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1 NEW TECHNOLOGIES FOR ENVIRONMENTAL DIAGNOSIS




1. New technologies for environmental diagnosis

1.1 Introduction

River, lakes, and marine regions are considered high biodiversity areas with a
huge economical potential, which have a direct impact on the quality of life in
Europe including health, social and business development issues (see Figure 1.1).
For that reason, the effort to understand the origin, fate and levels of pollutants
in aquatic environments has been a hot topic since several years[1]. The
pollutants causing water contamination include pesticides, persistent organic
pollutants, pharmaceuticals and personal care products (PPCP) and biological
contaminants such as biotoxins produced during algal blooms[2]. The increasing
studies confirming the presence of PPCPs in different environmental
compartments have raised concerns about their potential adverse effects due to
their inherent ability to induce physiological effects at low doses[3], and their
extensive use in human and veterinary medicine.

WATER CONTAMINATION

ENVIRONMENTAL
IMPACT

Figure 1.1. Scheme about different water sources and how its possible contamination could affect
human population and the environment.

During the last decades a wide range of global and regional monitoring programs
have been developed [4], aiming for early warning systems that can provide
extreme sensitivity and selectivity information about contaminants. Together
with the REACH (Registration, Evaluation, Authorization and Restriction of
Chemicals) law (EC 1907/2006) and the Drinking Water Directive (DVD, the
Council Directive 98/83/EC) new initiatives for the regulation of the presence of
pollutants in aquatic environments have been published during the last years.
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The creation of the Water Framework Directive (WFD, 2000/60/EC) in parallel
with the Marine Strategy Directive (2008/56/EC) have the main goal to protect
the inland surface waters, transitional waters, coastal waters and groundwater,
and provide an overall framework for a cleaner and safer aquatic ecosystem. The
final aim is to be able to achieve a good environmental status of the European
Union’s seawaters by 2020. On year 2000, an initial list of 33 priority substances
was identified under the WFD aiming at establishing Environmental Quality
Standards (EQS) to limit the concentrations of certain chemical substances for
the next 20 years|[5].

Regarding the technical approaches usually employed in environmental studies,
chromatographic techniques are the reference analytical methods for
environmental monitoring. They use of universal detectors such as UV or mass
spectrometry able to detect multiple compounds simultaneously wand providing
high sensitive and accurate measurements in the range of ng L. Several
multiresidue methods for the analysis of a huge number of chemicals in
environmental samples have been reported in the last years being most of these
examples based on the use of high resolution chromatographical techniques
such as gas chromatography (GC) [6], liquid chromatography [7], high-
performance liquid chromatography (HPLC) [8] or ultra-performance liquid
chromatography (UPLC) [9]. However, these methods often require a clean-up
procedures or preconcentration step based on solid-phase extraction [10] with
the aim to meet two objectives, first, reaching the low limit of detection
required, and second, removing potential non-specific interferences from the
matrix. This is added to the intrinsic sequential nature of the chromatographic
methods, which made them not suitable for high sample throughput studies or
for real-time monitoring of aquatic environments. Overall chromatographic
methods are expensive, time-consuming and labor-intensive procedures, not
suitable for on-site monitoring, as it would be required by the current
environmental monitoring programs and marine legislation.

For that reason, in order to achieve the regulation and monitoring objectives
presented, more efficient analytical techniques need to be developed[11]. This
idea arises from the need to ensure that the levels of pollutants remains below
the limits established and, for that reason, methods that can provide information
on a continuous basis about the concentrations and fate of the numerous
existing contaminants are required. Following this trail, immunoassays have



1. New technologies for environmental diagnosis

become great candidates to complement chromatographic techniques in
environmental studies because of its attractive features, including its rapid
detection, low cost, the possibility to directly analyze complex matrices without
extensive sample treatment, the possibility for high-throughput screening, the
wide variety of platforms that can be developed and finally, its multiplexation
capabilities. Additionally, they can be used in a great range of configurations [11]
from on-site technologies (i.e. lateral-flow assays) to high-throughput screening
systems (i.e. ELISA, microarray) or automated laboratory benchtop analyzers
based on classical immunoassay configurations or biosensors systems (see Figure
1). Moreover, due to the high specificity of the biomolecular interaction,
collections of antibodies can be used in combination and use them for
developing highly efficient and reliable multiplexed analytical technologies.

1.2 Multiplexed immunochemical techniques as
diagnostics tools

A multiplexed system is distinguished by its ability to measure simultaneously
several analytes from a single sample. Multiplexation has been accomplished
through different approaches and using distinct technology platforms as it is
described in the next sections. Modulating antibody selectivity, using labels
showing distinct optical or electrochemical properties, or particular
technological platforms are the most important elements investigated to
accomplish multiplexation [12].

Advances in micro and nanobiotechnology have provided the possibility to
develop multiplexing bioassays through two strategies: a) site-encoded
identification (planar microarrays) [13, 14] or b) using multiple quantitation tags
(non-planar microarrays) [15, 16] (see Figure 1.2). The first case, in which the
identity of the target analyte is encoded by its location with a secondary reporter
providing quantitative data (i.e., fluorescent dye), is the most widely used
approach. However, a variety of distinct labels have also become available in the
last years taking advances of the distinct properties of the material at the
nanolevel.
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SITE-ENCODED MULTIPLEXED LABEL-ENCODED MULTIPLEXED
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Figure 1.2. Schematic representation of different classes of site- and label-encoded multiplexed
platforms.

1.2.1 SITE-ENCODED MULTIPLEXED PLATFORMS

Site codification of various analytes has been the most often applied method for
multiplexed on-site platforms. Some examples of site-encoded multiplexed
platforms are lateral flow assays (LFAs, fluorescent microarrays or array-based
sensors coupled to a variety of detection systems involving or not the use of
labels. In fact, high-throughput multiplexing systems based on high-density
arrays are one of the most popular techniques in clinical diagnostics. Thanks to
the new advances in fields such as genomics or proteomics, microarray
technology including scanners and microspotters have become standard
laboratory tools in analysis. Although both DNA and protein microarrays can be
developed based on different readout, technologies relying on fluorescence or
chemiluminescence detection are the ones most exploited in the literature [13,
14, 17]. One of the main advantages of microarrays is that are platforms which
allow the characterization from hundreds to millions of proteins or DNA
sequences at the same time. However, although comparable limit of detection
(LOD) and accuracy have been reported in comparison with simpler techniques
such as ELISA [18], there’s still need for printing process optimization, particularly
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in the case of the protein microarrays, and assay automation. On the other hand,
signal can be either optical or electrical. Thus, although the most well-known
microarrays are based on fluorescence labeling [19, 20], array-based
electrochemical systems, which depend on individually addressable
microelectrode arrays have also been reported [21]. In those cases, the direct
immobilization on the electrode’s surface of different biomolecules permit the
detection of target analytes electrochemically via enzymatic reactions by, for
instance, potentiometry or amperometry, or labely free such in the case of
impedance.

Array-based optical sensors such as the ones based on surface plasmon
resonance (SPR) properties are commonly found in the literature. SPR biosensors
detection relies in changes of refractive index derived from biomolecular
recognition reactions [22]. In order to establish multiplexed platforms based on
SPR, discrete regions of the chip have to be dedicated to the detection of each
target analyte in order to allow the multidetection of several of them from a
single sample. Although some attempts have been reported often the number of
real samples analyzed is low or there is a lack of validation, however some
examples focused on the detection of environmental pollutants [23], or algal
toxins among others have been described [24].

Finally, in the literature examples of site-encoded systems based in lateral flow
assays (LFA), by far the best established commercial products due to their simple,
fast and low-cost protocols, can be also found. The mechanism of the platform
is based on the diffusion of the sample by capillarity. Along the material in the
flow zone, some reactions areas in which specific reagents are immobilized will
be the responsible of the detection (on multidetection) of the target analytes.
Different configurations of multiplexed gold-based lateral-flow strips for
simultaneous detection of carbofuran and triazophos [25], or different chemicals
in drinking water [26] have been developed, however, having the goal of
improving the sensitivity of the assays, novel alternatives based in the use of
fluorescent nanomaterials have been appearing [27].

1.2.2 LABEL-ENCODED MULTIPLEXED PLATFORMS

Multiple labels platforms often depend on the use of multiple labels or encoded
carriers like particles. Different conceptual approaches can be considered: i) the
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use of different labels with different optical or electrochemical properties [28],
ii) the use of beads by either its size/shape or color [29], and iii) the use of beads
biofunctionalized with by labels (i.e., enzymes, metals ions, redox tags or
qguantum dots) [30-32]. Suspension arrays of encoded microspheres are
envisaged as a strategy to provide higher quality data than the most frequently
used planar microarrays. Microspheres facilitate the separation and washing
steps and may even allow eliminating these steps.

Fluorescent microspheres can be used as solid supports for immunoassay (see
[33, 34]for extensive reviews). Nowadays there exists in the market a variety of
beads with distinct fluorescent properties. The most well implemented
suspension arrays are those based in the Luminex® xMAP® (Luminex’s Multi-
Analyte Profiling) technology. It uses mixtures of color-encoded beads
functionalized with specific bioreceptors (i.e capture antibodies) to bind the
analytes of interest combined with secondary reagents (i.e. detection
antibodies) labelled with phycoerythrin or Alexa 532. Multiplexing is
accomplished because the beads have two fluorochromes (i.e. Red (658-nm
emission) and infrared (712-nm emission) at different concentrations, in such
way that each bead from the 100 microspheres set has a distinct red-to-infrared
ratio. The sample is mixed with these labelled reagents and after a short
incubation time they are introduce on a bench-top flow cytometer, where the
beads are read with a dual-laser, one to identify the target and the other to
quantify. Each single-file microsphere suspension passes by two lasers. A 635-nm
laser excites the red and infrared fluorochromes of the microspheres, which
allows the classification of the bead and therefore the identity of the probe-
target being analyzed. A 532-nm laser excites reporter fluorochromes of the
secondary reagents for quantification. Such kind of assays are robust and provide
high sample throughput capabilities, along with low operating costs, being great
candidates for clinical diagnostics and central laboratories; however, are limited
by the number of color-encoded beads possible, which usually is never greater
than 500. Moreover, its long turnaround times, the size of the equipment, the
need of qualified personnel and the cost of measurement instruments are
features that have encouraged the search of simpler platforms that could offer
similar levels of information but at lower cost and time analysis [15, 35]. This
stragey using fluorescent microbeads associated with flow-citometry detection
has been implemented for the detection of of freshwater and brackish toxins
[36] or polycyclic aromatic hydrocarbons [37] among others.
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Quantum dots (QD) is another example of fluorescent particles that a can be
used for establishing multiplexed label-encoded platforms. They have been
defined as colloidal fluorescent semiconductor nanocrystals ranging from 2 to 10
nm in diameter and although the elements of the quantum dots can be used as
redox labels for multiplexing, usually the fluorescence capabilities of such
composites are the feature selected for achieving the simultaneous detection of
several targets. QDs have showed outstanding advantages in the longtime, multi-
color fluorescence imaging and detection due to its features of being photostable
and having a size- and composition-tunable emission spectra. They have been
applied for the multidetection of microcystins and polycyclic aromatic
hydrocarbons pollutants [38], or insecticides [39] in the field of environmental
monitoring.

Finally, electrochemical redox-active substances are key elements on
multiplexed immunoassays with electrochemical readout, allowing the use of
different redox species for labeling immunoreagents against different target
analytes [40]. To date, the most commonly used electrochemical redox species
are dyes such as thionine, toluidine blue, methylene blue and heavy metal ions
such as Cu?*, Cd** or Pb?'[41]. This approximation has been implemented in
environmental studies [42]. Recently, it has also been contemplated the use of
nanoparticles for labeling immunoreagents in order to develop multiplexed
electrochemical immunosensors. Thus electrochemical metallic nanoprobes can
be used for codifying different antibodies, producing signals at different redox
potentials (see [40] for additional information). However, to our knowledge this
approach has not been used to the analysis of aquatic environments.

1.3 Matrix of interest

When studying the impact of pollutants in the environment, the selection of the
matrix is one step to consider. Having aquatic environments in mind; water,
sediments and organisms (including fish or molluscs) are the three pillars at
which contamination could have a great impact (see Figure 1.3).
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Figure 1.3. Relation between the different matrices of interest related to aquatic environmental
pollution.

Oceans are under continuous stress from a huge variety of pollutants, resulting
in a loss of species, physical damage to marine habitats or the variation of
nutrients composition of waters. In parallel, aquaculture is growing more rapidly
than all other animal food-producing areas.

Marine aquaculture is strongly dependent of environmental conditions, such as
seawater quality, that can be affected by several classes of pollutants released
to the environment by natural or anthropogenic sources. Therefore, the analysis
of the seawater itself could present several advantages in comparison to other
desired matrixes. Seawater is a complex matrix in which the proportion and
concentration of salts is a key feature. Even though, excluding the need to ever
do a filtration of the samples to remove suspension particles, direct analysis
could be presented as a valid alternative. For that reason, seawater was selected
as the target matrix for the development of this thesis.

1.4 Current trends: Alternatives and needs

Although the possibility to carry out measurements directly in the problematic
scenario is an unmet need nowadays, the environmental monitoring field is
evolving with the apparition of on-site testing devices. On-site testing could
employ instruments, sample collection, and preparation with the goal of
reducing the sample burden on the home laboratory. However, it also could
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mean the development of platforms that could give real-time information
directly from the field studied. The feasibility to implement different platforms
for direct analysis of physical parameters (i.e. for water quality [43]) has been
studied, however, the real application of devices for measuring on-site different
features like the presence of pollutants in the environment have to face multiple
troubles [44]. These platforms should be based in features such as
miniaturization and multiplexation, and therefore be built mainly on the
advances of two areas: nanotechnology and microfluidics.

Nanomaterials have been the focus of attention in several fields, including
biomedicine, electronics, or catalysis, mainly due to the new properties materials
gain when they are manufactured at the nanoscale [45, 46]. From different
materials such as gold or silver, or with different intrinsic properties like
magnetism or plasmonics, nanoparticles of different shapes, materials or sizes
are being implemented in a wide range of applications (see Figure 1.4).

Inorganic nanoparticles’ designs

Inorganic nanoparticles’ properties

Magnetism and superparamagnetism

Ly g
5 .
¢ o}
o b * Plasmonics
=
o
.

Quantum confinement
Naked Polymer or metal coatings Decorating Biofunctionalized
other * Catalysis
nanocarriers

Figure 1.4. Scheme of inorganic nanoparticles as an example of nanomaterials aplied in LOC
systems, being magnetic and metallic the two majority groups.

On the other hand, microfluidics devices are characterized by the precise control
and manipulation of fluids at the submillimetre scale. In most of the microfluidic
platforms, fluids are manipulated through the existence of several pneumatic
valves that can be integrated in flexible materials such as polydimethylsiloxane
(PDMS)-based devices [47, 48]. Microfluidic technology promises to be a key
element in order to convert bench-top laboratory protocols into low-cost and
portable systems [49], and its combination with the great potential
nanomaterials could offer in the field of biosensing and therapy, could
revolutionize the field of environmental diagnosis and monitoring.

Having all these ideas in mind, the development of robust, multiplexed and real-
time monitoring devices which can provide information on a continuous or semi-
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continous basis about the concentrations and fate of the numerous existing

contaminants is clearly an urgent need to meet. Monitoring approaches and

technologies for chemical pollutant analysis in the ocean should fulfill certain

requirements as those listed below:

1)

2)

3)

4)

5)

6)

Simultaneous identification and quantification of several pollutants from
distinct chemical families and origin.

Achieving levels of detectability in the range of nanograms or even
picograms per liter in environmental samples.

Ability to provide reliable results with minimum or no need for sample
treatment

Robustness considering the variety of aquatic environments, and
therefore of different nature, in which those techniques are going to be
applied.

Move from the proof-of-concept results towards well validated
technologies from the analytical point of view.

Automated devices able to work automosly for a certain period of time
(ex. One month) reporting data to a central laboratory on a wireless
mode.

Aiming to fulfill these requirements and monitoring objectives, innovative,

efficient and reliable analytical techniques need to be developed, however,

those platforms need to provide multiplexed capabilities without weakening

their actual analytical features and advantages.

11
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2.1 CONTEXT SCENARIO

The present doctoral thesis has been developed within the framework of two
different research projects:

1. Biosensors for real time monitoring of biohazard and man made
chemical contaminants in the marine environment, SEA-on-a-CHIP.
(FP7, OCEAN 2013. 1-614168). The focus of this european project is to
develop a miniaturized, autonomous, remote, and flexible immuno-
sensor platform based on a fully integrated array of micro/nano-
electrodes and a microfluidic system in a lab-on-a-chip configuration.
The final prototype will be presented as a real-time platform for analysis
of marine watersin multi-stressor conditions. This system will be
developed for a concrete application in aquaculture facilities, including
the rapid assessment of contaminants affecting aquaculture production
and those produced by this industry.

2.2 Objectives and scientific strategy

The final goal of this thesis project has been the study, development and
validation of multiplexed platforms and techniques for monitoring
contamination in the oceans based on the use of antibodies as biorecognition
elements. The strategy envisaged consisted on evaluating the performance of
those antibodies on well-established and known multiplexed systems such as
ELISA and fluorescent microarray for further on implementing them on novel
technological approaches involving the use of plasmonic nanoparticles and
optofluidic systems for the development of on-site analytical devices. Thus, the
specific objectives proposed are

1. The evaluation of the performance of a selected panel of immunoreagents,
addressed to the detection of environmental contaminants, for the
development of multiplexed immunochemical techniques to assess the
health status of the ocean

14
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2. The development and analytical characterization of multiplexed
immunochemical platforms and their implementation to the analysis of
sweater samples.

3. The development of novel immuno-probe assays based on the possibility to
specifically release fluorescent labels from plasmonic nanoparticles.

4. The study of a novel optofluidic sensor platform as a potential on site
diagnostic device.

To address most of the objectives of the multiplexed platforms we have selected
a panel of interested targets in respect of their impact on the health status of the
oceans. Thus, important families of environmental and chemical pollutants such
as triazine biocide (i.e. Irgarol 1051®), sulfonamide and chloramphenicol
antibiotics, polybrominated diphenyl ether flame-retardant (PBDE, i.e. BDE-47),
hormone (17B-estradiol), and algae toxin (domoic acid) have been selected as
target analites for this thesis. For most of these contaminants, the Nb4D group
had immunoreagents available except for pyrethroids.

2.3 Thesis structure

The main focus of this thesis (which includes chapters 3, 4 and 5), addresses all
the work related to the development of multiplexed immunochemical
techniques for the multidetection of the selected environmental pollutants, and
it has involved the following tasks. Production and validation of different
immunoreagents for the detection of pyrethroids.

1. Development of a multianalyte ELISA platform for the simultaneous
detection of several classes of pollutants in seawater

2. Development of a protein microarray to detect some of the most important
chemical contaminants of the seawaters.

3. Evaluation of the performance of the microarray platform using artificial
seawater spiked samples.

Two annexes have been added to this thesis. The first one (chapter 7) describes

the research done in respect of the possibility to exploit the plasmonic properties

of the noble metal nanoparticles to develop a novel multiplexed platform based

on the specific release of fluorescent labels. Main tasks addressed have been:
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4. Preparation biofunctional nanoparticles on a reproducible manner.

5. Assessing the possibility to release the fluorescent dyes covalently attached

to plasmonic particles using different types of lasers

6. Proof-of-concept of the possibility to develop a multiplexed platform based

on this principle.

The second annex (chapter 8) describes the work related to the evaluation and
validation of a new optofluidic sensor platform using non-rigid polymers and a

photonic-based detection.

While chapter 6 includes the conclusions of this thesis, in chapter 9 the
bibliography on which all the work developed has been supported can be found.
Finally, in chapter 10 the section where all the acronyms used in this text are

described is present.

The structure of the present thesis, including the content of each chapter is
shown in Figure 2.1. Chapters are organized according to the different blocks

explained, each one dedicated to a different final.

1. Introduction to the new
technologies for
diagnosis

7. ANNEX I: Laser release
of biomolecules from gold

mo_!nﬁcbs

8. ANNEX II: Optofiuidics
system for the detection of
C-reactive protein in
biological samples

!

9. Bibliography

Figure 2.1. The structure of this thesis related to the different chapters and parts included in each

one.
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3.1 Introduction

Pyrethroids are synthetic chemicals modeled after the pyrethrin components of
pyrethrum. The general mechanism of action of pyrethroids is the interference
with normal production and conduction of nerve signals in the nervous system.
Their contact with target organisms could delay the closing of the activation gate
for sodium ion channels, affecting the correct transmission of nervous signals
[50].

Two classes of pyrethroids, Type | and Type Il, can be distinguished based on
electrophysiological studies with nerves and symptoms of toxicity. Type Il
pyrethroids, including deltamethrin, have an a-cyano group that induces an
inhibition of the sodium channel activation gate with a longer duration.
Nowadays a-cyano pyrethroids are being extensively used as insecticides in
domestic, agriculture, horticulture, public health, and veterinary applications,
mainly due to its low mammalian toxicity and its activity against a broad range
of pests [51, 52].

(0] CN
\ ﬂ A - 0
A0S
™
xR
R

Pyrethroid Ry R:
Cyphenothrin CH3 CH3
’-Cvhalothrin CF3 Cl
Cypermethrin Cl Cl
Deltamethrin Br Br

Figure 3.1. Chemical structures of some of the most used synthetic pyrethroids.

Cyphenothrin, A-cyhalothrin, cypermethrin and deltamethrin (see Figure 3.1)
among other synthetic pyrethroids have reported improved physicochemical
properties and biological actions compared to their natural analogues. However,
toxicological studies have shown the negative impact of these pyrethroids over
invertebrates and fish [53-55]. Pyrethroids usually are considered to be less toxic
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to mammals compared to insects due to mammals' higher body temperature,
larger body size, and decreased sensitivity of the ion channel sites [56, 57].

Pyrethroids and also a-cyano pyrethroids are usually broken apart by sunlight in
one or two days, however when associated with sediment they can persist for
some time and contribute to toxicity in the surrounding watersheds. For that
reason, and due to its non-specific toxic effects on fish, low levels of EQS
(Environmental Quality Standard), between 8 and 80 pg L, have been fixed for
cypermethrin in surface waters. On the other hand, deltamethrin don’t have yet
a fixed EQS, altought its presence in the environment have been found in soil,
sediments, and surface water, with half-life valors depending on the pH and
aerobic conditions of the substrate [50, 58].

3.1.1 PYRETHROIDS ROLE IN ENVIRONMENTAL MONITORING
The use of pyrethroids as insecticides has been increasing in recent years as a

replacement for organophosphate insecticides that are being phased out
because of water-quality concerns.

._‘

Pest control in Indoor Pet collars
crops insecticide treatment

4

Target S8
Organisms

Weevil Ant

=]
-
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Figure 3.2. Main uses of the insecticides deltamethrin and cypermethrin, and its main target
organisms.

19



3. Pyrethroid antibodies: Production and characterization

Researchers first described deltamethrin in 1974 [59], however it was not
registrated in the United States Environmental Protection Agency (U.S. EPA) until
1994. Most synthetic pyrethroids are marketed as mixtures of optical and
geometrical isomers. However, in contrast to that, deltamethrin is 1R-cis- in the
dibromochrysanthemate moiety and S at the R-cyano carbon. Deltamethrin have
been presented as one of the more lipophilic and stable insecticide-permethrins,
and in consequence its residues have been detected in agricultural products,
food, and surface waters [60-64]. As other family-compounds it is classified as a
broad-spectrum insecticide and the main uses of deltamethrin as well as its
specific target organism has been illustrated in Figure 3.2. This pyrethroid has
been classified as highly toxic to aquatic life, especially fish, finally being classified
as a neurotoxin [65]. However, and despite of the negative effects deltamethrin
presents, it is commonly used as a treatment for sea lice. On the other hand,
cypermethrin was introduced on the market in the late 1970s, registered in U.S.
EPA in 1981 and has since been used on a wide range of crops due to its high
pesticidal activity and low mammalian toxicity relative to other insecticides. As
in the case of deltamethrin, this pyrethroid has been classified as highly toxic to
aquatic life, affecting their movement, their fecundity rates or the larvae
development, being finally classified as a neurotoxin [66].

Considering the classification of both pyrethroids, the study of these insecticides
over aquatic organisms has been considered a priority in order to understand the
possible secondary effects this kind of treatments could have One of the effects
documented is swimming performance of fishes is affected by deltamethrin at
the range of ng L'X. Model animal studies using zebrafish showed that the overall
reproductive capability decreased due to a decreased fecundity, hatching rate
and egg production [67]. Cypermethrin has been associated with behavioral
changes such as loss of balance or swimming alteration in catfish species [68],
but also induced oxidative stress and produce apoptosis through the
involvement of caspases in zebrafish embryos [69]. For that reason, nowadays
both cypermethrin and deltamethrin have been also classified as endocrine
disruptor chemicals (EDC).

Several studies reported the presence of deltamethrin and cypermethrin in
water and sediments, finding levels in the range of ng L™ in different regions of
the world. Concentrations up to 2 ng L'* were detected in small and medium-
sized rivers in Switzerland by passive sampling [70], and between 5 and 25 ng L?
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were found in California during different years [71-73]. In Spain those
concentrations were up to 60 ng L?! [74]. In the case of cypermethrin, its
concentration can be as high as 194 ug L'* in the runoff of some farmed areas
following pesticides applications [75, 76]. However, sporadically these levels
could increase significantly as reported by the work of Bille et al [77] showing for
the first time a fish kill episode reasonably linked to the exposure to high
concentrations of pyrethroids in Italy freshwater. A highest concentration of
4317 pg L' of deltamethrin (several orders of magnitude higher than the
standard levels of deltamethrin reported), along with other pyrethroids such as
cypermethrin, permethrin and tetramethrin, was detected on the first-day of a
reported incident. Although a-cyano pyrethroids are thought to be safe for
human health, some negative related-effects have been reported [62], and
recent studies indicated that long-term exposure of humans to these pesticides
causes reversible symptoms of poisoning and suppressive effects on the immune
system. Thus, the toxic effects of these pesticides on the ecological,
environmental, and human health aspects have elicited increasing concerns [78,
79] encouraging the need of creation of control and monitoring platforms.

3.1.2 DETECTION METHODS FOR PYRETHROIDS IN THE LITERATURE

Due to the hydrophobic profile of most of pyrethroids [80], including
deltamethrin, these chemicals tend to bind to the particulate matter present in
natural waters and are typically detected in sediments. However, it can also be
detected in marine organisms and water itself. As pyrethroid use continues to
increase in both urban and agricultural settings, it is important to have robust,
sensitive methods that are capable of measuring these compounds at
environmentally relevant concentrations (below acute toxicity levels) in both
water and sediment samples. Although deltamethrin is not regulated by today’s
marine legislation, these regulations propose the control and quantification of
cypermethrin by gas chromatography/high resolution mass spectrometry
(HRGC/HRMS) [81]. As deltamethrin is a compound basically identic to
cypermethrin only differing from the fact that it has bromine atoms intead of
chlorine, it is likely possible that future regulations could advise analyzing
deltamethrin with similar techniques. In the literature, the current analytical
methods for deltamethrin detection are usually based on multistep cleanup
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procedures followed by chromatographical techniques, including high-
performace liquid chromatography (HPLC) [82-85], liquid chromatography
combined with fluorescence detection (HPLC-FD) [86, 87], or gas
chromatography coupled to mass spectrometry (GC-MS) [74, 88]. These
methods reported good levels of sensitivity and accuracy of determination, but
at the expense of being time-consuming, expensive, not suitable for the analysis
of large numbers of samples and incapable of being easily field-deployable.

As nowadays both, environmental monitoring programs and current marine
legislation are calling for analytical platforms to be used in case-study field
studies providing near real-time information, the need for new analytical
technologies complementary to the chromatographic techniques is clear.
Following this trail, immunoassays have become great candidates to
complement chromatographic techniques in environmental studies [60, 64].
Between the main benefits, there are their low cost, the possibility to directly
analyze complex matrices without extensive pretreatment, their high flexibility
and variety of analytical platforms possible and their high sample throughput
capabilities. Additionally, since antibody-based microarrays and biosensors offer
the possibility of multiplexed studies, on-site analytical devices with multiplexed
capabilities for monitoring different environmental contaminants in a real-time
manner could be possible.

3.2 Chapter overview

This chapter describes the preparation and characterization of immunoreagents
for the detection of two different commonly used pyrethroids: cypermethrin and
deltamethrin (Figure 3.3). Both pyrethroids are commonly used insecticides.
Haptens have been designed and synthesized to produce antibodies that have
been finally characterized by developing a competitive ELISA, before their
implementation on the multiplexed immunochemical platforms described in
chapters 4 and 5.
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3.3.1 Immunoreagents
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Figure 3.3 Structure of this chapter related to the different sections.

3.2.1 IMMUNOCHEMICAL ASSAYS

The basis of an immunochemical assay is the affinity of an antibody for a specific
antigen. Usually in order to detect the immunochemical reaction between
antibody and antigen a label is needed, except for a variety of label-free
biosensor transducer schemes such as those based on SPR, impedance or certain
grating couplers (for additional information see [89, 90]) Even though
chemiluminescent and fluorescent labels have become a great label option for
immunoassays in the environment field, enzyme labels such as horseradish
peroxidase or alkaline phosphatase are still one of the most popular labels.
Independently, both label-free and labelled immunochemical methods usually
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rely on different configuration depending on the molecular weight of the target.

Figure 3.4 shows these configurations in the case of an ELISA (enzyme-linked

immunosorbent assay) method; however, these can be also extended to other

immunochemical techniques, including immunosensors.
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Figure 3.4. Schematic representation of the most common ELISA formats. In the first case, a
competitive indirect ELISA is represented, in which coating antigen is immobilized in the plate, and

the use o

f a secondary antibody is needed for obtaining the final signal. In the second case, a

competitive direct ELISA is schematized, in which an antibody is the one immobilized in the plate,
and the final signal is obtained through an enzyme tracer. Finally, a sandwich configuration shows
the detection of an analyte using a pair of antibodies, a capture one and a detection one.

On an ELISA:
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High molecular weight analytes, like whole proteins, are usually detected
with sandwich ELISA, in which two antibodies, one immobilized in the
plate (capture antibody) and another free in solution (detection
antibody) allow the quantification of the target analyte

Low molecular weight molecules can’t be detected directly in a sandwich
format, and for that reason they need the presence of a competitor (Ag,
a hapten coupled to a protein). This type of assay is called a competitive
ELISA. Competitive assays can be direct, when the competitor is labelled
with the enzyme that catalyse a colorimetric reaction; or indirect, when
a secondary labelled antibody is required. This secondary antibody is
specific for the constant fraction of the first antibody. Since deltamethrin
is a low molecular weight pollutant, the most suitable assay format was
the competitive one.
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For high molecular weight analytes on label-free biosensors, often the detection
antibody is not necessary, although in some cases is used for amplification
purposes. For the case of small molecules, there are only few papers claiming
direct detection of the analyte, without a competitive configuration [91].

In competitive assays, the concentration of the analyte is indirectly proportional
to the colorimetric detection (see Figure 3.5). The representation of the
logarithm of the analyte concentration in front of the measured signal gives the
typical sigmoidal inhibition curve. This curve, fitted to a 4 parameters equation,
will give the features of the assay.

1.0
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0.64 (Amin - Amax)
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Figure 3.5. Inhibition curve of the competitive ELISA and its fitted equation. 1Cso: half maximal
inhibitory concentration, Amax: maximum absorbance, Ayin: minimum absorbance, Hillslope: slope
of the linear part of the curve.

3.3 Results and discussion

3.3.1 IMMUNOREAGENTS PRODUCTION AND EVALUATION

In order to establish an immunochemical assay for the detection of deltamethrin
in environmental samples, it has been necessary to raise antibodies. Since small
molecules do not elicit an immunological response, first task has been de design
and synthesis of an immunizing hapten. Similarly, for developing a competitive
immunochemical assay, also competitor haptens have been prepared.
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3.3.1.1 Selection of the immunizing hapten

A hapten is a small molecule with similar physico-chemical properties to the
analyte that wants to be measured, in which a linker with a chemical group is
introduced for the coupling to the carrier protein.

The two basic ideas for doing a proper hapten design for the development of
antibodies are:

1. Preserving the most characteristic epitopes of the target molecule.
2. Ensuring that the introduction of the linker does not affect the physical
chemical properties of the analyte to be determined.

in order to become immunogenic, the hapten is usually conjugated to a highly
immunogenic protein through its reactive groups such as the amines of the lysine
residues or carboxylic acids of the glutamic or aspartic acid residues (see Figure
3.6).

A - Meadification ’ Conjugat?on s‘f ‘
A with a linker /\’ L to a carrier A v

Small molecule Hapten with a

B Immunization Specific antibody
functional group

against a small
molecule

Figure 3.6. Scheme showing the procedure required for the production of antibodies against small
molecules.

For the selection of the immunizing hapten in this case, a bibliographic research
of already developed pyrethroid immunoreagents and the features of the
corresponding immunoassays developed was made (see Table 3.1 for a
summary). Some papers were found which described the production of
antibodies for deltamethrin and other pyrethroids. However, the first criteria
that was followed, was that all the epitopes of the desired molecules were
conserved in the immunogen (see Figure 3.7).
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Epitope B

Figure 3.7. Chemical structure of deltramethrin. The most releveant epitopes are highlighted in red
and blue.

For that reason, several strategies found in the literature were discarded [51, 60,
92, 93], because the haptens proposed lacked the double-aromatic ring , or the
linker was introduced on a position that affected to the halogens atoms. In the
case of the strategies followed by Hammock et. al [51] and Li et. al [94], although
both epitopes were present, the introduction of a heteroatom in the aromatic
ring for further derivatization, had the risk of introducing a significant change in
the electronic configuration, being the reason why these strategies were not
preferred. Instead, Skerrit et al. [95] proposed a hapten that preserved the two
main molecule moieties (see Figure 3.7) by placing the linker through the cyano
group. Therefore, this was the approach chosen in this work.

3.3.1.2 Hapten synthesis

The same synthetic approach as that used by Skerrit et.al [95] (see Figure 3.8)
was followed with small modifications such as introducing the tertbutyl-3-
aminopropionate. The synthesis of the different immunizing haptens was
developed by the service of Synthesis of High added value Molecules (SIMchem)
of the Institute of Advanced Chemistry of Catalonia (IQAC-CISC).
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3. Pyrethroid antibodies: Production and characterization

Following this synthetic strategy, two haptens were synthetized: D133 (from
deltamethrin r) and C134 (from cypermethrin).

NaOH/THF X
N OH
ASdays
o
]/ o
C} > ’ @
EDC, HOBt
EtOAC
HO” o
Ho
o
EDC, HOBt
HO™ "o @ EtOAc
o o

Figure 3.8. Reaction scheme for synthesis of haptens D133 and C134. The ester bond of both
pyrethroids, deltamethrin (X=Br), and cypermethrin (X=Cl), was hydrolyzed. After that, the cyano
group which was also hydrolyzed to a carboxylic group, was coupled to the protected spacer arm
selected through a carbodiimide reaction. Finally, the spacer arm was deprotected with a TFA
treatment.

/

3.3.1.3 Preparation of the immunogens

Once the haptens were synthesized, the immunogens were prepared by
covalently coupling those haptens with horseshoe crab hemocyanin (HCH) via
the mixed anhydride method using isobutylchloroformate/tributylamine. The
evaluation of the conjugation was performed by MALDI-TOF-MS and the results
can be found in Table 3.2. Due to HCH high molecular mass, the direct evaluation
by MALDI-TOF-MS was not possible for which reason the assessment of the
conjugation was performed by analyzing the corresponding bovine serum
albumin (BSA) conjugate that had been prepared simultaneously an under the
same conditions.
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Table 3.2. Hapten densities of the C134- and D-133BSA conjugates ®

Immunoreagents S-hapten®
C134-BSA 5¢
D133-BSA 4¢

2The BSA conjugates were prepared in parallel and under the same
conditions as the HCH conjugates. Analyses were performed by MALDI-
TOF-MS. PMols of hapten per mol of protein. ‘Residues of hapten per
reference BSA.

3.3.1.4 Production of antibodies

Each of the immunogens prepared in the previous section were used for
immunizing three New Zealand female rabbits. The ones immunized with C134-
HCH were named 358-369-360, whereas the ones immunized with D133-HCH
were named 361-362 and 363.

2.0
€ BSA conjugates coated:
o
B 15 =3 Blood 0
~ B Blood 1
)
g 1.04 HCH conjugates coated:
_g El Blood 1
S 05
%)
Q
@ o o S 4 <)
e &5 o0 ) o0 o0

Antisera

Figure 3.9. Evaluation of the antibody titer of the first blood obtained after the first boosting
injection against the BSA (purple bars) HCH bioconjugates (red bars).

Antisera titers were evaluated along time with a non-competitive ELISA,
measuring the absorbance related to the binding of serial dilutions of each
antiserum with their corresponding BSA hapten conjugates. Unexpectedly, the
antibody titers were very low. The first hypothesis for this lack of response was
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to attribute the cause to a potential error or mistake during the immunization.
However, D133- or C134-HCH was very well recognized since high absorbance
values were achieved, which indicated that the immunization had taken place
(see Figure 3.9). A second hypothesis for this lack of response was related to the
BSA conjugates used to coat the microplates. The hydrophobic nature of the
hapten (see Table 3.3, for the logP values of these insecticides) may had caused
the hapten folding inside the protein, hindering in the way the recognition by the
antibody. During the bibliographic research for the immunizing hapten design we
noticed that most of the authors which decided to detect deltamethrin, were
using BSA or OVA competitors for the competitive assay development. However,
in most of the cases the competitor hapten was a derivative of the whole
molecule of deltamethrin, lowering its LogP value, and therefore increasing its
hydrophilicity [51, 60, 93, 96]. In those cases, it would not be expected a hapten
folding, and therefore the conjugation to a protein carrier would not affect the
antibody recognition. For the cases of the competitor with a higher LogP value,
the add of an organic solvent (between 20 and 40% of methanol in most cases)
was needed to develop the corresponding immunoassay [51, 92-94].

However, our approximation was focused on the preparation of new
bioconjugates using more hydrophilic macrobiomolecules such as it could be
dextrane.

Table 3.3. LogP.w of different pyrethroids considered during the
development of the deltamethrin ELISA

Pyrethroid LogPow®
Deltamethrin 4.61
Cypermethrin 6.64

2LogP.w coefficient is related to the compound lipophilicity, differentiating
5 categories of lipophilicity degree: >5 very high; 3.5-5 high; 3-3.5 medium;
1-3 low; and <1 very low.

The parameter LogPow has been calculated using the software ACD/logP
calculator.
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For the HCH bioconjugates this behavior could not have had a significant impact
because the immunological cascade involves a first step in which the molecules
is digested by the macrophages to small peptide portions

3.3.1.4.1 Development of aminodextran bioconjugates as coating antigens

Aminodextran was selected as the carrier for C134 and D133 competitor’s
conjugation for being a hydrophilic polysaccharide, thus avoiding any
hydrophobic nest for the hapten folding. Furthermore, the presence of amino
groups in the polymer, allows the covalent coupling through the carboxylic
groups on the haptens. AD could not be analyzed by MALDI-TOF-MS and for that
reason, competitors linked to AD were further evaluated by checkerboard
titration assays.

Higher responses at higher antisera dilutions were obtained when the non-
competitive assays were performed against aminodextran conjugates, for which
reason we decided to pursuit with further boosting injection until a total of six
(see . Figure 3.10 shows the evolution of the antibody titers recorded
for both immunogens.

N
8 1001 =2 Blood 0
S B Blood 1
2 807 Bl Blood 2
8 604 Il Blood 3
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' C134-HCH C D133-HCH

Immunogen and antisera

Figure 3.10. Antibody titer to evaluate the response of the antisera produced by non-competitive
ELISA. Antigen had a concentration of 1 ug mL?, antisera were used at a dilution of 1/32000 for
As358 and 359; and a dilution of 1/64000 for As360-363.
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3.3.1.5 Competitors conjugation

In addition to the homologous ones C134-AD and D133-AD, a set of other
heterologous competitor haptens were prepared and conjugated to AD as well,
with the aim to favour the competition of the target analyte for the binding sites
of the antibody. It has been reported that the bioconjugate competitor can
modulate parameters such as sensitivity and detectability [97]. Competitors with
higher heterology could have lower affinity for the antibodies and then the
equilibrium could be displaced favoring analyte detection. Heterologous
competitor haptens based on cypermethrin moieties (F1-F3, for exploring the
importance of the double ring structure on the antibody recognition profile), and
3-phenozybenzaldehyde (3-PBA, molecule without the antigenic part of halogens
presents in deltamethrin) were proposed [98] (see Figure 3.11).
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Figure 3.11. Structure of the haptens D133 and C134 with their different epitopes. Structures of
the fractions F1-F3 and 3-PBA including the epitopes they resemble.

Since these haptens had medium values of logP.w (between 1 and 3) their
conjugation was performed directly to BSA instead of AD. The strategy selected
for those conjugations was the active ester methods, using carbodiimide/N-
hydroxysuccinimide chemistry. For each competitor hapten, distinct
bioconjugates were prepared with different hapten densities (see Table 3.4).,
since it has also been described that lower hapten densities rend assays with
better ICso values.
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Table 3.4. Densities of the heterologous competitors prepared?

Immunoreagents 5-hapten®
F1-BSA 16-10-8-7-4-2
F2-BSA 17-10-9-6-5-3-2
3-PBA-BSA 20-7-4-2

2Analysis were performed by MALDI-TOF-MS. ®Mols of hapten per mol of
protein.

All the combinations of antibodies raised, and newly heterologous competitors
were tested in an inhibition assay in which the analytes, deltamethrin and
cypermethrin, were added at a high concentration of 50 UM to evaluate possible
inhibition. The combinations which showed a minimum inhibition level (20%),
were tested in a two-dimensional checkerboard titration format to select the
appropriate concentration of the immunoreagents and subsequently on
competitive assays by building calibration curves. Unfortunately, as it can be
seen in Table 3.5 any heterologous antisera/antigen combination showed
detectabilities in the low nanomolar range. In contrast, the homologous
aminodextran bio conjugates performed much better, even though the
detectability achieved was not in the low nM range as it was expected.

The combination which showed the best sensitivity and detectability parameters
were As360 (raised against C134-HCH, cypermethrin) and its homologous
coating antigen C134-AD. The fact that the antiserum raised against a chlorinated
compound (cypermethrin) recognize better the brominated derivative
(deltamethrin) has been previously reported [99, 100]. Between the hypotheses
to explain this fact there is the size of the bromine atoms, bigger than the
chlorine atoms, and therefore, fitting better into the antibody binding cavities,
favoring the antibody recognition of the deltamethrin. Another explanation
relies in the differences of the electronic distribution between chlorinated and
brominated analogues, which could create differences in dipole-dipole
interactions in the antigen-antibody complex.
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Table 3.5. Immunoassay features of some competitive ELISA combinations for
cypermethrin and deltamethrin detection.?

Assay Immunogen Analyte Amax Anmin 1Cs0, nM Slope R?
As360/D133-
A/D 0.753 | 0.157 | 1504 10.959 | 0.994
As360/C134 C134-HCH
S -
D 0.987 | 005 | 332.5 0.834 | 0.999
As361/ 3- Deltamethrin
. . -1.063 | 0.996
PBA.-BA 1730 | 0329 | 11211
Asaggl/flz' D133-HCH 0.813 | 0.195 | 3191 -0.968 | 0.969
As361/F25- 0713 | 0.114 | 3014 | -0.765 | 0.977
BSA
As360/D133-
A/D 0.721 | 0.06 1130 -1.020 | 0.998
As360/C134- C134-HCH
AD 0.858 | 0.001 | 1334 -0.996 | 0.995
As361/ 3- Cypermethrin
-0.881 | 0.996
PBALBSA 1.728 | 0.061 | 5732
AS?’ggflz' D133-HCH 0.926 | 0.079 | 3325 -1.133 | 0.987
Asaﬁéfzs' 0875 | 0.089 | 3110 -1.008 | 0.997

20nly the best assay for each heterologous competitor is shown.

This pair of immunoreagents produced an ELISA assay capable of detect
deltamethrin directly in seawater with an ICso around 330 nM (166 pg L!), and
cypermethrin with an ICsp around 1330 nM (553 pg L), values far away from the
detectability achieved by other assays reported in the literature (see Table 3.1
above). For that reason, some physicochemical parameters (Tween20
concentration, pH, conductivity, competence time and the option of add a
preincubation step of the assay) were assessed. with the aim of trying to improve
the features of the final ELISA.

However, at this point, and although the two pyrethroids were interesting to
monitore, in order to to meet the requirements of the european project to which
the thesis is associated, only the ELISA development for deltamethrin was
continued.
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3.3.2 EVALUATION OF DIFFERENT PHYSICO-CHEMICAL PARAMETERS ON
THE AS360/C134-AD ASSAY

Standard calibration curves were built and measured in the ELISA under different
conditions, varying one parameter individually each time. The Tween20
concentration in the assay buffer was tested at concentrations between 0 and
0.1%, the conductivity from 5.4 to 93 mS cm™, the pH value was studied from 2.5
to 11.5, competition time was tested between 5 and 60 min and the effect of the
preincubation of the antibody with the analyte was evaluated from 5 to 60 min.
The value that gave a lower ICsp maintaining good levels of absorbance was
selected for each and used in the next assay.

Figure 3.12 shows the result of these studies. The sensibility of the assay was
improved up to an order of magnitude, reducing the concentration of Tween20
down to 0.005% and increasing the conductivity of the buffer up to 28.5mS/cm.
An improvement on the ICsp was observed when reducing the time of
competence, but this improvement was related to the absorbance decrease, so
finally it was decided to maintain this parameter at the standard value, 30
minutes. No improvement was observed when a preincubation step of the
analyte with the antibodies was introduced. Regarding pH, the assay was very
stable between 4.5 and 10.5, without significant variations in the ICso or in the
Amax of the assay.
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Figure 3.12. Effect of different physico-chemical parameters on the As360/C134-AD immunoassay.
Effect of: A) Concentration of Tween20; B) Conductivity (ionic strength); C) pH; D) Competition
time; E) Preincubation time. At least three-well replicates were employed for each assay. Left axis
indicates the value of the ICso. Right axis indicates the difference of absorbance and the ratio (Amax
/1Cs0)*100. The ICsp values are expressed in nM.

3.3.3 MATRIX STUDIES: ARTIFICIAL SEAWATER

Because of the low detectability of the assay, our goal was to be able to analyze
seawater without the need to dilute the sample or to carry out a sample pre-
treatment to minimize the matrix effect. Therefore, the assay was carried out
directly in artificial seawater, a matrix characterized by high concentration of
salts and therefore a high conductivity. Previously, we have already seen that
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the assay performs quite well within 8 and 90 mS cm™ (only a mild loss of the
maximum signal was observed at the conductivity levels associated with the
artificial seawater used during the matrix effect studies, which were around 50
mS cm?).

As it can be observed in Figure 3.13, maintaining the same antibody dilution only
a mild signal loss was observed as expected by the previously explained.
Furthermore, the sensibility of the assay was in the same range that the buffer
assays, demonstrating a practically null matrix effect on the detection of
deltamethrin.

£ 124 +« PBST

c

E A v oasw PBST aSW
8‘ 0.8 [As] 1/8000 1/8000
= Absorbance p;; 0.099 0.179
2 Absorbance ;. 1.234 1.016
S 04- Slope (m) -0.891 -0.638
k-] ICznM 53.05 47.15
< R? 0.991 0.995

0.0

10-1 100 101 102 103 104 108
[Deltamethrin], nM

Figure 3.13. Performance of the As360/C-134-AD assay in artificial seawater. The calibration curve
was built in DMSO 200 times concentrated and finally diluted in sea water prior the assay. The
antiserum was diluted in PBT optimized buffer. Two replicates were assayed in each curve.

3.3.4 EVALUATION OF THE AS360/C134-AD ELISA

Figure 3.14 shows the calibration of the assay corresponding to the average of 3
assays performed on different days using three-well replicates. The final features
of the assay regarding immunoreagents concentrations or physicochemical
parameters are also listed. As it can be observed the variability between days
was very low, obtaining a final ICso value of 21.4 + 0.3 pg L? and a limit of
detection of 1.2 + 0.04 ug L, similar to the ones described in the literature, but
without the need of adding solvents nor cleanup’s samples procedures.
Moreover, the average of %CV in the linear range (2.97 to 854 pug L) is less than
15% in all the cases, demonstrating the robustness of the assay.
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Figure 3.14. Analytical features for As360/C134-AD assay. The data showed correspond to the
average of three assays performed on three different days. Each assay was built using three well
replicates. LOD corresponds to limit of detection, calculated as the concentration given at 90% of
the maximum signal.

3.3.4.1 Selectivity studies

With the aim of study the specificity of the ELISA assay established, compounds
which are structurally related to deltamethrin as well as other pyrethroids like

cypermethrin, esfenvalerate, permethrin, 3-phenoxybenzaldehyde and A-

cyhalothrin were tested as target analytes (see Figure 3.15).
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Figure 3.15. Chemical structure of similar compounds to deltamethrin used in cross-reactivity
studies. F1 and F2 corresponds to different fractions purified after the hydrolysis of cypermethrin
(described in Figure 4.3).
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Table 3.6 summarizes the ICso and cross-reactivity results for each compound,
showing that the antibody raised and selected for this study presented high
specificity for deltamethrin, but recognizes all the pyrethroids that share the 2,2-
dimethyl-ciclopropane group, or one of the terminal halogens atoms.
Additionally, other contaminants usually found in environmental samples, such
as antibiotics, pesticides, or toxins, were also tested. Other environmental
pollutants were tested such as Irgarol 1051®, sulfapyridine, chloramphenicol,
BDE-47, 17B-estradiol and domoic acid, the pollutants selected for the
development of the multiplexed microarray platform explained in , but
any of them reported significant cross-reactivity levels.

3.3.4.2 Accuracy assays of the final platform

Accuracy assays were carried by preparing blind samples spiking artificial
seawater with 9 different concentrations of deltamethrin (Figure 3.16) which
were analyzed blindly by ELISA. As it can be observed, spiked values closely
match the results obtained plotting a linear regression of a slope of 0.904, close
to the perfect correlation.

Table 3.6. Cross-reactivity of related compounds in the As360/C134-AD assay.
Compound ICs0 (M) % CR
Deltamethrin 42 100
Permethrin 307 13
Cypermethrin 189 22
Esfenvalerate 218 19
A-Cyhalothrin 185 22
3-Phenoxybenzoic acid > 10000 <0.05
F1 > 10000 <0.05
F2 > 10000 <0.05
Irgarol 1051°® > 10000 <0.05
Sulfapyridine > 10000 <0.05
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Chloramphenicol > 10000 <0.05
BDE-47 > 10000 <0.05
17 estradiol > 10000 <0.05
Domoic acid > 10000 <0.05

aCross-reactivity is expressed as a percentage of the relation between the ICso (nM) of
deltamethrin and the I1Cso (M) of the other compounds tested.

The results demonstrate that the assay is suitable for the detection of trace levels

of deltamethrin in water without any sample cleanup nor pretreatment.
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Figure 3.16. Results from the accuracy study performed in artificial seawater in the ELISA format.
The graph shows the correlation between the spiked and measured concentration values. The
dotted line corresponds to a perfect correlation (m = 1). The data correspond to the average of at
least three-well replicates from 3 different days.
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Chapter contributions

e Aminodextran conjugates have been reported as a great proposal in

comparison to standard carrier proteins in dealing with high lipophilic

haptens such as the pyrethroids studied in this chapter. Lower

concentrations of immunoreagents could be used if the hapten is forced

to be accessible during immunorecognition’s events.
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e Although any heterologous competitor could be used for the
development of an ELISA assay for the detection of deltamethrin, a final
immunoassay with a LOD of 1.2 pg L%, a value in the range of the ones
reported in the literature has been established using the homologous
competitor.

3.5 Materials and methods

Reagents, materials and equipment. The chemical reagents used were obtained
from Aldrich Chemical Co. (Milwaukee, WI, USA) and from Sigma Chemical Co.
(St. Louis, MO, USA). The preparation of the immunoreagents used is described
below. The matrix-assisted laser desorption ionization time-of-flight mass
spectrometer (MALDI-TOF-MS) was a Bruker autoflex Il Smartbeam
spectrometer (Billerica, Massachusetts). The pH and the conductivity of all
buffers and solutions were measured with a pH-meter pH 540 GLP and a
conductimeter LF 340, respectively (WTW, Weilheim, Germany). Polystyrene
microtiter plates were purchased from Nunc (Maxisorp, Roskilde, Denmark).
Dilution plates were purchased from Nirco (Barbera del Vallés, Spain). Washing
steps were performed on a Biotek ELx465 (Biotek Inc.). Absorbances were read
on a SpectramaxPlus (Molecular Devices, Sunnyvale, CA, USA). The competitive
curves were analyzed with a four-parameter logistic equation using the software
SoftmaxPro v4.7 (Molecular Devices) and GraphPad Prism 5.03 (GraphPad
Software Inc., San Diego, CA, USA). For the matrix studies, artificial seawater
(aSW) was purchased from Sigma Chemical Co. (St. Louis, MO, USA), prepared at
40 mg mL in MilliQ water; its pH and conductivity were monitored being 8.14 +
0.27 and 49.69 + 1.51 respectively (n=20).

C134-HCH and D133-HCH preparation by mixed anhydride method. C134 and
D133 (10 pmols) were dissolved in 100 uL DMF anh. Then, a solution of
tributylamine (12 pumols) and isobutylchloroformate (11 pumols) were added to
the hapten, dropwise, under N, atmosphere and in an ice bath. The mixture was
stirred for 30 minutes. The activated haptens were added dropwise to a solution
of 10 mg of hemocyanin from limulus polyphemus hemolymph (HCH) in 1.8 mL
borate buffer. The reaction mixture was gently stirred for 4 hours at r.t.
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C134-BSA, D133-BSA, F1-BSA and F2-BSA preparation by active ester method.
Each hapten (C134, D133, F1 and F2; 10 umols) were dissolved in 100 uL DMF
anh. A solution of N, N’-dicyclohexylcarbodiimide (DCC) (50 pumols) in 50 uL DMF
and a solution of N-hydroxysuccinimide (NHS) (25 pumols) in 60 uL DMF were
added sequentially. The mixture was stirred for 3 hours for either cases, or until
a white precipitate appeared. The suspension was centrifuged at 10000 rpm for
10 min. The supernatant was added dropwise to a solution of 10 mg of albumin
from bovine serum (BSA) in 1.8 mL borate buffer. The reaction mixture was
gently stirred for 4 hours at r.t.

3-PBA-BSA preparation by reductive amination method. 3-PBA (10 pumols) were
dissolved in 100 uL DMF anh. The hapten was added dropwise to a a solution of
10 mg of albumin from bovine serum (BSA) in 1.8 mL carbonate buffer., followed
by 50 uL of sodium cyanoborohydride (NaBHsCN) (40 mg mLtin NaOH 1M). The
solution was allowed to react 4.5 hours at r.t.

C134-AD and D133-AD. These competitors were prepared by both, mixed
anhydride and active ester methods, already described.

All the protein conjugates were purified by dialysis against 0.5 mM PBS (4x5 L)
and Milli-Q water (1x5 L) and were stored frozen at -40 °C. Unless otherwise
indicated, working aliquots were stored at 4 °C in 0.01 M PBS at 1 mg mL™
Hapten densities of the bioconjugates were estimated by measuring the
molecular weight of the native proteins and the MW of the conjugates by MALDI-
TOF-MS. Because HCH is not able to be analyzed by MALDI, simultaneously to
preparing the immunogen, the hapten was also conjugated to BSA. However, we
assume that this result can be correlated with the hapten density of the
immunogen. The mass spectrum was obtained by crystallization of the
corresponding matrix (sinapinic acid, 2 pL of 10 mg mL? in a 70:30 solution of
ACN / H20 and 0.1% in HCOOH), followed by 2 uL of sample, or 2 uL of the
reference sample (BSA, 5 mg mL™ in 50:50 ACN / H20 and 0.1% in HCOOH).
Finally, after evaporation of the solution deposited on the plate, 2 uL of the
matrix was added again. The hapten densities (6 hapten) were calculated
according to the following equation: [MW(conjugate)-
MW(protein)]/MW hapten).

Buffers. Unless otherwise indicated, phosphate buffer saline (PBS) is 0.01 M
phosphate buffer in a 0.8% saline solution, pH 7.5. Coating buffer is a 0.05 M
carbonate-bicarbonate buffer, pH 9.6. PBST is PBS with 0.05% Tween 20, pH 7.5.
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PBST optimized is PBS with 0.005% Tween 20, 1.6% saline solution, pH 7.5.
Citrate buffer is 0.04 M sodium citrate, pH 5.5. The substrate solution contains
0.01% 3,3’,5,5'-tetramethylbenzidine (TMB) and 0.004% H,0; in citrate buffer.
Borate buffer is 0.2 M boric acid/sodium borate, pH 8.7.

Polyclonal antisera. Antisera were obtained by immunizing female white New
Zealand rabbits with C134-HCH were named As358, As359 and As360 and with
D133-HCH were named As361, 362 and 363. Evolution of the antibody titer was
assessed on a non-competitive indirect ELISA, by measuring the binding of serial
dilutions of the different antisera to microtiter plates coated with a fixed
concentration of hapten-AD (1 pg mL?). After 6 immunizations, the animals were
exsanguinated, and the blood was collected in vacutainer tubes provided with a
serum separation gel. Antisera were obtained by centrifugation at 42C for 10
min. at 10000 rpm and stored at -80 °C in the presence of 0.02% NaNs. Unless
otherwise indicated, working aliquots were stored at 4 °C.

Non-competitive indirect ELISA. The screening of the avidity of the antisera
(As358-363) with the different antigens (C134-AD, D133-AD, F1-BSA, F2-BSA, F3-
BSA, and its corresponding densities varieties) was evaluated. Two-dimensional
titration assays (2D-assay) were carried out based on the measurement of the
binding of serial dilutions of the antisera (1/1000 to 1/64000, and zero, 100 pL
well) against different concentration of the antigens (10 pg mL? to 10 ng mL?,
and zero; 100 pL well?). From these experiments, optimum concentrations for
coating antigens and antisera dilutions were chosen to generate around 0.7-1
units of absorbance.

Competitive ELISA C134-AD/As360 for the detection of Deltamethrin. Microtiter
plates were coated with the antigen C134-AD (0.45 ug mL™t in coating buffer, 100
uL well?), overnight at 4 °C and covered with adhesive plate sealers. The next
day, the plates were washed four times with PBST (300 pL well?), and the
solution of deltamethrin (stock from 2000 to 0 uM in DMSO and diluted 200
times in PBST or aSW) or the samples, were added (50 uL well?), followed by the
solution of antisera As360 (1/8000 both in PBST, and PBT2x, 50 uL welll). After
30 min at r.t., the plates were washed as mentioned before, and a solution of
anti-lgG-HRP (1/6000 in PBST) was added to the wells (100 uL well) and
incubated for 30 minutes at r.t. The plates were washed again, and the substrate
solution was added (100 pL/well). Color development was stopped after 30 min
at r.t. with 4 N H,SO4 (50 pL/well), and the absorbance was read at 450 nm. The
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standard curves were fitted to a four-parameter equation according to the
following formula: y = (A - B/[1 - (x/C)°] + B, where A is the maximal absorbance,
B is the minimum absorbance, C is the concentration producing 50% of the
maximal absorbance, and D is the slope at the inflection point of the sigmoid
curve. Unless otherwise indicated, data presented correspond to the average of
at least three wells replicates.

Physicochemical parameters optimization. The effects of different
physicochemical parameters related to the final matrix and the buffer selected
for the development of the assays were tested introducing variations in the initial
conditions of the assay. The study included Tween 20 concentration, pH, ionic
strength, pre-incubation time and competition time.

Specificity studies. Solutions of different structurally-related compounds such as
cypermethrin, cypermethrin fractions (F1 and F2), A-cyhalothrin, esfenvalerate,
permethrin, 3-phenoxybenzaldehyde, (see Figure S3). The standard curves were
performed following the protocol described before. The cross-reactivity (CR)
values were calculated according to the equation: ICso [nM] (Deltamethrin)/ ICso
[nM] (cross-reactant) x 100.

Matrix Effect Studies. Non-specific interferences produced by the parameters
associated with the matrix of interest were studied by preparing a standard curve
directly in seawater. During the development of the deltamethrin assay in
seawater, the As concentration was optimized. The antiserum dilution for the
Competitive ELISA C134-AD/As360 in aSW, was tested again, in a non-
competitive indirect ELISA; from 1/1000 to 1/64000 dilution in PBT 2x.
Thereafter, all immunoassays performed were done with a 1/8000 antisera
dilution in PBT2x for calibration curves in aSW.

Reproducibility studies. The assays were carried out three times within three
different days, with three replicates for each one. The main features of the final
assay were described as the mean of all the replicates.

Recovery studies. The recovery of the analyte concentration after the sample
treatment was assessed by spiking blank aSW at 9 different concentrations (from
10 to 500 nM, including a zero). The sample concentrations were calculated
interpolating the results to deltamethrin standard curves prepared in aSW. The

46



3. Pyrethroid antibodies: Production and characterization

results were fitted to a linear regression curve between the spiked
concentrations and the measured ones

47






4 DEVELOPMENT OF A MULTIANALYTE ELISA PLATFORM
FOR THE DETECTION OF ENVIRONMENTAL POLLUTANTS IN
SEAWATER




4. Development of a multianalyte ELISA platform for the detection of environmental pollutants in
seawater.

4.1 Introduction

Nowadays, because of the high variety of human activities, a huge variety of
contaminants can be found in aquatic environments.

4.1.1 POLLUTANTS IN AQUATIC ENVIRONMENTS

Since some years a great effort has been invested to understand the origin, fate
and levels of pollutants in aquatic environments. In this context, the European
Commission establishes EQS, to limit the concentrations of certain chemical
substances that pose a significant risk to the environment or to human health in
surface waters in the European Union (EU). However, a great challenge is that
most of the concerning chemical pollutants are found at very low concentrations
in marine environments (see Table 4.1).

Among the great different groups of pollutants that can arrive to the ocean,
some of them are of relevance because of their negative impact in offshore
aquaculture; such is the case of the endocrine disruptor chemicals (EDCs). EDCs
are substances that can interfere with the endocrine system and the hormonal
activity of the aquatic organisms and have been linked to damages at the larval
and adult stages of fishes, disrupting their sexual development, behaviour and
fertility.

Another group of interests are the so called persistent organic pollutants (POPs),
contaminants that due to their chemical properties are persistent in the
environment and can bioconcentrate in certain organisms and be toxic. In fact,
these persistent and bioaccumulative substances are becoming a great concern
within the marine iniciatives developed towards the protection of the marine
seawater and biodiversity due to its long-time linked consequences.

Antibiotics and pesticides are classes of concerning pollutants which are
indiscriminately used in intensive production in aqualculture to ensure the
growth and survival of fishes and seafood. These chemicals not only can have a
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seawater.
Table 4.1. Examples of analytes with different chemical natures (represented by their
LogP values), their environmental quality standard (EQS) and their reported levels in
aquatic environments.
Levels
Contaminant
Analyte EQS® ACD/LogP reported
type
(ngL?)
0.013-2
Irgarol 1051° Herbicide 2.5ng Lt 3.27
[101, 102]
0.05-0.3
Sulfapyridine Antibiotic - 0.03
[103, 104]
0.001-0.2
Chloramphenicol Antibiotic - 1.02
[105, 106]
Polybrominated 0.004-0.11
POP? 24fgL? 7.39
diphenyl ether: BDE-47 [107, 108]
0.004 - 0.016
17B - Estradiol Hormone 80 pg L? 4.13
[109, 110]
0.02-13
Domoic acid Algal toxin - 0.61
[111, 112]
2 Persistent Organic Pollutant.
b Set by Water Framework Directive 2000/60/EC (WFD).

negative environmental effect, but also can be absorbed by fish and finally enter
into the food chain. Furthermore, these non-natural conditions produced within
the aquaculture facilities have been related to the proliferation of algal blooms.
Some algae under certain temperature, light, deprivation of nutrients or
competition against microorganisms can produce toxins that can be
accumulated in seafood or fish and cause several negative effects such as
intoxications or even deaths.

Due to the huge variety of pollutants to be monitored, we have been used certain
criteria to establish the most important priorities. These principles have been:

1. Their impact in offshore aquaculture.
2. Their actual use in aquaculture facilities.
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3. The possibility of using them as markers of water quality.
4. Their persistence in the environment and bioaccumulation possibilities

Following these criteria, a panel of chemical pollutant families was initially
proposed as priority to be monitored under regular manner in the marine
environment. Within each family, a representative congener was selected also
based in the above-mentioned criteria together with the frequency of use or
based on the reported cases in which these chemicals have been detected (see
Table 4.2). Within the next sections, the environmental relevance of each of
these chemicals selected will be explained.

Table 4.2. Selection of chemicals for monitoring
Contaminant family Target selected
Biocide (antialgea) Irgarol 1051°®
Antibiotic Sulfapyridine
Antibiotic Chloramphenicol
Insecticide Deltamethrin
Industrial contaminant Polybrominated diphenyl ether: BDE-47
Hormone 178 - Estradiol
Algal toxin Domoic acid
4.2 Chapter objective

With this scenario, the goal of the research reported in this chapter (Figure 4.1)
has been the development of a multiplexed bioanalytical platform to detect a
panel of the some of the most representative or relevant pollutants in the marine
environment. To achieve this purpose, we have first performed a literature
research on the contaminants with a more negative impact in the environment
and aquaculture facilities (see section 4.3, below). Subsequently, we have
identified potential sources of immunoreagents targeting these substances.
Prior developing the multiplexed platform, individual ELISAs have been
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established in order to assess their analytical performance in seawater samples
and developing compatible immunochemical protocols. Finally, the
immunoreagents selected have been used in combination to develop a
multiplexed ELISA.

¢ v

4 4 2 Establishment of
single-analyte ELISAs for the
selected environmental
contaminants

4 4.1 Immunoreagents:
Origin and precedents

4 4 3 Multianalyte ELISA “

L J

Figure 4.1. Structure of this chapter related to the different sections

4.3 Target Selection: Environmental Candidates

4.3.1 HERBICIDES: IRGAROL 1051°®
Irgarol 1051° (see Figure 4.2)is an algaecide, an herbicide specifically designed

for its use in marine antifouling coatings in combination with copper and zinc-
based agents. Irgarol 1051° has a very low water solubility, a seawater half life
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of 100 to 273 days [113] and a high partition coefficient, therefore having an
extended antifouling action, and the ability to remain associated with sediments.

Irgarol1051 Tributyltin oxide

Figure 4.2. Irgarol 1051® and Tributyltin oxide chemical structures.

Historically, Irgarol 1051® was presented as a substitute of the agent Tributyltin
(TBT). TBT, used as biocide and especially as a wood preservative had been one
of the most recognized marine anti-fouling agent, but nowadays it is currently
banned by the European Commission in the Mediterranean region. Before 1992,
contamination of coastal waters by Irgarol 1051® was unknown, however,
several studies revealed the presence of this herbicide across Europe after that.
The EQS fixed for both fresh and salt water for Irgarol is 2.5 ng L™ [81] but higher
levels have been detected in natural environments [102, 114, 115]. However, the
most critical zones to consider are seaports, where the concentration of Irgarol
1051° can achieve levels up to 2000ng L.[101, 116].

4.3.2 ANTIBIOTICS: SULFAPYRIDINE AND CHLORAMPHENICOL

The European Union has listed the antibiotics that can be used in aquaculture
which include tetracyclines, penicillins, quinolones, trimethoprim and
sulfonamides (EC Regulation n. 37/2010 of 22 Dec. 2009) [117]. Among all them,
sulfonamides (SAs) (see Figure 4.3) are between the most frequently used in
aquaculture. They are a group of synthetic antimicrobial agents that contain a
sulfamide group, and have been detected at significant levels in many biological
samples such as cow’s milk [118, 119] and in superficial water resources [120].
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General Sulfonamide Chloramphenicol
backbone

Figure 4.3. Sulfonamide general structure and Chloramphenicol chemical structure.

The second antibiotic selected for its detection in seawater samples is
chloramphenicol. Chloramphenicol is a broad-spectrum antibiotic exhibiting
activity against both gram-positive and gram-negative bacteria. As opposed to
sulfapyridine, chloramphenicol is banned in the European Union, manily due to
its serious toxic effects in aquatic environments [121, 122] and in human health.
Among the serious adverse effects chlorampehicol can have over human health
the most important is bone marrow toxicity [123].

4.3.3 HORMONES: 17-B ESTRADIOL

There is a growing alarm about the potential effects of endocrine-disrupting
pollutants in wildlife and humans. 17B-Estradiol (E2) (see Figure 4.4) is the
predominant natural female sex hormone and is the most active from the
naturally occurring estrogenic hormones; being involved in mammalian prenatal
development, growth, reproduction and sexual behaviour [124-126].
Furthermore, estradiol is one of the most active EDC, acting as an estrogen
receptor agonist. The effect of such hormone-like compounds has been
extensively studied in aquaculture. It is known that E2 at levels from 1 to 10 ng
L have been linked to feminization of fishes [110], and even more disturbing,
steroidal estrogens, including estradiol, can bioaccumulate in fish exposed to
contaminated water [127, 128] and then arrive to the food chain. The EU has set-
up as safe levels values which are much lower than those; thus, EQS
concentrations of 80 and 400 pg L' has been fixed in seawater and freshwater
respectivelyb[129].
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17b Estradiol

Figure 4.4. 17- Estradiol chemical structure.

4.3.4 INDUSTRIAL CONTAMINANTS: POLYBROMINATED DIPHENYL ETHERS

Polybrominated diphenyl ethers (PBDEs) (see Figure 4.5) are brominated flame
retardants consisting of a mixture of compounds used as additives for electronic
equipment, plastics and even textiles since a long time agoPolybrominated
diphenyl ethers (PBDEs) [130, 131]. PBDEs are ubiquitous environmental
contaminants and can bioaccumulate in wildlife, being classified as persistant
organic pollutants.

Br Br Br
Br Br Br Br Br Br Br Br Br
Br
BDE-47 BDE-85 BDE-99
Br Br Br Br Br
Br Br Br Br Br Br Br Br Br
Br Br
BDE-100 BDE-153 BDE-154

Figure 4.5. PentaBDEs formulation’s composition: chemical structures of the mixture of PBDE
congeners.

During several years, due to the similarities in chemical and structural features
with polychlorinated biphenyls (PCBs), compounds known to be toxic, PBDEs
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have been the focus of many studies [132, 133]. }. And although their use has
been or banned or severely restricted several years ago, their persistence in the
environment make them detectable even nowadays [134].

EQS of 49 fg L' and 2.4 fg L' in fresh and salt water respectively have been set
[81], which indicates that its toxicity is remarkable. Some data suggest that the
less bromo-substituted congeners are more toxic than the higher brominated
[135, 136], and that together with being the most predominant BDE in pentaBDE
formulation, makes BDE-47 an interesting candidate to be monitored.

4.3.5 ALGAL TOXINS: DOMOIC ACID

Toxic algal blooms are becoming an emerging problem for offshore aquaculture.
These toxins can arrive to the consumers by the ingestion of the farmed fish or
molluscs, causing a public health problem that must be minimized.

Domoic acid

Figure 4.6. Domoic acid chemical structure

Domoic acid (DA) (see Figure 4.6) is a toxin produced by a few marine algae,
including microalgae of the genus Pseudo-nitzschia, and is accumulated by
shellfish filter-feeding during blooms [137]. DA and its isomers bind to and
activate kainate receptors, causing neurological symptoms such as amnesia as
well as gastrointestinal effects [138, 139]. For that reason, DA has been classified
as an Amnesic Shellfish Poisoning [ASP] toxin. In 1987 in Canada occurred a food
poisoning incident due to ingestion of mussel contaminated with DA. Since then,
global awareness of DA has been raised [140]. Monitoring programs and control
measures have been implemented around the world to prevent foodborne
iliness associated with DA in bivalves. Although these measurements have been
successful in preventing other episodes of ASP, there are reports of intoxication
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in wild animals, including sea lions and whales [141, 142]. During several years
and periodically, reports of coastal water contamination in many world regions
have been presented [143-145]. Therefore, early warning systems for monitoring
the presence of this toxin in water samples are required.

4.4 Results and discussion

44.1 IMMUNOREAGENTS: ORIGIN AND PRECEDENTS

The immunoreagents for Irgarol 1051® (Irg)[146, 147], sulfonamide (SA)[148,
149] and chloramphenicol antibiotics have been developed previously by our
group[147, 150]. Based in the literature, we identified several deltamethrin
immunoreagents [51, 60, 92-96]. Although initial experiments were performed
using the immunoreagents kindly given by Prof. Bruce Hammock (UC Davis, CA,
USA), their performance in the multiplexed platform was not satisfactory. This
is the reason because we addressed the development of antibodies and the
corresponding ELISA as it has been described in . For the case of BDE-
47, the immunoreagents were kindly provided by Dr. Shelver (USDA- ARS, Fargo,
North Dakota, USA) and its preparation has been described before [151]. The
monoclonal antibodies for 17B-estradiol were purchased from Fitzgerald
Industries International (North Acton, Massachusetts, USA) and those used for
domoic acid (DA) were kindly provided by the group of Prof. Chris Elliot (Queen’s
University, Belfast, UK) [152]. Finally, the corresponding bioconjugate
competitors 6E2BSA (estradiol) and DABSA (DA) was performed in our laboratory
as described below.
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4.4.2 ESTABLISHMENT OF SINGLE-ANALYTE ELISAS FOR THE SELECTED
ENVIRONMENTAL CONTAMINANTS

44.2.1 Bioconjugate preparation

As mentioned above, most of the immunoreagents (antibody and bioconjugate
competitor) for the selected targets were already available, except for 17
estradiol and DA, for which only the antibodies were found. Thus, we addressed
the preparation of these bioconjugate competitors, as described in ,
by preparing the corresponding active esters using the carbodiimide/N-
hydroxysuccinimide (NHS) chemistry. In both cases, 3 conjugates (A, B and C)
with different hapten densities were prepared varying the quantity of activated
hapten that was added to the BSA solution during the conjugation process.

Hapten densities were measured by MALDI-TOF and are listed in Table 4.3.

Table 4.3. Hapten densities of different competitors produced

63
Compound Hapten
A B c
17B estradiol 6-OCMO 7 5 4
Domoic acid DA 8 5 3

2The hapten densities (6 hapten) were calculated according to
the following equation: [MW(conjugate)-
MW(protein)]/MW/(hapten)

The avidity of the antibodies for the bioconjujgate competitors prepared was
assessed by two-dimensional titration experiments. Finally, using competitive
immunochemical conditions, the most suitable bioconjugate competitors were
selected, being those with 4 and 5 hapten residues for 17B estradiol and DA,
respectively.
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4.4.2.2 Single-analyte ELISAs.

Appropriate immunoreagent concentrations were selected by two-dimensional
titration experiments for all the antibody/bioconjugate competitors to develop
ELISAs with a maximum absorbance of around 1, selecting conditions in which
the binding of the antibodies to the bioconjugate competitor is between 70- 80%.
Using these concentrations, competitive ELISAs were established in both, buffer
and in artificial seawater (aSW).

Although seawater is a matrix characterized by its particular mixture of salts
providing a pH of 8.1 +0.2 (N=20) and a conductivity of 49.6 + 1.5 mS cm™ (N=20),
much higher that the conductivity of the PBS buffer used in most of the assay (10
mM PBS, 16.0+0.5 mS cm™), as it can be observed in Table 4.4, the seawater did
not affect significantly the performance of the assays. In the case of sulfonamide,
a reduction in the maximum signal was observed, however the sensibility of the
assay was maintained. In the case of chloramphenicol, a higher concentration of
antibody was needed to obtain an absorbance similar to 1, and a great
improvement in the assay’s slope was observed. Finally, in the case of estradiol,
also an improvement of the ICso was observed, however this improvement could
be attributed to the lower signal obtained in the seawater assay.

Although the detectability achieved is quite good, as discussed previously, an
important challenge of assessing marine contamination is to reach the
detectability levels at which usually most of the organic pollutants are present
(see table 4.1 above for EQS values and environmental levels reported for some
of these pollutants). Half of the analytes detected in this chapter have not an
EQS value set in the actual legislation, however, for the ones with existing EQS,
the limits established by Marine legislations are far below the ones achieved in
this work (see Table 4.1), and even for the reference techniques which has been
proposed as standard detection methods [81].

Considering the potential use of the technologies developed in a real
environment, to achieve the detectabilities required, it seemed clear that a
preconcentration step had to be introduced. For this reason, in collaboration
with the department of Environmental Chemistry from the Institute of
Environmental Assessment and Water Research (IDAEA-CSIC), also participating
in the Sea-on-a-Chip project, it was developed a solid-phase extraction (SPE)
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procedure aimed at increasing the concentration of these pollutants in the
seawater samples to be analysed.

Table 4.4. Analytical parameters for all the target assays in an ELISA format,
performed both in buffer and directly in seawater.
Irgarol 1051°® Sulfapyridine Chloramphenicol
ELISA 4eBSA/ As87 SA2BSA/ As155 CA6BSA/ As226
Condition PBST ENWY PBST asw PBST asw
[CA], pg mL 0.25 0.25 0.25 0.25 0.0625 0.0625
[As] dilution 1/16000 1/16000 1/16000 1/16000 1/64000 1/32000
AbSmin 0.03+0.02 | 0.04+0004 | 003£0.02 |0.019+0.015| 0.030+0.01 0.03+0.02
AbSmax 1474009 | 1.46+0.17 | 1.34+0.08 | 0.839+0.097 | 0.809 +0.02 0.984£0.1
Slope 0984022 || -1.06+0.06 | -0.784+0.09 | -0.95+0.15 | -0.60%0.05 -0.82£0.1
IC_ (nM) 0.58+0.19 | 0.43+0.11 | 658+1.73 7.41+16 0.59+0.05 0.94+0.07
50
IC_ (ug LY 0.145+0.05 |0.111+0.03 | 1.43+0.23 1.84+039 | 0192+0.09 | 0.324+0.09
50
LOD (pg L'Y) 0.012+0.007 [|0.015+0.007| 0.08+0.02 | 0.12+0.07 | 0.004%0.01 | 0.019+0.01
R? 0.996 +0.002 [ 0.994+0.004 | 0.99240.006 | 0.991+0.005 | 0.995+0.003 | 0.994 +0.004
BDE-47 17B-Estradiol Domoic acid
ELISA 2,2,4triBDEBSA/ As122 | 6-OCMOBSA/MAb_E2 DABSA/MAb_DA
Condition PBST asw PBST asw PBST asw
[CA], pg mL™ 1.25 1.25 0.3 03 0.6 0.6
[As] dilution 1/16000 1/16000 1/64000 1/64000 1/16000 1/16000
AbSmin 0.03+0.001 | 0.04+0.005 | 0.013+0.003 | 0.012+0.006 | 0.038+0.01 | 0.07+0.001
AbSmax 1464019 | 1.34+038 | 136+0.20 | 0.902+0.16 | 0.935+0.12 1.0840.16
Slope -0.72040.04 [-0.720+0.06| -1.01+0.07 | -0.958+0.04 | -0.866+0.13 | -0.788+0.15
IC_ (nM) 30.75+5.18 | 24414627 4.01+0.74 | 2.84+0.05 9.69+1.05 9.77+0.87
50
IC_ (ngL?) 14974252 | 11.86+3.05| 1.09+0.20 1.02£0.02 3.02+0.33 2.82+0.14
50
LOD (pg L) 0.95+2.52 | 05934008 0.11£0.03 | 0.10+0.007 | 0.24+0.02 0.17 +0.07
R? 0.9980.001 | 0.999+0.001 | 0.990%0.012 | 0.985+0.023 | 0.996+0.005 | 0.997£0.002

9The parameters (Absmax, Absmin, slope, ICso) were extracted from the four-parameter logistic
equation used to fit the standard curves. The LOD was estimated as the concentration
providing 90% of the maximum signal of the assay. The assays were performed using three-
well replicates.
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44.2.3 Improvement of the detectability required: Pre-concentration
step.

SPE is the most frequently used procedure for clean-up, extraction and pre-
concentration [153] of trace of pollutants from environmental [154], clinical
[155], biological, food and beverages samples [156, 157]. In fact, most of the US
Environmental Protection Agency (EPA) approved analytical methods for
chemical residues [158] include SPE as recommended procedure for pre-
treatment of organic pollutants.

The basic SPE protocol consists on:

1. Conditioning the column: usually the elution solvent followed by water,
in case of aqueous samples
Sample loading
Washing.

4. Elution of the retained pollutants using the proper eluting phase,
consisting on pure solvents or mixtures of them.

Between the advantages of SPE is worth to mention the possibility to perform
rapid clean-up/preconcentration methods for an extensive diversity of
substances (polar, non-polar, weak, or strong cationic or anionic substances, etc)
and samples (biological fluids, water, aqueous or organic tissue extracts, etc)
based on the wide variety of stationary phases (reversed- and normal phase, ion
exchange, affinity, etc) nowadays available from several suppliers. Moreover,
SPE methods are usually reproducible, providing high recoveries and clean
extracts. The selectivity can be modulated by playing with different solvent
mixtures, but in respect to classical liquid extraction methods, SPE uses low
organic solvent volumes and do generate less waste. Nowadays, parallel and
automated SPE methodologies allow establishing high-sample treatment
throughput methodologies increasing the efficiency of the chromatographic
technologies employed in most of the European Reference Laboratories.
However, there has also been reported the use of SPE methods coupled to
immunochemical assays [159, 160] (see Figure 4.7). The only limitation in such
case, is to ensure the compatibility between the movil phase used for eluting the
retained substances and the usual aqueous media of the immunochemical assay,
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unless the SPE used is based on bioaffinity interaction with the targets, in which
case the elution is usually performed with aqueous solvents.

In this work, considering the wide variety of chemical compounds with different
chemical properties (In ex. Irgarol 1051® (ACD/LogP, 3.27) chloramphenicol
(ACD/LogP, 1.02) brominated flame retardant BDE-47 (ACD/LogP, 7.39), etc. )
that had to be analysed simultaneously and the high volume of seawater that
will have to be used in order to accomplish pre-concentration of sometimes up
to several orders of magnitud, the researchers of the department of
Environmental Chemistry (IDAEA-CSIC) proposed to use two modules of SPE with
different stationary phases: ISOLUTE® ENV+ with an hydroxylated polystyrene-
divinyl benzene copolymer as the stationary phase; and OASIS HLB with a specific
ratio of two monomers (the hydrophilic N-vinylpyrrolidone and the lipophilic
divinylbenzene), a support characterized by a neutral polar profile. These
stationary phases usually employ methanol, acetonitrinile or some mixtures of
them as solvents. For our purposes, it was mandatory to select solvents that
were miscible in water for further analysis of the eluate in the multianalyte ELISA.
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Figure 4.7. Left: Solid-phase extraction columns for the pre-concentration of the target analytes.
Right: Analytical methods to be use within this study: multianalyte ELISA and HPLC for validation
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Thus, it was proposed to use either DMSO or methanol, but there existed the risk
that those solvents would have a negative effect on the performance of the
assays. For this reason, first studies were addressed to investigate the tolerance
of the immunochemical assays established to these organic solvents.

4.4.2.4 Solvent effect in the different ELISA assays

The SPE module selected was an ISOLUTE® ENV+ (220 mg, 6 ml, Biotage) for
Irgarol 1051® and OASIS HLB (200 mg, 6ml, Waters) for the rest.

According to previous studies of the department of Environmental Chemistry
(IDAEA-CSIC), the cartridge allowed to load up to 500 mL of environmental
seawater and elute the target pollutants with a good recovery (76 to 98 %) in just
0.8 mL of pure organic solvent (DMSO or methanol) achieving a preconcentration
factor of 625. However, usually immunoassays are not able to work in pure
organic solvent, although there have been reported some cases in which it was
possible to measure analytes in media of up to 50% organic solvent, this is not
common. Thus, it is necessary to dilute the eluate in the assay buffer prior the
quantification of the analytes by ELISA. Therefore, first studies were addressed
to determine the percentage of solvent tolerated by the immunochemical assays
for the different families, without a significant decrease of their performance in
terms of detectability and maximum absorbance.
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4.4.2.4.1 Effect of Methanol

The graphs in Figure 4.8 show the effect of increased concentrations of methanol

in the assay buffer over the maximum signal and the detectability of the assays.
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Figure 4.8. Effect of different percentages of methanol over the maximum signal and the

detectability of the different ELISAs. The values of % of methanol in the x-axes correspond to the
concentration of solvent in the standards used to prepare the calibration curves of each assay.
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With small differences, all the assays tolerated quite well samples of up to 20%
of methanol. Except for deltamethrin and BDE-47, for whose an improvement
was observed at 40% of methanol, a significant drop in the detectability was
observed. These two compounds (Deltamethrin (ACD/LogP, 7.39) and BDE-47
(ACD/LogP, 7.39)) are the ones which a more hydrophobic profile, and the
addition of an organic solvent has been demonstrated to increase the solubility
of hydrophobic compounds, improving the detectability of immunochemical
techniques [161, 162]. In fact, it was relevant the improvement in the
performance of the assay of BDE-47 in the present of 40 % of methanol,
increasing both the maximum signal and the detectability.

Since the final aim of this work was to implement these procedures on a
multiplexed format, it was decided to select a percentage of methanol that was
well tolerated by all assays. Thus, it was decided that the samples (and standards)
had to be measured in the multiplexed ELISA at 20% methanol (final
concentration in the assay 10% after mixing the samples with the antibody
solution). Therefore, prior the ELISA the pure methanolic eluates had to be
diluted five times with the assay buffer. The dilution of the extract has an effect
on the established SPE procedure, that under these conditions would allow
achieving a preconcentration factor of 625/5 = 125 times, which for most
analytes would be sufficient to reach the environmental levels usually found.
However, this value should be corrected with the real recovery obtained afer the
SPE column treatment (see Table 4.5.)

Table 4.5. SPE recoveries obtained for the different pollutants
Pollutant SPE cartridge Recovery (%) Preco?ac(ir;trration
Irgarol 1051® | ISOLUTE® ENV+ 96.7 120.8
Sulfapyridine OASIS HLB 99 123.8
Chloramphenicol OASIS HLB 76 95
Estradiol ISOLUTE® ENV+ 72 20
Domoic acid OASIS HLB 98 1225
*BDE-47 and Deltamethrin didn’t have an optimized protocol for their
analysis by HPLC-MS/MS.
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Thus, for example, the detectability of the ELISA for the detection of Irgarol
1051® with a LOD of 0.015 pg L}, would be enhanced reaching a LOD of 0.124 ng
L after the SPE treatment, which is below to the levels often found in the
environment (see Table 4.1) and meet the EQS criteria fixed by the actual
legislation (see Table 4.6).

Table 4.6. Analytical parameters for the target assays after the SPE treatment.

Irgarol 1051°® Sulfapyridine Chloramphenicol

ELISA 4eBSA/ As87 SA2BSA/ As155 CA6BSA/ As226

Condition aSW treated with SPE aSW treated with SPE aSW treated with SPE

IC_ (ngL?) 0,918 £ 0,02 14.86 £ 0,42 3.41£0,11
50
LOD (ng L) 0.124 +0.006 0.969 + 0.09 0.2+0.05
17B-Estradiol Domoic acid
ELISA 6-OCMOBSA/MAb_E2 DABSA/MAb_DA

Condition aSW treated with SPE aSW treated with SPE

-1 11.33£0.05 23.02+0.16
IC50 (ngL?)

LOD (ng L?) 1.11+0.012 1.39+0.09

The values of each parameter were obtained correcting with the real preconcentration factor
(i.e. 120.8 for Irgarol 1051®; 123.8 for sulfapyridinde; 95 for chloramphenicol; 90 for 17B-
estradiol; and 122.5 for domoic acid) the values of each individual assay for three days.

To ensure this new assay conditions, the accuracy was studied for three ELISAs:
Irgarol 1051®, sulfapyridine and domoic acid. With this aim, four environmental
seawater blank samples and six blind spiked seawater samples, including two
blanks, were passed through the solid-phase cartridge and the methanolic
eluates measured with the corresponding ELISAs, after dilution with assay buffer,
and the results compared with those obtained by HPLC- MS/MS.

The results from Figure 4.9 showed that the ELISA results match very well the
spiked concentration values (slopes near 1), pointing at the high chances to
develop a multiplexed platform able to quantify accurately these analytes in
seawater samples after SPE. Only for the sulfapyridine ELISA it was observed a
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slight overestimation of the concentrations (slope= 1.262). The environmental
blank samples additionally measured also with the chloramphenicol ELISA, as
expected, were negative in the four assays.

120 ~ - 300 ~ 0 8000
-~ Nominal concentration e -~ Nominal concentration -~ Nominal concentration

--- Theoretical concentration --+ Theoretical concentration 4 .~
6000 =

-
-

N
el

100--- Theoretical concentration

N
8
I

\
\

804

40004 B

8
\

g y = 1.262x £ 0.03 20001 # y = 1.126x + 0.02
i R? = 0.998 R = 0.999
T T T T T T T T T T T T T T
0 20 40 60 80 100 120 40 80 120 160 200 240 0 1500 3000 4500 6000 7500
Spiked samples Spiked samples Spiked samples

20- y = 0.999 + 0.07
R? = 0.980

Nominal concentration
@
o
T
Nominal concentration
@ =
38 3
T T
A
\
\
AY
Nominal concentration

=3

o

Figure 4.9. Correlation between the methanolic extracts nominal values and the measurements
obtained by ELISA for Irgarol 1051® (blue), Sulfapyridine (red) and Domoic acid (brown). All the
concentrations are expressed in nM.

Surprisingly, the correlation with the HPLC values was not completely
satisfactory for domoic acid (see Figure 4.10). During the analysis of domoic acid
samples there were some problems related to the equipment, and the analysis
was postponed. This fact could have induced the degradation of the domoic acid
present in the samples, explaining the subestimation of the HPLC method. For
the Irgarol 1051°® and sulfapyridine samples the results were much better, with
only a slight underestimation for the first one and a slight overestimation for the
second. The underestimation found for the Irgarol 1051® ELISA could have a
negative impact on the reliability of the multiplexed platform due to the higher
chances for false negative results. However, considering the high detectability
that could be reached by the SPE-ELISA method (LOD 4.9 ng L) is very much
unlikely that contaminated samples could not be detected.
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Figure 4.10. Correlation between the values of methanolic extracts quantification obtained by
HPLC and ELISA for Irgarol 1051® (blue), Sulfapyridine (red) and Domoic acid (brown). All the
concentrations are expressed in nM.
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4.4.2.4.2 Effect of DMSO

Some problems were detected when the SPE module had to be implemented in
the final multisensing platform proposed within the European Project SEA-on-a-
CHIP, regarding the correct elution of some pollutants selected. For that reason,
other solvents such as DMSO were considered. However, in order to consider
DMSO as a good option, a comparison between the reference assays, the assays
in presence of the 20% of methanol (the solvent and concentration previously
selected) and the assays in presence of a 20% of DMSO was considered necessary
(see Table 4.7).

able 4.7. Comparison between the effect of methanol and DMSO in the analytical
parameters of the different ELISA developed.

Irgarol 1051°® Sulfapyridine Chloramphenicol

CA6BSA/ As226
ELISA 4eBSA/ As87 SA2BSA/ As155 / As

Condition PBST | Methanol |[DMSO| PBST [ Methanol |DMSO| PBST |Methanol||DMSO

Slope -1.15 -0.983 -133 | -0.749 -0.869 -0.844 | -0.823 -0.627 -1.02
IC_ (nM) 1.78 3.59 4.06 18.2 58.0 182 | 0.286 1.79 0.188
50
LOD (nM) 0.204 0.434 0.597 | 0.413 0.627 0.772 | 0.022 0.087 0.025
BDE-47 17B-Estradiol Domoic acid

ELISA 2,2,4triBDEBSA/ As122 6-OCMOBSA/MAb_E2 DABSA/MADb_DA

Condition PBST | Methanol |[DMSO| PBST [ Methanol |[DMSO| PBST |Methanol||{DMSO

Slope -0.794 0902 [ -0687 | -1.01 0898 [ -0913 [ -1.09 -0.794 -1.04

IC_ (nM) 48.1 80.7 39.4 15.3 93.8 15.1 14.5 14.8 15.5
50

LOD (nM) 0.764 4.15 0881 | 1.61 6.01 1.26 1.96 0.784 131

“The parameters (Slope and ICso) were extracted from the four-parameter logistic equation used
to fit the standard curves. The LOD was estimated as the concentration providing 90% of the)
maximum signal of the assay. The assays were performed using three-well replicates.
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As it can be observed in Figure 4.11, not only most of the parameters were
maintained when using DMSO in comparison to the reference assays, but when
comparing against the methanol alternative, although in some cases the
maximum signal slightly decreased, the sensibility of the assays was improved
(see Table 4.7). Based on these results, the eluent selected for the pollutants
elution from the SPE columns was changed to DMSO provisionally, until the
accuracy studies and the validation by HPLC were completed.

Br
Br OH

Br
2,4,6-Tribromophenol

Figure 4.12. Chemical structure fo 2,4,6-tribromophenol.

Table 4.8. Analytical parameters for the 2,4,6-Tribromophenol ELISA performed both
in buffer and directly in seawater.
2,4,6-Tribromophenol

Microarray 29BSA/ As43

Condition PBST asw
[CA], pg mL? 0.25 1.25
[As] dilution 1/8000 1/4000
Absmin 0.09 +0,05 0.05+0,04
AbSmax 1.29 £ 0.07 1.20 £ 0.07
Slope -1.43+£0.14 -1.38 £ 0.07
IC,, (nM) 0.55+0.04 0.56 £ 0.08
IC,, (ng L?) 0.175+0.02 0.185 + 0,02
LOD (pgL?) 0.032 £0.016 0.024 £0.015
R? 0.998 £ 0.02 0.997 £ 0.03
The parameters are extracted from the four-parameter equation used to fit the
standard curve. The calibration curve was run in the ELISA using three-well replicates.

Unfortunately, at this point of the research some problems started to appear
with the BDE-47 ELISA which were attributed to the estability of the
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immunoreagents. For this reason, this assay was substited by another ELISA
develop in our group against triboromophenol (see Figure 4.12) [163]. The
analytical parameters of the assay can be found in Table 4.8.

As before, fortified seawater samples were passed through the SPE module and
the fractions eluted were analyzed by ELISA and by HPLC-MS/MS. In this
occasion, all the ELISAs developed were evaluated.
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Figure 4.13. Correlation between the DMSO extracts nominal values and the measurements
obtained by ELISA for Irgarol 1051® (blue), Sulfapyridine (red), Chlroamphenicol (green),
Deltamethrin (purple), Tribromophenol (orange), 17 Estradiol (pink) and Domoic acid (brown). All
the concentrations are expressed in nM. The results are the average and standard deviation of the

samples measured in three-well replicates.

As it can be observed in Figure 4.13, in all the cases good levels of accuracy were
obtained with slopes near 1 (being m=1.00 the perfect correlation with
theoretical concentrations). and very good coefficients of regression. Only TBP
and DA showed slopes below 0.9 pointing to a slight underestimation of the
concentration by these assays.
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Some of these blind samples were measured in parallel by the ELISA platforms
and by HPLC for validation purposes. As it can be observed in Table 4.9, the
results obtained by ELISA were very close to those provided by the HPLC, except
for the case of chloramphenicol for which the HPLC gave a higher concentration,
and for 17B-estradiol for which the HPLC provided a lower value. The spiked
value was in fact, in between the results provided by both technologies. Only TBP
could not be analyzed by HPLC.

Table 4.9. Comparison of the results obtained by ELISA and HPLC-MS/MS.

Measured concentration (ug L)
Blind sample cor:\::zr:tlrnaatlion ELISA measurement | HPLC measurement

Irgarol 1051° 3 4.2+0.7 3.4
Sulfapyridine 3 41+0.4 3.4+0.2
Chloramphenicol 6 22+0.2 9.0+1.4
Deltamethrin 139 87956 105
Tribromophenol 4 3.8+0.7 Not analysed
178 estradiol 14 17.1+£2.5 10.0+1.1
Domoic acid 70 50.6+1.5 62.9

The ELISA results were obtained as a result of three different assays in different
days. The HPLC measurements were obtained from different laboratories during
the samples’ validation process within the SEA-on-a-CHIP project.

4.4.3 MULTIANALYTE ELISA

The multiplexed ELISA was developed using the same protocol as for the single-
ELISAs but using the antibodies in a mixture. This was possible because of the
lack of cross-recognition between the different immunoreagents as it was shown
on microarray experiments (see ). Moreover, as it
can be observed in Table 4.10, the analytical features of the multiplexed ELISA
for each target were very similar to those accomplished by the corresponding
single-analyte assays. achieving excellent LOD values in spite of the presence of
a 10% of DMSO in the assay.
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Table 4.10.
correspondin

Analytical parameters of the multiplexed ELISA in comparison with the

g single-analyte assays®.

Irgarol 1051°®

Sulfapyridine

Chloramphenicol

ELISA 4eBSA/ As87 SA2BSA/ As155 CA6BSA/ As226
Multiplexed Multiplexed Multiplexed
Condition PBST PBST PBST
ELISA ELISA ELISA
[CA], pg mL! 0.25 0.078 0.25 0.156 0.0625 0.0625
[As] dilution 1/16000 1/32000 1/16000 1/8000 1/64000 1/32000
Absin 0.03%0.02 0.108 +0.02 0.03+0.02 0.076 +0.05 0.030 £ 0.01 0.102 +0.03
AbSmax 1.47 £0.09 1.65 £ 0.22 1.34+0.08 1.64+0.16 0.809 +0.02 1.39+0.22
Slope -0.98+0.22 -1.2140.16 -0.784 % 0.09 -0.729£0.11 -0.60 +0.05 -0.736 £ 0.04
IC_ (nM) 0.58+0.19 3.47+0.11 6.58+1.73 10.7 £2.64 0.59%0.05 2.16£0.16
50
IC_ (ngL?) 0.145 + 0.05 0.879+0.16 1.43+0.23 2.64 £ 0.66 0.192 +0.09 0.699 0.05
50
LOD (pg L) 0.012 +0.01 0.106 +0.02 0.08+0.02 0.115+0.06 0.004 +0.01 0.034+0.01
R2 0.996 +0.002 0.995 £0.003 0.992 +0.006 0.990 £0.011 0.995 +0.003 0.997 £0.003
Deltamethrin 17B-Estradiol Domoic acid
ELISA C134-AD/As360 6E2BSA/MAb_E2 DABSA/MAb_DA
Multiplexed Multiplexed Multiplexed
Condition PBST PBST PBST
ELISA ELISA ELISA
[CA], pg mL! 0.45 0.45 0.3 0.3 0.6 0.6
[As] dilution 1/8000 1/8000 1/64000 1/64000 1/16000 1/16000
Absin 0.089 +0.03 0.097 +0.02 0.013 +0.003 0.125 +0.09 0.038 +0,01 0.128 +0.05
AbSmax 1.09 +0.25 1.10£0.06 1.36 +0.20 1.1740.19 0.935+0,12 0.826 +0.01
Slope -0.795 +0.08 -0.731£0.08 -1.01£0,07 -1.07 £0.02 0,866 £ 0,13 -1.24+0.13
IC_ (nM) 104.7 £ 15.6 65.27 £ 8.98 4.01%0,74 4.20+0.30 9.69 % 1.05 6.48£0.36
50
IC_ (ngL?) 529+7.9 32.96 £ 4.54 1.09 £0.20 1.06 + 0.08 3.02+0.33 2.02£0.11
50
LOD (pg L) 3.45 +0.69 1.510.43 0.11+0.03 0.149 +0.002 0.24+0.02 0.40 +0.03
R? 0.998 +0.001 0.997 +0.010 0.990 +0.012 0.989 +0.015 0.996 +0.005 0.998 +0.003

“The assays were perfomed in PBST with a 10 % of DMSO in order to mimic the conditions

to be used when analyzing seawater samples using the SPE procedure. The results shown

are the average a standard deviation of assays performed in three different days. On each

day the assays were run using three-weell replicates.

As discussed above, the detectability will be even better when the ELISA will be
coupled to the SPE module, multiplying the detectability by a factor of 125. The
reproducibility of the assays is also very good. Thus, on experiments performed
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during different days the following percentages of interday coefficient of

variation (%CV) for the ICso values were obtained: <25% for sulfapyridine, <15%

for deltamethrin and <8% for the rest of pollutants.

Table 4.11. Results of the accuracy quantification of the different seawater samples
spiked with all the target analytes simultaneously.
Measured concentration (pg L)
Blind sample Nominal. EITI.SA . H.P!'C .
concentration quantlflcatlon quantlflcatlon
Irgarol 1051°® 1.25 1.25+0.01 1.82+0.04
Sulfapyridine 25 2.48 +£0.08 2.94 £ 0.02
Chloramphenicol 2.5 2.58+0.17 2.44 +0.21
High level
Deltamethrin 250 248.9+27.6 277.2+19.9
17 estradiol 2.5 249+0.11 2.24+0.14
Domoic acid 12.5 13.16 + 0.82 17.2+0.84
Irgarol 1051°® 1 1.01+0.01 1.46 £0.01
Sulfapyridine 1.25 1.34+0.20 1.00 £ 0.09
Medium Chloramphenicol 1 1.10 +0.06 1.61+0.75
level Deltamethrin 100 102.0£7.39 80.04 +0.13
17 estradiol 1.25 1.23+0.12 1.61+0.52
Domoic acid 10 10.72 £ 0.58 15.8+1.19
Irgarol 1051°® 0.5 0.56 +0.05 2.00£0.04
Sulfapyridine 1 1.12 £0.07 0.81+0.19
Chloramphenicol 0.5 0.58+0.2 0.39
Low level
Deltamethrin 25 2458 £2.5 32.2+1.17
17B estradiol 1 0.95+0.03 1.22+0.59
Domoic acid 5 5.89 +£0.82 5.72 +0.57
The ELISA results were obtained as a result of three different assays in different days.
The HPLC measurements were obtained from the department of Environmental
Chemistry (IDAEA-CSIC).

Finally, the accuracy of the multiplexed ELISA to analyze seawater samples was

assessed by preparing blind spiked environmental seawater samples, treating
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them with the SPE module and analyzing them by the multiplexed ELISA and by
HPLC-MS/MS. Three samples containing the six analytes at three concentration
levels (high, medium and low) were analyzed. Table 4.11 shows the results of
these studies. As it can be observed the multiplexed ELISA performed very well.
The concentration values matched the spiked values and those were in
agreement with the results obtained by HPLC-MS/MS. These experiments
demonstrate that the presence of other analytes in a sample do not affect the
accurate quantification of each individual pollutant.

Finally, 6 environmental seawater samples obtained from different locations
over the Catalonia coasts were also measured following the same procedure as
described above for the spiked samples. The results shown in Table 4.12
demonstrate that the multiplexed ELISA developed could be an excellent and
reliable tool for analyzing pollutants in environmental seawater samples. As it
can be observed, there was found a very good agreement between the SPE-
multiplexed ELISA and the SPE-HPLC-MS/MS.

The multiplexed ELISA here presented can become an efficient and reliable
analytical tool for screening contaminants in the ocean with a very good accuracy
and reaching excellent limits of detection, particularly if coupled to SPE. In
respect to the HPLC-MS/MS method, the ELISA has a higher sample throughput
capability being able to analyze more thant 100 samples in parallel in just about
1.5h, with the same accuracy. Therefore, we can conclude that we have
developed a bioanalytical tool with a great potential for screening contamination
of natural environmental waters since the limits of detection accomplished are
close to the environmental levels usually reported for these contaminants in
ocean waters. This is the first time that a multiplexed bioanalytical technology
with analytical features suitable to measure simultaneously 6 families of relevant
pollutants in seawater samples has been reported. In most of the cases the
platform is enough to detect the concentrations of pollutants often found in the
environment (see Table 4.1), and in some cases such as with Irgarol 1051°%, the
platform proposed couple to the SPE column could fulfill the needs presented by
actual legislation. Furthermore although other reported multiplexed systems
address detection of different contaminants, usually they are from the same
family, such as pesticides [164], toxins [165] or from restricted families [166], but
in any case a wide selection of pollutants from different families and chemical
nature as in our approximation.

76



4. Development of a multianalyte ELISA platform for the detection of environmental pollutants in

seawater.

‘shep ¢ pajeadas sem spuawiiadxa ay) pue sajedl|dal ||am-aaly} Jo UONBIASP pJepue]s e a8eiane ay)
31e UMOYS SYINS3L AYL “¥S[1F 343 JO ased 3yl 104 “SIN/SIN-D1dH AqQ sisAjeue ay) oy J1aylo ayl pue ys|13 paxa|diynuw ayl yum sisAjeue 1oy auo ‘sued om ul
payjds a1en|a ay1 pue OSQA Yiim painia ‘ainpow 34s 2yl ysnoayl passed a1am 3se0) UBIUO|EIRD 3] Ul UOIIBIO| JUSISJIP WO} palda||od sajdwes Jajemess

DO DO71> Vo1 folop s DO1> DO71> p1oe slowoq

D01 0O7> pu pu pu DO7> joipesisa g/ 1

I86°T 66°0FLLT SIH0 o> LLLE 660797t uuyleweyag

pu pu pu pu pu pu jooaydweloyy

0O1> DO 0O1> 0O DO1> DO7> aulpliAdeyns

0O1> DO o> DO 001> DO7> <TS0T [oJedy]
uonesyyyuenb ydHjuonesynuenb ygi3juonesijijuenb 31dH juoneoynuenb yg13| uonesynuenb 14H | uoneajuenb ys3

4 adwes 3 9|dwesg @ ejdwes

o1 007> DO1> Vo> DO1> 001> pioe Jlowog

Z10'0 ¥0'0 FTT00 pu pu pu pu jolpensa g/1

pu pu pu pu 756 L6'0 F 00T uuyleweysg

pu pu pu pu pu pu |jodusydweloyd

vo1> DO1> Vo> vo1> DO1> DO auiplAdeyns

DO Do o> o> 0O1> DOo7> <TS0T [02e8))
uonesyuenb ydHjuoneaynuenb ygi3juonesyiuenb 31dH juoneoynuenb ys13| uonedynuenb 14H | uoneayuenb ys3

2 3|dwesg

g a|dwesg

v ad

wes

(1.1 8v) uonenuasuod painsealy

,53|dwes J1a1eMmeas |ejuawiuoiiaua Suisn ys3 paxajdilnuwi-34s ay3 Jo saipmis uonepijea Aleununaid ayy wouy synsay ‘Zr'y ajqel

77



4. Development of a multianalyte ELISA platform for the detection of environmental pollutants in seawater

4.5 Chapter contributions

e Single ELISAs for seven families of relevant pollutants regarding
contamination of natural waters have been established and evaluated in
comparison with HPLC-MS/MS. All the assays were found to perform
very well, showing excellent analytical features (see Table 4.4), even
when analysing directly seawater samples without any clean-up step.

e A multiplexed ELISA has been developed by just using the antibodies as
cocktail. The analytical features of this multiplexed bionalyltical methods
are very close to those obtained by the single-analyte ELISAs and has
been found to work very well in seawater samples.

e The combination of the single-analyte or the multiplexed ELISAs here
reported with a SPE module to pre-concentrate the pollutants
potentially present in the ocean has allow multiplying by a factor of 125
the detectability accomplished, which is then closed to the
environmental levels usually reported for these contaminants.
Performance of the multiplexed ELISA has been evaluated and validated
by HPLC-MS/MS using spiked and environmental waters.

4.6 Materials and methods

Reagents, materials and equipment. The chemical reagents, materials and
equipment used are the same than in

Immunoreagents. The immunoreagents for Irgarol 1051® (Irg), Sulfapyridine
(SPy), Chloramphenicol (CAP) and Tribromophenol (TBP) detection used for the
development of the competitive assays in the ELISA platform have been
described before [147, 150, 163]. In the case of BDE-47, the immunoreagents
were described before [151], and were provided by the group of Dr. Li. For
Estradiol (E2), the coating antigen was purchased from Sigma-Aldrich and
conjugated to BSA trough the active ester method. The monoclonal antibody
used on the estradiol assay was purchased from Fitzgerald Industries
International. Finally, Domoic acid (DA) was purchased from Sigma-Aldrich and

78



4. Development of a multianalyte ELISA platform for the detection of environmental pollutants in
seawater.

conjugated to BSA through the active ester method while Queen’s University
provided the monoclonal antibody. The secondaty antibody marked with HRP
was purchased from Sigma Chemical Co. (St. Louis, MO, USA). The target analytes
in this chapter were Irgarol 1051® (Irg), Sulfapyridine (SPy), Chloramphenicol
(CAP), BDE-47, 2,4,6-Tribromophenol (TBP) 17B-estradiol (E2), and Domoic acid
(DA), all purchased from Sigma Chemical Co. (St. Louis, MO, USA), except for BDE-
47 (provided by Plymouth University). Stock solutions of each analyte were
prepared at 10 mM concentration in DMSO and stored at 42C until its use.

Buffers. The buffers used are the same than in

Bioconjugate competitors’ preparation. The preparation of the bioconjugate
competitors for Irgarol 1051® [147], sulfonamides[148, 149] and BDE-47 [151]
has been already been reported, while that of the chloramphenicol will be
described elsewhere. The preparation of the bioconjugates for estradiol
(6E24BSA) and DA (DAsBSA) was performed using the following general
procedures. Briefly, a solution of N, N’-dicyclohexylcarbodiimide (DCC; 50 umol)
in anhydrous DMF (50 pL) was added to a solution of the hapten (100 ulL) in the
same solvent followed by a solution of N-hydroxysuccinimide (NHS, 25 umols, 50
uL) also in DMF [167]. The mixture was stirred for approximately 3 hours at RT
until a white precipitate appeared. The suspension was then centrifuged (10000
rpm for 10 min) and the supernatant (25 uL for 6E2 and 50 uL for DAs) was added
dropwise to a solution of bovine serum albumin (BSA, 10 mg, 1.8 mL borate
buffer) and the mixtures kept under gently stirred for 4 hours at RT. The protein
bioconjugates were purified by dialysis against 0.5 mM PBS (4x5 L) and ultrapure
water (1x5 L) and finally stored frozen at -40 °C. Unless otherwise indicated,
working aliquots were stored at 4 °Cin 0.01 M PBS at 1 mg mL™.

Non-competitive indirect ELISA. The screening of the avidity of all the antisera
and monoclonal antibodies with the corresponding antigens was evaluated.
Two-dimensional titration assays (2D-assay) were carried out, based on the
measurement of the binding of serial dilutions of the antisera (1/1000 to
1/64000, and zero, 100 pL well?) against different concentration of the antigens
(1 pg mL? to 0.5 ng mL?, and zero, 100 uL well). From these experiments,
optimum concentrations for coating antigens and antisera dilutions were chosen
to generate around 0.7-1 units of absorbance.

79



4. Development of a multianalyte ELISA platform for the detection of environmental pollutants in
seawater.

Competitive ELISA assay. The plates were coated with the proper concentration
of competitor antigen in coating buffer (uL well?), overnight at 42C and covered
with adhesive plate sealers. e times with PBST. The next day, the plates were
washed four times with PBST (300 L well}), each analyte was added (in buffer
or seawater, 50 uL well!) followed by the specific antibody (50 uL wellin PBST
or PBT 2x). After 30 min at r.t., the plates were washed as before, and a solution
of anti-lgG-HRP (1/6000 in PBST) was added to the wells (100 pL well?) and
incubated for 30 minutes at r.t. The plates were washed again, and the substrate
solution was added (100 pL well?). Color development was stopped after 30 min
at r.t. with 4 N H,S0;4 (50 pL well?), and the absorbances were read at 450 nm.
The standard curves were fitted to a four-parameter equation according to the
following formula: y = (A - B/[1 - (x/C)°] + B, where A is the maximal absorbance,
B is the minimum absorbance, C is the concentration producing 50% of the
maximal absorbance, and D is the slope at the inflection point of the sigmoid
curve. Unless otherwise indicated, data presented correspond to the average of
assays performed during three different days with at least two well replicates
each day.

Accuracy studies for each analyte detection. The accuracy of each ELISA assay for
its specific analyte was assessed by analyzing 5 different SPE extracts spiked at 5
different concentrations within the working range of each curve’s analyte. The
results were fitted to a linear regression curve between the spiked
concentrations and the measured ones.

Solid-phase extraction. Solid phase extraction (SPE) was employed as method of
extraction and concentration for every compound. Different conditions were
considered for the extraction of Irgarol 1051® and the rest of compounds. With
minor modifications, the extractions were proceeded following the previously
developed and optimized methods [168],[169],[170],[171],[172] with recoveries
ranging from 76 to 98 %. Briefly, cartridges were conditioned with 6 ml of
methanol and equilibrated with 6 ml of pure water. For Irgarol 1051®, ISOLUTE®
ENV+ (220 mg, 6 ml) cartridges were employed, whereas cartridges of OASIS HLB
(200 mg, 6ml) were used for the rest of compounds. 500 ml of seawater were
loaded into the cartridges at approximately 1 ml/min. Cartridges were then
washed with 6 ml of pure water to remove the interferences and salts and dried
under vacuum for 20 minutes. Lastly, 6 ml of methanol was used for the elution.
All extracts were concentrated through a flow of N, steam of an evaporator
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Reacti —Therm Il of Pierce (Rockford, IL, USA) and then reconstituted to 1 ml of
solvent. The extracts analysed by ELISA were reconstituted with DMSO and those
by HPLC-HRMS with the initial chromatographic conditions of mobile phase, (9:1)
methanol/water.

HPLC validation of the multianalyte ELISA format. The accuracy of the
multiplexed ELISA assay for all analyte concentrations was assessed by analyzing
6 different real SW samples pre-concentrated through an SPE column, altogether
with 3 more SPE extracts which contained all the analytes spiked at three
different levels of concentration (high, medium and low) within the working
range of each curve’s analyte. All the samples were eluted in pure DMSO and for
its analysis were diluted in PBST, obtaining final samples of only a 10% of solvent.
For each sample, 500 mL of seawater was treated through the SPE system
mentioned before, and the elute obtained was 1mL, applying therefore a
preconcentration factor of 1/500. All the samples were analyzed in parallel by
high performance liquid chromatography (HPLC) as a reference technique
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5. Multiplexed microarray development for the detection of environmental contaminants in
seawater

5.1 Introduction

As explained in the general introduction of this thesis, there is a need for
multiplexed analytical techniques in several fields including clinical diagnostics,
food safety or environmental monitoring. These platforms should be fast, robust,
easy-to-use and be able to measure a high number of samples and compounds
of different chemical nature simultaneously.

5.1.1 MICROARRAYS PLATFORMS IN ENVIRONMENTAL APPLICATIONS

Nowadays, due to the increasing number of contaminants in the environment,
most of them being organic compounds, the samples needed to be analysed
along with the number of target pollutants has increased. Not only one of the
goals in the environmental monitoring programs and current marine legislation
is the possibility to establish platforms that could work on-field allowing near
real-time information, but also further studies focued in, the establishement of
screening methods that can answer the problems presented are needed (see
Figure 5.1).

Great presence
of organic
contaminants analyzed

Widevariety of

pollutants

Figure 5.1. Scheme of the reasons why the development of environmental screening techniques is
a today’s need.

Amongst the platform that could fuldill these demands, one of the most
exploited for environmental monitoring [165, 173-175] are microarrays [176]. A
microarray can be defined as a set of miniaturized bio/chemical reaction areas,
where reagents are immobilized in an organized manner on solid surfaces such
as glass slides or silicone thin films [177]. They are characterized by being a great
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tool for high throughput screening, thanks to their multiplexation and
miniaturization capabilities, offering the possibility to perform the analysis
minimizing the amount of sample required [176]. Furthermore, they offer
flexibility in terms of solids supports. In most of the mono- or multiplex
microarray assays, proteins are covalently immobilized in glass slides or silicone
films, but some examples have also been reported using alternative supports
such as digital disks [178].

DNA microarray

Protein microarray

‘// /e %,

Figure 5.2. Schematic representation of common configuration of DNA and protein microarrays.
The schemes are based on the use of glass slides for the immobilization of A) Nucleic acids for a
hybridization assay or B) Protein for a competitive indirect assay

Microarrays appeared in the decade of the 80s, being the first ones’” DNA
microarrays (see Figure 5.2). DNA microarrays have revolutionized the
diagnostics area due to their great stability and elevated specificity related to the
hybridization process which takes place between complementary strands [179].
These microarrays have been commonly used to measure the expression levels
of large numbers of genes simultaneously [180, 181] or to genotype multiple
regions of a genome [182]. However, although DNA microarray usually offer
major stability in comparison to the ones based on proteins, and the level of
specificity related to the binding of nucleotides is not easily reproducible in the
protein’s platforms, great expectations regarding the potential of protein

85



5. Multiplexed microarray development for the detection of environmental contaminants in

seawater

uonedl|y ajdwes

010

aulpAlens]

L1o1em Suiid 1oddns se gAQ paieuogJedA|od 910 9|ozelyiej|ns
[98T] Ey em Lm.>_ s Apoqiiue Aiepuodas pajage| pjoo LEO 10]Yydej01s N SSEPRINIA
} H 192J1pul aAIdWOo) Sz0 sojluAdio|yd
1ew.04 Aedseoudi|p 90°0 duizeayy
J31BM 32BN (jer2Jauwio) : uinsAd041
[s8T] HnS 192.41p aARdWO) wm.o A -, suixo} |es|y
J91em Supjuug VS13 anpIsaJiinin Z€0 yy-unsAdonin
8€'0+0'S uuylswiad
SY0F0°€ ulyledoadua4
ov'oF¥e 91eunylAoni4
d 0FC ulylous
[b8T] 191EM JANIY 193.1p aAIIadwo) ¥9'0FC'C uy ud spioaIAg
VSI13 anpisaJnniA SE0F0T 9lelsjeAusd
85'0+0¢C ojeuljeand4
WoFST unylewIRdA)
0€E0*8T ulylsweldqg
0880 aulzeylaweyns
(014 7A0] auixoylawipeyng
[€8T] 1ovEM JOMY 12.1p 2ARA2dWO) 08T0 suizepliAdosojyaeyns saplweuoy|ns
191EM3ISEM VSI13 @npisaJiynin 1zep! [EEL | p! 1]
9vT'0 auizepliAdAxoylaweyns
G520 9|0zexoylawey|ns
pazAjeue (;-18v) sse|d
CRIIEIEIEN | S9JlI1eN jewo} Aessy aon pazAjeue sasuejsqns saouelsqns

‘Sulioyuow Jalem 03 paljdde swuoie|d paxajdiynw pue snpisaJiljnw sawos Jo Alewwns *T'g ajgeL

86



5. Multiplexed microarray development for the detection of environmental contaminants in

seawater

JeWJ0} 103J1pul dARI_dWO)

SST'0 aulzeay
631] s9|dwes Ja1em JosuasouNnww| 93uddsaJony|y . voan01dos SSePRINA
681 JanL payids UOI323]424 |BUJISIUI [BIO] oo : PRI
780°0 3uo0J1s3
VNVIY
Jalem
S15eM [BLISNPUI 1eWJ0} 303J1pul dA13II2dWO0) £00°0 auo0J1s3
/ _mo__u._czE ' Josuasounwwi 32uddsaJon|4 800°0 v |ouaydsig
axI UOI323]424 |BUJIIIUI [BIO] 8T0°0 9|0zIyawey|ns
[88T] PSXIA . ssepiRINA
131eM 30B4INS (woisAs 0200 uoJnjoudos|
Ja1eMpUNOID pamoddns Jaindwo) JasAjeuy 0T0'0 auizesyy
Ja1em DIIN J31e /M palewlony) SSOVYMY 6T0°0 [luedoud
1eWJ0} 39341pul SA1}I3dWO0)
0T0 9|0zeUOIEX3H
Ja1em Asefjided opserd u
600 jenbig
[£8T] paziuolap pazijigowuw] s93e3nfuod u1a104d SapIdIgJaH
900 1enbesed
payids Josuasounwiwi
¥0°0 9UOIJ10S3N
|eanndo Asejjides pueg-ino4
U0I19939p J143dWII0]0)
sordwes 1oddns se aaisaype 200 pioe o1lepey0
[8T] _ 9AI}ISUIS aJnssaud Jea)d |eanndo 000'T 9UaN|010JHU]-9Y T ssepinA
Jaiem payids ,
19341pul aAI_dWOo) T pioe o13@oeAxouaydolo|ydig-y'eg
1ewJo) AelieoldiN
pazAjeue (;-1 8v) sse|d
CRIIESETEN sadeN jewioj Aessy aonl pazAjeue sadueisqng saJuejsqns

"1°S 9|qe L uolenuUO)

87



5. Multiplexed microarray development for the detection of environmental contaminants in
seawater

microarray is usually expected. Its easy way of preparation and their fast and
simple assays protocols make protein microarrays useful platforms for answering
the need of real time analysis of marine waters in multi-stressor conditions and
the monitoring of pollutant’s levels. For that reason, this platform was chosen as
a set-up for the multiplexed detection of the environmental pollutants studied
in

Even though, protein microarrays present a variety of limitations, mainly related
to the great diversity of chemical structures and functions. Sometimes, poor
reproducibility and lack of homogeneity of the spots have been reported, mainly
due to the great diversity and complexity of their chemical structures. In spite of
the drawbacks commented before, some multiplexed microarray platforms have
been reported for environmental monitoring due to their excellent throughput
screening capabilities (see Table 5.1).

5.2 Chapter objective

The goal of this chapter (see Figure 5.3) is the development of a fluorescent
multiplexed microarray platform for the multidetection of environmental
pollutants. Main advantages of this technology are the possibility to expand the
number of analytes measured in the same chip thanks to the possibility to print
matrices with a high density of spots and the chance to run multiple samples
simultaneously using hardware that allows running several chips at the same
time.

A difference to ELISA, for the microarray technology, in this case, the
bioconjugate competitors will be immobilized covalently on glass slides. Since
the conditions are different to the microplate-based ELISA described in the
previous chapter, there will be necessary to evaluate the performance of the
individual fluorescent immunoassays, before integrating them in the multiplexed
format. Thus, the following studies will be performed:

1. Biofunctionalization of the glass slides selecting the appropriate
chemistry and setting up the appropriate conditions for the competitive
fluorescent immunoassays

88



5. Multiplexed microarray development for the detection of environmental contaminants in
seawater

2. Development and analytical characterization of single-analyte
microarray competitive fluoroimmunoassays in buffer and in seawater,

3. Ensuring the lack of shared reactivity, mean that each antibody should
recognize specifically only its bioconjugate competitor and no other
bioconjugates immobilized in other spots of the same chip.

4. Development of the multiplexed fluorescent microarray and evaluation
of its performance in seawater.

b J

" 531Establishmentof |
single-analyie assays for
environmental pollutants in a
fluorescent microarray

tion
\ configura -4
v )
5.3.2 Fluorescent
multiplexed microarray
b .,

Figure 5.3. Structure of this chapter related to the different sections
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5.3 Results and discussion

5.3.1 ESTABLISHMENT OF SINGLE-ANALYE ASSAYS FOR ENVIRONMENTAL
POLLUTANTS IN A MULTIPLEXED FLUORESCENT MICROARRAY
CONFIGURATION.

5.3.1.1 Protein microarray: Immobilization protocol

Glass slides were selected as microarray support due to the high chemical and
physical resistance of this material. Plain glass has low intrinsic fluorescence and
high transmission, two crucial parameters when the final readout selected is
fluorescence. Glass is an inexpensive and easy to obtain material, its surface is
normally flat with few wrinkles, rigid, transparent and without pores. Finally, it
offers the possibility to immobilize biomolecules covalently, through its
hydroxyls groups that could be activated with a variety of silanizing reagents with
different types of chemical groups [190].

In this case, activation of the surfaces with 3-(glycidyloxypropyl)
trimethoxysilane (GPTMS) was selected (Figure 5.4). GPTMS provides epoxy
groups that react with nucleophiles such as for example the amino groups from
the proteins. For this purpose, the slides were first activated by treating them
with piranha solution, washed with water and finally immersed in a 10% NaOH
solution to deprotonate hydroxyl groups. Afterwards, the slides were treated
with pure GPTMS was used to introduce epoxy groups and subsequently washed
with absolute ethanol to eliminate the excess GPTMS. The epoxy activated glass
slides could be stored in a desiccator until use for up to a month, without losing
activity.

Biofunctionalization of the glass slides was performed with the aid of a nanodrop
dispenser, under controlled temperature (202C) and humidity (65%) conditions;
forming a matrix of micrometric active zones (spots) of around 300 um each. The
biofunctionalized slides were kept at RT in a desiccator until use for up to 1 week
without any loss of activity.
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SLIDE DERIVATIZATION SCHEME
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A single well

Figure 5.4. TOP: Scheme of the chemistry used to functionalize with GPTMS and subsequently with
the bioconjugate competitors. BOTTOM: Scheme of the microarray hardware platform used to
hold four glass slides. Each glass slide could be printed with 24 different microarrays. In this study,
each microarray contained a matrix of 5x6 spots for the multiplexed assays.

The microarray assay was run by placing the slides in an Arraylt® hardware multi-
well platform (see Figure 5.5). In this manner, each slide was divided in 24 (8 x 3)
wells; each well sealing a microarray chip printed with a variable number of spots
depending on the type of experiment.

Nanodrop
dispensator
.~ (Spotter)
Computer

Figure 5.5. All material needed for the different steps involved in fluorescent microarray
development: print, assemble, measure, analyze and data treatment.
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5.3.1.1 Single-analyte microarray assays for seawater analysis

Two dimensional assays in microarray format were performed for each pair
antibody/bioconjugate competitor to select the appropriate concentrations of
the immunoreagents in buffer and seawater. As mentioned in the previous
chapter, this is a matrix characterized by its particular mixture of salts providing
a pH of 8.1 and a conductivity much higher that the conductivity of the PBS buffer
used in most of the assay. For setting up the assays in seawater the antibody
solution was dissolved in PB2T (0.02 M phosphate buffer, no saline solution, 0.1%
Tween 20, pH 7.5) instead of the usual PBS (0.01 M phosphate buffer, 0.8%
saline, 0.05 % Tween20) in order to achieve the similar buffer conditions when
mixed with the seawater sample at 1:1 ratio.

Despite the particularities of the seawater, it was possible to set-up six
fluorescent microarray assays with good analytical features (LODs in the ppb or
sub-ppb level) performing quite similar both, in buffer and in seawater; only for
some analytes (sulfonamides and 17B-estradiol) it was necessary to modify
slightly the concentration of the antibody to accomplish the same analytical
features as in PBST (see Table 5.2).

These results demonstrated that the fluorescent microarray assays are robust in
respect to their potential application to the analysis of sweater samples and that
the biofunctionalization procedure employed has work properly. Only some
problems were encountered for deltamethrin due to the fact that the
bioconjugate competitor was made with aminodextran instead of BSA. The spots
in that case. presented problems in homogeneity and morphology (see Figure
5.6).
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Table 5.2. Analytical parameters for all the target assays in an individual
fluorescent microarray format performed both in buffer and directly in

seawater.
Irgarol 1051°® Sulfapyridine Chloramphenicol
Microarra 4eBSA SA2BSA CABBSA
v / As87 / As155 / As226
Condition PBST aSW PBST aSWwW PBST aSwW
[CA], pg mL? 25 25 12.5 125 25 25
[As] dilution 1/8000 1/8000 1/2000 1/1000 1/12000 1/12000
RFUmin 331 276 344 215 3643 2772
RFUmax 10855 9753 13223 11226 12529 11323
Slope -1.45 -1.95 -1.14 -1.51 -1.19 -0.997
Icso (nM) 2.29 2.19 15.23 18.90 10.25 9.89
-1
IC,, (MgL?) 0.579 0.554 3.79 4.71 3.00 3.19
LOD (ug L'l) 0.135 0.162 0.397 0.991 0.453 0.268
R2 0.997 0.998 0.983 0.999 0.988 0.995
BDE-47 17B-Estradiol Domoic acid
Microarra 2,2,4triBDEBSA 6E2,4BSA DAsBSA
y / As122 /MAb_E2 /MAb_DA
Condition PBST aSW PBST aSWwW PBST aSwW
[CA], ug mL* 25 25 25 25 50 50
[As] dilution 1/2000 1/2000 1/16000 1/25000 1/1000 1/1000
RFUmin 459 971 13.6 97.1 328 6.99
RFUmax 13825 15748 25671 24704 14810 20004
Slope -0.733 -1.07 -1.24 -1.55 -1.20 -0.829
Icso (nM) 7.96 18.71 9.671 11.84 19.21 25.30
-1
IC,, (MgL?) 3.87 9.09 2.63 3.22 5.97 7.88
LOD (pgL?) 0.216 1.24 0.362 0.463 1.26 0.709
R2 0.995 0.998 0.998 0.989 0.989 0.996

The assays presented correspond to assays performed in one-day using at least
3 replicates of each concentration value, both in buffer and in seawater
conditions. Microarray chips for single analyte analysis were contained 5 spots
of the specific bioconjugate for each assay.

To overcome these problems, we attempted to find out other more suitable

printing conditions by changing the buffer composition, the conductivity, the

type of detergents such as Tween 20, the pH or even using additives such as
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glycerol or DMSO in the printing buffer: However, any of these initiatives
provided an improvement of the quality of the spots.

[C134-AD), 15 ug/mL
Da“(\% e 1/2000
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Figure 5.6. Comparison between the spots observed in the case of BSA conjugates immobilized
and aminodextran (AD) conjugates (both 50 pug mL). Right: Calibration curve for the assay C134-
AD/As360 (15pug mL? of antigen, 1/2000 of antiserum) (5 replicates/value).

At the light of these problems, we searched in the literature microarray examples
based on dextran derivatives [191, 192]. In most of these examples, the
immobilization strategies used were not based on the use of GPTMS. Certain
alternatives involved the oxidation of the sugars of the AD [193], or using other
supports such as nitrocellulose [194]. However, since our final goal was to
develop a multiplexed microarray platform with 6 other pollutants using protein
bioconjugates, the strategy of using a different chemistry or support material for
this particular analyte was not suitable. On the other hand, as it has been shown
in chapter 2, protein-based bioconjugates did not provide good results when
detecting deltamethrin using the whole molecule of deltamethrin as the
competitor, due to its hydrophobicity. For this reason, at this stage we decided
to discard the deltamethrin assay in the microarray multiplexed platform to
pursuit with the investigation for perhaps further on trying to investigate other
strategies allowing the immobilization of this analyte.

5.3.2 FLUORESCENT MULTIPLEXED MICROARRAY
It has been described that the probability of shared reactivity ((recognition of a
bioconjugate competitor by more than one antibody) growths exponentially with

the increase of the multiplexation [195]. Thus, on a first instance, the possibility
of cooperative phenomena or shared reactivity was assessed to ensure that the
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signal recorded on each spot is only due to the binding of the corresponding
specific antibody. Although the chemical structures of the selected targets are
very different, the use of the same bioconjugation procedure could have led to
undesired common epitopes [195]. With this purpose, experiments were carried
out to test the binding of each antibody to the different bioconjugates spotted
on the glass slides.
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Figure 5.7. Specificity of the antibodies used towards all the bioconjugate competitors spotted on
microarray chip. The signal presented corresponds to the average and standard deviation of five
spots replicates. Concentrations of the different immunoreagents are summarized in Table 5.2.

As it can be seenin Figure 5.7, any non-specific recognition between each specific
antibody and the matrix of antigens selected for the multiplexed microarray
platform was detected, demonstrating the strictly specific profile of the
immunoreagents selected.

Next step consisted on ensuring the lack of cooperative phenomena recognizing
the target analytes by comparing the response of the assays when the antibodies
were used individually or as a cocktail composed of 6 antibodies (Irg: As87,
diluted 8000 times; SPy: As155 diluted 1000 times; CAP: As226 diluted 12000
times, BDE-47: As122 diluted 2000 times, E2: MAb_E2 diluted 25000 times, DA:
MAb_DA diluted 2000 times; all in PBT2x). see Figure 5.9 for an scheme of the
performance of the multiplexed microarray.
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Figure 5.8 shows the comparison of the standard curves of each analyte in
individual format and multiplexed format. Although there were observed slight
differences in shape, the analytical features summarized in Table 5.3 show that
most of the assays maintain the same parameters once have been multiplexed
demonstrating that the use of the antibody cocktail does not affect the
detectability of the selected analytes and that those can be quantified
individually in the multiplexed platform. Thus, Irgarol 1051®, sulfapyridine,
chloramphenicol, BDE47, 17B-estradiol and domoic acid can be detected in the
multiplexed format at 0.190 + 0,06, 0.17 £ 0.07, 0.11 £ 0.03, 2.71 £ 1.13,0.94 +
0.30 and 1.71 + 0.30 pg L'* (N=3), respectively, also very close to the reported
environmental levels for these pollutants (see Table 4.1 in chapter 4).
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Figure 5.8. Calibration curves obtained when using single antibody solutions (colored curve) or the
cocktail of antibodies (black curve). As it can be observed, no significant differences were found.
See Table 5.3 for the analytical parameters of the calibration curves of the multiplexed microarray
assay. For the multiplexed data, each analyte concentration, was measured using five-spot
replicates on each chip. The results are the average of 3 assays performed on 3 different days. The
standard curves obtained using single antibody solutions are experiments recorded using at least
3 spot replicates for each concentration value.

In Figure 5.8 can be observed the comparison of the standard curves of each
analyte in individual format and multiplexed format. Most of the assays maintain
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the same parameters once multiplexed (and being analyzed with the antibody
cocktail), consistent results given the cross-reactivity profile obtained previously.

The development of a multiplexed fluorescent microarray platform for the
detection of different classes of environmental contaminants was addressed
once all the individual assays were established, and the cross-reactivity profile of
all the immunoreagents was studied. For the development of the microarray
assay an antisera cocktail composed of the 6 antibodies needed was used, and
the fact of using a cocktail of antibodies and its possible effect over the
parameters of all the assays developed was explored (see Figure 5.9).

4Y .'?C? (Y ;’
}"‘ !l"‘ '_::: \_'}-q—,
—_—
" A A -
Sample and antibody Washing step Fluorescent IgG
cocktail addition incubation

Figure 5.9. Scheme of the multiplexed competitive assay. The printed glass slides are placed in the
ArralT hardware and the assay performed as described in the experimental section (see

), by adding the sample followed by the mixture of the antibodies. Finally, a secondary
antibody labelled with a fluorophore is added.

The final features of each assay regarding immunoreagents concentrations are
summarized in Table 5.3. In respect to the multiplexed ELISA (see Table 4.10) the
parameters of ICsp and LOD are maintained in the same range (except in the case
of domoic acid in which the multiplexed ELISA was slightly better). However, the
great features of microarray protocols present some advantages in comparison
to the multiplexed ELISA approach. The assay protocol is faster, because as the
secondary antibodies are labelled with a fluorophore, no substrate is needed to
obtain the final signal. Furthermore, the possibilty to analyze simultaneously
several samples using the necessary multi-well holder allows running 96
microarrays in parallel, obtaining information of all the pollutants from each
measurement.
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Although the EQS (environmental quality standard) values set by the Water
Framework Directive 2000/60/EC are not reached, the detectability achieved
without any sample treatment or preconcentration step is very close to the
concentrations found in the environment for most of the pollutants selected.
Furthermore, as the different immunoassays have been characterized in the
presence of solvents, and their ICso and LOD parameters improved when coupling
the SPE column as a preconcentration treatment, it is expected that the
detectability of this platform could also gratly improve when choosing the same
approximation.

5.3.2.1 Accuracy of the multiplexed microarray

The objective of these experiments was to assess accuracy and to prove that the
presence of more than one contaminant in the sample did not affect the
quantification. For this purpose, 30 blind spiked samples were prepared in
seawater containing the selected analytes at different concentrations, including
zero and 5 different concentrations for each analyte. All the samples were
analyzed during three different days using five-spot replicates of the multiplexed
microarray chips.

As it can be observed in Figure 5.10, the linear regression studies provided slopes
near 1 in all cases (being m=1.00 the perfect correlation) with very good
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Table 5.3. Analytical parameters for all the target assays in a multiplexed
fluorescent microarray format performed directly in seawater (n=3). Each
analyte was detected a cocktail antibody following the concentrations
described in Table 5.2.
Irgarol 1051°® Sulfapyridine Chloramphenicol
Microarra 4eBSA SA2BSA CABBSA
Y / Cocktail antibodies / Cocktail antibodies / Cocktail antibodies
[CA], pg mL? 25 12.5 25
[As] dilution 1/8000 1/1000 1/12000
RFUmin 2214 + 481 854 + 467 877 + 257
RFUmax 10662 + 459 11985 + 186 9477 £ 257
Slope -1.62 £ 0.38 -0.944 + 0.080 -0.951 £ 0.040
IC,, (hM) 3.05+1.01 11.14 +1.61 3.66 £0.45
-1
IC,, (ng L) 0.773+0.257 2.775 £ 0.404 1.184 £ 0.147
LOD (pglL?) 0.190 £ 0.06 0.171+0.071 0.105 +0.035
R? 0.995 + 0.005 0.994 + 0.003 0.992 +0.001
BDE-47 17B-Estradiol Domoic acid
Microarra 2,2,4triBDEBSA 6E2,BSA DAsBSA
Y / Cocktail antibodies /Cocktail antibodies /Cocktail antibodies

[CA], pg mL? 25 25 25
[As] dilution 1/2000 1/25000 1/2000
RFUmin 907 + 161 2281 + 417 1016 + 212
RFUmax 13025 + 1111 20653 + 942 11197 + 193
Slope -1.12+0.22 -2.17 £0.50 -1.18 £ 0.05
IC,, (hM) 40.77 + 4.46 8.22+1.30 32.40+0.98
IC,, (ng L) 19.81+2.17 2.95+0.47 10.08 + 0.30
LOD (pglL?) 2.71+1.13 0.936 +0.298 1.71+0.30
R? 0.991 + 0.005 0.998 + 0.001 0.990 + 0.003
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regression coefficients (R?>0.95), indicating the excellent assay accuracy. On the
other hand, the coefficients of variation were below of the 20% pointing to a
good microarray assay precision (see Table 5.4).

Irgarol1051 Sulfapyridine Chloramphenicol
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Figure 5.10. Results from the accuracy studies performed in artificial seawater in the multiplexed
microarray format. The graph shows the correlation between the spiked and measured
concentration values. The dotted line corresponds to a perfect correlation (m = 1). The data
correspond to the average of at least three-well replicates from 3 different days.

Finally, blank seawater samples and spiked with mixtures of analytes were also
quantified, to demonstrate the reliability of the platform. Table 5.5 summarizes
the results obtained showing that when several analytes were present it was
possible to obtain good levels of accuracy and precision. The coefficients of
variation are almost in all cases below 20% and never greater than 25%. No false
positives were observed since all the blank samples were negative for the six
families of analytes. These experiments illustrated the possible implementation
of the platform in environmental monitoring as a screening technique,
complementing standard methods such as those based in chromatography.

5.4 Chapter contributions

e A fluorescent microarray for the multiplexed determination and
qguantification of six different families of potential pollutants of the

102



5. Multiplexed microarray development for the detection of environmental contaminants in
seawater

ocean has been developed and its suitability to analyze seawater
samples has been demonstrated

e The microarray chips consisted on a matrix of 6x5 spots, which allow
quantification of each pollutant using five-spot replicates. Seawater
samples can be measured directly without any sample treatment in just
about 1:30h, being possible to analyze simultaneously several samples
using the necessary multi-well holder, which allows running 96
microarrays in parallel.

e Due to the wide selectivity of some of the immunoreagents used in this
study is very much likely that the present microarray chip would be able
to detect a significant number of chemical congeners of the families
selected.

e Inspite of the different chemical structures, different antibiotic families,
hormones, industrial contaminants, and toxins can be simultaneously
quantified with good accuracy and precision.

5.5 Materials and methods

Reagents, materials and equipment. The chemical reagents used are the same
thanin . The plain microscope slides were purchased from Corning Inc
(Corning, NY, USA). Fluorescence was read on a ScanArray Gx PLUS (Perkin
Elmer, USA).

Immunoreagents. The immunoreagents are the same than in . The
analytes used in this platform were Irgarol 1051® (Irg), Sulfapyridine (SPy),
Chloramphenicol (CAP), BDE-47, 17B-estradiol (E2), and Domoic acid (DA), all
purchased from Sigma Chemical Co. (St. Louis, MO, USA), except for BDE-47
(provided by Plymouth University). Stock solutions of each analyte were
prepared at 10 mM concentration in DMSO and stored at 42C until its use. For
the development of the microarray assays an antisera cocktail composed of 6
antibodies was used (Irg: As87, diluted 8000 times; SPy: As155 diluted 1000
times; CAP: As226 diluted 12000 times, BDE-47: As122 diluted 2000 times, E2:
MAb_E2 diluted 25000 times, DA: MAb_DA diluted 2000 times; all in PBT2x). The
anti-rabbit 1gG-TRITC and anti-mouse IgG-TRITC were purchased from Sigma-
Aldrich.
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Buffers. The buffers used are the same than in . The printing buffer
(PrB) was PBST with 0.005% Tween 20 at pH 7.5. PBT2x is PB (0.02 M phosphate
buffer, no saline solution) with 0.1% Tween 20 at pH 7.5.

Microarray printing. Plain pre-cleaned substrates were washed with piranha
solution to eliminate any organic matter in their surface, activated with NaOH
and functionalized with GPTMS. Coating antigens were spotted using a
BioOdissey Calligrapher MiniArrayer (Bio-Rad Laboratories, Inc. USA), controlling
both temperature and humidity. The slides were maintained for 1 hour inside
the spotter chamber and finally stored in a desiccator until its use. For the
individual assay, 5 spots per well were printed. For the multiplexed assays, a 5 x
7 spot matrix was printed on each well with five spots replicated for each coating
antigen (and 5 spots of an anti-IgG-TRITC as a printing control) (See Figure 1a).

Non-competitive indirect microarray. The screening of the avidity of all the
antisera and monoclonal antibodies with the corresponding antigens was
evaluated. The slides were placed on a microarray Arraylt system which
incorporated a silicon gasket that created an 8x3 wells-format on each slide.
Before starting the assay, the slides were washed three times with PBST. Two-
dimensional titration assays (2D-assay) were carried out based on the
measurement of the binding of serial dilutions of the antisera (1/1000 to
1/64000, and zero, 100 pL well?) against different concentration of the antigens
(200 pg mL? to 25 ng mL?, and zero). From these experiments, optimum
concentrations for coating antigens and antisera dilutions were chosen to
generate around 10.000 — 20.000 units of fluorescence.

Microarray competitive assay. As in the non-competitive format, the slides were
placed on a microarray Arraylt system and washed three times with PBST. After
that step, each analyte was added (in seawater, 50 pL well?) followed by the
specific antibody for the individual assays, or the cocktail of antisera for the
multiplexed analysis (in PBT2x, 50 uL well?). Each slide was washed with PBST
after 30 min of incubation at RT, and the anti-lgGs-TRITC solution (1/250 in PBST,
both antimouse and antirabbit IgGs, 100 pL well!) was added. After another
incubation of 30 min at RT in the dark, the slides were washed three times with
PBST and one with miliQ water, dried with N, and read with the scanner.

Scanner. Measurements were recorded on a ScanArray Gx PLUS (Perkin Elmer,
USA) with a Cy3 optical filter with 10-um resolution. The laser power and PMT
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were set to 95% and 80%, respectively. The spots were measured by deducting
the mean Cy3 background intensity to the mean of Cy3 foreground intensity. The
competitive curves were analyzed with a four-parameter logistic equation using
software [SoftmaxPro v4.7 (Molecular Devices) and GraphPad Prism v 5
(GraphPad Software Inc., San Diego, CA, USA)]. The standard curves were fitted
to a four-parameter equation according to the following formula: Y = [(A-B)/1-
(x/C)P]+ B, where A is the maximal fluorescence, B the minimum fluorescence, C
the concentration producing 50% of the difference between A and B (or ICso),
and D the slope at the inflection point of the sigmoid curve. The limit of detection
(LOD) was defined as the concentration producing 90% of the maximal
fluorescence (ICgo).

Matrix studies in single analyte measurement. Non-specific interferences
produced by the parameters associated with the matrix of interest were studied
by preparing a standard curve directly in seawater and measuring each seawater
sample directly in the microarray platform.

Cross-reactivity assay. The possible interference between all the
immunoreagents involved in the development of the final multiplexed platform
was assessed incubating each specific antibody against the matrix of all the
immobilized antigens.

Multiplexed assays and reproducibility studies. Each analyte assay was analyzed
using a cocktail of antibodies versus all the coating antigens. The different assays
were carried out three times within three different days, with five replicates for
each point. The main features all the final assays were described as the mean of
all the replicates.

Accuracy studies in the final multiplexed microarray format. The accuracy of the
multiplexed fluorescent microarray for all analyte concentrations was assessed
by spiking blank aSW at 5 different concentrations within the working range of
each curve’s analyte, a sample with a mix of all analytes and some blank samples
with no analyte (being 14 sample analyzed per analyte). The sample
concentrations were calculated interpolating the results by external calibration.
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6.1 Conclusions

The production of antibodies able of detecting deltamethrin and
cypermethrin, using immunogens that conserve all the characteristic
epitopes of the target molecules has been carried out. The selection of
the best immunoreagents as well as the optimization of the assay
parameters has allowed the development of an immunoassay for the
direct detection of deltamethrin in seawater with an LOD of 1.2 pg L%,
without any pretreatment of the sample.

The use of aminodextran conjugates has proved useful in favouring the
recognitions of the antibodies produced to the specific epitopes of the
coating antigen needed for the establishment of the deltamethrin assay.

7 single-ELISAs of target analytes selected from different families of
environmental pollutants have been developed for its direct detection in
seawater samples, a matrix characterized by its high concentration in
salts.

All the assays have demonstrated to be robust and reproducible even in
the presence of organic solvents such as methanol and DMSO. The
feasibility of developing a multianalyte ELISA platform as a screening
platform for environmental monitoring has been evidenced by the
qguantification of real samples and its validation by a reference
chromatographic technique.

The development of a fluorescent and multiplexed microarray platform
has allowed the detection of six different families of potential pollutants
of the ocean.

It has been demonstrated the possibility of analyzing simultaneously
environmental pollutants of different chemical structures and properties
from the same sample and without any pretreatment. Furthermore, due
to the wide selectivity of some of the immunoreagents used in this work
is very much likely that the present microarray chip would be able to
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detect a significant number of chemical congeners of the families
selected.

Although the EQS (environmental quality standard) values set by the
Water Framework Directive 2000/60/EC are not reached by the platform
proposed, the detectability achieved without any sample treatment or
preconcentration step is very close to the concentrations found in the
environment for most of the pollutants selected.
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7. Annex |: Laser release of biomolecules from gold nanoparticles

7.1 Introduction

The new methods of nanomaterials synthesis and preparation, as well as the
development of novel measuring and characterization techniques, have staged
the great expansion nanoscience is living nowadays [196]. As previously
explained during the general introduction of this thesis, the singular size-
dependent properties of nano scale materials makes them promising candidates
for many applications, including the ones related to the biomedical field [45, 46].

Nanotechnology offers many advantages for drug delivery and diagnostics
applications. It is known that most biological functions are highly dependent on
nanoscale dimension units like viruses or ribosomes, therefore, by having
nanoparticles that are small enough for direct interaction with subcellular
compartments, it opens up the possibility of activating intracellular events. On
the other side, the larger surface-to-volume ratio of the nanocarriers could allow
a larger contact area of the drug with the body, increasing the efficiency of a
particular dose of the therapeutic agent and reducing potential undesired side
effects or toxicity issues. Also, the high available active surface increases the
cargo capability.

The increasing demand for more efficient, selective and low cost therapeutic
strategies have driven research towards new designs of nanotherapeutic
delivery systems, aiming to improve pharmacokinetic and pharmacodynamic
properties and to increase selectivity of the active drug on the target tissues.
Following this trail, different nanocarriers have been designed for a wide range
of applications (see Figure 7.1), from the first generation of nanocarriers which
includes dendrimers[197], polymers[198], vesicles or micelles[199, 200], to more
advanced nanocomposites appeared during the 80s, which combined two ideas:
the long-term formulation concept and the appearance of the first
nanotechnology-based platforms; allowing the incorporation of bio-recognition
elements, such as antibodies or oligonucleotides [201-203] for tissue targeted
therapy.

Knowledge acquired in nanotechnology is contributing to the appearance of new
generations of improved nanocarriers involving both, top-down fabrication [204]
and bottom-up manufacturing techniques [205, 206]. Multistage silicon
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nanocarriers, nanoparticles (including nanoshells, nanorods, nanohollows or
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Figure 7.1. Evolution of nanocarriers’ generations. Simplicity characterize the first
generation, relying in the EPR effect as the localization mechanism. On the other hand,
second generation incorporate targeted-moieties increasing its action’s specificity, while
third generation offer multicomponent and multidosage strategies for drug delivery and
other applications.

solid gold nanoparticles), nanocells but also carbon nanotubes (CNT)[207] or
inorganic particles such as gold, magnetic or semiconductor nanoparticles[208-
210] are some of the main representatives of this new category, broadening their
applications [211-214]. Each of these types show distinct physico-chemical
properties. They can be chemically modified to reduce toxicity or
immunogenicity or to accomplish efficient drug loading and release. However,
their composition and biofunctionalization could influence the release
mechanism in which the different nanosystems will rely for its final function.

7.1.1 BIOFUNCTIONALIZATION CHOICES
Several protocols of nanoparticles functionalization exist in the literature,

however, depending on the final application of the nanoparticle system chosen,
as well as the material composition of the surface of the particles themselves,
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the biofunctionalization protocol selected along with the active biomolecule
chosen will be different. Several derivatization strategies based on gold-thiol
interactions, modification of surface functional group such as carboxylic, amino
and azide residues, or exploiting electrostatic interactions have been described
[215].

When discussing the biomolecule attached to the nanocarriers, its role could be
linked to increase the stability of the carrier (as in the case of PEG-covered
nanoparticles [216]), the targeting capabilities of the carrier, or, its final function.
For that reason, depending on the final role, the biomolecules selected will be
released or will be considered as structural elements of the nanocarriers. It is
well known that one of the molecules for converting nanocomposites in targeted
ones once administered in therapeutics applications are antibodies [217-219],
being anchored by passive adsorption or by covalent binding. Oligonucleotides
and peptides have been also though as targeting molecules [217, 219, 220], as in
the case of aptamers, however they may also be considered the target molecule
to be delivered as it will be explained in following sections. On the other hand,
some elements coupled to nanocarriers can be exclusively linked to the final
function of the nanocomposite. From fluorescent dyes, to enzymes, or drugs,
several biomolecules have been delivered in therapeutic applications studies for
the treatment of cancer, gene silencing or the control of anticoagulant factors
among others [221-223].

In spite of this first differentiation with respect to the purpose of the
biomolecules anchored in the nanocarriers, usually these designed nanosystems
can be considered multimodal, as they could be used for both therapeutic and
diagnostic applications. Antibody or oligonucleotide coupled nanoparticles have
been used for the delivery of drug as explained previously, however, few
examples of novel diagnostics tools based on the same conjugates can be found
in the literature, some of them related to standard lateral flow configurations
using gold nanoparticles [224], to more innovative methods such as biobarcode
assays [225].
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7.1.2 GOLD NANOPARTICLES

Noble metal nanostructures have been a subject of increasing interest recently.
Within this category it can be found several morphologies including
nanospheres, nanorods, nanoshells or nanocages, all of them related to several
applications based on their optical features [226-229]. One of the features to be
highlighted is plasmonics, an effect that can de described as an oscillation of the
surface electrons and can be considered a mode of excitation localized at the
interface between a metal film and the surrounding dielectric (Figure 7.2).

Light wave

Electric field

Figure 7.2. Scheme of the basics of plasmon resonance of gold nanoparticles due to collective
oscillation of surface electrons with incident light at a specific wavelength.

The generation of surface plasmon waves; which are resonances states produced
by the interaction with light such as surface plasmon resonance (SPR) or localized
surface plasmon resonance (LSPR) is the basis of most of the applications of gold
nanoparticles [228].

Within metallic nanostructures, gold nanoparticles are considered great
candidates for biomedical applications (see Figure 7.3) as nanocarriers for drug
and gene delivery due to their unique chemical and physical properties for
transporting and unloading their payloads (small drug molecules or large
biomolecules, like proteins, DNA or RNA) [230].
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Figure 7.3. Scheme of the main application of gold nanoparticles: drug delivery, hyperthermia and
imaging.

Their gold core is essentially inert and non-toxic [231], an essential requisite in
biological applications; and they can be produced as monodisperse nanoparticles
with cores sizes ranging from few nanometers to more than 150 nm [232-234].
Further benefits are their ready functionalization (mainly through thiol linkages).
Their strong and tunable optical absorption properties could trigger drug release
at remote place, turning them in excellent platforms for controlled drug delivery.

7.1.3 LASER RELEASE MECHANISMS

One of the features of the new generation of nanomaterials, is that they are (or
can be designed to be particularly sensitive to environmental factors [235]. From
light to pH, including temperature, ionic strength or ultrasonic waves,
nanocarriers offer the advantage of a time-controlled or modulated release in
comparison to traditional formulations. However, not all the parameters exploit
the nanocarriers intrinsic properties to induce the release of their cargo. As an
example, release based on pH changes usually take advantage of the natural
environment the biological vesicle system offer to nanocarriers during its
migration to the specific target[236]. Different strategies based on how pH affect
the conformation of polymers composing the nanovehicles have been described
[237], both for therapeutics purposes [238-240] or as theragnostic platforms
[239].

Light is the main source of energy which can act as an external triggering-
stimulus; offering at the same time great advantages such as the easy control of
its wavelength and intensity [241]. Additionally, the area of action of the stimulus
can be spatially manipulated varying the direction of the source power. For those
reasons, when designing a laser-based release system the nature of the light
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source is a key element. Several parameters including the wavelength, the power
of the laser and the mode of irradiation are relevant features that could
determine the mechanisms activated for the biomolecule’s release, and for that
reason they are the first step in studying and developing a nanocarrier system of
release based on the light use.

Several applications based on different types of light have been described in the
literature. As explained previously, ultraviolet (UV) light can be used to induce
release mechanisms based on the photoexcitation of photosensitive moieties
triggering phenomena of photo-induced transformation, bond cleavage,
photoisomerization, or photocrosslinking [242-245]. However, other
wavelengths can be considered in order to take advantage of the inner
properties of the nanocarriers selected and not of the elements presents during
its derivatization and functionalization. An example is near-infrared (NIR) light,
with wavelengths ranging from 650nm to 900 nm, which has been used clinically
for in vivo imaging and hyperthermic tumor treatment due to its many
advantages [221]. The main reason for that preference in the selection of NIR
light in in vivo applications is that tissues are mostly transparent to this kind of
light, making NIR light safer than other wavelengths [246, 247]. Nevertheless,
NIR light can be considered an attractive option as it can influence over the
resonant behavior of nanostructures, allowing the establishment of
nanoparticles-based strategies [248-251].

7.13.1 Irradiation modes

Although important, wavelength is not the only critical parameter in inducing
cargo’s release; the mode of irradiation upon the drug delivery system selected
is also determinant (see Figure 7.4). Intensity, frequency, or potency are some of
the features to be set to properly control the release mechanism induced.
Moreover, choosing between continuous-wave (CW) mode of irradiation or
pulsed light (PL) might condition the release mechanism involved.

One of the reasons because the irradiation mode could affect the release
mechanism is the change in the shape of the nanoparticle upon irradiation.
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Figure 7.4. Scheme of the different laser modes and the release mechanisms involved in each
mode. While using a continuous wave laser the solution temperature doesn’t change, it produces
a high and local increase in the nanoparticle’s surface. Whereas using a pulsed wave laser the
nanoparticles suffer from reshaping and melting processes, inducing the gold-thiol bond breakage,
and directly releasing the attached molecules.

The use of CW laser upon gold nanoparticle solution is often associated to a rapid
temperature increases of a limited area of the gold surface without increasing
the ambient temperature of the solution and without affecting the gold shape
[252]. Taking profit of that phenomenon, one of the usual application of the use
of CW laser are related to the release of ssDNA or functional oligonucleotides
[253, 254]. However, the activation of thermophilic enzymes immobilized over
the gold nanocomposites are also an explorable field both in clinical and
industrial applications [255].

On the other hand, the use of PL excitation upon gold nanoparticle solution, in
resonance with their surface plasmon resonance, can heat NPs locally to high
temperatures, inducing both melting and reshaping processes [256] Hence,
through melting, and the induction of the direct break of the interaction between
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the nanoparticles and the immobilized targets, the release of certain molecules
can be achieved [257]. In this case the dehybridization strategy previously
explained for the CW irradiation cannot be contemplated as an option, due to
the melting and reshaping process of the nanoparticles and the bond breakage
process, but, the direct release of nucleic acids conjugated through thiol linkage
becomes a possibility [258-260]. Moreover, PL light have been demonstrated to
be useful in helping nanocarriers escape the vesicle system that usually
encapsulate those vehicles during drug delivery applications [258].

Despite the reasons stated during the introduction, and although several
therapeutic applications of selective-release nanosystems based on the intrinsic
properties of the nanocarriers have been presented in the literature, the field of
diagnostics applications regarding these singular nanocarriers seems to be in the
first stages.

7.2 Chapter objective

The goal of this chapter (see Figure 7.5) is to create the basis for the development
of a diagnostic system based on plasmonic nanoparticles, aiming to multidetect
two small-molecules related to the biomedical field. The study is currently
focused in the functionalization of gold nanoparticles with fluorescent molecules
and the characterization of its release by light-related mechanisms, taking profit
of the inner ability of nanoplasmonics gold nanoparticles possess.
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Figure 7.5. Structure of this chapter related to the different sections

During this part of the thesis, a system based on gold nanoparticles was designed

aiming to take advantage of an external light stimulus for inducing the release of

fluorescent biomolecules. Our assay strategy will be formed by three different

steps (Figure 7.6):

1. Functionalizated gold nanoparticles, both with specific antibodies

against the small molecule target selected and fluorescent molecules

that will provide an amplification of the signal though its final release.

2. Laser irradiation at different wavelengths, that will allow the selective

release of the fluorescent molecules anchored to each gold nanoparticle.

3. Fluorescent final readout in solution of the fluorescent labels released

during the laser treatment.
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Figure 7.6. Schematic diagram of the multiplexed plasmonic strategy proposed. The nanoparticle
system is based on two nanoparticles with different plasmon peaks, being of different shapes (left)
or the same (right).

The final goal of this chapter was the establishment of a multiplexed platform
based on a competitive format for the detection of two small molecules related
to clinical diagnostics.

7.3 Results and discussion

During the development of this chapter thesis the nanoparticle system design
was changed to being able to adapt to the different problems that will be
discussed through the chapter. For making easier the comprehension of the
evolution of the experimental process, the chapter will be divided in two
sections.
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7.3.1 SECTION A: SPHERICAL GOLD NANOPARTICLES FUNCTIONALIZATION
AND CHARACTERIZATION

The first strategy explored during the development of the multiplexed platform
proposed in was the use of two spherical gold nanoparticles with
different properties. The first ones were solid gold nanoparticles (AuNPs) while
the second were hollow gold nanoparticles (HGNs) (see Figure 7.7). The goal was
to demonstrate that HGNs can offer a higher cargo capacity due to its intern
cavities that increase significantly the usable surface for immobilizing the
biomolecules of interest.
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Figure 7.7. First strategy design for the multiplexed release system based on laser-light stimulation

73.1.1 Gold nanoparticles synthesis

AuNPs synthesis was performed by Marta Broto during her thesis and followed
the Turkevich method, based on citrate reduction of gold salt [261]. Sodium
citrate not only reduces gold but solvates the particles. Particles were
characterized by transmission electron microscope (TEM) and UV-Vis, both
methods reported 16-nm diameter with a polydispersity lower than 9 % and
demonstrated high stability along time (see Figure 7.8).

On the other hand, hollow gold nanoparticles (HGNs) were provided by the group
of Professor Santamaria from the Instituto de Nanociencia de Aragdn (INA).
HGNs were synthesized following the sacrificial galvanic replacement of cobalt
nanoparticles procediment [262]. A size of 45 nm of HGNs were obtained, with a
thick wall of approximately 6mm.
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Figure 7.8. TEM images of AuNPs 16nm (a), HGNs 40nm and their respective UV-Vis spectra of the
particle solution. Maximum absorbance of AuNPs corresponds to 520 nm, wereas for HGNs
corresponds to 816nm.

In order to have a comparable system in terms of yield of conjugation and cargo
capacity the need of two nanoparticles of the same diameter is required. For that
reason, the solid AuNPs of 16nm were used as a template for the regrowth of
AuNPs of 40nm.

The method followed for enlargement of colloidal Au nanoparticles is called
“seeding”, based on the colloidal Au surface-catalyzed reduction of Au* by
hydroxylamine (Figure 7.9) [263]. While NH,OH is thermodynamically capable of
reducing Au®* to bulk metal, the reaction is accelerated in the context of Au
surfaces [264]. As a result, no new particle nucleation occurs in solution, and all
added Au®* goes into production of larger particles.
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Figure 7.9. Left: Scheme of the hydroxylamine seeding procedure. Right: Growth of colloidal AuNPs
by UV-vsi spectrophotometry. From the control of 16nm (bottom) the different curves correspond
to different additions of HAUCL4. The growth was stopped when the maximum peak of absorbance

was 525nm, the specific one related to 40nm AuNPs.

Once both systems were obtained and characterized, the functionalization and

the studies of cargo capacities of both nanopartilces started.

7.3.1.2 Gold nanoparticles bioconjugation

Originally, gold nanoparticle functionalization was started by Nuria Tort and

Gloria Colom in their PhD thesis and was followed by Marta Broto in her thesis.

Although the final design was thought to obtain nanoparticles functionalized

with both a bioreceptor and a fluorescent molecule, the first studies were

focused in determining the loading capacity of nanohollows particles (HGNs) in

comparison to solid gold nanoparticles (AuNPs). As a model of fluorescent

molecules, oligonucleotides marked with different fluorophores including

Carboxytetramethylrhodamine (TAMRA) and fluorescein (Flc) were selected.

For the conjugation of both solid and hollow nanoparticles, a pH-assisted

methodology characterized for rapid protocols were selected [265]. This

approach was based on the addition of a low pH buffer that reduces the

repulsion between chains allowing a maximal loading. Furthermore, sodium

dodecyl sulfate (SDS) present in the buffer keeps particles from aggregation,

provides better stability and adds washing efficiency. Then, oligonucleotide

release from the particles was done with a ligand exchange treatment, with the

reagent dithiothreitol (DTT) (see Figure 7.10).
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Figure 7.10. Scheme of fluorescent oligonucleotide conjugation and release for the AuNPs.
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Different initial concentrations of fluorescent oligonucleotide were conjugated
to the two kinds of particles and the non-conjugated oligonucleotide was
characterized from the supernatants.
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Figure 7.11. Left: Comparison of fluorophore presence in the different supernatants obtained
during the conjugation process. 5 different washes were done, until no fluorophore was detected.
Right: Comparison of fluorophore release obtained from DTT treatment for both kind of particles.

As a result, from this study we can state that HGNs has a 95% of loading capacity
from the fluorofor added (Figure 7.11), in comparison with solid nanoparticles
that was found a 70% using the same amount. This fact demonstrates the
superior loading capacity of the gold nanohollows. However, unexpected results
were obtained when studying the release of the fluorophore attached to the NPs.
The first approach was to treat the conjugated nanoparticles with dithiothreitol
(DTT), a reducing agent capable of breaking the thiol-gold bond (between the
fluorophore and the nanoparticle). Although low in both cases, unexpectedly,
the release from the nanohollows seemed to be lower than from solid particles,
and these results did not change when the duration of the DTT treatment was
longer or when the concentration of the reducing agent was up to 5 times higher.

As DTT treatment was not the option selected for the final assay platforms, it
was decided to not invest more time in their optimization and test the laser-
based release mechanism. The laser, property of the group of Manuel Arruebo
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from INA, was a continuous-wave laser, with a power of 3W, a fiber to
manipulate the light source, and a peak at 808nm. Nanoparticles with twice the
concentration of fluorophore were proposed as a model, and fluorophore
release was studied irradiating both colloidal dispersions with a diode laser
(808nm from Acai Ibérica) at different times.
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Figure 7.12. Comparison of fluorophore release obtained from DTT treatment and laser treatment
at 808nm and different times, for both kind of particles, solid gold nanoparticles (AuNPs) with a
plasmon peak of 532nm, and nanohollows (HGNs) with a plasmon peak of 800nm.

Although a great improve in release capabilities from HGNs were observed at
different times, an unspecific release from the solid nanoparticles were observed
(Figure 7.12). Initially as its peak of resonance was 532nm after the
functionalization, an irradiation with an 808nm diode laser should not have
resulted in a release of the attached fluorophores. A hypothesis was that the
power of the laser was too high, and the nanoparticles had been destroyed
releasing nonspecifically their cargo. AuNPs after irradiation didn’t show the
specific absorbance profile with a peak of 532nm, pointing out the possibilty of
nanoparticles destruction (Figure 7.13).
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Figure 7.13. Comparison of UV-vis profile of AuNPs before and after different irradiation times. The
loss of the specific 532nm peak-profile could be indicative of the nanoparticle’s loss.

However, that behavior was maintained at different laser powers, and even was
repeated when irradiating functionalized 16nm solid nanoparticles as controls.
Another issue was that with the equipment used no control of the frequency
used during the irradiation could be achieved, affecting the final energy of the
pulses generated. At that point two concerns arose:

- The equipment used was not appropriate for two reasons. The
wavelengths couldn’t be modified for the selective release of two
different systems of nanoparticles. Furthermore, the impossibility to
control all the parameters of the laser as the frequency of pulses, or the
energy per pulse, determined the need of search for other laser sources.

- Difficulties in the obtention of regular batches of HGNs with a
reproducibility in its synthesis characterization were presented.
Important differences in absorbances profiles and the lack of
physicochemical characterization of late batches led to the discard of
hollow nanoparticles, although the promising results regarding the
superior cargo and great levels of laser-induced release obtained. Other
options regarding plasmonic nanoparticles were explored.

7.3.2 SECTION B: NON-SHPERICAL GOLD NANOPARTICLES
FUNCTIONALIZATION AND CHARACTERIZATION

The second strategy explored during the development of the multiplexed
platform proposed in was the use of two non-spherical gold
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nanoparticles or a combination of nanoparticles with different morphologies
(see Figure 7.14).
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Figure 7.14. Second strategy design for the multiplexed release system based on laser-light
stimulation.

Gold nanorods were considered as potential candidates for being implemented
in the dual system proposed during this work. Because of their anisotropic shape,
nanorods are characterized by two LSPR peaks: the transverse, fixed at
approximately 530 nm, and the longitudinal, which is in the visible—near infra-
red region of the spectrum and varies with nanorod aspect ratio. The optical
properties of noble metal nanorods have been widely characterized and
exploited in analytical and biomedical applications [266].
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Figure 7.15. TEM images of NRs 41nm and its respective UV-Vis spectra of the particle solution.
Maximum absorbance of the transversal corresponds to 511nm whereas for the longitudinal axis
corresponds to 792 nm.
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The hypothesis presented was that a paired system formed by a spherical
nanoparticle and a nanorod could fulfil the needs of the platform presented, as
long as the excitation peak of each one can be significantly differentiated (see
Figure 7.15)

7.3.2.1 Gold nanoparticles and nanorods bioconjugation

As the final redout of fluorescence in the platform designed was the measure of
fluorescence of the liberated molecules in solution, the model oligonucleotides
used during the first stages of this chapter were replaced by fluorescent labels
conjugated to polyethylene glycol (PEG) moieties (Figure 7.16).
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Figure 7.16. Scheme of PEG moieties and fluorescent biomolecules conjugation both for AuNPs
and NRs.

PEG molecules are used not only as a way to anchor a functional group for the
final incorporation of the fluorophore, but also as an approach to prevent the
interaction between nanoparticles and add stability due its hydrophilic
properties. It has been demonstrated that the length of the PEG chains is a
critical parameter for the stabilization of nanorods [267] and for that reason the
length of the PEG chain was optimized. A full coverage of a heterobifunctional
PEG with a thiol and amino group was chosen in order to maximize the number
of fluorophores that could be immobilized.

Once PEG conjugation procedure was stablished, we proceed to functionalize the
particles with the fluorophores selected: fluorescein isothiocyanate (FITC) and
rodamine isothiocyanate (TRITC). Several parameters like conjugation time,
agitation conditions, fluorophore concentration and solubility were optimized,
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until obtain yields of 93% for the conjugation of FITC to AuNPs and 64% for the
conjugation of TRITC to NRs (see Figure 7.17).
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Figure 7.17. Comparison of fluorophore presence and conjugation yield in the different
supernatants obtained during the conjugation process for AuNPs and NRs. 2 different washes were
done, with no fluorophore detected.

The final protocol of conjugation consisted in incubating the nanoparticles and
the fluorophore during 4h with an agitation of 400rpm. The Uv-vis profile was
monitored during each step to ensure that any aggregation procedure took place
during the functionalization of the nanoparticles. The final protocol is described
in

7.3.3 LASER CONDITIONS FOR FLUOROPHORE RELEASE

During the development of this thesis, an exhaustive literature research was
done in order to understand the underlying mechanism involved in the liberation
of the biomolecules anchored on the surface of the gold nanoparticles selected
for this study. Not only the wavelengths are key factors in inducing specific
release but also a high number of variables including the pulsation of the beam
of light used, the power of the equipment used or even the energy of each pulse
generated can determine the success or the failure of the selective liberation of
marker molecules.

One of the common features of the different research papers published for the
liberation of molecules anchored over plasmonic nanoparticles such as
nanorods, were the use of laser equipments which were able to generate
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femtopulsed light. Although the energy pulses were in the range of mJ, that
criteria along with the frecuency used for irradiation experiments, varied
between publications. Therefore, the first step was decided to be the exploration
of using a femtopulsed laser for release characterization.

To carry out such experiments a collaboration with The Institute of Photonic
Sciences (ICFO) were established. The proof of concept experiment was designed
as follows: At a fixed time, different powers of an 808nm-femtopulsed laser were
selected for irradiate both AuUNPs and NRs in order to know if that parameter was
decisive. After the irradiation of each sample, and after a centrifugation step in
order to precipitate the nanoparticles in solution, the presence of fluorophore in
the supernatant was quantified by fluorescence. As it can be observed in Figure
7.18 a considerable improvement in NRs release was obtained, while in no case
a significant release was observed in the case of the spherical particles (less than
a 4%).
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Figure 7.18. Comparison of the fluorophore release obtained from different 10 minute-laser
treatments, in terms of laser power used, for both nanoparticle systems. A release of
approximately 65% of the fluorophore anchored on NRs was liberated.

Finally, in order to demonstrate the right choice of using a femtopulsed laser
source for the selective release needed for the diagnostic platform proposed, the
use of a Neodymium:YAG laser which can work at the same wavelength and with
similar energy pulses as the one previously used to be explored. The main
difference was that this equipment only can generate pulsed light in the
nanoseconds range, therefore, the variable of the femtopulsed light could be
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studied. As we expected, no release was observed at any irradiation time, in any
nanoparticle system, demonstrating that femtopulses are a key feature in
inducing biomolecules release form plasmonic nanosystems.

7.3.4 FUTURE PROPOSALS

Once demonstrated that the new laser source seems to be promising to the
selective liberation of fluorophores immobilized on the nanorod chosen with a
minimal unspecific from spherical particles a new path for studies were opened.
Sadly, the laser couldn’t be tunned to wavelengths lower than 650nm, making
imposible to continue of experiments with the system spherical-rod particle

proposed.
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Figure 7.19. UV-Vis spectra of the two NRs particle solution proposed for the development of th
dual-system of selective release. Maximum absorbance of the longitudinal peak corresponds to
879nm and 700nm for each NR.

New commercial sources for nanorods were found, and a new system based on
two nanorods with longitudinal peaks between 750 and 900nm was suggested
for future work (see Figure 7.19).

7.4 Conclusions

e Asimple and reproducible method for the functionalization of nanorods
with heterobifunctional polyethylenglicol molecules has been
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developed, allowing the direct immobilization of biomolecules such as
fluorophores.

e The needed conditions for the specific release of attached molecules to
gold nanocomposites has been listed. The importance of the light nature
in the release mechanism of the anchored molecules has become
evident. The effort in searching light sources able to be stably
modulated in a wide range of wavelenght still stands.

7.5 Materials and methods

Reagents, materials and equipment. The chemical reagents used were obtained
from Aldrich Chemical Co. (Milwaukee, WI, USA) and from Sigma Chemical Co.
(St. Louis, MO, USA).

TAMRA-N2up-SH, [TAMRA]JTCAAGTCGAATGTACCTCCG5[ThiC3], and FLC-N2up-
SH, [FLCJTCAAGTCGAATGTACCTCCG5[ThiC6], were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). HS-PEGig00-NH> was also purchased from
Sigma Chemical Co. HS-PEG7s00-NH2 was purchased from Laysan Bio, Inc (Arab,
AL, USA). Nanorods with a surface peak of 808nm were purchased from Sigma
Chemical Co. TS-100C (Biosan, Riga, Latvia) was used to shake nanoparticle’s
solutions. Eppendrofs were centrifuged with a Legend Micro (Thermo Fisher
Scientific Inc.).

AuNPs synthesis. 500 pL of gold (lll) chloride trihydrate 0.1 M in milliQ were
added to 150 mL of milliQ water. It was brought to boiling with the highest
stirring velocity, subsequently, 4.5 mL of sodium citrate 1 % was injected to the
solution. After 30’ at boiling temperature it was cooled and stored in the fridge.
Finally, particles were characterized by TEM and UV-Vis spectroscopy from 300
to 800 nm. Particle size of 16 nm and polydispersion < 9 % was reported.

AuNPs growth. 10 mL of seed 16nm AuNPs were added to 90 mL of milliQ water.
1mL of NH,OH:HCI 0.2M in ultrapure water was added with the highest stirring
velocity, subsequently, and maintaining the agitation, different volumes of
HAuCls 25.4mM were injected to the solution. After 5’ after each addition, the
growth of nanoparticles was followed by UV-vis spectrophotometry.
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Buffers. Citrate/HCI buffer is 500 nM pH 3. PB/SDS is 10 mM, pH 7, 0.01 % SDS.

AuNPs and HGNs oligonucleotide biofunctionalization. A solution of 25,9 pmol of
oligonucleotide in 20 pL of milliQ was prepared and added to 100 pL of
AuNPs/HGNs stock during 10’, 252C, 500 rpm. Then, 2 uL of Citrate/HCI buffer
and 2 pL of SDS 0.1% buffer were added and allowed to react 10’ more.
Subsequently, reaction mixture was centrifuged during 10’ at 14500 G for AuNPs
and 12000 G for HGNs, and the resulting pellets were resuspended and washed
twice with PB/SDS.

Oligonucleotide release. 50 uL of functionalized particles were mixed with 250 pL
of dithiothreitol 0.2 M in ultrapure water and let 10’, 252C, 500 rpm. Then,
particles were centrifuged (10’, 14500 G) and supernatant fluorescence was
measured (Fluorescein: excitation 543 nm, emission 575 nm).

AuNPs and NRs fluorophore biofunctionalization. 200 pL of a solution of SH-PEG-
NH2 1mM in ultrapure water (MW:1000KDa for AuNPs, MW:7500KDa for NRs)
was added to 800 pL of AuNPs/NRs stock and let at 252C and 500 rpm overnight.
Suspensions were centrifuged during 10’ (14500 G for AuNPs, 18800 G for NRs)
and resuspended in 800 uL of ultrapure water. Afterwards, 180 mL of ultrapure
water and 20 pL of fluorophore stock (50 uM in pure ethanol) were added and
let react during 4h at 252C and 400 rpm. Subsequently, reaction mixtures were
centrifuged during 10’ at the respective G conditions for each nanoparticle, and
the resulting pellets were resuspended and washed at least 3 times with
ultrapure water. The supernatants collected were and their fluorescence were
read on a Spectramax Gemini XPS (Molecular Devices, Sunnyvale, CA, USA).
During each step the absorbance profiles were followed on a Spectramax Plus
(Molecular Devices, Sunnyvale, CA, USA) in order to control the possible loss or
aggregation of the nanoparticles.

Laser treatment. A) Irradiation of oligonucleotide-bioconjugated AuNPs and

HGNSs. The irradiation was performed using an 808-nm diode laser (MDL-I11-808,
0-2.5W continuous wave output; Optoengine) and a 400-um fiberoptic cable.
Different times (5,10,20 and 30’) and different powers (600mW, 700mW and
820mW) were tested over 200 pL of AuNPs/HGNs. After the irradiation,
nanoparticle’s suspensions were centrifuged for 10 minutes (14500 G for AuNPs
and 12000 G for HGNs) and fluorescence was measured by a fluorimeter
(SpectraMax Gemini XPS, Molecular Devices). B) Irradiation of fluorophore-
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bioconjugated AuNPs and NRs.The irradiation was performed using a confocal

microscope (Nikon, D-Eclipse Clsi) coupled to a Kerr lens mode-locked
Ti:sapphire laser (Mira900, Coherent with 200 fs pulse duration at a frequency
of 80 MHz) tuned at the NRs resonance, and 50 mJ or 10mJ of average energy.
200 pL of nanoparticles or nanorods in solution were placed over a plastic
substrate and irradiated for 10 minutes. After the irradiation, nanoparticle’s
suspensions were centrifuged for 10 minutes (14500 G for AuNPs and 18800 G
for NRs) and fluorescence was measured by a fluorimeter (SpectraMax Gemini
XPS, Molecular Devices). C) Irradiation of fluorophore-bioconjugated AuNPs and
NRs (part 1l). The irradiation was performed using a Neodynium:YAG
(neodymium-doped yttrium aluminium garnet with a 5ns pulse duration at a 10

Hz repetition rate) laser tuned at the AuNPs/NRs resonance, with 30 mJ or 40m)J
of average energy. 200 pL of nanoparticles or nanorods in solution were placed
over a plastic substrate and irradiated for 10 minutes. After the irradiation,
nanoparticle’s suspensions were centrifuged for 10 minutes (14500 G for AuNPs
and 18800 G for NRs) and fluorescence was measured by a fluorimeter
(SpectraMax Gemini XPS, Molecular Devices).
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8. Annex II: Optofluidic system for the detection of C-reactive protein in biological samples.

8.1 Introduction

Nowadays, one of the branches of innovation in the field of sensor development
is focused on the topics of miniaturization and integration. Following this idea,
Lab-on-a-Chip (LoC) technologies have gained significant weight in the last two
decades, enabling the miniaturization of an analytical assay, with the resulting
decrease of the required analysis time, sample volume and reagent
consumption. As a result, nowadays it is possible to find in the literature LoC
designs for applications such as drug development [268], genomics [269], clinical
diagnosis [270] or cellomics [271].

However, one of the most important drawbacks of today’s LoC platforms is that
they still require external instrumentation for analyte detection and
guantification. As a result, their entrance to the market is still limited. Steps
towards addressing this issue have already been taken with the integration of
transduction mechanisms in the LoC concept, such as electrochemical [272],
magnetic [273] or photonics[274].

8.1.1 PDMS MATERIAL AND ITS IMPLEMENTATION IN MODULAR
OPTOFLUIDIC SYSTEMS

Polymers have been associated recently with a reduction of fabrication costs and
are often used in simple fabrication techniques, therefore they are considered
as potential materials for the manufacture of detection systems such as sensors.
Two examples can be highlighted among the two categories previously
mentioned; poly(dimethylsiloxane) (PDMS) as a flexible material, and soft
lithography (see Figure 8.1) as a non-photolithographic strategy based on
selfassembly and replica molding for carrying out micro- and nanofabrication
[275].
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Figure 8.1 Scheme of a production process of soft lithography using PDMS as the final material.
Briefly b) A photoresistant material is spin-coated on a silicon wafer. c) A mask is placed in contact
with the layer of photoresist. d) The photoresist is illuminated with ultraviolet (UV) light through
the mask. An organic solvent dissolves and removes photoresist that is not crosslinked. The master
consists of a silicon wafer with features of photoresist in bas-relief. An expanded view of one of
the microfabricated structures with its characteristic critical dimensions is shown. e) PDMS is
poured on the master, cured thermally and peeled away. f) The resulting layer of PDMS has
microstructures embossed in its surface [276].

Nevertheless, some drawbacks associated to those polymers must be discussed.
PDMS surfaces are considered to be highly hydrophobic, favoring the non-
specific adsorption of organic molecules and biomolecules related to
biochemical assays. Several surface modification processes aiming to introduce
hydrophilic groups on the surface of the polymer have been reported, such as
oxygen plasma or UV/ozone treatments which produce silanol groups (Si-OH) on
the material surface and allow the tuning of the hydrophilic/hydrophobic
balance [277]. However, with time, the surfaces are prone to recover its initial
hydrophobicity, making necessary the rapid introduction of subsequent chemical
processes to form other functional groups to whoch different (bio)chemical
compounds could be attached [277].

One of the approaches currently studied regarding lab-on-a-chip configurations
is its synergistic combination with integrated photonic elements rising the
Photonic Lab-on-a-Chip (PhLoC) concept [278, 279]. Here, the main function of
microfluidics is the manipulation and transport of the analytes, while the
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photonic elements transduce the (bio)chemical signal arising from the analytes
in-situ to a quantifiable signal. Usually these systems are often described in the
literature as monolithic configurations, in which all the required elements of the
LoC are integrated in a system. However, even though monolithic PhLoCs can be
considered as the configuration with the highest robustness, its main
disadvantage is that a single defect on its production can cause a complete
malfunction of the overall system. Additionally, it must be considered that for
each application, PhLoCs could require an optimized geometry usually achieved
by new fabrication cycles, which goes against the low-cost concept of the PhLoC.

Once stated that, one could think in ways to try to improve the situation. All the
LoC configurations share common basic elements such as inlet/outlets, channels
or flow dividers and, in the case of PhLoCs, microoptics, photonics or fiber optics
for the alignment of channels. Having this idea in mind, an alternative approach
could be the definition of a set of elementary and fully compatible building blocks
that include the different required elements commented previously, and that
could be optimized separately before its final integration into a larger system.
Following that modular-way of producing LoC configurations, not only whole
fabrication cycles are avoided thus lowering the price of the PhLoC, but also
flexible designs and the addition of new modules in well-established designs
become a possibility. As a proof of concept, the development of a LoC device
based on a Modular Optofluidic System (MOPS) with colorimetric detection was
carried out for the detection of C-reactive protein (CRP).

8.1.2 PROOF OF CONCEPT: CARDIOVASCULAR DISEASES

Cardiovascular diseases (CVDs) have accounted for most of the global deaths
during several years. In 2012 31% of all the global deaths [280] were related to
CVDs, and this numbers have not change in 2015 (see Figure 8.2). In fact,
ischaemic heart disease and stroke are the world’s biggest killers, accounting for
a combined 15 million deaths in 2015. These diseases have remained the leading
causes of death globally for more than 15 years.

CVDs are a group of disorders of the heart and blood vessels that include some
diseases like coronary heart disease and cerebrovascular disease. Most of them
are caused by an accumulation of fatty deposits on the inner walls of the blood
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vessels, called atherosclerosis, but not all. Rheumatic heart disease can be
produced produced by streptococcal infection, whereas congenital heart disease
is presented at birth.

Due to the high CVDs incidence, combined with antibody availability in our
group, a target analyte related to those CVDs was selected for the development
of a bioassay onto modular optofluidics systems, as an early cardiovascular
diseasae diagnostics platform tool. The analyte selected was a protein, C-reactive
protein (CRP); which will be described below.

Top 10 causes of death globally 2015
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Diabetes mellitus

Cause of death
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Figure 8.2. Top 10 causes of death globally in 2015, registered by the World Health Organization
(WHO).

8.1.2.1 C-Reactive Protein

Nowadays several risk factors are associated with CVDs, being biomolecules that
promote atherosclerosis one of them. However, due to the complex diagnosis
and treatment of those diseases, and the high incidence of CVDs into modern
world, the number of biomarkers proposed as risk factors for disease stage
evaluation is increasing. C-reactive protein (see Figure 8.3) is one of the most
studied markers when talking about inflammatory diseases, and being an acute-
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phase inflammation protein, has been classified as a target for its early diagnosis
[281].

Figure 8.3. CRP conformational pentameric structure.

CRP has been stated as a risk factor for CVDs and, depending on the risk category,
their levels can range from less than 1 pg mL? to more than 10 pg mL? in blood
[282]. Several analytical platforms have been used for CRP quantification[283],
most of them based on immunoassays, but also in surface plasmon resonance,
molecularly imprinted polymers or sensors; existing some of them currently
commercialized [284]. Nevertheless, future research will focus on integrated,
miniaturized and multiplexed sensing platforms with  co-existing
biomarkers[285].

8.2 Chapter objective

The goal of this chapter (Figure 8.4) is focused on the development of an
integration proof of concept, based on flexible and modular chips. Those chips
will be implemented as a new and promising diagnostic tool for the detection of
a biomarker related to cardiovascular diseases initial stages, C-reactive protein.
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8.3.2 Modular Optofluidics

Systems: Funclionalization

8.3.1 Modular Optofluidics
Systems: Production

A

8.3.3 Proof of concept of the
MOPs system

Figure 8.4. Structure of this chapter related to the different sections

8.3 Results and discussion

The section of results of this chapter describes the production of the Modular
Optofluidics Systems, as well as its functionalization for the proper development
of the target analyte’s immunoassay selected: CRP protein. This work has been
developed in collaboration with the group of Andreu Llobera of the Centro
Nacional de Microelectronica (CNM), which provided the MOPs required for the
establishment of the selected assay. The development of a CRP sandwich
immunoassay is described both in buffer and plasma conditions, finally being
applied to the quantification of clinical samples.
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8.3.1 MODULAR OPTOFLUIDICS SYSTEMS: PRODUCTION

The fabrication of MOPS systems is based on soft lithography and replica molding
using masters molds and requires the use of white room facilities (in this case,
the MOPs were fabricated in CNM facilities). Two levels of fabrication are
required: the first one which defines the optofluidics structures, and the second
one which includes the frame and allowd the definition of plugs and sockets. In
the case of the MOPS designed for this work, two masters were produced. The
first one was designed to have all the channels, pumps and lashes of the different
modular pieces, while the second master was designed to have only the frame,
which will define the bottom part of the modules.

Once the masters were fabricated, the PDMS pre-polymer was obtained mixing
the curing agent with the elastomer base in a 1:10 ratio (v:v).The degassed
solution was poured over the masters, avoiding the bubble formation, and cured
at 802C in order to form the different parts described in Figure 8.5.

Figure 8.5. MOPS design: module | clamps a fiber optics. Light is coupled to lla, which is transferred
to a microchannel. Module Il is a microchannel with a length of 1 cm. llb brings the light which has
interacted with the liquid at the microchannel to an output fiber optics, again located in a module
type I. An xerogel absorbance filter (V) [24] filter excitation wavelengths when measuring
fluorescence. The fluidic inlet module (V) has an air-bubble based internal pressure regulator,
which allows to obtain leak-free MOPS, fluid is finally collected with the outlet module (VI).

The different MOPS obtained were deposited over glass slides in which the
functionalization process and immunochemical assay would be carried on,
avoinding the unspecific interactions with other surfaces.
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8.3.2 MODULAR OPTOFLUIDICS SYSTEMS: FUNCTIONALIZATION

Aiming to immobilize the capture antibody needed for the development of the
sandwich assay for the detection of the model analyte, the functionalization of
the PDMS surface was required. For that reason, it was decided to include
functional groups which could allow the immobilization of the proper
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Figure 8.6. Scheme of the different modification approaches tested tor the biofunctionalization of
PDMS (In this case, TESU corresponds to 11-triethoxysilyl undecanal.) [286]

Different methods of functionalization were tested in previous studies [286] (see
Figure 8.6) and the method of conjugation which resulted the be the most
suitable was the introduction of hydroxyl (-OH) groups on the PDMS surface by
physisorption of polyvinyl alcohol (PVA) polymer. This hydrophilic layer helped
the biocompatibility between the PDMS surface and the further silanization of
the resulting surface which allow the immobilization of the capture antibody (see
Figure 8.7). Following this strategy, the LoC achieve the desired selectivity for
specific analyte while minimizing interference due to non-specific adsorption of
other analytes.
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Figure 8.7. Scheme of the final modification approach followed for the biofunctionalization of the
PDMS surface of the MOPs.

8.3.3 PROOF OF CONCEPT OF THE MOPS SYSTEM

As a proof of concept, the development of a LoC device based on a Modular
Optofluidic System (MOPS) with colorimetric detection was carried out for the
detection of CRP. The protocol of the sandwich assay is described in Figure 8.8.

H,0, H,0

Streptavidin HRP

conjugate ’ TMB

?:".
Biotynilated ‘%ﬁi‘ T™B
Detection antibody € P blue solution

”'.‘-‘,I@Y;:
Capture antibody Ea 43

CRP

Figure 8.8. Scheme of the functionalization strategy and the sandwich assay necessary for the
quantification of CRP.
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8.3.3.1 Enzymatically functionalized MOPs: Validation

Having the initial goal to demonstrate the correct biofunctionalization of the
MOPs system, and its feasibility to be implemented for the detection of the
analyte of interest, an enzymatic study of the immobilized horseradish
peroxidase enzyme was performed. This enzyme conjugated to streptavidin
molecules is the responsible of the generation of a colorimetric signal by the
addition of the substrate solution. As it can be observed in Figure 8.9, a buffer
solution was initially injected at a constant flow of 100 uL/min and when a stable
signal was achieved, the substrate solution was injected at a constant flow of 50
uL/min. This provided with a stable colored response, which did not reach
saturation. This is observed when the flow was stopped, the intensity dropped a
significant value at all wavelengths. Finally, when the buffer solution was again
injected, the signal was fully recovered.
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Figure 8.9 Recorded intensity as a function of time for a CRP-functionalized MOPS with a
concentration of 10 ng mL? when the substrate solution was injected.

The enzymatic function of HRP was tested against different proportions of
substrate solution in which 100% corresponds to a standard substrate solution
of 0.01% TMB and 0.004% H,0,. The variations of % are related to the relative
concentration of TMB/ H,0, regarding the substrate solution prepared in citrate
buffer. In Figure 8.10 a saturation in the signal at higher concentrations of TMB
were obtained, observing a linear range between 5 and 50% of standard
substrate solution.
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Figure 8.10 Left: Recorded intensity as a function of time for a CRP-functionalized MOPS with a
concentration of 10 ng mL™? when the substrate solution with some variants in % were injected.
Right: Saturation curve of the signal obtained during all the conditions tested.

8.3.3.2 MOPs as tool for early cardiovascular diagnosis: Detection of
CRP

CRP assay was selected as a demonstrator of the possible application of the
designed MOPs as a clinical platform for the detection of cardiac biomarkers in
biological samples. First, the establishment of a linear working range was needed
for the correct quantification of real samples. For that reason, a linear calibration
of CRP was performed in the MOP platform with the procedure explained in

. As it can be observed in Figure 8.11 a standard linear regression was
established for the CRP assay in buffer conditions with a LOD of 0.55 £ 0.19 ng
mLand a LOQ of 1.31 + 0.47 ng mL™. Therefore, a good reproducibility was
achieved considering that each sample was measured twice at different
concentrations in different chips.
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Figure 8.11. Calibration curve, conditions, and features of the CRP immunoassay on the MOPs
system. The data showed correspond to the average of two assays performed on two different
days. LOD corresponds to limit of detection, calculated as the mean of the zeros plus 3 times the
SD. LOQ corresponds to limit of quantification, calculated as the mean of the zeros plus 10 times
the SD.

8.3.3.3 Benchmark of MOPs against standardized protocols

To investigate the analytical reliability and application potential of the MOPs
setup for clinical analysis, this method was compared to the quantification of a
reference technique (Siemens Dimension Analyzer) and a routinely technique
(ELISA). CRP is a protein present in plasma and serum in a range of 1 to 10 ug mL
! so the quantity of CRP in the plasma used for the matrix studies had to be
characterized. The CRP concentration for the commercial control plasma was
determined by ELISA being 2 ug mL?®. According to the high detectability
achieved, a high dilution factor can be performed to avoid potential matrix effect
associated with biological samples such as plasma or serum. Therefore, a dilution
factor of 2500 was chosen for sample’s analysis to avoid the matrix interferences
and to measure in the linear range of the MOPS device. 2 clinical samples were
tested by diluting 2500 times in buffer together with a commercial control
plasma, as a control of quantification, and an additional control plasma spiked at
25 pug mL?, both diluted 2500 times in PBST, in order to normalize the signals
obtained and use an external calibration in buffer for the quantification of the
samples.
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Figure 8.12 Comparison of quantification results of the CRP real samples selected for the study.
Information regarding the quantification with a Siemens Dimension Analyzer (a reference
technique), with ELISA (a routine technique) and MOPs is presented.

Good correlation has been observed using MOPs compared with the

standardized protocols (See Figure 8.12). According to these results the MOP

setup is a new and promising alternative to analyze and quantify CRP in biological

samples without any pretreatment of the matrix, just by diluting it in an

appropriate buffer.
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8.4 Conclusions

As a proof of concept of the possible immunoassay implementation on
new surfaces, the development of a CRP immunoassay has been
developed over a polymer surface of PDMS. The CRP immunoassay has
achieved a great LOD of 0.55 + 0.19 ng mL™.

The platform proposed is an optofluidic modular system which provides
the miniaturization and flexibility properties so demanded by the
development of POC systems. The application to real sample
guantification and the validation by a reference technique demonstrates
that the new platform proposed could be successfully used for clinical
applications.
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8.5 Materials and methodes

Reagents. The chemical reagents used were obtained from Aldrich Chemical Co.
(Milwaukee, WI, USA) and from Sigma Chemical Co. (St. Louis, MO, USA). Both
capture (AbCRP2) and detection (AbCRP1) antibodies were polyclonal and
supplied by Audit Diagnostics (Cork, Ireland). Detection antibody was
biotinylated (AbCRP1-B) using standard procedures well established in the
laboratory. Streptavidin HRP conjugate were supplied from Sigma Chemical Co.
(St. Louis, MO, USA). CRP standard was purchased from Fitzgerald Industries
International (Acton, MA, USA). Plasma was obtained from 3H Biomedical AB
(Uppsala, Sweden). Clinical plasma samples were kindly provided by Institut
d’Investigacié Germans Trias i Pujol (IGTP), and were previously analyzed by a
Siemens Dimension analyzer, a LOCI® chemiluminescent technology.

Buffers. The buffers used are the same than

MOPs fabrication. The mixture of pre-PDMS was poured over the master mold
carefully, to avoid overflow, and subsequently cured for 20 minutes at 80°C. The
PDMS modules were exposed to a source of oxygen plasma, a barrel etcher
(Surface Technology Systems, Newport, UK). Both sections were brought in
contact using deionized water as lubricant, previously to its alignment with the
help of a microscope. Finally, once aligned, the MOP systems were heated at
802C causing its irreversible sealing.

MOPs  biofunctionalization and immunochemical assay. MOPs were
functionalized following an immobilization protocol previously tested, resulting
into the use of a PVA coating layer for the optimum incorporation of
biomolecules onto the PDMS surfaces. The method was finally used with slightly
modifications. The further biofunctionalization of the MOPS allowed the
development of an immunochemical assay for CRP quantification. Briefly, CRP
detection was carried out in a sandwich immunoassay, using two anti-CRP
antibodies as a capture and biotinylated detection antibody; being the final
signal acquired by the addition of and Streptavidin-HRP conjugated and a
solution of H,0,/TMB as the colored substrate. All the solutions and liquids were
pumped using a perfusion pump at the corresponding flow rate (model Fusion
200, Chemyx Inc., Stafford, TX). A) Derivatization. PDMS surfaces were cleaned
with ethanol (1 mL) and ultrapure water (1 mL) at 100 puL/min. The modification
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of the PDMS was performed pumping a solution of PVA at 1 mg mL? (1 mL) at 50
pL mint. Afterwards, the surfaces were cleaned with ultrapure water (1 mL) and
ethanol (ImL) at 100 pL min®. The functionalization of the surface was
performed pumping a solution of 2.5% of GPTMS in freshly distilled ethanol (1
mL) at 50 uL min?. The surfaces were cleaned with ethanol and dried with
nitrogen. B) CRP Immunochemical assay. A solution of 100 ug mL™ of the AbCRP2
capture antibody in PBS (1mL) were pumped into the MOPS at 20 puL min. Then,
the chips were rinsed with PBST (1mL) at 100 pL min. The CRP standard at
different concentrations, or the samples to be analyzed, were prepared in PBST
and then introduced into the MOPs chips (1 mL) at 50 puL min™. Then, the chips
were rinsed with PBST at 100 uL min™. A solution of the biotinylated detection
antibody AbCRP1-B at 1 pg mLt in PBST (1 mL) was pumped at 50 uL mint. Then,
the chips were rinsed again with PBST at 100 uL min. A solution of streptavidin-
HRP conjugate at 1 pg mL™* in PBST (1 mL) at 50 puL min™* was introduced into
MOPs chips. Then, a citrate solution (1 mL, 0.05 M, pH=5.5) was pumped through
the chip at 100 pL min™tand finally, a substrate solution was added to the MOPs.
The final signal was acquired by a High-Resolution Spectrometer (Model HR4000)
using a halogen light source (Model HL-2000-FHSA) (Ocean Optics Inc., FL, USA).
The absorbance data was recorded using the spectroscopy software OceanView
(Ocean Optics Inc., FL, USA). The analysis of the data was based on the use of
GraphPad Prism 5.03 (GraphPad Software Inc., San Diego, CA, USA).
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10. Acronyms and abbreviations.

10.1 Acronyms and abbreviations
2D Two Dimensional
Ab Antibody
Abs Absorbance
AD Aminodextran
Ag Antigen
APS Ammounium PerSulfate
As Antiserum
ASP Amnesic Shellfish Poison
asw Artificial seawater
AuNP Gold nanoparticle
BDE Brominated dyphenilether
BSA Bovine Serum Albumin
CAP Chloramphenico
CIBER-BBN Centro de Investigacién Biomédica en red — Bioingenieria,
Biomateriales y Nanomedicina
CNM Centro Nacional de Microelectrénica
CRP C-Reactive Protein
CsIC Spanish Council for Scientific Research
CvD CardioVascular Diseases
cw Continous wave
Da Dalton
DA Domoic acid
DCC N-dicyclohexylcarbodiimide
DDS Dimethyldichlorosilane
DEA Diethylaminoethanol
DMF N-dimethylformamide
DNA DeoxyriboNucleic Acid
DPHA Dihydropteroic Acid
DTT Dithiotheitrol
DVD Drinking Water Directive
E2 17B estradiol
EC European Comission
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
EIA Enzyme ImmunoAssay
ELFA Enzyme-Linked Fluorescent ImmunoAssay
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10. Acronyms and abbreviations.

ELISA
EPA

EQS

EU

FITC

Flc

Fv
GC-MS/MS
GPTMS
HCH
HGNs
HPLC
HPLC-FD

HRGC
HRMS
HRP
1A

1Cso
1Co0
ICFO
1g8G
IGTP
INA
IQAC
KDa
LC-MS/MS
LDL
LFA
LOC
LOCI
LOD
LSPR
MAb
MALDI-TOF-MS

MOPS
MW

Enzyme-Linked ImmunoSorbent Assay
Environmental Protection Agency
Environmental Quality Standard

European Union

Fluorescein isothiocyanate

Fluorescein

Fragment variable

Gas chromatography coupled to mass spectrometry
3-(Glycidyloxypropyl)trimethoxysilane
Horseshoe Crab Hemocyanin

Hollow Gold Nanoparticles

High Performance Liquid Chromatography

High Performance Liquid Chromatography — fluorescence
detection

High Resolution Gas Chromatography

High Resolution Mass Spectrometry

HorseRadish Peroxidise

ImmunoAssay

Concentration in which the signal is 50 % inhibited
Concentration in which the signal is 10 % inhibited
The Institute of Photonic Sciences
Immunoglobulin G

Institut d’investigaciéo Germans Trias i Pujol
Institute of Nanoscience of Aragon

Institute of Advanced Chemistry of Catalonia
KiloDalton

Liquid Chromatography coupled to Mass Spectrometry
Low-Density Lipoprotein

Lateral Flow Assay

Lab-On-a-Chip

Luminescent Oxygen Channeling Assay

Limit Of Detection

Localized Surface Plasmon Resonance

Monoclonal Antibody

Matrix Assisted Laser Desorption lonization - Time of Flight
Mass Spectrometry

Modular Optofluidic System
Molecular Weight

171



10. Acronyms and abbreviations.

Nb4D Nanobiotechnology for Diagnostics Group

NHS N-HydroxySuccinimide

NR Nanorod

OCMO O-CarboxyMethylOxime

PAb Polyclonal Antibody

PBA phenozybenzaldehyde

PBDE Polybrominated Dyphenil Ether

PBS Phosphate Buffered Saline solution

PBST Phosphate Buffered Saline Tween-20 solution

PBT Standard PBST with the absence of salts

PCB Polychlorinated biphenyl

PCR Polymerase Chain Reaction

PDMS Polydimethylsiloxane

PEG PolyEthylene Glycol

PEG-SH thiolated PolyEthylene Glycol

PhLOC Photonic Lab-On-a-Chip

PL Pulsed light

POC Point-Of-Care

POP Persistant Organic Pollutant

Pow Partition coefficient n-octanol/water

PVA PolyVinyl Alcohol

QDs Quantum Dots

REACH Registration, Evaluation, Authorisation and Restriction of
Chemicals

RPM Revolutions Per Minute

RFU Relative Fluorescence Units

RT Room Temperature

SA Sulphonamide

SDS Sodium Dodecyl Sulphate

SPE Solid Phase Extraction

SPR Surface Plasmon Resonance

SPY Sulfapyridine

TAMRA 5-Carboxytetramethylrhodamine

TBP Tribromophenol

TBT Tributyltin

TEM Transmission electron microscopy

TMB 3,3’,5,5’-TetraMethylBenzidine

TRITC Tetramethylrhodamine
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10. Acronyms and abbreviations.

uv Ultraviolet
WFD Water Framework Directive
WHO World Health Organization
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