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Abstract

During the last few decades there has been a marked progression
towards the miniaturization and automation of analytical processes in
order to reduce costs, energy, reagents and waste and to allow for point-
of-care (POC) analysis. An approach is the use of microfluidic platforms
that integrate all the necessary elements to carry out a complete
analysis. The analytical devices presented here are a good example of this
trend. They consist of miniaturized systems to allow for POC analysis in
healthcare.

More specifically, this thesis focuses on the determination of
biomarkers for different Inborn Errors of Metabolism (IEM). Ammonium
ion, NH4*, has been selected as analyte of interest due to its marked
increase in blood and its consequent serious and long-lasting neuronal
affectations in patients presenting non-controlled Urea Cycle Disorders
(UCDs). Currently, NH4* determination is only carried out at the
laboratories of reference centres as it requires expensive and complex
equipment. However, this condition calls for immediate medical
intervention and the fact that it can only be monitored in some hospitals
hinders the accessibility to a swift medical treatment.

Alternatively, this work also focuses on another metabolic disease,
Phenylketonuria (PKU), which also requires a close surveillance to keep
Phenylalanine (Phe) levels in blood within acceptable levels. Although an
increase of Phe has serious consequences for the development of the
neuronal system, currently patients lack a method of self-monitoring that
can be used periodically at their own homes and they must rely only on
periodical controls in reference hospitals.

Therefore, there is an imperious need to procure reliable, fast and
robust analytical devices for the determination of these two biomarkers,
which must be cheap and easy to use in order to facilitate their
implementation in all clinics and homes.

Two different approaches for the determination of these biomarkers
in blood samples are described in this thesis. The first one, focused only
in NHs* determination, is the development of a high throughput
analytical system for the continuous analysis of low volume blood
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Abstract

samplesin an hospital setting, based on a polymeric microfluidic platform
to reduce reagents and waste volumes and costs. The second one is the
development of a single-use auto-calibrating polymeric analytical
platform aimed for at-home analysis of capillary blood for the
determination of both biomarkers. Both these analytical approaches rely
on potentiometry as the method of detection, relying on the use of solid
contact ion selective electrodes (SC-ISE) for the reliable determination of
NHa4*. On the contrary, Phe determination is achieved indirectly by the
conversion of this amino acid into ammonia by the incorporation of an
enzyme into the analytical platform.
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Resumen

Resumen

Durante las ultimas décadas, ha habido una marcada tendencia hacia
la miniaturizacién y la automatizaciéon de los procesos analiticos para
reducir costes, energia, reactivos y residuos, y para permitir los analisis
point-of-care (POC). Una estrategia es el uso de plataformas
microfluidicas que integran todos los elementos necesarios para la
realizacion completa de un analisis. Los sistemas analiticos presentados
en este trabajo son un buen ejemplo de esta tendencia. Consisten en
sistemas miniaturizados que permiten el andlisis POC para el ambito
sanitario.

Mas concretamente, esta tesis se centra en la determinacion de
biomarcadores para diferentes Errores Innatos del Metabolismo (EIM). El
ion amonio, NH4*, ha sido seleccionado como ion de interés debido a su
marcado incremento en sangre y sus consecuentes afectaciones
neuronales, que son graves y de por vida, en pacientes que presentan
Trastornos del Ciclo de la Urea (TCU) no debidamente controlados.
Actualmente, el control de los niveles de NHs* solo se hace en
laboratorios de centros de referencia por la necesidad de equipamiento
caroy complejo. Sin embargo, estos casos requieren intervencién médica
inmediata, y el hecho de que solo puedan ser diagnosticados en ciertos
hospitales dificulta la accesibilidad a un rapido tratamiento médico.

Alternativamente, este trabajo también se centra en otra enfermedad
metabdlica, la Fenilcetonuria (PKU), en la que también es clave un control
frecuente de los niveles de fenilalanina (Phe) en sangre para mantenerlos
dentro de los rangos aceptables. Aunque un incremento de los niveles de
Phe tiene serias consecuencias sobre el desarrollo neuronal, los
pacientes no disponen de ninguna solucidn analitica para auto-gestionar
su propia enfermedad y deben dependen uUnicamente de controles
periddicos en hospitales de referencia.

Por lo tanto, existe una imperiosa necesidad de obtener dispositivos
analiticos fiables, rapidos y robustos para estos dos analitos, y que deben
ser baratos y faciles de usar para facilitar su instalacion y uso en todas las
clinicas y hogares que asi lo requieran.
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En este trabajo se describen dos enfoques diferentes para la
determinaciéon de estos biomarcadores en sangre. El primero de ellos,
gue se centra solo en la determinacion del NH4*, es el desarrollo de un
sistema analitico de alto rendimiento para el analisis continuo de
muestras de sangre de volumen reducido en hospitales y clinicas. Esta
basado en una plataforma microfluidica polimérica que permite reducir
el uso de reactivos, muestra y los costes. El segundo enfoque se basa en
una plataforma polimérica desechable y auto-calibrable para el analisis
de sangre capilar en un ambito doméstico, que si esta disefiado para la
deteccion de ambos biomarcadores. Ambos dispositivos analiticos se
basan en la potenciometria como método de deteccién y en el uso de
electrodos selectivos de iones de estado solido (SC-ISE) para la deteccién
del NH4*. Por otro lado, la deteccién de la Phe se consigue de forma
indirecta mediante la conversidon de este aminoacido en amoniaco al
incorporar una enzima dentro de la plataforma analitica.
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Introduction

Chapter 1

Introduction

1.1.Ammonium ion and phenylalanine as biomarkers

The International Union of Pure and Applied Chemistry (IUPAC)
defines biomarker as an “indicator signalling an event or condition in a
biological system or sample and giving a measure of exposure, effect or
susceptibility” and specifies that this biomarker “may be a measurable
chemical, biochemical, physiological, behavioural or other alteration
within an organism”.!

In this work, we have focused on ammonium ion, NHs*, and
phenylalanine (Phe) as biomarkers of diseases presenting high levels of
these molecules in blood. Thus, the analytical microsystems described in
this dissertation focus on the potentiometric detection of these relevant
biomarkers to achieve a close biochemical monitoring in a clinical setting.

1.1.1. Ammonium ion as biomarker for urea cycle disorders

Urea Cycle Disorders (UCDs) are only one of the over 500 different
types of Hereditary Metabolic Diseases (HMD), also known as Inborn
Errors of Metabolism (IEM). Individually, these diseases are rare.
However, taking into account the overall incidence they can be as high as
51:100000, and in particular, UCDs have a total birth prevalence of
2.9:100000.2

Part of this work focuses on the UCDs, in which the congenital
malfunction of any of the enzymes involved in the urea cycle (Fig. 1.1)
leads to an impaired NH4* detoxification, and thus, to increased levels of
this molecule in blood. In healthy cases, NHs* is found at levels lower than
50 uM in adults and children, and lower than 110 uM in newborns. Values
higher than these concentrations constitute a condition known as
hyperammonemia which requires immediate medical intervention to
avoid hyperamonemic encephalopathy, irreversible brain damage,
comma and even death. The affectations to the central nervous system
are particularly severe and permanent if they occur during childhood as
the nervous system is still under development and neuronal loss and
defects in cell growth, migration and myelination can occur.?
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Fig. 1.1 The urea cycle disorder and enzymes involved. Adapted from (5).
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Alternatively, the accumulation of NH4* in blood can also be a
consequence of either an increased production of this molecule (due to
drugs, bacterial overgrowth or infection-induced catabolic states), or due
to a hindering in the detoxification resulting from the loss of activity of
the glutamine synthetase caused by cirrhosis and hepatic failure, as this
process takes place in the periportal hepatocytes.** Indeed, cirrhosis and
hepatic failure constitute the main non-congenital cause of
hyperammonemia. Moreover, both cirrhosis and chronic liver disease
present a high prevalence in population, with a total of 1.5 billion cases
worldwide in 2017.°

UCDs can manifest at any point in life and there are tests for prenatal
and newborn screenings. These genetic diseases cannot be cured but can
be managed by the monitoring of NHs* levels and by dietary restrictions
aimed to reduce protein catabolism.” In cases of hyperammonemia
induced acute encephalopathy, a fast medical intervention based on
haemodialysis, cease of protein intake and administration of arginine and
drugs for NHs* removal is required.®

To ensure the best care for patients, the quantification of NH4* levels
in blood should be fast and accessible. However, NHs* analysis is
currently only carried out at laboratories of reference centres. Moreover,
blood extracted from patients’ needs to be taken to the laboratory and
centrifuged, thus delaying the analysis process. Additionally, NH4* levels
in plasma increase dramatically with time due to cell lysis and amino acid



Introduction

degradation, so results obtained from the analysis of these plasma
samples may not be accurate.?

There already exist some published works for NHs* quantification in
biological fluids. Some of them consist of wearable devices for the
quantification of this analyte in sweat.>!® However, quantification of
NH4* levels is more reliable when the sample is whole blood. As it
happens, there are other analytical microsystems reported that use
blood as sample.'*'3 Moreover, there are some commercially available
point-of-care (POC) for NH4* quantification in blood, such as the Pocket
Chem Ba PA-4140 by Arkray and the FUJI DRI-CHEM NX10N by Fujifilm.
Both are based on optical detection, which for the analysis of blood
samples is not the ideal method because the complexity of the matrix can
difficult the measurement. Moreover, both present similar lineal ranges
of 7 uM to 285.5 uM NH4* and to 357 uM NHa4* respectively, which cover
the pathological threshold of NH4* concentration but are not reliable for
the monitoring of very decompensated patients, as its lineal ranges do
not cover very high NH4* concentrations. Furthermore, they both require
the use of a single-use consumable test strip for every analysis. This leads
to the need of transporting and storing strips, which may be difficult in
developing countries, and increases the cost of each analysis as well as
generating more waste. Additionally, there are not commercially
available NH4* POC devices for at-home use.

1.1.2. Phenylalanine as biomarker for Phenylketonuria

The analytical microsystems for the potentiometric detection of NH4*
developed in this work can be modified by the inclusion of an enzyme for
the indirect determination of any other biologically relevant molecule.
This enzymatic concept has been employed in this thesis for the
determination of Phe. This amino acid accumulates in blood in patients
presenting Phenylketonuria (PKU), which is an autosomal recessive IEM
where Phe cannot be appropriately metabolized in the liver, due mostly
to a mutation of the phenylalanine hydroxylase (PAH) enzyme (Fig. 1.2),
but also for a minority of cases due to a malfunction of its co-factor,
tetrahydrobioprotein (BH4). Depending on the levels of Phe in blood,
there are different classifications of hyperphenylalaninemia (HPA) and
the clinical manifestation of PKU, which can be seen in Table 1.1.
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Table 1.1 Classifications of HPA and PKU diseases according to the Phe concentration in blood.

Classification [Phe] (uM)
Mild HPA 120 -600
HPA 600 -1200
Classical PKU > 1200
Phenylalanine Tyrosine
0 0
Phenylalanine hydroxylase
N/ >
OH 2 OH
NH, £ NH,
BH4 qBH2 HO
PLP Pyruvate v
Aminotransferase Alanine DNAJC12 acting
as a co-chaperone Tyrosinase
Phenylpyruvate
Phenyllactate and phenylacetate Melanin

Fig. 1.2 Phe metabolism affected by the inactivity of PAH in PKU cases (14).

This disease has an average incidence of 6.5:100000 worldwide.? If left
untreated, PKU leads to severe intellectual impairment and behavioural
issues due to affectations in the central nervous system related to
disturbances in dendritic growth, synaptic connectivity, reduction of
cerebral glucose metabolism, large neutral amino acid (LNAA) and
neurotransmitter deficiencies.'* However, thanks to neonatal screening,
early detection is possible and, with adequate management, the
prognosis is good. The main treatment consists of the adherence to a
Phe-restricted diet for life which, on its own, is enough to prevent
neurological decline. However, due to the difficulties in maintaining this
Phe-restricted diet, alternative treatments are under development, such
as enzyme replacement therapy, gene therapy, liver transplantation, BH4
therapy, the use of LNAA to compete with Phe at the blood brain barrier
and the use of glycomacropeptide as an adjunt to the Phe-restricted
diet.?®

Periodic controls, weekly, fortnightly or monthly depending on the
age of the patient, of the Phe levels in blood are routinely carried out at
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reference hospitals to ensure that they are kept at acceptable levels.
Nowadays, amino acids determination in hospital laboratories is
performed by ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) and different biological fluids can be
analysed (such as plasma, blood, urine and cerebrospinal fluid).
Regarding Phe in particular, analysis can be carried out using dried blood
spots, which can be easily shipped to the hospital without requiring the
presence of the patient. However, currently patients lack the possibility
to keep a closer control of their pathology from their own homes, as
there are not commercially available POC devices to be used at home.
Nonetheless, work towards the development of a POC device for Phe
determination at home is undergoing, and some reports about Phe
determination in different biological fluids, such as urine, plasma and
sweat, by different methods of detection have already been published.'®~
19 Nevertheless, very few reported devices use blood as sample, and
those that do present different drawbacks, such as the need for sample
pre-treatment in the form of dilution?® and lack of robustness and need
for storage under-vacuum conditions.?!

1.2.Analytical chemistry: towards miniaturization of
analytical systems

Analytical chemistry may be broadly defined as a metrology science
focused on obtaining quantitative and qualitative information about the
nature of matter, as well as the development and improvement of
analytical tools and methods to answer scientific and socials needs
related to the determination of the matter composition. These social
needs have evolved during time, demanding better, faster and more
affordable solutions to analytical issues. Therefore, analytical chemistry
has evolved from a science confined at laboratories and performed by
qualified personnel to a real time and in situ discipline, and ubiquitously
found in every area of interest, such as healthcare and diagnostics,?272°
culturing and analysis,?®>° nucleic acid assays,3°3? drug screening and
discovery,®® omics,3436 environmental analysis, 3 food analysis**4°
and space exploration.*’>1

The publication in 1990 by Manz et al.>? was an inflection point in the
field of analytical chemistry, and constitutes a milestone in the
miniaturization trend that was occurring at the time. It stablished the
concept of a Micro Total Analysis System (UTAS) as a miniaturized version
of Total Analysis System (TAS) that had arisen during the 80s. The
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development of TAS responded to the need to assemble and automate
the different steps involved in a given analytical process. The UTAS, or
lab-on-a-chip (LOC) takes this concept a step forward by downscaling the
size to a chip-like device and reducing the volumes of sample, reagents
and waste, which in turn leads to lower times of analysis. The decrease
in size also enables its transportation making POC devices a reality. This
evolution was possible largely thanks to the technology already
developed in the field of Microelectronic Mechanical Systems (MEMS).>3

As a consequence of the miniaturized nature of UTAS, progressively
portable devices are being developed for in situ measurements. An
additional trend within the uTAS field is the development of multiplexed
POC devices which can quantify various analytes simultaneously in a fast,
reliable and low cost manner.>® This is particularly important for
healthcare analysis, as the determination of a single biomarker may not
be reliable for a proper diagnosis or monitoring of a disease.

In parallel to the miniaturization trend, since the early 2000s there has
been a shift towards Green Analytical Chemistry (GAC) that derives from
Green Chemistry, and its 12 principles that arose in the 1998.>> GAC
strives to make analytical processes more environmentally friendly by
means of miniaturization in order to downscale the volumes of reagents,
wastes and samples, the avoidance of harmful chemicals, avoidance of
derivatization and sample pre-treatment processes, the promotion of the
use of renewable sourced reagents, the reduction of energy consumption
and cost and the increase of safety for the operators.>6—>8

Likewise, in 2003, the World Health Organization released the
ASSURED criteria that requires POC devices to be Affordable, Sensitive,
Specific, User-friendly, Rapid and Robust, Equipment-free and
Delivered.”® Later, in 2019, these criteria were extended to include three
more characteristics: Real-time connectivity, Ease of specimen collection
and Environmental friendliness, thus forming the new acronym
REASSURED.®°

1.3.Microfluidics in miniaturized analytical platforms

The miniaturization trend that led to the development of UTAS
involved the downscaling of the microfluidic platforms dimensions, a
reduction in the channel size and a diminishment of the sample and
reagents volume used. The reduction of the scale of the channels and
compartments where liquids flow leads to an increase in the surface to
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volume ratio, which causes the fluids at the microscale displaying a
different behaviour and characteristics than in the macroscale. As a
consequence, surface interactions dominate and surface tension
becomes the dominant force in these type of systems.®! Laminar flow is
a distinctive feature of miniaturized microfluidic platforms.5?

This type of behaviour can be characterized using the dimensionless
Reynolds number (Re), which relates the inertial (fi) and viscous forces
(fv) of a fluid and results from the expression indicated in Eq. 1.1:

v n

in which p (kg-:m3) is the density of the fluid, v (m-s?) is the velocity of the
fluid, Dn (m) is the hydraulic diameter of the channel and n (N-s-m) is the
shear viscosity of the fluid. Dnis in turn defined by Eq. 1.2 as:®3

Re

Eq. 1.1

_ 4 Area
h = B,

Eq. 1.2

where the area corresponds to the cross-section area and Py is the
wetted perimeter of the channel.

From Eg. 1.1, we can see that when the Re is high (over 10000), the
inertial forces are dominant which corresponds to a turbulent flow (Fig.
1.3A) which is characterize d by random movement and chaotic mixing.
When the Re is low (less than 2000), the prevailing forces are the viscous
ones. Thus, the fluid displays a laminar flow (Fig. 1.3B), in which parallel
fluids streams form, and mixing is minimal and caused only by molecular
diffusion. This fluidic behaviour allows a close spatiotemporal control of
the fluids, which can be used to our advantage in relation to different
applications such as separation techniques, cell screening, protein
positioning and membrane assembly.%4%8

A B

C%f\ >C -

Fig. 1.3 Schematic representations of the turbulent flow (A) and the laminar flow (B) of fluid one
(blue) and fluid two (yellow) injected from two different inlets converging in the same
microchannel, and the resulting mixing (green).
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Nevertheless, for the applicability of some UTAS, it is important to
accomplish an optimum mixing of the different reagents involved in the
analytical process. Because the laminar flow relies on diffusion as the
driving force to achieve mixing, the times for this process to occur are
unacceptably long, particularly for larger molecules.

Another two relevant dimensionless numbers to define fluid dynamics
are the Peclet numer (Pe) and the Fourier number (Fo).5%%° The first one
expresses the relative importance of convection to diffusion (Eq. 1.3):

P _vL
°=D

in which L (m) is the characteristic length of the channel and D (m?-s!) is
the diffusivity for a spherical molecule of radius a (m). D can be defined
according to the Stokes-Einstein relationship defined in Eq. 1.4:

Eq.1.3

KgT
6mna

Eq.1.4

in which Kg is the Boltzman constant and T (in K) is the temperature.
According to the Pe, we can calculate the channel width necessary for a
given particle flowing at a given velocity to completely mix.

The Fo (Eg. 1.5) expresses the ratio between the residence time (T;)
and the mixing time (Tm).

T, LD
Tm Dy’v

Fo = Eq. 1.5

Therefore, if Fo > 1, T; is enough for mixing to occur, and it can be
achieved by decreasing the flow rate or the diameter of the channel, or
by increasing the length of the channel.

To avoid the previously mentioned problem of exclusively diffusion-
driven mixing and achieve fluidic mixing at short times it is necessary to
introduce active or passive micromixers in the microfluidic platforms,
which will be discussed more in depth in a later section of this chapter.
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1.4.Microfluidic analytical platforms: integration of the
basic unitary operations

One main characteristic of the TAS and UTAS is the ability to integrate
all the different functional elements necessary to carry out the basic
unitary operations that constitute a complete analytical process.”®
Therefore, the final configuration of the analytical platform needs to be
designed and tailored taking into consideration the particular purpose for
a given analytical microsystem. We can classify the different functional
elements in various categories such as fluid management (including the
introduction of the fluids into the platform and its transport), pre-
treatment of the sample, detection, and data treatment and signal
processing (Fig. 1.4).

S Mo Fluid transport Pre-treatment Detection Slgna_l
to LOC processing

Fig. 1.4 Basic unitary operations for a given analytical process integrated in a uTAS.

1.4.1. Fluid management

A UTAS should have a reliable fluidic interface between the
microfluidic platform and the external elements. Hence, fluidic
connections should be low cost, easy to assemble and reuse, withstand
high pressures and conditions, be chemically inert, avoid cross-
contamination, have a minimal dead volume, and allow a high density of
connections if necessary.”’2 Ideally, these connections should be
standardized in order for uTAS and LOCs to be commercially successful,
but this has yet to be achieved. Instead, the fluidic connexions are usually
designed depending on the particular use for a given device. There have
been several types of connections developed during the last years. There
are works reporting adhesive-free reversible connections which can be
just simple insertions of a tube on an opening in the surface of a
microfluidic platform’3~7> or rely on the use of an additional compression
mechanism such as screws,’®’” vacuum’® or magnetic forces.”®
Alternatively, there are also adhesive-based permanent fluidic
connections® which stand out by their robustness (although the use of
adhesive entails the possibility of clogging and chemical
incompatibilities), and connections that are integrated monolithically on
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the microfluidic platform itself by different methods, such as injection
moulding,8-8? welding8384 and 3D-printing.8>8

The microanalyzers developed in this work rely on flow injection
analysis (FIA): a continuous flow methodology based on the discrete
injection of a determinate volume of a sample into the microchannels of
the analytical platform, where a carrier solution is already flowing. This
way, the sample is carried through each of the elements of the
microfluidic platform and eventually, to the detector (Fig. 1.5).

——
Reagent |
Carrier O W\—D—B- Waste
Sample
Pump Valve Reaction Detector

coil

Fig. 1.5 Schematic representation of a basic FIA system (89).

A FIA system, unlike a discrete analysis, allows a continuous
measurement of the signal. When the sample is injected, a transitory
analytical signal in form of a peak instead of a plateau-like signal in
chemical equilibrium is obtained.?? The height of this peak can be related
to the concentration of the analyte. Once the sample plug has left the
detection chamber, the signal returns to a baseline, allowing for the
correction of possible signal drifts.

FIA systems are easily adapted by the inclusion of computer-
controlled commutation elements to obtain multicommutated flow
analysis systems (MCFA) that display a high level of versatility and
automation.®®

Once liquids are inside the microfluidic platform, there are different
approaches to manage them through the microchannels, and control
flow rate, direction and duration. According to the main strategy
employed for fluidic propulsion we can differentiate those that rely in
capillary forces such as the case of lateral flow based devices, pressure-
driven devices, centrifuge-based platforms, and electrokinetic and
acoustically driven devices.%!

10
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The analytical systems developed in this work fall within the group of
the pressure-driven devices, which allows a close control of the flow rate.
There are works in the literature that integrate the elements responsible
for the liquid control and transport into the analytical microsystem itself,
and the increased portability makes them great as POC devices.
However, this integration is in most cases difficult and increases the
complexity of the analytical platform. Therefore, hybrid systems in which
these elements are outside the microfluidic platform are also common.
The Grupo de Sensores y Biosensores (GSB) of the Universitat Autonoma
de Barcelona (UAB) (Bellaterra, Spain) group has experience in this hybrid
systems, particularly with the use of peristaltic pumps and solenoid
valves as active actuators for fluidics.

1.4.1.1. Peristaltic pumps

Most pumps can be classified into two different categories:
mechanical or non-mechanical pumps. Peristaltic pumps fall into the
former group as they use peristaltic movements to propel fluids, and this
can be achieved by the use of different energy sources, such as motors,
piezoelectric elements, temperature or pneumatic of electrostatic
actuation. °2

The most popular one is the use of motors due to its simplicity and
high throughput, and also because it is possible to use only one motor to
propel fluids through different channels. Therefore, these peristaltic
pumps have been extensively used, commercialized and miniaturized,
and this will be the type of pump mainly used in this work. A schematic
representation of this peristaltic pumps and its components can be seen
in Fig. 1.6.%3

11
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Fig. 1.6 Schematic representations of a 4 roller rotary peristaltic micropump components (A) and
top view (B). Adapted from (93).

1.4.1.2. Valves

Like in the case of pumps, valves can also be classified into active or
passive depending on whether they require an external energy input or
not. Valves are the elements responsible for the control of the direction
of the fluids and they can be miniaturized to be integrated into
microfluidic platforms.%

In this work we will use mainly two types of valves, a 6-way injection
valve and a 3-way solenoid valve.”® The mechanism for both valves can
be seenin Fig. 1.7 and Fig. 1.8 respectively.

A B

OFF /2 v oN 12v

N bt 4

Outlet Intlet 1 Intlet 2 Outlet Intlet1 Intlet 2

Fig. 1.7 Schematic representations of a 3-way solenoid valve, on the OFF (A) and ON position (B).
Adapted from (90).
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Fig. 1.8 Schematic representations of a 6-way injection valve working mechanism steps: A) sample
loading and B) sample injection.

1.4.2. Sample pre-treatment

Depending on the particular analytical process carried out by the uTAS
or the detection system used it may be necessary to treat the sample
prior to the detection of the analyte of interest. Traditionally, most of
these steps took place outside the UTAS platform, but efforts in the last
years have been undertaken in order to incorporate them into the
analytical microsystem in order to fully consolidate the complete
analytical process on the same platform.> Several pre-treatment steps
have been already incorporated into UTAS, such as:

e Separation: used in order to isolate the analyte of interest from
the rest of the sample matrix by means of different approaches
such as the use of microfilters or taking advantage of the diffusion
of the target analyte across a laminar boundary while the rest of
the particles are retained in the original flow, among others.%6-%°

e Pre-concentration: useful for samples that contain low
concentrations of the analyte of interest, with the intention of
increasing the sensitivity of the detection method. These methods
can be broadly divided into static and dynamic techniques.'® The
static ones are solvent extraction techniques, surface binding
approaches and the use of porous and nanochannels, whereas the
latter group can be further subdivided in those techniques that
are based on changes in the analyte velocity across a sample and
buffer boundary (such as field-amplified sample stacking (FASS),

13
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field-amplified sample injection (FASI), pH-mediated stacking,
isotachophoresis (ITP) and sweeping) and those that rely on the
velocity of the analyte approaching zero at some point of the
channel (isoelectric focusing (IEF), temperature gradient focusing
(TGF) and electric field gradient focusing (EFGF)). Additionally, on-
chip Polymerase Chain Reaction (PCR) processes can be used to
increase the DNA available for analysis.3%101

e Cell lysis: is necessary for the analysis of intracellular material and
it involves the rupturing of the cell membrane by various
means,'%? such as mechanical,1%1% chemical,'1% enzymatic,'%®
thermal, %7 acousticl%®110 or electrical 1117113

e Derivatization: consists of obtaining an alternative chemical
species that is more suitable for an efficient detection.!4

e Labelling: in the case of biochemical analysis, analytes may be
specifically or unspecifically labelled for separation or
detection.'®

1.4.3. Reaction

In the cases that a reaction is necessary for the analysis to take place
is necessary to ensure an optimum mixing of the reagents. As has been
previously mentioned, the laminar flow that dominates at the
microfluidic scale hinder this mixing, and the inclusion of micromixers in
the microfluidic platform is necessary in order to promote it. There are
two main groups of micromixers, passive or active, according to the
source of the energy to drive the mixing process.5%116

The active mixers use different external energy sources such as
pressure, 1”118 temperature,’®!20 acoustics,'?t?* electric?>1?® and
magnetic fields.??°7133 These active mixers involve the incorporation of
additional actuators to the microfluidic platform, contributing to an
increase of its complexity and cost.

On the contrary, passive mixers rely only on the energy coming from
the element driving the fluid at a determined flow rate. This flow is
restructured by the microfluidic channels arrangement to speed the
mixing, owing to the increase of the interface between the different

14
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fluids and the decrease of the diffusion path. The simplest designs for this
type of micromixers are the T-mixer (Fig. 1.9A) and the Y-mixers (Fig.
1.9B), which consist of two inlets that converge in the same channel in a
T-type or Y-type union respectively. This type of micromixers rely only on
diffusion happening in a laminar flow, so the channels need to be long
enough to ensure total mixing. In order to reduce this length, other
approaches for mixing rely on the reduction of width of the channels or
the streams, by using multiple parallel streams (Fig. 1.9C) or by
hydrodynamic focusing (Fig. 1.9D). More complex micromixers are serial
lamination micromixers, which split and recombine the streams to
increase mixing, and can have multiple configurations, as seen in Fig.
1.9E-H. Similarly, another group of micromixers are based on the creation
of chaotic mixing by the introduction of different geometries in the
channel that split, stretch, fold or break the flow stream. These
geometries can be obstacles in the walls or channels, zig-zag designs, and
different types of rips and grooves on the channels surfaces.

15
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Fig. 1.9 Schematic representations of the main passive micromixer structures: A) T-mixer, B) Y-
mixer, C) parallel lamination, D) hydrodynamic focusing and E-H) different configurations for
serial lamination micromixers . Adapted from (116).

1.4.4. Detection

The detection is the most important unit operation of the analytical
microsystem as it is the responsible for the detection and quantification
of the target analyte. When selecting a suitable detection method for an
analytical microsystem for a particular application it is important to take
into account whether an easy and cost-effective integration into a small
device is possible. Moreover, the level of sensitivity, selectivity and limit

16
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of detection (LD) that a detection method offers is also a determining
factor.

Several different methods of detection exist. The two most common
detection groups are optical and electrochemical methods. Within the
first group, there are several optical approaches such as absorbance,34-
136 fluorescence,?%1377139 chemiluminescence,*”/14%141 surface plasmon
resonance'*>14 and surface enhanced Raman spectroscopy.'#6-10
Electrochemical detection includes potentiometry,*1153 conductivity,*>*
amperometry,>>157 impedance®® and voltammetry.>-161 There are

also microsystems that use mass spectrometry as detection method.62-
165

The GSB group has extended experience and knowledge in the
development of microsystems based on both electrochemical>1:166-169
and optical'’%173 methods of detection. The devices presented in this
dissertation all rely on electrochemical detection, specifically,
potentiometry.

1.5.Electrochemical detection methods

Electrochemical detection is commonly used for POC devices due to
their selectivity, low cost, fast response, simplicity and the possibility to
use miniaturized electrodes.

1.5.1. Amperometry

Traditionally, most electrochemical biomedical POCs are based on
amperometric detection, from which the glucometer is the most well-
known.'’* This method of detection consists of the measurement of a
current produced by the reduction or oxidation of electroactive species,
which is linearly dependent on the target analyte activity, under a
constant potential conditions. This amperometric cell involves the use of
an indicator electrode, at the surface of which the electroactive species
can be found, a reference electrode, which maintains the fixed potential,
and optionally, an auxiliary electrode which helps measuring the current
at a constant potential.1”®

1.5.2. Potentiometry

Potentiometry consists of measuring a difference in potential
between two electrochemical half-cells at near-zero current conditions
(Eg. 1.6). One of these half-cells acts as the indicator electrode whereas

17
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the other acts as the reference electrode, and they are electrically
connected via a salt bridge.

Ecen = Er — Erer Eq.1.6

Where E; is the potential of the indicator electrode, Eret is the potential of
the reference electrode and the Ece is the resultant potential of the
electrochemical cell.

According to the phase-boundary potential model (Fig. 1.10), the total
potential measured in the electrochemical cell corresponds to the sum
of all the interface boundary potentials (&) within this electrochemical
cell.}’® Of all these interphase potentials, the one arising at the interface
between the sample solution and the indicator electrode (g6 in Fig. 1.10)
depends on the activity of the ion of interest present in the sample for
which the membrane is selective, as defined by the Nernst equation (Eq.
1.7):77

., RT Za
E; = E; +ZA—F “Inay Eq. 1.7
in which Ej is the electrode potential (mV), EIo is the standard potential
of the electrode, R is the gas constant (8.314 J K* mol?), Tis the absolute
temperature, F is the Faraday constant (96487 C mol™?), za is the charge
of the ion A and aa is the activity of the ion A. The relation between ion
activity and ion concentration is seen in Eq. 1.8:

a, = vy - [A] Eq.1.8
where a, is ion activity, y is the activity coefficient and [A] is the

concentration of the ion. In turn, y is defined by the Debye-Hiikel limiting
law (Eq. 1.9) as a function of the ionic strength of the solution:"8

logy = —0.509|z,z_|I'/? Eq. 1.9
for an aqueous solution at 25 °C and / is the ionic strength. Therefore,

under certain conditions of low stable / values, the value of y is close to
1, hence, aa can be considered to be equal to the concentration of A.
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Fig. 1.10 A) Representation of a potentiometric cell assembly. B) Representation of the boundaries
potentials (g1 to €10) that conform the final potentiometric cell potential (Ecei). Interphase
potentials dependent on the ion of interest concentration of the sample indicated in orange.
Adapted from (176).

1.6.lon selective electrodes

Chemical sensors transform chemical information into an analytical
signal.1’”® They require a receptor or recognition element, which can
specifically bind to the analyte of interest, and a transducer, to transform
the signal resulting from the analyte-receptor interaction into a useful
signal, which can in turn be amplified and processed. A subgroup of
chemical sensors is potentiometric sensors. This type of sensors
commonly uses lon selective electrodes (ISE) as indicator electrodes, as
is the case of the microanalyzers described in this thesis. In
potentiometric sensors the reference electrode is, usually, a Ag/AgCl
electrode.

Prior to use, potentiometric sensors must be calibrated by measuring
the potential when in contact with standard solutions of a given analyte.
From this, the values corresponding to the linear regression such as the
onein Eg. 1.10 can be determined experimentally:
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Ecell = Ecoell +S - lOg aa Eg. 1.10

where E.,, is the potential difference between the indicator and
reference electrodes when axn = 1 and S is the slope of the lineal
function.'’® This S value corresponds to the sensitivity and theoretically
must be +59.2 mV-dec™? and +29 mV-dec! for monovalent and divalent
cations respectively. In the case of monovalent and divalent anions the
sensitivities are the same but in negative values.

Despite some disadvantages (such as a fixed sensitivity limited to 59
mV-dec! for monovalent ions and the need for a stable signal during long
measurements and between calibration and measurements) ISEs have
been extensively used due to the simplicity of its use and setup, its low
cost and energy consumption, high efficiency and reliability and its small
size and portability.

The development of ISEs can be traced back to 1906, when Cremer!&
related changes in the potential of a glass membrane with changes in pH
of a solution in contact with this membrane. During the following years
the classic liquid-contact ISEs (LC-ISEs) were stablished (Fig. 1.11A). These
ISEs relied on an internal solution (IS) which is separated from the sample
by an ion selective membrane (ISM). The presence of the IS presents
several drawbacks, such as the need of refills and the need to keep a
vertical position, the risk of leakage and the difficulty to reduce the size
and integrate this sensor in a miniaturized platform.!8!

In order to overcome these disadvantages, the first solid-contact ISE
(SC-ISE) was created in 1971 and consisted of a metal wire coated with a
Ca?* selective polymeric membrane.'® This ISE performance was not
satisfactory due to a high potential drift caused by the blockage of charge
transfer between the ISM and the metal caused by the lack of a proper
fast and reversible ion-to-electrode transduction. This brings about, in
1992, the development of a novel SC-ISE (Fig. 1.11B) incorporating a
polypyrrole (PPy) based ion-to-electron transducer layer to achieve a
stable and reproducible potential, which is referred here as a solid
contact (SC) layer.183
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ISM

%

Fig. 1.11 Schematic representations of a classic LC-ISE (A) and a SC-ISE (B). E: electrode, IS: internal
solution, ISM: ion selective membrane, S: liquid sample, SC: solid contact layer, CS: conductive
support.

S

As stated previously in this chapter, the resulting measured potential
for a sample containing a given target analyte concentration is the sum
of all interface potentials of the system. The response mechanism for the
interface potential between the ISM and the SC layer is different
depending on the type of material used, and according to this, we can
differentiate two different groups.8*

The first group of materials corresponds to conducting polymers, such
as PPy,187187 poly(3,4-ethylenedioxythiophene) (PEDOT),*®1°1 poly(3-
octylthiophene) (POT),*°?71%4 and polyaniline (PANI).2*>"1%8 The response
mechanism of SC-ISEs containing these polymers is known as redox
capacitance mechanism?®®® and is based on the reversible and fast redox
capacity of these molecules, which is used for the ion-to-electron
conversion. In Fig. 1.12A we can see a depiction of this response
mechanism for the determination of potassium ions (K*) using an Y-
anion-doped PEDOT as polymer on top of a glassy carbon (GC) support,
with the ion transfer (IT) and electron transfer (ET) processes detailed.
Conductive polymers have been intensively used to fabricate well
performing ISEs with a stable potential. However, the use of these
conductive polymer also presents challenges. Significantly, their
hydrophilic nature allows the formation of a water layer between the ISM
and the SC layer and this in turn hinders the ion-to-electron transduction
and deteriorates the adhesion between the ISM and the SC layer, leading
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to mechanical failure. These effect has been identified even in the case
of water repellent polymers, particularly at the contact defect points
between the ISM and the SC layer. Additionally, these conductive
polymers can be sensitive to light or reactive to chemical species (ex. Oz
and CO;) leading to undesired chemical side reactions that can interfere
with the redox capacity of the system.

A B

(c[aM SC layer aq.

PEDOT*Y-

K*

} } | } )
GC/SC 5C/ISM 1SM/aq GC/SC SC/ISM ISM/aq
(ET) (IT) (1m) (electric contact)  (EDL) (IT)

Fig. 1.12 Schematic representations of the redox capacitance mechanism (A) and the electric
double layer mechanism (B) for SC-ISEs. ISM: ion selective membrane, SC: solid contact, IT: ion
transfer, ET: electron transfer, GC: glassy carbon electrode substrate, ag: agueous solution. The
three different interfaces are indicated with orange arrows. Adapted from (199).

The second group of materials for the SC layer corresponds to carbon
materials, which present a desirable high conductivity, chemical
inertness and are not sensitive to light. Carbon single-walled?°%292 and
multi-walled nanotubes,!88203204  graphene,?9°-2°  fullerens,?® 3D
microporous  carbon?'?'2  and  colloid-imprinted  mesoporous
carbon?!3214 have all been used as transducers for SC-ISEs. This ISEs
response is based on the electric double layer (EDL) mechanism*®® which
consists on the formation of an asymmetrical capacitor on the ISM-SC
layer interface, with the ion of interest on the ISM side and the electron
on the SC side. In Fig. 1.12B we can see the representation of this
response mechanism for the detection of the ion K* using a carbon based
transducer.

The ISM is the element of the ISE that makes it selective for a
particular ion. Most ISM are composed of three main constituents: a
polymer, a plasticizer and a ionophore, and may or may not contain an
additive.

e The polymer constitutes a stable interface which serves as a
matrix to retain the rest of the elements. This material must have
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a good mechanical strength, film-forming ability, be immiscible
and undergo minimal swelling with water.?!> The most commonly
used polymer for ISE fabrication that fulfils these requirements is
poly-vinyl chloride (PVC) due to its cheap cost.

The plasticizer is employed because the glass transition
temperature (Tg) of most polymers is higher than the ambient
temperature at which this ISEs are used. Therefore, a plasticizer is
used at a high percentage for the matrix to display a viscous state
that increases ionic mobility and it constitutes the solvent for the
rest of components.?t®

The ionophore complexes the ion of interest and is the
responsible for the selectivity of the ISM. Currently, ionophores
have been used for the potentiometric detection of more than 70
different analytes, comprising ions, surfactants and some non-
ionic molecules.?!” Must be adequately soluble in the plasticizer.

The additive increases the selectivity of the ISM as it ensures the
extraction of the ion of interest without the extraction of the
counter-ion. When the ionophore used is not charged, the
additive used is of opposite charge from the ion of interest as it
avoids the extraction of counter ions and this charged sites also
help stabilize the ion-ionophore complex and reduce electrical
resistance thus promoting ionic mobility. If the ionophore is
charged, an additive of opposite sign from the ionophore (that is,
the same as the ion of interest) is not required but may be used,
as its presence may optimize selectivity.?1®

The main problems that a ISM may present is the poor mechanical
adhesion to the electrode substrate by part of the PVC, and eventually
lead to a separation of the ISM from the subjacent substrate, and the
leaching of the plasticizer into the sample, which may result in a loss of
selectivity and potential stability respectively.

Another aspect to take into account is the fact that the performance
of some ISEs is improved and the potential drift is reduced when a
conditioning step is carried out prior to use.?!® In this step, the ISEs are
submerged into a solution of a determinate concentration of the ion of
interest overnight in order to condition the ISE membrane and, thus,
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allow a better contact between the solution and the ionophore present
in the membrane.??

1.6.1. Increasing stability and reproducibility: towards free
calibration and auto-calibrating ISEs

There are two aspects to take into account regarding the use of ISEs
without a prior calibration.® The first aspect is related to the stability of
the potential, which correlates to the frequency of calibration
procedures needed for a particular individual electrode in order to obtain
reliable measurements. With high stability and low potential drift the
frequency of calibration procedures needed is reduced, and this may be
accomplished primarily by optimizing the SC layer to achieve an
unpolarised interface and a high exchange current density.

The second aspect is the E,.; reproducibility between ISEs. This
parameter corresponds to the Y-intercept value of the lineal regression
of the calibration curve. If this parameter is stable between different ISEs
from the same batch, these means that they will all behave identically
and it would not be necessary to calibrate each one of them individually
prior to use. This E_q, is defined by all the ISE structure and is influenced
by the potential of each individual interface.228 Therefore, for the E.oj; to
be reproducible it is required a high degree of control of all interfaces of
the system and, thus, a well-mastered and reproducible fabrication
process is a must.

Currently, free-calibration electrochemical sensors are based on the
intra-batch reproducibility of the analytical devices. Therefore, only a few
of them need to be calibrated at the factory and the rest can be used
without a previous calibration assuming that they will behave in the same
manner as the calibrated ones.??® Nonetheless, potentiometric ISEs
present a low reproducibility between devices. For this reason, the GSB
has developed a new approach based on an auto-calibrating step prior to
use for every individual devices.??!

This auto-calibration procedure consists of the use of two identical
ISE. The one in contact with the sample acts as an indicator electrode and
the other acts as the reference electrode. Prior to the analysis of the
sample the auto-calibration procedure takes place. During this process,
each ISE comes into contact with a solution of a given concentration of
the ion of interest which must be within the ISE working linear range.
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Two different concentrations are used, the lower one is in contact with
the indicator electrode, whereas the higher one is in contact with the
reference electrode. When the microanalyzer is connected to the reader,
the resulting potential between both electrodes is measured. If both
concentrations have a difference of a decade, for example, when using
10> and 10* M concentrations of a given analyte, the resulting
calibration curve obtained for a monovalent ion must have a slope of
—-59.2 mV-dec. But even if the ISEs are not identical and the resulting
calibration curve differs from this theoretical value, a reliable
guantification of the analyte would still be obtained from the
interpolation in this calibration curve. The definition of this calibration
curves is done according to the following calculations (Eq. 1.11),
assuming a measured potential of 55.8 mV:

—558=a+b- log[107°] — (b log[10™*] + a)
—55.8 = b (log[10™>] — log[10™*])
b =558mV
—55.8 = 55.8:log[107°] + a Eq. 1.11
a= 2232
E =558 log[A] + 223.2

Then, the indicator electrode comes into contact with the sample,
leading to a change in the measured potential. This new potential value
can be interpolated into the calibration curve to obtain the total
concentration of ion A in the indicator electrode. This can be easily
calculated, as the volume of the detection chamber and the sample are
known. This auto-calibration approach has already been evaluated using
chloride (Cl) electrodes showing very promising results.?%?

1.6.2. Calibration curve

All analytic system need to be calibrated to characterize its analytical
features. The calibration curve, in potentiometry, consists of the
representation of the measured electrode potential E (mV) versus the
logarithmic value of the aa, which is used to interpolate the potential
obtained when analysing a given sample to determine the unknown
concentration of an analyte.

In a calibration curve we can identify three different regions
depending on the type of response for a given aa. These three regions
can be differentiated in Fig. 1.13: a no response, a non-linear response
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and a Nernstian response region. The no response area occurs at very
low aa, when the sensor does not respond to the presence of the ion of
interest and there is not a measurable change in the potential. The
Nernstian response region is found at higher aa, when the sensor
presents a change in the measured potential that correlates lineally to
the aa, following the Nernst equation. In between these two regions, the
non-linear response is found, when there is a change in the measured
potential but that does not correlate lineally with the Nernst equation.

Non —linear Nernstian
No response
response response

\4

—> [—>| ¢

E(mV)

LD -loga,

Fig. 1.13 Example of a calibration curve for a cation A. LD: limit of detection marked in red.

Regarding the Nernstian response, the slope of this calibration curve
corresponds to the sensitivity of the analytical sensor. According to the
Nernst equation this sensitivity at 25 °C equals to +59.2 mV-dec? and
+29 mV-dec? for monovalent and divalent cations respectively. In the
case of monovalent and divalent anions the sensitivities are the same but
in negative values.

1.6.3. Limit of detection and linear range

The LD can be defined as the aa at the point of intersection of the
extrapolated lines resulting from the Nernstian response and the no
response region.?”’ This value is depicted in Fig. 1.13 as LD, and this
parameter indicates the lower aa that can be reliable measured by the
analytical system. Alternatively, the linear range or working range of the
analytic system is defined as the range of aa within which we can obtain
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a Nernstian response, and indicates the aa range where the sensor can
give a reliable quantification of the analyte of interest.

Both the LD and the linear range are parameters of upmost
importance that need to be taken into account when considering the
suitability of a particular analytical system for a specific application.

1.6.4. Selectivity coefficients

In some cases, the potential measured by the analytical system may
be altered due the presence of interfering substances in the sample.
These substances can be either electrode/electrochemical interferences
or chemical interferences. The first group include other ions that can also
be detected by the ISE, giving a similar response to that of the ion of
interest, therefore producing an apparent increase in the aa. The second
class include species that interact with the target ion and hence,
decreases its activity, or substances that react with the ISE membrane,
leading to changes in its chemical composition or blocking its surface,
thus decreasing the ISE response to the presence of the target ion.

Considering complex sample matrixes, it is common to find interfering
ions. Therefore, it is necessary to be able determine the ability of the ISE
to distinguish the ion of interest, A from another interfering ion, B, that
may be present in the sample. For this aim, the potentiometric selectivity

coefficient (Kflgt) must be determined. The smaller this parameter is, the
higher the ISE preference for the target ion A. To determine the Kzgt
there are two different methods: the Fixed Interference Method (FIM)
and the Separate Solution Method (SSM).22> The method used in this
thesis has been the FIM, which consist on analysing standard solutions
that mix varying concentrations of the ion A with a constant
concentration of the interfering ion B, as opposed to having these two
ions in different solutions, as would be the case of the SSM.

At very low ap, the potential measured is mainly caused by the
presence of the ion B. So, this measured potential corresponds the
activity of ion B (ag) and is independent from aa. On the contrary, at
higher aa, the measured potential is dependent of aa. Thus, aa can be
obtained from the intersection between the extrapolated lines resulting
from these two differentiated response regions, as represented in Fig.
1.14. The potentiometric selectivity coefficient can be calculated from
the Nikolsky — Eisenman (Eqg. 1.12) equation as seen in Eq. 1.13:
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RT
—_ 0 pot _z,/Zp
E=E +Z_AF ln(aA+ZKA‘B ag ) Eq.1.12
Kpot _ ay
A,B 7 Eq. 1.13
ZB
ag

where zaand zgare the charges of the ions A and B respectively.

Total interference
S by B

E —>
[i1]

a, -log a,

Fig. 1.14 Example of a calibration curve for a cation A in the presence of a fixed concentration of
interfering ion B. aa: activity of A marked in red. Calibration curve for cation A without the
interfering ion B represented in green.

1.7.Materials for the fabrication of microfluidic platforms

During the design of a microfluidic analytical system there are several
concerns to take into account when choosing a particular material to
fabricate the analytical platform. The selected material has to be
compatible with all the chemical substances and temperatures used
during the operation of the device, as well as the functional components
that need to be integrated into the platform for the analytical process.
The material should also be cheap in case that the device is meant to be
manufactured at large-scale, to reduce costs.
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The main materials currently used for the fabrication of microfluidic
platforms can be classified in three categories: inorganic materials, paper
and polymers.

1.7.1. Inorganic materials

Inorganic materials were the first substrates used for the fabrication
of microfluidic systems, mainly silicon and glass. Nowadays, other
inorganic materials, such as low-temperature co-fired ceramics (LTCC)
and vitroceramics are also commonly used.

Silicon was the first material used for microfluidics fabrication,??* as
methods for microfabrication using this material were well-known due to
its extensive use in microelectronics. This material presents advantages
such as an easily achieved surface modification, based on silanol group (-
Si-OH) chemistry, and a decent biocompatibility.?2> However, the use of
silicon has other drawbacks, like the difficulty to make active fluidic
elements due to its high elastic modulus and the impracticability of its
use in optical applications due to its opaque nature in the visible
region.??® Moreover, fabrication of silicon devices is, in most cases,
complex as it requires clean room facilities and skilled personnel.

After some time, glass substituted silicon as the material of choice for
fabricating microfluidics devices.??’-22° Similar to silicon, glass surface can
be modified via silanes. Nevertheless, glass is biocompatible, has a
relatively low nonspecific absorption, and has a high chemical and
temperature resistance. In addition, glass is transparent and, therefore,
suitable for optical applications.?2°

LTCC is a glass-ceramic composite material that usually presents
alumina as a ceramic filler. It has been extensively used as packaging
material in the integrated circuits field. In recent times, it has gained
popularity as an alternative material for fabrication of microfluidics
devices due to its chemical inertness, biocompatibility, stability at high
temperatures, mechanical strength, packaging properties and easy
integration of electronic circuits.'66230-233  Moreover, its laminar
commercialization is useful, as different layers can be patterned with
different designs and then assembled, laminated and fired at high
temperatures. This allows the design and fabrication of complex 3D
microfluidic structures than can be difficult to achieve by other methods
of fabrication.
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1.7.2. Paper

Paper emerged as a novel candidate material for the fabrication of
microfluidic devices when Whitesides et al. published the first
microfluidic paper-based analytical device (uPAD).2** From then on,
there has been an exponential increase in PPAD reported in the
literature. This is due to paper being inexpensive and abundant,
biocompatible, easily modified and safely disposed. It is also a suitable
material for the fabrication of flexible and wearable devices, and for large
scale manufacturing. Furthermore, it does not require external pumping
sources as capillary forces can be used as a passive mechanism to move
solutions through the previously defined hydrophilic channels created by
several techniques, such as wax screen, inject printing, photolithography,
ink jet etching and plasma or laser treatment.?3>236

1.7.3. Polymers

Polymers are organic long-chain materials that have gained a lot of
relevance in microfluidics due to its inexpensive cost, easy manufacturing
at large-scale by different processes, and its adaptability to specific
applications through changes in formulation and chemical modifications.
Polymers can be classified in duroplastics, elastomers and thermoplastics
according to the level of interlinking of the polymer chains.??®

Duroplastics undergo a chemical crosslinking that results in a tight and
stable 3D network. Once cured, these materials are temperature stable,
and if heated they will decompose, but not melt. An example of this type
of polymer is SU-8, an epoxy based resin. 22>237

Elastomers are flexible and stretchable polymers and these properties
can be tailored by their crosslinking content. The main elastomer used in
microfluidics and UTAS fabrication is polydimethylsiloxane (PDMS).
PDMS has long chains, low melting and Tg, and has high flexibility and
elasticity. It is also durable, gas permeable and easily bonded to other
substrates. Nevertheless, this material suffers from issues such as
hydrophobicity and incompatibility to some solvents. PDMS started to be
used in the late 1990s. Even though it has been extensively used in
academic laboratories due to its fast prototyping, it has not reached the
same level of popularity commercially.2?6 PDMS is particularly useful in
biological applications, where it can be used as a structural material for
in vitro and in vivo experiments, in biomimetic applications to replicate
biological surfaces and as a substrate material for flexible and wearable
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sensors.?3® Other elastomers used for the fabrication of microfluidics
have been thermoset polyester (TPE)?*° and polyfluoropolyethers.240:241

Thermoplastics are densely cross-linked polymers that are mouldable
when heated to their Tg but that retain their shape at lower
temperatures.  Polystyrene  (PS),?*>  polycarbonate  (PC),2432%
polymethylcethacrylate (PMMA),246-248 fluorinated ethylene-propylene
(FEP)?49-251 and cyclic olefin co-polymer (COC)173252-254 have all been
used for the fabrication of microfluidic platforms.

1.7.3.1. Cyclic Olefin Co-polymer

All microfluidic analytical platforms described in this thesis have been
fabricated using a class of thermoplastic polymers, COC.

COC is a fitting material for the fabrication of these analytical
microsystems since it displays a high chemical resistance, low water
absorption, high Tg, good optical features and low shrinkage. It is also a
suitable material for microfabrication as it is commercially available,
inexpensive, can be easily and fast prototyped and other elements can
be integrated into the device platform. 2°°

There are several types of COCs depending on the type of cyclic
monomers and polymerization methods. Obviously, the physical and
chemical properties vary depending on the specific chemical structure.
Regarding the polymerization methods, COC can be produced by chain
copolymerization of cyclic monomers such as norbornene or
tetracyclododecene with ethylene or by Ring Opening Metathesis
Polymerization (ROMP) of various cyclic monomers followed by
hydrogenation. Both methods can be seen in Fig. 1.15.
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Fig. 1.15 Polymerization process for COC (255).

The COC material used for the fabrication of the microanalytical
devices presented in this thesis is composed of monomeric units of
ethylene and norbornene?*® in different proportions and its structure is
found in Fig. 1.16.

H3C CH,

m

n

Fig. 1.16 Chemical structure of COC constituted by ethylene and norbornene monomers (256).

COC consists of an amorphous, transparent co-polymer with high
chemical resistance to hydrolysis, acids, alkalis and polar solvents and
presents high hydrophobicity and negligible swelling and water uptake.
It displays high strength and rigidity and good insulating properties. It
also presents very good optical features, with high light transmission in

32



Introduction

the visible and near ultraviolet range, which make it a promising
candidate for analytical systems based on an optical method of
detection. However, the most outstanding feature is that T can be
modified to cover a wide range of temperatures, from 80 °C to 180 °C, by
the adjustment of the ethylene and norbornene percentage
composition. This characteristic is depicted in Fig. 1.17 where it can be
seen that an increase in norbornene content is correlated with a linear
rise in Tg.2’
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Fig. 1.17 Variation of Tg in relation to norbornene percentage composition (257).

The fact that COC layers with a wide range of different Ty are
commercially available gives us the possibility to exploit this property to
assemble the final 3D structure of the microfluidic platform using two
different COC materials with distinctive Tg. The COC layers with a higher
Te will act as the structural layers, whereas those COC layers with a lower
Te will act as the sealing layers. Hence, it is possible to use temperature
to melt the sealing layers while the structural ones remain solid, resulting
in the sealing of the device to obtain a final monolithic microanalyzer.
This approach eliminates the need to introduce additional materials as
adhesives, thus avoiding the possible resultant obstructions in the
microchannels.

1.8. Microfabrication of miniaturized analytical platforms

Regarding polymers, which will be the focus of this section, there is a
wide range of microstructuring techniques available. In addition, there
also exist different approaches for back end processing in order to
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integrate electrodes, and sealing strategies for the encapsulation of the
final microfluidic platform.>>® Here, there is a summary of these
technologies, emphasizing those that have been employed for the
fabrication of the analytical microanalyzers developed during this work.

1.8.1. Design

The first step in the fabrication process of the analytical microsystems
is the design, through a Computer Aided Design (CAD) software, of the
patterns for each of the layers that will constitute the final device. The
design approach used in this thesis is a layer-by-layer design (Fig. 1.18),
which consist of the formation of the final 3D structure of the analytical
platform by the superposition of previously individually microstructured

layers.
— > = \ /.\.\ > = @

Fig. 1.18 Schematic representation of the layer-by-layer design process. Three different layers
(red, purple and green) with different motives can be superposed in the correct order to form the
desired three dimensional final design (blue).

During the design step, the material for the fabrication needs to be
selected. For the fabrication of all the platforms described in this work
COC has been chosen as substrate material, due to some of its properties,
mainly the easiness to integrate electrodes and the commercial
availability of COC with different Tg, which allows an adhesive-free
fabrication of 3D microfluidic platforms.

1.8.2. Microstructuring techniques for polymeric analytical
platforms

After the design of the analytical platform structure has been
completed, the selected substrate material must be microstructured into
the desired motives. For the microstructuring of COC, this can be
achieved following different approaches, which can be divided into
replication methods and material removing techniques.
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1.8.2.1. Replication methods

These methods are based on the replication of a master structure that
is the geometrical inverse of the desired structure. Hot embossing is
widely used due to its high replication accuracy, for low to medium
volume of production. This method consists on pressing a heated master
into a melted polymer under vacuum conditions.?>®2% |njection
moulding?®! plays a predominant role in the commercial success of
microfluidic platforms. In this technique the polymer material is heated,
melted and transported by a screw to be injected into the mould at high
pressure.

1.8.2.2. Material removing techniqgues

Material removing techniques create a design by removing material
from the bulk of the substrate. The two main techniques are laser
ablation and micromachinning, which is the one used during the
fabrication process of the microanalyzers described in this work.

Laser ablation consists on focussing a high intensity laser beam on the
material to melt, evaporate or vaporize the material at the focal point.
This takes place above a certain threshold that is dependent on the
material, the wavelength and the pulse duration.?®? This process can be
carried out using a mask to expose only the material to be eliminated or
by moving the laser beam or the substrate itself in order to generate the
desired pattern. This method has some drawbacks derived from the
surfaces’ characteristic roughness and the possibility of surface
chemistry alteration due to the intense laser light.?>8

Micromilling uses a machine with computer numerical control (CNC).
This technique consists of using rotating cutting tools to remove the bulk
material resulting on the creation of a microscale pattern. CNC machines
are used to fabricate a device from a 3D CAD, increasing repeatability and
precision and decreasing human error and time of fabrication. This is a
fast method for prototyping, and is the microstructuring approach
employed for the structuring of the analytical platforms used in this
work.

It is important to note that the final thickness of the motives does not
depend on the design itself. In fact, the thickness will be determined by
the specific tool used in the micromachining process. Thus, the minimum
resolution that can be achieved depends on the smallest tool diameter
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available. Likewise, the length of the tool determines the maximum
cutting depth possible. There are a wide range of milling and drilling tools
of different shapes, sizes and materials (usually made of high speed steel
and carbide) commercially available.?®® End mill tools remove materials
by cutting along any axis and have helical grooves that curl from the tip
towards the shaft, whereas drill mills only cut in the Z axis and are used
to cut holes. The state of the tool is of high importance, as dull tools
cause more friction, and this leads to an increase in temperature.
Considering that the material used is COC, which is a thermoplastic, this
heat can cause the localized melting of the polymer and the breakage of
the tool.

1.8.3. Back end processes

Microstructuring processes alone do not produce a functioning
microfluidic device. Further steps are imperative to achieve a complete
analytical platform suitable for a certain purpose. These further steps are
known as back-end processing and englobe the cutting and dicing of the
device out of the polymeric substrate, the fabrication and integration of
electrodes and the encapsulation to obtain a final monolithic hermetic
analytical platform.

1.8.3.1. Integration of electrodes

Regarding electrode fabrication there are two main groups of
technologies to integrate conducting elements into the polymeric
platform: thin-film technologies and thick-film technologies. Thin-film
technologies (for 50 — 250 nm films) include sputtering and evaporation,
which rely on the vaporization of a material to be deposited on top of the
substrate by means of a shadow mask under vacuum conditions.26426>

The main exponent of the thick-film technologies is the screen-
printing method, which is the one used in the fabrication of the polymeric
devices described in this work and is depicted in Fig. 1.19. This process
consists of the use of a blade or a squeegee to push a conductive paste
through a mesh screen structured into the desired pattern for the
electrode. Finally, the screen is removed and the paste is dried to
evaporate the solvent.?°%2% The electrodes obtained by this method are
thicker than the ones obtained by thin-film technologies, in the order of
some tens of micrometres. But the process is simple and fast, no vacuum
is required and the paste composition can be altered by the addition of
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metals, polymers and organic particles, such as enzymes depending on

the application.?®’

Fig. 1.19 Schematic representation of the screen-printing process adapted from (266).

Squeegee
Ink

Screen

Substrate —

1.8.3.2. Encapsulation

After the microstructuring of the design, it is necessary a bonding step
to seal the microfluidic channels, without deforming them and without
affecting the functionality of the device. For this purpose, there are
several methods, such as relying on the surface adhesion of the polymer
itself to create a thigh seal (which is particularly useful in the case of
PDMS), the use of adhesives and glues, solvent bonding, ultrasonic or
laser welding and thermal pressure bonding.

Adhesives are one of the most common sealing techniques, due to its
simplicity and low cost. The main drawback of adhesive based methods
is that it can cause structural damage by clogging or melting of the
microchannels, particularly in the case of complex designs or very small
channels.”%2>>2%8 Splvent bonding is another frequent method for
bonding in which an organic solvent is used to break the polymer chains
at the surface of the polymer and then they diffuse and re-crosslink to
bond together two polymer layers when the solvent evaporates.?®®
However, if an excess of solvent is applied the microchannels can also be
damaged.>?

Laser and ultrasonic welding allow localised bonding by the induction
of heat to soften the interface between the polymer layers.?>® However,
the use of a laser requires the top polymer to be transparent in order to
reach the absorbing bottom layer, and for this purpose an absorbing
pigment may be needed at the interface.?®® Ultrasonic welding has a
limited depth resolution and microfluidic structure needs to include
energy director elements to achieve a localized and reproducible
welding.?’®
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Alternatively, the analytical microsystems described in this
dissertation all have been fabricated using thermal pressure bonding for
the sealing process. This method uses a temperature above the Ty and
pressure to bond together thermoplastic polymers by the interlinking of
the polymer chains.?6%27! Pressure and temperature need to be closely
controlled, and high enough to allow the bonding but not so much as to
cause the deformation of the microstructure. A way to prevent the
deformation is to use materials with two different Tg, so only one of them
softens while the other remains solid.

1.8.4. Final microanalytical devices

After the complete fabrication process the final monolithic analytical
platforms are obtained. These microanalyzers must be suitable for
connection to the necessary external elements in order to carry out the
analytical process of interest. Chapter 3 will focus more on the particular
designs of the microanalyzers described in this thesis and the fabrication
processes employed in their manufacturing.
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Chapter 2

Objectives

The main objective of this doctoral thesis is the development and
validation of functional prototypes of POC potentiometric platforms for
the biochemical management of different IEMs. This work focuses mainly
on the management of IEMs presenting hyperammonemia as their main
physiopathological trait, and also, on the modification of these analytical
microsystems by the incorporation of an enzyme for the indirect
measurement of other metabolites by their conversion into NH4*. Thus,
allowing the application of these UTAS for the management of a wide
range of diseases. The central goal of this doctoral thesis can be further
subdivided into two fundamental points:

1) The development and validation with real samples of a FIA
reusable microsystem for the potentiometric detection of NH4* in
blood for hospital use, aimed to the detection of
hiperammonemic states and the subsequent follow-up.
Moreover, the further automation of this complete analytical
system as a POC device for continuous and autonomous
functioning in a clinical setting.

2) The development of a disposable auto-calibrating microanalytical
device for the potentiometric measurement of NHs* in blood for
use at home. Furthermore, the modification of this device by the
incorporation of an enzyme for the indirect measurement of
other biologically relevant metabolites in blood, biomarkers of
some |IEM, for use at home.

Both these analytical devices to be developed must fulfil some
features such as a high degree of miniaturization, robustness, reliability,
low sample and reagent volume, low cost to allow further
industrialization and commercialization, high degree of automation, ease
of use, short analysis times and, in the case of the reusable microsystem,
a high throughput. In addition, they must present satisfactory analytical
characteristics suitable for the application of interest.
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In order to achieve these main objectives, several other additional
goals have to be met. Regarding the FIA analytical system for continuous
and autonomous functioning in a clinical setting, these are:

1)

2)

3)

4)

5)

Design and fabrication of microfluidic platforms based on COC-
technology and the integration of the elements required for the
potentiometric determination of NHs* by flow injection
technique.

Selection of the appropriate material for the separation of NHs*
from the sample matrix.

Optimization of the hydrodynamic and chemical variables of the
analytical microsystem in order to obtain the best analytical
features that allow the discrimination between healthy and
pathological NH4* levels.

Validation of the analytical microsystem by the analysis of real
plasma and blood samples from healthy individuals and patients
presenting hyperammonemia, and comparison of the obtained
results with the stablished reference method.

Full automation of the developed FIA system to develop a POC
analyzer and its implementation in a hospital setting for
continued use, and further validation with blood samples.

Regarding the disposable auto-calibrating microanalytical device, the
goals are:

1)

2)

3)

Design and fabrication of analytical platforms based on COC-
technology devoted to the control of IEM at the home of the
patients. Integration of the elements required for the
potentiometric measurement of NHs* and for the separation of
NHs* from the sample matrix.

Optimization of chemical variables in order to obtain the best
analytical characteristics suitable for the measurement of NH4* in

blood at home.

Modification of these disposable microanalytical devices with
urease, as a model enzyme, for indirect determination of urea in
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4)

5)

6)

Objectives

blood in order to validate theindirect determination of a
biomarker by the enzymatic analytical system concept.

Optimization of the chemical variables in order to obtain the best
analytical characteristics for the discrimination of urea in healthy
and pathological working ranges.

Modification of these disposable microanalytical devices with the
addition of Phenylalanine ammonia lyase (PAL) for the indirect
detection of Phe.

Optimization of the chemical variables in order to obtain the best

analytical characteristics for the detection of healthy and
pathological concentrations of Phe.
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Chapter 3

Experimental

The following chapter details the materials and reagents used during
the experimental work carried out during the realization of this thesis. It
also describes the designs and fabrication processes for every developed
analytical prototype.

3.1.Materials and reagents

The analytical platforms were fabricated using COC 8007 (of 25 um
thickness) and COC 6013 (of 400 um and 130 um thickness) obtained
from Tekni-Plex (Erembodegem, Belgium). The electric connectors were
constituted by a conductive epoxy (CircuitWorks, Chemtronics, The
Netherlands).

For the fabrication of the reference electrode, the Ag/AgCl
C2030812D3 paste (Gwent, Pontypool, United Kingdom) was used.
Regarding the ISE conductive support, two materials were used: an
epoxy-graphite resin constituted by 50 % powdered graphite of 50 um
particle size (Merk, Germany), 36 % epoxy Araldite-M (Ciba Geigy, Spain)
and 14 % hardener HR (Ciba Geigy, Spain), and a screen-printed carbon
paste, Electrodag PF-407A (Henkel, Germany). Likewise, two ISM
compositions were employed: the first was composed of 1 % nonactin
(Sigma-Aldrich, Spain) as a recognition element, 33.5 % PCV (Sigma-
Aldrich, Spain) as polymer matrix and 65.5 % bis(1-butylpentyl)adipate
(BBPA) (Sigma-Aldrich, Spain) as plasticizer. The second ISM composition
used was constituted by 2 % nonactin (Sigma-Aldrich, Spain), 33.5 % PVC
(Sigma-Aldrich, Spain), 65.5 % of a poly(butylene sebacate) plasticizer
(PBSP) commercialized as Paraplex G-25 (Hallstar, Illinois, US) and 0.5 %
Potassium tetrakis(4-chlorophenyl)borate (Sigma-Aldrich, Spain) as an
additive. Both ISM formulations used tetrahydrofuran (THF) (Sigma-
Aldrich, Spain) as solvent. Prototypes that included the ISM formulation
with BBPA must undergo an overnight conditioning step in contact with
104 M ammonium chloride (NH4Cl) for 4 hours and with 0.1 M NH4Cl for
16 hours prior to use.
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The reagents used in this work included NH4Cl (Acros Organics,
Belgium) for the preparation of standard solutions of NH4* and potassium
chloride (KCl) (Sigma-Aldrich, Spain) to keep stable the potential of the
reference electrode and for the interference study. For the conversion of
NHs* to gaseous NHs, sodium hydroxide (NaOH) (Sigma-Aldrich, Spain)
was used, together with 103 M ethylenediaminetetraacetic acid (EDTA)
(Panreac, Spain). Additionally, two different buffers, 2-amino-2-
(hydroxymethyl)propane-1,3-diol (TRIS) (Thermo Fisher Scientific, Spain)
and 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid (HEPES)
(Sigma-Aldrich, Spain) were used to adjust the pH and the ionic strength.
To fix the pH of these two buffers, hydrochloric acid (HCI) (Sigma-Aldrich,
Spain) was used for the TRIS buffer and barium hydroxide (Ba(OH),)
(Thermo Fisher Scientific, Spain) was used for the HEPES buffer. Reagents
employed for the interference effect experiments included sodium
chloride (NaCl) and lithium chloride (LiCl), both from Sigma-Aldrich,
(Spain). For the preparation of Phosphate Buffered Saline (PBS), di-
sodium hydrogen phosphate (Na;HPO4) was purchased from Sigma-
Aldrich (Spain). Enzyme Urease was purchased from Sigma-Aldrich
(Spain) and Phenylalanine ammonia lyase (PAL) was donated from Gecco
Biotech (The Netherlands). For the preparation of the standard solutions,
urea and L-phenylalanine from Sigma-Aldrich (Spain) were employed. For
the automated POC analyzer for hospital use, the same calibration
solution of the Ammonia Ultra kit that is used by the reference method
from ABBOT (lllinois, US) was employed as control solution.

All solutions were prepared using Milli-Q water and were degassed
previous to use to avoid the formation of air bubbles inside the channels
of the microfluidic platform.

A hydrophobic polyvinyldene fluoride (PVDF) membrane of 125 um
thickness and 0.45 um porous size obtained from Millipore (US) was used
for the separation of NHs* from the matrix sample by a gas diffusion
process. Different membranes of varied composition and porous sizes
were tested as protective membranes to avoid direct contact between
the blood matrix and the PVDF membrane. The particular providers,
materials and structure of these protective membranes can be seen in
Table 3.1. Values of pore size (um) and molecular weight cut-off (MWCO)
were compared by conversion following Eg. 3.1:
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r =0.066 - MW1/3 Eq. 3.1

where r (nm) is the minimum radius and MW is the molecular weight (Da).

Table 3. Summary of materials, pore size, molecular weight cut-off and manufacturer of the
different membranes evaluated to be used as protective membranes.

Membrane Material Pore size MWCo Manufacturer
(um) (kDa)
Wh
1 Polycarbonate 0.05 5.4 - 10*** atman
Nucleopore
2 Polycarbonate 0.015 9.4 - 10*3* Whatman
Nucleopore
3 Hydrophilic PVDF 0.65 7.6 -10%8* Millipore
R
4 egenerated 4.86 - 103* 50 Spectra/Por
cellulose
5 Cellulose 3.02-103* 12 Sigma-Aldrich
6 Regenerated 13210 1 Sigma-Aldrich
cellulose
7 Polyethersulfone  4.86-1073* 50 M.ezrk
Millipore
8 Ester cellulose 2.84-103* 10 Spectra Por

*MW(CO values calculated as indicated in reference?.

3.2.Microsystem for the detection of ammonium ion in
blood for hospital use

All the designs and fabrication processes for the microfluidic platforms
evaluated during the development of the FIA microanalyzer for hospital
use aimed at NHa4* determination in blood are detailed hereunder.

3.2.1. Design

During the course of this doctoral thesis three different prototypes
were developed for the FIA microsystem destined for the detection of
NH4* in blood at a hospital or a clinic. They will be referred as prototype
| (PI), prototype Il (Pll) and prototype Il (PIII).

In the case of the PI, the design of the microfluidic platform was
customized for the determination of NH4* by means of the direct contact
between the sample and the ISM, and it is shown in Fig. 3.1. This design
includes a micromixer to facilitate the mixing of a buffer solution at a
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neutral pH with a carrier solution containing the NH4Cl standard solution
or the sample to be analyzed. The NH4* present in the standard solution
or sample reaches a detection chamber of 1.8 mm or 3.5 mm diameter
where the ISE is located. The microfluidic channels were 400 um wide
and 300 um deep, and the micromixer had a total length of 21.1 cm. To
keep the reference electrode at a stable potential, a 0.1 M KCI solution
constantly flows through a separate channel that joins the buffer solution
after the ISE, thus creating a free-diffusion liquid junction.?

0.1 MKCl
Buffer p

H,0 as carrier

Sample

Fig. 3.1 Schematic representation of the design for Pl: 1) reference electrode, 2) indicator
electrode, 3) detection chamber, P) peristaltic pump, V) six-way injection valve and W) waste.

In addition to all the elements previously described in PI, the Pl
design, which is shown in Fig. 3.2, also includes a gas diffusion
membrane (a PDVF membrane) located between two overlapped
serpentine channels. On one side of this membrane, the carrier solution
containing the standard solutions or the samples is mixed with a NaOH
0.1 M solution with 103 M EDTA in the micromixer and this constitutes
the donor solution. EDTA was used to avoid the precipitation inside the
microchannels of hydroxides resulting from the metals in the blood
matrix. NH4*, in the presence of NaOH, converts into NHs soluble gas,
which can diffuse through the gas diffusion membrane and reach the
channels on the other side of the gas diffusion membrane. There, an
acceptor buffer solution at a neutral pH flows, NHs converts back into
NHs*, and is directed towards the detection chamber, where it is
detected by the ISE.
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0.1 M KCI
Buffer
0.1 M NaOH + 103 M EDTA =]
H,0 as carrier
Sample

Fig. 3.2 Schematic representation of the design for Pll: 1) reference electrode, 2) indicator electrode,
3) detection chamber, 4) gas diffusion membrane, P) peristaltic pump, V) six-way injection valve and
W) waste.

Regarding PIIl, its design can be seen in Fig. 3.3 and is very similar to
that of PII. The single difference is the addition of a second membrane,
located between the gas diffusion membrane and the donor solution.
The purpose of this extra membrane was to avoid direct contact between
the gas diffusion membrane and the blood matrix. In this way, we can
protect it from compounds present in blood, such as blood proteins, and
prevent pore clogging, therefore, lengthening the membrane lifetime.

0.1 MKCI
Buffer
0.1MNaOH + 10 M EDTA )
H,0 as carrier
Sample

Fig. 3.3 Schematic representation of the design for Plll: 1) reference electrode, 2) indicator
electrode, 3) detection chamber, 4) gas diffusion membrane in orange, 5) protective membrane
in purple, P) peristaltic pump, V) six-way injection valve and W) waste.

The design of the channels at both sides of the gas diffusion
membrane are represented in Fig. 3.4 and its dimensions are of 1 mm
width, 11 cm length and 100 um depth. Inlets and outlets do not overlap
at the same point to avoid excessive pressure over the gas diffusion
membrane at the inlets points. The design of this analytical platform
ensured the successful isolation of NH4* from the rest of the compounds
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of the complex sample matrix, avoiding undesired interferences in
potentiometric detection.

-
~ -

)

Fig. 3.4 Schematic representation of the microchannels on both sides of the gas diffusion
membrane, with the inlets (1) and the outlets (O) indicated.

An alternative configuration of this microfluidic configuration was also
developed, the main difference of which is the structure of both inlets,
which are designed in a step-like configuration (Fig. 3.5). Moreover, in
order to facilitate fabrication and to avoid overpressure, channels of this
alternative gas diffusion module have the same width and length but the
depth is of 200 um instead of 100 um.

l T | T

(0] | 0 |

Fig. 3.5 Schematic representation of the lateral view for the microchannels at both sides of the
gas diffusion membrane (A) and the alternative configuration (B), showing the protective
membrane (purple) and the gas diffusion membrane (yellow) and the inlets (1) and outlets (O) of
the donor side (blue) and the acceptor side (orange).

3.2.2. Microfabrication

All the microfluidic platforms described in the previous section were
obtained following the same fabrication processes which are depicted in
Fig. 3.6. The GSB group owns the necessary infrastructure to carry out
this microfabrication procedure and has extensive experience in
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thermoplastic polymer-technology, which has already been described in
previous works of the group.>”’

In this dissertation, in order to facilitate the optimization of the
different elements of the analytical system, PI, PIl and PIll were
fabricated as modular devices, in which we have three different
constituents: the mixing module, the gas diffusion module and the
detection module.

1. Design
PR T )

2. Micromilling

3. Integration of additional elements

=

4. Thermal pressure bonding

5. Final device

Fig. 3.6 Overview of the different steps for the fabrication of the analytical microsystems using
thermoplastics multilayer technology: 1) Design 2) Micromilling 3) Integration of additional
elements 4) Thermal pressure bonding 5) Final devices.
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The fabrication process begins with the selection of the substrate
material and the design of the patterns for each layer that constitute the
final 3D structure. For the fabrication of all prototypes, the selected
substrate material for the mixing and detection modules was COC. In
particular, two different COC sheets of two different thicknesses and
composition were used. This way, we have two different COC substrates
of different Tg. One of the COC has a thickness of 25 um and a Tg of 78 °C,
and serves as sealant during the thermal-pressure bonding process. The
other COC sheets have a thickness of 400 um and a Tg of 138 °C, and are
used as structural layers containing the micromachined motifs. The
mixing module was constituted by five structural layers intercalated with
four sealing layers. For the detection module, a total of six structural
layers and five sealing layers were used.

On the other hand, the first configuration of the gas diffusion module
consisted of a steel structure, which contained two 3.6 x 6 x 0.29 cm
PMMA layers, previously micromilled with the corresponding
microchannels. Both the gas diffusion and the protective membranes
were positioned between the two PMMA layers so that donor and
acceptor channels overlapped when hermetically closed by a screw
thread. For ease of fabrication, the alternative gas diffusion configuration
was fabricated using six 25 um COC layers and seven 400 um COC layers,
and the overall dimensions were also of 3.6 x 6 x 0.29 for each side, to fit
the same steel structure.

As mentioned in Chapter 1, the design of each structural layer was
carried out through a CAD software and the superposition of all these
motives constitutes the final 3D structure of the analytical platform.
Afterwards, individual designs were processed using a computer aided
manufacturing (CAM) processing software to obtain a CAM file that can
be read by the micromilling machine software.

The following step in the fabrication process was microstructuring
each COC layer. The technology chosen for the microfabrication was
micromilling of polymer surface. For this purpose, a ProtoMat C/HF
mill/drill unit (LPKF Laser & Electronics, Garbsen, Germany) with a
working area of 200 x 300 mm was used (Fig. 3.7A). Most parameters,
including the drill position in the XY plane and its rotational and
displacement speeds are controlled by the CircuitMaster software.
However, the drill position in the Z plane is manually controlled via a
micrometre of a 10 um resolution. Although this results in a less
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automated fabrication process, it allows a more precise and continuous
control of the patterns depth, which is significantly important when
prototyping complex designs as these ones. The employed tools in the
micromilling process were end milling tools of 0.4, 0.8, 1 and 2 mm
diameter and are depicted in Fig. 3.7B.

| End mills

Fig. 3.7 Real image of the micromilling machine, B) Real image of the end mills employed during
the micromilling process.

After that, the additional elements required for the analytic
microsystem operation are added. In this case, the epoxy-graphite is
placed to act as conductive support of the ISE and left to cure overnight
at 40 °C (and sanded afterwards). The Ag/AgCl paste is screen printed to
constitute the reference electrodes (Fig. 3.8). The ISM is also deposited
by drop-casting with a micropipette in intervals of 5 minutes to allow the
slowly evaporation of the organic solvent without the formation of
bubbles within the membrane.

Fig. 3.8 Real image of the Ag/AgCl screen-printed paste for the reference electrodes.
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The next step is to carry out a thermal-pressure bonding with all the
layers stacked and aligned in the correct order. This seals all the COC
layers in an irreversible way, hence, obtaining a monolithic device with
the desired 3D design. For this purpose, a hydraulic press (Talleres
Francisco Camps SA, Granollers, Spain) was used (Fig. 3.9A). A metallic
plate with a working area of 100 x 100 cm was used to obtain an optimum
alignment between the different layers by means of four 2 mm diameter
fiducial holes (Fig. 3.9B). Between the outside COC layers and the metallic
plague, a silicon sheet was placed to homogenize pressure to the entire
surface, a PMMA plate was used to avoid deformation of the
micromachinned structures, and an anti-adherent polymer sheet was
used to keep the COC surface clean (Fig. 3.9C).

—» HighTg
LowTg

Fig. 3.9 A) Real image of the hydraulic press used for the thermal-pressure bonding, B) Real image
of the metallic plates used for alignment of the COC layers, C) Schematic depiction of the
arrangement for the thermal pressure bonding process of a basic schematic microfluidic system
constituted of an inlet, a channel and an outlet. The silicon sheet (orange), PMMA plate (blue),
anti-adherent polymer (black line) and COC layers of high T, (green) and low Tg (yellow) and
metallic plates (dark grey) are depicted. Pressure direction is indicated by the red arrows.
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The thermal pressure bonding procedure consisted in increasing and
decreasing the temperature under a constant pressure conditions of 4
bar. The maximum temperature achieved during this process was 102 °C,
which is above the T; for the sealing COC layers and lower than the Tg for
the COC structural layers. This way, all layers are irreversibly sealed
together, without the need to use any adhesives and without the risk of
deformation of the micromilled patterns.

Finally, elements that are not compatible with the thermal pressure
bonding process are incorporated. These elements are electric
connectors (Fig. 3.10A), as well as fluidic connectors, used to attach
devices to external components. These fluidic connectors consist of a
PMMA piece that presses a Teflon tube with an O-ring against the
microfluidic device ports with the aid of screws (Fig. 3.108B).

A B

Fig. 3.10 A) Real images of the electric connectors and B) Real image of the fluidic connectors.

3.2.3. Final device

Three different constituents can be distinguished: the mixing module
(Fig. 3.11A), the detection module (Fig. 3.11B) and the gas diffusion
module (Fig. 3.11C-F). The two former modules both have dimensions of
3.4 x 2.7 x 0.2 cm, whereas the later module has dimensions of 8 x 3.2 x
5 cm when closed. Both gas diffusion module configurations have glued
flanges in inlets and outlets for fluidic connection.
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Fig. 3.11 Real images of the different modules: A) mixing module, B) the detection module, C) gas
diffusion module closed, D) gas diffusion module opened, E) microchannels of the original

configuration of the gas diffusion module (F) and alternative gas diffusion module configuration
().

3.2.4. Experimental set-ups

The experimental set-up for Pl (Fig. 3.12A) and Pll and PIIl (Fig. 3.12B)
consisted of a four channel peristaltic pump (Minipuls 3, Gilson, WI, US)
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equipped with Tygon tubes (Ismatec, Wertheim, Germany) of 1.14 mm
of internal diameter for the liquid propulsion of all channels with the
exception of the auxiliary 0.1 M KCl solution, for which Tygon tubes of
0.64 mm of internal diameter ( Ismatec, Wertheim, Germany) were used.
Moreover, a six-way injection valve (Hamilton, MVP, Reno, EEUU) was
used for the sample injection. Teflon tubes of 0.8 mm of diameter
(Scharlab, S.L., Cambridge, England) were used to connect the analytical
microsystem to the external elements. Signal acquisition was carried out
by a potentiometer (TMI, Barcelona, Spain).

Fig. 3.12 Real images of the experimental set-up for Pl (A) and PIl and PllI (B). 1) peristaltic pump,
2) six-way injection valve, 3) potentiometer, 4) reagents, 5) micromixer, 6) detection module and
7) gas diffusion module.

A second set-up was designed and fabricated aimed at the automation
of the analytical process using PIIl. It consists of a 4-channel peristaltic
pump (Spetec, Germany), five 3-way injection valves (NResearch, NJ, US),
a microfluidic bubble trap (Elveflow, France), and a potentiometric
reader developed by the Grupo de Instrumentacion Electronica y
Biomédica (IEB) of the Universitat Politécnica de Catalunya (UPC)
(Barcelona, Spain). In Fig. 3.13 it can be seen a schematic diagram of all
elements (Fig. 3.13A) and a real image of the top (Fig. 3.13B) and lateral
view (Fig. 3.13C) of developed automated POC and a close-up of the
miniaturized potentiometric reader (Fig. 3.13D).
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A 0.1MKCl

0.001 M HEPES

V.
0.1 M NaOH + 103 M EDTA jzj
H,0

Sample

1000 uM NH,CI

Control

Fig. 3.13 A) Schematic representation of the automated experimental set-up for Plll: 1) reference
electrode, 2) indicator electrode, T) bubble trap, V) 3-way injection valve, P) peristaltic pump, M)
micromixer, G) gas diffusion module, PC) computer, W) waste. B) Real image of the top-view of
the automated POC, C) lateral view of the automated POC and D) real image of the miniaturized
potentiometric reader.

Tygon tubes of 1.14 mm and 0.64 mm internal diameter (Ismatec,
Wertheim, Germany) and Teflon tubes of 0.8 mm internal diameter were
used for the fluid propulsion. For fluidic connections between the 3-way
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injection valves and the Teflon tubes, two-piece inert fitting sets were
used (NResearch, NJ, US). For fluidic connections between Teflon tubes
and between Teflon tubes and Tygon tubes, flangeless fittings from IDEX
Health and Science (WA, US) were employed to build a more robust
system. This automated POC system was controlled by a Labview
program, also developed by the IEB group, which handles the control of
the different elements for the fluidic management, the data acquisition
via Bluetooth and the treatment of this data. Components are contained
within a methacrylate support.

3.3.Disposable device for the determination of ammonium
ion in blood at home

All designs and fabrication process for the analytical platforms
evaluated during the development of the disposable device for NHs*
determination in blood at home are detailed next.

3.3.1. Design

The concept for the disposable microanalytical device for the
determination of NH4* in blood at home is entirely different from the
previous described prototypes, and it will be referred as disposable
prototype (DP). A schematic representation of its design is shown in Fig.
3.14.

Fig. 3.14 Schematic representation of the DP design, constituted by a detection module (1)
containing a reference electrode (2), a salt bridge (3) and an indicator electrode (4), and a gas
diffusion module (5) containing a gas diffusion membrane (6) and sampling area.

It is composed by two different modules: a detection module and a
gas diffusion module. The first one contains two identical ISEs, one acting
as reference electrode and the other one acting as indicator electrode.
They are connected by a channel of 0.8 mm width, that once filled with a
specific reagent serves as salt bridge. Two different detection modules
for the DP were fabricated with two different ISE sizes: 3.5 mm and 1.8
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mm of diameter and a salt bridge of 6.1 mm and 4.4 mm length,
respectively.

On the other hand, the second module contains a gas diffusion
membrane of 3.5 mm diameter. For a functional NH4* detection, the gas
diffusion module is placed over the detection module, so that the gas
diffusion membrane lays over the indicator electrode.

This device only contained the gas diffusion membrane because it is
meant to be a single-use analytical device, so there is no need to protect
this membrane from the blood matrix.

The operational protocol is as follows: blood sample is deposited on
top of the gas diffusion membrane, where a NaOH 0.1 M solution
converts the NHs* present in the sample into volatile NHs. It diffuses
through the PVDF membrane and reaches a buffer solution at a neutral
pH underneath. There, NHs; converts back into NH4*, and is detected by
the ISE. During sample measurement, as both electrodes are in contact
through a salt bridge composed by the buffer, NHs* from the sample
diffuses to the reference electrode. However, this process is slow enough
to ensure that reference electrode maintains its potential constant
during the time of analysis. The need to have two identical ISE arised
from the approach selected to achieve an autocalibration,®® which has
already been previously described in Chapter 1.

3.3.2. Microfabrication

The microfabrication of the DP follows the same procedure employed
for the previous prototypes described in Fig. 3.6. COC sheets were the
same as for PI, Pll and PIIl, but also an additional 130 um COC sheet with
a Tg of 138 °C was employed. The 25 um thickness COC with a lower Tg
was selected as a sealing layer whereas the 130 um and 400 um thick
COC with a higher T; were used as structural layers. The detection
module has three 400 um COC structural layers plus one 130 um COC
layer and three 25 um sealing layers. On the other hand, the gas diffusion
module is constituted by two structural layers: one of 130 um and
another of 400 um; and two 25 um sealing layers. Between both
structural layers, a gas diffusion membrane is located. During use, both
modules are bound together with a reversible double-side adhesive.

These COC substrates are micromilled using the same equipment and
tools as previously described to create the desired patterns. Then, the
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screen-printed carbon paste is placed and cured at 80 °C for 30 minutes
to form the conductive support of the ISEs. Afterwards, the thermal
pressure bonding process is performed. For the gas diffusion module, the
gas diffusion membrane is located between the COC sheets and then, the
whole is thermo-laminated. Finally, the ISM is deposited by drop casting
on top of the conductive supports.

3.3.3. Final device

A real image of the detection and gas diffusion modules of the
disposable microanalytical device can be seen in Fig. 3.15. The detection
module with small ISE has a size of 2.5 x 1.5 x 0.2 cm whereas the
detection module with the big ISEs has a size of 2.5 x 1.7 x 0.2 cm. The
gas diffusion module size is 1.5 x 2 x 0.1 cm.

A B C

Fig. 3.15 Real image of the DP: A) detection module with 3.5 mm diameter ISEs, B) detection

module with 1.8 mm diameter ISEs and C) gas diffusion module.

3.3.4. Experimental set-ups

Two different experimental set-ups were used during the optimization
and analytical characterization of these DP. The first one is referred as
batch set-up and a real image and a schematic representation can be
seen in Fig. 3.16A and Fig. 3.16B respectively.

In this batch set-up all the ISEs in the DP act as indicator electrodes
and a commercial reference electrode (Orion 900200 Sure-Flow, Thermo
Scientific) was used. All the electrodes were submerged on a given
volume of the buffer solution under continuous agitation conditions by
means of a magnetic stirrer and the gas diffusion membrane was not
present. A potentiometer was used to measure the resulting potential
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and a 16-channel multiswitch (TMI, Barcelona, Spain) was used to be able
to calibrate several ISEs at the same time.

‘ Multi-switch 2 ‘
I
Potentiometer 1 ‘

Magnetic stirrer 3

Fig. 3.16 A) Real image of the batch set up and B) schematic representation of the batch set-up.
1) potentiometer, 2) multi-switch, 3) magnetic stirrer, 4) reference electrode and 5)
microanalytical devices.
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The second set-up employed was the dual set-up, in which the device
is used in the same manner as it will be used for the home device: one of
the ISE acting as an indicator electrode and the other one acting as a
reference electrode. In this case, a potentiometer (TMI, Barcelona, Spain)
was employed for the measurement of the potential and a motor was
used to incorporate a vibration to mimic the magnetic stirring. Real
images and a schematic representation of the dual set-up are depicted in
Fig. 3.17A-C.

Potentiometer 1

2

Fig. 3.17 A) Real image of the dual set up, B) close-up of the area in red and C) schematic
representation of the dual set-up. 1) potentiometer, 2) vibrating motor, 3) reference electrode,
4) indicator electrode.
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Chapter 4

Prototypes for determination of
ammonium ion for hospital use

This chapter focuses on the results obtained regarding the
development of a FIA prototype for the high-throughput analysis of blood
samples in a clinical setting. This prototype was designed to be suitable
for its implementation in any kind of medical centre, from small clinics to
reference hospitals, owing to its projected low cost and ease of use,
which does not require expert personnel. Due its small dimensions and
the fact that it is meant to analyse blood samples, it could be stationed
close to patients, such as in Emergency Rooms or in Intensive Care Units
to ensure a fast and constant monitoring of patients. The development
of such POC device would constitute a huge improvement in comparison
to the current approach for NHs* quantification at hospitals, which is
carried out at the laboratories of reference centres with expensive and
complex equipment.

This section discusses the optimization of the hydrodynamic and
chemical variables, as well as the characterization of the analytical
response of the FIA system for hospital use, previously described in
Chapter 3. The aim was to achieve a suitable sensitivity, LD and linear
working range for the determination of NH4* at healthy and pathological
levels as well as to obtain acceptable repeatability and reproducibility in
order to develop a robust POC device.

Of utmost importance was the application of the prototype to the
analysis of whole blood samples instead of plasma samples. To assess the
suitability of the proposed microanalyzer as a reliable tool for the
diagnostic and monitoring of hyperammonemia states, its analytical
performance compared to that of the current method employed at
hospitals by analysis of real plasma and blood samples. This was done in
collaboration with the Hospital Sant Joan de Déu (HSJD) (Espugles de
Llobregat, Spain) which is the reference centre of the region for IEM.
They provided the plasma and blood samples and carried out the NH4*
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guantification by the standard method that was used as a reference
method.

4.1.Experimental

All optimizations were carried out by the analysis, in triplicate, of two
different concentrations of a decade of difference. As mentioned
previously in Chapter 1, according to the Nernst equation, the theoretical
difference between these two concentrations should be —=59.2 mV. For
the optimization of the hydrodynamic and chemical parameters the
concentration and flow rate of the auxiliary KCl solution were kept at 0.1
M and 300 pl/min respectively. Likewise, the analytical characteristics of
the optimized analytical systems were obtained from a calibration
procedure consisting of the analysis of a series of NH4Cl standard
solutions by triplicates.

Furthermore, repeatability studies of this analytical system were
carried out by either 10 or 20 consecutively analysis of NH4Cl standards
solutions. The relative standard deviation (RSD) was calculated as RSD
(%) = (6/X) - 100, where X is the average value and ¢ is the standard
deviation.

Reproducibility studies of these analytical systems were assessed by
the calibration curves, resulting from a single analysis of different
concentrations of NH4Cl standard solutions, obtained at different days.
The selection of the protective membrane was done in the same way,
obtaining a calibration curve for each membrane candidate.

The log Kﬁgt for all interfering cations were calculated following the
Fixed Interference Method, by using a fixed concentration of 0.01 M of
the interfering ion in the NH4Cl standard solution.

The suitability of the optimized microanalytical device for the
determination of NH4* in real plasma and blood samples was evaluated
in parallel using the proposed microsystem and the current method used
at reference centres. These analyses were carried out at the HSID. The
reference method is a spectrophotometric enzymatic method carried out
by the Architect ci8200 analyser (ABBOT, IL, US).! This analyser is an
automated and expensive equipment designed for the multiparametric
routine analysis of plasma samples. This NH4* detection method is based
on the reaction of the analyte with glutamate dehydrogenase (GLDH) and
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the subsequent decrease in absorbance at 340 nm due to the production
of the oxidized form of nicotinamide adenine dinucleotide (NAD").

GLDH
NHj + NADH + o — ketoglutarate — NAD* + glutamate

This spectrophotometric enzymatic method is suitable for plasma
samples only, not blood. Thus, plasma was obtained from the
centrifugation of blood samples during 10 minutes at 3000 rpm and 10
°C. For comparison purposes plasma samples, and blood samples and
their corresponding plasmas, were analysed in parallel with both
methods and results were evaluated with a paired t-test and the
graphical representation of the results with each method.

One factor to take into account is that there are no available reference
methods for NHs* quantification in blood samples. This is what makes the
proposed FIA microanalyzer for hospital use a great alternative for the
currently used method, that uses plasma. However, the fact that both
systems use different samples matrix increases the difficulty for the
validation procedure. Moreover, when analysing plasma samples there is
a delay in time, due to the required centrifugation step, which may
increase the NH4* levels.?

4.2.Prototype | for ammonium ion detection

The Pl configuration has been used for the evaluation of the
degradation effect of the assessed buffer solutions and the
reproducibility study. Pl was used because it allowed to correlate the
analytical characteristics of the system only to the degradation of the
buffer or the state of the ISE. Hence, the state of the gas diffusion
membranes is not taken into account. Moreover, an interference study
was also carried out to assess the possible interferences for the ISE by
other ions normally found in the matrix sample.

4.2.1. Evaluation of the buffer solution

TRIS is a well-known buffer solution that has been extensively used in
previous works related to the potentiometric analysis of NH4* in the GSB.
Nevertheless, TRIS contains a primary amine group which could lead to
the production of NH3 in case of degradation, and to the consequently
interference in the potentiometric detection by the ISE of the desired
analyte. Therefore, an alternative buffer, HEPES, which has a pK, of 7.48
(at 25 oC) and its buffer capacity ranges from 6.8 to 8.2, was also tested
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to avoid this possible complication. The disassociation reactions for both
TRIS and HEPES can be seen in Fig. 4.1A and Fig. 4.1B.*

A

HO @OH HO
®
HO\J)\NHS H HO\JSNHZ
HO HO
B
® 0 O@ @ 0.0
(‘\N/\/S o OH (\N/\/S ©
N_JH ® N
HO ™ A HO ™

Fig. 4.1 Equilibrium reactions for TRIS (A) and HEPES buffer (B) from (4).

In this sense, reproducibility study was carried out using both buffer
solutions. For this purpose, the calibration curves on days 1, 7 and 14
were obtained using 0.001 M TRIS (Fig. 4.2A) and 0.001 M HEPES (Fig.
4.2B) respectively, to assess if the degradation of the buffer affected the
sensitivity and linear working range of the analytical microsystem. The
flow rate for the carrier and the buffer solutions was 800 pl/min and the
injection volume was 100 pl. The pH values for both buffers were set at
7.

Results of this calibration procedures appears in Table 4.1. In this table,
it can be seen that despite the fact that the linear range and an
acceptable LD are maintained for both buffers there is a clear decrease
in sensitivity at day 14 as well as a decrease in the signal heights using
TRIS compared to HEPES. This is most likely related to the degradation of
TRIS into NH4".
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Fig. 4.2 Calibration curves obtained using 0.001 M TRIS (A) and 0.001 M HEPES (B) for day 1 (black),
day 7 (blue) and day 14 (red).
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Table 4.1 Analytical characteristics obtained using TRIS (top) and HEPES (down) as buffer for days
1, 7 and 14.

0.001 M TRIS
Day | Slope Y-intercept Linear range (uM) LD (uMm) R?
1 55.3 334.0 50 -1000 0.9 0.9962
7 55.3 326.5 50-1000 1.3 0.9961
14 49.9 271.0 50 -1000 3.8 0.9860

0.001 M HEPES

Day | Slope Y-intercept Linear range (uM) LD (uM) R?
1 56.9 3334 50 -1000 1.5 0.9972
7 56.4 309.8 50 -1000 3.2 0.9956
14 54.1 292.5 50 -1000 3.9 0.9991

4.2.2. Reproducibility study

To assess the lifetime of the ISEs used with 0.001M HEPES at pH 7 as
buffer, the calibration curves for days 1, 7, 14, 21 and 28 for Pl were
obtained (Fig. 4.3). The flow rate for the buffer and carrier were 800
ul/min and the injection volume was 100 pl. The resulting analytical
characteristics are detailed in Table 4.11.

Results showed that at day 1 there was an acceptable sensitivity, a
working linear range of 50 to 1000 uM NHs* and low LD. These good
analytical characteristics were maintained during the following days. As
a matter of fact, there was an increase of the signal peaks, which reached
a maximum on day 21, most likely due to the prolonged wetting and
exposure to the analyte. At day 28, the sensitivity decreased to sub-
nernstian levels, even though the lineal range was maintained and the LD
remained very low, at 1.8 uM NH4".

These results indicate that the ISE could be used up to 28 days with
acceptable analytical performance using HEPES as buffer.
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Fig. 4.3 Calibration curves for microanalytical devices for day 1 (black), 7 (red), 14 (blue), 21 (green)
and 28 (pink) with HEPES.

Table 4.1I Analytical characteristics for calibration curves obtained during a 28 day period using
HEPES as buffer.

Day Slope Y-intercept Linear range LD (um) R?
1 61.3 355.3 50-1000 1.6 0.9991
7 60.6 355.4 50-1000 1.4 0.9993
14 57.5 330.0 50-1000 1.8 0.9985
21 54.8 339.5 50-1000 0.6 0.9988
28 49.9 287.2 50-1000 1.8 0.9935

4.2.3. Interference study

The ISM used in this analytical microsystem includes nonactin as
ionophore, which is selective for NHs* but can also be sensitive to other
monovalent cations. Therefore, the level of interference was assessed by
the calculation of the log K}ﬁgt for K*, Na*, Li* and Ba*2. The first two ions
are the main interfering ions present in blood samples and in serum.
Their concentrations range from 3 to 5.5 mM and from 130 to 150 mM
respectively.” On the other hand, despite Li* not being present in blood,
it is a well stablished mood stabilizer, which can be used for the
treatment of psychiatric presentations of UCDs. In this cases, Li*
therapeutic concentrations in plasma range from 0.6 to 0.8 mM, and
must be closely monitored to avoid toxicity issues, which have been
reported at levels as low as 1 to 1.5 mM.® Furthermore, the log Kﬁgt for
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Ba*2 was also evaluated because Ba(OH): is used for the pH adjustment
of the HEPES buffer.

Experimental conditions employed were 0.01 M HEPES buffer at pH
7.1, 800 pl/min flow rate and a 100 pl sample volume. The resulting
log Kf’gt are included in Table 4.1l and reveal that the main interfering
ion of the ISM used is K*. Regarding Na*, it displays less interference,

whereas Li* and Ba*? present a much lower level of interference than the
other two cations evaluated.

Table 4.1l Potentiometric selectivity coefficients for the different cations evaluated.

Interfering Cation (B) log Kf\,olg
Na* ~26
K* ~1.1
Lit -3.3
Ba'? 37

4.3.Prototype Il for ammonium ion detection

Considering the high interferences of K* and Na* and their presence at
high concentrations in plasma and blood, it was not possible to use Pl for
the determination of NHa4* in real plasma and blood samples. Therefore,
it was necessary to isolate the target analyte from the rest of the complex
biological sample matrix. For this purpose, a gas diffusion membrane was
employed. This separation system was already used in the GSB in
previous works’= and is schematically represented in Fig. 4.4.

NaOH
OH"
NH,* = NH;

1
Gas diffusion membrane
Buffer

1
1
1
1
1
v H*
N

iy @)
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Fig. 4.4 Schematic representation of the gas diffusion process for NH4* detection using PII.

106



Prototypes for determination of ammonium ion for hospital use

4.3.1. Optimization of chemical and hydrodynamic variables

One hydrodynamic variable evaluated was the size of the detection
chamber, with the intention of speeding up the emptying of the sample
plug from the detection chamber, thus, reducing the analysis time. The
optimization of the variables was carried out with an analytical platform
containing a detection chamber of 3.5 mm (Fig. 4.5A) of diameter, which
was the same as the ones used with PI, but also with a smaller detection
chamber, of 1.8 mm of diameter (Fig. 4.5B). By using a smaller chamber,
the surface of the ion selective electrode is reduced as well as the
residence time in the detection chamber. Hence, there is a decrease in
the peak heights of the potentiometric signals obtained and a
consequent reduction of the analysis time.

s -
Fig. 4.5 Two different detection chamber sizes evaluated: A) 3.5 mm and B) 1.8 mm of diameter.

This effect can be seen in Fig. 4.6, which shows the signal recordings
of an 100 pul injection of a standard solution of 20 uM NH4Cl with each
one of the detection chambers, and a 22 % reduction in the signal peak.

Despite the fact that HEPES demonstrated a better stability than TRIS
in a previous section, the concentration and pH of TRIS for the PIl were
also evalutated, in order to assess if there were differences regarding the
capacity to convert NHs to NH4".

Furthermore, it is important to note that the complete optimization
process lasted for several days. So, slightly discrepancies between signal
peak heights may occur due to small changes in the ISE response with
time of use.
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Fig. 4.6 Two signal peaks corresponding to a 100 ul injection of a standard solution of a 20 uM
NH4Cl standard solution with PIl containing a detection chamber of 3.5 mm diameter (black) and
of 1.8 mm diameter (red).

The optimization begun with the 3.5 mm detection chamber and a
summary of this optimization can be seenin Table 4.IV.

Table 4.IV Optimization of the hydrodynamic and chemical variables of PIl with the 3.5 mm
diameter detection chamber.

Variable Volume Flowrate [Buffer] [Buffer] [NaOH] Optimized
(1) (ul/min) (M) pH (M) value
Sample {25~ 650 0.005 7.1 0.1 225
volume 500
Flow rate 225 300 -3800 0.005 7.1 0.1 650
0.001 -
[TRIS] 225 650 0.05 7.1 0.1 0.001
7.1-
TRIS pH 225 650 0.001 39 0.1 7.1
104 -
[NaOH] 225 650 0.001 7.1 01 0.1
.001 -
[HEPES] 100 650 0.00 7.1 0.1 0.001
0.05
HEPES pH 100 650 0.001 7-8 0.1 7
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The first variable to be evaluated was the sample volume. The flow
rate of the channels for carrier, sample, buffer solution and NaOH
solution were each set to an arbitrary value of 650 pul/min to avoid high
pressure onto the gas diffusion membrane, and TRIS was set at 0.005 M.
The NaOH concentration for the donor solution was set at 0.1 M, as a
more basic solution ensured the total conversion of NH4* into volatile
NHs. Likewise, the buffer pH of the acceptor solution used was set at 7.1,
as a more acidic pH promotes the total conversion of the NHs back into
NH4*. A wide range of different sample volumes from 25 to 500ul were
tested. The lowest volume that provided a Nernstian behaviour (a
potential of —59 mV between two concentrations of a decade of
difference) was 225 pl (Fig. 4.7). It is important to select the lower
volume possible as the prospective use of this microsystem is the analysis
of blood samples, which in most cases are from newborns and young
children. Furthermore, using reduced injection volumes produces lower
peak heights, leading to shorter times of analysis and a higher throughput
of the analytical system. This is particularly important, as an
hyperammonemic case constitutes a medical emergency, which requires
a fast diagnosis for a prompt treatment.
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o
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100 200 300 400 500
Injection volume (ul)

Fig. 4.7 Optimization of the volume injection for PIl with the 3.5 mm detection chamber, using
standard solutions of 20 UM NH4Cl (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.

Next, the flow rate of the buffer, NaOH solution, carrier and sample
was optimized. All variables were kept at the same arbitrary values as
before and the previously optimized value of 225 pl for the sample
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volume was used. As can be seen in Fig. 4.8 flow rates ranging from 300
to 800 ul/min were tested and as it can be seen, lower flow rates cause
slightly higher signals because the available diffusion time is extended.
Nevertheless, these lower flow rates also led to a lengthening of the
analysis time. Thus, 650 ul/min was chosen as the optimimum, as it
allows us to have a reduced time of analysis while keeping a Nernstian
behaviour, and avoiding very high flow rates that could damage the gas
diffusion membrane.
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Fig. 4.8 Optimization of the flow rate for PIl with 3.5 mm detection chamber, using standard
solutions of 20 UM NH4CI (black circles) and 200 uM NH4CI (white squares). Arrow indicates the
optimized value.

The following parameter to be evaluated was the concentration of
TRIS buffer. A sample volume of 225 pl and a flow rate of 650 pl/min were
employed and the rest of the parameters were maintained to their initial
arbitrary values. A wide range of concentrations from 0.001 M to 0.05 M
were tested, and it can be seen in Fig. 4.9 that a concentration of 0.001
M gave the higher peak height, so this was the buffer concentration
selected as the optimum. At higher buffer concentrations, the peak
heights decreased. As mentioned in Chapter 1, ISEs measure ionic
activity, rather than ionic concentration. According to the Debye-Hikel
equation, at a high ionic strength (i.e. when using a high buffer
concentration), y decreases. For lower y, the measured ionic activity for
a given ionic concentration is reduced.
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Fig. 4.9 Optimization of the TRIS concentration for PIl with 3.5 mm detection chamber, using
standard solutions of 20 uM NH4CI (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.

Because this concentration is quite low, baselines recordings with the
different buffer concentrations were evaluated to ensure baseline
stability. Indeed, baselines are stable for all concentration as can be seen
in Fig. 4.10. On the other hand, buffer concentration did affect the
baseline value, which increased as the buffer concentration rised. This
fact explains why higher signal peaks were obtained when using lower
buffer concentrations.
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Fig. 4.10 Baselines of the signal recordings obtained using different TRIS concentrations: 0.05 M
(pink), 0.01 M (black), 0.05 M (blue) and 0.001 M (green).
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The following step was the buffer pH optimization. The sample volume
used was 225 pl, the flow rate was 650 pul/min and the TRIS concentration
was 0.001 M. The NaOH concentration was kept at 0.1 M as in the
previous cases. Different pH, ranging from 7 to 8.2 were evaluated. As
can be seen in Fig. 4.11, the most acidic pH assessed, 7.1, did seem to
give slightly higher signals. Thus, this pH was chosen to be used as the
optimum buffer pH for Pll, as a more acidic pH promoted the conversion
of NHs to NH4*.

120

100 - = o o

80 1 e 20uMNH,CI
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40 - .

Peak height (mV)

20 +

7.2 7.4 7.6 7.8 8.0 8.2
TRIS pH
Fig. 4.11 Optimization of the TRIS pH for PIl with 3.5 mm detection chamber, using standard

solutions of 20 UM NH4Cl (black circles) and 200 uM NH4Cl (white squares). Arrow indicates the
optimized value.

Finally, NaOH concentration was evaluated. Different concentrations
ranging from 0.0001 M to 0.1 M were evaluated. As can be seen in Fig.
4.12, concentrations higher than 0.001 M produced signals of similar
heights. Hence, the highest NaOH concentration was chosen to achieve
the higher degree of NH4*to NHs conversion, ensuring the total diffusion
of the ion of interest even at highly concentrated samples.
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Fig. 4.12 Optimization of the NaOH concentration for PIl with 3.5 mm detection chamber, using
standard solutions of 20 uM NH4CI (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.

Once the optimization of the different hydrodynamic and chemical
parameters was finished, signals were high enough to further reduce the
sample volume from 225 pl to only 100 ul, while maintaining the same
the analytical characteristics. These high signals were, to a large extent
the result of using a buffer concentration of 0.001 M instead of 0.005 M.
The reduction of sample volume also led to a reduction of the analysis
time, while maintaining a suitable linear working range and LD.

The use of HEPES, instead of TRIS was also considered for PIl. The
optimization of HEPES concentration was carried out using a sample
volume of 100 ul and the rest of the parameters set to the previous
values selected during the optimization done using TRIS. Resembling the
example of the TRIS concentration optimization, the highest signals were
obtained with a concentration of 0.001 M (Fig. 4.13). Thus, this
concentration was selected for further optimization of the process. In
this particular case, at a high buffer concentration of 0.05 M, higher signal
peaks were obtained than for 0.01 M and 0.005 M. This went against the
trend appreciated in the previous buffer concentration optimization (Fig.
4.9). However, this results shown in Fig. 4.13 for the 0.05 M
concentration were considered an anomaly, likely due to lack of stability
of the ISE potential, due the continued usage during the optimization
process.
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Fig. 4.13 Optimization of the HEPES concentrations for PIl with 3.5 mm detection chamber, using
standard solutions of 20 uM NH.4CI (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.

Lastly, the HEPES pH was evaluated. All parameters were set at their
optimized values, and a range of pH from 7 to 8.2 was tested. In Fig. 4.14,
it can be seen that the height of the signals obtained seem to be
independent from the pH used. Consequently, a pH of 7 was selected
based on the fact that a more acidic pH favours the conversion of NH4*
into NHs.
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Fig. 4.14 Optimization of the HEPES pH for PIl with 3.5 mm detection chamber, using standard
solutions of 20 UM NH4CI (black circles) and 200 uM NH4Cl (white squares). Arrow indicates the
optimized value.
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Once the optimization process for PIl with the 3.5 mm detection
chamber was finalized, the optimization of the hydrodynamic and
chemical variables for Pll with 1.8 mm detection chamber took place and
a summary can be seen in Table 4.V.

Table 4.V Optimization of the hydrodynamic and chemical variables for PIl with the 1.8 mm
diameter detection chamber.

Variable [Buffer] Volume Flowrate [Buffer] [NaOH] Optimized
(M) (ul) (ul/min) pH (M) value
0.001 -

[TRIS] 0.05 500 650 7.1 0.1 0.001
sample 1 601 25~ 650 7.1 0.1 200
volume 500

Flow rate 0.001 200 400 - 800 7.1 0.1 650
TRIS pH 0.001 200 650 7.1-8 0.1 7.1
10—

[NaOH] 0.001 200 650 7.1 01 0.1

[HEPES] 0.001 - 200 650 7.1 0.1 0.001
0.05
HEPES pH 0.001 200 650 7-8 0.1 7

Due to the fact that for the optimization process using the 3.5 mm
detection chamber the buffer concentration largely influenced the signal
height obtained, it was determined that this parameter would be the first
to be assessed. In this instance, the sample volume was randomly set to
500 pl, the flow rate was 650 pl/min, TRIS pH was 7.1 and the NaOH
concentration used was 0.1 M. Different TRIS concentrations ranging
from 0.001 to 0.05 M were evaluated and, as can be seen in Fig. 4.15, the
highest signals resulted from the use of a concentration of 0.001 M,
whereas the signals diminished when employing higher TRIS
concentrations. Therefore, this 0.001 M concentration was selected as
the optimum for the TRIS buffer.
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Fig. 4.15 Optimization of the TRIS concentration for Pll with 1.8 mm detection chamber, using
standard solutions of 20 uM NH4CI (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.

Afterwards, the sample volume was evaluated. TRIS concentration
was kept at the already optimized value of 0.001 M, whereas the flow
rate was set at 650 pl/min, TRIS pH at 7.1, and the NaOH concentration
at 0.1 M. Several sample volumes ranging from 25 ul to 500 pl were used
under this conditions and, the smallest volume that allowed us to keep a
Nernstian behaviour was 200 ul (Fig. 4.16).
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Fig. 4.16 Optimization of the sample volume for PIl with the 1.8 mm detection chamber, using
standard solutions of 20 UM NH4Cl (black circles) and 200 uM NH4Cl (white squares). Arrow
indicates the optimized value.
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The following step was the assessment of the flow rate. For this, the
previously optimized values of TRIS concentration of 0.001 M and a
sample volume of 200 pl were used. The buffer pH was kept at 7.1 and
the NaOH concentration used was 0.1 M. The flow rates tested for buffer,
NaOH solution, carrier and sample ranged from 400 pl/min to 800 pl/min.
Similarly to the optimization with the 3.5 mm diameter detection
chamber, faster flow rates caused a slightly lower signal heights (Fig.
4.17). A 650 pl/min flow rate was chosen as it was the best value that
balanced signal height and fast analysis time.
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Fig. 4.17 Optimization of the flow rate for PIl with 1.8 mm detection chamber, using standard
solutions of 20 UM NH4CI (black circles) and 200 uM NH4Cl (white squares). Arrow indicates the
optimized value.

TRIS pH was optimised as follows: the previously optimized values for
the TRIS concentration, sample volume and flow rate 0.001 M, 200 ul and
650 ul/min were used respectively, and the NaOH concentration was
kept at 0.1 M. The different pH for the TRIS buffer assessed range from 7
to 8.2. As can be seen in Fig. 4.18, a more acidic pH provoked slightly
higher signal heights, because this lower pH caused the conversion of a
higher percentage of NHs; to NH4* to be detected by the ISE. Therefore,
the lower pH, 7.1 was selected as the optimum.
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Fig. 4.18 Optimization of the TRIS pH for PIl with 1.8 mm detection chamber, using standard
solutions of 20 UM NH4CI (black circles) and 200 uM NH4CI (white squares). Arrow indicates the
optimized value.

Finally, NaOH concentration was evaluated. For this, all the previously
optimized values of the hydrodynamic and chemical parameters were
employed: 0.001 M TRIS at 7.1 pH, sample volume of 200 ul and a flow
rate of 650 pl/min. Concentrations for the NaOH solution ranged from
0.0001 M to 0.1 M. In the same way as the optimization of the 3.5 mm
diameter detection chamber, NaOH concentrations below 10* M were
not enough to convert all the NH4* into volatile NH3. However, as shown
in Fig. 4.19 concentrations over 10* M did give a Nernstian behaviour,
and he highest one, 0.1 M, was selected as optimum to ensure total NH3
conversion even at high concentrations.
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Fig. 4.19 Optimization of the NaOH concentration for PIl with a 1.8 mm detection chamber, using
standard solutions of 20 uM NH4Cl (black circles) and 200 uM NH4Cl (white squares).
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For the Pl containing the 1.8 mm detection chamber, HEPES was also
appraised to be used as buffer of choice. For this purpose, the
optimization of the buffer concentration and pH was repeated using
HEPES instead of TRIS. In the first case, a sample volume of 200 ul, a flow
rate of 650 pl/min and a NaOH concentration of 0.1M were used as were
previously optimized, whereas the pH buffer was kept at 7.1. In the same
manner as the prior optimization with TRIS, the concentration that
produced higher signals heights was 0.001 M (Fig. 4.20) and, thus, this
was the one selected.
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Fig. 4.20 Optimization of the HEPES concentration for PIl with 1.8 mm detection chamber, using
standard solutions of 20 UM NH4Cl (black circles) and 200 puM NH4Cl (white squares). Arrow
indicates the optimized value.

At last, the optimization of HEPES pH was done, using all the
previously optimized values for the rest of the parameters: an HEPES
concentration of 0.001 M, a sample volume of 200 pl, a flow rate of 650
ul/min and a NaOH concentration of 0.1M. Different pH ranging from 7
to 8 were evaluated, and found that, unlike the case of TRIS, the signals
heights obtained were similar for all pH tested (Fig. 4.21). In this case,
the lowest pH, 7, was selected as the optimized value to ensure the total
conversion of NH3 into NHa*, even at higher concentrations.
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Fig. 4.21 Optimization of the HEPES pH for PIl with 1.8 mm detection chamber, using standard
solutions of 20 UM NH4Cl (black circles) and 200 uM NH4Cl (white squares). Arrow indicates the
optimized value.

4.3.2. Analytical characteristics of prototype Il

Once the optimization of the hydrodynamic and chemical parameters
was completed, the signal recording of a calibration procedure was
obtained and the calibration curve resulting of the adjustment of the
Nernst equation was represented.

For the analytical platforms with 3.5 mm diameter detection chamber,
this signal recording and the resulting calibration curve can be seen in
Fig. 4.22A and Fig. 4.22B, using TRIS and HEPES respectively. The
corresponding analytical characteristics can be seen in Table 4.VI.

Table 4.VI Analytical characteristics for PIl with a 3.5 mm detection chamber using TRIS and HEPES
as buffer.

Linear
B -i LD 2
uffer Slope Y-intercept range (M) (uMm) R
TRIS 56.6 £ 0.7 3103 10-1000 3.3 0.999
HEPES 51+1 2676 10-1000 5.7 0.997
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Fig. 4.22 Signal recording and calibration curves for PIl with the 3.5 mm diameter detection chamber
using NH4Cl standard solutions of 1 uM (a), 5 uM (b), 10 uM (c), 20 uM (d), 50 uM (e) and 100 uM
(f), 500 uM (g), and 1000 uM using TRIS (A) and HEPES (B) as buffer.

The analytical characteristics when using Pll with the 1.8 mm diameter

detection chamber with TRIS (Fig. 4.23A) and HEPES (Fig. 4.23B) as buffer
can be seen in Table 4.VII.
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Table 4.VII Analytical characteristics for PIl with a 1.8 mm detection chamber using TRIS and HEPES
as buffer.

. Linear 2
Buffer Slope Y-intercept range (uM) LD (uM) R
TRIS 55+1 302+5 10-1000 2.9 0.998
HEPES 60.0 £ 0.7 3133 10-1000 6.2 0.999
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Fig. 4.23 Signal recording and calibration curves for PIl containing a 1.8 mm diameter detection
chamber using NH4Cl standard solutions of 1 uM (a), 5 uM (b), 10 uM (c), 20 uM (d), 50 uM (e)
and 100 uM (f), 500 uM (g), and 1000 uM using TRIS (A) and HEPES (B) as buffer.

122



Prototypes for determination of ammonium ion for hospital use

In both Fig. 4.22 and Fig. 4.23, it can be seen that signal peaks for both
detection chamber sizes were slightly lower when using HEPES instead of
TRIS as buffer. Nevertheless, for all combinations of detection chamber
size and buffer, the same linear working range, a Nernstian behaviour
and a satisfactory sensitivity were obtained, as well as a low enough LD.
However, using a 1.8 mm detection chamber involved consuming the
double of the injection volume (200 pl instead of 100 pl). For this reason,
the 3.5 mm detection chamber was finally selected to continue with the
repeatability of the analytical microsystem study.

Repeatability of the microsystem was assessed by 20 consecutive
analysis of NH4Cl standards solutions of 30 uM and 100 uM NH4Cl, which
is the range of NHs*concentrations for most non-pathological samples.
These analyses were carried out under the previously optimized variables
using both TRIS (Fig. 4.24) and HEPES (Fig. 4.25). For both buffer
solutions, the RSD obtained for the two concentrations were acceptable,
well below 5 %, as can be seen in Table 4.VIII.

Table 4.VIII RSD values and signal peaks for consecutive analysis of 30 uM and 100 M NH,4Cl using
TRIS and HEPES as buffer for Pl with a 3.5 mm detection chamber.

Buffer [NH4CI] RSD (%) E (mV)
30 2 42.1+0.9
TRIS
100 3 812
30 3 31.4+0.8
HEPES
100 1 84+1

According to the previous results, both TRIS and HEPES buffer gave
satisfactory sensitivity and linear working range for the reliably
guantification of physio-pathological NH4*. Therefore, HEPES was
selected to be used owing to the fact that it does not present the same
issues with degradation as TRIS and the consequent loss of sensitivity of
the ISE.
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Fig. 4.24 Consecutive analysis of standard solutions of 30 uM NH4Cl (A) and 100 uM
NH,4CI (B) when using TRIS as buffer.
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Fig. 4.25 Consecutive analysis of standard solutions of 30 UM NH4Cl (A) and 100 uM NH4CI (B)
when using HEPES as buffer.

4.3.3. Evaluation of a gas diffusion membrane to avoid
interfering cations

The signal recording obtained by the injection of 100 pl of 0.1 M KCl
solution (in the absence of NH4Cl) with both Pl and PII, that is, with and
without the presence of a gas diffusion membrane, can be seen in Fig.
4.26. From this graph, it is clear that the presence of the PVDF gas
diffusion membrane was successful in avoiding the interfering effect of
other cations that may be present in the sample, even at high
concentrations. The use of the gas diffusion membrane would not be
useful to avoid the interference by other volatile elements, which would
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also be able to cross the membrane. Nevertheless, there are not any
volatile elements expected in the blood matrix that could interfere in the

detection of NH4* by the ISE.
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Fig. 4.26 Signal recording obtained for an injection of 100 pl 0.1M KCI with PI (red) and with PII
(red).

4.3.4. Analysis of plasma samples

A total of 22 plasma samples were analysed in parallel using the
proposed PIl microanalyzer and the enzymatic reference method.
Results indicated that there were not significant differences between the
two data groups according to the paired t-test (tcac = 1.405, tiab = 2.08,
tealc < twab) and the graphical representation of the results with each
method (Fig. 4.27), which yield a regression equation of Y = 1.01 (+ 0.05)
- log [NH4+] + 1 (+ 10) (n = 22; 95 % confidence) and a R? of 0.9875.
Therefore, it could be concluded that the proposed analytical device was
suitable to be used in the determination of NH4* in plasma.
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Fig. 4.27 Comparative study of the results for the analysis of plasma samples with PIl containing
the 3.5 mm detection chamber and the enzymatic reference method (n=22).

Until here it was demonstrated that the gas diffusion membrane
avoided the effect of the interfering elements present in plasma samples.
However, the much more complex blood matrix was a challenge and the
use of Pll for the analysis of these types of samples was not possible.
When attempting to analyse the first blood sample, the gas diffusion
membrane was damaged as shown in Fig. 4.28. There was a clear change
in the surface of the gas diffusion membrane, particularly in the NaOH
inlet and nearby areas (where the blood sample enters the gas diffusion
module). This was most likely related to the adhesion of proteins on the
membrane surface, a process known as fouling. This damage in the
membrane allowed the NaOH solution to cross the membrane and reach
the ISE, preventing further analysis to take place due to the interfering
effect of Na*.

= K
LN &

Fig. 4.28 Real image of the PVDF gas diffusion membrane after direct contact with a blood sample.

127



Chapter 4

To avoid the deterioration of the membrane due to its direct contact
with the blood matrix it was necessary to modify the design of the

proposed microanalyzer in order to protect the gas diffusion membrane
and allow consecutive blood analysis.

4.4.Prototype Il for ammonium ion detection

In order to develop a reusable and high-throughput analytical system
for the potentiometric determination of NH4* in blood, the design of PlI
was modified by the inclusion of an additional barrier with protective
purposes to avoid fouling on the gas diffusion membrane and allow the
reuse of the analytical system after an analysis of a blood sample.

In Fig. 4.29 appears a representation of the gas diffusion process with
a protective membrane for PIIl. Owing to the fact that previous results
showed that the use of TRIS or HEPES as buffer solution did not lead to
different analytical characteristics, and that the TRIS degradation could

be counterproductive for the potentiometric determination, it was
decided to use HEPES for the rest of the work.

NaOH
OH"

NH,* > NH;

Protective membrane

1
‘l Gas diffusion membrane
Buffer 'l
1
1

ISE

Fig. 4.29 Schematic representation of the gas diffusion process for NHs* detection with PIII.

4.4.1. Selection of the protective membrane

The first step for the inclusion of this protective membrane was to
select the appropriate membrane material and porous size to be used;
that allowed the diffusion of the NH3 generated but prevented the pass
of the different biomolecules and blood cells present in the blood matrix
to avoid fouling on the gas diffusion membrane.
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Several membranes meant for haemodialysis purposes were
evaluated and a summary of the characteristics of all the candidate
membranes can be seen in Chapter 3. All these membranes displayed a
great variability of materials and porous sizes. Dialysis membranes are
traditionally divided into cellulose-based membranes and synthetic
membranes. Cellulose based membranes have a denser and symmetrical
structure and a more hydrophilic nature. However, natural cellulose
exposes hydroxyl groups and this leads to the activation of pathways of
the complement system, which is a part of the immune system. This
effect can be avoided by the substitutions of these hydroxyl groups with
other moieties, as is the case with different types of cellulose ester
membranes. On the other hand, synthetic membranes can have a larger
pore size, have a high chemical and thermal resistance and may be
symmetric or asymmetric, which is useful to confer them with a higher
mechanical strength. Nevertheless, some of these types of membranes,
such as those composed by polyethersulfone (PES), tend to be more
hydrophobic and this is associated with fouling on the membrane by
adhesion of the proteins to the surface.%12

This selection process was carried out by the evaluation of the
analytical characteristics of Plll containing the gas diffusion membrane
by the incorporation of different protective membranes, of several
materials and various porous sizes. Calibration procedures were carried
out using the optimized conditions achieved in the previous section: 100
ul injection volume, 650 pl/min flow rate, a buffer concentration of 0.001
M HEPES at a pH 7.1 and 0.1 M NaOH. The resulting calibration curves
can be seen in Fig. 4.30 and a summary of the resulting analytical
characteristics can be seen in Table 4.1X. Only results for membranes 1 to
6 are shown, as membranes 7 and 8 were too thick to allow the perfect
sealing of the gas diffusion module structure; resulting in leaking that
prevented the correct functioning of the microfluidic system. Therefore,
these two membranes were discarded from the evaluation process.
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Fig. 4.30 Calibrations obtained using Pll and PIll with each of the protective membrane candidates
M1 - M6.

Table 4.IX Analytical characteristics obtained using PIl and PlIl with each of the protective
membrane candidates.

Injection volume: 100 pl

r::ao;el;rt:::z Slope  Y-intercept Lme(::‘“:le;nge LD (nM) R?
None 59.7 299.6 20— 1000 9.4 0.9993
M1 55.2 254.2 50— 1000 24.8 0.9944
M2 58.1 224.1 500 - 1000 139.6 -
M3 54.1 235.7 500 — 1000 63.3 -
M4 56.1 234.7 500 - 1000 66.0 -
M5 52.1 216.3 500 - 1000 71.1 -
M6 65.8 262.2 500 - 1000 295.3 -
M7 No data
M8 No data

From Fig. 4.30 it is evident that the highest signal peaks were
obtained when only the gas diffusion membrane was used. The
incorporation of any of the appraised protective membrane produced a
reduction of these signal heights, in a manner that was dependent on the
specific membrane employed. The representation of the signal
percentage decrease is shown in Fig. 4.31 for each one of the protective
membranes 1 to 6 for 100 g M NH4CI.
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Fig. 4.31 Signal percentage decrease (%) when using PIl and PIIl with the different protective
membranes (M1-M6) for 100 uM NH,4CI.

The decrease in the signal led to a reduction of the linear working
range from 20 to 1000 uM NH4CI (with only the gas diffusion membrane)
to a linear working range from 500 to 1000 uM NH4CI (for all of the
protective membranes tested), with the exception of membrane 1 (M1).

M1 was the single membrane that showed an acceptable sensitivity
and linear working range from 50 to 1000 uM NH4Cl and constituted a
promising candidate as a barrier membrane for Plll. Additionally, M3 and
M4 both caused an acceptable loss of signal percentage. However, M3
provoked a slow leaking in the gas diffusion module which prevented its
use for a prolonged time. Regarding M4, the linear working range from
500 — 1000 uM NH4Cl rendered the analytical microsystem unsuitable to
be used for discrimination of healthy and pathological levels of NHs* in
plasma and blood. However, it could be possible to optimize the working
conditions to achieve satisfactory analytical characteristics using M4.

These two membranes were further evaluated. M1 and M4 are very
different materials. The former is a synthetic membrane made of
hydrophilic polycarbonate whereas the latter is made of regenerated
cellulose. There are also differences in the porous size, as M1 has larger
pore size (0.05 pm) than M4 (4.86 - 103 um). This may influence the
diffusion of NHs through the membrane and explains why the use of M1
did not cause such a signal loss as the use of M4. However, it had to be
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assessed if the pore size of M1 and M4 were suitable for the protection
of the gas diffusion membrane from the blood matrix.

4.4.2. Optimization of c for the use of M4

In order to reach an acceptable linear working range with M4 it was
necessary to increase the quantity of NHs diffused through the gas
diffusion membrane. The first approach was to increase the injection
volume to 225 pl. The resulting calibration curve is shown in Fig. 4.32
together with the calibration curve obtained with an injection volume of
100 ul. When increasing the injection volume to 225 ul the signal heights
increase, the linear regression is E = 58.8 log [NH4*] + 255.3 and the LD is
66 uM. However, the linear working range is from 500 to 1000 uM NH4Cl
for both injection volumes.
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Fig. 4.32 Calibration curve obtained with PIll including M4 with an injection volume of 225 p
(black) and 100 pl (white).

Because further increasing the sample volume is undesirable for the
application, an alternative strategy was to increase the time that the
sample plug is in contact with the gas diffusion membrane. This can be
done by two approaches: decreasing the flow rate or introducing a stop
flow step.

Regarding the reduction in the flow rate, In Fig. 4.33 it can be seen the
signal recording of a 225 pl injection of a 100 uM NH4Cl standard solution
at the previously optimized 650 ul/min flow rate and at a random lower
flow rate of 300 pl/min. This data demonstrated that the reduction of the
flow rate led to an increase of 35 % the signal height.
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Fig. 4.33 Signal recordings obtained with a 225 pl injection of 100 uM NH,4CI at a flow rate of 650
pl/min (red) and of 300 p/min (black) using PIll with M4.

A calibration curve obtained with a 300 pl/min flow rate and an a 225
pl injection volume can be seen in Fig. 4.34. The resulting linear
regression was E = 54 (+ 6) - log [NH4+] + 270 (+ 20) and a R? of 0.999.
Under these conditions the linear working range was from 50 to 1000 uM
NH4Cl and the LD was 9.1 uM NHACI.
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Fig. 4.34 Calibration curve obtained using a 300 pl/min flow rate and a 225 pl injection volume.

Hence, a reduction of the flow rate would be an acceptable approach
to improve the analytical characteristics of Plll with M4. However, this
also caused an obvious increase in the analysis time, as the signal takes
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longer to reach the baseline after the analysis: response time is of 150 s
at 650 pl/min flow rate, but over 300 s at 300 pl/min flow rate.

The second approach for increasing the contact time between the
sample and the gas diffusion membrane was to introduce a stop flow
step. This step consists of stopping the flow of the solution carrying the
sample for a determinate time when the sample plug is on the
microchannels that are in direct contact with the protective membrane.
This way, the time for the diffusion process of NHs; across the gas
diffusion membrane is increased. To evaluate and select the optimum
duration for this stop flow step, 100 ul injections of a 1000 uM NHaCl
standard solution at 650 pl/min with different stop flow times (0's, 45 s,
60 s and 90 s) were tested. Signal recordings obtained are shown in Fig.
4.35, and they indicate a clear increase in the peak heights when adding
the stop flow step. The maximum peak height (121 mV) was achieved at
a 60 s stop flow step and did not increase further with longer stop flow
times. Therefore, 60 s was selected as the optimum, which provided an
increase of 139 % with respect to the signal obtained without stop flow.

—O0s

—45s
—60s
—90s

50 -

-501

0 100 200
Time (s)

Fig. 4.35 Signal recordings of 100 pl injection of a 1000uM NH4Cl standard solution without stop
flow (black) and different stop flow times: 45 s (red), 60 s (blue) and 90 s (green).

The increase of the analysis time using the stop-flow step was lower
than when reducing the flow rate to 300 pl/min; because the analyte is,
at the end, emptied from the detection chamber faster as the flow rate
is maintained at 650 pl/min. For this reason, the introduction of the stop
flow step was the method selected to achieve acceptable analytical
characteristics with the protective membrane M4.
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4.4.3. Analitical characteristics of Plll with M4

Applying the stop flow of 60 s, a 650 pl/min flow rate and an injection
volume of 100 pl, it was obtained the signal recording of the calibration
procedure (Fig. 4.36) and the calibration curve, which was E = 58 (+ 2) -
log [NH4*] + 270 (+ 9) and a R? of 0.9963, a linear working range from 30
UM to 1000 uM NH4Cl and a LD of 20.6 uM NH4ClI.

As it can be seen, good analytical characteristics were achieved and
even the use of a reduced injection volume to 100 ul was feasible. The
protocol followed with Plll and M4 allowed achieving a linear working

range suitable for the discrimination of healthy and pathological levels of
NHa*.
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Fig. 4.36 Signal recording and calibration curve for Plll with M4 as protective membrane and a 60
s stop flow step using NH4Cl standard solutions of 10 uM (a), 20 uM (b), 30 uM (c), 40 uM (d), 50
UM (e) and 100 uM (f), 500 uM (g), and 1000 uM (h).

4.4.4. Analytical characteristics of Plll with M1

Using PIlIl and M1 with an injection volume of 100 pl and a 650 pl/min
flow rate and the rest of the previously optimized variables, a calibration
procedure was carried out and the signal recording is presented in Fig.
4.37. The following analytical characteristics were obtained: a linear
regression of E = 62.8 (+ 0.9) - log [NH4*] + 297 (+ 4) and a R? 0f 0.9993, a
linear working range from 30 uM to 1000 pM NHa4Cl and a LD of 18.6 uM
NH4CI.
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Both protective membranes M1 and M4 procured acceptable
sensitivities with identical linear working ranges. However, due to the
fact that the use of M1 gave a lower LD and did not require the addition

of the stop flow protocol, M1 was finally chosen as the protective
membrane for PIII.
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Fig. 4.37 Signal recording and calibration curve for Plll with M1 using NH4Cl standard solutions of

20 uM (a), 30 uM (b), 40 uM (c), 50 uM (d), 100 uM (e) and 250 uM (f), 500 uM (g) and 1000 uM
NH4CI (h).

4.4.5. Repeatability

Repeatability of the results obtained with Plll with the selected M1
was evaluated by 10 consecutive injections of NH4Cl standards of 30 uMm
NH4Cl (Fig. 4.38A), 100 uM NH4Cl (Fig. 4.38B) and 1000 uM NH4Cl (Fig.
4.38C), using the same conditions specified in the previous sections for
the calibration procedure. RSD values obtained for each concentrations
can be seenin Table 4.X.
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Fig. 4.38 Consecutive injections of standard solutions of 30 uM (A), 100 uM (B) and 1000 uM
NH4Cl when using PIIl with M1.
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Table 4.X RSD values and signal peaks for consecutive analysis of 30 uM, 100 uM and 1000 uM
NH4Cl using PIIl with M1.

[NH4CI] RSD (%) E (mV)
30 3 8.0%0.3
100 3 34+1

1000 1 92.6+£0.6

4.4.6. Analysis of plasma and blood samples

A total of 80 plasma and 26 blood samples were analysed in parallel
using PllIl with M1 and the reference method. Graphs in Fig. 4.39 and Fig.
4.40 display the comparison for plasma and blood samples,
respectively.'3 Regarding the plasma analysis, results indicated that the
inclusion of the protective M1 did not have a negative effect in the
analysis of plasma samples, as there were not significant differences
between both methods according to the paired t-test (tcaic = 1.372, ttab =
2.000, tcalc < tiab) and the graphical representation, which showed a
regression equation of y = 1.00 (+ 0.02) - log [NH4*] + 3 (+ 3) and a R? of
0.99 (N = 8; 95 % confidence).
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Fig. 4.39 Comparative study of the results for the analysis of plasma samples using PIll with M1
and the enzymatic reference method (n=80).

On the other hand, regarding the analysis of blood samples, the
comparison of the results obtained with PIll with M1 and the reference
method gave a regression equation of y = 1.09 (+ 0.05) - log [NHs*] + 1 (*
3) a R? of 0.9840 (N = 26; 95 % confidence). In this case, there was a
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systematic underestimation of 12 %. Therefore, it was necessary to apply
a correction factor of 12 %, to the results obtained by the proposed
potentiometric microanalyzer. Then, the resulting regression equation
obtained was y = 0.97 (+ 0.05) log [NH4*] + 1 (+ 3), a R? 0f 0.9840 (N = 26;
95 % confidence). Statistical analysis by paired t-test revealed no
significant differences between PIIl with M1 and the reference method
when this 12 % correction factor was applied (tcac = 1.152, tiwap = 2.064,
tealc < twb). The application of a correction factor is an acceptable and
common way to compare analytical data obtained with two different
methods.*
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Fig. 4.40 Comparative study of the results for the analysis of blood samples using Plll with M1 and
the enzymatic reference method (n=26) without (black) and with the correction factor applied
(blue).

The need to use this correction factor of 12 % may arise for two
different reasons: an increase of the NHs* concentration in plasma
samples analysed using the reference method due to the additional time
for the centrifugation step and the process itself, or due to a different
diffusion pattern between the agueous standard solutions used for the
calibration procedure and the blood samples, owing to the presence of a
more complex matrix with a higher protein content.

To assess the effect of the centrifugation step in the increase of the
NH4* content, three blood samples were centrifuged to obtain the
plasma and two different aliquots for every sample were analysed using
PIll: one was analysed directly and the other was subjected to
centrifugation and vortexed prior to analysis. Nevertheless, results
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showed a difference less than 5 % (Table 4.XI) between centrifuged and
non-centrifuged blood samples, so it was concluded that the
discrepancies between the two analytical methods did not arise as a
consequence of the centrifugation process. Nonetheless, this
discrepancy between these two types of sample is not surprising, as
results obtained from the analysis of two very different matrixes are
being compared.

Table 4.XI Error (%) between analysis of centrifuged and non-centrifuged blood samples obtained
by PlII with M1.

NH;*] PlII (pM NH4*] PlHI (uM
Sample [ C;n]trifug(:d ) IElonchntrif(l':geZi Error (%)
41.1 42.8 4
40.8 39.7 -3
441 43.3 -2

It is also important to note that when extracting the blood sample
from the patient, two different anti-coagulants can be used, EDTA and
heparin. To assess if there were any differences between both anti-
coagulants, three different samples were analysed by duplicate (one
duplicate with each anti-coagulant) and results were compared to those
obtained to the reference method. The average error for samples
containing heparin was =3 % and for samples containing EDTA was -1 %.
Therefore, it was proved that none of the anticoagulants negatively
affected the analysis of blood samples.

Finally, the repeatability of PIIl with M1 was evaluated by the analysis
of a plasma sample and three blood samples by quintuplicate and results,
which can be seen in Table 4.Xll, showed acceptable RSD values in all
cases.

Table 4.XII RSD values for consecutive analysis of real plasma and blood samples.

Sample Type [NH4*] (uM) RSD (%)
1 plasma 108 £5 2
2 blood 44 + 4 3
3 blood 66+3 2
3 blood 6816 4
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4.5.Conclusions

In this chapter the successful design, fabrication and evaluation of a
prototype for the potentiometric determination of NH4* by means of a
ISEs is reported. An interference effect study carried out with Pl showed
that cations commonly found in blood (K* and Na*) caused interference
effects with the detection of NHs*. Consequently, Pll was developed by
the incorporation of a gas diffusion membrane to eliminate these
interfering effects on the ISM. The optimization of the chemical and
hydrodynamic parameters to obtain the best analytical characteristics
was carried out. During this optimization the size of the detection
chamber to be used was selected and it was demonstrated that the use
of either TRIS or HEPES as buffer solution were feasible. Nevertheless,
HEPES was selected for its better long term stability. Under the optimized
conditions for PII, a Nernstian response, a low LD and a convenient linear
working range. These results showed that PIl was suitable for the
discrimination of healthy and pathological levels of NH4* in blood.

The following step was to use this Pll for the analysis of plasma and
blood samples provided by the HSID and to compare the results with
those of the reference method. Regarding the analysis of plasma
samples, statistical studies revealed no significant differences between
both methods, demonstrating the suitability of Pll to be used in the
determination of NH4* for the diagnosis and monitoring of
hyperammonemia in plasma samples. However, the final aim of this work
was to be able to determine NH4* in blood samples, thus avoiding the
centrifugation step, shortening the analysis time and developing a simple
analytical equipment that can be used by non-specialized personnel.
Unfortunately, PIl was not suitable for the analysis of blood samples
because of fouling of the gas diffusion membrane with the blood matrix.

This led to the development of Plll, which included a protective
membrane to avoid the clogging and consequent damaging of the gas
diffusion membrane. Several different membrane candidates were
evaluated and eventually two of them (M1 and M4) maintained
acceptable analytical characteristics of sensitivity, linear working range
and LD. However, as M1 does not require a stop-flow step, so this
membrane was the one selected to be included in PIIl. Plasma and blood
samples were analysed using PIIl with M1, which showed good
protection capabilities and consequently, good analytical characteristics
were obtained. By using Plll together with M1 there was an excellent
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correlation between the results obtained with PIlIl and the reference
method for plasma samples, which demonstrated the viability of using
the proposed microanalyzer for the management of hyperammonemia
cases. Nevertheless, the analysis of blood samples revealed a systematic
underestimation when using Plll in comparison to the reference method,
which was not caused by the centrifugation step but was likely a
consequence of unidentified factors differences related to matrix effects.
The application of a correction factor of 12 % was proposed as a solution,
because the underestimation was well stablished and controlled. After
that, Plll constituted a reliable method for the determination of NH4* in
blood which is suitable for the discrimination of healthy and pathological
levels and presented a good repeatability.

Further work must be focused on the analysis of a higher volume of
samples to validate the described analytical system, the proposed
correcting factor and the appropriateness of Plll to be used as a decisive
tool for the diagnosis and management of hyperammonemia cases and
the monitoring of UCDs.

Additionally, in order to be able to implement Plll in an hospital setting
for the continued analysis of blood samples, it was necessary to fully
automate the analytical system in order to ease its use and allow its
operation by non-specialized personnel. This development is covered in
Chapter 5.
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Chapter 5

Automation of prototype Il

This section is focused on the automation of the previously developed
PlIl. This step was necessary to allow its implementation in any hospital
laboratory or clinic. For this purpose, the IEB Group of the UPC
collaborated with the GSB group in the design and construction of a fully
automated computer-controlled multicommutation POC system based
on the previously described PIIl. Specifically, this automated POC system
was able to carry out the preparation of the NH4Cl standard solutions,
perform the calibration procedure and the analysis of a control solution,
perform the analysis of the sample and finally, execute a cleaning
protocol between samples to avoid any carry-over effect. Additionally,
the IEB group also developed a labview software that controls this
equipment and performs data acquisition and treatment in order to give
as a result the NH4* concentration for each sample. Thus, the developed
automated POC carried out all of the steps of the analytical process
without the need for specialized personnel.

The experimental set-up for Plll described previously in Chapter 3 was
re-designed to constitute an automated MCFA. MCFA systems include
commutation devices that can be easily reprogrammed by the use of a
software to re-configure the flow network. Consequently, the number of
these commutation devices defines the level of versatility that can be
achieved by a system.? MCFA systems are compatible with different
modes of flow analysis (such as segmented flow, sequential injection,
multisyringe FIA). But the system described in this chapter is a FIA
system, where the commutation devices used were five 3-way injection
valves (referred as Vi — Vs). These injection valves can change between
an ON and an OFF state, by the application of 12V, and were included to
allow the injection of the control solution, the injection of the sample and
dilution and injection of the NH4Cl stock solution for the calibration
procedure and for the realization of priming protocols. Because the
aspiration of reagents by a peristaltic pump may lead to the introduction
of bubbles into the system a bubble trap was incorporated, to prevent
air from reaching the detection chamber.
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Most MCFA systems rely on a time-based injection of sample and
reagents. Therefore, volume is defined by the activation time of the
injection valves, which can be easily modified according to the desired
analytical protocol. This leads to a reduction of the sample and reagents
consumption, as they can be dispensed in a very precisely manner.
Moreover, as the activation and deactivation of the valves is computer-
controlled it is much more reproducible than if it was controlled by an
operator, leading to a higher repeatability.?

Another very attractive characteristic of MCFA systems is their
autonomy and ability to function unattended by any personnel. This trait
is enhanced by the inclusion of real time data acquisition and feedback
mechanism, allowing for autonomous manifold re-programming and
self-optimization of the operating conditions according to a pre-
stablished algorithm. 4

All in all, these advantages have made MCFA systems an extremely
useful tool for a wide range of analytical applications.

The development of an automated POC for hospital use is the
culmination of the first objective detailed in Chapter 2. It represents the
realization of a novel approach for NH4* determination, which presents
several advantages with respect to the current method such as low cost,
ease of use, portability and short time of analysis. However, the most
remarkable characteristic of the proposed POC is the possibility to
analyse blood samples, instead of plasma which is the sample used for
the current method employed at hospitals. Therefore, the centrifugation
step to obtain the plasma is not needed and the overall analysis time is
shortened. Also, the POC can be moved close to the patients to avoid the
need for transporting the samples to the laboratory.

Nevertheless, the fact that there are not accepted methods for NH4*
determination in blood difficults the validation of the proposed POC, due
to the impossibility to compare two methods that use the same sample
matrix. Despite this, the GSB group has collaborated with the members
of the laboratory of the HSID to install and validate the automated POC
by the analysis in parallel of a high number of blood samples.

5.1.Experimental

The selection of the calibration protocol and the evaluation of the
multicommutation process was carried out by a calibration procedure
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consisting of the analysis of a series of NH4Cl standard solutions.
Repeatability studies of the automated POC were carried out by 10
consecutive analysis of NH4Cl standards solutions to obtain the resulting
RSD value.

The validation of the automated POC with real blood samples was
done by analysis of spiked and non-spiked blood samples and their
corresponding plasmas in parallel with the proposed method and the
spectrophotometric enzymatic method used by the HSJD: the Architect
ci8200 analyser from ABBOT (IL, US). The statistical analysis of the results
was done using the Passing-bablok regression, the Band-Altman plot and
the paired t-test.

5.2.Design of the automated calibration protocols

With the aim to reduce the time for the calibration procedure it was
decided to perform a single analysis of only two NH4Cl standard solutions
obtained by multicommutation from a stock solution of 1000 uM NH4CI.
To select these two concentrations for the calibration procedure, the
threshold value to discriminate healthy and pathological levels must be
considered. This threshold has been defined in Chapter 1 as 50 uM NH4*
for children and adults and 110 uM NH4* for newborns.>

In order to select the two NH4Cl concentrations, a calibration
procedure was carried out with duplicate analysis of different NH4Cl
standard solutions under the conditions optimized in the previous
chapter. In Table 5./ appear the analytical characteristics of the different
calibration curves obtained with all the NH4Cl concentrations analysed
and with different combinations of only two NH4Cl standard solutions.
Although in all cases a Nernstian slope was achieved sensitivities are
slightly different depending on the specific concentrations selected.
Furthermore, in Table 5.1 it can also be seen the error when interpolating
the measured signal for each NH4Cl concentration into the different
calibration curves. In all cases, errors for the lowest concentration, 30 uM
NH4Cl, were very high. This was understandable because this
concentration falls outside the linear working range of the analytical
system. Nevertheless, the aim was to obtain a good reliability for the
measurement at the threshold level of NHs* to discriminate between
healthy and pathological levels, and 30 uM NH4Cl was well under that
value. Therefore, errors at these low concentrations were considered
acceptable.
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Obviously, the overall errors for all concentrations were lower when
interpolating in a calibration curve obtained with all the NH4Cl standard
solutions, from 50 to 1000 uM. However, carrying out a calibration
procedure with so many points is not feasible when using the automated
POC, as it would take too much time and consume a high volume of
reagents. For this reason, the errors assumed when using a calibration
curve resulting from the analysis of only two NH4Cl concentrations were
assessed. The aim was to achieve the smaller error for the 50 — 100 uM
NH4Cl range, as lower and higher concentrations are clearly within a
healthy or pathological NH4* spectrum respectively. The lower errors for
this NH4Cl range were obtained interpolating in the calibration curve
resulting from the analysis of standard solutions of 50 and 100 uM NH4Cl
and 100 and 500 uM NHaCl. Eventually, 50 and 100 uM NHCl were
selected for the calibration procedure as the analysis of lower
concentrations lead to a shorter analysis time.

Table 5.1 Analytical characteristics of the calibration curves obtained with different combination
of NH4Cl standard solutions and errors (%) of the interpolated values in these calibration curves.

Error (%)
[NHLCI] (1M)
f:::,':ra(ﬂf\’n") Slope | 1000 500 200 100 50 30
50t0 1000 | 60.2 5 6 0.5 2 2 38
50 - 100 565 | 25 6 7 003 -02 33
50 - 200 59.3 7 5 002 -3 -02 35
50 - 500 579 | 15  0.02 3 2 02 34
100 - 500 586 | 14 0.2 4 003 2 38

During the development of the automated POC system it was
observed that analytical devices that were not being used often displayed
a decreased sensitivity at lower concentrations for the first calibration
procedure. However, for the second calibration this difference was
corrected and both sensitivities at low and high concentrations were
similar. This effect can be seen in the graphical representation in Fig. 5.1
and in Table 5.1I. Because concentrations of 50 uM and 100 uM NHaCI
were selected as the standard solutions for the calibration procedure, it
is important to obtain a sensitivity in this range that is representative of
the whole linear range. Even though this automated POC is meant to be
employed for continued use, it is possible that the continuous flow of
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buffer combined with the long periods when there are no analysis taking
place may have a negative effect in the sensitivity. For this reason, an
initial injection of 1000 uM NH4Cl was implemented prior to the
calibration procedure once a day.

120
®  First calibration
o Second calibration
80 1
>
E
L
40 A
!
0

-4.8 -4.4 -4.0 -3.6 -3.2 -2.8
log [NH,*] (M)

Fig. 5.1 First (black) and second calibration curves (white) obtained for the same analytical device
using NH4Cl standard solutions of 30 uM, 50 uM, 100 uM, 200 uM and 1000 uM. N=1.

Table 5.11 Analytical characteristics of the first and second calibration obtained with the same
analytical device.

Calibration curve Order Slope
1% calibration 38.2

50-100 pm — -
2" calibration 64.1
1% calibration 58.5

200 -1000 uM — -
2" calibration 56.2

When dealing with MCFA systems it is important to keep in mind that
standard solutions and samples injections are not based on volume, but
on time of injection. Thus, the final volume injected depends on both of
the flow rate and the injection time.

As stablished in Chapter 4, an injection volume of 100 pul was enough
to achieve the desired analytical characteristics for the proposed
objective. Nevertheless, for this automated POC, it was decided to
increase the sample volume in order to maintain sensitivity and linear
working range even if the signal heights decrease with continued use of
the detection module. A time of injection of 20 s was stablished, which
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translated into an injection volume of 215 pl at the previously selected
flow rate of 650 ul/mL. For this time of injection, the dilution sequences
using V; for the preparation of 50 uM and 100 uM NH4Cl from a 1000
UM NHaCl stock solution are shown in Table 5.111.

Table 5.11I Dilution sequences to obtain 50 uM and 100 uM NH4CI from a stock solution of 1000
MM NH4Cl .The ON time and the OFF time refer to the time that the V; is allowing the flow of the
stock solution and the water respectively.

[NH4CI] Injection . . Dilution
N FF |
(M) time (s) ONtime(s) OFFtime(s) Cycles Factor
50 20 0.5 9.5 2 20
100 20 0.5 4.5 4 10

5.3.Steps of the complete analytical process

The complete analytical process using this automated POC consists of
several steps, and the schematic representation of the actuation of the
different elements for each step is detailed in Fig. 5.2.

Reagents Element

Control =V, /] | [ T
NH,Cl~V, el TL 1T 111
Sample — V, ot 1 \ 1]
Vioff ] T —
NaOH Vg sl [l [T \

on
P off

S1 S2 S3 S4 S5 S6 S7

Fig. 5.2 Schematic representation of the ON/OFF state for the different elements of the
automated set-up for steps 1 (S1), 2 (S2), 3(S3), 4 (S4), 5 (S5), 6 (S6) and 7 (S7). V) 3-way injection
valve and P) peristaltic pump

e Step 1 (Fig. 5.3): an initial priming process, which only takes place
if any of the mixing, gas diffusion or detection modules has to be
replaced by a new one. Valves V1 and V, opened sequentially to
let the control solution and the 1000 uM NH4Cl stock solution flow
through the tubing up to the valves. Meanwhile, V4 also activates
to lead the excess that flow past the valves to the waste outlet. Vs
also opens to allow the priming of the 0.1M NaOH and 103 M
EDTA solution.
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0.1M KCl

0.001 M HEPES
V.

0.1 M NaOH + 10 M EDTA }
H,0 ON

Sample

1000 uM NH,CI

Control

H,0

Fig. 5.3 Schematic representation of step 1. 1) reference electrode, 2) indicator electrode, T)
bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 2 (Fig. 5.4): aninitial injection of 1000 uM NH4Cl (which is not
taken into account for the calibration curve) is done before every
calibration procedure. The NH4Cl stock solution enters through V;
while Vs stays in the ON position to allow the flow of the 0.1 M
NaOH and 103 M EDTA solution. V4 remains on the OFF position
so the reagents reach the mixing module.

0.1M KCl

0.001 M HEPES
V.

0.1 M NaOH + 103 M EDTA 335
H,O0 ON

Sample

1000 uM NH,CI

Control

Fig. 5.4 Schematic representation of step 2. 1) reference electrode, 2) indicator electrode, T)

bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 3 (Fig. 5.5): a calibration procedure resulting from a single

analysis of 50 and 100 uM NH4CI, which takes place once a day is

done. These concentrations are obtained by a dilution sequence
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from the 1000 uM NHa4Cl stock solution by action of V,, while Vs
keeps the ON position. During this step V4 remains on the OFF
position so the reagents reach the mixing module.

0.1M KCl

0.001 M HEPES
0.1 M NaOH + 103 M EDTA

,—\
H,0 JUON

Sample

1000 uM NH,CI

,,,,,,,,,,,,,,,,,,

Control vy f/‘ OFF |
yON/OFF
H,0 i

OFF

PC

Fig. 5.5 Schematic representation of step 3. 1) reference electrode, 2) indicator electrode, T)
bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 4 (Fig. 5.6): a control solution analysis after the calibration
and every 10 sample analysis is done. This serves a dual purpose:
to monitor changes in signal heights (and correct the current
calibration curve if needed) and to correct the initial calibration
curve in order to be able to compare results to those obtained by
the reference method. The control solution is injected through
the activation of Vi and consist of the same calibrator solution
(293.5 uM NHs*) used by the spectrophotometric enzymatic
method employed at the hospital. Va4 remains on the OFF position
so the reagents reach the mixing module. Vs de-activates after the
measurement of the control solution. This way, if no sample
analysis take place immediately after this step, water flows
instead of the 0.1 M NaOH and 103 M EDTA solution.
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0.1M KCl

0.001 M HEPES

0.1 M NaOH + 103 M EDTA

<
H,0 JUON

Sample

1000 uM NH,C

Control Vi (/)
4

T

H,0 ON

Fig. 5.6 Schematic representation of step 4. 1) reference electrode, 2) indicator electrode, T)
bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 5 (Fig. 5.7): a priming process for every sample analysis takes
place. It starts with the introduction of an air plug (to avoid the
contact with residues of previous samples) and the introduction
of the sample in the tubing until reaching Vs. In parallel, V4
activates temporally to lead any volume of sample that goes past
V3 to the waste outlet. When the sample is fully primed, Vs de-
activates and H,O flows to lead the excess of sample to the waste.
The tubing leading to V3 has been measured to contain exactly
215 ul of sample. So, after the priming, the vial of blood can be
removed and no additional sample is wasted during the rest of the
analysis protocol. Vs activates to allow the flow of the 0.1 M NaOH
and 103 M EDTA solution.
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0.1M KCl

0.001 M HEPES

0.1 M NaOH + 10 M EDTA jés
H,0 ON

Sample

1000 pM NH,CI

Control

Fig. 5.7 Schematic representation of step 5. 1) reference electrode, 2) indicator electrode, T)
bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 6 (Fig. 5.8): an analysis protocol for every sample analysis is
done. The sample is injected by the activation of V3 and Vs
maintains its activated state to allow the flow of the 0.1 M NaOH
and 103 M EDTA solution. V4 remains on the OFF position so the
reagents reach the mixing module.

0.1M KCl

0.001 M HEPES
V.

0.1 M NaOH + 103 M EDTA )S
H,0 ON

Sample

1000 uM NH,CI

Control

Fig. 5.8 Schematic representation of step 6. 1) reference electrode, 2) indicator electrode, T)
bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e Step 7 (Fig. 5.9): a cleaning protocol after every sample analysis is
done. It is based on the injection of water and the activation of V3
to clean the inside of this valve. Like in step 5, V4 activates to lead
these residues to the waste outlet. Additionally, Vs goes back to
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the OFF state, and water flows instead of the 0.1 M NaOH and
103 M EDTA solution.

0.1M KCl

0.001 M HEPES

0.1 M NaOH + 103 M EDTA y
H,0 OFF

Sample

1000 uM NH,CI

/) ON/OFF
OFF
H.0 = oFF

Control

PC
Fig. 5.9 Schematic representation of step 7. 1) reference electrode, 2) indicator electrode, T)

bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas diffusion
module, PC) computer and W) waste.

e A stand-by state (Fig. 5.10) where the flow rate is reduced to 70
ul/mL when the POC is not being used.

0.1M Kcl

0.001 M HEPES

0.1 M NaOH + 10° M EDTA }"5
H:0 OFF

Sample

1000 uM NH,CI

Control

H,0

Fig. 5.10 Schematic representation of the stand by state. 1) reference electrode, 2) indicator
electrode, T) bubble trap, V) 3-way injection valve, P) peristaltic pump, M) mixing module, G) gas
diffusion module, PC) computer and W) waste.

Note that Vs goes back to the OFF position at the end of steps 4 and
7. This way, in the event that the POC stays in the stand-by position after
the analysis of the control solution or a sample, the NaOH solution would
not be flowing. Therefore, reagents consumption is reduced.
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This is a highly complex system that differs from the previous
experimental set-ups for PIl and Plll described in Chapter 3. The
automated POC, as well as Pll and Plll, all rely on a single peristaltic pump
to propel the fluids in all channels. However, for Pll and PIIl there was
one 6-way injection valve that was manually activated, and that was used
for the injection of the NH4Cl standard solution, the control solution and
the sample using the same channel. Hence, Vi, V2 and V3 were not
necessary. Likewise, in Pll and Plll, the NaOH solution was constantly
flowing due to the lack of Vs. Moreover, the bubble-trap was also
incorporated in the automated POC, but was not present in the Pll and
Plll experimental set-ups.

5.4.Valves repeatability

Even though the time of injection for all the valves was programmed
to be the same, there can be slight variations in the injected volume due
to the state of each particular valve. Each valve exerts a different
resistance to the flow, that is a different pressure drop, leading to the
aspiration of slightly different injection volumes (Fig. 5.11). These
variations in resistance are caused either due to slight differences in
fabrication or to deterioration of the valves caused to continued use.

R

Sample

1000 M NH,CI

Control

H,0

AP, .

Fig. 5.11 Schematic representation of the different pressure differences for V1 (AP4), V2 (AP;) and
V3 (AP3).

The repeatability of each valve were assessed by 10 consecutive
injections of a 100 uM NH4Cl hand-prepared standard solution. In all
cases there is an acceptable repeatability, with RSD values lower than 3
% for all valves.
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For the assessment of the effect of the multicommutation process,
two calibration procedures were performed from triplicates of NH4Cl
standard solutions obtained both by multicommutation and by hand-
preparation under the previously optimized parameters. These
calibration curves can be seen in Fig. 5.12 and its analytical
characteristics are shown in Table 5.IV. In both cases Nernstian
sensitivities and similar LD are obtained. However, the sensitivity and the
Y-intercept were slightly lower for the calibration curve obtained by
multicommutation because of the action of the valves. The use of the
multicommutation is also linked to a lower repeatability.

® Hand-prepared

g0d © Multicommutation
)
>
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Fig. 5.12 Calibration curves for the automated POC using NH4Cl standard solutions of 50 uM and
100 uM obtained by hand (black) and by multicommutation (white). N = 3.

Table 5.IV Analytical characteristics corresponding to calibration curves using NH4Cl standard
solutions obtained by multicommutation and hand-preparation.

. . Linear range LD
Calibration curve Slope R?
P (uM) (#M)
Hand-prepared 59+5 50-100 4.1 0.998
Multicommutation 60+ 20 50-100 3.9 0.990

Indeed, the resulting RSD values for 10 injections of a 100 uM NH4Cl
standard solution obtained by hand-preparation and by
multicommutation are shown in Table 5.V. Even though in both cases the
RSD was lower than 5 %, it was slightly higher when multicommutation
was employed. So, it can be concluded that the use of a 3-way injection
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valves during the multicommutation process involves a certain degree of
acceptable variability.

Table 5.V RSD (%) values obtained for consecutive injections of 100 uM NH4Cl solutions obtained
by multicommutation and hand-prepared.

[NH4CI] (rM) RSD (%)
100 Multicommutation 3
100 Hand-prepared 1

5.5.Improvement of the gas diffusion module configuration

When using the non-automated set-up for PIIl used for the previous
Chapter 4, the diffusion and the protective membranes were substituted
for new ones as needed. It was easy to identify the time for replacement,
as the signal baseline increased dramatically due to the NaOH solution
entering the detection module because of the membrane fouling.
However, the useful lifetime of the gas diffusion and protective
membranes with this automatic POC was less than a day when analysing
blood samples. Keeping in mind that the final microanalytical device is
meant to be a monolithic device that includes the mixing, the gas
diffusion and the detection module, it was imperative to identify and
solve the problem causing this issue.

In Fig. 5.13 it can be seen a real image of a damaged gas diffusion
membrane, where it was clear that the deterioration of the membrane
was focused at the inlet of the carrier and 0.1 M NaOH and 10 M EDTA
solutions, referred to as the donor side. Hence, the damage was most
likely to be caused due to the high pressure at this inlet point, where
solutions pass from a 0.8 mm diameter Teflon tubes to a 100 um x 1 mm
section channel in the gas diffusion module. Moreover, on the acceptor
side (where HEPES is flowing) no damage was visible. This can be
explained by two main reasons. The first one is that the buffer flow rate
at the acceptor side is half of the flow rate at the donor side. The second
reason is that the blood sample passes through the gas diffusion module
at the donor side and this complex matrix contains proteins that may foul
the membrane at such high pressure conditions. Indeed, when analysing
plasma samples, the membrane deterioration was not as quick and
several consecutive analyses could be carried out. Therefore, an
alternative configuration of the gas diffusion module was designed,
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fabricated and evaluated to reduce the pressure at the donor side inlet
point.

This alternative configuration was already described in Chapter 3 and
relies on tiered-like inlets. This way, the highest pressure point is located
on top of the gas diffusion module structure instead of on the gas
diffusion and protective membrane themselves. This new configuration
also had a 200 um depth instead of 100 um, which also helps reducing
the pressure. This new configuration extended the useful lifetime of the
gas diffusion and protective membranes up to 14 days of use and the
analysis of over 100 blood samples.

O

Fig. 5.13 Real image of the damaged gas diffusion membrane. Donor side inlet indicated by a black
circle.

5.6.Validation of the automatic POC in a hospital setting

The developed automated POC was installed in the laboratory of the
HSJD, for its validation under continued use during a two-month period.
A total of 238 blood samples, both spiked and non-spiked, were analysed
in parallel with both the automated POC and the enzymatic
spectrophotometric method. Because blood samples analysed were
obtained from routine blood extractions done at the hospitals, most of
them had healthy levels of NHs*. Consequently, some samples were
spiked in an attempt to analyse samples that covered all the
pathophysiological range for NH4*.

To compare both analytical methods, the Passing-Bablok regression
was applied. It is represented in Fig. 5.14, and the corresponding values
for the slope and Y-intercept are summarized in Table 5.VI. As the interval
of confidence (IC) (confidence 95 %) includes the O value for the Y-
intercept, and the 1 value for the slope, it can be concluded that both
methods are comparable in the evaluated concentration range.
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Fig. 5.14 Passing-Bablok regression (dashed line) and the upper and lower values of the IC (blue).
N =238.

A Bland-Altman plot for the methods comparison was also done
because it allows the visualization of the agreement between two
methods and any systematic bias or random error. It consists of the
representation of the difference between the two measurements versus
the average of the two measurements. The graphical representation can
be seen in Fig. 5.15 and the resulting bias and the limits of the IC
(confidence 95 %) are specified in Table 5.VI. As can be observed from
these results, there was a small positive bias (of 6.2 uM) when using the
proposed automated POC, indicating a negligible systematic error.
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Fig. 5.15 Bland-Altman plot for the comparison of the automated POC and the hospital method.
N =238.
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Table 5.VI Slope and Y-intercept values (95 %) for the Passing-Bablok regression and the Bias and
IC (95 %) for the Band-Altman plots.

Passing-Bablok

Slope Y-intercept
1.0 (0.9-1.0) 2 [(-5) - (6)]
Bland-Altman
Bias IC
6.2 [(-95) - (107)]

On the other hand, despite the high variability of errors between both
methods, only 16 samples from 238 (less than 7 % of the total) fall outside
the IC according to the Band-Altman plot. All these 16 samples
correspond to samples of a NH4* concentration higher than 150 uM well
above the threshold for hyperammonemia diagnosis.

The paired t-test (tcalc = 1.87, ttab = 1.98, tealc < tiab) also supported the
agreement and comparability of the two methods, as it showed that
there were not significant differences between them.

Moreover, the repeatability of the system was assessed by 8
consecutive analysis of the same blood sample. The resulting RSD was of
5 %. Similarly, the repeatability of the system was also evaluated by two
sets of 10 consecutive analyses of the control solution carried out with a
month of difference. For both cases, the resulting RSD was of 3 %.

These results indicate that both the proposed automated POC and the
reference method employed by the hospital are comparable, and the
errors are randomly distributed. Therefore, it was not necessary to use
the 12 % correction factor that was applied for the analysis of blood
samples with the non-automated set-up for PlIl as seen in Chapter 4.

5.7.Conclusions

This chapter is the culmination of one of the objectives of this thesis,
which was the development of an automatic POC for hospital
measurement of NHs*. It includes features not yet achieved by other
analyzers, such as portability, ease of use, reduced consumption of
reagents and samples, and its direct use on whole blood with high
reliability.

161



Chapter 5

In this chapter it was described the development of the automated
version of Plll for the POC determination of NH4* in blood to be used in a
hospital setting. During this process it was clear that the limiting element
to obtain a long lifetime for the automated use of the analytical system
was the integrity of the gas diffusion membrane and the protective
membrane. In this sense, a novel configuration was evaluated and it
could achieve a membrane life time of 14 days of use and the analysis of
over 100 blood samples.

A prototype of this automated POC was installed in the laboratory of
the HSID for a two-month evaluation under continued use and its
validation through the analysis of real blood samples. Despite the
problems derived from the validation with a reference method that does
not allow measurement in blood (only in plasma), as well as the difficulty
of measuring NH4*, due to its marked increase in samples over time,
excellent results were obtained. The comparison of the results between
the proposed automated POC and the current method employed at the
hospital demonstrate that both methods are comparable. Therefore, the
proposed automated POC is a promising reliable alternative for the
monitoring of blood NH4*in clinics and hospitals.
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Chapter 6

Disposable prototypes for the
detection of ammonium ion and
other metabolites in blood at home

Hitherto, it has been discussed the development of a microfluidic FIA
system to be used as a POC device in an hospital setting for the detection
of NHs* in blood. However, cases of acute hyperammonemia states
require a fast and early diagnosis and treatment to avoid long-lasting
health complications and even death. To achieve this immediate
intervention, it is necessary for the patients to be able to have a close
control of their NHs*levels in blood routinely. In order to tackle this issue,
the conceptual approach for NH4* determination needed to be modified
and new analytical instrumentation had to be explored. Besides reliable,
this new instrumentation must also be disposable, low cost, suitable for
use at home and user-friendly.

Consequently, this chapter focuses on the development and
optimization of a disposable microanalytical device for detection of NH4*
in blood at home. This disposable microanalyzer was designed
resembling the glucometer concept: a portable reader used together
with single-use reactive strips which can be used in a user-friendly
manner. Nevertheless, for this proposed microanalyzer, strips are made
of COC and integrate two NH4* ISE for the potentiometric determination
of the analyte. Because these strips must be disposable it is compulsory
to reduce the cost as much as possible. Additionally, the portable reader
could connect via Bluetooth to the patient’s smartphone and send results
to the patient’s doctor.

Despite some similarities with amperometric glucometers, these
potentiometric devices cannot rely on factory calibration due to the low
reproducibility between them. Therefore, it was necessary to develop a
strategy for the auto-calibration procedure prior to use, which was
already described in Chapter 1.%? This way, a reliable quantification of
the analyte is obtained, even if the reproducibility between devices is
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low. After the auto-calibration step, the analysis of NH4* is similar to that
of Pll: NHs4* from the sample converts to volatile NH3 at one side of a
PVDF gas diffusion membrane under basic conditions. Then, NHs diffuses
to the other side of the membrane, where there is a buffer at a neutral
pH, and NHs is converted back to NH4* to be detected by the ISE.

Because these disposable microanalyzers were designed for the
analysis of capillary blood, they can circumvent the issue of the poor
stability of the NH4* levels in blood samples, which increase quickly with
time if these samples are not analysed as fast as possible.> Moreover,
they do not require the use of a protective membrane as they are meant
for one analysis only.

In addition, this chapter also focuses on the explotation of another
characteristic of these disposable devices: their great versatility. Devices
for determination of NH4™ at home (which will be referred as N-DP in this
work) can be easily customised for the indirect determination of other
analytes or biomarkers by the introduction of an enzyme that catalyses
the production of NH4*, facilitating the monitoring of other IEMs at home.
To prove the potential of this conceptual approach, this enzymatic
indirect determination was first validated using urease as a model
enzyme (with the U-DP) due to the low cost and availability of this
enzyme. Afterwards, this concept was applied for the indirect
determination of Phe (with the P-DP). The close monitoring of PKU
patients is of upmost importance. Acute hyperphenylalaninemia may not
present symptoms as noticeable and deadly as those linked to
hyperammonemia. Hence, decompensation states can be harder to
identify. However, sustained high Phe levels do have a severe
neurological impact and lead to intellectual impairment. This disposable
device will allow these patients to monitor their Phe levels from home
periodically and easily detect these acute hyperphenylalaninemia states
that could be otherwise undetected.

6.1.Experimental

Calibration curves shown in this work were obtained using both the
batch and the dual set-ups described in Chapter 3. Unlike the FIA systems
of PI, Pll and Plll used in the previous chapters (which gave a transient
signal as the standard solution or sample plug passed through the
detection chamber), calibration procedures here described were carried
out by micropippeting a given volume of a NH4Cl standard solution either
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in the beaker (for the batch set-up) or on top of the gas diffusion
membrane located over the indicator electrode (for the dual set-up).
After each addition, the potential reaches a stable signal before
continuing the procedure with the following addition. At the end of the
calibration procedure the detection chambers were emptied and
cleaned. As a consequence, replicates corresponded to calibration
procedures carried out with different devices under the same
experimental conditions.

The analyte concentrations used for the construction of the
calibration curves depended on the physiopathological range of each
analyte.

In the case of the NH4* determination using N-DP in a batch set-up,
the concentration used ranged from 1 to 2176 uM NH4Cl with a time
between additions of 1 minute, under stirring and without the gas
diffusion module. This set-up was used for the optimization of the ISM
composition. When using the dual set-up for the optimization of the
chemical parameters for NH4* determination, the concentrations used
were from 50 uM to 1000 M NH4Cl and the platform used contained the
3.5 mm diameter ISEs, which required a 5 plL buffer volume inside each
ISE chamber. For the conversion of NHs* into NH3, 5 puL of a 0.1 M NaOH
was used on top of the gas diffusion membrane. Additionally, a motor
was used to mimic the solution stirring in the batch set-up.

Regarding the determination of urea with U-DP, calibration curves in
the batch set-up were obtained using urea concentrations from 1 mM to
33 mM with a time between additions of 1 minute, under stirring
conditions and without the gas diffusion module. For the dual-set-up, a
DP platform containing 1.8 mm diameter ISEs was used, with a volume
of 1.5 ul in the each ISE chamber and calibrations procedures were
performed without the presence of a vibrating motor. For the conversion
of urea into NHs, 3 ul of a buffer solution containing urease was
deposited on top of the gas diffusion membrane. Urea concentrations
analysed with the U-DP dual set-up were the same as with the batch set-

up.

Regarding the determination of Phe using P-DP, the entire
optimization was carried out with the dual-set up with the analytical
platform containing the 3.5 mm diameter ISEs and the motor-induced
agitation. Calibration curves were obtained by the consecutive analysis
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of concentrations ranging from 120 uM to 1600 uM Phe. For the
conversion of Phe into NH3, 5 ul of a solution containing PAL enzyme was
deposited on top of the gas diffusion membrane.

In the case of the dual set-up, with every addition of standard
solutions, there was a substantial change in the ionic strength of the
small volume on top of the detection chamber. Under these conditions,
it is not possible to equate the ionic concentration to the ionic activity.
Thus, graphs displaying calibration curves in this chapter show the
potential versus the logarithmic value of the ionic activity.

When using the batch set-up, results show the calibrations of a total
of 4 or 8 different ISEs. In the case of the dual set-up, optimizations of
the chemical variables were carried out by 3 replicates of each condition
(which correspond to calibrations of 3 different devices) for N-DP and P-
DP. Regarding the use of U-DP with urease as model enzyme, the
optimization results were obtained from a single calibration with each
condition. Calibration curves obtained with the optimized parameters
have been carried out with 5 individual devices for all analytes.

It is important to remark that, despite the fact that this analytical
devices are meant for one use only, the optimization processes were
carried out re-using the detection and gas diffusion modules. This may
lead to a decrease singal heights and repeatability, due to the continued
use.

6.2.Disposable prototype for ammonium ion detection in
blood

The chemical basis for this new conceptual approach using N-DP is
schematically shown in Fig. 6.1. As in the previous chapters, the
detection of NH4* by an ISE takes place after the diffusion of the analyte
through a PDVF gas diffusion membrane. This allows the separation of
the NHs* from the blood matrix, thus, avoiding interferences. The blood
sample is situated on top of the gas diffusion membrane in the presence
of a 0.1M NaOH solution. Thus, the NH4* converts into volatile NH3 and
crosses the gas diffusion membrane. On the other side, NH3 converts
back to NHs* in the presence of a buffer solution at a neutral pH.
Underneath the gas diffusion membrane there is one of the ISEs of the
microanalytical device, the one that acts as an indicator electrode. The
NHa* ions reach this indicator electrode first, but do not diffuse to the
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other ISE (the one acting as reference electrode) during the time of the
analysis. Therefore, the potential of this reference electrode is kept
stable during the measurement. In this instance, the blood sample fouls
the gas diffusion membrane, which is rendered it unusable for more
analysis. However, a protective membrane is not needed as these
microanalytical devices are meant to be for one use only.

Sample

NH,*+ NaOH > Na*+ H,0 + NH;
1

Gas diffusion module Gas diffusion membrane

Detection module

Reference electrode Working electrode
Fig. 6.1 Schematic representation for the detection of NH4* using N-DP.

6.2.1. Optimization of the ISM composition

The evaluation of the composition of the ISM in order to adapt them
for this disposable concept was carried out using the batch set-up and
the N-DP without the gas diffusion membrane. The composition of the
ISM evaluated are specified in Table 6.1.

Table 6.1 Chemical composition of the two ISM evaluated.

Original membrane Alternative membrane
Component | Reactive % Reactive %
lonophore Nonactin 1 Nonactin 2
Potassium
Additive - - tetrakis(4- 0.5-1
chlorophenyl)
borate
Plasticizer BBPA 65.5 PBSP 84
Polymer PVC 335 PVC 13.5

Traditionally, the NH4* selective electrodes employed by the GSB
group consist of a ISM containing BBPA as plasticizer. With the aim to
improve the analytical characteristics, the performances of two ISM
compositions were evaluated. The ISM containing BBPA will be referred
as original membrane, and the new ISM composition will be referred as
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alternative membrane. This alternative ISM composition contains PBSP
as plasticizer instead of BBPA, as it has been previously reported to
extend the lifetime of K* ISEs. 4

This evaluation was done using the batch set-up, using a buffer
solution of 0.001 M HEPES at pH 7. The resulting calibration curves for 8
ISEs containing the original membrane composition and 8 ISEs containing
the alternative membrane composition (with 0.5 % additive) can be seen
in Fig. 6.2. The corresponding analytical characteristics with these
membrane formulations are specified in Table 6.11. From this table, it can
be seen that both compositions show a satisfactory sensitivity and LD.
However, with the alternative ISM composition, the linear working range
reached slightly lower NH4* concentrations (1 M NH4Cl) than the original
ISM composition (7 uM NHaCl).

500
® Original ISM
o Alternative ISM
400 +
’; 300 1
E } }
LW 200 - {
100 1 B 2
0 T : .
-9 -6 -3

log aNH; (M)

Fig. 6.2 Optimization of the ISM composition for N-DP: original ISM (black) and alternative ISM
compositions (white). N = 8.

Table 6.1 Average values of the analytical characteristics for the original and alternative
membranes compositions for the N-DP.

Membrane Slope Linear range (uM) LD (uM) R?
Original 57+9 7-2176 0.3+0.5 0.9993
Alternative 603 1-2176 0.3£0.1 0.9984

Additionally, this alternative ISM composition does not require a
conditioning step, so the fabrication process is shortened. Given this
results, the alternative ISM composition was selected for the disposable
microanalytical devices.
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Afterwards, the effect of different percentage of the additive,
Potassium tetrakis(4-chlorophenyl) borate, was evaluated using the
batch set-up. The presence of the additive in the alterative ISM
composition comes from previous experience in the group regarding the
use of membranes containing PBSP as plasticizer in devices used for
batch analysis.”> Specifically, 4 calibration procedure were carried out for
each percentage of additive tested: 0.5 % and 1 % of additive (Fig. 6.3).
The corresponding analytical characteristics can be seen in Table 6.111.
With 1 % of additive sensitivity is high, even reaching supernernstian
values. Moreover, a percentage of 0.5 % is enough to obtain a good
sensitivity and a Nernstian behavior, a linear working range from 1 uM to
2176 pM NHs4* and a very low LD. Consequently, 0.5 % of additive was
chosen for this microanalytical platform.

® Additive 0.5%
300 1| o Additive 1%

—~ 200 +
>
‘E’ o
W00, 8 ]

o 4

-9 -6 -3

log aNH; (M)

Fig. 6.3 Additive percentage optimization for N-DP: 0.5 % (black) and 1 % (white). N = 4.

Table 6.1l Analytical characteristics for ISEs containing the alternative ISM composition with
different percentage of additive for N-DP.

T
Additive (%) Slope inear range LD (um) R?
(nm)
0.5 6312 1-2176 0.5+0.2 0.9984
1 70+ 6 7-2176 21 0.9948

6.2.2. Optimization of chemical variables of N-DP

Once the chemical composition of the ISM was optimized, the next
step was to optimize the chemical variables involved in the analytical
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reaction. The variables optimized for the determination of NHs* were the
concentration and pH of the buffer solution and the analysis time (Table
6.1V). These experiments were done using the dual set-up.

Table 6.1V Optimization of the chemical variables for N-DP.

o\;::r"?z ': | [HEPES] (M) HEPESpH  Time (min) Op:;':‘i:ed
[Buffer] 0.001-0.05 7 4 0.01
Buffer pH 0.01 6.5-7 4 6.5
Time of analysis 0.01 6.5 4-5 5

HEPES was selected as a buffer, and three different concentrations
were evaluated: 0.001 M, 0.01 M and 0.05 M (Fig. 6.4). All buffers had
pH 7 and the time of analysis between additions of NH4Cl standard
solutions was of 4 minutes. The analytical characteristics for the
calibration curves with each buffer concentration are specified in Table
6.V. Sensitivities were low with all conditions. So, a buffer concentration
of 0.01M was selected to correctly maintain the pH value underneath the
gas diffusion membrane and achieve the fast and complete conversion
of NHs back into NH4*.

e 0001M
1209 5 oo1m

a 0.05M /
80 A
40 A

-8 -6 -4 -2
loga . (M)

4

E (mV)

Fig. 6.4 Buffer optimization for N-DP: 0.001M (black), 0.01M (white) and 0.05M (grey). N = 3.
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Table 6.V Analytical characteristics of calibration curves obtained with different buffer
concentrations for N-DP.

[H(E“ZI)ES] Slope Lme(a:nl;:;mge LD (um) R?
0.001 30+20 76 —1000 10+ 20 0.9991
0.01 30£20 76 —1000 2020 0.9960
0.05 30+10 76 —1000 10+ 10 0.9966

Next, the effect of buffer pH was tested. Values close to the lower end
of the useful pH range for HEPES were evaluated, as a more acidic pH
promotes the conversion of NHs to NH4*. Taking into account the HEPES
pKavalue of 7.48 (at 25 °C), this buffer has a useful pH range from 6.8 to
8.2.% Hence, calibration curves with HEPES 0.01 M at pH 6.5 and 7 were
obtained, which can be seen in Fig. 6.5. The analytical characteristics
compiled in Table 6.VI show that the sensitivity was significantly
improved when using a lower pH. Therefore, a more acidic pH of 6.5 was
selected as optimized value because it ensured the conversion of all the
diffused NH3 back into NHa4*.

120
e pH65
8 pH7
80 1
>
E 40
L
o 4
-40 ; ‘
-8 -6 -4 -2

log a. . (M)

4

Fig. 6.5 Buffer pH optimization for N-DP: 6.5 (A) and 7 (B). N = 3.
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Table 6.VI Analytical characteristics of calibration curves obtained with different buffer pH for the
N-DP.

Linear range
HEPES pH Slope LD (um R?
p P (um) (km)
6.5 50+ 10 76 —1000 20+30 0.9978
7 30 £20 76 —1000 20+£20 0.9960

As the desired sensitivity was not yet achieved with the current
optimized values, a longer time between NH4Cl additions was assessed.
The resulting graphs can be seen in Fig. 6.6, and the corresponding
analytical characteristics appear in Table 6.VII. At longer times of analysis
more NHs diffuses through the gas diffusion membrane. At 5 minutes,
which was a reasonable time for analytical device to use at home, the
sensitivities obtained were adequate and the linear working range was
from 50 uM to 1000 uM NHs*.

200

o 5min
160 (] 4 min

120 H

80 -

E (mV)

40

O 4

40 ‘ :
-8 -6 -4 -2

log aNH; (M)

Fig. 6.6 Analysis time optimization for N-DP: 4min (black) and 5 min (white). N = 3.

Table 6.VII Analytical characteristics of calibration curves obtained with different time of analysis
for N-DP.

. . Linear range
Time (min Slope LD (um R?
(min) P () (km)
44 +7 76 — 1000 10+50 0.9997
5 55+9 50-1000 10+ 20 0.9969
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6.2.3. Analytical features of N-DP

With the optimized parameters of the alternative ISM composition
with 0.5 % additive, a buffer solution of 0.01 M HEPES at pH 6.5 and a
time of analysis of 5 minutes, the calibration curves for 5 different
devices were obtained and can be seen in Fig. 6.7. The analytical
characteristics for all these devices, as well as for their average value are
shown in Table 6.VIII.

The calibration curves obtained revealed a satisfactory Nernstian
sensitivity for a linear working range from 50 uM to 1000 uM NH4CI.
Hyperammonemia was defined in chapter one as being NH4* levels higher
than 50 uM NH4Cl in blood in children and adults.” So this working range
was acceptable to discriminate a pathological concentration of this
analyte in blood and allowing the patients to keep a close control of their
pathology.

160

120 A

80 -

E (mV)

40 A

>® @
(e}

-8 -6 -4 -2
log Ay (M)

Fig. 6.7 Calibration curves obtained with optimized parameters for 5 different N-DP. The average
values and their linear regression appear as purple triangles and as a purple line respectively. The
pathological range for NH4* concentrations in blood is indicated in blue.
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Table 6.VIII Analytical characteristics of the calibration curves obtained with the optimized
chemical parameters for the N-DP.

Call:rr‘:;on Slope Y-intercept rar:IgZe(a;:m) LD (um) R?
1 53.3 277.6 50-1000 22.4 0.9967
2 54.3 290.1 50-1000 17.3 0.9865
3 53.4 237.3 50-1000 12.2 0.9974
4 57.1 315.0 50-1000 7.1 0.9967
5 54.9 296.1 50-1000 9.3 0.9991
Average 554 280 + 80 50-1000 10+ 17 0.9953 £ 0.01

6.3.Disposable prototype integrating an enzyme for the
indirect detection of other metabolites: urease as
model enzyme

As stated before, one great advantage of this proposed disposable
platform is its potential versatility to be applied for the indirect
determination of other biologically relevant biomarkers. Any enzyme
that can convert a biomarker of interest into NH3 can be included into
the DP platform, on top of the gas diffusion membrane. This way, the NH3
generated correlates to the concentration of the biomarker of interest
present in the blood sample. The NH3 diffuses through the gas diffusion
membrane to reach the ISE located at the other side and the
potentiometric detection occurs in the same way as in the case of the
direct determination of NH.*. To validate this enzymatic DP concept,
urease was selected as model enzyme due to its low cost and availability.
The catalysed reaction is shown here:

Urease
Urea + H,0 —— CO,+2 NH;3

In Fig. 6.8 appears a schematic diagram of the analysis process for the
indirect detection of urea with the proposed U-DP. Urea levels are
monitored as a biomarker of renal function. In healthy adults, normal
levels range from 2 mM to 7 mM but increase in patients that present
chronic kidney disease to levels that can be 10 times or more higher.®
Therefore, the linear working range that must be achieved with the U-DP
is much higher than that obtained with the N-DP. For this reason, for the
use of the U-DP, the motor induced agitation was not included and an
analytical platform with a smaller detection chamber diameter (1.8 mm
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instead of 3.5 mm) was used in order to reduce the volume of reagents
and sample.

Sample

Urease
H,0 +Urea = CO, + 2 NH;

EEFCNEET MelE Gas diffusion membrane

Reference electrode Working electrode
Fig. 6.8 Schematic representation for the indirect detection of urea using U-DP.

6.3.1. Optimization of the chemical variables of U-DP

A summary of the optimization process for the U-DP can be seen in
Table 6.1X.

Table 6.1X Optimization of the chemical variables for U-DP.

el L e
[HEPES] 0.001-0.1 2 1 0.1
[Urease] 0.1 30-50 5 30

Time (min) 0.1 30 5-10 10

The first steps of the optimization process were carried out using the
batch set-up. Due to the increase of the desired linear range for the
determination of urea up to 33 mM (as opposed to 1000 uM for NHz*) it
was necessary to re-evaluate the buffer concentration. At such high urea
concentrations, the amount of NHs reaching the buffer of top of the ISE
could lead to its alkalinization if the buffer capacity is not high enough. In
fact, this is what was demonstrated when measuring the final pH of the
buffer solution after carrying out calibration procedures using HEPES
concentrations of 0.001 M, 0.01 M and 0.1 M at an initial pH 7. An
arbitrary urease concentration of 2 U-ml! was used. Only when using
0.1 M HEPES the pH was not altered, so this concentration was selected
to be used for the buffer solution on top of the ISEs. With lower
concentrated buffer solutions, the final measured pH was more basic
than prior to the calibration (Table 6.X).
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Table 6.X Measured HEPES pH after the calibration procedure using different HEPES
concentrations.

[HEPES] (M)
0.001 0.01 0.1

pH post-calibration 9 8 7

After the evaluation of the HEPES concentration, the time of analysis
necessary to obtain the conversion of urea into NHs was appraised. This
was done using 0.1 M HEPES at pH 7 and a urease concentration of
2 U-mlt using the batch set-up. This evaluation was carried out using a
low, medium and high urea concentrations: 9 mM, 17 mM and 33 mM
urea. According to Fig. 6.9, the total degradation of urea into NH3 was
achieved at 25 min, 35 min and 50 min respectively; times which are too
long for a POC device. Nevertheless, at shorter times it was possible to
stablish a linear relation between these concentrations, even if not all the
urea present underwent enzymatic catalysis. Therefore, a short time of 5
minutes (300 s) was selected to continue the optimization of the rest of
the parameters.

400
O
300 4 W‘M A A A
S
S e
| 4
200 A
A ® 33mM
O 17 mM
A 9mM
100 T : .
0 1000 2000 3000

Time (s)

Fig. 6.9 Monitoring of the enzymatic degradation time for 9 mM (grey), 17 mM (white) and 33
mM urea (black) using 2 U-ml-! urease for U-DP. Arrow indicates values at 5 min.

The following optimization steps were carried out using the dual set-
up: the selection of the urease concentration and the time of analysis.
Regarding the former, two different concentrations were evaluated: 30
and 50 U-ml? using a 0.1 M HEPES solution at pH 7 and a 5-minute
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analysis. The resulting calibration curves and analytical characteristics
are shown in Fig. 6.10 and Table 6.XI. The 30 U-ml urease concentration
gave an almost Nernstian response, and the following optimization of the
time of analysis is expected to further increase this sensitivity by
increasing the time of analysis. Therefore, this concentration was
selected to continue the optimization process, to avoid using an even
higher urease concentration.

200
® 30U/mL
0o 50U/mL
150 -
>
£ 100
L
°
50 1
o
0 . . . .
-6 5 -4 -3 -2 -1
Iog aUrea

Fig. 6.10 Urease concentrations optimization for U-DP: 30 U-ml (black) and 50 U-ml! (white). N
=1.

Table 6.XI Analytical characteristics of calibration curves obtained with different urease
concentrations for U-DP.

[Urease] Linear range
| LD R?
(U-mI) Slope (mM) (um)
30 48 1-33 276 0.9843
50 59 1-33 338 0.9991

Indeed, when times of analysis were assessed (5, 7 and 10 minutes) it
was clear that a Nernstian sensitivity was achieved when using the
longest time of analysis, and this was the selected value. All calibration
curves are depicted in Fig. 6.11. From the resulting analytical
characteristics seen in Table 6.XII.
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Fig. 6.11 Analysis time optimization for U-DP: 5 (black), 7 (white) and 10 minutes (grey). N = 1.

Table 6.XIl Analytical characteristics of calibration curves obtained with different times of analysis
for the U-DP.

Time (min) Slope Llne(an:“rna)nge LD (um) R?
5 49 1-33 260 0.9991
50 1-33 632 0.9994
10 59 1-33 234 0.9998

6.3.2. Analytical features of U-DP

After the optimization of all the chemical and kinetic variables, the
calibrations of 5 individual devices were obtained, which appear in Fig.
6.12. The analytical characteristics of these calibrations curves as well as
those from the average values are specified in Table 6.XIll. All these
calibration curves give satisfactory sensitivities, the same linear range
from 1 mM to 33 mM urea and low LD.
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Fig. 6.12 Calibration curves obtained with the optimized parameters for 5 different U-DP devices.
The average values and their linear regression appear as purple triangles and as a purple line
respectively. The pathological range for urea concentrations in blood is indicated in blue.

Table 6.XIlI Analytical characteristics of the calibration curves obtained with the optimized
chemical parameters for U-DP.

Ca(l;:rr:;clson Slope Y-intercept ranLgI:?::M) LD (mM) R?
1 59.5 248.8 1-33 0.2 0.9998
2 59.5 225.6 1-33 0.4 0.9997
3 59.3 266.8 1-33 0.1 1.0000
4 58.1 243.3 1-33 0.3 0.9998
5 55.7 212.1 1-33 0.3 0.9992
Average 58+4 240 £ 60 1-33 03%0.3 0.9997

6.4.Disposable prototype integrating an enzyme for the
indirect detection of phenylalanine

Once that the indirect determination of other analytes of interest by
means of an enzymatic reaction was demonstrated by the use of a model
enzyme, the determination of Phe could be explored. This was done by
means of the use of the PAL enzyme, according to the following reaction:

PAL
L-Phenylalanine — Trans-cinnamate + NHj
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In Fig. 6.15 there is a schematic representation of P-DP, which is very
similar to that of the U-DP, but using PAL instead of urease on top of the
gas diffusion membrane.

Sample

PAL
Phe -> Trans-cinnamate + NI|-|3 ®

Gas diffusion module Gas diffusion membrane 1

Detection module

Reference electrode Working electrode
Fig. 6.13 Schematic representation for the indirect detection of P-DP.

6.4.1. Optimization of the chemical variables of P-DP

The pathological range of Phe is 120 — 1200 uM,? which is higher than
the pathological range associated with hyperammonemia. Therefore, for
optimization of the chemical variables for Phe determination, slightly
different initial conditions were selected with respect to the previous
section: the time of analysis was set to 3 minutes and the HEPES
concentration was increased to 0.1 M because a higher concentration
may be needed to maintain the ionic strength at higher NHs
concentrations. A summary of the optimization process to achieve
optimum analytical characteristics for P-DP is displayed in Table 6.XIV. All
optimizations were carried out using the dual set-up and the 3.5 mm
diameter ISEs platform.

Table 6.XIV Optimization of the chemical variables for the P-DP.

Variable Enzyme [PAL] [HEPES] Time Optimized
optimized solution pH (mg-ml?) (M) (min) value
With PBS as enzyme solution
Enzyme 7-10.5 3.5 0.1 3 9
solution pH
[PAL]_1 9 3.5-28 0.1 3 14
(mg-ml”)
With water as enzyme solution
[HEPES]
7.4 7 0.1-0.01 3 0.1
(M)
Time of 7.4 7 01 2-4 3
analysis
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First, it was evaluated if the motor induced stirring is needed to
achieve an acceptable sensitivity at the desired linear range. For this, DP
in a dual set-up was used without enzyme, and 3 calibration procedures
for NHs* determination were performed with and without the presence
of the vibrating motor (Fig. 6.14). The corresponding analytical
characteristics can be seen in Table 6.XV. It is clear that a Nernstian
sensitivity at a 120 — 1600 uM NH4* linear range was only obtained when
the motor was used. Additionally, the reproducibility between devices
was also improved by the use of the motor. Thus, the use of the vibrating
motor was maintained to induce stirring for the subsequent
optimizations.

160
® Without motor
O  With motor
120 1
S
£ 80
LLl
40 A
0 . .
-8 -6 -4 -2

log a,,, (M)

Fig. 6.14 Calibration curves obtained without (black) and with a motor induced stirring (white) for
P-DP.N=3.

Table 6.XV Analytical characteristics of calibration curves obtained with and without motor
induced agitation.

Motor Slope Linear range (uM) LD (uMm) R?
No 47 +7 120-1600 22t4 0.9522
Yes 50+1 120 -1600 18+5 0.9857

Afterwards, the PAL enzyme was included in the DP platform and the
calibration curves were obtained using Phe standard solutions. The first
step was to optimize the variables related to those of the donor solution,
which contains the enzyme: its composition, concentration and pH. The
PAL enzyme was purchased lyophilized in PBS at a pH 7.4. Hence, PAL
was first reconstituted in a PBS buffer containing phosphate buffer 10
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mM and NaCl 137 mM. Calibration curves for 3 different devices were
obtained, using a PAL concentration of 3.5 mg-ml?, for three different pH
values: 7.4, 9.0 and 10.5. The resulting calibration curves are shown in
Fig. 6.15, and the analytical characteristics appear in Table 6.XVI.

With all three pH evaluated the same linear range of 120 to 1600 uM
Phe was obtained. Even though there was a higher sensitivity with pH
9.0, this sensitivity was still too low compared to the expected Nernsitan
sensitivity.

120
® pH74
O pH9
A pH10.5
80 -
S
E
w40 |
0 4
-8 -6 -4 -2

log a,,,, (M)

Fig. 6.15 Optimization of the PBS pH for P-DP: 7.4 (black), 9 (white) and 10.5 (grey). N = 3.

Table 6.XVI Analytical characteristics of calibration curves obtained with different pH for the PBS
buffer for P-DP.

pH Slope Linear range (uM) LD (uM) R?

7.4 306 120 -1600 11+5 0.9873
9 407 120 - 1600 295 0.9904

10.5 3020 120 - 1600 206 0.9967

In order to increase the sensitivity of the proposed P-DP, the
concentration of the enzyme was assessed next. The calibration curves
obtained using enzyme concentrations of 3.5, 7, 14 and 28 mg-ml* PAL
are shown in Fig. 6.16. From the information in Table 6.XVI! it is evident
that the enzyme concentration that displayed the best analytical
characteristics was 14 mg-ml! PAL. This behaviour goes against of what
would be expected, that is, better sensitivities with higher PAL
concentrations. Furthermore, when carrying out this optimization
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process it was observed that the activity of PAL was not stable. When
carrying out a calibration procedure with a newly prepared donor
solution containing the enzyme, the sensitivities where higher than for
subsequent calibrations performed with the same donor solution under
the same conditions. Signals, as well as the sensitivities, for following
calibrations decreased and then, stabilized. This behaviour was
attributed to the enzyme unstability, leading to a loss of enzymatic
activity.

120 1| e 35 mg-mi™
g 7mgml*t
A 14 mgmlt
go || ® 28 mg-ml*
—
>
E
w40 1
O 4
log a,,,. (M)

Fig. 6.16 PAL concentration optimization for P-DP: 3.5 (black), 7 (white), 14 (grey) and 28 mg-ml-!
PAL (green). N =3.

Table 6.XVII Analytical characteristics of calibration curves obtained with different PAL
concentrations for P-DP.

E:’gsz; Slope L'"e(aJl\;la;"ge LD (uM) R
35 40+7 120 - 1600 29+5 0.9904
7 50+ 10 120 - 1600 50 + 60 0.9908
14 5849 120 - 1600 40 + 40 0.9922
28 50+ 10 120 - 1600 40 % 20 0.9745

In an effort to increase the enzyme stability, PAL was reconstituted
using water (instead of PBS) at pH 7.4 to fix the pH to the one indicated
by the manufacturer. An enzyme concentration of 7 mg-ml* was used to
obtain the calibration curves shown in Fig. 6.17. This graph shows that
there was an improvement of the enzymatic stability, as a good
sensitivity was obtained with a lower enzyme concentration.
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Reproducibility between calibrations was better and signals obtained
were maintained for later calibrations. Furthermore, this PAL
concentration was enough to achieve a Nernstian sensitivity at a linear
range from 120 uM to 1600 uM Phe and a low LD (Table 6.XVIl|).

120

80 -

E (mV)

40 1

-8 -6 -4 -2
log a,,,, (M)

Fig. 6.17 Calibration curves obtained with a 7 mg-ml-1 PAL reconstituted in water for P-DP. N = 3.

Table 6.XVIIl Analytical characteristics of calibration curves obtained with 7 mg-ml! PAL
reconstituted in water for the P-DP-

[Enzyme] Linear range
Slope LD (uMm R?
(mg:ml) P (M) (V)
7 5314 120 -1600 30+£10 0.9967

Then, the optimization of the buffer solution on top of the ISE was also
evaluated, by means of calibration procedures carried out with 3
different devices with HEPES concentrations of 0.1 M and 0.01 M both at
pH 7. From the calibration curves seen in Fig. 6.18 and the analytical
characteristics in Table 6.XIX it is clear that a concentration of 0.1 M was
necessary to maintain a suitable sensitivity at the desired linear range.
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Fig. 6.18 HEPES concentration optimization for P-DP: 0.01 M (black) and 0.1 M (white). N = 3.

Table 6.XIX Analytical characteristics of calibration curves obtained with different buffer
concentrations for P-DP.

[HEPES] (M) Slope Linear range (uM) LD (uM) R?
0.01 48+3 120 - 1600 255 0.9998
0.1 522 120 -1600 24+ 4 0.9975

Finally, different analysis times were evaluated: 2, 3 and 4 minutes.
The resulting calibration curves and analytical characteristics are shown
in Fig. 6.19 and Table 6.XX respectively. From these results it can be seen
that 3 minutes was long enough to obtain a good sensitivity in the desired
linear range of 120 uM to 1600 uM Phe and a low LD of 24 uM Phe. This
allowed us to select a low time of analysis of 3 minutes. It would be even
possible to increase this time to 4 minutes if the enzyme concentration
needed to be reduced in order to lower the price of the final analytical
device.
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Fig. 6.19 Analysis time optimization for P-DP: 2 min (black), 3 min (white) and 4 min (grey). N = 3.

Table 6.XX Analytical characteristics of calibration curves obtained at different times of analysis
for P-DP.

Time (min) Slope Llne(z:‘“;la;nge LD (uM) R?
2 44 +9 120-1600 30+ 20 0.9978
3 522 120 -1600 244 0.9975
4 52+3 120-1600 24+3 0.9987

6.4.2. Analytical features of P-DP

With all the previously optimized parameters, calibration curves for 5
different devices were obtained and can be seen in Fig. 6.20, alongside
the average values. The analytical characteristics resulting from these
calibration are displayed in Table 6.XXI and show an acceptable Nernstian
sensitivity, a LD of 30 uM Phe and a linear range from 120 uM to 1600
UM Phe, which is suitable for the discrimination of healthy and
pathological levels of Phe in blood.
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Fig. 6.20 Calibration curves obtained with the optimized parameters for 5 different P-DP devices.
The average values and their linear regression appear as purple triangles and as a purple line
respectively. The pathological range for Phe concentrations in blood is indicated in blue.

Table 6.XXI Analytical characteristics of the calibration curves obtained with the optimized
parameters for P-DP.

Calibration

Linear

LD

curves Slope Y-intercept range (M) (M) R?
1 51.8 267.5 120-1600 23.2 0.9993
2 51.6 240.8 120-1600 39.8 0.9939
3 52.4 277.6 120-1600 21.2 0.9990
4 54.4 242.9 120-1600 32.1 0.9933
5 50.9 254.1 120-1600 25.6 0.9925
Average 523 260+ 30 120-1600 30+20 0.995+0.007

6.5. Conclusions

Work shown in this chapter demonstrated that a disposable platform
for the potentiometric determination of NH4* was successfully designed,
fabricated and evaluated showing satisfactory results. The composition
of the ISM, as well as the chemical parameters for its use were optimized
to obtain the best desired sensitivity, linear working range and LD.
Indeed, the analytical characteristics obtained for the N-DP allow its use
to discriminate between healthy and pathological levels of NH4" in few
minutes and has a great potential to be used as disposable NH4* POC for

home use.
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The versatility of this analytical platform was also demonstrated by
the incorporation of urease as a model enzyme for the indirect
determination of other metabolites. Indeed, the chemical and kinetic
parameters for the use of U-DP were optimized to determinate levels of
urea at the physio-pathological range.

This enzymatic concept for the DP was applied for the monitoring of
an IEM of interest, PKU, by the use of the PAL enzyme for the indirect
determination of Phe by its conversion into NHs. The chemical and kinetic
variables were optimized to achieve the best analytical characteristics for
the determination of healthy and pathological levels of Phe. This
demonstrated the viability of using these type of analytical devices for
monitoring of Phe levels at home.

Results obtained regarding P-DP are of great relevance because
demonstrate the versatility of the proposed disposable analytical sensors
to be aimed at the detection of a wide range of biomarkers. Depending
on whether the limiting step is the time of analysis or the cost of the
enzyme, these two parameters can be tailored to obtain the conditions
that better suit the needs of the situation. A higher enzyme
concentration would lead to shorter times of analysis, but if the cost is
too high, the enzyme concentration could be decreased maintaining the
analytical characteristics unaltered if the time of analysis is increased.

As future prospective, the DP described in this chapter could be used
together with the miniaturized potentiometric reader developed by the
IEB group, previously shown in Chapter 3. This potentiometer could
incorporate a small piezoelectric system to provide vibration and
enhance the NHj; diffusion and can also send results by Bluetooth to the
patients’ smartphone. In this way, a cheap and easy to use system for the
monitoring of metabolic diseases at home would be realized, similar to
those already existing for the monitoring of glucose level for diabetic
patients.

In order to achieve this final objective, DP devices must be fabricated
at a mid-scale to validate the auto-calibration step and a way to
encapsulate the enzyme onto the gas diffusion membrane must be
optimized. Finally, the analysis of real blood samples must be performed
to validate the proposed microanalyzers with the reference methods
currently used in the hospital laboratories for the determination of NHs*
and Phe.
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Chapter 7

General conclusions and future
perspectives

Throughout the last three chapters, some partial conclusions have
already been discussed about the work described in this thesis. As
general conclusions, it can be summarised that several analytical
platforms arising from the combined use of microfabrication
technologies, to develop polymeric microfluidic platforms, and
potentiometric detectors, which can be integrated in this structures,
were presented in this work. The optimum configurations and work
conditions for all these analytical platforms were stablished to obtain the
desired analytical characteristics of sensitivity and lineal range required
for each intended purpose.

A reusable FIA microanalyzer for the fast and automated high-
throughput analysis of NH4* in blood was designed, fabricated, optimized
and validated by the direct analysis of blood samples. Owing to its
outstanding analytical characteristics and low errors when compared to
the reference method, it was concluded that the proposed analytical
system was a suitable candidate to be used as a robust and reliable POC
device in an hospital or a clinic, for the monitoring and management of
hyperammonemia presenting diseases such as UCDs. A particularly
important characteristic of this system was the high level of automation
achieved, which resulted in ease of use by non-specialized personnel, and
the improvements aimed to greatly increase the lifetime of the
microsystem, thus reducing upkeep, maintenance requirements and
overall costs.

In parallel, great effort was undertaken regarding the development of
an auto-calibrating and disposable analytical devices, which is meant to
be used by the patients themselves at their own homes. This proposed
disposable device allowed the direct determination of NH4* levels in
capillary blood. Moreover, it is an exceedingly versatile platform, which
also permits the indirect determination of other analytes of interest by
the addition of an enzyme. Thus, it can be a remarkably useful tool for
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the management of several IEMs. Indeed, two different analytical
platforms for the determination of NH4* and Phe were fabricated and
optimized, and the resulting analytical characteristics demonstrated the
potential of their use as POC devices for the reliable determination of
these two biomarkers within their physio-pathological ranges.

Further work continuing these research topics should focus on:

1)

2)

3)

4)

5)

The validation of the automated POC system for NHa*
determination in blood by means of a larger amount of blood
samples and the comparison of results to the reference method.

The evaluation of the auto-calibrating step for the DP platform.
Fabrication of a set of devices at mid-scale to validate the
approach.

The validation of the N-DP and P-DP devices by analysis of blood
samples and the comparison of the results to the reference
methods for determination of NH4* and Phe respectively.

Study of the enzyme encapsulation in the P-DP and evaluation of
lifetime and storing conditions for both N-DP and P-DP regarding
future high-scale manufacturing and commercialization.

The development of a user friendly and smartphone-compatible
software for data acquisition and monitoring of the results
obtained by N-DP and P-DP, and the accessibility of these results
by the healthcare professionals to improve medical monitoring.
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