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Resumen

La conciencia publica acerca de los problemas ambientales y la salud
ha aumentado notablemente en las ultimas décadas. La sociedad muestra
mayor preocupacion por el medio ambiente y por el impacto negativo de sus
practicas en este, exigiendo asi soluciones mas sostenibles. Asimismo, los
gobiernos y organizaciones internacionales estan promoviendo politicas pu-
blicas que fomentan la adopcién de enfoques sostenibles en la industria y
otros sectores, estableciendo leyes y regulaciones ambientales cada vez

mas estrictas.

La quimica analitica ha tenido y tiene que adaptarse para cubrir estas
nuevas necesidades, aproximandose a las bases y principios de la quimica
sostenible y quimica verde. A pesar de que ambos enfoques tienen puntos
de interseccidn, la quimica sostenible considera a su vez la conservacion de
los recursos naturales, los aspectos econdmicos y sociales relacionados con
la produccion y uso de procesos y productos quimicos, mientras que la qui-
mica verde esta mas centrada en la reduccién de la toxicidad y los residuos

generados en los procesos quimicos.

Dentro de las diferentes estrategias que la quimica analitica ha se-
guido para lograr metodologias mas respetuosas con el medioambiente, la
miniaturizacion de los procesos analiticos ha tenido especial relevancia de-
bido a los grandes beneficios que ofrece, como el menor consumo de disol-
ventes, reduccién en la generacion de residuos, menor coste econémico, y
simplicidad. A su vez, la miniaturizacion ha contribuido a la portabilidad de
la instrumentacion analitica, facilitando la transicion de los equipos conven-
cionales de laboratorio a equipos que permitan el andlisis en el punto de

necesidad e in-situ.

La cromatografia liquida (LC) es una técnica de separacion funda-

mental en muchos métodos analiticos y particularmente en aquellos en los



que se trabaja con muestras de matrices complejas. La miniaturizacion en
cromatografia liquida (minLC) parte de la reduccién del diametro interno de
la columna analitica, y, por tanto, del resto de componentes del sistema cro-
matografico. Surgié en el ultimo tercio del siglo XX cuando se empez6 a
trabajar con columnas con diametros internos inferiores a 1 milimetro y ob-
servando como a medida que se reducia el tamafio de la columna, la eficacia
aumentaba. Desde entonces este campo se ha ido desarrollando hasta la
actualidad, pudiendo encontrar columnas analiticas con diametros internos
de unas pocas decenas de micrémetros, trabajando a flujos del orden de
microlitros o incluso nanolitros por minuto. Consecuencia directa de la mi-
niaturizaciéon en LC, las cantidades de disolvente y muestra requeridos, asi
como de residuos generados son minimos. Por otro lado, la reduccion del
didmetro interno supone una reduccién de la difusion radial de los analitos
en el sistema cromatografico que se traduce en un aumento de la sensibili-
dad. Ademas, estos sistemas facilitan el acoplamiento con los detectores de
masas (MS), mejorando la eficiencia de ionizaciéon cuando se emplean fuen-
tes de ionizacién por electrospray (ESI). Existen diferentes niveles de minia-
turizacion en LC que dependen del diametro interno de la columna analitica,
sin embargo, cuando se habla de minLC se suele hacer referencia concre-
tamente a la LC capilar (capLC) y nano (nanoLC) que emplean columnas
analiticas con diametros internos con rangos comprendidos entre 0.5 - 0.15
mm y 0.15 — 0.01mm respectivamente. Estos dos tipos de LC se han utili-
zado en diversos campos como el andlisis medioambiental, forense y ali-
mentario. Sin embargo, la bioquimica ha sido el area que ha recibido mayor

atencion, especialmente en el caso de la nanoLC.

Uno de los problemas de la minLC son los pequefios volimenes de
inyeccion que admite. Se puede incrementar la sensibilidad aumentando el
volumen de muestra procesado. Para ello se pueden utilizar técnicas de pre-

columnas acopladas (switching column) o la microextraccién en fase solida



en tubo (IT-SPME). En esta Ultima, la fase extractiva se encuentra inmovili-
zada en un capilar (inicialmente a partir de un fragmento de una columna de
cromatografia de gases). Estos capilares pueden obtenerse comercialmente
con la fase extractiva inmovilizada o pueden utilizarse capilares de silice fun-
dida sin tratar para posteriormente sintetizar la fase en el laboratorio. La IT-
SPME combina automatizaciéon con miniaturizacion, siendo a la vez sencilla,
versatil, de bajo costo, y permitiendo un facil acoplamiento a técnicas de LC.
Actualmente la IT-SPME-LC es una técnica establecida y se pueden encon-
trar en la bibliografia aplicaciones para todo tipo de muestras como me-
dioambientales, alimentarias, industriales, y forenses, entre otras. Por con-
tra, el acoplamiento a minLC no se ha explorado en profundidad y su aplica-
cion estd mas acotada a muestras ambientales. El binomio IT-SPME aco-
plado a minLC es una de las principales especializaciones del grupo “Minia-
turizacion y Métodos Totales de Analisis” (MINTOTA), grupo en el cual se
ha realizado esta tesis y que ha realizado valiosas contribuciones en este
campo desde 2006. La IT-SPME-mIinLC es una técnica de gran interés ya
que mejora la eficiencia de la columna analitica y la sensibilidad, permite
etapas de lavado de la muestra, es facilmente acoplada en linea, y reduce

a su vez el consumo de disolventes y residuos generados.

Una aplicacion llamativa de la IT-SPME acoplada en linea a minLC
con detector de fila de diodos (DAD) es el estudio de dispersiones de nano-
particulas metélicas (MNPs). En las MPNs la luz incidente provoca oscila-
ciones de la banda conductora de electrones dando lugar a la absorciéon de
la luz en la region UV-vis del espectro. Este fendmeno es conocido como
resonancia localizada del plasmén de superficie (LSPR) y puede ser medido
mediante detectores ultravioleta-visible (UV-vis). El andlisis de MNPs me-
diante IT-SPME-minLC-DAD da lugar a perfiles cromatograficos en los que
se observan dos picos cromatograficos correspondientes a dos grupos de
nanoparticulas existentes en la dispersiéon. El primero de los picos corres-

ponde con las MNPs polarizadas, las cuales presentan una débil interaccién



con la fase extractiva del IT-SPME y su separacién esta gobernada por me-
canismos de exclusién por tamafio en la columna analitica. Por otro lado, el
segundo pico cromatogréfico se corresponde con las NMPs no polarizadas
que interactian con la fase extractiva de IT-SPME por medio de un efecto
hidrofébico. Esto permite caracterizar las dispersiones en funcion de la rela-
cién de las areas de ambos picos. Ademas, se ha demostrado como el area
de los picos esté relacionada con la concentracion de las MNPs en la dis-
persion, permitiendo su cuantificacion. En esta tesis se ha demostrado la
capacidad de la IT-SPME-minLC-DAD en la caracterizaciéon de MNPs asi
como la posibilidad de utilizar la técnica para el seguimiento de ensayos

plasmaonicos.

La miniaturizacién ha permitido el desarrollo de equipos de LC por-
tatil que permiten el analisis de muestras complejas en el punto de interés,
como por ejemplo en el control de aguas medioambientales o en ensayos
clinicos donde una respuesta a tiempo real ayuda a establecer un diagnés-
tico rapido. A diferencia de otros instrumentos portatiles como los electroqui-
micos o los espectrofotométricos, estos han evolucionado lentamente de-
bido a las dificultades relacionadas con la miniaturizacion de sus componen-
tes, particularmente de los sistemas de bombeo que deben generar flujos
muy pequefios y estables, a la vez que deben soportar las presiones gene-

radas por la columna analitica.

Los primeros equipos de LC portatil fueron introducidos en la década
de 1990, sin embargo, estos no cumplen con los requisitos actuales para ser
considerados instrumentacién portable. No fue hasta esta Ultima década
cuando surgié una nueva ola de LC portatiles con caracteristicas acordes a
la idea contemporanea de portabilidad. La mayoria de estos sistemas han
sido desarrollados en el laboratorio y no han sido comercializados haciendo

dificil su reproduccion. En 2019, la compafia Axcend lanz6 al mercado el



primer minLC portétil, el Axcend Focus LC con un sistema de cartuchos in-
tercambiables que contienen el detector y la columna analitica. Desde la fe-
cha de su lanzamiento se han publicado varios articulos en los que se estu-
dian sus prestaciones en diferentes campos. En esta Tesis, el rendimiento
de dicho equipo de minLC portétil ha sido evaluado y comparado con el de
otros equipos de minLC de sobremesa.

El objetivo general de esta Tesis ha sido generar nuevo conocimiento
entorno al binomio nanoescala-LC a través del acoplamiento IT-SPME a
minLC (tanto capLC como nanoLC), demostrando las ventajas de la técnica
en relacion a la LC convencional. Para ello, se establecieron los siguientes

objetivos especificos:

1) Desarrollar nuevas configuraciones para el acoplamiento en linea
de la IT-SPME a minLC.

2) Demostrar los beneficios potenciales de las NPs como fases en

el acoplamiento mencionado.

3) Proponer nuevas estrategias que aporten métodos de coste efec-

tivo para evaluar contaminantes emergentes.

4) Dar evidencias de la sostenibilidad de la técnica en estudio a la
vez que incluir la huella de carbono como figura de mérito de una

metodologia dada.

5) Demostrar como la miniaturizacion puede contribuir a la portabi-
lidad de la LC.

Durante el desarrollo de la Tesis se ha estudiado la miniaturizacion
enfocada a la LC aplicada al andlisis de muestras medioambientales, biol6-
gicas, y nanoparticulas. Los sistemas de cromatografia liquida miniaturizada
se acoplaron en linea a microextraccion en fase soélida en tubo (IT-SPME)
empleando diferentes configuraciones. Del mismo modo, se han evaluado

las posibilidades de la LC portétil para el andlisis en el punto de necesidad

\



discutiendo sus fortalezas y debilidades. Ademas, se ha utilizado el criterio
BETTER, propuesta por F. Rahimi et. al., y la herramienta HEXAGON, pro-
puesta por el grupo MINTOTA, con el fin de evaluar la portabilidad en el
primer caso, y los métodos propuestos desde un punto de vista de la quimica
sostenible y verde en el segundo. Concretamente, se han estudiado las si-
guientes técnicas: IT-SPME-capLC-DAD, IT-SPME-nanoLC-DAD, y minLC-
UV-LED portatil. Los resultados obtenidos durante la tesis se pueden clasi-
ficar en funcién de la matriz objeto de estudio ya sean medioambientales,
biol6gicas o de nanoparticulas.

Con respecto a las muestras medioambientales, se evalué el rendi-
miento de un minLC portatil comercial con detector de diodo emisor de luz
ultravioleta (LED UV) (255 nm) para el analisis de diferentes analitos de in-
terés en muestras de agua y los resultados se compararon con los obtenidos
mediante IT-SPME-capLC-DAD y IT-SPME-nanoLC-DAD de sobremesa. El
minLC portatil ofrecié cromatogramas con una mejor resolucién de pico en
un menor tiempo de analisis, permitiendo la deteccién de un mayor nimero
de compuestos en ventanas de tiempo mas cortas. Sin embargo, su sensi-
bilidad es limitada en comparacion con los equipos de sobremesa, ademas
de que, al trabajar a una Unica longitud de onda, la identificacion de los com-
puestos se basa Unicamente en el tiempo de retencion. Por otro lado, se
estudio el impacto de diferentes parametros ambientales como la humedad,
temperatura, y viento en la respuesta cromatogréfica. El criterio BETTER se
utilizé para comparar el minLC portétil estudiado con otros desarrollados re-
cientemente obteniéndose para algunos criterios resultados mejorados. De
manera similar, se utilizé la herramienta HEXAGON para comparar desde el
punto de vista de la sostenibilidad y la quimica verde los LC de sobremesa
con el LC portétil obteniéndose resultados favorables para este ultimo en el

contexto de los analisis planteados.
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Para demostrar la aplicabilidad de la técnica se analizaron diferentes
biocidas en aguas residuales y otras aguas superficiales. En el primer caso
se detect6 y cuantificd sorbato potasico y pirimetanil, obteniéndose resulta-
dos comparables a los de los equipos de sobremesa. El imazalil, que fue
cuantificado por IT-SPME-nano/capLC-DAD, no fue detectado mediante
minLC portétil ya que este no absorbe a la longitud de onda del LED UV
utilizado. Ademas, se analizaron muestras de aguas superficiales mediante
minLC portatil con el fin de determinar los pesticidas diurén e isoproturon.
Se optimiz6 una etapa previa de extraccion en fase solida que permitio al-
canzar los valores de las normas de calidad ambiental establecidos por la
legislacion para ambos pesticidas, sin detectar ninguno de ellos en las mues-
tras analizadas. En esas mismas aguas y en la linea con el analisis in-situ y
a tiempo real de muestras ambientales, se estudiaron las posibilidades de
un analizador para el seguimiento de nitrato en aguas de pozo, comparando
los resultados con los obtenidos por una fibra dptica portatil y un espectro-
fotdbmetro de sobremesa. Las determinaciones se basaron en la medida de
la absorbancia nativa del nitrato. Se determinaron nitratos en las aguas ob-
teniéndose resultados similares a los proporcionados por el espectrofotéme-
tro de sobremesa. No se observé influencia de la turbidez y los acidos hami-
cos en las condiciones de trabajo. Como aplicacién, se sigui6 la concentra-
cion de nitratos en una planta de tratamiento de aguas obteniéndose resul-
tados adecuados y comparables a los proporcionados por la fibra éptica por-
tatil.

La IT-SPME-nanoLC-DAD también se aplic6 a muestras biolégicas,
mas concretamente, a la determinacion de paracetamol en muestras de
orina. Se realiz6 un tratamiento minimo de la muestra que consiste en la
desproteinizacion en medio acido, centrifugacion, y extraccion mediante
SPE. Los resultados se compararon con los proporcionados por cromato-

grafia liquida de ultra alto rendiminto (UHPLC) acoplada a un detector de

Vi



espectrometria de masas de tiempo de vuelo cuadrupolo (QTOF) con inter-
fase de ionizacion por electrospray (ESI) y por analisis directo en tiempo real
(DART) acoplado a QTOF. El paracetamol se determiné en la orina recogida
a diferentes horas tras la ingesta de 1 g del compuesto. En comparacion con
el DART-QTOF, el IT-SPME-nanoLC-DAD y el UHPLC-ESI-QTOF propor-
cionaron una mayor sensibilidad y reproducibilidad. Sin embargo, el DART-
QTOF permitio realizar el andlisis en el menor tiempo. Con respecto a la
cuantificacion del paracetamol en las diferentes muestras de orina, se obtu-
vieron resultados comparables entre las técnicas estudiadas. Los tres equi-
pos se compararon utilizando la herramienta HEXAGON concluyendo que
la técnica IT-SPME-nanoLC-DAD es superior para esta aplicacion, gene-
rando una menor cantidad de residuos, empleando menos reactivos, redu-

ciendo la huella de carbono, y a un menor coste econémico.

También, se demostré que es posible discriminar y asegurar la cali-
dad de una dispersion dada de AgNPs y AuNPs para la realizacion de un
ensayo plasmonico mediante IT-SPME-capLC-DAD y IT-SPME-nanoLC-
DAD. El uso del IT-SPME permitié estudiar la proporcién en la dispersion
inicial de dos grupos de NPs, polarizadas y no polarizadas, en funcién de
sus interacciones con la fase extractiva del IT-SPME, y cuya separacion se
explica mediante exclusion por tamafios y efecto hidrofébico. Se estudié la
degradacion de dispersiones de AgNPs y AuNPs comerciales (tanto con re-
cubrimientos de fosfato como citrato) en funcién del tiempo y de la concen-
tracion de acido a partir de los perfiles cromatogréaficos obtenidos. La dismi-
nucion en el area de los picos cromatograficos se relacion6 con un despla-
zamiento del plasmén hacia longitudes de onda mayores, lo cual indica un
fendbmeno de agregacion. En ambos casos, la estabilidad de las dispersio-
nes de AuNPs fue superior a las de AgNPs. Se estudi6 la agregacion indu-
cida por espermina y acido acético relacionandose la disminucién del area
de los picos cromatograficos con la concentracion, obteniéndose una sensi-

bilidad mayor a la proporcionada por espectroscopia UV-vis. Tanto la capLC
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como la nanoLC acopladas a IT-SPME con DAD permitieron la medida del
LSPR de AuNPs desnudas a partir de la relacién entre las areas de los picos
cromatogréficos, demostrando la posibilidad de determinar la funcionalidad
de las dispersiones a partir de los perfiles cromatograficos en menos de 10

min en todos los casos.

Como aplicacién, se determiné espermina en orina, como biomarca-
dor de cancer, mediante IT-SPME-capLC-DAD. La concentracion de esper-
mina se correlacioné linealmente con la disminucion del area del pico cro-
matogréfico permitiendo su cuantificacion. Se determinaron orinas de volun-
tarios sanos y con céncer, obteniéndose concentraciones de espermina en

concordancia con la bibliografia.

Por ultimo, con objeto de conocer mejor las transformaciones que
tiene lugar en las AgNPs en sistemas medioambientales, se estudid la sul-
furacion y disolucién en un sistema de flujo continuo bajo diferentes condi-
ciones de flujo, fuerza iénica, oxigeno, y concentracién de sulfuro. La pre-
sencia de sulfuro provocd un aumento inicial en la disolucién de las AgNPs
que se relacion6 con la formaciéon de una capa de Ag.S amorfo, pues es mas
soluble que las AgNPs. Empleando flujos mas altos y tiempos mayores, la
disolucién de las AgNPs en medio sulfuroso termina disminuyendo por de-
bajo de la del ensayo sin sulfuro, lo que indica la formacion del Ag.S crista-
lino menos soluble. La presencia de oxigeno produce un aumento de la so-
lubilidad de las AgNPs por la formacién de una capa mas soluble de Ag.O
alrededor de la nanoparticula. Para fuerzas idnicas superiores, obtenidas a
partir de distintas concentraciones de NaNOs, la disolucion de las AgNPs
disminuye, como consecuencia de la compresion de la doble capa eléctrica.
Finalmente, el ensayo realizado a diferentes flujos mostré una correlacion

positiva con la disolucion de las NPs.






Abstract

In the last years, the world is becoming more aware of the environ-
mental issues and its impact on the planet, embracing more sustainable and
environmentally friendly lifestyles. This has sparked a pressing need in vari-
ous areas, including analytical chemistry, which must adapt its methodolo-

gies to align with this trend.

In this context, the miniaturization of LC is presented alternative to
conventional LC systems, not only improving its performance and sensitivity,
but also from an environmental point of view, reducing the solvents required,
waste generated, and operational costs. It involves a scaling down of the
dimensions of LC systems, including columns, flow rates, and detection sys-
tems. As a result, minLC has gained significant attention and holds great
promise for various fields, including pharmaceutical analysis, biomedical re-
search, and environmental monitoring. The advancements in miniaturization
have made it possible to bring the portability to LC systems, which is partic-
ularly relevant for point-of-need determinations such point-of-care (POC) ap-

plications or environmental monitoring.

In the same vein, the miniaturization of sample treatment techniques
Is progressively replacing conventional procedures which involves high num-
ber of steps and large volumes of solvents. Among the miniaturized sample
preparation techniques, such as SPME, LLME, and microextraction by
packed sorbent (MEPS), have been widely employed. IT-SPME is a type of
SPME that combines miniaturization with automation, fulfilling various of the
requirements of green ans sustainable analytical chemistry while allowing for

easy coupling to minLC systems.

In the framework of development of this thesis, the capabilities of

minLC, both nano and capLC, were studied for the analysis of different ma-
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trices of analytical interest, including environmental, biological, and nanopar-
ticles samples. For this purpose, the minLC was coupled on-line to IT-SPME
demonstrating the potential benefits in terms of sensitivity, versatility, rapid-
ity, solvent usage, and waste generation for the analysis of different environ-
mental water and urine samples. Also, the technique has allowed the assess-
ment of NPs from the chromatographic profiles for its usage in further moni-
toring of plasmonic assays and to follow also them, providing better selectiv-
ity and sensitivity than the monitoring by means of UV-vis spectrophotome-
try. Moreover, the possibilities the portable LC were evaluated and compared
with LC systems. As for the comparative studies, the HEXAGON tool and the
BETTER (portaBle fiEld Testing sTandard frameWoRKk) criteria were em-
ployed for the evaluation of greenness and sustainability of the method and
portability, respectively. Finally, the stability of the AgNPs in presence of sev-
eral agents was studied in-flow in order to approximate to environmental con-

ditions.
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Chapter 1: Introduction

11 The analytical context: recent trends

Analytical chemistry is a scientific discipline that plays a key role in
our society, covering different fields including pharmaceuticals, environmen-
tal assessment and monitoring, forensics sciences, food analysis, and indus-
try, among others. Its main objective is to develop methods for the charac-
terization, identification, and quantification of substances in any kind of sam-
ple matrices. In this regard, accurate and reliable analytical techniques are
essential for ensuring product quality, human health, and environmental

safety.

Over the last decades, analytical chemistry has undergone significant
advancements driven by the society needs and the increasing demands for
green, sustainable, and environmentally friendly methodologies (see Figure
1). Traditional analysis techniques have provided valuable insights and
served as basis for our understanding of chemical composition and proper-
ties, nevertheless, these methodologies often require bulky instrumentation,
extensive sample preparation, high amount of reagents and solvents used,
and time-consuming analysis procedures. These limitations have sparked
the need for faster, sensitive, reliable, and environmentally friendly alterna-

tive methodologies.

3500 T
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2500 +
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1500 +
1000 +

Number of publications
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Year

—e— Green chemistry ~ —e— Sustainable chemistry

Figure 1. Number of publications in the Web of Science database in the last 25 years
with topics “green chemistry” and “sustainable chemistry”. Consulted in June 2023.

3



Chapter 1: Introduction

In this context the requirements for “sustainable” and “green” chem-
istry must be addressed. Both terms have been used interchangeably to refer
to environmentally friendly methodologies. However, although they are con-
nected, there are differences between them. In 1999, Hutzinger clarified
these differences, pointing out that green chemistry focus on the "design,
manufacture, and use of chemical processes that have little or no pollution
potential or environmental risk" while sustainable chemistry refers to the

"maintenance and continuation of an ecologically-sound development” [1].

The idea of sustainability first appeared in the 1970s when several
artists produced critical writings highlighting the need to integrate nature con-
servation into economic development [2]. One decade later, in 1987, the
World Commission on Environment and Development, published a report ti-
tled “Our common future”, better known as “Brundtland Report®, stating the
need for an strategy that unite the development and the environment. In this
report the term “sustainable development” was described for first time as the
“development that meets the needs of the present without compromising the
ability of future generations to meet their own needs” [3]. Sustainable chem-
istry also prioritizes the consumption of resources, including energy, at a rate
that allows for natural replenishment, while ensuring that waste generation is

slower than the pace at which it can be effectively managed [4].

The green chemistry emerges in the 1990s as a response to the high
industrial emissions. It supposes a shift in perspective of environmental so-
lution strategies, from lowering emissions at “the end of the pipe” towards
those focused on active prevention and mitigation at the source. These ideas
were translated into a list of 12 principles by Anastas and Warner in 1998
with the ultimate aim to significantly reduce the influx of chemicals into the

environment [5].

Although there are fundamental differences between greenness and

sustainability, these also overlaps to some extent, and can be simultaneously
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applied leading to the green and sustainable chemistry. More recently, the

concept of "white chemistry" has emerged with the aim to integrate the func-

tional and practical aspects of chemical within the framework of green chem-

istry [6].

In 2013, Gatuszka et al. proposed a list of 12 principles aiming to the

develop greener analytical methods [7]. These principles are listed below.

(1)
)
®3)
(4)

(®)
(6)
()
(8)
9)
(10)
(11)

12)

Direct analytical techniques should be used.
Minimal sample size and number are goals.
In-situ measurements should be performed.

Integration of all analytical processes to save energy and rea-
gents.

Automated and miniaturized methods should be selected.
Derivatization should be avoided.

Generation of minimal waste with proper management.
Multi-analyte or multi-parameter methods are preferred.

The use of energy should be minimized.

Reagents obtained from renewal source should be preferred.
Toxic reagents should be eliminated or replaced.

The safety of the operator should be increased.

To assess the greenness and/or sustainability of a method, different

tools have been developed including the National Environmental Methods

Index [8], Analytical Eco-scale [9], Green Analytical Procedure Index [10],
RGB additive Color Model [11], the HEXAGON tool introduced by MINTOTA
[12-14], and the Analytical GREEnness Metric [15].
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An essential movement towards the sustainable and green analytical
chemistry is the shift from conventional to miniaturized analytical systems. In
analytical chemistry, miniaturization does not only refer to the reduction of
the instrument size, but also to every step in the analytical process. The min-
iaturization of analytical instrumentation is closely related to green chemistry,
and therefore, its growth has been accompanied by an increasing demand
from society for more environmentally friendly methodologies. From the 12
principles of green analytical chemistry [7], the principles 2 (minimize sample
size), 6 (miniaturize analytical methods), 7 (generate minimal waste), 9 (re-
duce the energy usage), and 12 (increase the safety of the operator) are

direct consequences of miniaturization.

One significant milestone for the system miniaturization was the in-
troduction of the microelectrochemical systems (MEMS) technology in the
late 1980s [16]. MEMS offered the means to fabricate miniaturized compo-
nents and sensors, enabling the development of integrate analytical devices
with reduced dimensions. This breakthrough revolutionized the field by
providing opportunities for on-chip sample handling, manipulation, and de-
tection. Another notable advancement was the development of microfluidic
systems in 1990s, allowing the accurate manipulation and control of very
small volumes of fluids within miniaturized channels [17]. These platforms
offered numerous benefits, including rapid analysis, reduced reagent con-
sumption, and improved portability. Today, miniaturization has become prev-
alent in every stage of the analytical process, covering sample preparation
like solid phase microextraction (SPME), stir bar sorptive extraction (SBSE),
dispersive liquid-liquid microextraction (DLLME), and single-drop microex-
traction (SDME); the analytical separation such as LC, gas chromatography
(GC), and capillary electrophoresis (CE); and detection techniques such as
atomic and molecular spectroscopy, mass spectrometry (MS), and electro-

chemical techniques.
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Regarding LC, Its wide applicability, high sensitivity, reproducibility,
and rapid separation, together with the features derived from miniaturization
such as minimal waste generation and solvent consumption, low injection
volumes, and sensitivity enhancement makes minLC a powerful analysis

technique in various fields.

The increasing social demand for real-time monitoring devices to ad-
dress on-site challenges together with systems miniaturization, has cata-
lyzed the development of Pl. Consequently, there has been a substantial
surge in the utilization of Pl in diverse scientific areas [18,19].

PI can be defined as devices which have been designed to be light
weight and compact to be hand transported [20]. According to Eren, Pl is
characterized by the following of finely tuned design features [21]:

(1) Limited size and weight.

(2) Limited sized batteries.

(3) Low power consumption.

(4)  Trade-off between the instrument cost and its performance.
(5)  User friendly interface options.

(6) Operation in diverse environmental conditions.

(7)  Data processing and data communication.

Portable equipment has gained prominence due to its potential ben-
efits, including cost-effectiveness and reduced carbon footprint. In the last
two decades, the number of publications and citations about with the topic
“portable instrumentation” in the Web of Science database have increased
showing its growing interest (Figure 2). From the more than 25000 results
regarding this topic, the 15 % belongs to the field of chemistry. Despite the
recent prominence of portable instrumentation in the field of chemistry, it has

been a subject of interest for many years. The earliest report can be traced
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back to 1957 when T. K. With utilized a portable Wood light source for the
analysis of porphyrins [22]. Portable devices present a promising alternative
to conventional laboratory equipment in diverse fields, thanks to their versa-

tility and wide range of applicability.
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Figure 2. Evolution of the number of publications (a) and number of citations (b) for
the topic “portable instrumentation” using the Web of Science database. Consulted
in June 2023.

Portable liquid chromatography has evolved slowly due to difficulties
related to the miniaturization, and it has not been since the last decade that
it has gained more interest. Even so, the works related to the topic “portable
liquid chromatography” are scarce when compared to other scientific areas

such as spectrometry, spectroscopy, or electrochemistry (Figure 3).
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Portable LC is of special interest when working with complex samples
and a previous separation is needed. The usefulness of these systems is
unguestionable in numerous areas, including environmental monitoring,
point-of-care analysis in hospitals, and providing real-time feedback in indus-

trial, clinical, or forensic scenarios. [23].
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Figure 3. Evolution (a) and total number of publications (b) in the last 10 years with

” o« "«

the topic “liquid chromatography”, “spectrometry”, “spectroscopy”, and “electrochem-
ical” and refined by “portable”. Consulted in June 2023.

In this thesis, the capabilities of miniaturized LC (minLC) are studied
in different matrices, including environmental, biological, and NPs disper-
sions. The figures of merit were compared to those provided by other well
stablished analytical techniques. Furthermore, the Axcend Focus LC, the first
commercially available miniaturized portable LC, was employed to investi-
gate the possibilities, strengths, and needs of portability applied to LC. The
HEXAGON tool and the BETTER criteria were used as assessments tools to
evaluate the greenness and sustainability of the procedures and the instru-

ment portability, respectively.
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1.2 Miniaturized liquid chromatography

The history of liquid chromatography (LC) dates back to the year 1906
when Mikhail Tsvet separated the different carotenoids and xanthophylls of
a plant using calcium carbonate as adsorbent and a mixture of petrol
ether/methanol as mobile phase. He called the technique chromatography,
from the Greek words chroma and graph which means colour and write re-
spectively [24]. LC allows to separate different compounds of a mixture at-
tending to its interactions between two phases, one stationary and one mo-
bile. The essential instrumentation for a liquid chromatograph consists of 1)
a solvent delivery unit, which includes the solvent reservoirs and a pumping
system, which drives the mobile phase through the system, 2) an injector to
introduce the sample into the chromatographic system, 3) an analytical col-
umn containing the stationary phase where the separation takes place, and
4) a detector to register the obtained signal. Since its conception, LC has
been refining, greatly increasing its applicability and becoming an indispen-

sable technique for multi component analysis of complex samples.

Currently exist a high variety of types of LC according of the i.d. of the
analytical column (Figure 4). Attending to the nature of the stationary/mobile
phase, the reverse phase (RP) LC, where the mobile and stationary phase
are polar and non-polar respectively, is the most popular choice due to its
high range of applicability and commercial availability. However, other forms
of LC such as hydrophilic interaction chromatography, ion-exchange chro-
matography and normal phase chromatography are also used. According to
how the stationary phase is organised into the column there are: packed,
monolithic, wall-coated open tubular, and porous layer open tubular column.
Regarding to the column internal diameter (i.d.), authors have classified the
several types of liquid chromatography. The most popular classification was
first proposed by Chervet, et al. [25], the denominations for each column i.d.

and flow rate are shown in Table 1.

10
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Conventional

Micro

/ Nano
e

™~
Capillary

™~

Microbore

Figure 4. Size comparison of analytical columns for the different levels of miniaturi-
zation.

Table 1. Liquid chromatography denominations attending to the analytical column
internal diameter and flow rate [25].

Denomination  Columni.d. (mm) Flow rate (uL min)

Conventional LC 4.6 —3.2 2000 - 5000
Microbore LC 3.2-15 500 - 100
Micro LC 1.5-0.5 100-10
Capillary LC 0.5-0.15 10-1

Nano LC 0.15-0.01 1-01

Miniaturized LC, namely capillary and nano LC (capLC and nanoLC
respectively), is gaining interest in last years (Figure 5), partly due to the
increasing demand for more sustainable analytical, as well as the ad-
vantages it offers over conventional LC, encompassing reduced sample vol-
umes required and enhanced sensitivity. MinLC has established itself in var-
ious fields of applicability such as: biochemistry, pharmacology, food sci-
ences, environmental sciences, and toxicology (Figure 6). Compared to con-
ventional LC, for minLC (specially for nanoLC) most of the applications (> 50
%) are related to the field of biochemistry (proteomics, lipidomics, metabo-
lomics, among others). The increased sensitivity and low sample volumes
required along with the variety of add-ons which can be easily incorporated
such as immobilized enzyme reactors, enrichment columns or selective trap-

ping makes minLC a powerful tool for low concentration peptide and protein

N



Chapter 1: Introduction

separations [26]. Biochemistry is followed by pharmacology and food sci-
ence, while environmental sciences and toxicology represent the minor part
of the applications. Nevertheless, with the recent advances in miniaturized
instrumentation, new portable instruments which allow the in-situ analysis
are being developed, which is of particular interest for environmental, foren-

sic, and clinical analysis.
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Figure 5. Number of publications reported over the last 45 years with the search
topic “Capillary LC” and “Nano LC”. Source: Scopus database.
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Figure 6. Percentage of publications reported in the Scopus database according to
the field of application for the topics a) capillary LC, b) nano LC, and c¢) HPLC.
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Miniaturized LC arises as a consequence of the reduction of the i.d.
of the analytical column, which at the same time implies a reduction in the
flow rate and all other system components by the next down-scaling factor
(d1/d2)?, where d; and d. are the i.d. of both analytical columns. The firsts
applications of miniaturized LC were reported by Hovarth, et al. in 1967 , who
determined different nucleotides on pellicular ion exchangers using analytical
columns with i.d. of 1.0 mm and studied the band broadening effect on capil-
lary columns with i.d. of 0.276 mm [27,28]. In the following years the i.d. of
analytical columns were further minimized [29—31] demonstrating how de-
creasing the i.d. of the columns enhances the separation efficiency. This is
due to the reduction of the eddy diffusion (term A in the Van Deemter equa-
tion), which is caused by the “wall effect” described by Knox and Parcher [32]
and the more rapid diffusion of the analytes in lower i.d. colums. Later, in
1996, Chervert et al [25], established the instrumental requirements for
nanoLC and demonstrated how conventional high performance liquid chro-
matography (HPLC) can be modified to suit the nano scale. Nowadays, the
are several commercially available analytical columns with i.d. down to a few
um (nanoLC) with a high variety of lengths, particle sizes, and stationary

phases.

One of the main drawbacks of miniaturized LC is the band broaden-
ing. The reduction in the i.d. of the analytical column produces a quadratic
decrease in the peak volume and, therefore, dead volumes related to the
connectors, injection system, and detectors becomes more notorious. This
produces the above mentioned extra column band broadening, adversely af-
fecting the efficiency [33]. Numerous studies have been conducted to inves-
tigate peak broadening in miniaturized systems and strategies to minimize
this effect [34—39], particularly in relation to capillaries and end fittings. An-
other difficulty related to the usage of miniaturized LC instruments, especially
when dealing with very small scales such as nanoLC, is to locate and stop

possible leaks in the system as well as the readily clog formation.

13
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Despite this, miniaturized LC provides major benefits over conven-
tional LC. Firstly, the most noticeable is the reduction in the volume of solvent
used and waste generated. Given the down-scaling factor, from a conven-
tional analytical column with 4.6 mm of i.d. to a capillary one with 0.5 mm of
i.d. translates into a 100-fold reduction in the flow rate. This makes a big
difference from the point of view of the green chemistry. The smaller amount
of stationary phase required allows to work with more expensive and com-
plex materials increasing the range of applicability. Likewise, the injection
volume is drastically reduced being especially attractive for applications
where the amount of sample is scarce. In the case that higher sensitivity is
needed, larger sample volumes can be injected by using different on-line
sample preconcentration configurations such as switching trap columns and

in-tube solid phase micro extraction (IT-SPME).

A further benefit of the miniaturization is the increase in the sensitivity. The
dilution of the sample in the chromatographic system, D, can be expressed
as follows (equation 1):

D= Co _ emr?(14+k)V2mL-H 1)

Cmax Vi

here Co is the initial analyte concentration, Cnaxis the analyte concen-
tration at its peak maximum, €is the column porosity, r is the column radius,
k is the retention factor, L is the column length, H is the column plate height,
and V; is the volume of sample injected [40]. Decreasing the column i.d. re-
duces the radial diffusion and therefore the sample chromatographic dilution
in inverse proportion to r>. However this enhance in sensitivity is countered
by the lower injectable volume which is proportional to the amount of station-
ary phase in the column [41]. It should be noted that equation 1 is only ap-
plicable to the isocratic elution mode; however, it can be extrapolated to gra-

dient elution, albeit with some degree of approximation.

14
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Finally, nanoLC makes the coupling to MS easier, as nano-elec-
trospray ion sources (NESI) are much more effective transferring ions to the
detector than conventional electrospray. The reduction in sample introduc-
tion causes the emission of very small charged droplets which desolvate
more efficiently to individual ions, resulting in an increase of sensitivity [42].

Along with the miniaturization of the analytical column, the other com-
ponents of the LC must be adjusted to suit the down-scaling. These will be
briefly discussed below.

Solvent delivery units comprise a solvent reservoir, a degasser, and
a pumping system. The later must be capable of producing stable and accu-
rate flow rates, withstanding the backpressures generated by the column.
Reciprocating and syringe pumps keep being the most popular choice. Early
reciprocating pump designs were based on a single piston driven by an elec-
tric motor in and outside the mixing valve sucking and pushing out the mobile
phase. The pulses produced by the single piston can be compensated by
incorporating a second piston in series or parallel. In the other hand, syringe
pumps use a stepper motor to cause a positive displacement in the piston
transferring the mobile phase without pulses through the chromatographic
system. The limited volume of the syringe is not necessarily a problem as
long as the total syringe volume is greater than the needed to perform a
chromatographic run. Also, a second syringe can be used to refill the mobile
phase while the other is dispensing it. Commercial solvent delivering units
capable of generate flow rates in the order of nL-min in split-less mode are
commercially available. However, it is worth noting that many other units still
require the use of a flow splitter, resulting in most of the solvent being dis-

carded.

Regarding the injection systems, switching injection valves remains
being the most used. These are capable of introducing a fixed volume of

sample determined by an external loop into the chromatographic system
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without affecting the pressure. Sample loop volumes are typically between 5
pL and 1000 pL, however, these volumes are too high for capillary and nano
columns. The maximum sample volume that can be injected without loss of

efficiency is determined by the equation 2:

Vemax = 0.36 - JLd, - d? - (k + 1) )

where L is the column length, d, is the particle diameter, d. is the
column diameter, and k is the retention factor [43]. As an example, for a
packed column with dimension 50 mm x 0.3 mm and 3 um of particle size,
the maximum injection volume is approximately 20 nL. To reach these low
volumes partial loop injection or timed injection can be used. Also, new in-
jection valve models have internal sample loops of a few nanolitres consist-
ing of a grove in the rotor of the injection valve. For example, the VICI Valco
C4N internal sample injector is available from 20 nL down to 4 nL with both,

manual and automated actuation.

Regarding detection system, there are a wide variety of choices, how-
ever, absorbance-based detectors and mass detectors are the preferred op-
tion due to its easy miniaturization and its applicability. These will be dis-

cussed in detail in the section 1.2.2.

In the last years, miniaturized LC has established as a topic of interest
in the field of the analytical chemistry. Table 2 shows the main reviews with
the topic of miniaturized LC in the last 10 years. As can be seen in the Table
2, there are reviews about the fundamentals of the evolution of the instru-
mentation [44-46], the analytical columns and mass spectrometry
[33,47,48], on-line pre-treatment configuration advancements [49], automa-
tization and miniaturization and its applications in the field of proteomics
[50,51] as well as food analysis [52,53], and pharmaceutical analysis [54,55].

Miniaturized LC has been applied in fields such as food science [56-58],

16
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pharmaceutical [59,60], environmental [61-63], biochemistry [64,65] and

others.

Table 2. Main reviews with the topic of miniaturized liquid chromatography instru-
mentation and applications in the last 10 years

Title Topic Year REF
From conventional to miniaturized analyti- :
cal systems. Instrumentation 2014 [44]

Instrument platforms for nano liquid chro- Instrumentation 2015 [45]

matography

A review of portable high-performance lig-

uid chromatography: the future of the Instrumentation 2020 [46]

field?

Evolution in miniaturized column liquid Instrumentation /

chromatography instrumentation and appli- o 2015 [33]
S X applications

cations: An overview

Miniaturized liquid chromatography focus-

ing on analytical columns and mass spec-  Instrumentation 2020 [47]

trometry

Nano liquid chromatography columns Instrumentation 2019 [48]

Recent advances in on-line upfront de-

vices for sensitive bioanalytical nano LC Instrumentation 2021 [49]

methods

Advances in microscale separations to- Applications 2017 [50]

wards nanoproteomics applications

Nano-liquid chromatography-mass spec-
trometry and recent applications in omics Applications 2020 [51]
investigation

Capillary-liquid chromatography (CLC) and

nano-LC in food analysis Applications 2013 [32]

Nanoscale separations based on LC and

CE for food analysis: A review Applications 2019 (53]

Current applications of miniaturized chro-
matographic and electrophoretic tech- Applications 2014 [54]
nigues in drug analysis

121  On-line sample treatment configurations

Most of the analytical methods require a first step of sample treatment

The main objective of this analytical step is to eliminate possible interferents

17
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as well as preconcentrate the analyte in the sample. Standard treatment
techniques such as solid phase extraction (SPE), head-space sorptive ex-
traction (HSSE), thermal desorption, or liquid-liquid extraction (LLE) require
various steps, reagents, and a considerable volume of solvents. According
to a survey undertaken on sample preparation techniques [66], the 65 % of
the responders required at least 3 sample preparation techniques per sam-
ple, while in average, 80 samples are analysed per instrument and week. In
this context, the combination of miniaturization extraction procedures, such
as SPME, combined with automation open the door to more sustainable
methodologies.

When working with miniaturized LC, on-line sample preparation
based on switching columns configurations are often used. In these, both,
the analytical column, and an extractive column are connected into a switch-
ing valve. The sample is first passed through the extraction column for a se-
lected time and flow rate, making the analytes being retained while the rest
of the matrix is discarded. Then, switching the valve position makes the mo-
bile phase to elute the analytes from the extractive column to the analytical
column. In this way, higher volumes that those required for direct injection
can be processed allowing, if needed, to increase the detectability. Moreo-
ver, it eliminates possible interferents and particles that could shorten the
lifetime of the analytical column. On-line sample preparation techniques min-
imize the number of steps and solvent consumption being in line with the

principles of green chemistry [67].

Column switching systems can be classified in trap columns [68] and
IT-SPME [69,70] (Figure 7). Trap columns are commercially available with
different bed materials and sizes. For nanoLC, most of the applications use
RP packed columns with i.d. ranging from 75 pm to 300 um and lengths be-

tween 5 um and 20 um and are widely used in omics applications [49].
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a) Loading pump To waste b) Injection To waste
From pump To column From pump To column
Trap column S Extractive capillary
Load Inject

Figure 7. Schematic representation of switching column configurations using a) trap
column and b) IT-SPME capillary.

In the other hand, IT-SPME uses a capillary packed or coated with
the extractive phase in place of the injection loop or in the sampling circuit in
automatic injection. IT-SPME capillaries are segments of open tubular col-
umns, often gas chromatography columns, which are filled with the extractive
phase. The main disadvantage of the technique is the low extraction effi-
ciency (< 30 %) [71], in this regard, the development of new extraction
phases to improve selectivity and extractive capacity are being pursued. De-
pending on the application and target compounds different extractive phases
can be used. These can classified in packed phases such as: phenyl-
boronate monoliths, octylsilane and octadecylsilane (C8 and C18 respec-
tively) monoliths, restricted access materials, monolithic molecularly im-
printed polymers, and immunosorbent monoliths; and coated phases such
as: carbon-based nanomaterials and polymers reinforced with nanoparticles
(NPs) [72,73].

The simplicity of the on-line coupling, the high preconcentration

achieved, and its adaptability makes IT-SPME an interesting technique to be
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used in a variety of fields. Table 3 lists the reported IT-SPME-minLC condi-
tions for different applications in the last 10 years. As can be seen, there are
forensic sciences, biomedical, industrial, and environmental applications, be-
ing the later the most frequent. The length of the capillaries used in these
applications varies from 10 cm to 43 cm. The choice of capillary length de-
pends entirely on the method employed. Longer capillaries offer higher sorp-
tion capacity, but they also require more time for analyte desorption, leading
to peak broadening. When it comes to the i.d. of the capillaries, the most
popular options are 0.32 mm for capLC and 0.10 and 0.075 mm for nanoLC.

Regarding the extractive phases, polydimethylsiloxane (PDMS)
based modified with diphenyl groups are the preferred choice since these
are commercially available and provides suitable results. Other phases are
also used, for example, magnetic in-tube solid phase microextraction (MIT-
SPME) was explored using SiO, supported with Fe;O4 [74]. The adsorption
properties of the sorbent together with the application of an external magnetic
field enhances the extractive capacity. The application of the variable mag-
netic fields results in a extraction capacity on the target analytes between 70
% and 100 %, which is higher than those achieved by IT-SPME. Also, tetra-
ethyl orthosilicate (TEOS) and methyltriethoxysilane (MTEOS) polymers
functionalized with different metal and metal oxide NPs were tested showing
an improvement in the extraction efficiency for SiO. NPs [75] and the serial

coupling of two capillaries with CuO NPs and TiO2 NPs [76].
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1.2.2 Miniaturization of detectors

Detection systems for minLC are the same as those used in conven-
tional LC. In the Table 4 some examples of detection systems applied to

minLC are listed.

Table 4. Examples of different detection systems for miniaturized LC.

Analytes and sam-

REF ple LC scale Detection system LOD?
[89] Pesticides in apples NanoLC DBDI-MS 0.15 pg-L?
[90] /agt(')%epressams N capLc DAD-API-ES-MS  0.027 pg-L*
[91] Lipids in yeast NanoLC nESI-MS fmol-L?

o ESI-MS/MS 0.016 pug -L*?
[92] Parabens in urine CapLC

DAD 8 ug-L*t
[57] r'?]?l’llz'm'dam'es N caplLC DAD 2.2 pg-Lt
[93] Drugs in pharma- o) ¢ DAD 38 pg-Lt
ceuticals

[94] Phenol standards CaplLC (L)Elz)column Uv- 183 pg-L1
[95] Glycopeptide antibi- CapLC AD 4 ug-Lt

otics in feed

@ Average LODs for the different analytes

Ultraviolet-visible (UV-vis) detectors are stablished as a standard for
capillary and nanoLC due their low cost, simplicity, and range of applicability.
Miniaturization of those detectors entails the minimization of dead volumes
to avoid the peak broadening. Also, sensitivity when using on-column detec-
tion is negatively affected due to the shorter path length. To overcome this,
Z-shaped and U-shaped flow cells are used [90,96] (Figure 8). Chervet, et
al (1991) reported a 14-fold increase in sensitivity compared with on-column
detection [97], however, it must be noted that longer path lengths increases
the system dead volume causing peak broadening. UV-vis absorbance tech-

niques have limits of detection (LODs) in the order of ug-L*. Diode array
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detectors (DAD) are often used since it allows to select the best wavelength
for each compound while gives full wavelength UV-vis spectra allowing to
identify a compound at the same time that allows to discern if a chromato-
graphic peak corresponds to a single compound or a combination of ana-
lytes. Light emitting diodes (LED) are gaining interest due to its long life, high
stability, bright output, low weight and size, low electricity consumptions, and
low price [98,99]. These features makes UV-LED detectors highly attractive
for its use in miniaturized systems [94,100]. However, these are limited by

the use of fixed wavelengths.

a) b) c)

Light source
J
>
|
|
|
}
»>
)
Detector

>>

»»
<<
»>

Figure 8. Different flow-cells for UV-vis detection. a) Z-shaped, b) U-shaped, and c)
on-column detection.

Mass spectrometry is widely used in both conventional and miniatur-
ized LC due to its high sensitivity, accuracy, precision, and the capabilities of
identify compounds from its m/z ratio. Also, the possibility to work with two
mass analyzers operating in sequence (tandem MS or MS/MS) allows a
more reliable identification of the compounds giving also structural infor-
mation which is of great interest for protein sequencing in biomedical appli-
cations [101]. In this regard, the most used MS/MS techniques are triple
quadrupole (QgQ) for known compounds and quadrupole-time-of-flight (Q-
TOF) for unknowns.
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Electro spray ionization is the most popular interface when coupling
minLC to MS. It generates gas-phase ions which are transferred to the MS.
The ions are produced by applying a high voltage into the liquid creating
charged droplets. As the solvent evaporates the charge density increase until
a coulomb explosion occurs generating the gas-phase ions. The efficiency
of the ESI depends on different parameters such as the solvent composition,
temperature, tip geometry, voltage applied, and flow rate [102,103]. Nano
ESI interfaces and the correlation of the flow rate with the droplet size were
first described by Wilm and Mann in 1994 [104]. It has been proved how the
reduction in the flow rates produces an increase in the ion transfer efficiency
and hence in the sensitivity [105]. Reducing the flow rate on the capillary
results in lower sized charged droplets which require a lower number of fis-
sions events and solvent evaporation promoting a more efficient ion for-
mation. nESI interfaces flow rates are typically below 20 nL min?, so the
coupling with minLC becomes easier than with conventional LC. This fact,
combined with the lower radial diffusion of minLC produces a significant in-

crease in the sensitivity compared to conventional LC.

Among the MS interfaces, direct analysis techniques which reduce or
eliminate the sample preparation step are also employed being direct analy-
sis in real time (DART) one of the preferred choice [106—108]. The technique
uses an atmospheric pressure ion source where the desorption is carried out
by means of a hot gas stream (helium or nitrogen) and the ionization takes
place by the reaction between the analyte and the reactive species produced
by electronically or vibronically excited gas (Figure 9). The technique has
some drawbacks compared to LC-MS or GC-MS such as its limited sensitiv-
ity, lower accuracy and precision, and the matrix effect derived from the sam-
ple components competition for reagent ions or binding of target analytes to
the matrix. However, DART offers various advantages over LC-MS or GC-
MS such as the shorter analysis times, ease of use, and rapid feedback,

making it a potential alternative for POC analysis.
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a)

Figure 9. Schematic representation of a DART-MS system where a) is the DART
ion source, b) is the sample mesh holder, and c) is the MS detector.

1.3 Portable liquid chromatography

Portability is one of the challenges in analytical chemistry. The in-
creasing demands of methods that allow the analysis in-situ to be used in
monitoring and point-of-care applications has promoted the develop of differ-
ent portable instruments. Nowadays, there are well stablished portable in-
strumentation such as spectrophotometers, refractometers, spectrofluorom-
eters, and electrochemical devices [18]. However, portable LC has evolved
slowly compared to these instrumentation due to difficulties related to its min-

iaturization.

The first liquid chromatograph reported as portable was the OB-4 or
Milichrom, developed by Baram et al. in 1983 [109]. The system consists of
a single syringe pump for driving the mobile phase through a micro-LC col-
umn (0.8 ~ 1.0 mm i.d.) to a microspectrophotometer detector. The system
dimensions (length x width x height) and weight were 70 x 50 x 30 cm® and
42 kg, respectively. Nevertheless, this system is far away from the contem-
porary idea of portability. Figure 10 shows a timeline with relevant portable

LC contributions and their main features are described along this section.
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Otagawa et al. in 1986 [110] developed a portable LC applied to the
analysis of primary aromatic amines in coal derivatives. The sample was in-
jected by means of an automated sample injector (20 pL) and driven to a
conventional reversed phase analytical column (30 x 4.6 mm, 10 um) by
means of a reciprocating pump. The system worked either using a battery or
a direct current power supply. The weight and dimensions of the system were
not reported, and the flow-rate stability and the resolution were poor. Later,
Baram et al. [111] presented an improved version of the OB-4. They signifi-
cantly reduced the weight of the system from 42 kg to 14 kg. They used a
two-syringe pump (2.5 mL) allowing to work in gradient mode with a maxi-
mum pressure of 7 MPa. A microbore analytical column (60 x 2 mm, 5 um)
thermostated by means of a column heater was used. The detection was
performed by using a UV-vis spectrophotometric detector. As an application
proof the authors determined different pesticides, polycyclic aromatic hydro-
carbons (PAHS), phenols, and phthalates. The analysis time ranged from 10
to 30 min with suitable limits of detection (LODs) and good column efficiency
and peak resolution. Two years later, Tulchinsky et al. (1998) [112] described
a gradient field-portable LC system named MINICHROM, weighing 9.5 kg
with a modular design intended to be used by personnel with minimum train-
ing. The main advantage of the systems was the incorporation of a battery,
which allowed to work for up to 8 h. Also, this was the first high pressure
(maximum pressure 35 MPa) portable LC developed, which increased the
number of available columns. The latest portable LC developed in the dec-
ade was presented by Boring et al. (1998) [113]. It consists of a 10 kg (28 x
43 x 15 cm?®) capillary supressed conductimetric ion chromatograph. It uses
a single syringe pump with an electrodialytic sodium hydroxide generator, so
the system can work either in isocratic or gradient elution mode. LODs ob-
tained were in the order of low pg-L* and the average peak efficiencies were

80000 plates m™. This was the first time that an on-line sample pre-treatment
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step using a preconcentration column as a loop was used in a portable LC.
The main issue of this system was its complexity, being hard to be repro-
duced by other laboratories. It was constructed for working with a direct cur-
rent power supply limiting its portability. Although the systems described
above were built to be incorporated into portable laboratories rather than for
direct field measurements, these served as a basis for the later developed
portable chromatographs.

It was not until 2015, after notable advancements in pumps, detec-
tors, and column technology, that a new wave of portable LC surged. In 2015,
Sharma et al. [114] developed a hand-portable gradient capillary LC with a
total weight and dimensions of 4 kg and 31 x 18 x 14 cm?, respectively. Two
nanoflow syringe pumps (74 pL) controlled by a micro-stepper motor were
used to generate steady flow rates lower than 1 puL-min in gradient elution
mode. The maximum working pressure was 55 MPa allowing to work with a
high range of columns. A V-shaped stop-flow injector (60 nL) was used. This
was the first time that a portable LC incorporated an on-column LED detec-
tion, which became a common option due to the advantages it offers to port-
able systems. The system applicability was tested for the determination of a
mixture of phenols. The separation was achieved with good peak shapes,
high efficiencies (150000 plates m™), and reproducible peak retention times

in less than 20 min.
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Li et al. (2015) [115] described a modular, open platform medium
pressure capillary LC with the aim of being easily reproducible and customi-
zed. It used low-cost commercialized components to facilitate its accessibil-
ity. The total weight was further lowered to 1.2 kg with a breadboard dimen-
sions of 25 x 25 cm. Two micro-syringe pumps (100 pL) were used to gen-
erate a continuous gradient. A stop-flow nano injector (20 nL) was used. On-
column LED detection was chosen. A 180 x 0.1 mm reversed phase mono-
lithic column was used to separate a mixture of 4 dyes. The separation was
performed in less than 8 min with good peak relative retention time deviations
and LODs below pg-L*. However, the limited maximum pressure achieved
(17 MPa) does not allow working with small particle packed columns, com-
promising the system efficiency (around 70000 plates m?). Also, the system

did not have a built-in battery, which is essential for any portable system.

A portable LC with a battery-operated compact electroosmotic pump
was developed by Ishida et al. (2015) [116]. The weight and dimensions of
the system were 2 kg and 26 x 18 x 21 cm?, respectively, being the lightest
battery-operated portable LC. The analytical column and an electrochemical
detector were integrated into a microfluidic chip. To the date, no portable
chromatograph had ever integrated its fluidic system in a chip. Microfabri-
cated devices minimize the solvent usage and the system dimensions being
therefore highly attractive for portable instruments. Despite the innovation,
the low maximum pressures achieved by the electroosmotic pump (0.7 MPa)
limited the analytical column choice and forces to work with lower flow rates

increasing the analysis time.

Two years later, Lynch et al. (2017) [117] described a 3 kg (20 x 20
x 17.5 cm?®) portable LC. To minimize the solvent volume and pump size the
authors used an electroosmotic pump (EOP) capable of produce pL-min?
flow rates with a pressure of 12 MPa. A novel method of producing gradient

elution mode using dual electroosmotic pumps and a series of three valves
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was described. The system was designed to be able to work with different
detection systems such as absorbance or ESI-MS, broadening its applicabil-
ity. The flow-rate consistency of the system presented certain challenges. As
the system was still in its prototype stage, ongoing investigation is being con-
ducted to address the issues related to flow-rate fluctuations.

One of the obstacles when developing a portable LC is to enable bat-
tery operation for at least a full working day (8 h). To achieve this, the power
requirements, especially those associated to the pumping system, must be
minimized. Also, reducing the electrical consumption contributes to lower the
carbon footprint. Chatzimichail et al. (2019) [118] reported for the first time a
compact portable LC using a zero electrical power pneumatic pump, hence,
only a small battery was required for the pressure sensors and detector.
These pumps are compact, cheap, simple and, pulse free. These are based
on the controlled expansion of a pressurized gas, in this case nitrogen, which
pushes the mobile phase through the chromatograph. Linear dependence of
pressure with flow rate must exist to get characteristic analyte retention
times. The longevity of the pump due to the decrease in the pressure must
be controlled. In this system, predictable flow rates in the range of 50 to 1000
nL-min* were obtained and the pressure drops with consecutive runs were
minimal, requiring more than 10000 analyses for the pressure to decrease
by 10 % of its initial value. A big limitation of these pumps is their inability to

work in gradient elution mode, limiting its applicability.

The Axcend Focus was the first commercialized capillary/nano port-
able LC [60]. The instrument consists of a compact and cased system with a
weight and dimensions of 7.8 kg and 32.0 x 23.1 x 20.1 cm?3. Two high-pres-
sure syringe pumps (max pressure of 70 MPa) allow to generate flow rates
in the range of 0.8 to 5 uL-min. An on-column LED detector and a capillary
analytical column are comprised in an exchangeable cartridge. Cartridges

with different columns and detection wavelength are commercially available
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and can be easily installed in the instrument. The system is battery operated

allowing to work for more than 10 h away from a d.c. power supply.

Lam et al. (2020) [119] improved the sensitivity of portable LC by
using a UV-LED based z-flow cell. Also, proved that the sensitivity can be
further improved by coupling it to a small footprint miniaturized MS detector.
The system proposed by Li et al. (2020) [120] comprises a battery-operated
electrolysis micropump (EMP), a highly integrated LC microchip and an LED-
based absorbance detector. As is show in Figure 10 indicates, Fitzhenry et
al. (2021) [121] developed the first portable nitrate analyser, which incorpo-
rated an on-column matrix elimination allowing the monitoring of fresh and

marine freshwaters.

Our research group MINTOTA evaluated the performance of an Ax-
cend Focus on reference with those provided by two lab LCs (capillary and
nano) coupled to DAD. In addition, responses of the portable LC for in-field
analysis in several conditions were tested. Besides, two evaluation tools,
BETTER criteria (portaBle fiEld Testing sTandard framework) for portability
[46] and HEXAGON pictogram [12,122] for sustainability and greenness

were applied for comparison purpose.
111 Criteria for portability

Sharma et al. (2015) [114] proposed a series of requirements that a
portable instrument must meet to be considered portable. It establishes dif-
ferent requirements such a minimum weight and size, possible power
sources, sustainability related issues, among others. The detailed list is

shown below:
(1) Contain all necessary units in a single unit.
(2)  Solar or battery operated with > 8 h of autonomy.

(3) Easy operable with minimal supervision.
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(4) Rugged enough to withstand changes in temperatures or humid-
ity.
(5) Needs short warm-up times.

(6) Uses low amounts of toxics reagents.

(7)  Customized for capillary column use with a non-splitting flow

mode and injection, and low dead volumes.
(8) Integrated with a small detector with high sensitivity

(9) Capable of binary gradient generation and competitive in perfor-

mance to benchtop instruments.

Table 5 shows the portability related characteristics of developed
portable LCs, including weight, dimensions, power source, operation time
and solvent usage. As it can be seen in this table the mentioned character-

istics varies in greatly for the different portable LC.
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More recently, Rahimi. et al. (2020) [46] developed a criteria to as-
sess LC portability named BETTER criteria. This evaluates different charac-
teristics related to portability such as: the system cost, performance, robust-
ness, operation time, portability, and weight. For each of these, a value from
1 to 5 is given (being 5 the optimum value) and it is represented in a picto-
gram. This criteria have been used to assess most of the developed portable
LCs [46]. This allows a rapid visual evaluation and more objective compari-
son of the portability of LC systems. More information about the different as-
sessments and criteria can be found in [132]. This criteria aim to serve as a
framework that facilitates the comparison between different instruments. Its
purpose is to streamline and simplify the process of evaluating and con-
trasting the various instruments. From the comparison of the different porta-
ble LC, Rahimi et al. concluded that even though each of them brings differ-
ent improvements over the chromatographic separation, there are several
areas where more attention is required, such as to offer sufficient perfor-
mance in a cost-competitive manner and to ensure robustness and stability
in the field [46].

To date, portable LC systems meet some of the grade 2 and 3 criteria
[13,46,133] for almost all assessments, while grade 4 and 5 criteria are
deemed a challenge to be met by next generation devices; indeed, no instru-
ment reported to date reaches grade 5 in any category. Further improve-
ments are needed for in-field analysis in both non-chromatographic and chro-
matographic characteristics (system cost, cost/test, weight, and perfor-
mance) as well as in other requirements for in-field analysis (portability, ro-

bustness, and sample introduction).

1.3.1 Instrumentation

Ideally, a portable LC sought to minimize the solvent consumption

and waste generation while having the dimensions and weight suitable for
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hand-transporting (see Figure 11), but also maintaining the main figures of
merit of conventional benchtop systems. Although the limitations of miniatur-
ized instrumentation make this goal difficult to achieve, several portable LCs
have been developed to date to overcome these challenges. Each of them
proposes different advances and alternatives either in system instrumenta-
tion or portability.

|
L ]
N
Figure 11. Size comparison between a benchtop (left) and portable LC (right)
Generally, a portable LC consist of 1) a pumping system, to pump the
mobile phase through the chromatographic system; 2) an injector, to allows
introduce the sample into the system; 3) an analytical column, where the
analytical separation is performed; and 4) a detector, which provides the an-
alytical signal (Figure 12). Optimally, all these parts must be compactly
housed in a solid case minimizing at the same time the number of mobile

parts. Furthermore, the construction of the LC platform must be simple

enough to be reproduced and to allow its customization.
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Pumping system
Reciprucat\ng,_ Power supply
syringe, pneumatic,
electroosmeotic, and
electrolysis pump

Battery operated
and regular power
line

Detection system
UV-VIS, on-column
UV-LED, LED-UV
Fluorescence, EC,
and MS detector

g

Injection system
Stop/non-stop flow,
automatic/manual,
conventional, micro,

and nano injector

Analytical column
Column nature: packed, monolithic,
and open tubular
Columnid.: conventional, microbore,
micro, capillary, and nano LC

Figure 12. Schematic representation of a portable LC platform showing the different
possibilities for injector, pumping system, analytical columns, power supply, and de-
tection system.

13.1.1  Pumps

Every LC system needs a solvent delivery unit comprising the mobile
phase reservoirs and the pumping system. The later must be capable of gen-
erating precise, reproducible, and controlled small flow rates. Pumps that
meet these requirements are complex and expensive, hence flow splitting
units are widely used for benchtop LCs. In the case of portable LCs, the port-
ability is impaired by the usage of splitters and therefore, the development of

appropriate pumps is an added difficulty.

The capabilities of different pumping systems have been tested in
several studies being the most popular option the syringe pumps (see Table
6). In these pumps, a stepper motor produces a positive displacement of a
piston, which constantly transfers the mobile phase at a selected flow rate.
The volume of mobile phase delivered per run is limited by the syringe ca-
pacity, which is typically low. To address this, some syringe pumps use a
second working syringe, which maintains the flow rate while the first syringe

is refilled. Miniaturized syringe pumps are commercialised at a relatively low
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cost, being able to produce flow rates in the order of uL-mint and hence

these are widely used for the construction of portable LC.

Another kind of pumping systems are the reciprocating (or piston)
pumps (see Table 6). The simplest design of these pumps is based on a
single piston, which is driven by an electric motor in and outside the mixing
valve, sucking and driving out the mobile phase. The main disadvantage of
these pumps is the periodic pulses produced that result in a higher noise in
the baseline. To solve this, dual piston pumps (in parallel and serial) are used
reducing the pulses by superposition of each piston pulse profile. However,
these are more complex and have higher number of moving parts, which are

not appropriate for portable instruments.

Besides syringe and reciprocating pumps, more recently, electroos-
motic and electrolysis based electrochemical pumps have also been used for
chip-based LC as Table 6 shows. Electroosmotic pumps are compact sys-
tems that allow the generation of high-pressure, continuous, and pulse-free
electroosmotic flow by applying an external electric field to charged surface
(generally silica, PDMS or poly(methyl methacrylate) (PMMA)). Neverthe-
less, the generation of an electric field requires bulky instrumentation that
conflicts with portability. On the other hand, electrolysis pumps use the pneu-
matic power generated by the electrolysis of a water solution to carry the
mobile phase through the chromatographic system. Extra caution must be
taken when working with electrolysis pumps since dissolved gas in the sol-
vents may lead to the formation of bubbles adversely affecting the column

and detector performance.

One last kind of pumping systems are pneumatic pumps (see Table
6). These pumps use the controlled expansion of a pressurized gas as a
driver of the mobile phases. Its application to conventional LC is minimal,

however it can be an interesting option for portable LC as it makes use of the
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latent energy of the pressurized gas and hence the battery requirements are

highly reduced.

Table 6. Pumping system specifications for portable LC.

REF Hydraulics S:r%fps Elution mode g/luarépres-
[109] Syringe (2.5 mL) One Isocratic/gradient 5 MPa
[110] Reciprocating One Isocratic n.a.
[111] Syringe (2.5 mL) Two Isocratic/gradient 7 MPa
[112] ;(:tc(;?]r)ocatmg (dual Two Isocratic/gradient 35 MPa
[113] Syringe (0.5 mL) One Isocratic/gradient n.a.
[114] Syringe (74 pL) Two Isocratic/gradient 55 MPa
[115] Syringe (32.5 pL) Four Isocratic/gradient 17 MPa
[116] Electroosmotic Two Isocratic/gradient 0.75 MPa
[117] Electroosmotic Two Isocratic/gradient 14 MPa
[118] Pneumatic One Isocratic 20 MPa
[60] Syringe Two Isocratic/gradient 70 MPa
[119] Syringe (20 pL) Two Isocratic/gradient > 3.5MPa
[120] Electrolysis One Isocratic n.a.
[121] Syringe Three Isocratic n.a.
1312 Injectors

In contrast to the solvent delivery units, injectors have not presented

a major obstacle in adapting to portable equipment. Stop-flow injectors were

utilized, allowing for direct sample introduction at the column head, thereby

reducing dead volume (Table 7). Alternatively, injection valves were em-

ployed for continuous-flow injection. Typical injection valves (6-way) possess

two positions: load and injection. In the load position the injected sample

goes through the sample loop to the waste while, the mobile phase goes

directly to the column. In this step, the sample loop is filled. After that, the

valve is switched to the inject position and the mobile phase now goes

through the loop carrying the sample to the analytical column. Injection
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valves are commercially available in different formats attending to the loop
position (internal or external), automation (manual or automated), and sam-

ple volume (from few nL to mL).

As commented in the section 1.2, the reduction of the i.d. of the an-
alytical column must be accompanied by a reduction in the injection volume
(equation 2) to avoid an efficiency loss [49]. To overcome this, latest porta-
ble minLC opted for VICI Valco nano injectors where sample is loaded in the
groove of the injector with volumes down to 4 nL.

Another obstacle that portable LC must overcome is the sample pre-
treatment step, which must match the requirements associated to the porta-
bility. When working with benchtop nanoLC, on-line sample preconcentration
is often used [49]. In many cases, a trap column placed in a switching valve
where the sample is first loaded by means of an auxiliary pump (Figure 7 a)
is used. Then, switching the valve positions makes the mobile phase elutes
analytes to the analytical column. This system allows to inject larger volumes
of sample, preconcentrating the analyte at the same time that washes salts
off. In-tube solid phase microextraction (IT-SPME) is another alternative to
the use of trap columns. IT-SPME uses an extractive capillary as a loop,
typically a gas chromatography column which can be bought either un-
treated, so the stationary phase can be synthesized in the laboratory, or with
the stationary phase of interest already bounded (Figure 7 b). In a first step
the sample is injected in the valve preconcentrating the analyte in the extrac-
tive capillary. Then, the switching of the valve makes the mobile phase elute
the analyte to the analytical column. The use of IT-SPME improves the sen-

sitivity and selectivity, simplifying the pre-treatment step [134].

To the date, reported applications using portable LC employ off-line
sample pre-treatment techniques. In reference [63] a protocol based on min-

iaturized solid phase extraction (SPE) was developed, which can be carried
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out on-site, as it involves neither extensive sample manipulation nor addi-
tional instrumentation (for solvent evaporation, for instance). The proposed
method is suitable to quantify the tested methylxanthines at ug-mL*levels in
environmental waters and provides satisfactory linearity and precision, simi-
lar to that obtained by IT-SPME-CapLC approach, although the sensitivity
attainable is slightly lower. Further advantages of the SPE/nanoLC approach
are the better resolution, lower analysis times, and a very significant reduc-
tion in solvents consumption. This work represents a pioneer study in the
application of portable nanoLC systems for the analysis in-situ of organic
pollutants in different kinds of water samples.

The incorporation of the on-line preconcentration techniques de-
scribed above can suppose a significant improvement in portable LC without

compromising their portability.

Table 7. Injectors specifications for portable LC.

REF Injection mode Volume Control
[109] Stop-flow n.a. Auto

[110] Continuous-flow 20 pL Auto

[111] Stop-flow 1-100 pL Auto

[112] Continuous-flow 20 pL Manual
[113] Stop-flow 100 nL Auto

[114] Stop-flow 60 nL Auto

[115] n.a. 20 nL Manual
[116] Continuous-flow 20 nL Manual
[117] Stop-flow 60 nL Manual
[118] Continuous-flow 2 uL Manual
[60] Stop-flow 40 nL Manual
[119] Stop-flow 100 nL Automated
[120] Stop-flow 1pL Manual
[121] Stop-flow 195 puL Automated
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1.3.1.3 Analytical columns

The downscaling of LC has been closely related to the dimensions of
the analytical column, particularly to its internal diameter. It is observed that
the reduction of the i.d. of the analytical column produces an increase in the
column efficiency resulting in a better chromatographic resolution and im-

proved sensitivity [47].

Mainly, we can find two kinds of analytical columns according to how
the stationary phase is filled into the column. On one hand, packed columns
are made up of highly packed particles, which constitute or support the sta-
tionary phase while the mobile phase goes through the interparticle spaces.
As well as the internal diameter, the particle size has also been reduced
achieving high efficiency sub-2-micron particle size packed analytical col-
umns. However, working with these columns results in high backpressures,
which are hard to withstand for several miniaturized pumps. As alternative,
monolithic columns can be used. These columns consist of a continuous uni-
tary porous material with a surface which can be functionalized in countless
ways. The high permeability of these columns overcomes the backpressure
problems derived from packed columns. Also, the easy fabrication and ver-
satile surface chemistry allow to develop methods with higher selectivity and
performance. However, packed columns are still the most widely used and
there is a high commercial availability covering multiple i.d., lengths, particle
sizes, and stationary phases (see Table 8). Nonetheless, in the last few
years, various studies proved the possibilities of monolithic columns in the

field of portable LC as Table 8 indicates.

Micro pillar array columns (LPAC) are a novel kind of micro-structured
LC columns fabricated by means of lithographic etching where a series of
highly ordered pillars coated with an outer porous shell are placed over a
silicon chip bed. The main advantage of these columns is the highly homog-

enous separation paths, which result in a reduction of peak broadening. Also,
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the open structure of these columns provides low flow resistance and high
permeability lowering the back-pressures and allowing to work with longer
columns with its respective increase in efficiency [135]. To date, uPAC col-
umns have applied to omics analysis in benchtop instruments. With the in-
creasing commercial availability, these columns can expect to be a potential
improvement in portable LC applications.

1.3.1.4 Detectors

There are a wide range of detectors compatible with LC, such as: UV-
vis, fluorescence, refractive index, light scattering, electrochemical (EC),
conductivity, and mass spectrometry detectors. Among these, absorbance-
based detectors were the most successful when applied to portable LC due
to its ease of miniaturization, sensitivity, selectivity, flexibility, and robust-
ness. First portable LC used spectrophotometers with standard light sources
such as deuterium or mercury lamps, which are relatively large and require
high-power supplies. Also, flow cells add an extra-column dispersion result-
ing in band broadening. The development of nano flow cells together with U
and Z shaped optical paths significantly decreased the band-broadening
while inreased the sensitivity. In [119] an Agilent high-sensitivity capillary de-
tection cell (HSDC) was housed in customised 3D printed detector assembly,
together with a 255 nm UV-LED light source and a UV broadband photodiode
as the detector element. This HSDC was originally developed to overcome
the sensitivity limitations of standard on-column detection in capillary elec-
trophoresis. Itis a coin-sized cell (~ 11 g), with a z-shaped flow-through chan-
nel (100 um x100 um rectangular channel) that has a cell volume of 12 nL
and specified path length of 1.2 mm. Two pin holes (2 mm i.d.) in the central
position are set on both sides of the HSDC to align with the light source. The
flow channel is made entirely of black fused-silica and is designed to ensure
100% transmission of light, with the reflective interior functioning as a light

pipe, to minimize stray light.
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A major step in the way of miniaturization takes place with the incor-
poration of light emitting diodes as a light source (Table 8). These sources
greatly reduce the power supply at the same time that are smaller, more
compact, and require less warm-time than standard light sources. With the
introduction of capillary columns, the dead volumes generated by the flow-
cells became even more noticeable. To overcome this, many portable LC
opted for on-column detection configurations, which do not make use of flow-
cells eliminating the associated dead volumes. In these, the radiation pro-
duced by the LED must be directed narrowly and focused into the capillary
window while the slit size must be small enough to avoid the interference of
stray light. Main disadvantage of on-column detection is the limited sensitiv-
ity, which depends on the internal diameter of the column, however, the ben-

efits that bring to portability generally make them the preferred choice.

EC detectors were also used in portable LC, which measure the elec-
trical current produced by a redox process. The flow-cells and electrodes can
be easily miniaturized and hence incorporated in the microfluidic system. Un-
like absorbance detectors these can be miniaturized without performance
loss. EC detectors have a wide detection range, high selectivity, and high
sensitivity but are only responsive to a specific analyte class, so their appli-

cations are limited to those substances presenting redox properties.

When working with conventional LC, MS is the preferred detection
technique for most applications. MS first obtain the organic molecular ions in
a gas phase to later be separated in function of their mass charge ratio (m/z).
These molecular ions can be further broken by applying an electronic colli-
sion energy (tandem MS). The limits of detection achieved by MS detectors
are in most of cases superior to other technigues as well as the selectivity,
however, the most interesting feature is the structural information they pro-
vide making possible the structural elucidation and compound identification.

These instruments are expensive, complex, and large so the incorporation
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to portable LC is challenging [119,136]. Many efforts have been done to min-
iaturize them and some have been successfully commercialized but, even

so, the total weight is high and require an external power supply, so its ap-

plication is restricted to in-situ monitoring stations.

Table 8. Column and detector specifications for the different portable LC.

REF Column type Column dimensions Detector
. Multi A
[109] IE micro packed column 1.0 x 20 - 50 mm U\l; I
RP conventional packed
[110] column 4.6 x 30 mm, 10 pm EC
RP microbore packed col- 2.0x 60 -80mm, 5 Multi A
[111]
umn pm uv
i Fixed A
[112] RP conventional packed 4.6 x 100 mm, 5 um ixe
column uv
[113] IE capillary packed column 0.18 x 500 mm Conductivity
[114] PEGDA capillary monolithic 0.15 x 165 mm On-column UV
column LED
[115] RP nano monolithic column 0.1 x 180 mm S\r}-column LED
[116] Srlznmlcro—chlp packed col- - g, 39 mm, 3 um Micro EC
Fi A
[117] RP nano packed column 0.75 x 100 mm, 3 um Ul\)jed
RP mi il 4 0.15 x 30 mm, 3 pm
micro, capillary, an 15 x 7
[118] nano packed and monolithic 812 : 88 mm, 2 Hm LED UV
columns ' mm, > Hm
0.1 x 150 mm
: On-column
[60] RP capillary packed column  0.15 x 100 mm, 2 um LED UV
[119] RP capillary packed column 33 —0.15x100mm. 5 ) ep yy
[120] RP micro-chip packed col- 0.5 x 40 mm, 5 pum On-column LED
umn uv
[121] AE conventional column 4.0 x 50 mm, 9 pm LED UV
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1.3.2 Applications of portable LC

Nowadays, portable instrumentation is a valuable tool in different
fields of analytical chemistry such as environment [137], health [138] and
food and drinks industry [139]. Figure 13 shows the different percentages of
the most common areas for portable instrumentation in general. It is remark-

able its use in health and environment fields.

[_12% A Environmental
41 % 3 % A Health
/ 12 % Food
gz% A Security
A Industry
A Others

30%

Figure 13. Percentage of different applications for portable instrumentation. Source:
Web of Science, consulted in January 2023.

Most of the portable LC are lab-made and have never been commer-
cialized [13]. This results in a limited number of applications as, in most of
cases, only one scientific work is derived from each portable LC. The MiLi-
Chrom-4 (Microcolumn Liquid Chromatographs) was one of the few commer-
cialized portable-LC [111]. There are several reports showing its capabilities
in different areas, but its high weight (14 kg) and the fact of not being battery
operated makes it difficult to truly consider it as portable. Abonamah et al.
(2019) [140] utilized a commercial nanoLC (Easy NanoLC Thermo) coupled
to ESI-MS detector for on-site detection of fentanyl and its derivatives. As for
the previous LC, its higher weight, 37 kg, makes hard to consider it as port-
able. There are several works where the Easy Nano-LC is utilized for differ-

ent determinations, however, most of them use it as a benchtop nanoLC.

Recently, the Axcend Focus LC (weight 8 kg), a new fully portable
capillary LC has been commercialized [60]. Figure 14 shows a schematic

representation of the system, which integrates the analytical column and a
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single or dual LED on-column detector in a cartridge in the fluidic circuit. In
the few years since its commercialization various works have tested its pos-
sibilities in different applications for in-situ or point of care analysis, such as:
determinations of pharmaceutical and illicit drugs in tablets [60], synthetic
cathinones [141], biocides in fruit washing residual waters [13], caffeine in
environmental waters [63], caffeine and chlorogenic acids in dietary supple-
ments [142,143], scopolamine in beverages [144] and, even educational
demonstrations [145].

Figure 14. Schematic representation of the Axcend Focus LC (left) and the inter-
changeable cartridge (right). 1) Interchangeable cartridge, 2) Syringe pumps, 3) bat-
tery, 4) injection valve, 5) mixing valve, 6) waste vial, 7) solvent vial, 8) analytical
column, 9) on-column UV-LED detector, and 10) to waste capillary.

In this Thesis, the capabilities of a portable Axcend minLC (LED 255
nm) were studied for in-field analysis and its figures of merit were compared
with those obtained for benchtop capLC and nanoLC. Also, for objective eval-
uation the of the instrument and method the BETTER criteria and HEXAGON

tool were used.

1.4 Studied matrices and analytes

In the development of the thesis, miniaturized LC, both benchtop and
portable systems, has been applied for the analysis of various matrices, in-
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cluding environmental samples, biological samples, and nanoparticle disper-
sions. In this section, different aspects of each matrix will be discussed in

relation with the undertaken work.

141 Environmental samples

The increasing consumption and production of organic compounds
have led the contamination of water bodies, biota, soil, and air in the envi-
ronment. There are diverse pathways and sources by which a contaminant
can enter the ecosystem, being the agriculture, industry, and human residues
the main routes. Among the organic contaminants, persistent organic pollu-
tants (POPs) are a topic of concern since these persist in the environment
and bioaccumulate having toxic effects on humans and the ecosystem [146—
148].

To address this situation, several regulations have been adopted to
establish a list of pollutants to be monitored and controlled by analytical
methods, as well as the maximum allowed concentrations of these. It is worth
noting that this list remains open to updates and maodifications. The EU Water
Framework Directive outlines selected priority substances with the purpose
of protect the inland surface waters, transitional waters, coastal waters, and
groundwater [149]. Included in these priority substances are heavy metals
and its compounds; VOCs; PAHSs; and different pesticides families. There
are also contaminants of emerging concern (CECs) which have been de-
tected in environmental systems, may have adverse effects on the ecosys-
tem and are not regulated under current legislation. This group include phar-
maceuticals, personal care products, licit and illicit drugs, endocrine disrup-
tors, newly registered pesticides, surfactants, high technology rate earth el-
ements, natural and engineered nanomaterials, among others [150]. In the
last few years, CECs, are receiving high attention, reflected in the numerous

reviews reported [151-156].
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Historically, GC and LC have been the go-to methods for determina-
tion of pollutants in the environment. GC coupled with mass spectrometry
(GC-MS) has typically been used to identify volatile and non-polar pollutants,
while LC coupled with MS is useful for detecting more polar micropollutants
[33]. However, due to stricter environmental regulations and the need to de-
tect emerging pollutants, there is a growing demand for faster, more cost-
effective, and environmentally friendly methods of analysis that produce less
waste. Additionally, the need to detect certain substances at ultra-low levels
requires highly sensitive methods and in-situ solution. To meet these chal-
lenges, miniaturized LC techniques have emerged as a promising tool for
achieving these goals.

1.4.1.1  Pesticides

Pesticides are a group of substances including herbicides, insecti-
cides, rodenticide, fungicides and, in general, any other kind of substance
used for pest control. These can be classified in function of its chemical na-
ture being there six main groups 1) organophosphorus pesticides, 2) orga-
nochlorines, 3) carbamates 4) pyrethroids, 5) triazines, and 6) urea derivates.
The main use of pesticides attends to increase the agriculture out-put since
these greatly prevents losses from weeds and insect pests in the crops. Also,
pesticides are utilized in health care for example to contain infection spread

or in forestry to protect trees from weeds, insect, and diseases.

Despite pesticides are supposed to be lethal only to the target pests,
pesticides can be toxic to other non-target organism being insecticides and
herbicides those with the higher toxicologic risk [157]. Also, the high persis-
tence and mobility of some of these substances causes to move off the site
of application reaching surface and ground water [158] and consequently,
bioaccumulating in the food chain [159]. To prevent this, there are several

regulations for its application and concentration limits in environmental and
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drinking waters [160-162] .The legal limit in drinking water is generally 0.1
ug-L* for the individual and 0.5 pg-L* for the total pesticides while, for sur-
face waters, the environmental quality standard is variable for each pesticide,
ranging from ng-L* to ug-L*. Table 9 shows a list of the studied pesticides
and some properties.

Table 9. Classification, octanol-water partition coefficient, and structure of the stud-
ied pesticides. LogKow were obtained from PubChem database.

Analyte
(Abrev.)

0
Fluometuron
F
(FMT) Phenylurea 242 A /@

Isoproturon

SN
(IPT) Phenylurea 2.87 /_<ﬁ C <

Imazalil

Class logKow Structure

(IM2) Imidazole 3.82
chf\/o cl
CH; O
Metribuzin . H,C N2
(MBZ) Triazines 1.7 HaC

O-phenyl

phenol Hydroxyphenyls 3.09 O O
(OPP)

Potassium /\/\JL
sorbate n.a. -1.72 NN o Kt

(PS)
CHs
Pyrimethanil - N Sy
Anilinopyrimidine 3.52

(PMA) Py 1:\ /©
HaC” N H

OCH;

Tribenuron CO,CHs )\

N N

methyl Sulfonylurea 0.78 C[ o Jo M
(TBN-m) SO;NH(!N\ N” “CHs

CHj;
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1111 Drugs

Drugs are substances that, when ingested, cause a physiological or
psychological change in the individual. This term, therefore, includes many
substances, including pharmaceuticals, licit and illicit drugs, endocrine dis-
ruptors, estrogens, and new psychoactive substances, among others. Phar-
maceutical drugs have been widely used for the treatment of all kinds of dis-
eases, increasing the lifetime as well as the life quality of humans and ani-
mals. However, the increasing production of these substances along with the
lack of specific guidelines for its regulation causes them to end up in the
environment (specially in aquatic one due to their low volatility) from different
effluents: human and animal, industrial and hospitals [163]. These sub-
stances have been found in sewage treatment plants, surface waters, sea
waters, ground waters and drinking waters at concentrations usually ranging
ng-L* to pug-L* [164]. Despite these substances are unlike to pose a risk for
acute toxicity at these concentrations, toxicological information of long-term

low-level exposure is lacking [165,166].

The European Commission, in the Directive 2008/105/EC, published
a list of different compounds (9 classified as pharmaceutical drugs) to be
controlled in surface waters since these are known to present an environ-
mental risk [167]. Recently, the European Commission, has developed a
strategy to address the impact of pharmaceutical drugs (both, human and
veterinary) in its full lifecycle in the environment [168]. Since many of these
substances are known to cause long-term environmental risk at very low con-
centrations, for example, paracetamol, one of the most widely used drugs,
was proved to pose a risk on reproductive system of marine mussels (and
hence in its population survivability) at 40 ng-L* concentrations for 24 days

exposure [169].
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Table 10 shows a list of the different drugs studied and its properties.

Acetaminophen (APAP), which is a popular analgesic and antipyretic phar-

maceutical; and caffeine (CAF), proxyphylline (PPF), theobromine (TBM),

and theophylline (TPL), which are methylxanthines with mild stimulant prop-

erties were analysed.

Table 10. Classification, octanol-water partition coefficient, and structure of the stud-
ied drugs. LogKow were obtained from PubChem database.

Analyte
(Abrev.)

Class

logKoew Structure

Acetaminophen
(APAP)

Analgesics and an-

tipyretics

v
0.46 /O/ NY
HO °

Caffeine
(CAF)

Methylxanthines

O /

0.07 \N/U\/[N>
0. p
oj\rrl N

Proxyphylline
(PPF)

Methylxanthines

OH

o ~
-0.27 \Njﬁl\{)
O;\ITI N

Theobromine
(TBM)

Methylxanthines

/
N

HN
-0.78 | >
o//J\h'J N

Theophylline
(TPL)

MethylIxanthines

0
H

0.02 \NJKJ[%
0. )
O}\T N
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1.4.1.2 Legislated nitrogen compounds

Nitrogen can be found in natural water as dissolved inorganic N (DIN)
in the form of ammonium, nitrite, and nitrate species, and organic N (DON),
including amino acids, nucleotides, and nitrogen-containing pesticides, such
as phenylureas, among others [170,171]. DON only contributes to a relatively
small portion of the total dissolved nitrogen (TDN) in surface waters. The
TDN is the sum of DIN and DON (see equation 4).

TDN = DIN + DON = (NH;/NH} + NO; + NO;)+DON (4

All these compounds, particularly ammonium and nitrate, play an im-
portant role in water quality and, therefore, are regulated by different Euro-

pean legislations as Table 11 shows.

Table 11. European legislation concerning the N compounds in water

Sample Legislation Legislated concentration

(mg-L)
Drinking European legislation Nitrite: 0.5
water EEC/98/83 Nitrate: 50

Ammonium: 0.5
Aquatic Water Framework Nitrite: 3
environment  Directive 2000/60/E Nitrate: 50

Directive 2008/105/EC  Rjyers*: ammonium (0.3 — 1), nitrate
Directive 2013/39/EC (10 -25)

RD 817/2015 (Spain)* Transitional waters*: ammonium
(0.15 - 1), nitrate (7.5 — 11), nitrite
(0.1-10.2), Total N (5 — 10).

Coastal*: ammonium (0.03 — 0.1),
nitrate (0.06 — 2), nitrite (0.02 — 0.04).
Wastewater  Directive 91/271/EEC Diuron (0.0002 — 0.0018)
Directive 98/15/EC Isoproturon (0.0001 — 0.0010)
SWD (2019) 700 final

Nitrate is the main DIN specie and can enter the environment either

from natural or anthropogenic sources. Its concentration in the natural waters
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have drastically increased over the 20th and 21st century primarily due to the
increment in nitrogen based fertilizers which usage has steadily increased
from ~10 Mt in the 1960, to ~70 Mt and over 100 Mt in 2000 and 2020 re-
spectively [172]. Part of the nitrogen used in fertilizer drains from the fields
to contaminate surface and groundwater having several health problems and
promoting the eutrophication of surface waters [173-176]. Other minor ni-
trate and nitrite sources in the environment are the domestic sewage dis-

charge, explosives fabrication, or the alimentary and cosmetic industry.

To control the levels of nitrate a series of legislation have been devel-
oped (see Table 11). Council Directive 98/83/EC relative to the quality of
water intended for consumption set the maximum concentration of nitrate at
50 mg-L*? in drinking water [160]. As well, the World Health Organization
(WHO) in its Guideline for drinking water set a reference value of concentra-
tion 50 mg-L* for nitrate [177]. For environmental waters, the Water Frame-
work Directive 2000/60/EC regulates both surface and groundwater and
stablishing a monitoring and action plan for nitrate vulnerable zones
[178,179]. The maximum concentration levels depend on the type of water
body. The Real Decreto 817/2015 (Spain) stablishes a guideline value for
nitrate between 10 — 15 mg-L?, 7.5 — 11 mg-L?, and 0.06 — 2 mg-L* for

rivers, transition waters, and coastal waters respectively [180].

1.4.2 Biological fluids

All biological materials obtained from living or deceased organisms
are referred to as biological samples. These materials include tissues, cells,
and different biological fluids, being of relevance the blood, urine, and saliva.
There exist guidelines for the collection, processing, and storage of these
samples, indicating the best practices which result in best quality specimens

for research purposes [181].
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Regarding, biological fluids, these are complex samples that contains
different proteins, phospholipids, organic compounds and salts requiring ap-
propriate processing, including stages of separation, purification, enrich-
ment, and chemical modification [182]. In most cases, a sample preparation
step is required to reduce matrix effects and eliminate potential interferents.
Conventional approaches such as protein precipitation followed by centrifu-
gation, LLE or SPE are widely used in bioanalysis [183,184]. Also, more ad-
vanced techniques based on microextraction such as SPME [185], DLLME
[186], on-fiber SPME [187], or IT-SPME [82,88] are emerging aiming to re-

duce the amount of solvent required as well as the sample volume .

Separation step is commonly performed using LC coupled with DAD,
MS, or MS/MS detectors. The latest is of special interest due to its selectivity,
sensitivity, and capability for identification and structural elucidation. UHPLC-
ESI-MS/MS is a powerful and essential technique in the analysis of biological
samples in both clinical and forensic laboratories [188]. Miniaturization plays
an important role when working with these matrices, offering advantages
such as the small sample required to perform the analysis, the lower solvent
used and waste generated, and the enhanced sensitivity when coupled to
nESI sources [51].

1.4.2.1 Acetaminophen in urine

Acetaminophen, also known as paracetamol, is a widely commer-
cially available over-the-counter medication that is used as an analgesic and
antipyretic agent. Properly dosed, it can effectively reduce fever and alleviate
mild to moderate pain. However, the accessibility of this medication, com-
bined with the lack of knowledge about its toxicity, causes APAP overdose
to be a leading cause of drug-induced injury, particularly acute liver failure .
In some European countries, reported cases of liver failure caused by APAP

range from 2% in Spain to 57% in the UK . Deliberate self-harm has also
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contributed to a rise in the incidence of APAP-induced hepatotoxicity, partic-
ularly in the UK [189].

APAP is metabolized by the liver and, in adults, undergoes conjuga-
tion with glucoronide by glucoronyl transferase comprising the 57 % of its
urinary metabolites while sulphonyl transferase leads to the sulphuration pro-
cess leading to the formation of acetaminophen-sulfate (APAP-sulf) account-
ing for 30-44 % of the metabolites. A little fraction of the ingested APAP is
metabolized by the cytochrome P450, leading to the APAP hydroxylation,
and resulting in metabolite N-acetil-p-benzoquinona imina (NAPQI) (5 — 10
% of the urinary metabolites) which is highly toxic for the hepatic tissues be-
ing the main responsible of APAP induced hepatoxicity (Figure 15). Less of
the 5 % of the ingested APAP is excreted by the urine unchanged [190].
Recommended maximum dosages are 4 g per day and 50 - 75 mg-Kg* per
day for adults and children respectively. Single dosages over 7.5 g for adults
and 150 mg-Kg™ are considered potentially toxic and may produce hepatic
injures [191].

To identify cases of APAP overdoses, serum and urine determina-
tions are performed. The Runack-Mathew nomogram plots the APAP con-
centration against the time since ingestion, allowing to diagnose a possible
liver toxicity. In the literature there have been reported different techniques
for APAP determination in biological fluids such as spectroscopy techniques
including colorimetry [192-194], Fourier transform infrared spectroscopy
(FTIR) [195], Raman spectrometry [196], and fluorescence spectroscopy
[197,198]; electrochemical techniques like differential pulse voltammetry
(DPV) [199] and square wave voltammetry (SWV) [200,201] which are gain-
ing interest in the latest years due to its simplicity, low-cost, in-situ analysis
possibility [202]; and chromatographic techniques such as LC-UV [203], LC-
MS/MS [204—-206], and to a lesser extent GC-MS/MS [207] due to APAP low

volatility.
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Figure 15. Schematic representation of the APAP main metabolic pathways.

In this Thesis, the IT-SPME-nanoLC-DAD is proposed as a simple,
fast, and cost-effective technique for the determination of APAP in urine sam-
ple. The obtained results were compared to those obtained by UHPLC-QTOF
and DART-QTOF. Furthermore, the HEXAGON tool was used to compare

greenness and sustainability of all three methodologies.

1.4.3 Metallic nanoparticles

Nanomaterials are defined by the International Organization of Stand-
ardization in ISO/TS/ 80004 as: “the material with any external dimension in
the nanoscale or having internal structure or surface structure in the na-
noscale, being the nanoscale range between 1 nm and 100 nm”. A more

technical and wider definition is proposed by the European Commission in
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2022/C299/01 establishing a nanomaterial as: “a natural, incidental or man-
ufactured material consisting of solid particles that are present, either on their
own or as identifiable constituent particles in aggregates or agglomerates,
and where 50 % or more of these particles in the number-based size distri-
bution fulfils at least one of the following conditions: 1) one or more external
dimension of the particle are in in the size range from 1 nm to 100 nm; 2) the
particle has an elongated shape, such as a rod, fiber or tube, where two ex-
ternal dimensions are smaller than 1 nm and the other dimension is larger
than 100 nm; and 3) the particle has a plate-like shape, where one external
dimension is smaller than 1 nm and the other dimensions are larger than 100

”

nm-.

Metallic NPs are a class of nanomaterials which are composed of
pure metals such as silver, gold, magnesium, titanium, copper, zinc, iron,
among others, as well as its compounds as metal oxides, sulfides, phos-
phates, or hydroxides [208]. Noble metal NPs has a number of specific char-
acteristics that differentiate them from macroscopic metals being the main
feature its high surface area to volume ratio favouring its interaction with
other particles. Other properties of metallic NPs are the large surface ener-
gies, quantum confinement, plasmon excitation, increased number of kinks,
and a the most important feature, their high surface is to volume ratio [209].
These unique properties lead to a growing interest in their synthesis, charac-
terisation methods [210-212] as well as its applicability in biomedicine as
nanocarrier [213], imaging [214], or in cancer therapy [215]; environmental
remediation [216]; and industry [217,218].

Metallic nanoparticles (MNPs) synthesis can be done following a top-
down approach, starting from the bulk macroscopic material which is reduced
to the nanoscale by different methods such as mechanical milling, evapora-

tion/condensation, laser pyrolysis, ionic/electronic radiation. On the other
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hand, the synthesis can be done by a bottom-up approach from smaller mol-
ecules and/or atoms by means of chemical methods such as chemical/elec-
trochemical precipitation, atomic/molecular condensation, vapor deposition,
sol-gel process, laser pyrolysis; and biological methods using bacteria, plant
extracts, fungus, and algae [219].

Characterization of metallic NPs is important to predict its behaviour
and determinate its biological and toxicological effects. Chemical and physi-
cal information such as shape, size, size distribution, surface charge, poros-
ity, among others, can be obtained by different characterization techniques,
being the most used the absorbance spectroscopy, transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM), dynamic light scat-
tering (DLS), atomic force microscopy (AFM), x-ray diffraction (XRD), FTIR,
and LC (Table 12). The different techniques are comprehensively reviewed
by Mourdikoudis, et al. (2018) [220].

Noble metal NPs (NMNPs) such as silver and gold NPs (AgNPs and
AuUNPs respectively) are becoming more and more used in areas such as
food sciences, cosmetics, and biomedicine (Figure 16). These are of special
interest in sensing and imaging applications due to their optical properties,
particularly its surface plasmon of resonance (SPR) [221-223]. The SPR is
produced due to the collective oscillation of the conduction electrons at the
interface of metals and dielectric materials under the resonant excitation of
electromagnetic radiation. When the SPR is confined in the surface of nano-
metric structures as it is in the surface of AQNPs and AuNPs (with particle
size smaller than wavelength) , the incident light is scattered producing a
localized surface plasmon of resonance (LSPR) resulting in high extinction
coefficients in the visible region [224] (Figure 17). It must be noted that not
only macroscopic materials do not exhibit LSPR band, but also nanoparticles
with sizes below 2 nm [225]. LSPR frequency is dependant of the nanoparti-

cle size, shape, dielectric constant, medium, and material nature [226,227].
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Table 12. Main techniques used for nanoparticle characterization.

Technique Principle Information provided REF
Electrons are trans- ~ Morphology

TEM mitted through a thin Size [228]
sample to form anim-  Shape
age Crystallinity
Electrons are scanned Surface morphology
over the surface ofa  Size

SEM sample to form anim-  Shape [229]
age Crystallinity
X-rays are diffracted i
by aycrystalline sam- Crystal!lnlty. o

XRD : Phase identification [230]
ple to produce a dif- ) _
fraction pattern Particle Size
Light is scattered by Hydrodynamic diameter

DLS particles in Brownian  Size distribution [231]
motion Zeta potential
UV-vis light is ab- ificati

UV-vis sorbed/transmitted by Sgsgl ication [232]
molecules in solution
Infrared light is ab- Chemical composition

FTIR sorbed and reflected Functional groups [233]
by molecules Surface modifications
Prob h Surface morphology

AFM robe scans the sur- - paughness [234]
face of the sample _ _

Mechanical properties

The analytes are sep-
arated based on the P

LC different interactions Q.uant|f|cat|on [165,

Size 166]

with a mobile and sta-
tionary phase
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Figure 16. Evolution of the number of publications with time using the following
searching topics in the Web of Science database: “AgNPs” or “silver nanoparticles”
(blue bars) and “AuNPs” or “gold nanoparticles” (red bars).
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Figure 17. Schematic representation of the LSPR showing the oscillation of the free
conduction electron in metallic nanoparticles under resonant excitation of electro-
magnetic radiation.

AgNPs and AuNPs are widely used in textile coverings [237,238],
food processing and packaging [239,240], and cosmetics [241,242] due to
its antibacterial and anti-inflammatory property. In addition, these NPs are of
vital importance in nanomedicine being successfully used in cancer control
[243], diabetes treatment diabetes treatment [244], drug delivery [245,246]
biosensing and imaging [247—-249], among other many uses.
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1.4.3.1 Noble metal nanoparticles dispersions

A dispersion is defined by the IUPAC as a “material comprising more
than one phase where at least one of the phases consists of finely divided
phase domains, often in the colloidal size range, dispersed throughout a con-
tinuous phase” [250]. Depending on the states of the dispersed and continu-
ous phase there exist different types of dispersions. In these where the dis-
persed phase consists of a solid in the sub-micron scale and the continuous
phase is a liquid are classified as colloids. In the case of metallic NPs, after
its synthesis, these are dispersed in a liquid phase to obtain colloidally stable
NPs dispersions that can be further utilized in the fabrication of useful com-

ponents and devices.

The stability of metallic NPs dispersions is controlled by two main fac-
tors. On the one side, the particle size should be in the sub-micron scale, so
the thermal fluctuations in the fluid can overcome the effect of gravity, pre-
venting sedimentation or flotation. On the other hand, to prevent the for-
mation of aggregates, repulsive interactions between nanoparticles should
be higher than attractive ones [251]. The thermal motion in the fluid makes
the nanoparticles to collide, interacting in the immediate vicinity by London-
Van-der-Waals attractive forces, resulting in aggregates that ultimately sedi-
ment [252]. For most solvents, including conventional ones like water, their
dispersing capacity is not sufficient to produce stable dispersions of nano-
particles and stabilizing agents are required. Generally, the stabilization of
the dispersion is achieved by means of a capping which modify the nanopar-
ticle surface in two possible ways: 1) by the inclusion of surface long-chain
steric ligands producing steric repulsion between the nanoparticles, and 2)
by formation of a charged surface coating resulting in electrostatic repulsive
interactions [253,254]. There is a wide variety of possible capping agents,
including polymers such as polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP), polyvinyl alcohol (PVA), and chitosan; salts such as PBS and citrate;
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and surfactants such as cetyltrimethylammonium bromide (CTAB) or sodium

dodecyl sulfate (SDS), among others.

Noble metal nanoparticles dispersions, such as AgNPs and AuNPs,
have garnered significant attention for their potential applications in sensing
application. In recent years, numerous reviews on this topic have demon-
strated its relevance [255—-261]. Of particular scientific interest are sensors
based on the LSPR, or plasmonic sensors, where the presence of the analyte
produces a change in the composition, size, shape, medium, or aggregate
state of the nanoparticles, which translates in a shift in the LSPR or, in other
words, an observable colour change that can be measured with UV-vis spec-
trometers. There are a series of properties which AgNPs and AuNPs poses
which make them ideal for LSRP sensing. The high extinction coefficient de-
rived from their intense LSPR band, along with their high surface-to-volume
ratio, results in a significant increase in sensitivity. Furthermore, noble metal
nanoparticles are easy to synthesize, chemically stable, biocompatible, and
allow for a wide variety of surface modifications to increase their selectivity
[262].

Among the various types of plasmonic sensors, those which benefits
of the aggregation of AgQNPs and AuNPs as a readout have gained wide-
spread use in diverse fields, such as biological [263—-265], clinical [266,267],
food sciences [268,269], and environmental applications [270,271]. In these,
the selective interaction between the NPs surroundings and the analyte by
means of mainly hydrogen bonds and electrostatic interactions induce the
aggregation of NPs resulting in a visible colour change from red to blue and
from yellow to brown for Au and Ag nanospheres respectively (Figure 18).
However, these assays can be limited by the lack of reproducibility of both,
the NPs dispersions which is affected by the solvent, pH, atmosphere, tem-
perature and, and the matrix; and the aggregation profile which depends on

the size distribution, shape, and dielectric environment of the starting NPS
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[262]. In this sense, analysis to evaluate the size and stability of the NPs is

key to obtain reliable results.

. Spermine N
. l”
. ‘\A

Dispersed AuNPs Aggregated AuNPs

Figure 18. Schematic representation of the AuUNPs induced aggregation by sperm-
ine. The spermine stabilizes the aggregation thanks to the affinity of its amino groups
for the nanoparticle surface. The aggregation produces a shift in the AUNPs LSPR
resulting in a colour change from red to blue [266].

In this thesis, the capabilities of IT-SPME-nanoLC-DAD and IT-
SPME-capLC-DAD will be studied for the evaluation and characterization of
AgNPs, AuNPs, and its mixtures. Also, the LSPR responses obtained from
acid aggregation plasmonic assays will be monitored by the mentioned tech-

nigues.

1.4.3.2 Metallic nanoparticle transformations

The increasing consumption of metallic and metal oxide NPs has led
to a corresponding increase in their release into the environment. NPs can
originate from numerous sources, including natural events such as volcanic
activity, dust storms, forest fires, and soil erosion caused by wind or water;
accidental anthropogenic sources such as vehicle exhaust, fuel cells, weld-
ing, and certain industrial processes; and intentional anthropogenic sources
such as engineered NPs used in industry, groundwater remediation, drug
delivery, diagnosis, and imaging [272]. Understanding the transformations of
NPs is essential to comprehending their fate, transport, and implications for

the environment.
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The physico-chemical properties of the NPs (size, shape, zeta poten-
tial, chemical composition, and surface area, charge, and modifications and
the medium conditions (e. g. ionic strength, temperature, microorganism,
substances present in matrix, etc.) are the main factors driving the NPs trans-
formations, which can be classified depending on whether a physical, chem-
ical, or biological process is involved (Figure 19). In the environment, water
sources are complex matrices that contains varying properties, diverse or-
ganic and inorganic substances, and a wide range of microorganisms, result-
ing in intricate and diverse transformation pathways [273-275]. Some of
these transformations can increase the toxicity of NPs, such as CuO NPs,
which have been shown to increase their solubility in low ionic strength media
having potential impacts on aquatic organisms [276].

Aggregation
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Redox reaction ]
Nanoparticle . - :
transformations Chemical Dissolution ] Chlorination

] Sulfidation

Ligation )
Phosphatation

Biodegradation ]

Biological

Bio-modification ]

Figure 19. Tree diagram of the different NPs transformations in the environment.

The study of AgNPs is of special relevance due to its generalised use
and its potential toxicity. The toxicity has been proved in different studies
[277-279] and it has been related to the indirect liberation of Ag* ions [280] .
These have a high affinity for thiol groups present in cysteine residues within
respiratory and transport proteins. The interaction between Ag* ions and
these proteins can lead to significant biological effects, including the uncou-

pling of respiration from ATP synthesis through the inhibition of enzymes like
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NADH dehydrogenase. Additionally, the binding of Ag* ions to transport pro-
teins can result in proton leakage and the collapse of the proton motive force
[281]. These findings highlight the potential for Ag* ions to influence cellular
processes and contribute to the toxic effects of silver exposure. However
other studies point to a direct toxic effect of the AQNPs in the microorganism
[282,283] . Overall, the toxicity of AQNPs on the organisms are not fully un-
derstood.

AgNPs can undergo various transformations in the environment, with
the most relevant ones being oxidative dissolution, sulfidation, chlorination,
and reduction of Ag* ions to AgNPs (as illustrated in Figure 20). In the case
of oxidative dissolution, the AgNPs are first converted to Ag-0 via an oxidiz-
ing agent, typically dissolved Oz or H20,. The formed Ag-O shell rapidly dis-
solves in water, releasing the Ag- ions. During this process, some reactive
oxygen species (ROS) may form, which can have toxic effects such as oxi-

dative stress and inflammation and can further dissolve the AgNPs [284].

Oxidative reduction Chlorination
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Figure 20. Graphical resume of the main AgNPs transformations in the environment.
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Sulfidation is an important process that occurs under anoxic condi-
tions due to the rapid oxidation of HS. The sulfidation mechanism involves
the formation of an Ag-Ag.S core-shell in the NPs, which significantly re-
duces toxicity due to the negligible dissolution of Ag.S compared to Ag®. Un-
der aerobic conditions, sulfidation can occur at high HS™ concentrations by
the indirect formation of Ag.S nanobridges or the direct conversion of AQNPs
to Ag2S. [285,286]

The presence of CI" in the medium can lead to the formation of AgCls
or silver (1) chloride complexes, depending on the concentration ratios of CI
IAg*. At low CI/Ag" ratios, AgCl, is formed in the surface of the AgNPs while
at higher CI- concentrations, the formation of AgCI\*V is favoured. The pres-
ence of CI greatly decreases the toxicity of the AgNPs due to the formation
of a AgCl layer in the surface of the NPs which not only decrease the Ag*

concentration but also prevents the further dissolution of the NPs [287,288].

Finally, under sunlight radiation, dissolved organic matter (DOM) can
reduce Ag+ while stabilizing the newly formed AgNPs [289,290]. The de-
crease in the concentration of dissolved Ag+ results in a reduction of its tox-
icity.

Given the importance of understanding the behaviour of AGNPs in the
environment, this thesis investigates the dissolution and sulfidation rates of
these NPs using a continuous flow system (CFS) as a function of different
parameters, such as pH, ionic strength, flow rate, presence of oxygen, and

sulfide concentration.
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Since its introduction, LC has been extensively employed for the anal-
ysis of various sample types in multiple scientific fields, establishing itself as
one of the preeminent analysis techniques of the present time. However, new
societal needs require a redirection of the technique towards sustainability
and green analytical chemistry. In this regard, miniaturized liquid chromatog-
raphy has progressively gained importance over the years, positioning itself
as a greener, more sustainable, and highly sensitive alternative. Further-
more, derived from miniaturization, the portability of LC is presented as a
potential solution for point of need analysis of complex samples where a sep-
aration step is necessary. Nevertheless, compared to other techniques such
as spectroscopic, portable LC has evolved slowly due to the challenges as-

sociated with miniaturizing of its components.

In view of this, the general objective of the thesis aims to generate
novel knowledge regarding the synergy between the nanoscale and LC,
through the utilization of IT-SPME coupled with minLC. The study utilizes
cutting-edge trends in analytical chemistry, expertise in miniaturized LC and
its integration with IT-SPME, nanomaterials, an analysis of the initial re-

search, and the environment as action framework.
The thesis, in turn, pursues the following specific objectives:

(1) Develop new configurations for the on-line coupling of IT-SPME

to minLC.

(2) Demonstrate the potential benefits of nanoparticles/nanomateri-

als as phases in the mentioned coupling.

(3) Propose new strategies to develop a cost-effective model for eval-

uating emerging contaminants.

(4)  Seek to provide evidence of the sustainability of the studied tech-
nigue while incorporating at least carbon footprint as a perfor-

mance indicator of a given procedure.
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()

Demonstrate that the technique can contribute to the portability of
LC.

The development of the thesis has been possible thanks to the MCI-

AEI and EU-FEDER (project CTQ2017-90082-P). The author thanks to the
Spanish MCI for his predoctoral grant FPI (PRE2018-086709).

The results obtained in this thesis have led to the publication of 3

scientific articles and a chapter of Encyclopaedia, with 2 additional articles
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)
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L. Sanjuan-Navarro, S. Cortés-Bautista, Y. Moliner-Martinez y
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Chim Acta. 2021. https://doi.org/10.1016/j.aca.2021.338665. Im-
pact Factor JCR (2023): 6.911

S. Cortés-Bautista, H. R. Robles-Jimarez, |. Carrero-Ferrer, C.
Molins-Legua, P. Campins-Falcé. Portable determination for leg-
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Utiel y P. Campins-Falcé. Direct analysis in real time-mass spec-
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nologies (ExTech2021) in Alicante. S. Cortés-Bautista, R. Na-
varro-Utiel & P. Campins-Falc6. Nano-liquid chromatography:

from lab to portable equipments. 2021. (Poster communication)
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(SEQAZ2019) in Valladolid. S. Cortés-Bautista, P. Campins-Falco,
C. Molins-Legua. Portable instrumentation: validation for in-situ

monitoring. 2019. (Poster communication)
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3.1 Reagents

The European Regulation (EC) No 1278/2008 on classification, label-
ling and packaging of substances and mixtures, also abbreviated as “CLP
regulation” standardises the warnings on products containing chemical sub-
stances. It introduces a labelling system for hazardous chemicals by using a

hazard pictogram (Figure 21)

. Hazardous to
Explosive .
the environment
Health hazard/
Hazardous to the
ozone layer

Flammable

Serious health

Oxidising hazard

Gas under
pressure

Corrosive

A%

Acute toxicity

Figure 21. Hazard pictograms according to the CLP regulation (EC) No 1268/2008

The reagents and chemicals used during the thesis are aphetically
listed in Table 13 stating the supplier and its classification according to the

CLP hazards pictogram.
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Table 13. List of the chemicals used during the thesis, supplier, and hazard identifi-
cation. The suppliers are the following: Merck (Rahway, NJ, USA), Panreac (Barce-
lona, Espafa), Scharlau (Barcelona, Espafia), Sigma (St. Louis, MO, USA), and
VWR Chemicals (Radnor, PA, USA).

Chemical Hazard identification

(©AS) AR & b

Acetaminophen

(103-90-2) Sigma X X
Acetic acid

(64-19-7) VWR X X

Acetonitrile

(75-05-8) VWR X X
AgNPS (20 and 40

nm) (citrate buffer)  Sigma X
(7740-22-4)

Ammonium acetate Panreac

(631-61-8)

Ammonium chlo-

ride Sigma X

(12125-02-9)

AuNPs (20 and 40
nm) (citrate buffer)  Sigma
(7740-57-5)

AuNPs (20 and 40
nm) (PBS) Sigma
(7740-57-5)

Caffeine

(58-08-2) Sigma X

Dimethyl phthalate

(131-11-3) Sigma

Fluometuron

(2164-17-2) Sigma X

Formic acid

(64-18-6) Sigma X X X

CTAB

(57-09-0) Sigma X X X X
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Chemical

Hazard identification

Supplier
(CA9) RO D P
Hexamethylene
tetramine Sigma X X
(100-97-9)
Humic acid mixture Siama X
(1415-93-6) 9
Hydrazine sulfate .
(10034-93-2) Sigma X X X
Hydrochloric acid .
(7647-01-0) Sigma X X
Hydrogen car-
bonate Panreac
(144-55-8)
Hydrogen peroxide
(7722-84-1) Merck
Imazalil .
(35554-44-0) Sigma X X X
Iron (1) chloride :
(7705-08-0) Sigma % %
Isoproturon .
(34123-59-6) Sigma X X
Luminol .
(521-31-3) Sigma X
Nitric acid .
(7697-37-2) Sigma XXX
N,N-dimethyl-p-
phenylenediamine  Sigma X
(99-98-9)
Manganese dioxide Sigma
(1344-43-0) 9
Methanol
(67-56-1) VWR X X X
Metribuzin .
(21087-64-9) Sigma X X
O-phenylphenol :
(90-43-7) Sigma X X | X
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Chemical
(CAS)

Supplier

Hazard identification

SO D

Potassium nitrate
(7440-09-07)

Sigma

Potassium phos-
phate dibasic
(7758-11-4)

Merck

Potassium sorbate
(24634-61-5)

Sigma

Proxyphylline
(603-00-9)

Sigma

Pyrimethanil
(53112-28-0)

Sigma

Sodium carbonate
(497-19-8)

Merck

SDS
(151-21-3)

Panreac

Sodium hydroxide
carbonate
(144-55-8)
Sodium hypo-
chlorite
(7681-52-9)

Merck

Sigma

Sodium nitrate
(7631-99-4)

Sigma

Sodium phosphate
monobasic
(7588-80-7)

Merck

Sodium thiosulfate
(7772-98-7)

Scharlau

Spermine
(71-44-3)

Sigma

Tetraethyl orthosili-
cate
(78-10-4)

Sigma

Theobromine
(83-67-0)

Sigma

78




Chapter 3: Methodology

Hazard identification

Chemical Supplier
(cA9) ® © &
(Tshseiggr-g)”in Sigma X

(Tshg-rgg-ls) Sigma X X
(Tlr:)bleznouc;zné-rg;e ™ sigma X X | X
TR s x
(Tongf-m-s) Sigma X

(60-18.0) Sigma x

3.2 Instrumentation

321 UV-vis spectrometry

For the acquisition of UV-vis molecular absorption spectra, a conven-
tional benchtop spectrophotometer, Cary 60 UV-vis (Agilent Technologies,
Santa Clara, CA, USA), was used. Either plastic or quartz cuvettes with 1 cm
optical pathlength were employed (Figure 22 a). The analytical signal was
recorded using the Cary WinUV (Agilent Technologies) data acquisition soft-
ware. On the other hand, a portable spectrophotometer consisting of a
Maya200 Pro spectrophotometer (OceanOptics, FL, USA) coupled to an op-
tical fiber (300 um core and 2 m length) was used (Figure 22 b). An on-line
water analyser UV500 (Thesthys, Grenoble, France) was used for in-situ ni-
trate determination (Figure 22 c). The working conditions for the different

spectrophotometer are summed up in the Table 14.
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Figure 22. a) Ocean Optics optical fiber portable spectrophotometer, b) Thesthys
UV500 nitrate analyzer, and c¢) Agilent Cary60 UV-vis spectrophotometer

Table 14. Working conditions for the different UV-vis spectrophotometer.

Cary 60 UV-vis Maya200 Pro Analyzer
Slit (um) 100 1.5 n.a.
S_pectral resolu- 352 <15 na
tion (nm)
Scan range (nm) 200 -—1100 190 - 1100 180 — 750
Energy consump-
tion (W) 2.5 150 n.a.
Size (cm3) 48 x 57 x 20 15x20x%x5 42 x 42 x 23
Weight (Kg) 18 0.96 15

Two silicon diode

Hamamatsu

Detector $10420 detectors (sample n.a.

and reference)
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For fluorescence measurements, a portable optical fiber equipment
was used. It consists of a LED lamp at 255 nm for excitation (SMA 905 con-
nection), 600 um core fiber optic and 2 m length and a Maya200Pro spec-
trometer from Ocean Optics. A laboratory benchtop fluorescence equipment
Agilent Cary Eclipse was also employed (Figure 23). Table 15 lists some

characteristics of the used spectrofluorometers.

Figure 23. Benchtop Agilent Cary Eclipse fluorescence spectrometer.

Table 15. Working conditions for the different UV-vis spectrophotometer.

Maya200Pro
spectrofluorometer

Agilent Cary Eclipse
Spectrofluorometer

Slit (um) 100 S

Spectral resolution 3.52 <15

(nm)

Scan range (nm) 200 — 1100 190 - 1100
Energy consumption 25 150

(W)

Size (cm3) 15x 11 x49cm 60 x 64 x 27 cm
Weight (Kg) 0.96 31
Detector Hamamatsu S10420 Photomultiplier R928
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For measuring chemiluminescence the signals were recorded by
portable tube luminometer from (Berthold Technologies, Bad Wildbad, Ger-

many).

322 DART-MS and ICP-MS

An lon Sense DART SVP ion source (Saugus, MA, USA) interface
was coupled to an Agilent 6547 LC/QTOF (Figure 24 a). The sample intro-
duction was performed by means of an automated Linear Rail Enclosure in
which a disposable lonSense QuickStrip wire mesh sample holder is placed
(Figure 24 b). lons were transferred to the QTOF by means of a ceramic
tube (4.75 mm i.d. and 87 mm length) vacuum interface. An agilent MS40+
mono stage rotary vane pump was used to generate the rough vacuum in
the interface.

Figure 24. a) lon Sense DART SVP ion source interface and b) Quick Strip sample
holder.

The elemental analysis of Ag* was performed by means of ICP-MS
7900 (Agilent Technologies) equipped with an ASX-500 series autosampler
(Agilent Technologies) (Figure 25). The ICP-MS was equipped with a quartz

cyclonic spray chamber and a MicroMist nebulizer (Agilent Technologies).
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Figure 25. Agilent 7900 ICP-MS detector with an ASX-500 autosampler.

3.2.3 Capillary liquid chromatography

A capLC equipped with an Agilent Infinity 1260 capillary pump (Ag-
ilent, Waldbronn, Germany) which allows to work in the range of 1 — 20 uL
mint was used (Figure 26). The detection was performed by means of a
Agilent Infinity 1200 DAD using a 80 nL flow cell. The wavelength scan range
was set from 190 nm to 800 nm, and the chromatographic profile was moni-
tored at different wavelengths depending on the analyte. For the analytical
separation, different capillary analytical columns were used. In the case of
environmental determination of selected contaminants, ZORBAX SB-C18
(150 x 0.5 mm, 5 um and, 35 x 0.5 mm, 5 um) (Agilent) columns were used.
On the other hand, for the characterization of NPs dispersions a Jupiter C18
(50 x 0.5 mm, 5 um) (Phenomenex, Torrance, CA, USA) was used. For the
injection a 6-way Rheodyne 7721-i (IDEX Health and Sciences, Rohnert
Park, CA, USA) was used. In this, the sample loop was replaced with a ca-
pillary with an extractive phase to perform the IT-SPME (see section 3.3.2
for more information). For data acquisition the Agilent ChemStation software

was used.
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Figure 26. Agilent 1260 infinity series capillary LC equipped with a Rheodyne 7721-
I injection valve for sample injection.

3.2.4 Nano liquid chromatography

The nano liquid chromatograph consists of an Agilent Infinity 1260
nano pump allowing to work from 0.01 pL min* to 4 pL min™. As detection
system, an Infinity 1200 Agilent DAD with a flow-cell of 80 nL was used. The
working range was set in the range from 190 to 400 nm, and the chromato-
graphic profile was monitored at different wavelengths depending on the an-
alyte. The analytical separation was carried out using two analytical column
of different dimension: (1) a ZORBAX SB-C18 (50 x 0.075 mm, 3.5 um) and
(2) aZORBAX SB-C18 (150 x 0.1 mm, 3.5 um) (Agilent). As injection system,
a two-valve system was employed using a Rheodyne 7725i 6 ports — 2 posi-
tions and an automatic VICI C2N 10 ports — 2 positions. In the latter, a ex-
tractive capillary was incorporated to perform the IT-SPME. More information
about the injection configuration and extractive capillary can be found in the
section 3.3.2. For data acquisition the Agilent ChemStation software was

used.
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3.25 Miniaturized portable liquid chromatography

A portable miniaturized Axcend Focus liquid chromatograph (Axcend,
Provo, UT, USA) was used (Figure 27). The system was equipped with two
high-pressure syringe pumps capable of deliver mobile phase in the ranges
from 0.5 pL min?* to 10 uL min'* with a maximum working pressure of 410
bar. The detector consists of an on-column fixed wavelength LED with a
working wavelength of 255 nm. The analytical column was a C18 (100 x 0.15
mm, 1.7 um) which was incorporated along with the detector inside an inter-
changeable cartridge. Samples were load manually into a sample loop with
a volume of 40 nL. Chromatograms were obtained by means of the Axcend

Focus v2 software.

G

Figure 27. Axcend Focus portable miniaturized LC.

3.2.6 Ultra high-performance liquid chromatography

On one side, an Agilent 6546 LC/QTOF (Agilent Technologies)
equipped with an ESI interface was used. The chromatographic separation
was carried out by means an Agilent 1290 Infinity Il series equipped with an
Eclipse Plus C18 RRHD (2.1 x 50 mm, 1.8 um) at 35 °C (Figure 28).
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i !

|lnli

i

i “

Figure 28. Agilent 6546 LC/QTOF equipped with an ESI interface. The analytical
separation was carried out using an Agilent 1290 Infinity 1l series UHPLC.

3.3 Sample treatment

331 Solid phase extraction

Isoproturon and diuron were extracted by means of SPE prior to its
LC analysis. The cartridge consists of a Strata C18-U cartridge with 55 um
of particle size, 70 A of pore diameter, and 100 mg of phase (Phenomenex).
First, the C18 cartridge was conditioned with 1 mL of MeOH followed by 1
mL of H,O. Then, up to 25 mL of the sample was manually passed through
the cartridge, followed by 1 mL of 2:8 MeOH:H-0, after the analyte is eluted
in 200 uL of MeOH separated in three fractions of 100, 50 and 50 uL for the
first, second and third one, respectively. These solutions were measured just

after the extraction step.

Urine samples at different times (O h, 2 h, 5 h, 6 h, and 7 h) after 1 g
of APAP ingestion were collected. Then, 100 uL of each sample was depro-
teinized with 300 uL of formic acid 1 % (v/v) and 700 uL of water. The solution
sample solution was centrifugated for 20 min at 15000 rpm and 1 mL of the

supernatant was processed by SPE (Figure 29). For the SPE a Strata C18-
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U cartridge with 55 um of particle size, 70 A of pore diameter, and 100 mg of
phase (Phenomenex) was used. The SPE included four steps: 1) cartridge
activation and conditioning with 1 mL of methanol (MeOH) and 1 mL of ul-
trapure water respectively, 2) loading with 1 mL of treated sample, 3) wash-

ing with 1 mL of ultrapure water, and 4) elution of the analyte in 0.5 mL of

methanol. Samples were refrigerated and stored at 4 °C.

Sample treatment
- 1) Deproteinization
A 2) Centrifugation
3) SPE (C18)

=) JEEE =)

1 g APAP

Urine samples at different
times after APAP intake

Figure 29. Schematic representation of the APAP sample collection and treatment.

For the spermine extraction in urine samples, C18 silica cartridges
(100 mg, Phenomenex, EEUU) were used. First, the cartridges were acti-
vated with 1 mL MeOH and 1 mL of NaHCO3; 0.5 M at pH 12. Then, the
cartridges were loaded with 1 mL of the urine sample. Before elution of
spermine, a clean-up step with 2 mL of NaHCO3;0.5 M, 1 mL of ACN, and 2
mL of H,O was carried out. Finally, the spermine was eluted using 500 uL of

HAc 5 % separated in two fractions (250 pL each).

3.3.2 In-tube solid phase microextraction

The IT-SPME was coupled to both, cap and nanoLC. In the case of
capLC the extractive capillary was replaced by the sample loop in a 6 — way
and 2 — port injection valve. The sample is injected in the load position, so it
goes through the extractive capillary where the analytes are retained and
preconcentrated while the rest of the matrix goes to waste. After this, the

injection valve is switched to inject position making the mobile phase to go
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through the extractive capillary eluting the analyte to the analytical column
(Figure 7 b).

This configuration was used for the extraction of AUNPs and AgNPs
dispersions, and contaminants in environmental waters. In the case of
AuNPs and AgNPs a commercial capillary coated with 35 % PDMS of 20 cm
length, 0.32 mm of i.d., 3 um of thickness, and 16 uL of internal volume was
used. On the other hand, for contaminants in water samples, a 20 cm seg-
ment of an untreated fused silica capillary with 0.32 mm of i.d. and 16 pL of
internal volume (Analisis Vinicos, Tomelloso, Spain) was coated with TEOS-

MTEOS and SiO; NPs and was used as extractive capillary.

For the nanoLC a two-valve configuration was used (Figure 30). The
sample is first injected in a 6 — way and 2 — port which is used to transfer the
sample to a second injection valve by means of a 15 cm length, 0.1 mm of
i.d. and 800 nL of internal volume untreated fused silica capillary. The ex-
tractive capillary is mounted in this second 10 — port and 2 — way injection
valve. Switching the position of the second valve, makes the retained analyte
to be eluted to analytical column by the mobile phase (Figure 31). For the
analysis of contaminants in water an APAP in urine samples a 15 cm seg-
ment of an untreated fused silica capillary with 0.075 mm of i.d. (Analisis
Vinicos) was coated with TEOS-MTEOS-SIO-

Figure 30. a) Two-valve injection system where a first valve is used for trespassing
the sample to the second valve where the IT-SPME takes place and b) close-up of
the second valve where the IT-SPME capillary can be seen.
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From pump
Injection V2|

To detector <€— Analytical column To waste

Load Inject

Figure 31. Schematic representation of the two-valve configuration IT-SPME used.
V1 and V2 are 6 — port and 2 — way, and 10 — port and 2 — way injection valves
respectively. The extractive phase for the IT-SPME consist of a TEOS-MTEOQOS pol-
ymer enhanced with SiO2 nanoparticles.

3.4 Synthesis procedures

3.41 Synthesis of IT-SPME capillaries

TEOS-MTEOS-SIO; IT-SPME capillaries were synthetized following
the sol-gel procedure described by Serra-Mora et al. (2017) [75]. First, seg-
ments of 20 cm length of fused silica untreated capillaries were activated
filling them with a 0.1 M NaOH solution and heating at 40 °C for 2 h. Then,
they were filled with a 0.1 M HCI solution, left to stand for 30 min at room
temperature, and heated at 60 °C for 2 h. 40 °C. Then the capillaries were
flushed with water and filled with approximately 200 uL of the coating mixture.
This was prepared adding 0.65 g of PEG and 1 mg of SiO; (0.05 mg-L™?) to
a solution containing 1 mL of TEOS, 1 mL of MTEOS, and 0.5 MI of water
and mixed in a vortex. After that, 20 Ml of NH4OH 0.1 M is added as a cata-
lyst. Once filled, the capillaries were heated at 40 °C for 2 h and then heated
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overnight at 120 °C. Finally, the capillaries were flushed with H.O and ace-
tonitrile (I) enough times to clean and ensure there is no further bleeding from

the capillaries.

This procedure was followed for either, nano (0.075 mm i.d.) and cap
(0.32 mm i.d.) IT-SPME capillaries. Those were cut off with a ceramic cutter

to obtain the desired length.

3.4.2 Synthesis of naked AuNPs

AuNPs synthesis was carried out following the procedure described
by Jornet-Martinez et al. (2014) [266]. An aqueous solution of H,O, 0.5 -1.2
mM and HAuCls 0.5 mM treated 12 h with Chelex to eliminate metal traces,
was irradiated with a 532 nm laser (10 Hz, 16 — 19 mL) until the band of Au®*
at 300 nm was not observable and the H20. band at 240 nm decreased close
to the absorbance of the plasmon band at 520 — 525 nm. The mixture was
diluted with water (2:1 H>,O:AuNPs) the excess of H,O, was removed by ir-
radiating for 20 min with an UV-lamp [291].

3.5 Experimental conditions

351 UV-vis spectroscopy

Dissolved nitrogen determinations

The nitrate measurements were performed by the three different UV-
vis instruments described in the Table 14. The signal was registered at 220
nm. Also, a signal correction to compensate the presence of organic matter
and was done by registering the signal at 275 nm and subtracted twice to the
220 nm signal (Azz0 — 2-Az27s) [292].

The nitrite determination was carried out using the Griess colorimetric

sensor method [293]. The sensor was added to 0.5mL of citric acid and 0.5
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mL of working standard solutions of nitrite (up to 1.5 mg-L™?) or water sam-
ples. After 10 min, the absorbance was measured at 540 nm and registered
the spectrum between 400 and 650 nm from a portable optical fiber instru-

ment and a benchtop instrument.

For the ammonium determination, to 500 pL of standard solution or
samples, 10 puL of NaOH 1 M and NaOCI 0.6 % were added in a glass vial.
The mixture was manually stirred during 0.5 min for the monochloramine for-
mation. Then, half disc cut in four pieces of PDMS-SL-NP discs were intro-
duced in the solution and maintained 5 min for the indophenol formation
[294,295]. Finally, the solution was measured with a portable optical fiber

spectrometer at 690 nm, registering its spectrum between 400 and 800 nm.

Regarding the determination of amino acids by molecular fluores-
cence standard solutions of tryptophan (T) (up to 10 mg-L?), tyrosine (TY)
(up to 10 mg-L?), and B-phenylalanine (PA) (up to 75 mg-L™?) or water sam-
ples were analyzed by means of a portable optical fiber probe and a bench-
top fluorometer (see Figure 15). For both, the excitation wavelength was set

at 255 nm and the signal was registered between 200 and 1100 nm.

Finally, the chemiluminescence determination of ammonium and or-
ganic amino nitrogen was carried using a sensor fabricated following the pro-
cedure described by [296]. 350 uL of standard or sample were mixed with 50
uL of 0.25 uM sodium hypochlorite for 1min. Then, the resulting 400 uL were
placed in the measurement tube, which contained the luminol composite.
The chemiluminescence signal was captured at 10 s after the addition of the

indicated volume in the portable luminometer.
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Metallic NPs assessments and transformations

To obtain the LSPR response of MNPs by means of UV-vis spectros-
copy different volumes of sample or standard were mixed with 300 uL of ul-
trapure H,O and 300 pL of MNPs. The Cary 60 UV-vis equipment was used,

and the signal was registered between 300 — 800 nm.

To perform the acid aggregation assay, MNPs dispersions were
added to different volumes of ultrapure H,O and then acidified with adequate
volume of a HAc solution. In the case of citrate and phosphate capped
AUNPs 25 % (v/v) in HAc 10 % (v/v), 250 pL of AuNPs were added to 250 pL
of water, and then 500 pL of HAc was added to the mixture, reaching a final
volume of 1 mL. For citrate capped AgNPs 50 % (v/v) in 0.2 % HAc (v/v) the
volumes of MNPs dispersion, water, and HAc 1 % (v/v) were 500 pL, 300 pL,
and 200 puL respectively, for a total volume of 1 mL. Finally, for citrate capped
AgNPs and AuNPs mixtures each diluted at 25 % (v/v) in HAc 0.7 % (v/v),
the volumes for each MNPs, water, and HAc 1 % (v/v) were 150 uL, 220 uL,

and 80 uL respectively, for a final volume of 600 pL.

As for the CFS AgNPs transformation study, the sulfide determination
was carried out by means of a spectrophotometric assay based on the for-
mation of methylene blue after the reaction of hydrogen sulfide with dimethyl-
p-phenylenediamine and iron (lll) in acidic media (Figure 32) [297]. After
mixing the reagents, the solution was left to stand for 20 min until the stabili-
zation of the blue colour. To avoid the oxidation and volatilization of HS", the
plastic tubes in the collector were previously flushed with Ar® and closed
quickly. The sulfide determination was performed immediately after collect-

ing the sample.
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phenylenediamine

Figure 32. Reaction between the N,N-dimethyl-p-phenylenediamine with hydrogen
sulfide and iron (Ill) chloride to form methylene blue in acidic media.

3.52 DART-MS

For the analysis of the urine samples a DART interface coupled to
MS was used. The ionization gas used during the measurements was grade
5 nitrogen (99.999 % purity) while for standby mode nitrogen from a genera-
tor (99.5 % purity) was used. The gas temperature and the sample speed
were set at 350 °C and 0.5 mm-sec™. The mass spectrum was collected in
the range of 90 — 1000 m/z in positive ionization mode. Before carrying out
the analysis, the system was purged with grade 5 nitrogen for 10 min. Up to
12 samples were analysed at the same time with the QuickStrip sample
holder. A total of 5 uL of methanolic samples extracts were deposited into
the QuickStrip, allowing the solvent to evaporate prior to conducting the as-
say. Each sample was analysed in triplicate.

353 ICP-MS

To investigate the transformation of AgNPs, the following CFS dia-
grammed in Figure 33 was employed. The system comprised two peristaltic
pumps responsible for pushing the water and a Na,S solution at a constant
flow rate. The flow rate ratio between the two solvents was maintained at 1:9
H,O:NazS. These solutions converged at a t-union and proceeded to the re-

actor, where the AgNPs are deposited and packed using various filters (see
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Figure 34). Subsequently, the solution exited the reactor and was collected
in metal-free polypropylene tubes using a fraction collector at specific time
intervals. The collected samples were further acidified by adding 100 uL of
HNO; (2 M) and stored until Ag* ICP-MS analysis. All the tubes and bottles
containing sulfide were previously flushed with Ar® and kept closed as far as
possible. The dissolved oxygen in the solution bottles was monitored by
means of a electrochemical oxygen sensor. After each experiment, the sys-

tem was cleaned with 0.02 M HNO3 for 30 min and H>O for another 30 min.

To avoid the interaction of the Ag* with the filters, a filter pre-treatment
with Cu?* was performed. Different solutions were flushed through the sys-
tem and the filters without the sample: (1) Cu?* 100 mg-L* for 10 min, (2)
Cu?* 1 mg-L? for 10 min, and (3) flushing with water or NaNO3z 1 mM for 10
min. After undergoing pre-treatment, the filters were left to dry by passing air
through the system for 15 min.

The plasma power was set at 1550 W, the plasma gas flow at 15
L-min7, the nebulizer gas flow at 1.08 mL-min, and the auxiliary gas flow at
0.90 mL-mint. The total ion content was quantified against an external cali-
bration curve with a working range from 0.1 — 10 pg-L* prepared in 0.54 %
nitric acid using 1000 mg-L* Ag* stock solutions in 5 % of nitric acid. A 10
ug-L* rhodium solution in 0.54 % nitric acid was used as internal standard,
andwas prepared from a 1000 mg-L* ICP-MS stock solution. All the samples
were analysed in triplicate. To avoid possible carry-over, between samples,

the system was rinsed with 3 % and 6 % of nitric acid.
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Figure 33. Diagram of the continuous flow system. 1. Reagent bottles, 2. peristaltic
pumps, 3. t-union, 4. reactor, and 5. fraction collector.

a. Glass microfiber filter, 1.5 ym
b. Glass microfiber filter, 1.5 ym
c. Cellulose triacetate filter, 10 KDa

d. Cellulose nitrate filter, 0.1 um
e. Glass microfiber filter, 1.5 ym
f. Glass microfiber filter, 1.5 pm

10 mg AgNPs

Figure 34. Filter distribution inside the reactor.
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3.5.4 Chromatographic conditions

The Tables 16, 17, 18, and 19 show the chromatographic conditions
used for the capLC, nanoLC, miniaturized portable LC, and the UHPLC-
QTOF respectively. All the mobile phases were filtered through a 0.22 um
nylon filter and sonicated before use. Note that in the tables the injection
volume is referred as the volume of sample that enters the chromatographic
system (e.g., the sample loop volume) and must not be mistaken with the
processed sample volume which is the sample volume passed through to the
IT-SPME.

For the study of the capabilities of benchtop and portable minLC ap-
plied to the determination of environmental water samples, multicomponent
solutions containing different analytes of interest, including pesticides, drugs,
and other CEC were analysed. The multicomponent solutions were prepared
in ultrapure water from the stock solutions of each analyte. The stock solu-
tions were prepared from pure solid reagents (analytical grade) by dissolving
a precisely known amount in MeOH. The concentration of each analyte in
the multicomponent solution prepared for benchtop capLC and nanoLC and
portable minLC are listed in the Table 20. All the solutions were filtered

through a 0.22 um nylon filter and refrigerated at 4 °C until analysis.
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Table 20. Concentration of the analytes for the different analysed multicomponent
mixtures.

Portable LC CapLC NanolLC? NanoLCP

Analyte (mg-L™) (Mgl (ug-L? (ug-L?)
Potassium Sorbate 9.94 - 123.0 49.2
Theobromine 22.25 20 122.6 515
Acetaminophen 20.80 20 - 52.0
Theophylline 16.80 20 - 48.0
Caffein 12.00 10 120 48.8
Proxyphylline 12.00 10 100 50.0
Tribenuron-methyl 61.51 10 - 51.9
Metribuzin 26.63 20 95.1 47.6
Isoproturon 22.13 10 49.8 49.8
Dimethyl Phthalate 39.70 10 18.6 52.1
Fluometuron 15.56 10 46.7 46.7
Imazalil - - - 51.9
O-phenyl phenol 16.83 20 46.8 52.1
Pyrimethanil 17.20 10 17.9 48.4

a50 mm x 0.075 mm analytical column. ® 150 mm x 0.10 mm analytical column

3.6 Analysed samples

3.6.1 Fruit washing residual water

Residual waters from fruit washing treatments were obtained from
three different places. Samples were collected in clean 250 mL amber glass
bottles and were stored in a refrigerator at 4 °C until its analysis. These wa-
ters can contain biocides such as potassium sorbate, imazalil, or pyrime-

thanil.

3.6.2 Well water and different surface waters

Well waters were obtained from the inlet to the water treatment plant
coming from the “Pozo de la Concepcion” (39.276081, -0.480150) in Alginet

(Valencia, Spain). The samples were collected in clean 20 L HDPE jerrycans
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and properly transported to the laboratory where these were stored in the

dark at room temperature in suitable conditions of humidity.

Also, different surface water sources from the Comunidad Valen-
ciana, Spain, such as transition, river, and lagoon water were collected in
clean 250 mL amber glass bottles and stored in the refrigerator at 4 °C until

its analysis.

3.6.3 Urine samples

For the APAP determination, urine samples were obtained from vol-
unteers after intake of 1 g of acetaminophen. The volunteers did not take
acetaminophen in the previous 48 h. Those were collected at different times
(0O h,2h,4h,5h, and 7 h) after ingestion. Samples were collected in poly-
styrene sterile 120 mL urine containers. The APAP was extracted from sam-
ples carrying out the SPE described in section 3.3.1. Urine extracts were
stored in 2 mL amber chromatographic vials at 4 °C until analysis.

In the case of the spermine analysis, urine was obtained from healthy
volunteers aged from 22 to 30 years old and cancer patients aged from 40
to 70 years old. Before carrying out the plasmonic assays, spermine was
extracted from samples by means of SPE (see section 3.3.1). The extracts

were stored immediately in the refrigerator at 4 °C until analysis.

3.6.4 Noble metal nanoparticles dispersions

For the plasmonic aggregation assays naked AuNPs synthetized in
lab and commercial AgNPs citrate capped and AuNPs with phosphate and
citrate capping were used for the characterization studies. Those were stored

in the refrigerator at 4 °C until its analysis.
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For the CFS, commercial AgNPs (< 100 nm) were used. The collected
fractions from the assay were saved in 15 mL polypropylene metal-free cen-

trifuge tubes and stored at 4 °C until its analysis.
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Chapter 4: Results and discussion

4.1 Environmental samples
411 Benchtop and portable minLC

4.11.1 Optimization of chromatographic conditions

Two miniaturized benchtop LCs (capillary and nano) coupled on-line
to IT-SPME with DAD and a portable minLC with a UV-LED detector were
studied for the analysis of environmental pollutants such as pesticides and
drugs. The chromatographic conditions of all three methodologies were first

optimized in order to obtain the best results for each.

Based on previous works [63,89,298], chromatographic separation
was carried out using mixtures of water and acetonitrile in different propor-
tions as mobile phase and C18 RP analytical columns. Due to the wide range
of polarities of the analytes (logKqw -0.78 - 3.52, see Tables 9 and 10 in sec-
tion 1.4.1 for specific logKew information), segmented gradient elution was
chosen to reduce the separation time and improve resolution. The optimum
results in terms of efficiency, resolution, and analysis time were obtained by
starting with a low elution strength composition (low percentage of ACN) to
retain the more polar compounds. Then, the percentage of ACN was gradu-
ally increased to elute the rest of compounds. Finally, a high percentage of
ACN (95 %) was held for a few minutes (3 min and 0.5 min for benchtop and
portable instrument respectively) to eliminate possible impurities retained in
the column which could negatively affect the following injections and analyt-

ical column lifetime.

The flow rate of the mobile phase was optimized to resolve the max-
imum number of peaks in the shortest possible time and within the pressure
limits of the instrument. The optimized flow rates were 0.5 pL-min? for

nanoLC, 10 pL-min? for capLC, and 1 uL-min for portable minLC. At these
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flow rates, maximum pressures of 14 MPa for benchtop capLC and nanoLC

and 20 MPa for portable minLC were generated.

To carry out the analytical separation, the performance of two
ZORBAX 300SB-C18 packed with 3.5 um patrticles with dimensions 150 mm
x 0.1 mm and and 50 mm x 0.075 mm was studied for nanoLC. For capLC,
the same column with dimensions 150 mm x 0.5 mm was used. Lastly, for
the portable minLC, a C18 column packed with 1.7 um diameter particles

with 100 mm of length and 0.15 mm of i.d. was used.

For the benchtop instruments the IT-SPME step was optimized by
testing capillaries with different extractive phases, lengths, and internal di-
ameters. Also, different injection configurations were tested. As IT-SPME ex-
tractive phases, TRB-35 and TEOS-MTEOS-SIO: capillaries were studied.
The last capillary was selected as it provided better analyte pre-concentra-
tion covering at the same time a wider range of polarities. Regarding the
capillary i.d. and length, these were optimized to minimize its internal volume
while maintaining operability conditions. In this sense, it was selected to work
capillaries with 100 mm length and 0.075 mm i.d. for nanoLC and 150 mm
length and 0.32 mm i.d. for capLC. Finally, different IT-SPME configurations
were tested. For the capLC a single valve (6-way and 2-positions) configura-
tion was used due to its simplicity (see Figure 7 b). In the case of nanoLC,
a second injection valve (6-way and 2-positions) was needed to transfer the
sample to the valve were the IT-SPME capillary was placed (10-ways and 2-
positions) (see Figure 31). The use of a second valve is intended to minimise
the pressures generated by injecting directly into the valve containing the IT-
SPME. The volume of sample processed through the IT-SPME was 100 pL,

beyond this point, no significant pre-concentration was achieved.

For benchtop nanoLC and capLC, the DAD was set scan at a wave-
length range of 190 — 600 nm. The UV-vis spectra of each compound were

obtained by UV-vis spectroscopy in order to select the best measurement
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wavelength. The maximum absorbance wavelength of each compound was
covered by monitoring the chromatographic signal at 220 nm, 250 nm, and
270 nm.

Chromatograms obtained for the several multicomponent solutions
(see Table 20) for portable, and benchtop cap and nanoLCs under the opti-
mized chromatographic conditions, are shown in Figure 35 and Figure 36
respectively. The optimized results of the chromatographic conditions are
listed in Tables 16 — 19 in section 3.5.4. Suitable separation of the analytes
was achieved in 8 min for portable minLC, 15 min for capLC, and 20 min for
nanoLC.

20 + T 100

AN PMA
18 + | ~
A + 80
A
%.'\.-\u.“v W\ _ 1 60
Ell 2 4 6
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(=R U TR T ]
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%]
I
T

4 Time (min)
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% ACN

Time (min)
— 250 nm % ACN

Figure 35. Chromatogram obtained for the multicomponent mixture for the portable
minLC, the asterisk (*) shows the PS peak obtained for the analysis carried out using
ACN and water with 0.1 % of formic acid as mobile phase solvents.
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Figure 36. Chromatograms obtained for the multicomponent mixture with the bench-
top capLC (a) and nanoLC with 50 mm x 0.075 mm column (b) and 150 mm x 0.1
mm column (c). The chromatograms were obtained at three different wavelengths.
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4.1.12 Figures of merit

Figure 35 shows a good chromatographic resolution for the multi-
component solution achieved by the portable minLC, which only works at 255
nm by LED detection. The resolution achieved by the benchtop capLC (see
Figure 36 a) was worse than that obtained by the portable minLC; several
analytes provided overlapped chromatographic peaks. On the other hand, as
Figure 36 b shows, working with the 50 x 0.075 mm column, the benchtop
nanoLC gives lower performance than the obtained with the 150 x 0.1 col-
umn. The time window for the resolution of the assayed mixtures were differ-
ent for the three systems as Figure 35 and Figure 36 shows: 8, 14 and 20
min for portable minLC, benchtop capLC and nanoLC with the longer column,
respectively. As mentioned, capLC exhibit lower resolution for the multicom-
ponent mixture separation compared to the other systems. On the other
hand, both, the portable minLC and benchtop nanoLC demonstrated similar
chromatographic profiles. However, it is worth noting that the portable LC
system provided a higher overall resolution. This fact can be explained
mainly by the particle sizes of the different columns employed (1.7 ym vs.
3.5 um, for portable and nanoLC, respectively), which are limited by the max-
imum pressure that the LC tolerate. Table 21 gives peak widths calculated
from the software of each equipment as a measure of column performance
in gradient elution. Achieved precision of the retention times for all LC sys-
tems and analytes were lower than 1 %. The mean peak widths and their
standard deviations obtained from data given in Table 21 are: 0.07 £ 0.01,
0.14 £ 0.05 and 0.18 = 0.03 min for portable LC and benchtop capLC and
nanoLC respectively. Peak capacity (Pc) is a measure of the separation
power that includes the entire chromatographic space together with the var-
iability of the peak width over the chromatogram. In the case where the peak
width pattern remains relatively consistent, such as in most RP gradient sep-
arations and in this study, P. can be calculated from equation 3, as de-
scribed by U.D. Neue (2008) [299]:
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t
PC=1+EG

®3)

where @ is the average peak width, and t¢is the gradient run time.

Pc can be used as a parameter for evaluating efficiency in gradient

elution. The values calculated for portable LC and benchtop capLC and

nanoLC were: 115, 101 and 112, respectively. The small differences can be

explained by the dimensions of the analytical columns used and the particle

sizes of the stationary phases (see Table 21 ). Note that the separation for

the more polar compounds is achieved at higher water content for nanoLC

than for capLC.

Table 21. Peak widths at 40 (@) obtained for the multicomponent mixtures by the
software of the LC instruments used: portable LC (100 x 0.15 mm, 1.7 um, loop
volume 40 nL), benchtop capLC (150 x 0.5 mm, 5 um, loop volume 16 L), and
benchtop nanoLC (150 x 0.1 mm, 3.5 um, loop volume 440 nL).

Portable LC Benchtop capLC Benchtop nanoLC
Analyte min) @ (min) t(min) & (min) «(min) & (min)
PS 2.35 - 4.60 - 3.10 0.24
TBM 3.32 0.10 7.93 0.11 4.54 0.20
APAP 3.13 0.10 8.11 0.08 4.79 0.20
TPL 3.51 0.08 8.15 - 5.47 0.21
CAF 4.18 0.07 8.57 0.09 9.86 0.20
PPL 4.24 0.07 8.40 0.09 8.91 0.20
TBN-m 4.30 0.08 13.30 - - -
MBZ 6.20 0.06 11.35 0.14 15.32 0.18
DMP 6.25 0.06 11.46 - 15.00 0.12
IPT 6.32 0.06 11.93 0.16 15.87 0.16
FMT 6.39 0.06 11.66 0.14 16.01 0.17
OPP 6.80 0.07 12.84 0.21 14.73 0.14
PMA 6.86 0.07 13.30 0.22 16.40 0.18

The cartridge performance of the portable minLC was evaluated

throughout the number of injections. Figure 37 shows the chromatograms
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for 30 mg-L*? of a) theophylline and b) theobromine as targets at different
number of previous injections (new, 700 and 1000 previous ones). Compared
with the chromatogram obtained from a new cartridge, for both analytes at

700 and 1000 injections the peak profiles were similar.

a) o4 b) 4, -

20 \ N 20 %

Absorbance (mAU)
S >

Absorbance (mAu)
o

[e2]

0 0

1.5 1.9 2.3 2.7 1.0 1.4 1.8 2.2

Time (min) Time (min)

——New cartridge ——700 injections 1000 injections

Figure 37. Chromatograms obtained for (a) theophylline and (b) theobromine at dif-
ferent number of injections.

Different analytical parameters such as linearity in the working range,
precision, sensitivity, and recovery were determined for the portable minLC
and compared with the ones obtained for the benchtop capLC and nanoLC.
Tables 22 — 24 show the results obtained. LODs were calculated as the con-
centration of analyte which gives a signal-to-noise ratio (s/n) equals 3. The
limit of quantification (LOQ) was the concentration at the lower working line-
arity level (s/n = 10). Accuracy obtained from standards is expressed as rel-

ative error (E).

The instrumental detection limits for the portable LC, as indicated in
Table 22, fall within the range of 0.4 — 10 mg-L™?, enabling the determination

of analytes at trace levels (mg-L™) but not ultra-trace (ug-L™). It is important
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to note that no pre-concentration step was performed. As expected, bench-
top cap LC and nanoLC provided lower LODs (around three order of magni-
tude lower), between 0.5 and 5 ug-L™* (see Tables 23 — 24). These tables
also include the LODs achieved at 250 nm to show the loss sensitivity in
function of selected wavelength since the portable LC only includes a single
LED detector at 255 nm. Accuracy values for portable LC and benchtop
capLC and nanoLC provided suitable values for environmental analysis (Er
< |15%]) [300].

Matrix effect was evaluated by spiking with several analytes (TPL,
CAF, FMT, IPT) a well water, which contained the analytes below their LODs.
The recovery values are shown in Tables 22 — 24. As it can be seen, the
obtained values for the three LC techniques are statistically similar. No matrix

effect was observed.
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The increasing need for in-situ analysis carried out in the field makes
portable equipment indispensable. In addition to the weight, size, and battery
requirements, a liquid chromatograph intended for in-field applications must
also provide reliable results in adverse conditions. Therefore, the analytical
performance of portable minLC was evaluated in the field under different
conditions of humidity, wind, and temperature. We selected caffeine as target
analyte for testing the performance. Figure 38 shows the chromatograms
obtained for caffeine in laboratory and in-field conditions. Variation in humid-
ity between measurements (45 — 80 % relative humidity) was not relevant.
However, chromatograms baseline becomes slightly noisier with the de-
crease in temperature. Wind speed did not modify the response. In all cases,
the chromatographic profile was maintained.

14 4 ——Lab. Conditions
(22 °C)
12 +
Field conditions
=) 10 4 (19 °C and wind)
<
E
Q 8 - —Field conditions
e (6°C)
3
g 61
72}
Qo
<
4 -
2 4
0 t t :
35 4.0 45 5.0
Time (min)

Figure 38. Chromatograms obtained for caffeine at laboratory conditions (a) 22 °C
and 45% humidity, field conditions (b) 14 °C, 68% humidity and 25 km-h-! wind (c)
field conditions 7 °C, 73% humidity and 15 km/h wind.
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4113 Determination of biocides in wastewaters

Three residual waters from fruit washing treatment of three different
places were analysed. The waters can contain biocides like potassium sorb-
ate, imazalil or pyrimethanil. Figures 39 — 41 show the obtained chromato-
grams, which were very clean in the interest time window. No matrix effect
was observed (see Tables 22 — 24). The sample 1 contained PS and IMZ,
at levels of concentration given in Table 25. Due to the portable minLC re-
stricted measuring wavelength of 255 nm, the quantification of IMZ was not
feasible, thereby allowing only the quantification of PMA in samples 2 and 3
(Figures 40 and 41, respectively). Similar results were obtained from the
three LC systems for PMA as it can be shown in Table 25, although the
sample dilutions carried out for sample processing were very different. IMZ
can be quantified from the benchtop instruments providing similar results.
Figure 42 shows the normalized UV spectra of the chromatographic peaks
in samples corresponding to the analytes of interest in comparison to the

standard.

Table 25. Pesticide concentrations found in samples (mean * IR 95%).

Found concentration (mg-L™?)
Instrument  Sample  potassium

sorbate Imazalil Pyrimethanil

M1 1800 + 140 n.d. n.d.
Portable M2 nd. nd. 32+0.3
minLC

M3 n.d. n.d. 110 + 20

M1 1800 + 120 180 + 30 n.d.
Benchtop ), nd. 480 + 60 33%0.2
capLC

M3 n.d. 450 + 20 120 + 10

M1 1750 + 20 150 + 30 n.d.
Benchtop M2 nd. 480 + 20 36+0.14
nanoLC

M3 n.d. 450 + 20 130 + 20
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Figure 39. Chromatograms obtained for “sample 1” using the portable LC (a), bench-
top capLC (b) and benchtop nanoLC (150 mm x 0.1 mm, 35 um column) (c).
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Figure 40. Chromatograms obtained for “sample 2” using the portable LC (a), bench-
top capLC (b) and benchtop nanoLC (150 mm x 0.1 mm, 35 um column) (c).
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Figure 41. Chromatograms obtained for “sample 3” using the portable LC (a), bench-
top capLC (b) and benchtop nanoLC (150 mm x 0.1 mm, 35 um column) (c).
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Figure 42. Normalized UV spectra for observed peaks in samples analysed by
means of the benchtop nanoLC (see Figures 38, 39, and 40). The spectra corre-
spond to a) potassium sorbate (t = 3.3 min) found in sample 1, b) pyrimethanil (t; =
17.4 min) found in sample 2, and c) imazalil (tr = 22.9 min) found in sample 2.

4.1.1.4 Evaluation tools for benchtop and portable miniaturized
liquid chromatography

To evaluate capacities of the Axcend Focus LC, the BETTER assess-
ments defined by Rahimi et al. [301] were used. BETTER grade levels (each
ranging from 1 to 5) are selected both to represent the current range of de-
velopments, and community goals. To date, portable LC systems meet some
of the grade 2 and 3 criteria [46,133]. The grade 4 and 5 criteria are deemed
a challenge to be met by next generation devices; indeed, no instrument re-
ported to date reaches Grade 5 in any category. Various non-chromato-
graphic and chromatographic characteristics (system cost, cost/test, weight,
and performance) and other requirements for in-field analysis (portability, ro-

bustness, sample introduction) are considered.

The system cost of the Axcend Focus LC is in the average in relation
to other portable chromatographic systems [301]. However, due to the low
solvent consumption (approximately 16 pL per chromatographic run) the
cost/test is notably low. If it is only considered the solvent usage, the cost per
test is approximately 0.0005 €. Assuming an average price of electricity of
0.15 Kw-h the Axcend Focus LC will cost 0.02 €-h* which is less than 0.01
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€-run. Because of the low solvent usage and injection volume, waste pro-
duction is minimal (50 uL per run). The system weight is 8 kg without the
cartridge, which is slightly higher than the maximum weight to consider an
instrument as portable (7 kg) [302], nevertheless, it can be easily hand-trans-
ported. Regarding to the operation time, the system can work away from
main power for an average of 12 h, which is similar to the battery duration of
the latest portable chromatographs (see Table 5). The chromatograph au-
tonomy is enough to last a full working day. The equipment shown suitable
robustness at the climate conditions tested.

Chromatographic performance is classified in accordance with the
operation pressure. The portable minLC was able to operate at 410 bar,
which aligns with the values reported in the majority of portable LC systems
described in the literature [46]. The sample introduction consists of a closed
injection system, restricting any possible modification by the operator. In gen-
eral, the sample introduction is a simple procedure that does not require a
highly specialized operators. Pretreatment should be included if the sample
clean-up and/or preconcentration steps are needed. Figure 43 sum up the
different BETTER assessments in a table and a radar chart in accordance
with [46]. BETTER grade levels (ranging from 1 to 5) describe the advance-
ment of a given characteristic. Further grade classification can be found in
[132].

BETTER grade

Criteria 1 2 3 4 5

System cost
System cost . 5
4

Cost per test Weight i Performance

Weight
Portability
Operation time

Portability Robustness

Robustness

Performance Operation time

Sample injection

Waste production
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Figure 43. Table and radar chart with the different assessments of BETTER criteria
(higher grades means better results).

The HEXAGON tool was employed for evaluating and guantifying the
associated features of an analytical methodology, in reference to its figures
of merit, greenness and sustainability. The tool metrics are defined in [12].
Lower penalization score corresponds to a better adaptation to provide reli-
able results for the different method aspects [12,122]. An overall penalization
ranking from O to 4 scale is indicated in a hexagon pictogram where variables
such as figures of merit, health and safety, environmental impact, sustaina-
bility, and cost-benefit relation are shown. Eventually, the arithmetic mean
(Sav) of the 0—4 scale is computed in order to compare different analytical
methods [122].

Firstly, the penalty points (PPs) of the figures of merit 1 were as-
signed. It is considered that the proposed methodology has successfully re-
solved the quantification of biocides at mg-L™* levels in washing waters. Wa-
ter sample processing involved filtering (0.45 um pore size nylon filter) and
dilution with distilled water for all the analytical techniques studied, thus, sim-
ilar penalization score was obtained for the sample treatment evaluation
within figures of merit 1, as represented in Figure 44. Regarding calibration,
portable minLC exhibited higher penalization scores because of the higher

limits of detection reached with respect to the other lab techniques.

Toxicity and safety evaluation were performed by collecting reagents
pictograms assigning them its corresponding penalty points [12]. Generally,
acetonitrile and methanol were employed as organic solvents, both implying
health severe toxicity and flammable physical hazard. The amount of waste
generated was also considered and penalized within the residue variable of
the HEXAGON tool. Solvent amount used and residue production were neg-
ligible for portable minLC in reference to benchtop LCs. This fact influences

PPs for toxicity and safety estimations and residues as it is shown in Figure
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44. The environmental impact was also quantified by the so-called carbon
footprint and expressed by kilograms of CO- equivalent. In this regard, elec-
tricity consumption is the main factor to be considered. The portable minLC
showed the best adaptation to reduce environmental impact (Figure 44). Fi-
nally, the cost-effectiveness of the analytical methodologies was analysed
according to the instrumentation needed, electricity consumption, salary of
qualified personnel and reagents and materials costs. The obtained results
demonstrated that the portable minLC was the most economical option (as
depicted in Figure 44) due to its cheaper instrumentation and the lower elec-
trical consumption, the reagent usage, and analysis time.

Final overall qualification in a 0—4 scale is indicated in the hexagon
pictogram illustrated in Figure 45. The arithmetic mean is also calculated,
which allows to rank the analytical methods according to greenness and sus-
tainability aspects. In this regard, the portable minLC (Sav = 1.0) has demon-
strated to be superior to the capLC and nanoLC (Sav = 1.57) for solving the

planned problem.
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Figure 45. Hexagon tool for capLC nanoLC (left) and Portable minLC (right).

4115 Conclusions

In this study it has been evaluated the figures of merit of a commercial
portable minLC-LED-UV in comparison with a capLC-DAD and nanoLC-DAD
coupled to IT-SPME for the analysis of different substances of analytical in-
terest. The portable minLC achieved suitable separation with good chroma-
tographic resolution and a short analysis time. Also, the system maintained
the chromatographic profile in different in-field conditions. One of the flaws
of the portable minLC was its limited sensibility, with LODs in the order of low
mg-L. Nevertheless, these LODs were enough for its application in the de-
termination biocides in fruit washing residual waters, obtaining adequate
guantification with similar results to those obtained by the benchtop systems.
Finally, two evaluation tools, the BETTER criteria and HEXAGON were used
to objectively compare its portability and method characteristics. Regarding
the BETTER criteria, the results were comparable to those achieved by other
recently developed portable LCs. The HEXAGON tool was used to compare
the benchtop and portable LC, obtaining favourable results for the latter in
terms of waste generated, carbon footprint, safety and toxicity, and economic

cost.
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412 Determination of legislated nitrogen compounds by porta-
ble instruments in different water sources

4121 Determination of nitrate, nitrite, and ammonium

Figures of merit for the determination of nitrates based on its native
absorbance (at 220 nm) were evaluated for the different instruments (see
Table 26). Lower slope of the calibration graph was obtained by using the in-
place analyzer. This is in accordance with its specifications which indicates
a concentration range of measurement up to 100 mg-L. The inter and intra-
day precision achieved were similar in all cases with RSDs below 3 %. Fig-
ure 46 compares the absorbance spectrum of a nitrate calibration measured
on the benchtop spectrophotometer, the portable optical fiber spectropho-
tometer, and the analyzer.

Table 26. Figures of merit of the studied instruments (benchtop spectrophotometer,
portable optical fiber probe, and nitrate analyzer) including the regression line equa-
tion (y = a + b-x), regression coefficient, LOD, and LOQ for the analysis of different
analytes.

b +sb 2 LOD LOQ
Analyte  Instrument (L-mg-1) atsa R (mg-L-1)  (mg-L-1)
0.0563 + 0.010
Benchtop 0.0016 0.014 0.998 0.5 15
. 0.0542 + 0.012 £
NOs Probe 0.0017 0.014 0.998 0.5 1.5
0.0154 + 0.010 £
Analyzer 0.0009 0.014 0.998 3.0 9.0
00.661 + 0.010 £
Benchtop 0.017 0.014 0.9998 0.01 0.03
NOZ 0.654 + 0.012 £
Probe 0:017 - 0:014 - 0.9998 0.01 0.03
. 0.717 £ 0.003 £
NH4 Probe 0.017 0.015 0.9983 0.01 0.03
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Figure 46. UV spectra of nitrate standard solutions in a) analyzer, b) benchtop spec-
trophotometer, and c) portable optical fiber spectrophotometer

The influence of turbidity and presence of humic acids were studied
due to their possible contribution to the nitrate response. Different stock so-
lutions of nitrate 15 mg-L* with 5, 10, 20, 30 and 40 UNT of turbidity or 2, 4,
6, 8 and 10 mg/L of humic acids were measured. Turbidity values below 10
UNT may be considered negligible when analyzing nitrate concentration at
220 nm, and even up to 20 UNT. By using the analyzer, turbidity < 40 UNT
can be tolerated. Humic acid concentration could affect markedly accuracy
in the estimation of nitrate for concentrations over 2 mg-L* even when utiliz-
ing the Axz0-2-Azrs correction [292] (see Figure 47).
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Figure 47. Impact of different levels of turbidity (left) and humic acids (right) on the
absorbance measurement (A220-2-Az270) of a 15 mg-L! nitrate solution.

Concerning the determination of nitrite, the Griess reaction was used.
Besides to the conventional laboratory spectrophotometer, the portable opti-
cal fiber probe was employed. The calibration parameters are given in Table
26. Similar sensitivity was obtained for both instruments with LODs of 0.01
mg-L1. The inter and intra-day precision was higher for the portable optical

fiber but in all cases the values were maintained below the 7 %.

Ammonium was determined by colorimetry using the Berteloth’s re-
action registering the spectra by means of the portable optical fiber probe.
The calibration curve is shown in Table 26. Good sensitivity was obtained,
with a LOD of 0.01 mg-L* which is in accordance with the legislated values
given in Table 11. The RSD values for the intra-day precision were 1.5 %
and 0.7 % for the portable optical fiber and the conventional lab spectropho-
tometer.

Environmental water samples from various sources within the Valen-
cia Community, an agricultural region where high NOs  concentrations can
be expected, were subjected to analysis (see Table 27). To assess the po-
tential matrix effect, the samples were fortified with known analyte concen-
trations. It was observed that all tested methodologies exhibited recoveries

close to 100%, indicating the absence of any significant matrix effect. All the

129



Chapter 4: Results and discussion

concentrations found are in accordance with the regulatory limits specified in
previous sections.

The analyzer was used as well in a real drinking water osmosis treat-
ment plant during a period of seven days in a continuous mode registering
the NO3~ concentration each 30 min. As can be seen in the Figure 48 a,
small variations associated to the different NO3~ content in the water were
observed. In addition, this equipment was utilized to monitor the removal of
NOs~ from well water in the treatment plant. The amount of NO3™ that was left
in water was estimated in place by using the analyzer. Also, discrete samples
were collected and analyzed using the optical fiber probe The comparative
results are shown in Figure 48 b. As can be observed, similar results were
obtained, keeping in mind that the optical fiber probe works within a linear
range of up to 50 mg-L?, while the analyzer is calibrated up to 100 mg-L?,

as indicated in the experimental section.

a) b)

'?_T 70 T, 80 T

) o .
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Figure 48. a) Estimated NOs- concentration over time obtained by means of the NOs-
analyzer in a treatment plant of drinking water in continuous mode. b) Estimated
NOs concentrations found in treated water to remove NOs- by means of the analyzer
in continuous mode and the optical fiber probe in collected samples.
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Table 27. Found nitrate concentrations in different well waters sources with the ni-
trate analyzer and the benchtop spectrophotometer M1: Sea water; M2: Well water;
M3: Transition water; M4:; Fountain water; M5: Well water (2); M6: Lagoon water.

NHs"and ~ NO>and NOs and NOs as N NH4* + DON / DON
NHs"as N NOz as N (mg-L) as N (mg-LY)
(mg-L?Y)  (mg-LY) g g
Sample
Benchtop Portable
Probe Probe Analyzer  spectropho- umi
uminometer
tometer
+
L clop  0035%001 15.8 f 01 ;55'5;001'5 0.16 + 0.03
0.010+0.003 326% 2 x0. 0.16
0.02
2901
29+0.1
M2 - - 0.66 + -
oo 0.66 +0.02
028+
- 0.02 Lob ?Z;‘ f 01 387:+05  0.7+0.003
022+ loat 8701 05
0.01 :
012+
a 0.02 0.10 +0.01 21'3 f 01 4198+03 016+004
009+ 003020003 *87%  447:007 007
0.02
0.01
458 +0.1
427+01
M5 <LOD  <LOD 1034 (oo -
0.02
25+0.1 306201 4517401 343020
M6 LOD 6.90 +
1.9+0.1 00 7154002 15

4.1.2.2 Determination of dissolved organic nitrogen

The determination of nitrogen organic compounds such as amino ac-

ids, more precisely tryptophan like fluorescent can be used to indicate the

size and activity of a microbial community [303] and it can be correlated with

the bioavailable organic material present [304,305]. Other amino acids like

tyrosine and B-phenylalanine as aromatic compounds also present fluores-

cence. Figure 49 shows the excitation vs emission wavelengths for the three

amino acids obtained by the lab instrument, the emission wavelengths were:

355, 300 and 280 nm for T, TY, and PA, respectively. Signals were followed

by using the fluorescent optical probe and by the lab spectrofluorometer. For
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the optical probes, parameters like the deep of the probe in the solution, the
type of container of the solution, the solution agitation and the size of the

container were studied.

199.37
18331
167.24
15197

‘E‘ 135.10
1 119.03
B 102.97
-§ 86.90
$ 7083
B 5476

T

262

6.56

- 951

250,00 300,00 350,00 400,00 450,00 500.00 55000 600.00
b) Wavelength (nm)

§56.35
$13.01
469.66
42601
382.96
339.62
206.27
25292
209.58
. 166.23
12288
7953

36.19

7.16

Wavelength (nm)

250,00 300.00 350,00 400.00 450.00 500.00 $50.00 600.00
C) Wavelength (nm)

Wavelength (nm)

250.00 300.00 350.00 400.00 450.00 500.00 $50.00 600.00
Wavelength (nm)

Figure 49.Excitation vs. emission wavelengths obtained by the benchtop fluores-
cence instrument for: a) tryptophan 1 mg-L?, b) tyrosine 10 mg-L, and c) B-phenyl-
alanine 10 mg-L1.
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When bottles of 100 mL were employed, similar results were
achieved between placing the probe on the top or at 8 cm from the bottom.
The containers were topaz colour. No influence of the size of the container
(up to 5 mL) was observed. Better results were obtained with low or not agi-
tation of the sample. Fluorescent signal was unaffected by the turbidity for
values below 10 UNT. To evaluate the interference of organic matter, humic
acid was used, and no modification of the amino acid signal was observed
since the emission occurs between 425 and 460 nm. Table 28 shows the
figures of merit of the different used instruments. Although similar detection
limits can be reached by both instruments the S/N ratio provided by the optic
fiber probe was lower than that provided by conventional spectrofluorometer
(4.6 and 14.6 respectively). Similar LOQs were obtained by using portable
instrumentation than those provided by the benchtop instrument.

Table 28. Figures of merit of the studied benchtop fluorometer and the portable op-

tical fiber probe, including the regression line equation (y = a + b-x), regression co-
efficient, LOD, and LOQ for the analysis of different amino acids.

b +sb , LOD LOQ

Instrument Aa (L-mg) atsa R (mg-LY)  (mg-LY

T 97 + 2 3+5 0998 0.3 0.9
Benchtop TY 9243  2+3 0997 04 1
fluorimeter

PA  13+1 3+5 0995 3 9

T ég” ' 245 0998 04 1
Portable opti-
cal fiber Ty 1260+ 5.3 0095 04 1
probe 70

PA 125+5 -1+4 0995 3 9

Portable instrumentation has also been used to register the chemilu-
minescence signal emitted by luminol in presence of HCIO and amine nitro-
gen or ammonia. It is an indirect determination of organic nitrogen com-
pounds plus ammonia. Compared to conventional laboratory instrument, the

calibration sensitivity obtained by the portable luminometer was higher, and
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lower LODs can be reached (see Table 28). This is a sustainable and green
alternative that can substitute the Kjeldahl method for a variety of samples
[306]. This method can be designed for an in-situ methodology, through em-
bedding of luminol in a TEOS-MTEQOS sol gel in a measurement tub [296].
Delivering of luminol is around 90 %. The lectures were performed at 10 s.
The slope values obtained for ammonium and organic amino groups were
statistically similar expressed as uM™ of N: (5.5 + 0.5)-10%, the LOD was 0.8
MM, and the RSD was below 5 %. The quantification results for the portable
luminometer for the NH4* + DON and DON as total N is shown in Table 27.
In the analyzed samples, none of the studied amino acids were found; there-
fore, not contributing to the DON.

4.1.23 Determination of phenylurea pesticides by portable min-
iaturized liquid chromatography

Two phenylurea pesticides, diuron and isoproturon, which can con-
tribute to DON, were determined and quantified in different water samples,
including river water, lagoon water, well water, and transitional water, using
the portable LC and performing a previous preconcentration step based on

SPE with a C18 cartridge (for more information see section 3.3.1).

For the optimisation of the SPE step different volumes of sample and
elution solvent were passed through the cartridge. For the loading step, 25
mL of sample was selected for achieving a suitable preconcentration factor.
For the elution step, various volumes of MeOH down to 100 pL were tested.
Finally, The elution of the analytes was done using 3 individual portions of
100, 50, and 50 uL of MeOH, which were separately filtered and analysed by
portable minLC. Figure 50 shows the chromatograms obtained for the three

separate fractions obtained from the optimized SPE for a 20 pg-L* mixture
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of isoproturon and diuron. As can be seen, the second fraction had the high-
est analyte concentration, and therefore, it was selected for the analysis of
the samples. For this fraction, the recovery obtained was (60 * 4) %.
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Figure 50. Chromatograms obtained for the different elution fractions for a spiked
water sample with 10 ug-L* of IPT and 10 pg-L* of DRN.

The LODs for diuron and isoproturon were 0.25 pg-L* and 0.5 pg-L™*
respectively, both below the legal concentration limits. The pesticides were
not detected in any sample, hence, not having any contribution in the DON.
As an example, Figure 51 a shows the chromatogram obtained using the
portable minLC for a fortified well water sample containing concentrations
corresponding to the LODs of both pesticides. Finally, the results obtained
were confirmed using UHPLC-QTOF and IT-SPME-nanoLC-DAD (Figures
51 b and c respectively)
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Figure 51. a) Chromatogram obtained for a well sample with and without fortification
of DRN and IPT at 0.25 and 0.5 ug-L* by portable minLC. b) TIC and EIC at m/z:
233.0247 and 208.1494 for a well water sample with and without DRN and IPT forti-
fication. (250 pug-L™* for each analyte) by UHPLC-MS. ¢) Chromatograms obtained at
250 nm for a well water sample with and without DRN and IPT fortification (50 ug-L-
1 of each analyte) by IT-SPME coupled on-line with nanoLC-DAD.
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4124 Conclusions

Traditionally, the determination of the different forms of dissolved ni-
trogen are carried out in laboratory with benchtop instrumentation; however,
current demands require to develop new analysis strategies that allow in-situ
analysis in real-time. In this work, the capabilities of an analyzer for the de-
termination of nitrate based in its native absorbance were evaluated in com-
parison with a conventional laboratory spectrophotometer and a portable op-
tical fiber portable spectrophotometer. Also, other N forms, including nitrites,
ammonium, and amino acids were determined by the portable optical fiber
probe and the benchtop spectrophotometer. Finally, a portable minLC was

used for the determination of two legislated phenylurea pesticides.

The nitrate analyzer provided good sensibility and reproducibility,
comparable to the obtained by the benchtop and portable spectrophotome-
ter. Minimal influence of turbidity and humic acid was observed in the tested
conditions. The quantification of real water environmental samples was suit-
able with similar results to those obtained by the benchtop spectrophotome-
ter. Finally, it was demonstrated that the monitoring of nitrates in a water
treatment plant was feasible, validating the results with the obtained by the
portable optical fiber spectrophotometer.

On the other hand, the portable minLC was used for the determination
of two regulated phenylurea pesticides, DRN and IPS, in various water
sources. A minimal sample pre-treatment based on a C18 cartridge SPE was
used. The results obtained were validated by means of IT-SPME-nanoLC-
DAD and UHPLC-QTOF. The portable minLC demonstrated to be able to
achieve the LODs required by the legislation being an adequate option for

monitoring of priority nitrogen environmental pollutants.
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4.2 Biological samples

421 Determination of acetaminophen in urine

Acetaminophen is a widely used over the counter medication to treat
fever and mild pain. However, its easy access and lack of knowledge of its
toxicological information has caused to be one of the main causes of liver
injuries. The rapid diagnosis of overdose is key to avoid more severe conse-
quences, therefore, new analytical strategies for its determination need to be

developed.

In this work, IT-SPME-nanoLC-DAD was presented as a cost-effec-
tive, rapid, and sensitive technique for the analysis of APAP in urine samples.
The results were compared to those provided by UHPLC-QTOF and DART-
QTOF. To compare the methodologies considering greenness and sustain-
ability, the HEXAGON tool was employed.

4.2.1.1 Optimization of chromatographic conditions and figures
of merit of IT-SPME-nanolLC-DAD

A mobile phase consisting of ACN and water mixtures was used in
isocratic mode. As analytical column, a RP ZORBAX 300SB-C18 (0.1 mm x
150 mm, 3.5 um) was used. Due to the high polarity of APAP (logKow = 0.46),
a low proportion of ACN was required to ensure its retention in the analytical
column. At the end of the chromatographic run, the percentage of ACN was
increased to remove potential contaminants from the urine that could be re-
trained in the column. Lowering the initial percentage of ACN increased the
retention, but also increased the time needed for the column to return to its
initial state (re-equilibration time). As Figure 52 shows, good results were
obtained with H.O:ACN compositions of 95:5 without prolonging the re-equi-

libration time in the analytical column. The flow rate of the mobile phase was
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set to 0.5 puL-min™ to obtain the fastest separation within the maximum pres-

sure limits.
140 T
—93:7

120 Water;ACN
. ——09555
2 100 Water:ACN
= — oa
S &0 98:2
o] Water:ACN
c
8 60+
o
wn
S 40 +

0 : : .

2 4 6
Time (min)

o]

Figure 52. Chromatograms corresponding to a 200 ug-L* APAP standard solution
with different initial mobile phase compositions and a re-equilibration time of 10 min.

Since the percentage of ACN was raised to 70 % for clean-up, there
must be a period after each analysis to ensure that the initial composition of
the mobile phase is flowing through the analytical column. The delay time
(the time needed for the mobile phase to reach the head column from the
mixing valve) affects directly to the re-equilibration time, as well as the nature
of stationary phase, the column dimensions, and the initial and final compo-
sition of the mobile phase. The effect of re-equilibration time on the chroma-
tographic profile was studied and optimized to obtain a suitable separation in
a lesser analysis time. As can be seen in the Figure 53, an increase in the
re-equilibration time also increases the retention of APAP getting, therefore,
a better separation. A re-equilibration time of 10 min was selected since it
provides a suitable separation of the analyte from the solvent front with ac-
ceptable retention time variation (RSD < 1 %) (Figure 53) in a short time.
The total chromatographic analysis time, including the re-equilibration time

was 18 min.
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Figure 53. Effect of re-equilibration time on the chromatographic profile for a 0 h

urine sample fortified with 234 ug-L* of APAP (left). Comparison of the retention time

for successive injections of 32 ug-L* of APAP working at 10 min of re-equilibration
time (right). APAP peak is marked with an asterisk (*) in the figure.

For the IT-SPME, a 10 cm segment of fused silica capillary with 0.075
mm of i.d. and filled with TEOS-METOS-SiO, NPs was used in a two-valve
configuration (see Figure 31). The volume of sample processed through the
IT-SPME was 100 uL. The IT-SPME capillary was cleaned after each analy-

sis with ACN to avoid contaminations from run to run.

To study the potential matrix effect (ME) in samples, external and
standard addition calibration were carried out. The parameters of the calibra-
tion curves are shown in Table 29. The ME was calculated comparing the
slopes of the calibration curves in solvent and in each sample [307], as ex-
pressed in equation 5 :

%ME = Slopematrix , 100 (5)

Slopesolvent

No significant matrix effect was observed for the different urine sam-
ples (ME ranging from 83 % - 96 %), so no standard addition calibration was
needed. The LOD was obtained by visual evaluation injecting decreasing

concentration of solutions of APAP using the 0 h urine as matrix till the peak
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signal was approximately 3 times the signal of the baseline. The obtained
LOD was 0.45 ug-L? (Figure 54).
Table 29. Standard addition calibration curve parameters (slope (b) and its standard

deviation (sb), y-intercept (a) and its standard deviation (sa) and coefficient of deter-
mination (R?)) for the APAP determination by means of the IT-SPME-nanoLC-DAD.

The working range is comprised between 15 to 100 ug-L! (n = 5).

Sample b (L-mg?) Sp(L-mg™) a Sa R?
Water 2.57 0.06 -10 3 0.998
0 h urine 2.10 0.04 3 2 0.9990
2 h urine 211 0.07 53 4 0.997
5 h urine 2.47 0.04 48 2 0.9991
6 h urine 2.18 0.06 19 2 0.9990
7 h urine 2.23 0.10 12 5 0.997
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Figure 54. Chromatogram obtained for 0.47 pug-L* of APAP in 0 h urine sample.

4.2.1.2 Optimization of chromatographic conditions and figures
of merit of UHPLC-ESI-QTOF
Regarding the UHPLC-ESI-QTOF, mixtures of H20O:ACN both con-
taining 0.1 % of formic acid were used as the mobile phase. The initial mobile
phase composition was 95:5 H,O:ACN and was gradually increased up to

95% of ACN to clean the system. For detection, positive ionization mode was
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selected. Different capillary voltages were tested from 1000 to 3500 v, ob-

taining the highest sensitivity for 3500 v.

The calibration curve parameters for the UHPLC-ESI-QTOF are
shown in the Table 30. As can be seen, there was no significant matrix effect
(from 87 to 109 % for 2 h and 7 h urine samples) and hence the quantification
can be done by external calibration. The LOD was obtained by visual evalu-
ation in the same way that for the IT-SPME-nanoLC-DAD. The LOD for this
method was 1.1 pg-L™.

Table 30. Standard addition calibration curve parameters (slope (b) and its standard
deviation (sb), y-intercept (a) and its standard deviation (sa) and coefficient of deter-

mination (R?)) for the APAP determination by means of the UHPLC-ESI-QTOF. The
working range is comprised between 8 to 64 pg-L'! (n = 6).

Sample b (L-mg?) sp(L-mg?) a Sa R?

Water 4.21-10° 0.09-10° 0.017-10° 0.04-10° 0.999

0 hurine 4.06-10° 0.16-10° 0.00-10° 0.05-10° 0.995

2 hurine 3.9-10° 0.3-103 1.89-10° 0.09-10° 0.990

5hurine 3.67-10° 0.18-10° 1.95-10° 0.06-10° 0.993

6 hurine 4.12-10° 0.12-103 0.12-10° 0.04-10° 0.998

7 hurine 4.57-10° 0.10-10°3 0.182-10° 0.018-10° 0.993

4.2.1.3 Optimization of method conditions and figures of merit of
DART-QTOF

The DART-QTOF method conditions were also optimized. Different
gas temperatures were tested from 150 to 450 °C, obtaining best ionization
of APAP at 350 °C. Different sampling velocities from 0.2 to 0.5 mm-min*
were studied obtaining suitable results with minimum analysis time for 0.5

mm-mint,

The Figure 55 shows the extracted ion chromatogram for APAP
(152.0693 m/z) for the urine just before APAP dosage and after 2, 6 and 7

hours with and without APAP fortification. Despite the concentration of APAP
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added is the same, it can be seen how the urine sample exhibits different
influence on the analyte signal since the increment in the areas for 6 and 7
hours are higher than the ones for 0 and 2 hours, thus matrix effect must be
considered for quantifying. Table 31 shows the analytical parameters of the
standard addition calibration. LODs were calculated as 3-syx-b™ showing sim-

ilar values for all samples with a mean value of 2.8 mg-L™.
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Figure 55. Extracted ion chromatogram (152.0693 m/z) for urine samples just before
(0 h) and 2, 6 and 7 hours after APAP intake with (f) and without 18-mg-L* APAP
fortification.

Table 31. Standard addition calibration curve parameters (slope (b) and its standard
deviation (s»), y-intercept (a) and its standard deviation (sa) and coefficient of deter-
mination (R?)) for the APAP determination by means of the DART-QTOF. The work-
ing range is comprised between 10 to 35 mg-L1 (n = 5).

Sample b (L-mg?) sp(L-mg?) a Sa R?

Ohurine 3.6-104 0.08-104 -14-104 16-104 0.990

2hurine 2.1-104 0.13-104 5.6-105 3-104 0.992

5hurine 3.96 - 104 0.19-104 7.8-105 0.3-104 0.990

6 hurine 8.37 - 104 0.10-104 13-104 13-104 0.9998

7 hurine 8.74.-104 0.15-104 8- 104 3-104 0.998
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4.2.14 Analysis of urine samples

Prior to the analysis of the urine samples, a SPE to eliminate possible
interferences was carried out (see section 3.3.1). The recovery of the SPE
was calculated by adding a known concentration of APAP to the O h urine
before the extraction and then obtaining the concentration in the methanolic
solution by interpolation in the regression curve. The recovery obtained was
71 £ 4 % which is an acceptable value for this kind of extraction. It was veri-

fied that there was not major analyte loss during the washing step.

The five samples of urine at different times (0, 2, 5, 6, and 7 h) were
analysed by IT-SPME-nanoLC-DAD and APAP was detected in all of them
but the 0 hours (just before administration of APAP) like it was expected
(Figure 56). Acetaminophen glucoronide (APAP-glu), the major APAP me-
tabolite, was also found in samples, however, due to its high polarity, it is not
enough retained in the column coeluting with the solvent peak and, hence,
making quantification not possible. It is noteworthy that the retention of
APAP-glu could be increase working with higher re-equilibration times, al-

lowing thus its quantification.
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Figure 56. Urine sample chromatograms for 0, 2, 5, 6 and 7 h after 1 g of APAP
intake. The normalized UV spectra for APAP chromatographic peak in sample and
standard is shown.
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The results obtained by the IT-SPME-nanoLC-DAD were compared
to those obtained by UHPLC-ESI-QTOF and DART-QTOF to validate the
methodology. Both techniques were able to determine APAP in the urine
samples, however, only the UHPLC-ESI-QTOF was able to detect APAP-glu
(m/z: 328.1028). As an example of chromatogram, Figure 57 shows the re-
sults for urine 2 h after the intake of APAP. The DART registers for the anal-
ysis of the urine samples are shown in Figure 58.
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Figure 57. TIC for 2 h urine sample and its EIC compared to blank and APAP spiked
sample at m/z: 152.0693.

The Table 32 shows the quantification results for the urine samples
by the proposed methodologies. As expected, for the urine at 0 h, APAP was
not detected. After the first 2 hours maximum concentration was obtained,
decreasing slightly for 5 h. For the 6 and 7 h almost no APAP was found in
samples. The observed trend of excreted APAP was similar for all three
methods (see Figure 59), only having a slightly concentration variation for
the 5 h urine sample. These results are in line with those found in the litera-
ture, where for healthy subjects most of the APAP is excreted in the first 9
hours [308]. It should be noted that most of the APAP is metabolized by he-
patic route and excreted in the urine as APAP-glucuronide (50 %) and APAP-
sulfate (30 %) [309], while free APAP is minority [310].
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Figure 58. DART records for standar additions of 0 (P0), 9 (P1), 18 (P2), 26 (P3)
and 32 (P4) mg-L* of APAP on 0 h (a),2 h(b), 5h (c), 6 h(d) and 7 h (e) urine
samples. Each solution is measured twice.

Table 32. Quantification results of urine samples using the IT-SPME-nLC-DAD,
UHPLC-ESI-MS, and DART-MS (n = 3).

Hours IT-SPME-nLC-DAD UHPLC-ESI-QTOF DART-QTOF
after RSD

Oh <LOD - <LOD - <LOD -
2h 217 4.2 190 5.2 205 13.1
5h 196 2.8 200 5.4 180 7.2
6h 16.09 0.90 111 4.3 8.7 2.1
7h 16.51 0.34 15.4 5.4 7.2 4.0
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To the date, there is no study that indicates an approximate concen-
tration of APAP in urine from which it can be considered overdose. It should
be noted that the concentration of APAP in urine is approximately 10 times
the concentration in serum [311], and taking in to account the Rumack-Mat-
thew nomogram [312], it can be approximated that the range of concentration
for a possible case of hepatoxicity in urine is between 2000 to 50 mg-L*in
the O h to 24 h respectively. However, this cannot be directly extrapolated to
overdose cases where the normal metabolism of APAP is altered, and hence
it is hard to state an absolute value above which can indicate a case of over-
dose. Despite that, urinary APAP determination by IT-SPME-nanoLC might
be used to rapidly discard a negative result of overdose avoiding the use of

serum test
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Figure 59. a) Found APAP concentration and b) accumulated concentration for the
samples at different times after dosage.

4215 Evaluation tool

The HEXAGON tool was used to objectively compare the different
method features (see Figures 60 and 61). As can be observed from the pre-
vious results, DART-QTOF provided the lowest LODs, capable of detecting
APAP at concentrations of mg-L. In contrast, the LODs obtained by IT-
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SPME-nanoLC-DAD and UHPLC-ESI-QTOF were several orders of magni-
tude lower (low pg-L.Y), implying the possibility of diluting the sample to miti-
gate potential column fouling, matrix effects, and ion suppression in the ESI.
The repeatability for all three techniques was acceptable with RSDs below
10 %. Regarding the analysis time, DART is the fastest technique being able
to analyse up to 12 samples in less than 10 minutes. Even when only one
sample is determined at once, the analysis time is below the other tech-

niques.

The environmental perspective of the methods was evaluated from
the waste generated and the carbon footprint. The amount of organic solvent
used by the UHPLC-ESI-QTOF (approximately 100 mL per working day)
were notably higher than the used by the IT-SPME-nanoLC-DAD and the
DART-QTOF which produces negligible or no waste respectively. Further-
more, the high electricity consumption of MS detectors significantly contrib-
utes to a larger carbon footprint associated with the UHPLC-ESI-QTOF and
DART-QTOF techniques, as opposed to the IT-SPME-nanoLC-DAD. The
minimal waste generation and low carbon footprint make IT-SPME-nanoLC-

DAD a superior choice from the perspective of green analytical chemistry.

Another key aspect to consider is the monthly economic cost, which
includes the instrument price (amortized over 10 years), necessary reagents
and materials, electricity cost, and specialized analysts. In this regard, the
approximate cost for IT-SPME-nanoLC-DAD is €40,000 per year, which is
half the cost compared to the other two methods.
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Figure 60. HEXAGON tool for a) IT-SPME-nanoLC-DAD, b) UHPLC-ESI-QTOF,
and ¢) DART-QTOF.
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4216 Conclusions

APAP overdose is one of the main causes of induced injury. The early
poisoning diagnose is the key for successful treatment preventing a possible
hepatoxicity. In this regard, new rapid, reliable, and cost-effective analysis
strategies are required. In this work, IT-SPME-nanoLC-DAD was used for
this purpose and the results were compared to those obtained by UHPLC-
ESI-QTOF and DART-QTOF. The HEXAGON tool was used for the objective

method comparison.

The IT-SPME-nanoLC-DAD allowed the determination of APAP in dif-
ferent urine samples, including the sample pretreatment, in less than 25 min.
The high sensitivity offered by this technique allowed to dilute the sample
avoiding potential matrix effect and impurities which could affect the analyti-
cal column. Similar results were obtained for the UHPLC-ESI-QTOF, at the
cost of increasing the residue generated, solvent usage, carbon footprint,
and price. The main advantage of the DART-QTOF was its real-time feed-
back and rapidity, however, it provided lower sensitivity, reproducibility at a
higher economic cost and carbon footprint The HEXAGON tool highlighted
the IT-SPME-nanoLC-DAD in terms of sustainability, greenness and eco-

nomic cost.

4.3 Nanoparticles samples

431 IT-SPME-minLC-DAD for the assessment of MNPs disper-
sions and plasmonic assays

Over the course of the thesis, the IT-SPME-nanoLC-DAD was used
to assess AgNPs and AuNPs based on its chromatographic profile. The re-
sults obtained from the NMNPs evaluation were used to select the more suit-

able NPs dispersions for aggregation based plasmonic assays. Acid and

spermine induced aggregation were studied on commercial capped (citrate
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and phosphate) Au and AgNPs and lab synthetized naked AuNPs respec-
tively.

4.3.11 Characterization of MNPs dispersions by IT-SPME-minl.C-
DAD

The IT-SPME which influences the chromatographic profile was stud-
ied by coupling it on-line with capLC-DAD. Figure 62 shows the chromato-
gram for 1:8 diluted AgNPs of 20 nm core and capped with citrate. The first
chromatographic peak (tr = 2.8 min) corresponds with the polarized group of
NPs while the second chromatographic peak (tr = 4.5 min) corresponds to
the non-polarized NPs and require higher volumes of mobile phase to leave
the IT-SPME capillary. These results are in accordance with the separation
mechanism studied by Gonzalez-Fuenzalida (2016) [235]. When performing
direct injection by means of a conventional stainless-steel loop instead of IT-
SPME capillary only one population is observed by capLC. The obtained sig-
nal in this case is similar than the obtained in the literature [235]. The weaker
interactions of the polarized population with the film phase in the IT-SPME
makes them elute first. The same phenomenon is observed, but in opposite
manner, for the non-polarized population, which elutes later due to its

stronger interactions with the IT-SPME phase.

The chromatographic profiles of commercial citrate capped NPs with
different sizes obtained by IT-SPME-capLC-DAD are depicted in Figure 65
a. MinLC enhances the sensitivity and resolution due to the lower sample
dilution and diffusion effects in comparison with conventional LC. Moreover,
the IT-SPME allows to detect differences in the NPs distribution (polarized
and non-polarized) in the dispersion. The different interactions and elution
times for both populations can be explained based on size exclusion and
hydrophobic effects. The group of NPs with lower retention exhibited minimal
interaction with the IT-SPME extractive phase, thus suggesting that the sep-

aration mechanism was primarily attributed to size exclusion interactions

152



Chapter 4: Results and discussion

within the analytical column [235]. On the other hand, the second peak is
characterized by stronger interactions with the IT-SPME extractive phase,
and the separation can be explained by the hydrophobic effect. In the light of
these results, IT-SPME-minLC-DAD demonstrated the ability to differentiate
NMNPs bulk dispersions.
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Figure 62. Chromatogram obtained by IT-SPME-capLC-DAD for 20 nm citrate
capped AgNPs diluted 1:8 (inset: normalized (N) UV-vis spectra obtained for each
chromatographic peak).

4.3.12 Study of the MNPs degradation overtime by IT-SPME-
minLC-DAD

The study of the degradation over time of the AQNPs and AuNPs was
carried out using 20 nm core of citrate capped NPs, diluting the stock disper-
sions with ultrapure water, and obtaining the chromatogram immediately af-
ter preparing the dilution (to), after 1 h, and after 24 h. In the case of the
AgNPs, the chromatographic profile was maintained for the first hour, how-
ever, a significant decrease of the SPR signal is observed after 24 h as Fig-
ure 63 illustrates. On the other hand, as can be seen in the Figure 64, the
chromatographic profile for the AuNPs dilutions is predominantly maintained
with time, indicating that the citrate capped AuNPs will remain relatively un-

changed throughout the experimental duration.
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Figure 63. a) Degradation with time for different dilutions of 20 nm citrate capped
AgNPs. The normalized SPR for the two chromatographic peaks at to (continuous
line) and after 1 h and 1 d (dotted line) for 1:5, 1:10 and 1:20 dilutions are shown in
figures (b), (c), and (d) respectively
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Figure 64. Degradation with time for different dilutions of 20 nm citrate capped
AuNPs.

4.313 MNPs assessment and plasmonic assays monitored by IT-
SPME-minLC-DAD

Acetic acid (HAc) was selected as analyte to study the aggregation

profiles of 20 nm size NPs in acidic media. Figure 65 b — e shows the UV-
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vis spectra over time for different commercial NMNPs. For citrate capping
NPs, the AuNPs provide lower sensitivity to acetic acid induced aggregation
than AgNPs, which agglomerate quickly with low acid concentrations. Also,
when AgNPs and AuNPs where mixed together the response was additive
(see Figure 65 e). It is worth noting that the grade of aggregation is highly
affected by the nature of the capping as Figures 65 ¢ and d demonstrate.

The acid aggregation was also studied by IT-SPME-nanoLC-DAD.
Commercial citrate 20 nm AgNPs and AuNPs were assayed. The Figure 66
show the acid aggregation chromatographic profiles for citrate capped
AuNPs and AgNPs. As discussed before, faster kinetic process was ob-
served for citrate capped AgNPs 20 nm than for AUNPs 20 nm. In compari-
son with AuNPs, the AgNPs are more sensitive to the acid aggregation being
completely aggregated with acetic acid concentrations of 0.2 % (v/v) (Figure
66 b and d). Figures 66 d and 67 show the UV-vis spectra of AUNPs 20 nm
with citrate and phosphate capping respectively and its aggregation in acid
media. Spectra differences can be observed between both, indicating the

influence of the NPs capping on the SPR band.

An intermediate sensitivity is obtained for mixtures of AgNPs and
AuUNPs using HAc concentrations of 0.67 % as 68 demonstrates. The chro-
matograms were obtained at 400 nm and 530 nm corresponding with the
SPR bands of AgNPs and AuNPs respectively. From these studies can be
derived that the aggregation assay can be optimized in function of the need

concentration of acetic acid to test.
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Figure 66. Chromatographic aggregation profiles obtained by IT-SPME-nanoLC-
DAD for AgNPs 20 nm core with citrate capping and HAc concentration of 0.2 % (v/v)
(a) and its UV-vis spectra for peak 1 (tr = 3.6 min) and peak 2 (tr = 5.0 min) (b), and
for AuNPs 20 nm core with citrate capping and HAc concentration of 10 % (v/v) (c)
and its UV-vis spectra for peak 1 (tr = 2.7 min) and peak 2 (5.0 min) (d).
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Figure 67. UV-vis spectra for AUNPs 20 nm with phosphate capping and HAc con-

centration of 10 % (v/v). P1, P2, and P3 corresponds to the chromatographic peaks
at 3.8 min, 5.0 min, and 7.9 min.
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Figure 68. Chromatographic aggregation profiles obtained by IT-SPME-nanoLC-
DAD for a mixture of AgNPs and AuNPs 20 nm core with citrate capping and HAc
concentration of 0.67 % (v/v) (a) and its UV-vis spectra for peak 1 (tr = 4.3 min), peak
2 (tr = 7.0 min), and peak 3 (tr = 9.3 min) (b). The chromatograms were registered at
both SPR band maximum wavelengths, 400 nm, and 530 nm respectively for AQNPs
and AuNPs.

Spermine induced aggregation was studied with commercial NMNPs,
however, no aggregation was observed at the concentration levels assayed.
The aggregation of NPs is largely influenced by the surface accessibility, ob-
taining higher sensitivities for more naked NPs . Based on this, spermine and
acetic acid induced aggregation were studied using naked lab synthetized
naked AuNPs. Six batches of naked AuNPs were diluted 1:1 with ultrapure
water and analyzed by IT-SPME-capLC-DAD. The obtained chromato-
graphic profiles exhibited significant differences among them, allowing for
their classification into two distinct groups: (1) the AuNPs | which possess a
similar distribution of polarized and non-polarized populations and (2) AUNPs
[I'in which the polarized population prevails over non-polarized (see Figures
69 a and b respectively). In this regard, IT-SPME-capLC-DAD proved to be
effective to distinguish different batches. In the other hand, the UV-vis spec-
tra for all six batches did not show significant differences being not possible

to discriminate them.
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Figure 69. Chromatographic profiles obtained for the different batches of naked
AuNPs corresponding to AuNPs | (a) and AuNPs Il (b)

The chromatograms obtained for the acetic acid and spermine in-
duced aggregation using naked AuNPs by IT-SPME-capLC-DAD are shown
in the Figures 70 and 71 for the groups | and Il respectively. The assays are
based on the absence of a competitive organic capping on the naked AuNPs
together with the affinity of the amine groups of spermine with the NPs. The
presence of HAc or spermine in the AuNPs dispersion resulted in batho-
chromic shift of the SPR band evidenced by a colour change from red to blue

which is indicative of an aggregation process.

For the AuNPs | the successive analyte additions (41, 66, and 82
ug-L?) resulted in a reduction in the chromatographic peak areas. The UV-

vis spectra show the SPR shift to higher wavelengths demonstrating that the
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reduction of the peak signal is related to an aggregation phenomenon. Also,
the relative peak area between the first and second chromatographic peak
varies with the addition of analyte. As can be seen in Figure 70 a, the peak
corresponding to the polarized group of AuNPs (t. = 1.2 min) shows lower
sensitivity than the second one to the spermine induced aggregation, being
only appreciable the area reduction at spermine concentrations over 66 ug-L
1. For non-polarized group of NPs (t, = 3.0 min) a correlation can be observed
between the spermine concentration and the peak area with a slope of (7600
+ 700)L-ug?, a intercept of 670 + 54, and a coefficient of determination of
0.99. In the case of the HAc aggregation, bot chromatographic peaks de-
crease proportionally to the HAc successive additions (0.35, 0.50, and 0.60
mM), thus the relative area between both remains constant (Figure 70 b).

AuNPs (1)

—[SPN] = 41 pg-L-1
—— [SPN] = 66 pg-L-1
——[SPNI=82pgL-1  gg

400 500 600 700 800
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— [HAG] = 0.60 mM

o
L
t

Absorbance (mAU)
N O
(42} o
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Figure 70. Chromatograms obtained for naked AuNPs I in function of: a) the added

spermine and b) the added acetic acid. Insents: variations of the LSPR of the second
chromatographic peak (tr = 3.0 min).
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On the other hand, for the AuNPs Il the addition of low spermine con-
centration (41 ug-L?) produced nearly total NPs aggregation limiting its ca-
pacity to discern different spermine concentration levels and shorten its work-
ing interval (see Figure 71 a). The acid aggregation was observed for the
different concentration levels of HAc (0.35, 0.40, and 0.50 mM) as Figure 71

b shows.
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Figure 71. Chromatograms obtained for naked AuNPs | in function of: a) the added
spermine and b) the added acetic acid. Insents: variations of the LSPR of the second
chromatographic peak (tr = 3.0 min).

In order to assess the practical application of the chromatographic
method for monitoring plasmonic assays, urine samples from both healthy
volunteers and cancer patients were analysed. The study is based in the
previous work of Jornet-Martinez et al. [266], who demonstrated that the ex-
tracted spermine can be selectively detected by aggregation of naked

AuNPs, and can be used as an biomarker of cancerous processes. In the
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plasmonic assay used in this study the spermine is extracted using acetic
acid through SPE. Consequently, it is essential to consider the contributions
of both compounds. The extracted analyte was subsequently combined with
the dispersion of AUNPs to generate the LSPR analytical signal using chro-
matographic analysis.

From the information provided by the chromatographic profiles ob-
tained for healthy volunteers and cancer patients (Figure 72) differences in
the aggregation was observed. For healthy volunteers the aggregation was
lower and no difference in the peak area ratio was detected. On the other
hand, the LSPR obtained for cancer patients show variations related with the

spermine concentration which was correlated to the presence of a cancerous

process.
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Figure 72. a) Chromatographic profiles of AuNPs | for a healthy volunteer and can-
cer patient. Inset: normalized UV-vis spectra at chromatographic peak (tr = 3.0 min).
b) and c) normalized UV-vis spectra showing the LSPR variation at the chromato-
graphic peak (tr = 3.0 min) for healthy volunteer and cancer patient respectively.
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Naked AuNPs | was added to urine samples from healthy volunteers
and cancer patients and were analysed by UV-vis spectrophotometry record-
ing the signal every 20 s over 3 min in order to understand the differences
between both. Spectroscopic signal provided a lower sensitivity than chro-
matographic signal. Indeed, no aggregation was observed for healthy volun-
teers, even at reaction times comparable to the retention times obtained in
the chromatographic system (Figure 72 b). However, in the case of cancer
patients, aggregation was observed as a function of the contact time when
using spectroscopy (Figure 72 c), albeit with lower sensitivity compared to
the analytical response achieved with chromatography

Finally, spermine was determined in cancer patients urine samples
by means of IT-SPME-capLC-DAD. Figure 73 shows the chromatograms
obtained for the naked AuNPs | in the: blank acidic extract, and urine sample
with 0, 16, and 26 ug-L* of spermine. As expected, the addition of spermine
to the urine samples resulted in the reduction the chromatographic peak as
a consequence of the NPs aggregation. From the fortified samples, the fol-
lowing calibration equation was obtained: A = (-3 + 8) + (8.4 + 0.5)-103%.C,
where A is the absorbance in mAU, and C is the spermine concentration in
ug-L?, being the coefficient of determination of 0.997. From this, the sperm-
ine concentration was estimated in the urine sample, which was found to be

83 mg-L?, consistent with the results obtained in previous studies [266].
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Figure 73. Chromatographic profiles obtained for the naked AuNPs I, for the blank
acidic extract, urine sample, and spiked urine sample.

4314 Conclusions

In this study, the IT-SPME-minLC-DAD was used as a characteriza-
tion tool of AgNPs and AuNPs dispersion to guarantee solid results in further
plasmonic assays. The characterization was based on the distribution of the
NPs in two groups, polarized and non-polarized NPs, which were observed
in the chromatogram as two separated peaks attending to its interactions
with the extractive phase of the IT-SPME. Furthermore, the induced acid and
spermine aggregation was followed by IT-SPME-nanoLC-DAD. Finally, the
technique was successfully applied to the determination of spermine in urine

samples as a cancer biomarker.

The time degradation of the NPs dispersions was studied, showing
higher stability of the AUNPs over the AgNPs. The induced aggregation of
naked AuNPs in presence of acid and spermine was studied by IT-SPME-

nanoLC-DAD. The decreasing of the chromatographic peaks in presence of
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acid and spermine was linked to the shift of the LSPR to higher wavelengths,
indicating a aggregation process. Also, the concentration of spermine was
linearly correlated with the peak area decrease, allowing for its quantification.
As a practical application, spermine, which was previously proposed as a
cancer biomarker, was determined in urine samples of health volunteers and
cancer patients with satisfactory results. In comparison to UV-spectroscopy,
IT-SPME-nanoLC-DAD offered higher sensitivity and sensibility.

432 Sulfidation transformation study of solid AgNPs

The sulfidation and dissolution of solid AgNPs nanoparticles were
studied under different experimental conditions. A CFS with a double circuit
was used to conduct the study under aerobic and anaerobic conditions
(flushing with Ar), with varying concentrations of sulfide (see Figure 33). The
ratio between the flow rate of the sulfide solution and water was 1:10, mean-
ing that the concentration of this solution should be 10 times higher than the
desired concentration in the system. The aliquots from the outlet of the sys-
tem were collected over time and the silver concentration was determined by
by ICP-MS. Also, the sulfide concentration was determined by the colorimet-
ric assay described in the Section 3.5.3.

To carry out the assay cellulose triacetate and polyethersulfone filters
both with 10 KDa of pore size were used. There were no significative differ-
ences in the silver dissolution; however, the triacetate cellulose filter was
preferred over the polyethersulfone to avoid possible interferences due to the

sulphur.

The results for the sulfidation assay under anaerobic conditions are
plotted in the Figure 74. Theoretically, the presence of oxygen in the medium
produces an outer layer of Ag,0 that subsequently interacts with bisulfide to
form a nearly insoluble layer of Ag»S. In the obtained results, the presence

of bisulfide in the media produces an increase of the solubility of the AgNPs
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which contrast with the sulfidation theory described. One possible explana-
tion to this phenomenon is that, similarly to what occurs with other NPs such
as CuNPs [313,314], before forming the crystalline Ag.S layer, an initial layer
of amorphous Ag.S may form, which exhibits a faster dissolution kinetics
(Figure 75). In the Figures 74 b and c is shown the sulfide concentration
variation with time in the collected samples and in the initial solution. In the
samples, the concentration of sulfide gradually increases until it reaches a
point where it stabilizes, which coincides with the saturation of the AgNPs. It
is also observed that the sulfide concentration in the solution decreases by
approximately 20% compared to the initial concentration.
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Figure 74. a) Silver dissolution profile at 1 mL-min-! at different Na=S concentrations
in anaerobic conditions. b) and c) variation of the concentration of sulfide in samples
and in the initial solution for 0.1 mM and 0.5 mM of NazS respectively.
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—— ——

Figure 75. Schematic representation of the proposed sulfidation process with the
formation of an amorphous Ag:S previous the formation of the crystalline AgzS layer.

The presence and absence of oxygen in the media was studied by
performing the assay with H,O with and without Ar° flushing. The dissolved
oxygen concentration in the bottles was monitored throughout the experi-
ment by means of a, obtaining a mean concentration of O, of (0.26 + 0.04)
mg-L* and (8.4 + 0.3) mg-L* for Ar® purged and non-purged solvent bottles
respectively. The Figure 76 shows the AgNPs dissolution profile at different
Na>S concentrations in both, aerobic and anaerobic conditions. In all cases,
the dissolution profile is maintained, however, the dissolved silver increases
drastically when there is oxygen in the system proving its importance in the
oxidation step. Also, it can be seen the proportional dependence of initial

Na,S with the total dissolved silver.

To avoid the possible interaction of the silver ions with the filter, a pre-
treatment of the filter with Cu?* was performed (described in Section 3.5.3).
In this pre-treatment, the filter is saturated with copper ions preventing the
further interaction with silver. At the same time, the effect of the ionic strength
on the media was studied comparing the obtained results with different
NaNO3z concentration in the media. The Figure 77 show the results related
to the filter treatment and ionic strength influence on the silver concentration.
When the assay is carried out with the Cu?* pre-treatment an initial Ag* peak
can be observed in comparison to the assay with no pre-treatment. Confirm-

ing the interaction of the Ag* ions with the filter. Also, the increase in ionic
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strength resulted in a reduction of the solubility of the AgNPs due to the com-

pression of the electrical double layer which produces a reduction of the zeta

potential favouring the AgNPs aggregation.
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AgNPs dissolution profile at different Na2S concentrations in aerobic (a)

and anaerobic (b) conditions,
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Figure 77. Effect of the filter pre-treatment with Cu2* and the NaNOsz concentration
on the dissolution profile of AQNPs. The assay was carried out at pH = 7 and aerobic
conditions.

The experimental conditions were fixed as follows: pH = 7, aerobic
conditions, NaNOs; 10 mM, and filter pre-treatment with Cu?*. Under these
conditions, the dissolution of the AgNPs was studied at different flow rates
(0.2 uL-min?, 1 uL-min, and 5 puL-mint) and the results are depicted in Fig-
ure 78. To properly evaluate the effect of flow on the dissolution of AgNPs,
the results were normalized for each flow-rate, representing the dissolution
rate as a function of the total collected volume. As can be observed, there is
a positive correlation between the dissolution rate and the flow (Figure 78
b).

Finally, the different flow-rates were assayed in sulfide media condi-
tions (Figure 79). As discussed earlier, the presence of sulfide in the medium
leads to an increase in AgNPs dissolution due to the formation of an amor-
phous Ag.S layer. However, in this case, for flow rates of 1 mL-min™* and 5
mL-min, it can be observed that after a certain time, the concentration of
Ag’ ions in the presence of sulfide is lower than in its absence. This could be

attributed to the gradual formation of crystalline Ag.S, which has negligible
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solubility. It is worth noting that this point is reached earlier for higher flow
rates, indicating that the total volume of the medium interacting with AQNPs
has a significant effect on the amorphous Ag.S layer life-time. Therefore, for
a flow rate of 0.2 mL-min™, longer times would be required to observe the
formation of crystalline Ag.S.
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Figure 78. a) AgNPs dissolution profile for different flow-rates. b) Normalized results
showing the dissolution rate in function of the total volume. The assays were carried
out at pH = 7, aerobic conditions, NaNOs 0.01 M in the media, and filter pre-treat-
ment.
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Figure 79. AgNPs dissolution profile at different sulfide concentrations at: a) 5.0
mL-mint, b) 1.0 mL-min-1, and ¢) 0.2 mL-min-t, The assays were carried out at pH =
7, aerobic conditions, NaNOsz 0.01 M in the media, and filter pre-treatment.
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The results presented in this section are derived from the work con-
ducted during the doctoral stay at the Centre for Microbiology and Environ-
mental System Science in the Department of Environmental Geosciences at

the University of Vienna.

4321 Conclusions

In the environment, NPs undergo transformations in multiple ways,
modifying their properties and consequently affecting its toxicity, accumula-
tion, and other adverse effects. In this sense, gaining insight into the NPs
transformations is crucial for comprehending their fate, transport, and poten-
tial effects in the environment. In this study, the transformations of AgNPs in
presence of sulfide were studied in a CFS under different conditions. The
fractions were collected over time and the Ag* concentration was determined
by means of ICP-MS.

As expected, the presence of oxygen resulted in increased solubility
due to the formation of an Ag:O layer with higher dissolution rates that the
AgNPs itself. The effect of ionic strength was investigated by introducing var-
ious concentrations of NaNOs into the medium. Increasing the ionic strength
caused the reduction in the concentration of silver ions. This reduction can
be explained by the compression of the double layer, which hinders the for-
mation of small AgNPs clusters. Furthermore, different flow rates were
tested, observing a positive correlation with the Ag* concentration in the col-
lected fractions. Finally, The presence of sulfide in the solution led to an in-
crease in the solubility of AgNPs. This increase can be attributed to the for-
mation of an amorphous Ag.S layer, which possesses higher solubility. The
further formation of the crystalline Ag.S layer was observed when worked
with higher flow rates, evidenced as a decrease in Ag+ concentration after a
certain period, compared to the assay conducted without sulfide in the me-

dium.
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Chapter 5: General conclusions

The present thesis aims to provide new knowledge about minLC as
greener alternative to conventional LC. Furthermore, it explores the possibil-
ities of portability in LC as a tool to overcome the analytical challenges of in-
situ analysis. New strategies of analysis based on miniaturized and portable
LC were applied to different matrices of analytical interest, including environ-
mental, biological, and nanoparticles samples (Table 33).

Table 33. Matrices studied throughout the thesis: selected samples, determined an-
alytes, and analysis techniques employed.

Matrix Sample Analyte Techniques
IT-SPME-nanoLC-DAD
Pesticides IT-SPME-capLC-DAD
UHPLC-QTOF
Drugs .
Fruit Washing, Nitrates Portable minLC
Environmental  well, and different Nitrit Portable optical fiber
superficial waters itrtes ) Nitrate Analyzer
Ammonium
. . Lab spectrophotometer
Amino acids
Lab fluorometer
Portable luminometer
IT-SPME-nanoLC-DAD
. . . APAP DART-QTOF
Biol I .
ologica Urine Spermine UHPLC-QTOF
UV-vis spectroscopy
AgNPs IT-SPME-nanoLC-DAD
. . . AuNPs IT-SPME-capLC-DAD
Nanoparticles  NPs dispersions Acetic acid ICP-MS
Spermine UV-vis spectroscopy

Environmental samples: Different drugs and pesticides with a wide
range of polarities (logKow ranging from -1.72 — 3.82) were selected as tar-
geted analytes to study the capabilities of portable minLC for in-field analysis.
The figures of merit obtained were compared to those provided by benchtop
IT-SPME-cap/nanoLC-DAD. The portable minLC provided chromatogram

with greater peak resolution in a lower analysis allowing to detect a higher
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number of analytes in a lower analysis time. However, its sensitivity was lim-
ited, with LODs range of mg-L in comparison to benchtop instruments in the
order of low pg-L™*. Two evaluation tools were employed to objectively eval-
uate the instrument and method characteristics. Firstly, the BETTER criteria
allowed to assess the characteristics related to portability. In this regard, the
portable minLC provided suitable results, in line with other portable LC de-
veloped. In the other hand, the HEXAGON tool was employed to compare
the method characteristics related to greenness and sustainability providing
better results for the portable minLC in comparison to the benchtop
cap/nanoLC. As practical application, fruit washing residual waters with high
concentration levels of different biocides were suitably determined by alll
three techniques with comparable results.

Different in-situ instrumentation was used for the determination of var-
ious legislated nitrogen compounds. An analyzer was tested for the in-situ
monitoring of nitrate and its results were compared to those obtained by a
benchtop spectrophotometer and a spectrophotometric probe. Higher LODs
were obtained by means of the nitrate analyzer (3.0 mg-L* vs. 0.5 mg-L?)
but in accordance with its specifications working range. Low or no influence
of turbidity and humic acids was observed at regular concentrations of these.
Different forms of inorganic and organic dissolved N were successfully quan-
tified in several water bodies. For all samples, the results obtained by means
of the analyzer, portable optical fiber probe, and benchtop instrumentation
were comparable in terms of sensitivity and precision. The analyzer was also
employed for the monitoring of nitrates in a well water treatment plant obtain-

ing similar results to those obtained by the spectrophotometric probe.

Finally, a portable minLC was used for the determination of DRN and
IPT, two legislated phenylurea pesticides. By performing a previous SPE, the
instrument was able to achieve the required LODs showing reliable results

for the environmental monitoring of these compounds.
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Biological samples: Acetaminophen was determined by IT-SPME-
nanoLC-DAD in urine samples and the results were compared and validated
with those provided by UHPLC-ESI-QTOF and DART-QTOF. A minimal
sample pretreatment consisting of a acid deproteinization, centrifugation and
filtration was performed prior to the determination. For the IT-SPME-nanoLC-
DAD, the sample analysis was carried out in 25 min with good sensitivity and
reproducibility. The low LODs obtained allowed to greatly dilute the sample
minimizing the potential interferences and matrix effect. The acetaminophen
glucoronide was detected and could be also determined if needed increasing
the equilibrium time. The objective comparison of all three methodologies
was carried out by means of the HEXAGON tool. It revealed superior results
for the IT-SPME-nanoLC-DAD in terms of toxicity/safety, residues, and car-
bon footprint. Additionally, it exhibited significantly lower annual economic
costs, amounting to roughly half of those associated with the DART-QTOF
and UHPLC-ESI-QTOF methodologies. Overall, the IT-SPME-nanoLC-DAD
demonstrated to be a good alternative for the acetaminophen overdose di-

agnosis in clinical centres.

Nanoparticles samples: The IT-SPME-minLC-DAD has proven to
be an effective tool for the assessment of NMNPs, ensuring reliable results
in further plasmonic assays. The use of IT-SPME allowed to separate the
NMNPs in two groups (polarized and non-polarized NPs) based on the dif-
ferent interactions with the extractive phase. This made possible the moni-
toring of the LSPR of naked AuNPs in function of the ratio of both peaks. It
demonstrated that the functionality of a given NPs dispersion can be ensured
from its chromatographic profile in less than 10 min. Induced aggregation
plasmonic assays were carried out using citrate and phosphate capping
AuNPs and naked AuNPs and spermine and acetic acid as analytes. The
variations in the chromatographic peak areas and ratios were successfully

related to the presence of these target analytes. In comparison with UV-vis

177



Chapter 5: General conclusions

spectroscopy, the IT-SPME-minLC-DAD provided higher sensitivity. As prac-
tical applications, spermine which was proposed as a cancer biomarker, was
determined in urine samples of cancer patients and healthy volunteers with
adequate results. The spermine concentration was linearly correlated with
the chromatographic peak areas in urine samples allowing the quanitifcation.
A concentration of 83 ug-L* of spermine was found in cancer patient urine,

which is in accordance with the literature [266]

Finally, AQNPs sulfidation and dissolution transformations were stud-
ied by means of a CFS under different conditions of flow rate, ionic strength,
oxygen, and sulfide concentration. These studies aim to shed light on the
transformations that AQNPs can undergo in continuous flow environmental
systems such as rivers. The presence of sulfide in the solution produced an
increase in the AgNPs solubility which was attributed to the formation of a
former Ag>S amorphous layer with higher solubility which is gradually trans-
formed to crystalline Ag.S with negligible solubility. As expected, the pres-
ence of oxygen produced an increase in the solubility as a consequence of
the formation of a Ag20 layer which further dissolves in Ag* ions. The effect
of ionic strength by adding different concentrations of NaNO; the medium.
The increasing ionic strength produced a reduction in the concentration of
silver ions due to the compression of the double layer which hinders the for-
mation of small AgNPs clusters. Different flow rates were tested showing a
positive correlation with the Ag* ions. Furthermore, in the presence of sulfide,
when higher flow rates are employed, the formation of a crystalline Ag2S
layer becomes apparent after a certain assay time. This is evidenced by a
decrease in the Ag* concentration below that observed in the assay carried

out without sulfide in the medium.
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Al. Abbreviations

Abbreviation
Aa

ACN

AD

AFM
AgNPs
APAP
APAP-glu
APAP-sulf
API
AuNPs
BETTER
C18

C8

CAF
CapLC
CEC

CFS
CTAB
D.c.

DAD
DART
DBDI

DIN
DLLME

Definition

Amino acid

Acetonitrile

Amperometric detection

Atomic force microscopy

Silver nanopatrticles
Acetaminophen
Acetaminophen glucoronide
Acetaminophen sulfate
Atmospheric pressure ionization

Gold nanopatrticles

portaBle fiEld Testing sTandard framEwoRk

Octadecylsilane

Octylsilane

Caffein

Capillary liquid chromatography
Contaminant of emerging concern
Continuous flow system
Cetyltrimethylammonium bromide
Direct current

Diode array detector

Direct analysis in real time
Dielectric barrier discharge ionization
Dissolved inorganic nitrogen

Dispersive liquid-liquid microextraction
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Abbreviation
DLS
DMP
DOM
DPV
DRN
EIC
EMP
Er
ESI
FLD
FMT
FTIR
GC
HAc
HPLC
HSSE
l.d.
ICP
IMZ
IPT
IT-SPME
LC
LED
LLE
LOD

Definition

Dynamic light scattering
Dimethyl Phthalate

Dissolved organic matter
Differential pulse voltammetry
Diuron

Extracted ion chromatogram
Electrolysis micropump
Relative error

Electrospray ionization
Fluorescence detector
Fluometuron

Fourier transformation infrared
Gas chromatography

Acetic acid

High performance liquid chromatography
Head-space sorptive extraction
Internal diameter

Inductively coupled plasma
Imazalil

Isoproturon

In-tube solid phase microextraction
Liquid chromatography

Light emitting diode
Liquid-liquid extraction

Limit of detection
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Abbreviation

LOQ
LSPR
uESI
uPAC
MBZ
MeOH
MinLC
MIT-SPME
MNPs
MS
MS/MS
MTEOS
MWCNTs
N.a.
N.d.
NanoLC
NAPQI
nESI
NMNPs
NPs

w

OPP

PA

PAH
PBS

Definition

Limit of quantification

Localized surface plasmon of resonance
Micro electrospray ionization

Micropillar array column

Metribuzin

Methanol

Miniaturized liquid chromatography

Magnetic in-tube solid phase microextraction

Metallic nanoparticles

Mass detector

Tandem mass spectrometry
Methyltriethoxysilane
Multi-wall carbon nanotubes
Not available

Not detected

Nano liquid chromatography
N acetil-p-benzoquinona imina
Nano electrospray ionization
Noble metal nanoparticles
Nanoparticles

Average peak width

O-phenyl phenol
B-phenylalanine

Polycyclic aromatic compound

Phosphate buffered-saline
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Abbreviation Definition

PC Peak capacity

PDMS Polydimethylsiloxane

PEG Polyethylene glycol

PMA Pyrimethanil

POC Point of care

PP Penalty point

PPL Proxyphylline

PS Potassium Sorbate

PVA Polyvinyl alcohol

PVP Polyvinylpyrrolidone

QQqQ Triple quadrupole

QTOF Quadrupole time-of-flight

R Recovery

R? Determination coefficient
ROS Reactive oxygen specie

RP Reverse phase

Sav Arithmetic mean of HEXAGON O - 4 scale
SBSE Stir bar sorptive extraction
SDME Single-drop microextraction
SDS Sodium dodecyl sulfate

SEM Scanning electron microscopy
SPE Solid phase extraction

SPME Solid phase microextracction
SPN Spermine

SPR Surface plasmon of resonance
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Abbreviation
SWCNTs
SwWv

T

TBM
TBN-m
TEM
TEOS

te

TIC

TPL

t;

TY
UHPLC
UV-vis
WHO
XRD

Definition

Single-wall carbon nanotubes
Square wave voltammetry
Tyrosine

Theobromine
Tribenuron-methyl
Transmission electronic microscopy
Tetraethyl orthosilicate
Gradient run time

Total ion chromatogram
Theophylline

Retention time

Tryptophan

Ultra high-performance liquid chromatography

Ultraviolet-visible
World Health Organization

X-ray diffraction
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