UNB

Universitat Autonoma de Barcelona

Nanobiosensors for contaminants detection in water

José Francisco Bergua Canudo

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UNB

Universitat Autonoma
de Barcelona

Nanobiosensors for contaminants

detection In water

Joseé Francisco Bergua Canudo
Ph.D. Thesis
Ph.D. in Biotechnology

Directors
ICREA Prof. Dr. Arben Merkogi
Dr. Ruslan Alvarez






The present work entitled “Nanobiosensors for contaminants detection in waters”, presented by
José Francisco Bergua Canudo to obtain the degree of doctor in biotechnology by Universitat
Autonoma de Barcelona, was performed at the Nanobioelectronics and Biosensors Group at the
Institut Catald de Nanociencia i Nanotecnologia (ICN2), under the supervision of Prof. Arben

Merkoci, ICREA Professor and Group Leader, and Dr. Ruslan Alvarez.

The author

José Francisco Bergua Canudo

The Supervisors

Prof. Dr. Arben Merkogi Dr. Ruslan Alvarez

The present Thesis was performed also under the doctoral program studies “Doctorado en
Biotecnologia” at the Faculty of Biosciences, Universitat Autonoma de Barcelona, under the

tutorship of Professor Jordi Joan Cairo.

The University Tutor

Prof. Jordi Joan Cairé Badillo

Bellaterra, July 2020






PREFACE

The research work accomplished during this thesis resulted three manuscripts that are submitted

to international peer-reviewed scientific journals:

The state-of-the-art studies have resulted in a review publication under preparation:

“Water pollutants and their detection using optical biosensors”. José Francisco Bergua, Ruslan

Alvarez-Diduk, Arben Merkogi. To be submitted in 2020.

The experimental work performed conducted to two articles not yet published, and one

article in preparation:

“Improved Aliivibrio fischeri based-toxicity assay: graphene-oxide as a sensitivity booster with a
mobile-phone application”. José Francisco Bergua, Liming Hu, Celia Fuentes, Ruslan Alvarez-
Diduk, Abdelrahim H.A. Hassan, Claudio Parolo, Arben Merkoci. Submitted to Analytical
Chemistry in 2020.

“Improved Aliivibrio fischeri based-toxicity assay: graphene-oxide as a sensitivity booster with a
mobile-phone application”. José Francisco Bergua, Ruslan Alvarez-Diduk, Liming Hu, Abdelrahim

H.A. Hassan, Arben Merkoci. Submitted to Journal of Hazardous Materials in 2020.

“Portable platform for optical biosensing applications”. José Francisco Bergua, Ruslan Alvarez-

Diduk, Liming Hu, Andrea Idili, Claudio Parolo, Arben Merkogi. To be submitted in 2020.
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Additionally, the collaborations performed within the Ph.D. thesis resulted in several other

publications non-related to this thesis:

“Tutorial: Design and fabrication of nanoparticle-based lateral flow immunoassays”. Claudio
Parolo, Amadeo Sena-Torralba, José Francisco Bergua, Enric Calucho, Celia Fuentes-Chust, Liming
Hu, Lourdes Rivas, Ruslan Alvarez-Diduk, Emily P. Nguyen, Stefano Cinti, Daniel Quesada-

Gonzalez, Arben Merkogi. Nature Protocols. Recently accepted in 2020.

“Lateral flow assay modified with time-delay wax barriers as a sensitivity and signal enhancement
strategy”. Amadeo Sena-Torralba, Duy Ba Ngo, Claudio Parolo, Liming Hu, Ruslan Alvarez-Diduk,
José Francisco Bergua, Giulio Rosati, Werasak Surareungchai, Arben Merkoci. Biosensors &

Bioelectronics. Submitted in 2020.

“Validity of a single antibody-based lateral flow immunoassay depending on graphene oxide for
highly sensitive determination of E. coli 0157:H7 in minced beef and river water”. Abdel-Rahim
H. A. Hassan, José Francisco Bergua, Eden Morales-Narvaez, Arben Merkogi. Food Chemistry,

2019, 297 (124965), 1-10.

“Low-cost strategy for the development of a rapid electrochemical assay for bacteria detection
based on AuAg Nanoshells”. Lorenzo Russo, Juan Leva Bueno, José Francisco Bergua, Monica
Constantini, Marco Giannetto, Victor Puntes, Alfredo de la Escosura Muiiiz, Arben Merkoci. ACS

Omega, 2018, 3 (12), 18849-18856.

“Straightforward immunosensing platform based on graphene oxide-decorated nanopaper: a
highly sensitive and fast biosensing approach”. Nopchulee Cheeveewattanagul, Eden Morales-
Narvdez, Abdel-Rahin H. A. Hassan, José Francisco Bergua, Arben Merkoci. Advanced Functional

Materials, 2017, 27 (1702741), 1-8.
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SUMMARY

Water pollution is one of the major problems humankind is facing nowadays. On the one
hand, the presence of chemicals (i.e. pesticides and heavy metals) coming from agriculture and
industrial runoffs impairs the water quality. On the other hand, farming and urban areas produce
huge quantities of dung and wastewaters that result in altered water microbiological status and
may lead to waterborne outbreaks. In this regard, biosensing offers great opportunities for
tracking in situ chemical and microbiological pollutants in water to prevent and reduce the

associated environmental and health issues.

General aspects and experimental results are exposed in this thesis, starting from a general
introduction that covers the description of a broad range of chemical and biological water
pollutants, to a variety of biosensing techniques used to detect and quantify those pollutants.
The experimental section focuses on the detection of Escherichia coli by a colorimetric lateral
flow immunoassay (LFIA) as a fecal indicator and two environmentally persistent pesticides
through a bioluminescent toxicity biosensor as chemical pollutants. Furthermore, a versatile and
portable platform is thoroughly described to perform colorimetric, fluorescent, and

bioluminescent assays for environmental and other applications.

As aforementioned, E. coli is considered the main fecal indicator for water quality
assessment. Nowadays, standard E. coli detection methods are laboratory-based and time-
consuming. For this reason, the development of a colorimetric AuNPs-based LFIA for general E.
coli detection is reported in this thesis. The proposed system can detect three different strains of
E. coli, while discerning from Salmonella spp, in tap, river, and sewage in 10 minutes. In addition,
the implementation of a filtration system allows for preconcentrating E. coli and increasing the
sensitivity in two orders of magnitude. Eventually, a gram-negative bacterium, similar in shape
and size to E. coli, is used as a novel characterization system to study the microfluidics within

different lateral flow materials.

Nowadays, pesticides are widely used worldwide mainly for agricultural applications.
However, some pesticides are highly toxic to non-target organisms and remain for years in the
soil and water. As two examples, tributyltin (TBT) and pentachlorophenol were broadly used in
the EU for many years. For this reason, a toxicity biosensor based on the bioluminescent

bacterium Aliivibrio fischeri is used to detect TBT and pentachlorophenol in water samples and is
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reported in this thesis. The proposed system relies on a standard 96-wells plate, an opaque box,
and a smartphone to carry out the toxicity measurements. Besides, the addition of graphene-
oxide as a growth enhancer allows for reducing the growing time of the bacteria and enhancing

the sensitivity of the biosensor.

Third, a universal portable platform has been used to perform optical bioassays. This
versatile platform allows for performing colorimetric, fluorescent, and bioluminescent assays.
More in detail, the platform has been used to develop a colorimetric ELISA test to detect SARS-
CoV-2 and human immunoglobulin G. Besides, it allows for studying the aggregation state of
nanoparticles, which are critical elements in many optical bioassays. On the other hand, the
detection of fluorophores such as quantum dots (QDs) and fluorescein is possible through the
installation of a UV-led and a series of optical filters that allow for exciting the samples and
filtering out the background signals for optimal imaging. In addition, bioluminescent assays can
also be carried out for toxicity assessment of water samples by simply adjusting the smartphone
camera settings and the dark conditions within the platform. Last, but not least, the platform
allows for growing bacteria cultures under agitation and controlled temperature conditions, as
well as monitoring bacterial growth through a new method to estimate turbidity changes within

the media.

Finally, the general conclusions are exposed including some opinions and

recommendations for further continuation of the research in the field
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La contaminacion del agua es uno de los principales problemas a los que la humanidad se
enfrenta hoy en dia. Por un lado, la presencia de productos quimicos (ej. pesticidas y metales
pesados) provenientes de la agricultura y de los vertidos industriales alteran la calidad del agua.
Por otro lado, tanto la ganaderia como las ciudades producen grandes cantidades de estiércol y
aguas de desecho, lo que conlleva alteraciones del estado microbioldgico del agua y puede
provocar brotes de enfermedades infecciosas. En este sentido, los biosensores ofrecen grandes
oportunidades para monitorizar in situ los contaminantes quimicos y microbiolégicos, lo que

ayuda a prevenir y reducir los problemas medioambientales y de salud publica asociados.

En esta tesis se exponen los aspectos generales y resultados experimentales, comenzando
por una introduccién general que cubre la descripcidn de un amplio rango de contaminantes
guimicos y bioldgicos del agua, asi como una gran variedad de biosensores utilizados para
detectar y cuantificar dichos contaminantes. La seccion experimental se centra en la deteccién
de Escherichia coli como indicador fecal del agua a través de un inmunoensayo colorimétrico de
tipo flujo lateral (LFIA, por sus siglas en inglés: “lateral flow immunoassays”). A su vez, se incluye
la deteccién de dos pesticidas altamente persistentes en el medioambiente a través de un
biosensor de toxicidad bioluminescente. Ademas, se describe en profundidad una plataforma
portatil y versatil que puede llevar a cabo ensayos colorimétricos, fluorescentes vy

bioluminescentes orientados a aplicaciones medioambientales y de otros tipos.

Mencionado ya anteriormente, E. coli se considera el principal indicador de contaminacién
fecal del agua. Hoy en dia, los métodos estandar de detecciéon de E. coli en agua son
extremadamente lentos y requieren de instalaciones especializadas para llevarse a cabo. Por esta
razén, en esta tesis se expone el desarrollo de un biosensor de flujo lateral basado en
nanoparticulas de oro (AuNPs) para la deteccidén de la especie E. coli como indicador fecal. El
sistema propuesto es capaz de detectar hasta tres cepas diferentes de E. coli, discerniendo de
Salmonella spp., en agua de grifo, de rio y de una planta depuradora. Ademas, la implementacién
de un sistema de filtracidon adicional permite preconcentrar E. coli, y a su vez incrementar la
sensibilidad del sensor en dos érdenes de magnitud. Finalmente, una bacteria gram-negativa,
similar en forma y tamafio a E. coli, se usa como un sistema novedoso de caracterizacion para

estudiar la microfluidicia dentro de las diferentes partes del sensor de flujo lateral.
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Hoy en dia, los pesticidas se usan de forma generalizada a través del mundo,
principalmente en aplicaciones relacionadas con la agricultura. Sin embargo, algunos pesticidas
son altamente tdxicos y no selectivos, permaneciendo durante afios en el suelo y en las aguas.
Como dos ejemplos, el tributilo de estafio (TBT) y el pentaclorofenol fueron ampliamente
utilizados en la Unién Europea durante muchos afos. Por esta razén, se expone en esta tesis el
desarrollo de un biosensor basado en la bacteria bioluminescente Aliivibrio fischeri para detectar
TBT y pentaclorofenol en muestras de agua. El sistema propuesto se basa en la combinacién de
una placa de 96 pocillos, una caja opaca, y un teléfono movil para realizar las medidas de
toxicidad. Ademads, la adicién de oxido de grafeno (GO) actia como un potenciador del
crecimiento bacteriano, permitiendo reducir el tiempo de crecimiento de la bacteria e

incrementando la sensibilidad del biosensor.

Tercero, se ha desarrollado una plataforma universal portatil para realizar bioensayos
6pticos; en concreto, ensayos colorimétricos, fluorescentes y bioluminescentes. Mas en detalle,
la plataforma se ha utilizado para desarrollar test de ELISA colorimétricos para detectar SARS-
CoV-2 y anticuerpos humanos isotipo G. Ademas, permite estudiar el estado de agregacién de
nanoparticulas, que son elementos cruciales en la mayoria ensayos épticos. Por otra parte, es
posible detectar fluoréforos como quantum dots (QDs) y fluoresceina a través de la instalacion
de un led ultravioleta y una serie de filtros dpticos que permiten excitar las muestras y filtrar las
sefiales de ruido de fondo para obtener imagenes de gran calidad. Asimismo, también se pueden
llevar a cabo ensayos bioluminescentes para la evaluacidon de la toxicidad del agua, simplemente
ajustado los pardmetros de la camara del teléfono mévil y las condiciones de oscuridad dentro
de la plataforma. Por ultimo, pero no menos importante, la plataforma permite crecer cultivos
bacterianos en condiciones de agitacidon y temperatura controladas, asi como monitorear el
crecimiento bacteriano a través de un nuevo método que permite estimar cambios de turbidez

en el medio de cultivo.

Por ultimo, se exponen las conclusiones generales y futuras propuestas.
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4-methylumbelliferyl-B-d-galactoside MUGal
Acetylcholinesterase AChE
Aliivibrio fischeri AF
Butyrylcholinesterase BChE
Dichlorodiphenyltrichloroethane DDT
Deoxyribonucleic acid DNA
Dissolved oxygen DO
Enteroaggregative E. coli EAggkC
European Food Safety Authority EFSA
Enterohemorrhagic E. coli EHEC
Enteroinvasive E. coli EIEC
Enterotoxigenic E. coli ETEC
Enterovirulent E. coli EEC
European Environmental Agency EEA
Enzyme-Linked Immunosorbent Assay ELISA
European Union EU
Food and Agriculture Organization of the FAO

United Nations

Forster resonance energy transfer FRET
Gamma-Aminobutyric acid GABA
Gas-Chromatography/Mass-Spectrometry GC/MS
Glutamate-Chloride GluCl
High-Performance Liquid Chromatography HPLC
Hierarchical Cluster Analysis HCA

Indoxyl B-D-glucuronide IBDG
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Indirect hemagglutination assay
Lateral Flow Immunoassay
Limit of Detection

Limit of Quantification

Matrix-Assisted Laser Desorption/lonization

Membrane filtration

Metal-Organic Framework

Micro paper-based analytical device
Molecular Imprinted Polymer

Most Probable Number

Multiple Tube Fermentation Method
Monosodium methanearsonate
Multi-Walled Carbon Nanotubes
Nanoparticles

Nicotinic acetylcholine receptors
Organochlorinated compounds
Organophosphorus compounds
Pentachlorophenol

Polymerase Chain Reaction
Quorum Sensing

Rapid Enzyme Immunoassay
Reactive oxygen species

Ribosomal Ribonucleic Acid

Scanning Electron Microscopy

Surface-enhanced Raman spectroscopy

IHA
LFIA
LOD
LOQ
MALDI-TOF MS
MF
MOF
(LPAD)
MIP
MPN
MTFM
MSMA
MWNTs
NPs
nAChRs
OCs
OPs
PCP
PCR

QS

EIA
ROS
rRNA
SEM

SERS
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Surface Plasmon Resonance SPR
Shige toxin-producing E. coli STEC
Transmission Electron Microscopy TEM
Tributyltin TBT

Upconverting Nanoparticles UCNPs
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THESIS OVERVIEW

Water pollution threatens both environment and human health all over the world. The
number and variety of water pollutants are huge, making their detection and water quality
assessment though and complicated. Overall, chemical and microbiological pollution are the
main cause of water pollution worldwide. Therefore, this thesis is focused on the development
of portable platforms and biosensors for water quality monitoring, especially related to fecal

contamination and chemical pollution.

General aspects and experimental results related to the present Ph.D. Thesis are divided
into six chapters, including the introduction, thesis objectives, results and discussions, and

general conclusions.

Chapter 1, entitled “Introduction”, presents the description of chemical pollutants, mainly
focused on pesticides but also including heavy metals and petroleum; as well as the description
of waterborne pathogens, mainly focused on bacteria but also including viruses and other
parasites. Next, a legal frame regarding water quality in the EU is presented, as well as more
general aspects related to the regulations in other countries. In the following section, biosensors
targeting pesticides are presented, from single compounds detection to a family of compounds,
and more general toxicity biosensors. At last, biosensors targeting bacteria are presented, as well

as the different bioreceptors and transducers employed in these biosensors.

Chapter 2, entitled “Objectives of the thesis”, presents the different objectives of the Ph.D.
Thesis. The main objective was to study and develop portable and easy-to-use platforms for

chemical and microbiological analysis of water samples.

Chapter 3, entitled “Escherichia coli detection as a fecal indicator”, reports the design,
development, and optimization of a lateral flow biosensor for the detection of E. coli in water
samples as a way to assess water fecal contamination. Besides, a new methodology is presented

to characterize the microfluidics of bacteria cells within the lateral flow materials.

Chapter 4, entitled “Water toxicity assessment”, reports the development and optimization
of a bioluminescent toxicity biosensor based on the bacteria Aliivibrio fischeri. The quorum-
sensing effect that triggers the bioluminescence is studied and characterized, and a new platform

based on the growth of A. fischeri onto a solid substrate is presented as a strategy to enhance



THESIS OVERVIEW

bacterial bioluminescence. Besides, the use of graphene oxide (GO) as a biocompatible material
to promote bacterial growth and enhance the system’s sensitivity is described. Eventually, a
smartphone is used to perform the toxicity measurements, enabling to move from the laboratory

analysis to the field.

Chapter 5, entitled “Portable platform for optical biosensing applications”, reports the
design, fabrication, and use of a portable platform to perform colorimetric, fluorescent,
bioluminescent, and turbidimetric assays. All the components of the platform have been installed
to optimize the performance of a variety of bioassays that allow for biomarkers’ and
environmental monitoring. This chapter includes a detailed description of these bioassays,
highlighting the performance with the portable platform and a smartphone and the envisaged

real applications.

Concluding remarks of the present Thesis in addition to future perspectives regarding the results

and research fields explored are enclosed in Chapter 6.
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CHAPTER 1

1.1. Water pollution
1.1.1. General Aspects

Water is the most essential resource for life. It covers 71% of the Earth’s surface and it
constitutes the fluids of most living organisms. These living organisms use water mainly for
drinking, but for some of them, it is also their living media. Humans also use water for several

other activities such as cooking, cultivating crops, farming, and washing.

Since the 19t century, with the arrival of the Industrial Revolution, new chemicals started
to be produced and poured uncontrollably in water bodies. Moreover, new technological
advances and improvements in sanitary conditions boosted life-expectancy, increasing the world
population and the need for bigger cities and farming lands. Altogether, these circumstances
have led to a dramatic increase in both water demand and pollution, threatening access to good-
quality water all over the world. As an example, global water demand has raised almost 600%
from 1900 to 2015 (Figure 1.1a)%. If water use keeps growing at this rate, it is estimated that
around 50% of the world population will be living in water-stressed areas by 2050, with limited
access to safe water sources?. Currently, most of the world water demand is due to agriculture
and farming (= 70%), but there are important variations among different geographical areas
(Figure 1.1b)3. The remaining global water consumption is carried out by the industries (= 20%),

and by the urban areas (= 10%).

Water pollution arises when pollutants reach water bodies (i.e. rivers, lakes, seas, oceans
and groundwater sources). Pollutants are substances introduced in the environment that cause
adverse effects to specific living beings or the overall ecosystem. Water pollution can be chemical,
biological, and physical. On the one hand, chemical pollution generally comes from the industrial
and agricultural sectors and includes organic and inorganic substances such as pesticides and
heavy metals. On the other hand, microbiological pollution is caused by microorganisms such as
bacteria, viruses, and protozoa. Eventually, physical pollution arises as some physicochemical
parameters of the water are impaired, such as temperature, pH, conductivity, and dissolved

oxygen content.
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Main waste products produced by agriculture and farming are pesticides, dung, and other
biological traces. These waste products may pollute the ecosystem through filtration in
underground-water reservoirs or direct grooving to the rivers, lakes, seas, and oceans. Therefore,
since agriculture and farming are human activities with the highest water demand worldwide,
water quality is severely threatened by chemical and biological pollution. For example, in the
European Union (EU), only 18% of the inner water bodies can be considered to have good or high
quality (Figure 1.1c)*. On the other hand, almost 40% of the inner water bodies are considered

to have poor or bad quality and are inappropriate for human consumption.

Consumption of unsafe water, polluted with chemicals and mainly with microorganisms,
can lead to several diseases, some of which may be fatal, such as dysentery or cholera. More than
2 billion people in the world drink unsafe water contaminated with feces, and around 0.8 million
people die every year as a consequence”. More than 98% of these deaths caused by waterborne
outbreaks are produced in Africa and south-east Asia, being India and Nigeria the two countries

with the highest number of deaths related to the consumption of unsafe water (Figure 1.1d)°.

In summary, water pollution threatens water quality worldwide. Nowadays, agriculture and
farming entail the highest pollution sources of water bodies. Since more than 2 billion people
drink unsafe water causing almost 1 million deaths per year, it is crucial to know and detect the
main pollutants found in water. Consequently, this control would allow for decreasing the
personal and economical burdens associated with waterborne outbreaks and chronic related

diseases.
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Figure 1.1. Water use, pollution, and related outbreaks. (A) Global water demand from 1900 to 2015 (Food and
Agriculture Organization of the United Nations [FAO]). (B) Water use by sector (agriculture and farming, industry
and urban areas) in the five continents and worldwide (2010, AQUASTAT). (C) Water quality of inner water bodies in
the EU (2018, European Environmental Agency [EEA]). (D) Human deaths caused by waterborne diseases showing

the top-ten countries with the highest mortality numbers (2016, AQUASTAT).

1.1.2. General Description of Pollutants

Water pollution occurs when wastewater bodies containing pollutants get in contact with
cleaner water bodies. There exist many water pollutants that can be classified into seven major
categories: organic compounds, inorganic compounds, pathogens, nutrients, and agriculture

runoff, radioactive pollutants, thermal pollution and macroscopic pollutants’ (Figure 1.2).

Organic and inorganic compounds can, in turn, be included in a larger category of chemical
pollutants, whereas pathogens can be considered as biological pollutants. These two main
categories are explained more in detail in the following sections. Besides, radioactive pollutants,
thermal pollution, and macroscopic pollutants can be classified as physical pollutants. Some

examples of macroscopic pollutantsinclude plastics, large metallic pieces and other types of trash.

11
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Figure 1.2. Water pollutants. The seven major classes of water pollutants found in water bodies.

These materials are further disintegrated into smaller particles, in the range of um or nm,
which can easily enter the food chain through small marine animals and plants. As an example,
microplastics are pieces of plastic smaller than 5 mm in length®° that come from larger
manufactured products that are degraded within time by chemical processes. Microplastics
include microfibers, microbeads and plastic pellets with an irregular shape. Thermal pollution of
water comes from the discharges of thermal power plants and industries. An increase in the
water temperature boosts bacterial metabolism, reducing the dissolved oxygen (DO) content
present in water, thus altering the overall aquatic life’. Eventually, radioactive pollutants (i.e.
cesium, plutonium, and uranium) emit harmful ionizing radiation that can damage the genome
of living beings, inducing mutations in the DNA and ultimately provoking infertility'® or serious

diseases such as cancer!l.

1.1.3. Chemical Pollutants

One of the main sources of water pollution is chemical pollution. Chemical pollutants can
be either organic or inorganic substances that are usually manufactured and purified by humans.

Currently, there are more than 70,000 chemicals commercially available only in the USA, and

12
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around 100 million registered worldwide'>'3, Some examples of chemical pollutants are

pesticides, petroleum and its derivatives, and heavy metals.

1.1.3.1. Pesticides

Pesticides are chemical compounds used to control pests (i.e. to prevent, contain, reduce
or kill a harmful organism) in order to protect plants or animals from disease. Pesticides may be
also used to keep water reserves, prevent epidemic and pandemic spreads, improve animal
welfare, promote industrial processes and preserve home material. In any case, pesticides are
toxic compounds intended to interfere with or modify fundamental physiological mechanisms on
living organisms. In this regard, the major problem pesticides pose is the lack of selectivity against
the target organisms'#8, For instance, broad-spectrum pesticides kill indiscriminately a great
variety of organisms (i.e. insects), speeding up the ecosystem unbalance. Besides, several
pesticide wastes can accumulate for years in soil and water, increasing the probability of contact
with non-target animals, plants and, even humans. The first synthesized man-made pesticide was
dichlorodiphenyltrichloroethane (DDT)'’, an insecticide synthesized in 1874 and which
properties were elucidated in 1939. After the Second World War, the use of pesticides
widespread all over the world, mainly due to the development of chemical industries and

intensive farming.

Pesticides can be classified according to different criteria, such as their specific target,
physical state, danger level, intended use or chemical constitution. For example, pesticides may
be used to control insects and mites (insecticides), fungi (fungicides), weeds (herbicides), bacteria
(bactericides), rodents (rodenticides), worms (nematicides) and mollusks (molluscicides)?!®.
Regarding the physical state, pesticides can be found in the form of gas, spray, powder, solid,
liquid or tablets. Besides, the acute toxicity can be used to classify pesticides, from extremely
dangerous to non-dangerous compounds, including three different intermediate categories

(highly dangerous, dangerous and slightly dangerous)*8.

Pesticides can also be classified according to their final use. They are ubiquitous: agriculture
uses up to 85% of the total pesticides produced worldwide, and up to 10% is used in public health
to control vector-transmitted diseases (i.e. malaria) and eliminate illegal drug cultivations?’. On

the other hand, pesticides are useful to prevent weed growth in natural water reserves and to

13
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avoid bacterial and fungi growth within the machines in the industry. Besides, home care

pesticides are often used to control insects (i.e. ants and cockroaches). Nonetheless, for

detection purposes, the most useful and widespread classification of pesticides is by their

chemical structure and functional groups. Table 1.1 summarizes and updates the most important

groups of pesticides used worldwide according to these criteria.

Chemical Class Subgroups Core Formula Main Use Mode of Action
Inorganic Fungicide,
. g ’ i Herbicide, Inhibition of pyruvate
Arsenic compounds organic and AS -
Arsenic gas o\, Insecticide, dehydrogenase
g Rodenticide
Interference with the
Bipyridyli Methyl-, alkane-
tpyridylium ethyl-, a éne e Herbicide photosystem | in
compounds & benzyl-derived NN
plants
Aromatic & Non- o . AChE reversible
Carbamates aromatic /\OJ\NHZ Insecticide inhibition
Coumarin Simple o o Bactericide, | Antagonists of vitamin
coumarins & w Fungicide, K, inhibition of AChE &
compounds . 5 . .
furanocoumarins Rodenticide DNA fragmentation
Mono-, di- & tri- o Fungicide, Oxidation and
Nitrophenols phenolic . N,©/ Herbicide, sulfonation of
compounds Insecticide cytosolic molecules
o Nicotine-like o N \ N .Ove.rstlmulatlon of
Neonicotinoids molecules @\\ Insecticide nicotinic-acetylcholine
; receptors (NAChRs)
Chloroalkanes, Promoting ROS &
Chlorinated Algaecide, epigenetic defects,
Organochlorinated alicyclic Bactericide, alterations of the
-CHCl .. .
compounds compounds & Fungicide, peripheral and central
Chlorophenolic Herbicide nervous systems &
compounds DNA damage
Inhibition of
Acaricide, mitochondrial
Organotin, SnX, SnXa, Bactericide, enzymes (Sn),
Organometallic Organomercury, SnXs, SnXs Fungicide, inhibition of
compounds & QOrganocopper HgX, HgX> Herbicide, thioredoxin reductase
compounds CuX, CuXz Miticide, (Hg) & interference
Nematicide | with the uptake of iron

(Cu)

14




CHAPTER 1

(SU)

Phosphate, Herbicide
Organophosphorous | Phosphonate & PO4X3, PO3Xs. Insecticide’ AChE irreversible
compounds Phosphinate PO2X3 Parasiticidé inhibition
compounds
Alkyl-, Br-, Cl-, F-
Phenoxiacetic g: I'-derr;vced’ i Hormonal disruptor in
. O\)LOH Herbicide plants by mimicking
compounds phenoxyacetic Auxins
acids
+-
. 15t & 2nd oS o i~ | Acaricide, Blockage (?f Na
Pyrethroids . g T . channelsin the
generation 4 Insecticide neurons
Dependine on Blockage of GABA-
thepside chgains D gated chloride
Pyrazole compounds N Insecticide channels & GluCl-
connected to the H channels in the
pyrazole group neurons
O-isomeric & S- s Fungicide, Inhibition of nAch
Thiocarbamates < omeric forms R\rlq)Ls/R Herbicide, receptors and
R Insecticide squalene epoxidase
Svmmetrical & N Interference with
Triazine compounds v . 1 \/)N Herbicide photosystem Il in
asymmetrical N plants
. Symmetrical & 7\ . Inhibition of the
T | N F .
riazole compounds asymmetrical Ln ungicide synthesis of ergosterol
Inhibition of
Benzoylurea (BU) 9 Herbicide acetolactate synthase
Urea compounds | & Sulphonylurea HQN/é\NHZ Insecticidé (BU)

Inhibition of the
synthesis of chitin (SU)

Table 1.1. Pesticides classification according to their chemical structure and functional groups.

Arsenic Compounds

Arsenic is a semi-metal element, which physical properties are intermediate between a

metal and a non-metal. Arsenic compounds are classified into three main categories: inorganic

arsenic compounds, organic arsenic compounds, and arsine gas!®. Some examples of inorganic

arsenic compounds are arsenic trioxide?® (an anticancer drug) and arsenic pentoxide?! (pesticide

and wood preservative). Some examples of organic arsenic compounds are methylarsonic acid??

(herbicide and fungicide) and cacodylic acid?® (herbicide). Other uses of arsenic compounds

include defoliation and cotton desiccation. Nonetheless, historically arsenic compounds have
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mainly been used as pesticides for agricultural applications. Inorganic arsenic compounds were
banned in the USA since 199324, and organic arsenic compounds were later on banned in 2009%,

except for monosodium methanearsonate (MSMA).

Arsenic compounds have been used as fungicides, herbicides, insecticides, and rodenticides.
These compounds inhibit the enzyme pyruvate dehydrogenase?® located in the matrix of the
mitochondria, preventing the use of thiamine (vitamin B1), leading to the production of reactive
oxygen species (ROS), and finally triggering cellular apoptosis?’. Arsenic compounds are highly
toxic for humans and the intake routes can be by inhalation and ingestion?*. Acute toxicity
induces vomiting, encephalopathy, and diarrhea?®. Chronic exposure often leads to tumors,

cancer, and heart disease?.
Bipyridinium Compounds

Bipyridinium compounds are chemicals consisting of two pyridyl rings (CsN4H). Bipyridinium
compounds are classified according to the regioisomery of the bipyridine group and the chemical
groups connected to the pyridyl rings (i.e. methyl, formyl and cyano groups)?°. The main use of
bipyridinium compounds is as non-selective herbicides to kill grasses and weeds®. These
herbicides interfere with the electron transfer process carried out by the iron-sulfur protein
ferredoxin, located in the photosynthetic photosystem | of the plants, triggering the formation
of ROS, causing lipid peroxidation and oxidative stress, and finally leading to cellular apoptosis3?.
Intoxication with bipyridinium compounds leads to liver, kidney and lungs damage3?2. Paraquat is
the most widely used herbicide of this category. Bipyridinium compounds are also used as

electrochemical labels and catalysts (i.e. 2,2’-Bipyridine)33.
Carbamate Compounds

Carbamate compounds are organic compounds derived from carbamic acid (NH,COQOH).
Carbamate compounds are classified as aromatic or non-aromatic carbamates3*. The main use of
carbamate compounds is as insecticides, but they are also used to synthesize polyurethane
polymers. Carbamates inhibit reversibly the enzyme acetylcholinesterase (AChE), which catalyzes
the breakdown of the acetylcholine neurotransmisor3>. There are three main isoforms of AChE3®,

which can be found both in invertebrate and vertebrate animals. In this regard, insects are the
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main target of carbamate pesticides, but due to the presence of AChE also in the nerves and
muscles of mammal animals and humans, poisoning and toxic effects are not rare to occur.
Toxicity triggered by carbamate pesticides may lead to central nervous system alterations such
as paralysis and asphyxiation in the most severe cases®’. Carbaryl is one of the most commonly
used carbamate insecticides worldwide since it is less toxic to humans than other carbamate
pesticides such as carbofuran3®, Regarding alternative uses, carbamate compounds are also used

to develop anxiolytic and muscle relaxing drugs (i.e. pyridostigmine)3°.
Coumarin Compounds

Coumarin compounds are aromatic organic chemicals derived from coumarin (CoHeO2).
Coumarin compounds are classified as simple coumarins or furanocoumarins, as well as
according to the chemical groups found on the side chains out of the coumarin aromatic rings“°.
Coumarin compounds have several applications, highlighting those related to the medicine (i.e.
warfarin, anticoagulant)*! and the control of pests (i.e. brodifacoum, rodenticide)*?. As pesticides,
coumarin compounds may behave as rodenticides, fungicides, and bactericides**. On the one
hand, most coumarin compounds block the regeneration and recycling of vitamin K**, leading to
uncontrolled bleeding and hemorrhage in mice and rats. On the other hand, some coumarin
compounds have also been reported to inhibit AChE and trigger DNA fragmentation®3. Coumarin
compounds are normally not toxic to humans at the concentrations used to kill rodents, but
overexposure to higher doses may lead to hepatoxicity and internal hemorrhage in susceptible

groups of human population®.
Nitrophenol Derivatives

Nitrophenol derivatives are organic compounds derived from nitrophenol (HOCgHsx[NOz]x).
Nitrophenol has, in turn, three isomeric forms: o-nitrophenol, m-nitrophenol, and p-nitrophenol.
The phenolic ring can also be connected to two or three NO2 groups, yielding di- and tri-
nitrophenols*#’. Nitrophenolic compounds can be directly used as herbicides, fungicides, and
insecticides; or used as intermediates in the synthesis of more complex pesticides*®*°. They
trigger biological oxidations and cytosolic sulfonation of small molecules in the cytoplasm,
leading to oxidative stress and cellular apoptosis®®. Some nitrophenol derivatives are also used

as pigments and chemicals for rubber and leather treatments®!. Regarding the toxicological
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effects on humans, nitrophenols are poisonous compounds that may cause eye, skin and
respiratory tract irritation. In contact with internal organs, nitrophenol leads to the formation of

methemoglobin and subsequent cyanosis, confusion, and unconsciousness>?°3,
Neonicotinoids

Neonicotinoids are structural analogs of nicotine. Nicotine is a bicyclic compound
containing a pyridine cycle (5 C atoms and 1 N atom) and a pyrrolidine cycle (4 Catoms and 1 N
atom). In this regard, neonicotinoids mimic nicotine biochemical activity by binding to the
nicotinic acetylcholine receptors (nAChRs) and triggering their overstimulation*. While nAChRs’
low activation causes nervous stimulation, excessive activation causes paralysis and ultimately
death. Neonicotinoids are mainly used as insecticides because nAChRs are present in the central
nervous system of insects®*>>. These receptors can also be found in the central and peripheral
nervous systems of mammals, whereby the selectivity of neonicotinoids lies in the structural
differences of the nAChRs present in insects and mammals®®>’. Nonetheless, neonicotinoids are
highly toxic to a broad range of insects, including honeybees>>>%, having a dramatic impact on
the ecosystem's biodiversity. Besides, side effects can also occur in humans, including infertility,
hepatoxicity, neurotoxicity, and genotoxicity®>. Some examples of neonicotinoids are

acetamiprid, imidacloprid and thiamethoxam®°.
Organochlorinated Compounds

Organochlorinated compounds (OCs) are organic compounds containing at least one
covalently bonded atom of chlorine. OCs are classified according to the chemical structure
(chloroalkanes, chlorinated alicyclic compounds, and chlorophenolic compounds) and to the
number of chlorine atoms present in the molecule (mono-, di-, tri-, tetra- and
pentachlorophenol)®. OCs are used as algaecides, bactericides, fungicides, and herbicides®%2,
Depending on their specific chemical structure, OCs cause a great variety of damages at the
biochemical and cellular levels, inducing different toxic effects. For example, trichloroacetic
compounds trigger epigenetic alterations in the DNA and oxidative stress®3. On the other hand,
DDT-like compounds (dichlorodiphenyltrichloroethane) cause hyperexcitability on the peripheral

nervous system®®, whereas chlorinated cyclodienes trigger a widespread depression of the
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nervous system®®’, Finally, chlorophenols directly damage DNA by inducing mutations and

structural alterations of the DNA double strand®s.

OCs are also commonly used as disinfectants®® (chlorophenolic compounds), electrical
insulators and heat transfer agents® (polychlorinated biphenyls), flame retardants’®
(chloroalkanes) and substrates for the fabrication of plastics’! (vinyl chloride). Some examples of
organochlorinated pesticides include trichloroacetic acid’? (herbicide), pentachlorophenol®!
(algaecide, fungicide, herbicide, and insecticide) and endosulfan’® (chlorinated cyclodiene;
acaricide and insecticide). OCs pose a risk for human health since some of them have proven to

be carcinogenic and cause severe renal and neurological defects®%74,
Organometallic Compounds

Organometallic compounds are organic compounds containing at least one covalently
bonded atom of metal. In the case of organometallic pesticides, tin (Sn), mercury (Hg) and copper
(Cu) are the most used metallic atoms. There exist a great variety of organometallic pesticides
with different biological effects, including acaricides, bactericides, fungicides, herbicides,
miticides and nematicides’>’8. Tin-based organometallic compounds are classified as organotin
halides, organotin hydrides, organotin oxides, organotin hydroxides, and stannanes’. Tributyltin
(TBT) is an organotin compound commonly used as an anti-fouling paint and as an ingredient in
some disinfectants®®8l, Mercury-based organometallic compounds are classified as elemental
mercury, inorganic mercury compounds, and organic mercury compounds’®8, Thiomersal
(ethyl(2-mercaptobenzoato-(2-)-0,S) mercurate(1-)sodium, IUPAC name) is an organomercury
compound formerly used as a bactericide®3. Copper-based organometallic compounds include a
pool of copper-based organic and inorganic compounds such as copper sulfate, copper oxide,

and copper octanoate®*8, Copper sulfate is used as an algaecide and as an herbicide3+2°.

Tin-organometallic pesticides inhibit the ATPase activity and destroy the pH gradient in the
mitochondria. Besides, they cause microtubule disassembly and disruption, and inhibition of
several enzymes, including cytochrome P-450, leading to cellular apoptosis®’”. Mercury-
organometallic pesticides inhibit selenoenzymes (i.e. thioredoxin reductase), leading to oxidative
stress and cellular apoptosis®. Copper-organometallic pesticides interfere with the uptake of

iron and other nutrients essential for the plants and fungi’s metabolism, as well as induce
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oxidative stress’”82%0, Other uses of organometallic compounds include catalysts (Sn-
compounds)®!, sensing devices (Hg-compounds)®?> and coloring agents (Cu-compounds)®.
Organometallic compounds are toxic to humans at different levels depending on their chemical
structure and the intake route. The toxic effects might include bronchitis and endocrine
disruption for Sn-compounds®, central nervous system alterations (i.e. Minamata disease)®> and

kidney toxicity for Hg-compounds, and skin and respiratory irritation for Cu-compounds®.
Organophosphorus Compounds

Organophosphorus compounds (OPs) are organic compounds containing at least one
covalently bonded atom of phosphorus. OPs are classified according to the chemical valence of
the phosphorus element: phosphorus (lll) and phosphorus (V), as well as the chemical structure
of the entire molecule (i.e. phosphates, phosphonates, phosphorothioates, phosphoramidites,
etc.)””. OP pesticides are mainly used as anthelmintics, ectoparasiticides, herbicides, and
insecticides®®. OPs covalently bind to AChE and inhibit it irreversibly, behaving as neurotoxins
that lead to muscle spasms and ultimately death®”®°. Parathion, malathion, and diazinon are
some examples of OP pesticides'®. Other OPs are used as flame-retardants (i.e. triphenyl
phosphate)!®l. OPs can be toxic for humans through inhalation, ingestion and dermal absorption,
and toxic effects can be acute or chronic. In this regard, OPs have been classified as possible

102

carcinogenst?®?, and acute toxicity leads to neurotoxic effects, even at low levels of exposure?’.

Phenoxiacetic Compounds

Phenoxiacetic compounds stem from phenoxiacetic acid. They are classified according to
the functional groups bonded to the aromatic ring of the molecule, which can be alkyl and
halogen groups (F, Cl, Br and 1)1%3, Phenoxiacetic compounds are used as herbicides because they
behave as hormonal disruptors in plants. More specifically, phenoxiacetic compounds mimic the
structure of auxins, a class of plant hormones that play a critical role in plant growth and
development!%%105 These herbicides induce an unsustainable growth of the plants, finally leading
to plants’ death. An example could be 2,4-dichlorophenoxyacetic acid, a herbicide used to control
weeds!%, Other phenoxiacetic compounds are used as flavoring ingredients (i.e. phenoxiacetic

acid)'%” and antidiabetic drugs (i.e. rosiglitazone)!®®. Phenoxiacetic compounds are safe for

20



CHAPTER 1

humans at low doses, but high doses may produce acute toxic effects such as eye irritation®,

while chronic toxicity might lead to the formation of tumors and cancer development°®,
Pyrazole Compounds

Pyrazole compounds are organic compounds derived from pyrazole, a heterocycle
containing three atoms of carbon and two atoms of nitrogen (CsHaNz). Pyrazole compounds are
classified according to the side chains connected to the pyrazole group (i.e. alkyl, phenyl). For
example, fipronil is a pyrazole compound connected to four different chemical groups (amino,
carbonitrile, halogenic phenol, and halogenic sulfinyl groups) that induces oxidative stress and
widespread damage to lipids, DNA and intracellular proteins'®, Pyrazole compounds are mainly
used as insecticides, but some of them also have bactericide, fungicide, and herbicide activity*®.
Their insecticide activity comes from the blockage of the y-aminobutyric acid-gated chloride
(GABA) channels and glutamate-activated chloride (GluCl) channels present in insects!!?.
Whereas GluCl channels are only present in protostome invertebrates!!® (i.e. arthropods,
annelids, and mollusks), GABA-gated chloride channels are also in present in humans. Therefore,
the selectivity of pyrazole insecticides arises from their more specific and stronger binding to the
insect GABA-gated chloride channels. Other pyrazole compounds (i.e. chlorfenapyr and
tebufenpyrad)#!%5 inhibit the complex | enzymes found in the mitochondria, disrupting the
production of intracellular ATP, and finally leading to cellular death. Pyrazole insecticides may
produce acute neurotoxic effects in humans (i.e. headache, tremors, and convulsions), and
tumors and cancer upon chronic exposure!*®. Eventually, some pyrazole compounds are used as

therapeutic drugs due to their analgesic and anti-inflammatory activity*?.
Pyrethroids

Pyrethroids are organic compounds analogs of pyrethrins, natural organic compounds

produced by the plant Tanacetum cinerariifolium**’

. Pyrethroids consist of a molecule of
chrysanthemic acid whose side chains can be alkyl, halogen, cycloalkyl and aromatic groups.
Pyrethroids are classified according to their chemical nature, or the time they were synthesized
(15, 2nd, 314 and 4t generation)'’. They are mainly used as acaricides and insecticides. Bifenthrin
is an example of a pyrethroid insecticide!®. Pyrethroids behave as excitotoxins, preventing the

closure of the voltage-gated sodium channels in the neurons®. Consequently, the nerves cannot
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repolarize, paralyzing the organism and leading to death. The voltage-gated sodium channels are
found both in insects and mammals, but most mammals can break down pyrethroid molecules
at low doses''’. However, cats are especially susceptible to pyrethroids since they lack the
enzyme glucuronidase, which helps to detoxify the pyrethroids in the liver'®120 |n this regard,
pyrethroids have proven to be less toxic for humans than OPs and carbamate compounds,
causing respiratory irritation if inhaled, but they are strongly toxic for honeybees and a wide

range of aquatic organisms28117,119,
Thiocarbamates

Thiocarbamates are organic sulfur-compounds derived from carbamic acid.
Thiocarbamates are classified according to the isomeric form of the thiocarbamate ester as O-
isomers or S-isomers. Thiocarbamates are widely used in agriculture as fungicides, herbicides,
and insecticides, but they are also used as biocides for household care products and several
industrial applications. Some examples are tolnaftate (fungicide)'??, benthiocarb (herbicide)'??
and cartap (insecticide)'?®. On the one hand, fungicide thiocarbamates inhibit the enzyme
squalene exposidase!?!, hindering the synthesis of ergosterol, an essential compound in the
fungal cellular membranes. On the other hand, herbicide thiocarbamates induce oxidative stress
in plants through the formation of sulfoxide compounds®?4, Lastly, insecticide thiocarbamates are
ion channel blockers of the nAChR!?3. Thiocarbamates show generally low toxicity to mammals,
including humans, being skin and eyes irritation the most common side effects observed upon
exposition. Nonetheless, some specific thiocarbamates might produce nausea, dizziness, ataxia

and even convulsions®*.
Triazine and Triazole Compounds

Triazine and triazole compounds are nitrogen-containing organic heterocycles whose
molecular formula is CzH3zN3 and C;H3Ns, respectively. Triazine and triazole compounds are
classified according to the different isomeric and tautomeric forms of the heterocycles. While
triazine compounds are fundamentally used as herbicides'?®, triazole compounds are more
commonly used as fungicides. Some examples of triazine compounds include atrazine and
simazine'?®, and some examples of triazole compounds include ketoconazole and

tebuconazole!?”1?8, On the one hand, triazine compounds interfere with the photosynthetic
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system of the plants through the inhibition of the plastoquinone-binding protein of photosystem
I, located on the thylakoid membrane of chloroplasts®*. Consequently, the electron transport
process is interrupted, resulting in the plant’s death. On the other hand, triazole compounds
inhibit the enzyme lanosterol 14a-demethylase, preventing the conversion of lanosterol to
ergosterol'??, thereby harming the fungal cellular membrane integrity. Triazine compounds have
generally low toxicity to mammals. However, some triazine compounds are skin irritators and
might provoke irritability, anorexia, and hypothermia after ingestion, among other symptoms?4.

130 essential for the

Additionally, triazole compounds may inhibit the enzyme aromatase
biosynthesis of estrogens, behaving as endocrinal disruptors. Regarding other uses, triazine
compounds are often used as chemical reagents in organic synthesis*3!, and triazole compounds

are used as antifungal drugs to treat fungal infections.
Urea Compounds

Urea compounds are organic chemical compounds derived from urea (CO[NH:],). Urea-
based pesticides encompass three major categories known as benzoylureas, phenylureas, and
sulfonylureas'3?. Benzoylureas are chemical derivatives of benzoylurea (CsHsN,0;) that act as
insect growth regulators by inhibiting the biosynthesis of chitin!33, the primary component of
insects’ exoskeleton. Diflubenzuron is an example of benzoylurea insecticide!33. Phenylureas are
chemical derivatives of phenylurea (CsH1oN20) that inhibit the plastoquinone-binding protein of
the photosystem Il in plants and algae, interrupting the electron transport chain, and finally
leading to the plant’s death'34. Diuron is probably the most commonly used phenylurea
worldwide!®. Sulfonylureas are chemical derivatives of sulfonylurea (CH2NO3S) containing two
additional side-chains composed of a variety of different chemical groups. They are classified as
1%t, 2" and 3" generation sulfonylureas. Sulfonylureas are mainly used as herbicides due to their
ability to inhibit the acetolactate synthase!3®, an enzyme present in plants and some
microorganisms involved in the biosynthesis of the amino acids valine, isoleucine and leucine. An
example is flazasulfuron, a sulfonylurea herbicide used to prevent the growth of pre-emergent
plants and kill post-emergent plants in a matter of days'®’. Some other sulfonylureas are used as

antidiabetic drugs to treat diabetes mellitus type 2 (i.e. glimepiride) by stimulating the secretion
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of insulin by the B-cells present in the pancreas'3®. Therefore, some toxic effects upon human

exposure to herbicide sulfonylureas may include hypoglycemia and headache.

The following images summarize the cellular and synaptic targets of all the aforementioned

classes of pesticides (Figure 1.3. and Figure 1.4.).
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Glutamate-activated
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Figure 1.3. Pesticides and their synaptic targets. The diagram shows two neurons undergoing synapsis, the related
enzymes and receptors, and the corresponding pesticides targeting these neuroreceptors and enzymes. (*) AChE =

acetylcholinesterase.
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Figure 1.4. Pesticides and their subcellular targets. The diagram shows the three main types of cells, different

organelle and the corresponding families of pesticides targeting these subcellular locations.
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1.1.3.2.

Heavy Metals and Petroleum

Heavy Metals

Heavy metals are metallic elements with specific properties such as high density (3.5-7

g-cm3) and high atomic weight. Water pollution with heavy metals often arises from mining and

other industrial activities. The most common heavy metals found in waters are arsenic (As),

cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), mercury (Hg), thallium (Tl) and

zinc (Zn)'%°. These heavy metals are not biodegradable, and though some of them are essential

for humans’ metabolism at low concentrations, higher concentrations often cause toxicity.

The following list summarizes the uses of these heavy metals, the pollution inputs of them into

the water bodies, and their toxic effects on the environment and human’s health:

26

Arsenic: Arsenic compounds have historically been used as healing agents to treat several
diseases such as leukemia and psoriasis?’. More recently, roxarsone and arsanilic acid
were still being used as feed additives for swine and poultry in some countries, including
the US and Australia?4. Pollution inputs often come from industrial processes and natural
geological sources leaching into water bodies (i.e. aquifers)?’. Arsenic pollution is a
relevant issue in Bangladesh and West Bengal (India)?’. Arsenic is not only a carcinogen
but also a powerful poison, whose acute ingestion usually leads to death within one to
four days.

Cadmium: Cadmium is a habitual element found in paints, batteries and some plastics.
Therefore, the main pollution inputs come from non-recycled batteries and industrial
wastewaters. Cadmium is strongly toxic for humans, even at low concentrations®.
Cadmium is considered a carcinogen since it can inhibit the enzymes involved in DNA
reparation, as well as other ROS (Reactive Oxygen Species) detoxifying enzymes (i.e.
catalase and superoxide dismutase)4?. As an example, the itai-itai disease is a cadmium-
poisoning related disease!4!.

Chromium: Chromium is used to produce stainless steel, manufacture paper, and tan
leather cloths. It enters the ecosystem mainly through industrial wastewaters. Chromium

inhibits the enzymes catalase and glutathione reductase, thereby increasing the
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concentration of intracellular ROS, leading to lipid peroxidation and cell membrane’s
damage!?°. Chromium can produce irritation through inhalation, ingestion or even by skin
contact, leading to more serious symptoms such as hemorrhagic gastroenteritis and acute
renal deficiency#?.

Copper: Copper is an essential element (micronutrient) that is required by most living
beings (plants, animals and some microorganisms). It constitutes a key cofactor for some
metalloenzymes and is involved in the formation of red blood cells!3%'43, Copper has been
used since the prehistory for the construction of rudimentary tools, until nowadays for
the production of wires and other electrical components!3®. Nonetheless, the intake of
high concentrations of copper by drinking polluted waters leads to stomach and kidney
problems in humans®3®'#4, Furthermore, copper is extremely toxic to several aquatic
organisms, even when found at low concentrations in water!32145,

Nickel: Nickel is a metallic element mainly found in volcanic rocks, and is used in diverse
industrial applications such as the production of stainless steel, coins, and batteries!3%46,
Nickel is also necessary for the synthesis of red blood cells in humans, but it becomes toxic
at high doses and longer exposure times?®. It has been hypothesized that Ni atoms may
replace Mg atoms in the double-strand DNA, enhancing chromatin condensation and
triggering DNA methylation, resulting in important epigenetic modifications®3. Nickel
poisoning leads to liver toxicity, heart damage, and even cancer!3%146,

Lead: Lead is used for the production of bullets, ship ballasts, and scuba diving weight
belts. The plumbing pipes systems are the main sources of pollution of drinking water
with lead, especially in old houses built in the first half of the 20™" century. Lead atoms are
highly toxic because they hinder the hemoglobin synthesis and disrupt the central
nervous system?3°, Besides, lead also produces chlorosis and bleaching in plants exposed
to Pb-polluted waters'3?,

Mercury: Mercury is used for the manufacture of thermometers, barometers, dental
amalgams, and fluorescent lamps. Industrial wastewaters are the main mercury inputs in
natural water bodies. Mercury can be inhaled or ingested, damaging severely the red

blood cells by inducing ROS production®. Mercury is known to be mutagenic and cause
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neurologic disabilities’®!3°, For example, Minamata disease is a neurological disorder
caused by mercury poisoning®>.

e Thallium: Thallium is a rare metallic element used as an infrared optical material, as a
photoresistor, and for nuclear medicine scanning. Thallium pollution of waters is not
common. Upon ingestion, TI* ions mimic K* ions, entering the cells through the potassium
ionic channels. Once inside the cell, TI* ions interact with sulfur ligands (i.e. cysteine),
interfering with many cellular processes (i.e. regulation of oxidative stress and
glutathione metabolism)!*’. The symptoms provoked by thallium poisoning are complex
and nonspecific, including anxiety and delirium, which might lead to coma and death!4,

e Zinc: Zinc has several applications in the industry, highlighting the galvanization of steel
and iron-made pieces and the fabrication of alloys such as bronze and brass. Zinc is also
an essential micronutrient for plants and humans, which deficiency causes immunological
depression, diarrhea, and psychological disorders4®1*0, |n this regard, zinc is required for
the correct working of many intracellular enzymes and transcription factors#%1>%,
Nevertheless, high concentrations of zinc in water provoke phytotoxic effects and
muscular disorders in humans after ingestion3°. In this regard, several human activities
such as mining, coal combustion, and steel processing might release traces of zinc into

the soil and the rivers, rising the zinc concentration above the safety levels'®2,

Petroleum

Petroleum is a natural hydrocarbon found beneath the Earth’s surface that is used to
produce a huge variety of products such as gasoline, plastics, asphalt, and kerosene. Therefore,
it is primarily used as a source of energy for transport, heating, and lighting. Petroleum is formed
after a large number of dead organisms are buried under sedimentary rocks undergoing intense

heat and pressure®3,

Nowadays, humankind has a strong dependence on petroleum to produce energy and
several manufactured products. However, petroleum sources underneath the Earth's surface are
limited. Petroleum itself has limited toxicity on humans, mainly irritation after skin contact!>*.

The ingestion of petroleum may lead to mild symptoms, such as nausea and diarrhea®>*.
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On the other hand, petroleum-derived oils pose a severe risk to marine life, and ultimately
to humans as well’*>. Some oils derived from petroleum, together with some additives they
contain, can reach the lungs by aspiration, leading to acute pneumonitis. Besides, a huge amount
of petroleum-derived products and oils are transported by sea in freighter ships. When any of
these ships break down, tons of a complex mixture of hydrocarbons together with additives (i.e.
sulfur and nitrogen compounds), are released into the water>>, Consequences are catastrophic.
Some examples are Gulf War oil spill (the Persian Gulf, 1991, > 1.5-10° tons)*°¢, Ixtoc | oil spill (the
Gulf of Mexico, 1979, > 4.5-10° tons)'®’ and Atlantic Empress/Aegean Captain oil spill (the
Caribbean Sea, 1979, > 2.5-10° tons)*>2,

Several oil spills have also taken place around the Spanish coasts, being the Prestige oil spill
occurred in November 2002, the most recent. The tank of the ship burst after a storm, releasing
more than 63,000 tons of heavy fuel oil into de Atlantic sea, near the Galician coast. As a result,
more than 1,000 km of coastline was covered by fuel, thousands of animals died, and

environmental-related problems lasted for years'>.

1.1.4. Biological Pollutants

Pathogens are disease-causing microorganisms. Some of these microorganisms can be
transmitted by water, producing waterborne outbreaks and serious diseases. Waterborne
pathogens can be either bacteria, viruses, protozoa, algae or worms (Figure 1.5). Therefore,
water disinfection is required to achieve drinkable water standards and the optimal treatment of

wastewaters.

1.1.4.1. Bacteria

Bacteria are prokaryotic cells that can be free-living or interact with animals and humans
either through symbiotic or parasitic relationships. Our own body has more bacteria cells than
human cells, mainly living in the guts but also all over the skin, in our nose, mouth, throat,

160 Water is also a common ecosystem for bacteria, and their presence is

stomach, and genitals
almost inevitable. Therefore, the parameter that indicates whether a specific source of water is
drinkable or not, is not the presence of bacteria but their concentration (CFU/mL). Besides, many

different bacteria species can be found in water, making the detection and quantification of all
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of them nearly impossible. In this regard, only a few “indicator bacteria” are analyzed and
guantified, which numbers suggest or not possible contamination with other pathogenic

microorganismse0,

{ ﬂ ]
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N\ ) e
Bacteria Viruses Algae Protozoa Worms

Figure 1.5. Biological pollutants. The five major classes of biological pollutants found in water bodies.

Coliforms are the main indicator of fecal pollution of waters. Most coliforms live inside the
human and mammal guts and encompass a heterogeneous group of bacteria such as Escherichia
coli, Enterobacter and Klebsiella. Generally, the presence of coliforms above a certain
concentration (= 1 CFU per 100 mL in the US and EU countries), and more specifically E. coli,
indicate fecal contamination of water, thereby unsuitable for human consumption'®. The most

common and important bacteria related to waterborne outbreaks are explained below.
Burkholderia pseudomallei

Burkholderia pseudomallei is a gram-negative, aerobic, motile, rod-shaped bacterium that
can infect a wide range of animals and humans. B. pseudomallei is endemic from tropical and
subtropical regions worldwide®!. The infection intake route is mainly through the ingestion of
contaminated water. In such cases, a disease named “melioidosis” is likely to happen, whose
symptoms go from localized cutaneous manifestations in the milder cases to sepsis and death
(40% of mortality in untreated cases)'®. It is estimated that B. pseudomallei infects > 1.5-10°

people/year, killing approximately 9-10* people/year, mainly in southeast Asia'®?, China'®,
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164 and northern Australia’®?. Diagnosis and identification of B. pseudomallei can be

Taiwan
carried out by culture on blood and MacConkey agar, 16S rRNA sequencing, PCR, serological

diagnosis (i.e. IHA or ELISA), metabolic profiling, and more recently by MALDI-TOF MS?65,
Campylobacter jejuni & Campylobacter coli

Campylobacter spp. is a genus of gram-negative, microaerophilic, motile, rod and spiral-
shaped bacteria that can be transmitted by ingestion of contaminated food and water, as well as
by fecal-oral route from infected animals or people'®®. Campylobacter jejuni and Campylobacter
coli are the two main pathogenic species of this genus of bacteria. Campylobacter spp. provokes
around 2 million infections only in the US every year!®®, and is considered to be the most frequent
cause of gastroenteritis worldwide'®’. Campylobacteriosis causes high fever (> 40 2C), nausea,
stomachache, and bloody diarrhea. Most people overcome the disease after 7-10 days, but the
infection reappears in around 25% of the cases!®®. Detection of C. jejuni is mainly made by

immunological tests and bacterial growth on selective media®®®.
Clostridium botulinum

Clostridium botulinum is a gram-positive, anaerobic, motile and rod-shaped bacterium. C.
botulinum typically lives in water and can form endospores that enable the bacteria to survive at
high temperatures and salinity conditions®®. C. botulinum produces the botulinum neurotoxin,
which can be ingested together with the bacteria through contaminated food and water, causing
botulism. This neurotoxin blocks the release of acetylcholine, paralyzing the muscles, and
consequently may lead to death because of respiratory failure!®®. The ingestion of only a few
nanograms of the botulinum neurotoxin can kill a person'’®. Diagnosis of C. botulinum toxin is
carried out by ELISA tests with digoxigenin-labeled antibodies, the so-called “mouse lethality

bioassay”, and quantitative PCR'"%,
Escherichia coli

Escherichia coli is a gram-negative, facultative anaerobe, motile and rod-shaped bacterium.
Most E. coli strains are considered normal microbiota in humans’ and mammals’ guts. However,
there are specific strains of E. coli considered pathogenic, referred to as enterovirulent E. coli

(EEC). For example, the strain 0104:H4 belongs to a pathogenic group named Shiga toxin-
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producing E. coli (STEC), which produces Shiga toxins that trigger inflammation in the intestines,
followed by bloody diarrhea'’>73, Other strains of E. coli, named enterotoxigenic E. coli (ETEC)
cause the traveler’s diarrhea. Infection occurs upon the ingestion of contaminated food or water.
ETEC cells attach to the intestinal lining, secreting enterotoxins that cause watery diarrhea'’4. On
the other hand, enterohemorrhagic E. coli (EHEC) strains cause hemolytic-uremic syndrome (i.e.
0157:H7), characterized by acute kidney failure and low red blood cells and platelets levels'’2.
Finally, enteroinvasive E. coli (EIEC) and enteroaggregative E. coli (EAggEC) invade the intestinal
walls, causing either acute or chronic diarrhea, especially in children!’>1’>, Diagnosis of EEC
infections is carried out by bacteria culture and isolation on growing media, ELISA tests, and

multiplex PCRY4175,
Legionella spp.

Legionella spp. is a genus of gram-negative, aerobic, motile and rod-shaped bacteria. There
exist around 50 species of Legionella, among which L. pneumophila is well known to cause
legionellosis. Legionellosis can, in turn, appear as Legionnaire’s disease (atypical pneumonia) or
Pontiac fever (mild upper respiratory infection)’. There is no human to human transmission of
these bacteria but through inhalation of water droplets from contaminated sources (water
cooling towers, air-conditioning cooling systems, and fountains)’’. Once inside the body,
Legionella infects alveolar macrophages, in the lungs, usually leading to pneumonial’®.
Nonetheless, this disease tends to affect more immunocompromised hosts, thereby water
quality monitoring inside hospitals is extremely important to prevent outbreaks. The mortality
rate is less than 5% in healthy patients with antibiotics treatment but raises to 60% for
nosocomial infections'’8. Legionella is detected by culture on buffered charcoal yeast extract agar
since it requires cysteine and iron to grow'76, The incubation process is slow and may take up

to 10 days to have a definitive result'’®, whereby immunological tests or even PCR are commonly

used to speed up the process!’®.
Non-tuberculous mycobacteria

Non-tuberculous Mycobacteria are those species of Mycobacterium that do not cause
tuberculosis or leprosy. The bacteria belonging to this group are considered to be opportunistic

pathogens, and often cause pulmonary diseases other than tuberculosis, but also lymphadenitis,
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skin disease, and other affections'8°

. Mycobacterium bacteria are ubiquitous and can be found in
water, soil, and animals. Non-tuberculosis Mycobacterium can colonize indoor water systems,
natural water sources, pools, and pipes. Therefore, these bacteria can be transmitted through
contaminated water and droplets®. The overall mortality rate caused by non-tuberculosis
Mycobacteria is around 10%*21. Diagnosis is made by radiographic evidence of the lungs, culture

growth on Lowenstein-Jensen medium (3-4 weeks) and 16S ribosomal RNA sequencing®®2,
Pseudomonas aeruginosa

Pseudomonas aeruginosa is a gram-negative, facultative anaerobe, motile and rod-shaped
bacterium. It is considered as an opportunistic pathogen for humans, meaning that P. aeruginosa
usually causes disease when the host is immunocompromised, has an altered microbiota or the
integumentary barriers are damaged. Therefore, most P. aeruginosa infections are nosocomial
infections that can cause a variety of different symptoms depending on the intake route (i.e.
folliculitis, otitis, pneumonia, and bacteremia)!®. P. aeruginosa can be transmitted not only by
contaminated water but also by contaminated tools, through skin contact, inhalation, and
ingestion. It is a worldwide distributed bacteria that can broadly survive in non-optimal
environments, including distilled water and soil'®*. Diagnosis includes culture growing on

MacConkey agar, biochemical tests (oxidase +) and pigment production (pyocyanin)&>,
Salmonella spp.

Salmonella spp. is a genus of gram-negative, facultative anaerobe, motile and rod-shaped
bacteria that encompass 3 different species: S. enterica, S. bongori and S. subterranean.
Salmonella enterica is further divided into six subspecies and several serotypes according to three
cellular surface antigens: O antigen (cellular wall), H antigen (flagella), and Vi antigens (bacterial
capsule)'®, Subspecies of S. enterica are enteropathogenic bacteria that cause salmonellosis
(acute gastroenteritis). The transmission of Salmonella is produced by the ingestion of
contaminated water and food (mainly raw meat and dairy products)'®. After infection,
Salmonella colonizes the small and large intestines, provoking diarrhea and stomach cramps. It
is estimated that around 100 million cases of salmonellosis occur worldwide every year, causing
more than 150,000 deaths per year®”. Salmonella spp. detection is carried out by culturing

bacteria in growth media containing ferrous sulfate and real-time PCR1818,
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Salmonella typhi

Salmonella typhi is a species of Salmonella spp. responsible for the disease called typhoid
fever. The main symptoms after infection are headache, abdominal pain, and vomiting, whereas
diarrhea is not common. Typhoid fever can be transmitted by eating or drinking contaminated

food and water with feces of infected people!®®

. Without appropriate treatment, typhoid fever
has a mortality rate of 10-30%%°1. Diagnosis is made by culturing bacteria (i.e. bismuth sulfite
agar), performing immunological tests (i.e. Widal test, Typhidot, and Tubex test)®>71% or

detecting bacteria’s DNA in biological samples (i.e. blood and feces)®.
Shigella spp.

Shigella spp. is a genus of gram-negative, facultative anaerobe, motile and rod-shaped
bacteria. There are four species of Shigella spp: S. dysenteriae, S. flexneri, S. boydii, and S. sonnei.
Shigella, in turn, classified into serotypes and serogroups!®. Shigellosis is produced after the
ingestion of water polluted with Shigella spp. In this case, bacterial cells invade the epithelium of
the colon, inducing inflammation and killing the invaded cells*®®. As a result, diarrhea and
dysentery (bloody diarrhea) are expected to occur. More specifically, S. dysenteriae strains
secrete an enterotoxin that often leads to the hemolytic-uremic syndrome®®®. The mortality rate
of shigellosis was around 10-15% at the end of the 20™ century, but since then it is steadily
decreasing®®’. Diagnosis and identification of Shigella spp. are made by agglutination tests using

adsorbed rabbit antisera®®®.
Vibrio cholerae

Vibrio cholerae is a gram-negative, facultative anaerobe, a halophilic, motile, comma-
shaped bacterium that is typically transmitted due to the ingestion of contaminated water€°,
Cholera is the waterborne disease provoked by V. cholerae. It is an endemic disease in many
developing countries in Africa, South America and Southeast Asia*. It is estimated that between
1.3 and 4 million cases of cholera occur every year worldwide®®®. In this regard, there are two
strains of V. cholerae of special importance due to their virulence and widespread distribution:
01 (Indonesia) and 0139 (India and Bangladesh)®, After the ingestion of contaminated water,

V. cholerae attaches to the epithelial cells in the small intestine, thrives and secrete an
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enterotoxin that causes strong diarrhea and dehydration (= 20 liters/day)®°. Without the intake
of liquids and the appropriate electrolytes, death is certain. The mortality rate is around 50-60%
in the non-treated cases'®®. Diagnosis and detection of V. cholerae cells are normally made by

microscopic observation of comma-shaped bacteria in the aqueous feces of sick people!.
Yersinia enterocolitica

Yersinia enterocolitica is a gram-negative, facultative anaerobe, motile, rod-shaped
bacterium that is transmitted by the ingestion of contaminated water and food. Pathogenicity of
Y. enterocolitica relies on the virulence factors that the bacteria might express depending on
certain chromosomal and plasmid genes?®. Infection with Y. enterocolitica leads to yersiniosis,
causing acute diarrhea and other digestive symptoms. The gravest condition of the infection by
Y. enterocolitica is the enteric fever, a potentially lethal disease®®. Y. enterocolitica provokes
almost 90,000 infections per year only in the US'®®. Diagnosis and detection of Y. enterocolitica
cells are made by imaging studies (i.e. computed tomography scan), ELISA tests (detection of

human 1gG, I1gA, and IgM against Yersinia), PCR and immunofluorescence assays?°Z.

1.1.4.2. Viruses, Protozoa and other Parasites

Not only bacteria but also viruses, protozoa, algae, and helminths can cause waterborne
outbreaks. Viruses are the smallest known parasites that can replicate inside their host cells.
Protozoa are unicellular eukaryotic cells that can be either free-living or parasitic. Algae are
photosynthetic eukaryotic organisms that can be either unicellular or pluricellular, some of which
produce toxins. Finally, helminths, more commonly known as parasitic worms, are large
macroparasites (> mm). The following list summarizes some of these microorganisms and

parasites?2:

e Enteroviruses: Enteroviruses are those viruses able to infect the human intestinal tract.
Enteroviruses do not produce any symptoms in many cases, but mild intestinal symptoms
are not rare. They represent almost 40% of all waterborne outbreaks produced by viruses
in the US?%2, Enteroviruses can be detected using reverse transcriptase PCR (RT-PCR),
serological methods (i.e. IgM and IgG detection by ELISA tests), and virus typing (genome

sequencing)?°3.
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Hepatitis A (HAV) and E (HEV) viruses: These viruses can be transmitted by contaminated

water and food with feces, infecting the liver and causing hepatitis. Their prevalence is
very common in developing countries. The hepatitis A virus is resistant to inactivation by
heat and has a worldwide distribution, whereas the hepatitis E virus is more common in
tropical countries and is responsible for the highest number of cases of hepatitis?%4.
Diagnosis of hepatitis A is made by serological testing of IgM, IgA and IgG anti-HAV since

the symptoms may be similar to other hepatitis viruses?®

, Whereas the diagnosis of
hepatitis E is made by detection of IgM and IgG anti-HEV and detection of HEV RNA2®,

Other viruses: This group encompasses norovirus, rotavirus, astrovirus & adenovirus.
Noroviruses were first discovered in the late 1960s in the US, and are known to cause
vomiting and diarrhea?%?. Rotaviruses often cause gastroenteritis in children and elderly
people, especially in developing countries, causing thousands of deaths in Africa, Latin
America, and Asia. On the other hand, astroviruses are known to be the major cause of
acute diarrhea in children??’. Eventually, adenoviruses are transmitted by contaminated
water and are resistant to adverse chemical and pH conditions. Among different
infections, adenoviruses can cause ear infection, conjunctivitis, tonsillitis, bronchiolitis,
and also gastroenteritis in some cases?%. These viruses can be detected by rapid enzyme

immunoassays (EIA), ELISA tests and immunochromatographic assays2%%210,

Giardia lamblia: Giardia lamblia is a unicellular flagellated protozoan that causes enteritis.

It can infect not only humans but also dogs, cats, cattle and other livestock. It is
transmitted by the fecal-oral route through contaminated water in the form of cysts (an
inactive and more resistant form of the parasite). G. lamblia causes around 280 million
cases of enteritis worldwide, especially in developing countries, leading to diarrhea,
bloating and abdominal pain. G. lamblia infections are diagnosed by microscopic
identification, fluorescent immunoassays, and PCR?!?,

Cryptosporidium: Cryptosporidium is a parasitic protozoan that causes watery diarrhea in

humans. Infection is produced by the intake of contaminated water and food sources. The
related disease is particularly serious in immunocompromised hosts, which cases can be

fatal. Currently, there are nine Cryptosporidium species known to be able to infect
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humans?'2. This parasite undergoes a complex life cycle, in part of which it adheres to the
cells in the intestinal epithelium and access to the host cell cytoplasm, feeding off its
nutrients?!2. Diagnosis often includes seeking antigens or oocysts in stool samples by
bright-field stain visualization, immunofluorescent assays, ELISA tests, and
immunochromatographic assays?!2.

Other protozoa: This group encompasses Naegleria fowleri, Entamoeba histolytica,

Toxoplasma gondii & Cyclospora cayetanensis. Naegleria fowleri is a free-living amoeba
that can become pathogenic, causing a lethal brain infection called naegleriasis. The
infection starts after the ingestion of contaminated water, mainly from hot springs, ponds,
lakes and swimming pools?'3. Entamoeba histolytica is another amoeba that can be
transmitted by sexual or fecal-oral routes, mainly in tropical and subtropical areas.
Infection with E. histolytica might be asymptomatic or cause fulminant dysentery?4.
Toxoplasma gondii is a parasitic protozoan that undergoes a complex life cycle, first
infecting cats, from which infects humans and other mammals afterward. Ingestion of
contaminated food and water leads to toxoplasmosis, especially problematic for pregnant
women. Typical symptoms of toxoplasmosis are fever, headache and muscle pain?®.
Eventually, Cyclospora cayetanensis is also a parasite that can infect humans, causing
cyclosporiasis. Cyclosporiasis is an endemic disease in some tropical countries that causes
nausea, fatigue, abdominal pain and diarrhea. Diagnosis of these protozoa involves
cerebral spin fluid analysis by magnetic resonance imaging for Naegleria, and serological
tests (i.e. ELISA tests), PCR and microscopic observation for Entamoeba, Toxoplasma and
Cyclospora?13-216,

Microcystis: Microcystis spp. is a genus of freshwater cyanobacteria. Among the different
species of Microcystis, M. aeruginosa is responsible for the production of harmful algal
blooms and several neurotoxins (lipopolysaccharides) and hepatotoxins (microcystins),
thereby causing water contamination and health and economic burdens worldwide.
Microcystins are not only produced by M. aeruginosa but alto by other cyanobacteria.
These toxins are non-ribosomal cyclic heptapeptides that inhibit the intracellular Ser/Thr

phosphatases in terrestrial mammals after drinking contaminated water?'’. Microcystins
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detection is usually made by liquid chromatography coupled with tandem mass
spectrometry, while the algae themselves can be tracked by PCR?18219,

Anabaena: Anabaena spp. is a genus of cyanobacteria that includes some species that
produce some of the most toxic cyanotoxins (i.e. anatoxin-a). Anabaena’s cyanotoxins
bind to nAchR by mimicking acetylcholine. These toxins typically cause acute
neurotoxicity, leading to loss of coordination, convulsions, and death by respiratory
paralysis. The intake route of cyanotoxins is through the ingestion of contaminated
water??%, Detection of cyanotoxins includes ELISA tests, protein phosphatase inhibition
assays, HPLC combined with mass spectrometry, liquid chromatography, PCR, and
microarrays??L.

Ascaris lumbricoides: A. lumbricoides is a parasitic nematode that infects humans causing

intestinal and respiratory problems??2. It is estimated that worldwide more than 1.3
billion people are infected with A. lumbricoides, out of which around 15% develop
symptoms. Female worms can produce over 200,000 eggs per day, many of which are
excreted through the feces. Infection occurs after the ingestion of contaminated food and
water with eggs??2. Diagnosis is mainly carried out by the floatation concentration Faust
method??2,

Other helminths: This group encompasses Trichuris trichiura, Necator americanus, Taenia

spp. and Schistosoma mansoni. Trichuris trichiura is a parasitic helminth that causes
trichuriasis after the ingestion of contaminated food or water. As a consequence, the
worm colonizes the large intestine, producing diarrhea and anemia??. Necator
americanus is another parasitic helminth that can penetrate throughout the healthy skin,
invading different organs until it settles down in the intestines, where it feeds off the
host’s blood. This infection causes iron-deficiency anemia, diarrhea, and abdominal pain.
It is estimated that N. americanus infects around 10% of the world’s population??4. On the
other hand, Taenia spp. is also a parasitic helminth that can infect humans, causing
taeniasis. Two main species of Taenia infect humans: T. saginata and T. solium. Symptoms
are not usually more serious than weight loss or abdominal pain. However, if the parasites

reach the ventricles, heart problems may arise??®. Finally, Schistosoma mansoni is a
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trematode that is estimated to infect around 230 million people worldwide. S. mansoni is
transmitted by drinking fresh water contaminated with the feces of infected people. The
related infection is asymptomatic in many cases, but fever, myalgia, headache, and
abdominal pain often occur on travelers or adults that are exposed to the worm for the
first time. Diagnosis is performed by quantification of S. mansoni eggs in urine, DNA

detection in stool, urine and serum, and serological tests?2°.

Overall, waterborne diseases cause millions of deaths worldwide every year. The majority
of these diseases are also associated with important economic burdens. Figure 1.6. outlines both

the main waterborne diseases and their etiological agents.

Hepatoxicity .
& Parasitic

Neurotoxicity i Infections

Figure 1.6. Waterborne diseases and etiological agents. List of the most common waterborne diseases and the
associated microorganisms. The hexagons in blue highlight bacterial infections, those in dark blue highlight viral
infections, the green hexagon highlights algae toxins outbreaks, and that one in gray highlights parasitic infections

provoked by protozoa and worms.
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1.1.5. European Union Regulation

European Union (EU) has launched several directives and regulations in the last years
regarding the control of pollutants and contaminants in water. Directive 2013/39/EU states that
“Chemical pollution of surface water poses a threat to the aquatic environment, [...], and also
poses a threat to human health. As a matter of priority, the causes of pollution should be
identified [...]”.%?” Therefore, it is clear that legislation is required to limit and monitor water

pollutants in drinking water.

The Drinking Water Directive was first established in the EU in 1998 and is regularly updated.
Currently, all Member States are required to monitor a total of 48 parameters, divided into 2
microbiological parameters (E. coli and Enterococci), 26 chemical parameters (i.e. arsenic, lead,
nickel, and some pesticides), and 20 indicator parameters to assess the organoleptic quality of
the water (i.e. color and odor), physicochemical parameters (i.e. temperature and pH), and
minimum required concentrations (i.e. alkalinity and hardness). The concentration thresholds of

all these parameters are usually in compliance with the WHO guidelines??822°,

The last update of this document was performed in 2018 and adds naturally present but
harmful compounds to the list such as uranium; emerging contaminants such as perfluorinated
compounds, and endocrine disruptors, such as bisphenol A and B-estradiol??®. Besides,
microplastics have been included as an issue of emerging concern, new microbiological
parameters have been set to avoid the formation of bacterial biofilms, the uses of lead and
chromium have been tightly restricted, and the limits for some emerging chemicals have been

cut down.

Nowadays there still exist enormous challenges to achieve optimal water quality
monitoring. First, new techniques to evaluate the toxicity of water are required in combination
with the more traditional methods used to measure individual substances®l. Second, the
appearance of new chemical pollutants pushes the legislation to move forward faster to tackle
their release into the water bodies. Third, more efforts are required to reduce both sewage
pollution and industrial pollution of rivers and seas. Finally, securing sustainable management of

water remains one of the key challenges in the EU3.
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In the EU, the good chemical status of water bodies is defined by setting limits on the
concentration of certain pollutants named as priority substances. Good chemical status is
achieved when none of these pollutants found in water exceed environmental quality standards.
As an example, the pesticide atrazine, which used to control weeds, must be at lower
concentrations than 2 pg/L in inland and other surface waters to comply with the environmental
quality standards (EQS)??’. Nonetheless, some chemicals have not only been restricted but also
banned for further use in the EU. Tributyltin (TBT) was broadly used as an antifouling agent to
protect the hull of the boats in the EU until 2008 when it was banned due to the adverse effects
it causes on marine ecosystems?3°, On the other hand, pentachlorophenol (PCP) is a broad-
spectrum pesticide used as an antimicrobial agent, wood preservative and detergent. It is highly
persistent in the environment since it can persist in water from one to two decades?'. The
marketing and use of PCP were banned in the EU in 1991, except for restricted applications. From
2000, any substance containing more than 0.1% PCP (w/v) is prohibited within all the EU

countries?32.

Regarding the presence of heavy metals in drinking water, there are slight differences in

the legislation of the US, EU, and other countries (Table 1.2)139233,

EPA (U.S.A.) European Union India
Arsenic (As) [mg-L] 0.01 0.01 0.05
Cadmium (Cd) [mg-L] 0.005 0.2 0.001
Chromium (Cr) [mg-L] 0.1 0.5 0.1
Copper (Cu) [mg-LY] 1 3 0.01
Lead (Pb) [mg-L] 0.1 0.5 0.1
Mercury (Hg) [mg-L!] 0.002 0.001 0.004
Nickel (Ni) [mg-L] 0.1 0.1 0.1
Zinc (Zn) [mg-L1] 5 5 0.1

Table 1.2. Maximum allowed concentrations of heavy metals in the drinking water in the United States, European

Union, and India.
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On the other hand, microbiological pollution often comes from the contamination of
drinking water with sewage waters. In this regard, microbiological indicators ease the assessment
of the water quality without the need for detecting and quantifying all the different pathogenic
microorganisms that can be found in water. An ideal indicator should be universally present in
the feces of humans and warm-blooded animals, easy to detect and enumerate, not able to grow
in natural water bodies and be removed similarly to waterborne pathogens after water treatment
to track the effectiveness of these water treatments??°. In this regard, the EU Directive
80/778/EEC recommends fecal coliforms, total coliforms, and fecal streptococci as the

microbiological indicators for water fecal pollution??:

e Coliforms are gram-negative, non-spore forming, oxidase negative, rod-shaped
facultative anaerobic bacteria that can ferment lactose at 36 2C within 24-48 h2%°,

e Fecal coliforms are coliforms that can ferment lactose at 44.5 2C within 24 hours??°,

e Fecal streptococci are gram-positive, catalase-negative cocci that possess the Lancefield
group D antigen, and can grow on selective media for Enterococcus and bile aesculin agar

at 45 9C?%,

According to the EU directive 98/83/EC, E. coli and fecal streptococci are required to be
absent in 100 mL of water to consider it as drinking water?34, Nevertheless, it is estimated that
up to 90% of the water samples contaminated with feces are overlooked because some
pathogens do not correlate very well with coliform bacteria, some indicators might be stressed
or injured during an inadequate water treatment thereby making them unable to grow and
multiply in the laboratory, and some viruses and parasites are also more resistant to conventional

water treatment methods than indicator bacteria??®

. For this reason, the legislation in the EU
concerning the microbiological quality of drinking water added in 2018 Clostridium perfringens

and somatic coliphages to the pre-existing list.

In this regard, European countries have achieved outstanding success in water treatment
and sanitation, reducing waterborne outbreaks during the last decades. However, the European
Food Safety Authority (EFSA) reported in 2013 more than 5,000 waterborne and foodborne
outbreaks in the EU countries, including Iceland, Norway, Liechtenstein and Switzerland as well?3>,

By analyzing the timeline between 2009 and 2013, there are significant differences in the trend
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of some water- and foodborne diseases in this group of countries. Whereas the cases of
salmonellosis and yersiniosis decreased, the cases of listeriosis and verotoxigenic E. coli (VTEC)
increased?®. In any case, salmonellosis still hogs the highest number of water- and foodborne
outbreaks in the EU, involving more than 37% of the total cases, followed by bacterial toxins

(25%), and viral infections (10%)23°.

1.2. Chemical Pollutants Detection

This section is mainly focused on the detection of pesticides as chemical pollutants,
avoiding details on the detection systems harnessed to detect heavy metals and petroleum

derivatives since they are not the main topic of this thesis.

Traditional methods used to detect pesticides are high-performance liquid
chromatography (HPLC) and gas chromatography/mass spectrometry (GC/MS). Both methods
usually offer high sensitivity, but at the cost of expensive and complex machines and facilities,
requiring well-qualified personnel and the extraction of large volumes of water?®, Therefore, due
to the rising concern about the water quality worldwide, as well as the limited budget and
resources that are available in many countries, governments and regulatory organizations need
cheaper, faster, easier-to-use and standardized sensing platforms to detect and quantify a great

number of chemical pollutants.

The research field for pesticides detection has stood out in recent years. Both new
materials and nanomaterials, as well as novel recognition elements and detection devices, have
been exploited to achieve higher specificity, selectivity, and simplicity. For example, for the first
time, NiCo.Ss reticulated hollow spheres and PtPd nanoflowers have been used for the
electrochemical detection of organophosphorus compounds with incredibly low detection limits
(LOD around 10** g/mL)?3237, taking the advantage of their favorable nanostructures and
electroconductive properties. Besides, new optical detection approaches have also arisen for
highly specific detection of different isomers of aromatic compounds using B-cyclodextrin-
functionalized silver nanoparticles (AgNPs)?38. However, not only new nanomaterials with better
sensitivity and selectivity but also innovative detection systems have evolved for the last years.

As an example, the use of pixelated dielectric metasurfaces for selective molecular barcode
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imaging of several chemical compounds, including glyphosate, one of the most used pesticides
worldwide?3®. Besides, new biosensors using carbon dots (CDs)?4%?4l graphene-based
devices?*??43, and Europium-based metal-organic frameworks (EuMOFs)?** with improved
properties have been recently reported. Finally, not only single nanomaterials but also combined
nanomaterial-organic molecules sensing systems have been designed for detection purposes: Eu-

245

allyl-3-carboxycoumarin?** and rhodamine-Ag/Au bimetallic nanoparticles?®> are only two

examples.

In recent years, smartphone-based techniques have also experienced a large development
through their integration into sensing devices, enabling faster and more accurate in-situ
detection methods?*%?4’. Moreover, the use of aptamers has provided new tools to develop both
new optical and electrochemical immunosensors, boosting pesticides detection sensitivity248-251,
Eventually, new enzymes, with better properties (i.e. stability and sensitivity) have also been used

as substitutes of the commonly used acetylcholinesterase (AChE) for organophosphorus and

carbamates detection?°2.

1.2.1. Single Compounds Detection

Overall, pesticides biosensors can be either classified by the recognition principle (i.e.
immunoassay, enzymatic inhibition, non-specific chemical interactions, molecularly imprinted
polymers [MIPs], etc.) or the (nano)materials used to construct the biosensor (AuNPs, QDs, CDs,
bimetallic NPs, microwires, etc.). In particular, optical sensing systems aimed to detect pesticides
can be classified according to the detection techniques as colorimetric, fluorescent, luminescent

and surface-enhanced Raman spectroscopy (SERS) biosensors.

Nowadays, many colorimetric sensors rely on ratiometric changes that boost the dynamic
range of measurements and reduce the errors caused by changes in the environment?*3,
Ratiometric outputs can be achieved by combining different nanomaterials, such as infrared dyes,
dual-metal nanoparticles, upconverting nanoparticles, bio-capped nanoparticles, and sensor

arrays based on cross-responsive elements246:250,254,255,

Weerathunge et al. employed tyrosine-capped silver nanoparticles as nanozymes,

mimicking the enzymatic activity of peroxidase to detect the organophosphate (OP) pesticide
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chlorpyrifos, yielding a detection limit of 11.3 pg/L?*°. Briefly, nanozymes are nanomaterials with
enzymatic properties that provide stable catalytic behavior, lower cost-production, and easier
surface modification than standard biological enzymes?*42°¢, The present working principle is
based on the non-covalent interaction of an aptamer specifically targeting chlorpyrifos with the
Ag-nanozyme, and eventually with the target pesticide. Initially, an aptamer-nanoconjugate is
formed after the incubation of the Ag-nanozyme with the aptamer. This process leads to the loss
of the enzymatic activity of the Ag-nanozyme because of the passivation of the surface of the
tyrosine-capped AgNPs. Next, the yellow chromogenic peroxidase substrate TMB (3,3’,5,5-
tetramethylbenzidine) is added to the solution. Finally, the sample to be analyzed is added to the
solution. On the one hand, exposure of the Ag-nanozyme-aptamer complex to chlorpyrifos traces
leads to the dissociation of the complex, resulting in a color change from yellow to green. On the
other hand, either the absence of chlorpyrifos or the exposure to other pesticides do not
dissociate the aptamer from the Ag-nanozyme, hampering the color change from yellow to green
(Figure 1.7a). This system has proven to be highly specific for chlorpyrifos detection, avoiding
unspecific interactions with other organophosphate pesticides, and affording a detection time of

2 min with high recoveries (98-102%) in river samples.

Qiao et al. developed a simple colorimetric sensor array based on KMnO4 and H;S04 to
recognize and quantify different pesticides through the combination of hierarchical clustering
analysis (HCA) and the corresponding fitting curves?>*. The combination of these cross-responsive
sensor elements produces unique responses, characteristic of particular analytes, avoiding the
need for selective bioreceptors. Briefly, by using different concentrations and ratios of KMnOa4
and H;S04, both a pattern recognition of different pesticides and a quantitative analysis based
on the RGB change can be achieved (Figure 1.7b). In this regard, the authors tested 16 pesticides
belonging to 5 different chemical families. A 30-dimensional vector was defined, and the data
was classified by HCA to use the full dimensionality of the data, giving dendrograms based on the
30-dimensional RGB color changes. Overall, the colorimetric response of the sensor array is based
on equilibrium reactions between the pesticides and the indicators. Detection limits vary among

different pesticides, but all of them are in the range of = 0.1 pg/L.
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INTRODUCTION

Colorimetric sensors often provide the simplicity of use and easy interpretation by naked-
eye detection, but at the cost of sensitivity in many cases. Therefore, the combination of a dual
colorimetric and fluorescent output yields lower detection limits, usually broadening the
detection range, while keeping the easy final interpretation?>>?°’, In this regard, Tan et al.
developed a lateral flow immunoassay (LFIA) using a monoclonal antibody against imidacloprid
(neonicotinoid, insecticide) conjugated with AuNPs and time-resolved fluorescent nanobeads
(TRFN) as colorimetric and fluorescent transducers, respectively?>’. As a result, the authors report
a detection limit of 0.5 ng/g in food samples within 10-15 minutes. Nonetheless, the performance
of the colorimetric and fluorescent assays showed similar sensitivity and LOD, meaning the use

of fluorescent particles did not provide any additional advantage in that case.

On the other hand, Saleh et al. 