets and their relationship with geometrical
and magnetic parameters can be found elsewhere.””
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Valving area
5 mm @

Magnet
6 mm @

= 0.5 mm 1.8 mm

Valving area
5mm @

Figure 6.14: Real and schematic top view of the two valve designs: a) with a

higher area and b) with a reduced area through which liquid could reach the

valve. These areas are highlighted in red in the schematic view. Channel ends

were at 0.5 mm and 1.8 mm distance for designs (a) and (b), respectively. For

both designs, the 5 mm diameter valving zone was completely covered by the 6
mm diameter magnet.

In order to homogenise the applied pressure, PDMS discs of several thicknesses
ranging from 100 pym to 500 pm were placed under the top magnet as depicted in
Figure 6.16.

PDMS was prepared from a commercial kit by mixing the curing agent with the
PDMS pre-polymer at 1:10 weight ratio. After 10 minutes of vigorous mixing, vacuum
was applied to the liquid state polymer to remove all bubbles for 20 minutes. The
liquid PDMS was poured into plastic Petri dishes and was cured during 4 hours at 65
°C. Discs were die-cut using hollow rivets.

The actuation of the valve was evaluated by following the previously described
procedure, obtaining no successful results with the new configuration. However, some
differences were found between the performance of the valves with and without using
PDMS discs. The first major difference was an increment from 2600 rpm to up to
3400 rpm in the rotational frequency at which the top magnet was displaced. This
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Top magnet Substrate: 6015
layer Thickness: 2 mm
Membrane Substrate: 6015
|ayer Thickness: 150 pm

h | hol Substrate: 6015
|C annel hotes Thickness: 400 pm
ayer (+ TOPAS 8007 25 pm on top)
Fluidics Substrate: 6015
| idi Thickness: 400 pm
ayer (+ TOPAS 8007 25 pm on top)
Sealin Substrate: 6015
| g Thickness: 400 pm
ayer (+ TOPAS 8007 25 pm on top)

Bottom magnet  Substrate: 6015
|ayer Thickness: 2 mm

Figure 6.15: Scheme of the second valve design prototypes. The extra 400 pm
thick layer required for these prototypes is framed in red.

effect was caused by an increment in the friction force as a result of the adhesion of
the magnet to the PDMS. On the other hand, for this valve configuration, water leaks
appeared at higher but more disparate rotational frequencies, ranging from 1300 rpm
to up to 2700 rpm.

The slightly improved retention of fluids when PDMS discs were being used was
considered a consequence of a higher homogeneity in the applied pressure along with
the higher elasticity of PDMS in comparison to COC. In spite of the relatively high
flexibility of the COC layer, it was concluded that its elasticity was insufficient for an
effective sealing of the valve during its closed state.
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Top magnet

PDMS disc

Valving area

Bottom magnet

Figure 6.16: Placement of a PDMS disc under the top magnet for achieving a
homogeneous pressure onto the valving area.

6.4.2 Prototypes integrating PDMS discs

Owing to the limited elasticity of COC, its use as a membrane for effectively sealing
the valve during its closed state was found to be unsatisfactory. The use of a PDMS
thin layer as the membrane layer could have been a practical solution. However, as
discussed before, it would incur a series of unwanted consequences such the increase of
the manufacturing costs or the poorer chemical resistance to solvents, among others.
A compromise was found by the integration of a PDMS disc inside the valve, thus
conserving the use of COC as the main construction material but adding the necessary
elasticity for an effective sealing.

6.4.2.1 Construction process of prototypes integrating PDMS discs

As can be seen in Figure 6.17, the new prototypes consisted of six different layers. The
magnets were placed into the outer layers A and F, while layers B to E composed the
fluidic system. Layer D contained the main fluidic motifs, layer C was introduced for
locating the PDMS disc and layers B and E were used for sealing the fluidic system.
For this set of prototypes, an adhesive plate seal (B) was employed for the reversible
sealing of the fluidic system in order to easily place and remove the PDMS discs. The
dimensions of the used PDMS discs were 4.4 mm in diameter and 500 pm in height.
For the construction of the device, 25 pm thick TOPAS 8007 layers were bonded
to layers D and E at T, = 108 °C and P, = 25 bar. Afterwards, the motifs were
micromilled onto the different TOPAS layers, A, C, D, E and F, using 1.0 mm, 0.8
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mm and 0.4 mm diameter milling tools. Once the layers were machined, layers C to
E were bonded in a single thermocompression process at Tpa = 95 °C and P = 4
bar. Finally, the PDMS disc was inserted and the fluidic system was sealed using an
adhesive plate seal. Layers A and F were assembled to the fluidic system by securing
the layers inside the support platform.

A Top magnet Substrate: 6015
layer Thickness: 2 mm
B Adhesive plate
seal
C PDMS disc Substrate: 6015
layer Thickness: 400 um
- Substrate: 6015
D |F|UIdICS Thickness: 500 um
ayer (4 8007 25 pm on top)
- Substrate: 6015
E lSea||ng Thickness: 400 pm
ayer (4 8007 25 pm on top)
F Bottom magnet  Substrate: 6015

layer Thickness: 2 mm

Figure 6.17: Layers of the prototypes integrating a PDMS disc inside the valve.

6.4.2.2 Performance of the valves integrating PDMS discs

The actuation of the magnets was evaluated by progressively increasing and lowering
the rotational frequency in 100 rpm increments/decrements during 30 s per step. The
process was carried out five times for four different prototypes. For these prototypes,
the rotational frequencies at which the top magnet was displaced and returned to its
initial position were found to be 2000 rpm and 1000 rpm, respectively, with a 100 %
reproducibility.

The actuation of the valves was evaluated by injecting 30 pL o H,0 into the inlet
chamber. Rotational frequencies from 100 rpm to 2000 rpm in 100 rpm increments
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were applied to the platform during 30 s per step. The process was carried out five
times for four different prototypes and changes were examined by visual inspection.

A perfect sealing of the valve was achieved up to the displacement of the top
magnet. Liquid flow was successfully stopped with no leaks for any of the process runs.
At 2000 rpm, when the top magnet was displaced, the PDMS disc was pushed upwards
due to hydraulic pressure and water was completely transferred from the inlet chamber
to the receiving chamber.

Since the aim of the project was to achieve a reversible and reusable valving system,
the performance of the wet valves was studied. It is worth mentioning that for all the
previous experiments, the prototypes were dried in an oven at 40 °C for several hours
after being tested. In this case, the evaluation process was carried out five times for
four prototypes without letting them dry.

Fluid flow was completely stopped during the closed state. However, a decrease in
the reproducibility of the valve opening was obtained as a result of the adhesion of the
PDMS disc to the COC surface. At 2000 rpm, when the top magnet moved outwards,
liquid pressure could surpass the adhesion forces between the two materials in only
50% of the runs. The adhesion of the PDMS disc to the COC surface was found to be
higher for the wet valves than for the completely dry ones.

In order to favour the deadhesion of the PDMS disc from the COC surface, a minor
change was introduced to the design, consisting in the machining of a seat for the
PDMS disc at a slightly higher height than the central part of the valve. The 25 ym
thick TOPAS 8007 layer on top of layer D (see Figure 6.17) was changed for a 50 pm
thick TOPAS 8007 layer. Prior to their bonding, a 4.2 mm diameter hole was machined
onto the TOPAS 8007 layer, obtaining, as a result, a 1.6 mm wide and 50 pm height
ring for the seat of the PDMS disc (see Figure 6.18).

a) b)

| PDMS disc

PDMS disc

PDMS disc seat \_

Area to be sealed 3 ¢
Area to be sealed

| PDMS disc se
Channel 1o at

Figure 6.18: Internal structure of the final valve design: (a) schematic view (not
at scale) and (b) real microscopic image.
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The performance of these prototypes was analysed by following the previously de-
scribed process, achieving an exceptional reproducibility for both dry and wet situations.
The process was carried out fifteen times for four different prototypes, three of the runs
with the valves being completely dry and all remaining runs by using the valves still
wet. A 100% effectiveness was obtained for the experiments where the valves were dry,
and a 92% for the valves being wet.

6.4.3 Final prototype

A final set of prototypes was constructed where the adhesive plate seal was replaced
by a thin COC layer in order to demonstrate the possibility of obtaining a completely
functional valve entirely constructed in COC and integrating a PDMS disc.

6.4.3.1 Construction process of the final valve prototype

The final design consisted of the same layers as the previous one, only differing in layer
B (see Figure 6.19), which, in this case, was substituted by a 150 ym thick TOPAS
6015 layer.

For the construction of the device, 25 pm thick TOPAS 8007 layers were bonded
to layers D and E at T, = 108 °C and Pp. = 25 bar. Afterwards, the motifs were
micromilled onto the different TOPAS layers, from A to F, using 1.0 mm, 0.8 mm and
0.4 mm diameter milling tools. Once the layers were machined, layers C to E were
bonded in a single thermocompression process at T = 95 °C and Py, = 4 bar.
Next, a PDMS disc was integrated into the structure and layer B was bonded to the
previously obtained block (C to E) using the same temperature and pressure conditions.
Layers A and F were assembled to the fluidic system by securing all the layers inside
the support platform.

6.4.3.2 Performance of the final valve prototype

The actuation of the magnets was evaluated by increasing and decreasing the rotational
frequency in 100 rpm increments/decrements during 30 s per step. The process was
repeated five times for four different prototypes.

The rotational frequency at which the top magnet was sent outwards was found
to be 2000 rpm, while the magnet returned to its initial position when the rotational
frequency was lowered to 1100 rpm, with a 100% reproducibility.

The actuation of the valve was evaluated by injecting 30 pL of H,O into the inlet
chamber. Rotational frequencies from 100 rpm to 2000 rpm in 100 rpm increments
were applied to the platform during 30 s per step. The process was repeated fifteen
times for four different prototypes, three of the runs with the valves being completely
dry and all remaining runs by using the valves being wet, simulating the possible
sequential gathering of fluids during a single experiment. Changes were examined by
visual inspection.
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A Top magnet Substrate: 6015
layer Thickness: 2 mm
B Top sealing Substrate: 6015
layer Thickness: 150 pm
f Substrate: 6015
C IPDMS disc Thickness: 400 pm
ayer (+ 8007 25 um on top)
D Seat Substrate: 8007
layer Thickness: 50 pm
E Fluidics Substrate: 6015
layer Thickness: 500 pm
Bottom sealing Substrate: 6015
F | Thickness: 400 um
ayer (+ 8007 25 um on top)
G Bottom magnet Substrate: 6015
layer Thickness: 2 mm

Figure 6.19: Layers of the final prototypes, where the adhesive plate seal was
substituted by a 150 pm thick TOPAS 6015 layer.

Three of the prototypes demonstrated a perfect valving actuation, with no water
leaks up to 2000 rpm and the total transfer of the liquid once the top magnet was
displaced for the 100% of the process runs. For the remaining prototype, discrete
water leaks appeared at 1900 rpm, very close to the opening of the valve, for the
66% of the runs as a result of an inaccurate positioning of the PDMS disc inside the
structure during the construction process.
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Top magnet -\

Figure 6.20: Real images of the final prototype. |) The different layers to be
assembled inside the support: a) top magnet layer, b) fluidic block and ¢) bottom
magnet layer. |l) The asssembled valving prototype containing the magnets.

6.5 Conclusions & future remarks

Owing to the importance of fluid flow control in centrifugal microfluidics, the develop-
ment of robust valving systems is still a milestone. In this context, we have presented
a novel reversible centrifugo-magnetically actuated valve displaying a simple and highly
reproducible actuation. The new valving system here exposed is simple, robust and
requires minimal external actuation. Besides, it is easy to implement, economical and
does not involve complex construction processes.

Despite a functional all-COC valving system was not achieved, the perfect perfor-
mance of a system entirely constructed in COC but integrating a small PDMS disc
has been demonstrated. Furthermore, as a consequence of the use of a PDMS disc,
the irreproducibility of the construction process was minimised, involving no critical
bonding step.

The potential of the valving system relies on its capacity to be sequentially opened
and closed, totally preserving its functionality for at least 10 sequential runs when wet
and 15 different runs in total. The reversibility of the developed valve enables a highly
sophisticated, robust and flexible fluid management.

Its capabilities have not been exploited yet, since several geometric parameters
could be modified in order to obtain other valving systems based on the same principle
of operation but actuating at different rotational speeds. For instance, by modifying
the distance of the valve to the centre of rotation, the rotational frequency at which
the top magnet is displaced could be tuned up. Other options could be, for instance,
changing the length of the lane for the top magnet displacement or choosing magnets
with a different degree of magnetisation.

The importance of valving systems in centrifugal microfluidics relies not only on
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the development of new valves but also on the feasibility of combining several valv-
ing systems for achieving fluid control at a wide range of rotational frequencies. An
example can be found in reference [76], where three different types of valves (siphon
valves, centrifugo-pneumatic valves and wax valves) are combined. In that regard,
the developed valve would be a perfect candidate to be combined with other types of
valves, whether active or passive, due to its simple fabrication, integration and principle
of operation. An interesting application could be, for example, its combination with
capillary valves, typically working at lower rotational frequencies and being irreversibly
opened.”®%?
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Chapter 7

Centrifugal microfluiding
system for the implementation
of enzyme-based analyses in
wine with spectrophotometric
detection

7.1 Enzyme-based analyses in wine

Among the broad number of parameters that are typically determined in wines, there
is a group of compounds that can be analysed by specific enzymatic reactions where
nicotine adenine dinucleotide (NADH, see Figure 7.1) and nicotine adenine dinucleotide
phosphate (NADPH) are involved. These analytes include acetaldehyde, acetic acid,
ammonia, citric acid, ethanol, D-glucose, D-fructose, D-gluconic acid, glycerol, L- and
D-lactic acid, L- and D-malic acid, succinic acid, sucrose and total sulphite.'™

The enzymatic methods for determining the aforementioned analytes are based
on the quantification of the increase or the decrease in the NADH or the NADPH
concentrations, which can be stoichiometrically related to the analyte concentration
in the sample. NADH and NADPH present a maximum absorbance peak at 340 nm,
whereas the oxidised form of these two coenzymes does not. Hence, the conversion
reaction of one form of the coenzyme to the other can be monitored by measuring
absorbance at 340 nm. The principle of these methods is illustrated in Figure 7.2.

Enzymatic methods offer high specificity towards the targeted molecules and, al-
though they are considered expensive in comparison to other classical alternatives,’
the costs are drastically reduced when combined with microfluidic systems since the
required sample and reagent volumes are minimised.”
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Figure 7.1: a) Reduced structure of NADH and NADPH coenzymes. b) Redox
reaction of the coenzymes.

In this context, we aimed to develop a centrifugal microfluidic platform that allowed
the parallelisation of several wine analyses based on the same enzymatic method and
using UV absorbance detection. The main objective of the work presented in this chap-
ter was the development of a versatile modular centrifugal microfluidic platform where
several analytes could be quantified by using a simple miniaturised optical detection

system measuring at a fixed wavelength.
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Figure 7.2: Enzymatic methods based on NADH and NADPH coenzymes for
the spectrophotometric determination of several wine parameters: (a) reaction
schemes and (b) the corresponding calibration curves.

The use of a centrifugal system was preferred over other common microfluidic
systems in order to minimise the required external instrumentation, therefore reducing
the complexity, size and costs of the system.! Furthermore, centrifugal microfluidic
platforms permit the easy implementation of modular parallel disposable devices as well
as the parallelisation of several analyses in a single device. Parallelisation in centrifugal
microfluidics is introduced in the next section of this chapter.

The developed devices integrated two aliquoting structures for the implementation
of an automated on-chip standard addition method. Standard addition calibrations are
especially useful when analytes in complex matrixes with unknown composition have
to be determined,®’ such as in the particular case of wines.

As a proof of concept, the enzymatic determination of L-lactic acid was performed
using the developed centrifugal miniaturised system and a commercial reagent Kkit.
Among the several parameters that could be analysed using the same principle, L-lactic
acid was selected owing to its relevance not only in wine but also in food industry, clin-
ical diagnosis and sports medicine.® Its importance during wine production as well as
its enzymatic determination will be discussed later on this chapter. The enzymatic de-
termination of L-lactic acid was performed using the developed centrifugal miniaturised
system and a commercial reagent kit.

1See § 1.2.2.2 for further information about the advantages of centrifugal microfluidic platforms in
comparison to other common platform types.
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7.2 Parallelisation in centrifugal microfluidic platforms

One of the major advantages of centrifugal microfluidic platforms with respect to other
microfluidic systems relies on the possibility of integrating multiple parallel analyses in
a single device. Parallelisation can be achieved by two different approaches consist-
ing, on one hand, in the integration of several independent systems in a same disc”'
and, on the other hand, in the aliquoting of samples and/or reagents into several sub-
volumes.'*'? The two principles have been frequently combined, thus further increasing
the number of parallel analyses that can be performed in a single platform. Using these
strategies, centrifugal microfluidic platforms presenting a high degree of parallelisation
have been reported,'*~'" including, for example, a centrifugal system which is capable of
preparing more than one hundred different aliquots in a single platform.'® Modular sys-
tems consisting of independent devices fixed to a common support platform have been
also reported.'®?* These systems include, in turn, structures that allow the aliquoting
of samples and/or reagents within each module (see Figure 7.3).

Alignment

Rotor-Gene Q (QIAGEN)

72 Rotor
Alignment

Figure 7.3: Example of a modular centrifugal platform. The platform integrates
four different devices, each of them containing an aliquoting structure. Adapted
from reference [22].

The reported modules, subsystems and aliquoting structures have been used for dif-
ferent purposes, including the analysis of several parameters in a single sample, 3!
the analysis of one parameter in several samples'”*® and the analysis of several param-
eters in several samples.'®"*9

Aliquoting consists in splitting an input liquid volume into multiple defined sub-
volumes and it commonly involves a first step where liquid is metered into several
aliquots and a second step where these aliquots are transferred into independent cham-
bers. Single-step aliquoting processes where liquid is directly transported from an inlet
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chamber into multiple receiving chambers are not frequently used since cross contam-
ination could easily occur as a consequence of a liquid thin film interconnecting the
adjacent chambers.”* On the contrary, two-stage aliquoting systems avoid any cross-
contamination and permit the further processing of the individual aliquots.”*=>°

During the metering phase of the two-stage aliquoting processes, the multiple sub-
volumes are defined. Two main metering structures have been commonly used: a con-
tinuous zig-zag shaped metering channel,'>'*'%17 where the dimensions of the channel
determine the discrete volumes into which the total volume will be split; and a series
of metering chambers interconnected by a distribution channel,'!%1%:16.18=25 \yhere the
volume of the aliquots is defined by the size of the metering chambers. During the
transfer phase, the metered volumes are forwarded into separate receiving chambers,
where they can be individually processed.

The aforementioned metering strategies are illustrated in Figure 7.4. The centrifugal
platform in Figure 7.4.a, which was designed for the parallel genetic analysis of twenty-
five pathogen samples, integrates three different aliquoting structures in each of the five
identical subsystems.'” Figure 7.4.b shows one device of a modular centrifugal platform
used for the automation of real-time polymerase chain reaction (PCR) amplification
of Escherichia coli DNA (see Figure 7.3 for the complete setup).”” Required primers
and probes for the PCR amplification were pre-stored in the reaction cavities of the
platform. The use of pre-stored reagents, either dried or lyophilised, for the post-
processing of the aliquoted volumes has been frequently reported.'''>'%19=>? Reagent
pre-storage simplifies both the design of the platforms and the analytical procedures,
since it reduces the need for extra liquid handling structures and/or manual injection
steps.

The retention and transfer of fluids during the metering and transfer phases, re-
spectively, is achieved by the actuation of several valves which connect the meter-
ing structures to the receiving chambers. The integration of diverse valving sys-
tems has been demonstrated, being capillary valves'®'*!0:1% and centrifugo-pneumatic
valves!' 1919212425 the most widely used ones.

7.3 Lactic acid as the proof-of-concept analyte

As mentioned before, lactic acid determination is carried out in different fields and for
many different purposes. For instance, serum lactate levels in blood are measured for
the diagnosis and medical management of several illnesses.® Lactate levels in blood are
also used as a fitness indicator and they are frequently measured during performance
testing of athletes.”® Lactic acid determination is also relevant in food and beverage
industry, where it is used for monitoring fermentation processes as well as for quality
control.”’ Its importance during wine production and its enzymatic determination are
presented hereafter.
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Figure 7.4: Commonly used two-stage aliquoting strategies: a) continuous zig-

zag shaped metering channel and b) interconnected metering chambers. In (a):

() loading of the metering structures and (Il, Ill) sequential transfer of the

metered liquids. In (b): (I) injection, (1) distribution, (III) metering and (IV)

transfer of the metered sub-volumes. Adapted from references [17] and [22],
respectively.

7.3.1 Lactic acid and the malo-lactic fermentation of wine

As introduced in § 4.1, lactic acid is one of the main organic acids of wine and its
content can reach up to several grams per litre.”® Although it is not naturally found
in grape, it is produced during two different stages of the wine-making process: the
alcoholic fermentation and the malolactic fermentation.

During alcoholic fermentation, pyruvic acid can be reduced to lactic acid by the
yeast lactate dehydrogenase enzyme, mainly producing the D-lactic acid stereoisomer
in low concentrations (under 300 mg/L).”” However, the major part of the lactic acid
comes from the malolactic fermentation, where lactic acid bacteria transform L-malic
acid to L-lactic acid (see Figure 7.5). This reduction of L-malic acid to L-lactic acid is
not a true fermentation but an enzymatic decarboxylation, yet it was given this name
due to its similarities with the alcoholic fermentation.*

The major benefit of the malolactic fermentation is the deacidification of highly
acidic wines. During this process, a dicarboxylic harsh tasting acid (L-malic acid) is
converted to a monocarboxylic smooth tasting acid (L-lactic acid). Malolactic fermen-
tation is carried out in most red wines, especially in those from cool climatic regions,
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Figure 7.5: General reaction of the transformation of L-malic acid to L-lactic
acid during the malolactic fermentation. Adapted from reference [30].

where a reduction in the acidity level leads to an improvement in flavour. On the con-
trary, fewer white wines undergo malolactic fermentation, since the desired freshness
provided by L-malic acid would be substituted by a milder and warmer taste coming
from L-lactic acid.®?%*"*? Apart from an improvement in the taste of excessively acidic
wines, malolactic fermentation is also considered to increase the microbial stability of
wines by the removal of residual fermentable substrates.*’

Malolactic fermentation can be monitored by measuring the concentration of L-
malic acid and/or L-lactic acid over time.”**> Actually, one of the classical methods
for monitoring this process consisted in performing periodical paper chromatographic
analyses, where the vanishing and growth of the spots corresponding to malic acid and
lactic acid, respectively, could be observed.*

7.3.2 L-lactic acid enzymatic determination

As previously mentioned, L-lactic acid can be determined by using an enzymatic method
based on the spectrophotometric quantification of NADH. This enzymatic method is
recommended by the OIV and accepted by the AOAC."*® The analytical procedure
as well as the preparation of the reagent solutions are described elsewhere.! Besides,
several kits containing all necessary enzymes and reagents are commercially available.
These reagents are generally ready to use and they usually contain preservatives for
increasing their shelf life.* Since the purpose of this work was not aimed at the study
of the involved reactions but at the development of the centrifugal microfluidic system,
one of these reagent kits was used for performing the analyses.

The enzymatic reaction for the L-lactic acid determination consists in the oxidation
of L-lactic acid (L-lactate) to pyruvic acid (pyruvate) by NAD™ in the presence of L-
lactate dehydrogenase (L-LDH), where the amount of NADH produced is proportional
to the concentration of L-lactic acid in the sample. Since the equilibrium lies strongly
in favour of the L-lactic acid, a further reaction for the removal of the pyruvate from
the reaction mixture is frequently used. The OIV, for example, proposes the transfor-
mation of pyruvate into L-alanine in a reaction catalysed by the L-glutamate pyruvate
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transaminase (L-GPT)." Alternatively, in the commercial kit used in this work, the re-
action consisted in the conversion of the produced pyruvate to the D-alanine stereoiso-
mer (instead of the L- stereoisomer) and 2-oxoglutarate in the presence of an excess
of D-glutamate and catalysed by the D-glutamate pyruvate transaminase (D-GPT) en-
zyme.?” The two enzymatic reactions involved in the quantification of L-lactic acid by
using the purchased reagent kit can be found in Figure 7.6.

0 L-LDH o
%0_ + NAD* < )H'/O- + NADH + H*
OH 0
L-lactate pyruvate
(0] o} (0] D-GTP (0] o (0]
o, A M~ 1
t 0 O < Y oH * o (0}
0 NH, NH, 0
pyruvate D-glutamate D-alanine 2-oxoglutarate

Figure 7.6: Enzymatic reactions involved in the quantification of L-lactic acid.

7.4 Development of a centrifugal microfluidic system
for the enzymatic determination of L-lactic acid in
wine samples using spectrophotometric detection

7.4.1 Methods
7.4.1.1 Reagents and solutions

All used chemicals were of analytical reagent grade and all solutions were prepared
using MilliQ water.

NADH stock solutions were prepared by accurate weighting of NADH dipotassium
salt (Sigma-Aldrich, Saint Louis, USA) and dissolution in tris(hydroxymethyl)amino-
methane (TRIS, Sigma-Aldrich) buffer aqueous solutions. NADH standard solutions
were prepared by dilution of the stock solution in TRIS buffer solutions. Aqueous
solutions of 1 M sodium hydroxide (NaOH, Panreac, Castellar del Vallés, Spain) and 1
M hydrochloric acid (HCI, Merk, Darmstadt, Germany) were used for the pH adjustment
of the TRIS buffer solution.

Standard solutions of L-(+)-lactic acid (Sigma Aldrich) were prepared by dilution
of a 10 mM stock standard solution. The stock solution was prepared by accurate
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weighting and dissolution of the solid in MilliQ water. L-lactic acid was analysed by
using a commercial reagent kit L-lactic acid (L-lactate) assay kit K-LATE 07/14 from
Megazyme International (Wicklow, Ireland). The tested wine sample was commercially
available. A 50-fold dilution step was required prior to analysis.

7.4.1.2 Materials

The devices were constructed by using several COC layers from TOPAS Advanced
Polymers (Florence, KY, USA) of diverse thicknesses and grades, including 400 pm and
500 pm TOPAS 6013 layers and 25 pm TOPAS 8007 layers. Adhesive plate seals AB-
0850 Absolute gPCR from ABgene Advanced Biotechnologie (Epsom, UK) were used
for the reversible sealing of the devices. Delrin plaques of 2 mm in thickness (DuPont,
Wilmington, USA) were used as sacrificial layers for the bonding steps. MilliQ water
and ethanol (Panreac, Castellar del Vallés, Spain) were used for cleaning the COC
layers before the bonding steps as well as for cleaning the devices after use. A Low
Temperature Cofired Ceramics (LTCC) master was required for the hot embossing
processes involved in the construction of the devices. The master was made of eight
GreenTape 951 PX LTCC sheets of 254 pm in thickness from DuPont.

Several 2 mm and 3 mm thick PMMA layers (Plasticos Ferplast, Terrassa, Spain)
were used for the construction of the rotating platform and the detection system sup-
port.

7.4.1.3 Experimental setup

The experimental setup, which isillustrated in Figure 7.7, can be divided into three main
parts: a support platform for the placement of the modular devices, a rotatory actuator
for the movement of the platform and an optical detection system for performing the
absorbance measurements.

The support platform was constructed for accommodating two devices and it was
composed of several 3 mm thick PMMA layers (see Figure 7.8.a) which were individually
machined using a CNC micromilling machine. The top and the bottom PMMA layers
impeded the ejection of the devices during the rotation of the platform. The top layer
was also used as a mask for defining the detection areas. The different layers were
assembled together by using several magnets and metallic bolts. An aluminium shaft
adapter was employed for anchoring the support platform to the motor axis. The
platform was secured to the aluminium shaft adapter by using four bolts.

The rotatory actuator, previously introduced in § 6.2.2, consisted of a motor Maxon
EC-i 40 50W, an encoder Maxon MR Type L 256-1024 CPT and a positioning controller
(or driver) EPOS 24/5 from Maxon Motor Ibérica S.A. (Torrejon de Ardoz, Spain).
The driver controlled and processed the orders from a PC and sent the results to the
encoder, which was in charge of the conversion of the digital information to an angular
movement of the motor and vice versa. The motor, the encoder and the positioning
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photodiode

DAQ

(I

Figure 7.7: Schematic (I) and actual (Il) experimental setup for the L-lactic
acid determination. In (II): support platform (a); rotatory actuator, including
a motor (b), an encoder (c), a positioning controller (d) and a power supply
(e); and optical detection system, composed of a LED (f) and a photodiode (g)
mounted into a polymeric support (h), a PCB (i) and a DAQ (j). The positioning
controller of the rotatory actuator and the DAQ of the optical detection system
were connected to a PC (k). The rotatory actuator and the optical detection
system (with exception of the power supply and the DAQ, respectively) were
fixed onto a polymeric perforated base.
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controller were powered by an HCS-3202 direct current (DC) power supply from Manson
Engineering Industrial Ltd (Kwai Chung, China).

A complete user interface was developed for controlling the actuation of the motor.
The interface was created using the NI LabVIEW 2012 System design software (Na-
tional Instruments, Austin, USA) and was designed to permit a wide and user-friendly
operational control of the motor including, for example, the automated sequencing of
multiple spinning steps and the accurate and automated positioning of the detection
chambers between the LED and the photodiode for the absorbance measurements. Sev-
eral parameters, such as the number of detection chambers and their relative position,
could be defined by the user.

The optical detection system, presented in § 4.2.1.3, was adapted to the new config-
uration of the platforms. Similarly to the previously described one, the system consisted
of a light emitting diode (LED) and a photodiode mounted into a compact C-shaped
PMMA structure. The polymeric structure was designed to allow the free rotation of
the platform as well as the accurate alignment of the detection chambers with respect
to the LED and the photodiode. The structure was composed of several 2 mm thick
PMMA layers (see Figure 7.8.b) machined in a CNC micromilling machine and assem-
bled together by using several bolts. The LED was embedded inside the upper layers
of the structure, whereas the photodiode was mounted into the lower layers. Several
PMMA pieces were placed between these two groups of layers for creating the C-shaped
structure that permitted the free movement of the rotating platform.

The LED and the photodiode were connected to a printed circuit board (PCB)
that, in turn, was connected to a data acquisition card (DAQ) NI USB-6211 (National
Instruments, Austin, Texas, USA). The DAQ was responsible for the modulation of the
LED and the acquisition and transference of the detected signal to a personal computer
(PC). A digital lock-in amplification was used for processing the raw data, increasing
the signal-to-noise ratio and permitting the operation of the system in ambient light
conditions without requiring any physical amplifier.

As explained in § 4.2.1.3, the detection system was designed to permit the easy
exchange of both the LED and the photodiode, thus permitting the selection of the
appropriate components for each specific application. In this particular case, a 340 nm
LED MTE340-H32-UV from Marktech Optoelectronics (Latham, USA) and a Si pho-
todiode S1337-66BR from Hamamatsu Photonics (Hamamatsu, Japan) were selected.
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Figure 7.8: a) Support platform layers. The different layers were assembled
together using several bolts and magnets; the four internal bolts secured the
platform to the aluminium shaft adapter. b) PMMA structure of the optical
detection system. The LED was embedded inside the top layers, whereas the
photodiode was fixed into the bottom layers. The central layers permitted the
free rotation of the support platform between the LED and the photodiode.
Several bolts assembled the different layers and secured the structure to the
setup.

7.5 Modular centrifugal microfluidic platform

As mentioned before, the purpose of the work presented in this chapter was the devel-
opment of a modular centrifugal microfluidic system for the implementation of several
parallel wine analyses in a single platform.

A centrifugal platform containing two different modules is here described. The
modules were designed to perform an automated on-chip standard addition calibration
for the enzymatic quantification of the analytes, where variable volumes of a standard
solution were added to equal volumes of a sample. With that purpose, two different
aliquoting subsystems were integrated in each device, one for splitting a sample volume
into equal sub-volumes and the other for producing different volume aliquots from an
initial standard solution. One sample aliquot and one standard aliquot were transferred
into a common receiving chamber, thus producing a different final analyte concentration
depending on the added standard volume.



7.5. Modular centrifugal microfluidic platform 199

7.5.1 Design and principle of operation

The design of the modules was based on previous aliquoting prototypes developed in
the group. Part of the optimisation of the aliquoting structures was previously carried
out in collaboration with other members of the group and it is described in detail in
references [38] and [39].

The developed modules, which are schematically illustrated in Figure 7.9, contained
two different aliquoting subsystems: a top subsystem for aliquoting variable volumes of
standard and a bottom subsystem for aliquoting equal volumes of sample. Each sub-
system consisted of an inlet reservoir and a series of metering chambers interconnected
by a distribution channel. A common waste chamber was placed at the end of the
distribution channels for collecting excess fluid from the metering process. The meter-
ing chambers were connected to the receiving chambers through narrow microchannels
acting as hydrophobic valves. Each receiving chamber included a window for the addi-
tion of liquid or solid reagents (when required). These windows were sealed previous to
the analyses by using adhesive plate seals. Each receiving chamber was also connected
to an auxiliary inlet reservoir for the addition of liquid reagents once the windows were
sealed.

The principle of operation of the aliquoting systems was based on a two-stage
process where liquids were initially metered and were then transferred to the receiving
chambers. As previously explained, two-stage aliquoting processes enable the aliquoting
of liquids into completely independent chambers, thus avoiding any possible cross-
contamination.

The two-stage aliquoting process relied on the use of narrow microchannels connect-
ing the metering and the receiving chambers (see Figure 7.10). These microchannels
were used as hydrophobic valves, being capable of retaining the fluids in the metering
chambers during the metering phase and allowing the transfer of the metered volumes
to the receiving chambers during the transfer phase.

The valving principle of hydrophobic valves is based on the retention of fluids at
a hydrophobic barrier until the centrifugally-induced pressure (P,,), resulting from the
rotation of the platform, exceeds the capillary pressure (Pc), resulting from the sur-
face tension of the fluid.”” The rotational frequency at which these two pressures are
balanced is known as the burst frequency (wp,) and depends on several geometric pa-
rameters and on the properties of the involved fluids and surfaces.*"** In the developed
hydrophobic valves, the retention of fluids was achieved due to a sudden change in
the dimensions of the microstructured features as well as to the hydrophobic nature
of COC. Liquids were effectively stopped at the entrance of the microchannels with-
out requiring any local surface modification or special coating.*® For this application,
microchannels of 75 pm in width and 30 ym in height were used, displaying a burst
frequency of 1300 + 100 rpm.

The two-stage aliquoting process is depicted in Figure 7.11. During the metering
phase, the platform was spun at rotational frequencies below the burst frequency of the
hydrophobic valves (wn < wp, Pc > P,). At this stage, liquid flowed from the inlet
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Figure 7.9: Schematic representation of the developed modules: a) 2D view
and b) 3D view. To obtain a clear representation, some details of the receiving
chambers have been omitted in the 3D view.

chamber to the metering chambers through the distribution channel; the chambers
were sequentially filled and excess fluid overflowed into the waste chamber. During the
transfer phase, the rotational frequency was increased above the burst frequency of the
valves (& > wp, Pc < P,,), thus allowing the transfer of the metered sub-volumes to
the receiving chambers.
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Figure 7.10: Microscopic image of the microchannels being used as hydrophobic
valves.
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Figure 7.11: Two-stage aliquoting process. A first metering phase is carried out
at a rotational frequency wm below the burst frequency of the hydrophobic valves
(). The final transfer phase is carried out at a rotational frequency w; above
wp. The different sample (pink) and standard (blue) aliquoted volumes produce
a gradual decrease in the analyte concentration at the final volume (purple).
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7.5.2 Construction

As explained in the previous section, the developed modules contained several mi-
crochannels of 75 pm in width and 30 pm in height. However, the minimum available
milling tool for the CNC micromilling machine was 150 pm in diameter (milling tools
of lower diameters would easily break). For such cases where the dimensions of the
required features were unachievable using the micromilling equipment, we developed
a hybrid fabrication method that combined hot embossing for the smallest structures
and micromilling for the larger motifs.”* In the proposed method, laser ablated LTCC
masters were employed for the hot embossing of the features onto the COC layers. The
fabrication of the LTCC masters as well as the hot embossing of the ablated features
onto the COC layers are described in § 3.2.2.2.

The fabrication scheme of the devices used in this chapter is presented in Fig-
ure 7.12. Each device was composed of eight 25 pym thick TOPAS 8007 bonding layers
and nine TOPAS 6013 structural layers, four of them of 400 pm in thickness (1, I, VIII
and IX in Figure 7.12) and five of 500 pm (IlI-VII).

In the first construction step, the TOPAS 8007 layers were bonded to the TOPAS
6013 layers I, II, I1l, V, VI, VIl and IX at T = 108 °C and P, = 25 bar.

Next, ten microchannels arranged in a fan configuration were embossed onto the
TOPAS 6013 layers IV and VII at T = 155 °C and Pyax = 4 bar. In order to seal
the embossed features, layers 1l and VI were bonded to layers IV and VII, respectively,
at Thax = 92 °C and Py = 6 bar.

The following step consisted in the individual CNC machining of all the layers using
milling tools of 0.4 mm and 0.8 mm in diameter. After that, the central layers (1l to
VIl) were bonded together at Tia = 92 °C and P.x = 6 bar. The central block was
subsequently machined and, finally, all layers were bonded at T .« = 92 °C and Py
= 6 bar. A further CNC machining step was required to give the device the desired
final shape using a milling tool of 2 mm in diameter .

The final dimensions of the device were 66 mm long x 58 mm wide x 4.1 mm thick,
and its final total weight was of approximately 12 g. The optical path length (i.e. the
height of the receiving chambers) was 2.5 mm.

Despite both micromilling and hot embossing are considered fast and simple mi-
crostructuring techniques,**° the construction of the devices here described was some-
what complex and time-consuming, since it involved a considerable number of layers
and required several bonding, hot embossing and CNC machining steps. Besides, spe-
cial attention had to be given to the construction steps involving the layers which
contained the embossed microchannels. These steps had to be carefully executed and
the conditions had to be precisely controlled in order to prevent the clogging of the
channels. The importance of the optimisation of the construction process as well as
the careful execution of the different steps for ensuring the proper operation of the final
devices is discussed later on in this chapter.
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7.6 Implementation of the L-lactic acid enzymatic de-
termination into the developed centrifugal microflu-
idic platforms

The enzymatic method for the quantification of L-lactic acid involved the monitoring
of absorbance at 340 nm for determining the NADH produced in the reactions from
Figure 7.6). The feasibility of measuring these absorbance variations relied on several
parameters such as: 1) the COC optical transparency at 340 nm, 2) the suitability of
the selected LED and photodiode for the optical detection system and 3) the geometric
constraints of both the device and the experimental setup itself.

As demonstrated in Chapter 5, COC allows the absorbance measurement at 340 nm
due to its high transmittance in the near UV region of the spectrum.*“=® For the optical
detection system, the same LED*’ and photodiode®® as in the application presented in
Chapter 5 were used. The peak wavelength of the LED was centred at 340 & 5 nm.

In order to demonstrate the feasibility of using the developed setup for monitoring
absorbance changes at 340 nm, the absorbance of several NADH standard solutions
ranging from 0.025 mM to 1.0 mM was measured. Standards were prepared in TRIS
0.01 M (pH 8.5) and were directly injected into the receiving chambers through the ad-
dition windows. Absorbance was measured by the automatic and sequential positioning
of the receiving chambers between the LED and the photodiode. Measurements were
carried out in duplicate for each standard solution.

A linear range to up to 0.50 mM NADH was obtained, therefore limiting the ana-
lyte concentration at the final volume (i.e. at the receiving chamber) to a maximum
of 0.50 mM for a 1:1 stoichiometry and a 100% conversion. For L-lactic acid, the
analyte selected as proof-of-concept, the stoichiometry of the reactions was 1:1 (see
Figure 7.6). However, the actual working range for the L-lactic acid determination had
to be determined using the reagent kit.

This kit consisted of several reagent solutions (see Table 7.1), whose components
were specified yet their concentration was not. Besides, although the linear range of the
analysis was provided by the manufacturer, the conditions used for its determination
were a 1 cm optical path cuvette in a spectrophotometer. Since the detection conditions
using the developed system differed considerably from the recommended ones, the
actual linear range of the analytical procedure had to be established by using our own
setup.

All the on-chip analyses were performed by following the recommended procedure’®”’
(see Table 7.1). Nonetheless, in order to meet the volume requirements for the devel-
oped devices but maintaining the relative proportion between the different reagents,
the kit solutions had to be occasionally diluted. The procedures followed for the on-chip
analyses, including any modification of the recommended one, are specified for all the
experiments performed.
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Figure 7.13: Linear working range for the absorbance measurement of NADH
solutions at 340 nm using the developed setup. Error bars represent the standard
deviation of two replicate measurements.

For the evaluation of the linear range, several L-lactic acid standard solutions from
0.015 mM to 0.763 mM, corresponding to 0.010 mM and 0.500 mM, respectively, at
the final volume, were prepared. The solutions were analysed by mixing 1.5 mL of
standard, 0.5 mL of Solution 1, 0.1 mL of Solution 2 and 0.02 mL of Suspension 3
in an Eppendorf tube for 3 minutes. Then, 50 pL of the mixtures were injected into
the receiving chambers through the addition windows and absorbance was measured
in duplicate. These values corresponded to the absorbance of the blank, since the
reaction was started once Suspension 4 was added to the mixture. After the blank
measurement, Suspension 4 was diluted to 1:10 and 4 pL of the dilution were injected
into each receiving chamber through the addition windows. The windows were then
sealed and the solutions were mixed’ for 10 minutes. Finally, absorbance was measured
in duplicate and the absorbance of the blank was subtracted from the obtained value.
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Table 7.1: L-lactic acid (L-lactate) assay kit K-LATE 07/14 (Megazyme)
reagents and recommended procedure.

Reagents

Solution 1 Buffer (pH 10.0) plus D-glutamate and sodium azide (0.02% w/v)
Solution 2 NAD™ and polyvinylpyrrolidone solution

Suspension 3 D-glutamate-pyruvate transaminase suspension

Suspension 4 L-lactate dehydrogenase suspension
Solution 5 L-lactic acid standard solution 0.15 mg/mL in 0.02% w/v sodium azide

Procedure
Pipette into cuvettes: Blank Sample (/standard)
Distilled water (~25 °C)  1.60 mL 0.1 mL to 1.50 mL
Sample - 1.5 mL to 0.1 mL
Solution 1 0.50 mL 0.50 mL
Solution 2 0.10 mL 0.10 mL
Suspension 3 0.02 mL 0.02 mL

Mix, read the absorbances of the solutions (Ag) after
approximately 3 min and start the reactions by addition of:

Suspension 4 0.02 mL 0.02 mL

Mix and read the absorbances of the solutions (A1) at the end of
the reaction (approx. 10 min). If the reaction has not stopped
after 10 min, continue to read the absorbances at 5 min intervals
until the absorbances either remain the same, or increase
constantly over 5 min. Subtract Ag from A;.

T Shake mode mixing

One of the simplest methods for the efficient mixing of liquids in centrifugal
microfluidic systems consists in the frequent alternation of the sense of rotation
of the centrifugal platform in what is commonly known as shake mode mixing.”*
By “shaking” the platform at high rotational frequencies, liquids are rapidly
mixed as a result of the inertially induced liquid movement.”*"

A linear range to up to 0.40 mM L-lactic acid at the final volume was established
(see Figure 7.14). This information was required to select the appropriate standard
concentrations to be used in the standard addition calibration.

Standard addition methods are based on the addition of known quantities of an an-
alyte to a sample containing an unknown quantity of the same analyte. These methods
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Figure 7.14: Linear working range of the L-lactic acid determination using the

kit reagents and the developed setup. The L-lactic acid concentration here

represented corresponds to the analyte concentration at the final volume. Error
bars represent the standard deviation of two replicate measurements.

usually require a linear response of the signal to the analyte and are especially useful
when the sample composition is unknown or complex and could affect the analytical
: 6.7
signal.”

Batch-mode standard additions are generally carried out by following two different
procedures. The first consists in the sequential addition of small volumes of concen-
trated standard to a single unknown solution, being the signal measured after each of
the additions. In the second case, multiple solutions containing increasing volumes of a
standard solution and equal volumes of the unknown solution are prepared and diluted
to the same final volume.

In the described procedures, the final volume remained constant or practically un-
altered. On the other hand, in the developed devices, the procedure consisted in the
addition of considerable amounts of standard to equal volumes of sample and reagents.
Hence, the final volume at the receiving chambers appreciably differed between the
different additions.

For a linear response of the signal to the analyte, where the signal is directly
proportional to the analyte concentration, the next relationship can be stablished when
a standard is added to a sample:
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Concentration of analyte in initial solution  Signal from initial solution

- = - 7.1
Concentration of analyte in final solution Signal from final solution (7.1)

For an initial volume V; with an unknown analyte concentration [X]; and an initial
signal Ix, where a volume of standard Vs with a known analyte concentration [S/; is
added, the previous relationship would be:

[X]/ _ Ix
Xle+ (Sl Ixes

Where, for a total final volume of V= V,; + Vs, [X]sand [S]f would correspond
to:

(7.2)

W=, (v) . =1 (L) (73)

From substituting expressions from Equation 7.3 into Equation 7.2, and rearranging
the resulting equation, the following linear relationship can be obtained:

s (v) = () .

Where, when Ixs (%f) is plotted against [5],(%) the x-intercept corresponds

to [X].. However, since the initial solution contains a certain volume of reagents, the
analyte concentration in the sample [X], is:

o=+ (75)

Where V/; corresponds to the sum of the sample volume V and the reagents volume
Vk.

Before performing the on-chip standard addition calibrations, sample and added
standard volumes were experimentally calculated by measuring the aliquoted volumes
at the receiving chambers. The measurements were carried out by aliquoting an input
water volume using the equal volume or the variable volume aliquoting subsystems
at a time. Microscopic images of the receiving chambers were taken and volumes
were calculated by measuring the area occupied by the liquid and multiplying it by
the estimated height of the chamber (2.5 mm). The experiment was carried out in
quintuplicate for each aliquoting subsystem. The results of these experiments are
summarised in Table 7.2.

Once the experimental aliquoted volumes were measured, several on-chip standard
addition calibrations were performed. Based on the previous experiment, where a
maximum analyte concentration of 0.40 mM at the final volume was established, a
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Table 7.2: Measured volumes for the aliquoting of water by using the equal
volume and the variable volume aliquoting subsystems. Volumes correspond to
the average value of five experiment replicates.

Equal volume aliquoting subsystem

Aliquoted volume (pL)  RSD (%)
222 1.9

Variable volume aliquoting subsystem

Chamber  Aliquoted volume (pL) RSD (%)

1 17.2 3.6
2 15.8 45
3 14.1 4.5
4 12.8 1.6
5 11.4 31
6 10.5 1.4
7 9.3 2.7
8 8.6 21
9 1.7 1.4
10 6.3 6.0

0.10 mM L-lactic acid solution was selected as the model sample, whereas 1.00 mM
and 0.50 mM L-lactic acid solutions were used as the added standards (the latter was
solely used in one of the experiments). The values of the variables from Equation 7.2
to Equation 7.5 are presented in Table 7.3.

The procedure started with the injection of 270 pL of sample solution and 240 pL
of standard solution into the inlet reservoirs of the equal volume aliquoting subsystem
and the variable volume aliquoting subsystem, respectively. Then, 15.2 pL aliquots of
a reagent mixture containing 500 pL of Solution 1, 100 pL of Solution 2 and 20 pL of
Suspension 3 were injected into each receiving chamber through the addition windows,
which were subsequently sealed using adhesive plate seals. Sample and standard vol-
umes were then metered by rotating the platform at 900 rpm for 30 seconds. Next, the
platform was spun at 5000 rpm for 30 seconds to transfer the aliquots to the receiving
chambers, where they were mixed for 3 minutes with the reagent mixture previously
injected. Absorbance was measured twice for each receiving chamber. The measured
values corresponded to the blank of each receiving chamber and were later subtracted
from the corresponding final absorbance. Afterwards, 4 pL of Suspension 4 diluted to
1:10 were injected into each receiving chamber through the auxiliary inlet reservoirs.
Reagent 4 was sent from the auxiliary inlet chambers to the receiving chambers at 2000
rpm for 10 s and the platform was then shaken for 10 minutes to mix the solutions.
Finally, absorbance was measured twice for each receiving chamber and the absorbance
of the blank was subtracted from the obtained average value.
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Table 7.3: Volumes and concentrations used for the on-chip standard addition
calibrations. L-lactic acid concentrations at the final volume are also indicated
for the two standard solutions used.

Sample volume

Vo (uL) =
AnaI)[/)t(e]:oct():qc'\./l;t Vo 0.10
Rea%/e:t(gf;ume 19.2
Inlt\lzl (vpoﬂl)Jme 414
Anali/;?ic(omnﬁl.l)at Vi 0.054
Chamber 1 2 3 4 5 6 ! 8 ° 10

Added standard volume
Vs (mL)
Final volume
V( (mL)
Conc. of the standard (at Vs)
[S]ix (mM)

Added analyte conc. (at V¢)
[Skia (mM)
Total analyte conc. (at Vf)
(Xl + Sk (mM)

Conc. of the standard (at Vs)

17.2 15.8 14.1 12.8 11.4 10.5 9.3 8.6 7.7 6.3

58.6 57.2 55.5 54.2 52.8 51.9 50.7 50.0 491 4717

1.00

0.294 0.276 0.254 0.236 0.216 0.202 0.183 0.172 0.157 0.132

0.331 0.315 0.294 0.277 0.258 0.245 0.227 0.216 0.202 0.179

0.50
[Sli2 (mM)

Added analyte conc. (at Vi) 107 933 0127 0118 0108 0101 0092 0086 0078 0.066
[Slr2 (mM)

Total analyte conc. (at V)

0185 0177 0.167 0150 0150 0.144 0136 0130 0.124 0.113
(Xs + [Sle2 (mM)

Ixts (%‘) was plotted against [S]; (%) and the analyte concentration in the sample

was calculated. The standard addition calibration plots are shown in Figure 7.15, while
the linear regression parameters and the calculated analyte concentrations can be found
in Table 7.4.

Table 7.4: Linear regression parameters of the calibration plots from Figure 7.15
and the corresponding extrapolated concentrations of L-lactic acid.

Replicate Slope Intercept R? [X]o, cale (mM)
a 1.7 £ 0.1 0.10 = 0.03  0.9906 0.11 4+ 0.03
b 1.5+02 0.10 £ 0.05 0.9747 0.13 £ 0.04
[¢ 1.55 £ 0.06 0.09 £0.02 0.9979 0.11 + 0.01
d 1.5+0.1 0.08 = 0.04 0.9832 0.10 4+ 0.03
e 1.44 + 0.07 0.07 & 0.02 0.9949 0.09 £+ 0.02
f 1.6 £0.1 0.09 + 0.02 0.9915 0.10 = 0.02
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Figure 7.15: Standard addition calibration plots for the six on-chip L-lactic acid
enzymatic determinations. The concentration of the standard solution added to
the sample was 1.00 mM for replicates (a) to (e) and 0.50 mM for replicate (f).

The precision of the method was significantly poor, as can be noticed by the broad
confidence intervals obtained for the slope and the intercept of the regression curves.
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Besides, despite the calculated L-lactic acid concentration in the sample did not present
a statistically significant difference with respect to the theoretical value (i.e. the con-
centration of the model sample, which was 0.15 mM) for any of the replicates at 95%
confidence level, the confidence limits were considerably wide. Only in one of the six
replicates the extrapolated concentration showed a confidence interval under the 10%
of the average value.

The obtained results would, therefore, seem to be relatively unsatisfactory. However,
they were considered a promising starting point owing to the large number of factors
introducing variability to the system. These factors are discussed hereafter.

e Limited reproducibility of the construction process due to the high complexity of
the devices

The complexity of a construction process is generally related to the number of
layers required, the number of steps to be performed and/or the complexity of
the internal structures to be either machined or created by the stacking of the dif-
ferent layers. In this particular case, we were facing a construction process which
met all the characteristics to be highly complex: each module was composed by
seventeen different COC layers (nine structural layers and eight bonding layers)
and its manufacturing process involved two hot embossing steps, seven bonding
steps and the CNC machining of eleven different layers/blocks. Additionally,
the modules included several narrow microchannels which had to be precisely
embedded into the structure and which were susceptible to collapse during the
construction process (see Figure 7.16).

As a consequence, the constructed prototypes occasionally suffered from diverse
flaws, which could include:

— Significant variations in the burst frequency of the valves due to differences
on the final dimensions of the channels. This size variability could be a
consequence of several factors related to the thermocompression conditions
during hot embossing and bonding processes. Slight deviations in the ap-
plied temperature and/or pressure could lead to an inaccurate embossing of
the master features, an incomplete sealing of the microchannels or a partial
or total collapse of the embossed channels.

— Possible clogging of the microchannels during the CNC micromilling steps as
a result of the introduction of expelled material (chips) inside the channels
or the melting of the material due to frictional forces between the tool and
the substrate.

— Slight variability of the metered volumes due to minor misalignments of the
layers during the micromilling steps or the bending of the structural layers
at the metering chambers during the bonding processes.

— Differences in the optical path length (i.e. in the height of the receiving
chambers) as a consequence of the deformation of the outer structural layers
during the last bonding step.
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The complexity of the construction process limited its reproducibility, therefore
compromising the quality of the results. Besides, slight variations could not
only occur between devices but also in a single prototype containing twenty
microchannels, twenty metering chambers and ten receiving chambers.

# *

Clogged Regular
microchannel microchannel

Figure 7.16: Microscopic image of two microchannels. The one in the left is
completely clogged, whereas the one in the right is properly sealed.

Some of the aforementioned problems were easily detected and could be efficiently
corrected or, at least, minimised. For example, the bending of the outer layers at
the receiving chambers was prevented by using micromachined Delrin sacrificial
layers (see § 3.2.3). On the other hand, the occurrence of some other construction
imperfections depended on the ability and the accuracy of the doer (e.g. the
positioning of the layers onto the CNC micromilling machine) or were difficult
to further control or predict (e.g. the collapse of the microchannels during the
bonding processes).

The different problems occurring during the construction of the modules were
mainly related to the high accuracy required for their final proper functioning,
which was barely unattainable by using a construction process where human
intervention played such an important role. Hence, most of these problems could
be easily circumvented by the automation of the construction process and the
use of alternative construction techniques (e.g. injection moulding®**°). This
way, human intervention would be minimised, thus reducing the complexity and
increasing the reproducibility of the process. Besides, the automation of the
construction process would lead to a drastic reduction of the manufacturing time
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(an additional handicap which is introduced hereafter). Notwithstanding, the
automation of the construction processes at the prototyping scale is generally
not economically worthy and it is usually restrained to the mass production of
the devices once they have been already optimised.

Although its limited reproducibility, the construction process described in this
chapter permitted the development of operational prototypes which could be
used for the conceptual and functional validation of the new fluidic structures.

e Reuse of the devices

The construction process used for the development of the devices was consider-
ably laborious and time-consuming in comparison to all other devices presented
in this dissertation. As a consequence, although the modules were designed to be
disposable, they were frequently reused. After each experiment, the devices were
thoroughly cleaned using MilliQ water and ethanol and were dried in an oven at
40 °C for approximately 48 h.

As a result of the reuse, the devices progressively showed degradation symptoms.
For example, the transparency of the material became gradually compromised,
hampering the measurement of the absorbance at the receiving chambers. Be-
sides, the variability between the burst frequency of the valves increased over
time, generally being a consequence of the total or partial obturation of the
channels.

It is worth mentioning that even though these issues were affecting the study of
the system, they were not expected to hinder the final application of the devices
which, as previously mentioned, were intended to be disposable.

e Irreproducible transfer of Suspension 4 from the auxiliary inlet chambers to the
receiving chambers

One of the main factors affecting the analyses was found to be the low repro-
ducibility of the addition of Suspension 4 to the reaction mixture. The suspension
was easily and accurately injected into the auxiliary inlet reservoirs of the receiv-
ing chambers. However, when the rotation of the platform decreased after its
transfer to the receiving chambers, part of the liquid occasionally returned to the
auxiliary inlet reservoir. This effect was probably due to the surface tension of
the solution and the resulting capillary forces.”®>" Since liquid returned before
the solutions had been properly mixed, it was not possible to know the com-
position of the returned liquid nor predict its effect on the analysis results. A
strong relationship could be noticed between the results differing the most from
the expected ones and the auxiliary inlet reservoirs where a considerable amount
of liquid could be found at the end of the experiment.

e Limited reproducibility of the alignment of the receiving chambers with respect
to the LED and the photodiode
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The absorbance measurements were affected by several parameters concerning
the alignment of the detection areas between the LED and the photodiode. Slight
variations on the positioning of the devices inside the modular platform as well as
small differences on the collocation of the platform layers led to a slight variability
of the measured absorbance. Besides, in spite of the high accuracy of the motor
movement, slight variations of the absorbance values could be noticed between
different measurement replicates. The parameters which were most significantly
affecting the movement of the motor were identified and optimised, including
the acceleration and deacceleration rates and the rotational speed between steps,
among others.

e Intrinsic problems of the standard addition method being applied

Standard addition methods assume that the effect of adding a standard to a
sample matrix is not significant and that therefore matrixes can be considered
identical.”® When several solutions containing the same volume of sample and
increasing volumes of standard are prepared and diluted to the same final volume,
this assumption is valid. For the addition of small volumes of standard to a
sample, the effect of the addition to the sample matrix can be generally neglected.
Nonetheless, in the developed devices, the amount of standard being added to
the sample was significant and, despite the dilution factor was considered for the
calculation of the analyte concentration, the effect of the matrix dilution could
have other implications that were not being contemplated.

Standard addition calibrations are considered to degrade the precision when com-
pared to ordinary calibrations since extrapolation methods are estimated to be
more affected to variations than interpolation methods.”*°" However, it has been
demonstrated that the uncertainty in the extrapolated value derives only from the
random errors of the regression line itself"” and that the precision of the method
can be improved by the appropriate selection of the number and concentration of
the standard additions®>°*. In order to maximise the precision of a standard addi-
tion calibration, the concentration of the added analyte is recommended to be as
high as it is consistent with the linearity of the method and, ideally, at least five
times the original concentration.®” In the developed devices, the highest added
concentration led to a final concentration of 0.331 mM, which corresponded to
more than six times the initial concentration ([X]; = 0.054 mM.) However, we
were not measuring the signal corresponding to this initial concentration but the
one after the first standard addition, where the total analyte concentration was
0.179 mM. The ratio between these two added concentrations was far away from
the ideal factor (0.331/0.179 = 1.8 < 5). All added concentrations were, actu-
ally, excessively close (since the added standard volumes were excessively similar)
and far away from the extrapolated value, thus compromising the precision of the
method. On the other hand, for a certain number of calibration points m, the
use of n clusters of data of m/n points each has been demonstrated to yield a
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better precision than the use of m data points equally distributed along the cali-
bration line.®=® In our case, not only the data points were gathered in a narrow
zone of the linear range but also were equally distributed along this zone with no
replicate for any of the added volumes.

Owing to all the potential problems that could occur during the construction process
of the devices as well as during the analyses, the results obtained for the quantification
of the L-lactic acid content of a model sample were considered not only positive but
also a promising initial approach.

A first attempt for the quantification of the L-lactic acid content of a commercial
red wine was carried out by using the developed prototypes. The result was compared
to the one obtained by using the procedure described in the kit brochure (see Table 7.1)
and a spectrophotometer equipped with a 1 cm optical path cuvette. The sample was
diluted to 1:50 previous to the analyses.

For the on-chip standard addition method, 270 pL of the sample and 240 pL of a
1.0 mM standard solution were injected into the inlet reservoirs of the equal volume
aliquoting subsystem and the variable volume aliquoting subsystem, respectively. Then,
15.2 pL aliquots of a reagent mixture containing 500 pL of Solution 1, 100 pL of Solution
2 and 20 pL of Suspension 3 were injected into each receiving chamber through the
addition windows, which were subsequently sealed using adhesive plate seals. Sample
and standard volumes were then metered and transferred to the receiving chambers at
900 rpm for 30 seconds and 5000 rpm for 30 seconds, respectively. The solutions were
mixed for 3 minutes and absorbance was measured twice for each receiving chamber.
These values corresponded to the blank of each receiving chamber and were later
subtracted from the final absorbance value. Afterwards, 4 uL of Suspension 4 diluted
to 1:10 were injected into the auxiliary inlet reservoirs and were transferred to the
receiving chambers at 2000 rpm for 10 s. The solutions were mixed for 10 minutes and
absorbance was measured twice for each receiving chamber. The absorbance of the

blank was subtracted from the average value obtained, Ix;s (%) was plotted against

[S]; (%) and the analyte concentration in the sample was calculated by extrapolation.

The calibration curves for the on-chip standard addition as well as for the calibration
by using the spectrophotometer can be found in Figure 7.17 and Figure 7.18, respec-
tively. The linear regression parameters and the calculated analyte concentrations are
summarised in Table 7.5.

Table 7.5: Linear regression parameters and calculated L-lactic acid concentra-
tion for the two different procedures.

Method Slope Intercept R? [X]o, cale (mM)

On-chip standard addition 1.17+£0.09 0.11 +£0.02 0.9854  0.17 £ 0.02
Calibration using the recommended procedure 44 +0.1 0.01 +0.02 0.9996 0.157 + 0.003
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Figure 7.17: On-chip standard addition calibration for the determination of the
L-lactic acid content of a commercial wine sample.
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Figure 7.18: Calibration for the determination of the L-lactic acid content of a
commercial wine sample using the procedure described by the kit manufacturer.
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Although the precision of the on-chip standard addition method was considerably
lower than the one of the classic interpolation method, the calculated L-lactic acid con-
centration in the diluted wine sample did not present a statistically significant difference
for a 95% confidence level.

After this promising first result obtained for the determination of the L-lactic acid
content of a commercial wine sample, several modifications were introduced to the
design of the modules in order to solve some of the issues described before. These
changes, which are depicted in Figure 7.19, were mainly applied to the variable volume
aliquoting subsystem and were aimed at the improvement of the precision of the method
and the minimisation of the possible effect of the matrix dilution.

In order to improve the precision of the method, the size and number of the metering
chambers was modified for obtaining three replicates of each added volume (instead
of ten different added volumes). Besides, three metering chambers were eliminated for
measuring the signal of the initial solution (no standard being added). The relative
difference between the added volumes was also increased, being the second addition
approximately the double of the first one. Furthermore, the added standard volumes
were reduced in order to diminish the dilution of the sample at the final volume and,
therefore, minimise the effect of the matrix dilution.

+
/ N
>\
1t standard addition /77/777
%

No standard addition

Equal sample metering

2nd standard addition

1st group 2nd group 3rd group
of replicates of replicates of replicates

Figure 7.19: New design of the modules for increasing the precision of the method
and minimising the effect of the matrix dilution.

The added volumes for the newly constructed prototypes were experimentally cal-
culated by following the previously described method consisting in the determination of
the aliquoted volumes at the receiving chambers by using microscopic images. For these
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prototypes, aliquoted volumes of both subsystems were measured at the same time;
volumes added through the variable aliquoting system were calculated by subtracting
the average volume obtained for the "no addition” measurements. The experiment was
carried out in triplicate. The obtained results are summarised in Table 7.6.

Table 7.6: Measured volumes for the aliquoting of water by using the equal
volume and the variable volume aliquoting subsystems. Volumes correspond to
the average value of three experiment replicates.

Chambers  Total volume (pL) RSD (%)  Added volume (pL)

1,47 23.4 2.2 0.0
2,58 26.9 3.1 35
3,6,9 29.5 3.4 6.1

Several on-chip standard additions were performed using the new prototypes. Based
on the linear range of the L-lactic acid determination using the kit reagents and our
setup, a 0.15 mM L-lactic acid solution was selected as the model sample, whereas
3.00 mM and 2.00 mM solutions were used as the added standards (the latter was
solely used for two of the experiments). The values of the variables from Equation 7.2
to Equation 7.5 are presented in Table 7.7.

Table 7.7: Volumes and concentrations used for the on-chip standard addition
calibrations using the new prototypes. L-lactic acid concentrations at the final
volume are also indicated for the two standard solutions used.

Sample volume Vo (pL) 23.4

Analyte conc. at Vg [X]o (mM) 0.15

Reagent volume Vg (pL) 24.5

Initial volume Vi (pL) 47.9

Analyte conc. at V; [X]i (mM) 54
Chambers 1,47 2,58 3,69
Standard volume Vs (pL) 0 3.5 6.1
Final volume Vs (plL) 58.6 57.2 55.5
Conc. of the standard (at Vs)  [S]i1 (mM) 3.00

Added analyte conc. (at V) [Sle1 (mM) 0 204 339
Total analyte conc. (at V) [X]s + [S]¢1 (mM) 73 273 404
Conc. of the standard (at Vs)  [S]i2 (mM) 2.00

Added analyte conc. (at V) [Slf2 (mM) 0 136 226
Total analyte conc. (at V) [X]f + [S]s2 (mM) 73 204 291

The procedure started with the injection of 270 pL of sample solution and 70 pL
of standard solution into the inlet reservoirs of the equal volume aliquoting subsystem
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and the variable volume aliquoting subsystem, respectively. Then, 20 pL aliquots of
a reagent mixture containing 250 pL of Solution 1, 52 pL of Solution 2, 10 pL of
Suspension 3 and 188 pL of water were injected into each receiving chamber through
the addition windows, which were subsequently sealed. Sample and standard volumes
were then metered and transferred to the receiving chambers at 900 rpm for 30 seconds
and 5000 rpm for 30 seconds, respectively. The solutions were mixed for 3 minutes and
absorbance was measured twice for each receiving chamber. These values corresponded
to the blank and were subtracted from the final absorbance. Afterwards, 4.5 pL of
Suspension 4 diluted to 1:10 were injected into the auxiliary inlet reservoirs and were
transferred to the receiving chambers at 2000 rpm for 10 s. The solutions were mixed
for 10 minutes and absorbance was measured twice for each receiving chamber. The

absorbance of the blank was subtracted from the average value obtained, Ixys (%f) was
plotted against [S]; (%) and the analyte concentration in the sample was calculated by
extrapolation. Eight standard addition calibrations were performed. The corresponding
plots can be found in Figure 7.20. The linear regression parameters and the calculated
analyte concentrations are summarised in Table 7.8.

Table 7.8: Linear regression parameters of the calibration plots from Figure 7.20
and the corresponding extrapolated concentrations of L-lactic acid.

Replicate Slope Intercept R? [X]o, cale (mMM)
a 154+02 0.18+0.05 0.9773 0.25 £ 0.09
b 1.54+02 0.11+£0.05 0.9815 0.15 £ 0.08
c 1.1 +£02 0.12+£0.05 0.9585 02+0.1
d 154+ 0.1 0.16 £0.03 0.9925 0.21 £ 0.06
e 1.24+0.1 0.08+0.03 0.9897 0.13 £ 0.05
f 1.2+02 0.12+0.04 0.9809 0.21 £+ 0.07
g 144+02 0.13+£0.04 0.9775 0.18 £ 0.06
h 1.34+04 0.14 £0.07 0.9015 02+£0.1

The obtained results showed an unexpected variability in addition to a noticeable
low precision. Despite no statistically significant differences were found between most
of the calculated concentrations and the concentration of the model sample solution
(0.15 mM), the calculated confidence intervals were considerably wide.

In general, the quality of the results obtained with the new prototypes was lower
than the one of the previous ones. This fact seemed to be mainly related to a poorer
distribution of the initial standard volume during the metering phase, where excess
liquid did not completely overflow to the waste chamber. A thin liquid film connecting
all the metering chambers could be usually observed in the distribution channel. This
excess liquid strongly affected the metered volumes and their later transfer to the
receiving chambers, where higher volumes than the expected ones could be noticed at
the end of the experiments, especially in those receiving chambers where no standard
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Figure 7.20: Standard addition calibration plots for the eight on-chip L-lactic

acid enzymatic determinations using the new prototypes. The concentration of

the standard solution added to the sample was 3.00 mM for replicates (a) to

(f) and 2.00 mM for replicates (g) and (h). Error bars represent the standard
deviation (n = 3).
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must be added. Although no metering chamber was machined for the "zero addition”
of standard, the microchannel that connected the distribution channel to the receiving
chamber was still present. As a consequence, excess liquid remaining in the distribution
channel after the metering phase could reach all receiving chambers, including the
"zero addition” ones, during the transfer phase. Since it was not possible to predict the
amount of extra standard added to each receiving chamber, it was difficult to elucidate
its effect on the analyte concentration at the final solution.

The poorer distribution of the standard solution using the new prototypes (in com-
parison to using the previous ones) was thought to be caused by the modifications
applied to the design. Unfortunately, the variability of the metered volumes had a
stronger impact on these new devices, where the added volumes were considerably
lower.

The improper distribution of liquids was not noticed for the experiments were the
aliquoted volumes were being measured (see Table 7.6), since those tests were per-
formed using water. Therefore, the properties of the solutions, specially the surface
tension, were probably affecting the metering process.

New modular designs introducing some modifications for the distribution of liquids
as well as including only one replicate per device (see Figure 7.21) are now under study
in order to improve and optimise the aliquoting process. These new modules reduce the
construction time and the complexity of the construction process. Aliquoted volumes
are now being measured using solutions with different surface tension properties.

Figure 7.21: Latest developed prototypes for the L-lactic acid enzymatic deter-
mination.
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7.7 Conclusions & future remarks

In this chapter, the development of a modular centrifugal microfluidic platform for
the parallel analysis of several wine parameters has been presented. The centrifugal
platform comprised two identical devices which were designed for performing an on-chip
standard addition calibration. Each device included two aliquoting subsystems, one for
the aliquoting of a sample into equal sub-volumes and the other for the aliquoting of
a standard solution into variable sub-volumes.

The developed modules demonstrated an excellent performance on the aliquoting
of water. However, the results for the L-lactic acid determination using a standard
addition calibration showed low accuracy as well as a considerable irreproducibility.
Notwithstanding, these initial results were considered a promising starting point for
achieving the main goal of this work.

The different factors which could potentially affect the quality of the results have
been successfully identified. At this point, some modifications have been introduced in
order to simplify the design and the construction process of the microfluidic platforms.
These modifications have not yet produced a substantial improvement of the results,
yet it is expected to achieve a completely functional device after the optimisation
of the structures. A further study of some variables affecting these devices is still
pendant. Improvements in the microfluidic platform design as well as in the analytical
procedure are still to be performed, such as the elimination of the microchannel for the
"zero addition” or the optimisation of the operational conditions for the addition of the
reagents.

Once the platform has been optimised, it will be applied not only for the L-lactic
acid quantification in wine samples but for the determination of several other wine
parameters which can be quantified by enzymatic methods using spectrophotometric
detection.
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Chapter 8

Concluding remarks & future
challenges

This dissertation presents three different applications of LOC systems as well as a novel
valving system for centrifugal microfluidic platforms. At the end of each chapter, one
can find the specific conclusions and some future remarks on each concrete topic. A
more encompassing view is provided hereafter, where the general and most relevant
conclusions are outlined.

The use of COC as the substrate material for the construction of LOC devices
provides several relevant advantages over the use of other common materials. Some of
these advantages have been extensively exploited in this work and include, for example,
the possibility of using a multilayer approach as the fabrication methodology. This
fact, along with a simple bonding strategy based on the combination of COC layers
with different Ty, has enabled the prototyping of complex 3D structures in an easy and
rapid fashion. Although in the last chapter a relatively complex construction process
has been presented, it is important to emphasize that such intricated structures would
have been more difficult, more time-consuming or even impossible to fabricate using
other substrate materials.

The selection of the suitable material for the fabrication of a LOC device is funda-
mental when intended to be scaled up to mass production. The potential of a device
to be commercially attractive is directly related to the costs of its mass manufacturing.
In this regard, one of the major benefits of using COC as the substrate material is the
availability of several economical and well-established techniques for mass production
(e.g. injection moulding and hot embossing), thus reducing the gap which is frequently
found between industry and academia.

The high optical transparency of COC in the UV-visible range has been crucial to
the development of the microsystems presented in this dissertation, all of them based
on absorbance measurements for the quantification of the analytes. Titratable acidity
in wines was determined at 621 nm, in the visible range, whereas PAN and L-lactic acid
were determined at 340 nm, in the near-UV range. Absorbance measurements were
performed by using a simple, economical and miniaturised optical detection system.
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The microsystems presented in this thesis have benefited from the proprietary fab-
rication methodology existing in the GSB, which has been developed during the last
few years. This technology has permitted the integration of the necessary elements
and structures for performing the basic fluidic operations required for each concrete
application. These later include, among many others, valving, mixing, metering and
aliquoting.

Apart from taking advantage of the available fluidic “toolbox”, this thesis has also
contributed to this latter by the development of a novel valving system for centrifugal
microfluidic platforms. This novel magnetically actuated valve is simple, robust and
easy to implement. lts major strength lies on being reversible (i.e. able to switch be-
tween open and closed states). This property, rarely reported in the literature despite
being particularly desirable, enables a highly sophisticated and flexible fluid manage-
ment.

Even though the main objectives have been successfully achieved, some of the
microsystems presented in this thesis are still at the prototyping level, requiring further
effort to be fully transferable to industry. In the microsystem presented in § 4, for
instance, the integration of solenoid micropumps for fluid transport (instead of using a
conventional peristaltic pump) would considerably increase the miniaturisation of the
system and its potential autonomy.

It is expected to achieve in the near future a completely automated and autonomous
microsystem for the continuous monitoring of, at least, titratable acidity and PAN in
musts/wines during wine-making processes. “At least” has been deliberately used in
order to highlight the enormous versatility of the developed microsystem, which could
undoubtedly be applied for the analysis of other parameters of interest whether in wine-
making or in other different areas. The high versatility of the system is a result of the
high versatility of the involved elements: actuators, microfluidic platform and optical
detection system.

The last microsystem presented, a centrifugal microfluidic platform for the parallel
enzymatic analysis of several analytes in wine, is still in the development stage. The
optimisation of this system will certainly require a thorough study. Nonetheless, the
work here presented has paved the way towards the ambitious final objective.



	Títol de la tesi: Miniaturisation, automation and parallelisation of (bio)chemical 
analyses using novel Lab on a Chip systems
	Nom autor/a: Natalia Sandez Fernandez


