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Abstract

One of the greatest challenges for monitoring and improving the health of the
population at a global level is the lack of appropriate diagnostic tests for early detection
of diseases, selection of appropriate treatments and patient follow-up over time. The
availability of sufficiently fast, sensitive and robust diagnostic tools will be crucial to
achieve patients’ well-being worldwide. In this context, nanotechnology and biosensor
development are rapidly evolving fields that have generated great expectations,
producing tests faster and easier to carry out than most classical methods. Biosensors
have been described based on the use of a wide variety of biotechnology elements and
types of signal transduction. Among them, electrochemical biosensors are the most
common type in use today thanks to the portability and low cost of the measuring
equipment, fast, robust and quantitative measures provided, and easiness of
miniaturization of the whole detection system. The recent incorporation of paper and
paper-like materials for the production of paper printed electrodes and lateral flow
electrochemical assays is fostering the development of extremely inexpensive devices
that, thanks to the fluidic properties of paper, allow reducing assay complexity and level
of manipulation for the end user. This favours the development of "Point-of-Care"
diagnostic devices (POC), which can be used directly by the patient or at primary health
care centres.

On the other hand, magnetic beads (MB) have been used with great success in the
optimization of magneto-biosensors. MB are attractive for this purpose because, once
modified with an appropriate bioreceptor, they grant simple, rapid and specific
preconcentration of the targeted analyte. MB offer also relatively large 3D active
surfaces, which mixed under constant agitation with the sample supply efficient and fast
analyte binding as well. Nevertheless, MB display limitations too, requiring tedious and
time-consuming handling that is only at reach of highly trained users.

The main objective of this PhD Thesis project was the production of rapid, easy to
perform, robust and sensitive electrochemical magneto-biosensors for the detection of
diagnostic biomarkers in serum, plasma and blood samples. As it will be shown, this has
been achieved at two levels. First, by developing an extremely fast and simple magneto-
immunoassay format. Second, by fabricating simple and inexpensive microfluidic paper
electrodes, which were exploited to carry out on-chip most of the steps of the simplified

magneto-immunoassay with minimal user intervention.
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Introduction

1. Introduction

1.1. Summary

Over the last decades, the glucose meter has raised considerable interest due to the vast
biomedical, social and economic success attained by this family of products, which is
often taken as an example of the huge potential that electrochemical immunosensors
display for point-of-care testing (POCTPOCT entails a paradigm shift from classical
differed diagnostics to near-patient analysis, providing real-time results for an early
diagnosis, facilitating prompt treatment selection and implementation, and reducing
disease complications and fatalities. In this case, glucose POCT relies in the availability
of portable low-cost sensors and measurement equipment, which are also inexpensive,
robust, simple, and easy to use, and a relatively simple enzymatic assay format as well
Generally speaking, the development of portable electrochemical measurement devices
can be achieved with more or less success through the technological miniaturization of
classical desktop equipment, the direct exploitation of commercial hand-held systems,
or via the design and production of customized measurement equipMeriaturizing

the whole detection protocol, including sample acquisition and pre-treatment, analyte
identification, binding and detection, and result analysis and display, entails a highly

multidisciplinary work that can be considerably more complex and resource consuming.

Compared to other transduction strategies, electrochemical biosensors are often
proposed as an effective answer for fast, specific and sensitive analyte d&tection
Electrochemistry provides measurement equipment and transducers that are robust,
inexpensive and easy to miniaturize for the production of user-friendly and portable
devices. This results in low power requirement and compatibility with POCT
Nevertheless, producing an electrochemical immunosensor entails the optimization of
numerous steps (such as antibody (Ab) immobilization, sensor appropriate blocking to
prevent nonspecific binding, serial incubations and washings, detection), which is
certainly more complex to carry out and automate than glucose sensing. Moreover,
electrode immuno-modification produces partial physical shielding of the electrode
surface as well, and affects negatively signal transducti@esides, electrode
reutilization is restricted due to the permanent immobilization of the molecules and the

limited success of the regeneration protocols reported t&%date
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For these reasons, many efforts have been devoted to the development of single-use
immunosensors using disposable and low-cost screen-printed electrodes (SPE) and
attempts to separate the surfaces used for immunocapture and electrochemical detection
have been reported, such as by employing magnetic bead$’(ViB)JB stand as one

of the most versatile tools currently used in analytical chemistry. In this context, the
utilization of MB for the production of magneto-immunosensors provides a number of
advantages useful in a wide variety of biomedical applicdtirid Electrochemical
magneto-immunosensors take advantage of MB for enhanced analyte binding and
concentration, and of electrochemistry for fast and quantitative detécfloB can

be magnetically confined onto the surface of a transducer for immunoassay detection
and be then released by removing the magnet for sensor regeri@rafiemce, the
sensor does not need to be treated extensively to incorporate Ab and to prevent
nonspecific fouling, which results in improved performance compared to immuno-
modified transducers in classical biosensors. In electrochemical magneto-
immunosensing, the use of MB for target immunocapture guarantees that the incubation
with potentially complex samples and reagents is carried out far away from the
electrode where the electrochemical detection takes 'pldoeaddition, MB provide
sample agitation and homogenisation, and antigen (Ag) magnetic separation and
concentration, decreasing the assay limit of detection (LOD) and/or the ass&y time

However, immunomagnetic assays involve numerous incubation and washing steps, as
well as the alternating application of a magnetic field for MB sequential recovery and
release. This makes MB difficult to handle for unqualified users, complicates
automation using low-cost point-of-care (POC) devices, and is a serious drawback for
POCT. This suggests that the implementation of magneto-immunosensors in-field will
require the availability of simple and inexpensive POC platforms appropriate for their
operation with minimal user intervention. For this reason, most electrochemical
magneto-immunosensors described to date ental a magneto-immunoassay
accomplished completely out of the chip, and only electrochemical detection performed

at the electrode devite?}

Microfluidic has been exploited for the production of fast and sensitive electrochemical
magneto-immunosensors in order to solve these drawB&tk#lthough classical
microfluidic platforms require pumping components and valves, which increases the

device final cost and hardens mass production, they are also compatible with

7
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multiplexing and automation. Alternatively, the field has recently benefited from the
increasing interest raised by paper-based deifiéeswhich are being employed as
economical and versatile platforms for the simple and scalable fabrication of disposable
electrochemical POCT devic83’.

Paper has been used in analytical applications since the 1940s, when paper
chromatography was applied to protein separation by Consden andthken the

first urinary dipstick reached the market around #858ince then, a variety of rapid
lateral flow diagnostic tests has been developed and is commercially available, such as
the lateral flow immunoassay (LFIA) pregnancy &8t LFIA tests are easily
transported and stored, and their utilization does not depend on power sources. Hence,
they represent an excellent solution for in-field diagnosis. However, LFIA often display
limited sensitivity and selectivity, and a characteristic qualitative or semi-quantitative
response derived from the optical, and thus subjective, interpretation of the*ré%ults
Furthermore, recent reports demonstrate that unacceptably dissimilar results are
produced by commercial kits from different providers, and even by different lots and
products of the same comparifesn order to solve the current LFIA limitations, there

have been attempts to integrate electrochemical detection and hand-held optical readers,
and an increasing interest has been also directed to implement analyte pre-concentration
and signal enhancement strategies, in order to produce more sensitive, accurate, and
quantitative devicés >’ Nevertheless, these have hitherto been few and relatively

unsuccessful examples from a commercial standpoint.

In this context, the combination of paper-based microfluidics, which are popular
because of their low cost, ease of fabrication and disposability, with SPE and MB,
which potentially provide fast, sensitive and quantitative results, should allow
producing portable, sensitive and robust detection platforms well-suited for POC
diagnostic®®*  This PhD Thesis explores how these three technologies can
complement each other and exploits this synergy to develop a novel type of
electrochemical biosensor in which paper microfluidics (MP) is employed to carry out

electrochemical magneto-immunoassays with little user intervention.
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1.2. Objectives

The overall aim of this PhD Thesis was the development of fast, sensitive, robust and
easy to use electrochemical magneto-immunosensors, with the purpose to facilitate
protocol automation using a low-cost POCT device that could detect diagnostic
biomarkers in biological fluids with minimal user intervention. In order to ensure the
transferability of the developed protocols, mature and commercially available materials
and technology have been used wherever possible. However, part of the accomplished
work involved the development of new technological tools, including a multiplexed
magnetic holder and microfluidic paper screen-printed electrodes (MP-SPE), which
were carried out in collaboration with Dr.’s Javier del Campo team (Biomedical
Applications Research Group, Institut de Microelectronica de Barcelona, IMB-CNM,
CSIC).

In order to accomplish the general Thesis aim, work targeted three specific objectives

over time, which are detailed next:

1. Identification of critical parameters for the development of magneto-
immunoassays for the fast and sensitive quantification of diagnostic biomarkers.
a. Optimization of the critical assay parameters for magneto-immunoassay
simplification.
b. Use of enzymatic polymers as signal amplifiers for magneto-

immunoassay shortening.

2. Development of single-step electrochemical magneto-immunosensors.
a. Production of immuno-modified enzymatic polymer signal amplifiers to
perform sandwich magneto-immunoassays in a single step.
b. Implementation of electrochemical detection using commercial SPE and
enzyme substrate solutions.
c. Validation of the one-step electrochemical magneto-immunosensor

format in two different diagnostic scenarios.

3. Development of MP devices for magneto-immunosensor operation with minimal

user intervention.

a. Use of a paper device to replace the manual MB washing by MB on-chip

washing and detection using commercial SPE.
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b. Fabrication of MP-SPE for magneto-immunoassay on-chip washing and

detection performance.

In order to ensure that the protocols and devices produced were truly applicable, each
development was validated before passing to the following phase. This was done by
detecting the corresponding target biomarker in real sample matrices, such as serum,
plasma or whole blood, depending on the analyte, the clinical interest and sample

availability.

In terms of the diagnostic biomarkers examined, this Thesis work started with a detailed
study of different parameters affecting magneto-immunoassay performance, for which
myeloperoxidase (MPO) was used as the model analyte. MPO had been proposed as a
potential biomarker for the diagnosis and prognostic study of several inflammatory
pathologies. MPO was used as a target analyte in the optimization of a one-step
magneto-immunoassay, which was next detected by employing the first MP screen-
printed carbon electrode (MP-SPCE) produced in this project. This part of the work,
which was carried out in the context of project CP13-00052, cofunded by Instituto de
Salud Carlos Il (ISCIll) and the European Regional Development Fund (FEDER),
allowed demonstrating for the first time that MB washing and detection could be

accomplished on-chip by exploiting MP.

Following this preliminary study, a polymeric signal amplifier, Poly-HRP, was
exploited to produce two simplified one-step sandwich magneto-immunosensors. One
was optimized to detect matrix metallopeptidase 9 (MMP-9), a biomarker of ischemic
stroke complications, in the context of projects DTS14/00004 and PMP15/00022
(ISCIII-FEDER). The MMP-9 one-step magneto-immunoassay was detected
electrochemically using a multiplexed magnetic-device with MP washing
implementation. The other one-step sandwich magneto-immunoassay developed
detectedPlasmodiuntfalciparumlactate dehydrogenase (PfLDH), an enzyme produced
by Plasmodiumthe parasite responsible for human malaria, a work that was funded by
project DTS17-00145 (ISCIll). Most of the steps of this one-step magneto-
immunoassay were integrated in the second generation of MP-SPCE produced, enabling

rapid, simple and quantitative malaria diagnosis.
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The whole Thesis was possible thanks to a Vall d’Hebrén Research Institute (VHIR)

predoctoral fellowship, an internal program that is covered by Amics del VHIR.
1.3. Thesis overview

This Thesis describes the development of three different magneto-immunoassays, and
the corresponding electrochemical magneto-immunosensors, for the fast, simple and
sensitive detection of diagnostic biomarkers. Work focused in the optimization of
simplified assay paths, and the subsequent integration of most assay steps on-chip,
reducing as much as possible the manipulation of the MB to take the assays closer to the
requirements of POCT. This was accomplished by using paper as a microfluidic
platform, which allowed carrying MB washing and detection procedures in an easy

form and with minimal handling.

Two strategies were explored in order to achieve this goal. On the one hand, a
customized paper device was integrated in commercial SPCE. The paper device
developed was a mobile piece which was assembled in a multiplexed magnetic device.
It worked as an absorbent pad to retain the waste volumes generated during the
magneto-immunoassay without interfering in the electrochemical detection. On the

other hand, two types of MP-SPCE were designed and produced. The objective was
minimizing the magneto-assay manipulation, accommodating sample injection and MB

washing and electrochemical detection in a cheap and simple lateral flow electrode
device. The first generation of MP-SPCE detected MPO in diluted human serum. In the
second version, the design and fabrication procedure were improved to achieve higher
detection efficiency and sensitivity. This device was applied to the diagnosis of malaria

in lysed whole blood samples.
The Thesis contents have been organized in nine chapters plus annexes.

Chapter 1 presents a brief summary of the work antecedents and motivation, and details
the Thesis objectives. Chapter 2 summarizes the state of the art and a general overview
of the use of MB, SPCE and paper for the development of POC devices is presented.

Chapter 3 describes the reagents, materials and procedures used during the dissertation.

The results and discussion are presented in Chapters 4-8. Chapter 4 identifies the critical

parameters for magneto-immunoassay development, applied to MPO detection.
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Chapter 5 analyses the development of simplified magneto-immunoassays using
enzymatic polymers as signal amplifiers. The targets detected were MMP-9 and PfLDH.
In Chapter 6, the simple magneto-immunoassays of Chapter 5 are formatted to produce
one-step electrochemical magneto-immunosensors. Chapter 7 summarizes how the
manipulation of one of the electrochemical one-step magneto-immunosensors was
reduced by using SPCE with integrated paper microfluidics, which was applied to
MMP-9 detection. Finally, Chapter 8 presents the production of MP-SPCE for the

magneto-immunodetection of MPO and PfLDH.
The general conclusions and the future work are presented in Chapter 9.

Finally, the annexes include copies of the scientific articles published as a result of this
PhD Thesis and a list of the works presented in congresses, seminars and other scientific

events.
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2. State of the art

2.1. Point-of-care (POC) diagnostic devices

The clinical diagnostic field is in constant evolution, with the last few years having
witnessed important progresses. In industrialized countries, current diagnostic
technigues are mostly performed in centralized clinical laboratories, generally
employing expensive and sophisticated instrumentation and entailing laborious and
time-consuming procedures carried out by trained professtbfialsn contrast, in
resource-limited settings and developing countries, most inhabitants have reduced
access to laboratory techniques and medical centres, which entail costs that are not
affordable for the National Healthcare Systems and are incompatible with the systemic
lack of technicians and other trained persotfrfél This enters in conflict with the
general expectation that health should be democratized worldwide, and that the National
Healthcare Systems should provide the tools and means for early disease diagnosis and
personalized and continuous health monitoring to everyone. It is widely accepted that
the availability of enhanced diagnostic tools will play an increasingly important role in
controlling disease outbreaks, rising the survival rate of patients, and improving overall
the quality of life of the citizens (Figure 2.1a). Similar demands apply to diagnostics at
primary healthcare centres, emergency departments, mobile health units, or in isolated
settlements, where the strategies currently available are unfeasible, because
personalized medicine will be possible only if diagnostic devices can be used by or
close to patienf. Nowadays, in conventional laboratory-based testing the samples
must be collected, stored and transported to the centralized facilities, having to wait for
long periods of time before the samples are analysed by trained personnel and the
results are sent back to the clinicians and reach the pétietdsder these
circumstances, simple, easy to use and robust diagnostic systems, able to deliver results

without the need of special training or facilities, are highly demdfided

The use of POCT devices offers a promising solution to this situation, allowing to
provide diagnostic information near the site of the patient and in real’tiMest

POCT devices can work with small volumes of biological samples and reagents,
offering unique advantages such as a low assay cost, fast turnaround time, simple-to-use
operation and fully integrated devices implementable in resource-limited s&tfthds

has been defended that POCT should facilitate early disease diagnosis, potentially
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enabling local patient stratification, prognosis determination and treatment response
monitoring, and ultimately smoothing quick medical decision taking, leading to
improved patient outcom&s: Furthermore, the use of POC diagnostic devices could
reduce as well the medical costs, and the risk of sample mislabelling and misfandling
Within this framework, issues such as the rising occurrence of lifestyle diseases, the
global prevalence of infectious diseases, the risk of global infection outbteties
increasing incidence of chronic disea8esr an aging population worldwide, seem to
have encountered an ally in the fast growing field of the technological innovations
becoming the driving motors for POC development and commercialization. It is worth
noting that the global POCT market is expected to grow from US$ 28.4 in 2018 to US$
40.5 billion in 2022, entailing an annual growth (CAGR) of 7.4% during the forecast
period 2018-2022 (Figure 2.1b). In this field, North America accounts for most of the
global POCT market, followed by Eurdfe
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Figure 2.1.(a) Analysis of the size in US$ of the POC diagnostics market from 2015 to 2022, by product. (b) Size in
USS$ of the global POCT diagnostics market from 2015 to 2022. Baséd in
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2.1.1. Requirements for POCT

According to the World Health Organization (WHO), the ideal POC diagnostic device
for the health care system should fit the ASSURED criteria (be Affordable, Sensitive,
Specific, User-friendly, Rapid and Robust, Equipment-free and Deliverable to end-
users), which has become a valuable framework in the challenging development of
POCT (Table 2.F}. According to these guidelines, the whole POCT system should be
inexpensive, robust and either handheld or at least portable, indicating a high degree of

compactness,
Requirements Description
Affordable Less than US$ 500 per machine, less than US$ 10 per test
Sensitive, Specific Low limit of detection (depending on the target), minimal sample matrix interference
User-friendly 1-2 days of training, easy to use
Rapid <30 minutes for diagnosis
Robust Minimal consumables, shelf life > 1 year at room temperature, high throughput
Equipment-free Compact, battery powered, on-site data analysis, easy disposal, easy sample handling
Deliverable Portable, hand-held

Table 2.1 ASSURED requirements and specifications for the evaluation of POC d&vices

Taking into account the ASSURED requirements, an important landmark in the field
has been the use of smartphones for the production of portable diagnostic equipment,
because it is estimated that 68% of the world population had a smartphone®h 2018
smartphone is a device essentially self-powered, with small size, inexpensive and that
can be network-connected. These advantages entail a tremendous opportunity for the
miniaturization of current analytical instruments and the development of POCT
diagnostic devices (Figure 2.88%% It is worth noting that the majority of the
smartphone-based POC reported are based on optical $&nsirah as by using the
phone camera for microscopic colorimetri€® and spectroscopit detection of the
assays. However, these optical techniques are limited by the camera resolution and the
ambient lighting conditior?.

Alternatively, electrochemical sensing has the advantage of being mostly independent
of the smartphone capabilitfés Among the examples reported, Guo and co-workers
proposed a medical dongle fp#Ketone monitoring as a miniaturized electrochemical
analyser. This device was powered by and communicated with a smartphone, which
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provided the electronic interface for the medical data transmission and %pload
Besides, economical, robust and either portable or hand-held potentiostats are
commercially available, with the glucose meter as the best example in the field. Two
alternatives have been proposed to the employment of hand-held low-power
consumption electrochemical measurement equipment. On the one hand, the utilization
of long-duration batteries and solar cells, which could power a variety of portable and
bench-top devices. On the other, the exploitation of self-powered sensors using bio-fuel

cells, which would be convenient in remote locations with limited or null power

supply®.

Finally, an ideal POCT device should automate the whole analytical procedure, from
sampling, to sample pre-treatment, dilution and analysis. Non-invasive or minimally
invasive sample acquisition is preferred, such as the procurement of capillary blood,
saliva, tears or sweat. Examples of minimally invasive recovery tools have been
reported, such as micro/nanoneedles for low pain and tissue damage during capillary
blood recovery, or patch-shaped and wearable biosensors for low volume detection in

sweaft*.

2.1.2. Limitations of current POC devices

Although attempts have been made to produce the corresponding automated low-cost
POC platforms, classical techniques like microscopy, ELISA and nucleic acid
amplification are still vastly limited to laboratory settings, where they are carried out
with specific instruments used by professional opertdrs contrast, the development

of POCT devices has raised increasing interest in the case of portable, wearable and
implantable sensors. However, the majority of the examples having reached the market
are either devices to monitor vital signs on a continual basis (such as heart rate, blood
oxygen saturation level, body and/or skin temperature, respiration rate, or blood
pressure) or enzymatic sensors (like the electrochemical sensor for glucose
determination), which are technologies not easily applicable to the development of an
affinity immunoassay. In this field, the glucose meter is often considered the gold
standard when referring to portable electrochemical equipment. Marketed for home-use
since the early 80s, glucose meters are economical handheld devices that offer high-

speed quantitative detection in a drop of blood and extremely simple operation.
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Alternatively, the most common format for the integration of immunoassays in a POCT
are the LFIA, which provide a simple but qualitative diagnosis. The LFIA, also called
rapid diagnostic test (RDT), is probably the most widely used commercially available
POC diagnostic format worldwid®’ A LFIA platform is fabricated by assembling
strips of different membrane-like materials, part of which are employed as a physical
substrate and reservoir for dried reagents that are activated by the addition of a fluid
sample. The typical elements of LFIA include an assembly of usually 4 porous substrate
components (sample pad, conjugate pad, nitro-cellulose detection membrane and
absorbent pad), two different capture antibodies immobilized on the detection
membrane forming the test and control lines, a signal-generating system (generally a
detection antibody (d-Ab) conjugated to coloured micro- or nanoparticles) and a holder
or cartridge that encloses the rest of components and facilitates h&dn(figgre 2.2b).

When the sample is added by the user at the sample pad, it flows via capillary force to
the conjugate pad. While the sample pad provides sample pre-treatment (for instance by
filtering and retaining blood cells), the conjugate pad acts as a dry-reagent storage unit,
displaying a color-coded d-Ab specific for the target analyte. This d-Ab is resuspended
as the sample flows, and binds the target analyte molecules present in the sample. When
the d-Ab-analyte complexes formed pass through the test line, they are captured by the
specific recognition element. The excess of d-Ab is trapped later on by a second set of
capture Ab (c-Ab) placed at the control line. In both cases, when the immunoreaction
occurs, a coloured signal band is generated within a few minutes. This signal takes

place in spatially defined reactive zones of the detection membrane and is interpreted

visually’®"

LFIAs are low-cost, simple, fast and portable tests, which do not need for complicated
equipment and technical expertise to be performed. However, they display some
drawbacks also, including limited sensitivity and selectivity, qualitative or semi-
guantitative response, poor reproducibility, and lack of a communication and data
collection system (for example to store the result or diagnosis for patient follow up, for
subsequent result confirmation, or for epidemiology studies, to cite but a few examples).
In addition, the visual interpretation of the result is subjective and differences in colour
perception between individuals are a common occurf&ftén order to counteract the
limitations of LFIA and satisfy the clinical requirements, strategies for analyte pre-

concentration and signal enhancement, and especially the implementation of hand-held
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readers, have been explored in an attempt to produce more sensitive, accurate, and
quantitative devices. Nevertheless, these technological improvements often affect the

final analysis cost and duration as wefl""®

The technological gap between the simple-to-use LFIA tests and the high-precision
laboratory bioanalytical techniques could be fulfilled by microfluidic (MF) devices. In
principle, MF diagnostic systems are portable fluid-handling devices able to carry out
the multiple steps of classical analytical procedures into a compact space with little
intervention of the usét (Figure 2.2c). Their operation requires small volumes of
samples and reagents and provides a rapid, accurate and sensitive *&ffalpdiof

this, together with the possibility to incorporate features such as component
miniaturization, operation automation and real-time monitoring, make MF devices
powerful platforms for POCT in biomedical applicati$hfs An example of laboratory
development is a MF chip reported for the simultaneous detection of HIV and syphilis
using silver enhanced immunoas$iy$hese devices were based in the employment of

air bubbles to separate reagents in the microfluidic channels, and silver reduction to
enhance the colorimetric signals, enabling ELISA-like sensitivity and specificity within
20 min. Furthermore, the whole system was integrated into a small cartridge that could
be read by a mobile device, such as an iPod fBushother example, currently in the
market, is the i-STAT System (Abbott Laboratories, Abbott Park, IL, USA). The i-
STAT uses test reagent-preloaded cartridges capable of performing a wide variety of
tests in a drop of blood, such as the determination of arterial and venous blood gas and
electrolytes, common metabolites, cardiac troponin |, haematocrit and haemoglobin, and
coagulation tests such as the international normalized ratio and activated clottffig time
However, MF presents challenges that will need to be addressed, especially the complex
and expensive manufacturing methods, which in general demand for a large degree of
hands-on experience. Furthermore, MF operation depends strongly on the employment
of instrumentation, including a power supply, a flow control unit and portable detection
equipment. All these drawbacks make difficult the transfer of MF devices from research

to effective commercializatiGh®®
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Figure 2.2 Examples of different current POCT devices. (a) POC-smartphone with electrochemical sensing unit. (b)
Components of a LFIA device. (c) MF system combining several assay procedures.

In brief, there are many difficulties for the development of POC diagnostic devices that
are realistically applicabl&® A promising alternative for POCT is the employment of
biosensor devices, which hold an increasingly potential role as technological solutions

to analyze samples in a rapid Way

2.2. Electrochemical immunosensors

2.2.1. Definition and classification of biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC), a
biosensor is a bio-analytical device capable of providing analytical information using a
biological recognition element combined with a signal transduction element, in order to
detect the analyte of interest in a selective and quantitativefoAmwide variety of
bioreceptors have been explored for this purpose, including Abs, nucleic acids,
enzymes, phages, whole cells and biomimetic mat&ridiee bioreceptor provides the
selectivity to the sensor. A special case are the biocatalytic biosensors, in which the
biological elements involved in the reaction are enzymes or enzyme suppliers (such as
tissues, cells, microorganisms) that also catalyse the chemical reaction and amplify the

product formed in the detectith

The purpose of the transducer is converting the physicochemical changes, occurred at
the biosensor surface because of the biorecognition event, into a measurable electrical
signal. This signal should be proportional to the concentration of the analyte of interest
and could be displayed by a signal processor or a reader device in a user-friefidlly way

(Figure 2.3). Biosensors are classified according to the signaling mechanism of the
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transducer element into optical (e.g., surface plasmon resonance (SPR),
chemiluminescence, fluorescence, colorimetry), electrochemical (e.g., Vvolta-
amperometry, potentiometry, conductimetry, impedance, field effect transistor (FET)),
thermometric, magnetic and gravimetric (e.g., quartz crystal microbalances (QCM),
cantilevers, surface acoustic waves (SAW)). In all cases, efforts are continuously made
to produce increasingly sensitive, specific, rapid and portable biosensors, compatible
with the study of complex samples, such as whole blood, and requiring minimal sample
preparation prior to the analy&$®> Moreover, the ability to miniaturize the different
components of many biosensor types facilitates the fabrication of small, cheap and easy-

to-use devices for their implementation in POCT.

. Bioreceptor N Biosensor Biorecognition event Reader device

Physico
chemlcal signal

ﬂ \ Transduction
/ 7

Signal detection

Transducer ] et Analyte | Electrical signal and quantification
Optical, Electrochemical, f 2 Enzyme, Antibody,
Thermometric, Magnetic and Organelle, Microorganism,
Gravimetric Living cell, Tissue

Figure 2.3.Schematic representation of a biosensor

2.2.2.Characteristics of electrochemical biosensors

Electrochemical biosensors are based on the measurement of changes in the
electrochemical properties of the sensor-sample interface, and the relationship between
these changes and the concentration of a given analyte in the vicinity of the sensor.
Electrochemical sensors are classified according to the parameter measured into
amperometric (measuring current flow), potentiometric (measuring changes in potential
or charge accumulation), conductometric (measuring variations in the conductivity
between two electrodes, for instance caused by changes in the conductive properties of
the medium) and impedimetric (which measure impeddhteFigure 2.4). Such
changes are often produced by the confinement of electro-active species at the surface
of the sensing electrode. These species are bound, produced, or consumed as a result of
the reaction between the (bio)receptor and the target analyte, and their concentration is

proportional to the concentration of the analyte stulied
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Amperometric and voltammetric biosensors measure the current resulting from the
electrochemical oxidation or reduction of an electroactive species in a biochemical
reaction, which concentration is proportional to the concentration of the target analyte in
the analyzed sampfe These biosensors operate by applying a controlled potential to
the working electrode (WE) with respect to a reference electrode (RE). While
amperometric sensors operate at a fixed potential, in voltammetry the current response
Is measured as a function of a potential that is adjusted either step by step or
continuously. The resulting current is directly correlated to the bulk concentration of the
electroactive species or its production or consumption rate within the adjacent
biocatalytic layer. The best example of a commercially available amperometric
biosensor is the glucose méf8r Amperometric sensing has numerous advantages in
terms of low-cost, simplicity and maturity of the measurement technology emfffbyed
Among its drawbacks, it could be cited that amperometric detection requires a certain
control over the reaction solution temperature, pH and composition to obtain stable and
reproducible results. Although the accurate selection of the potential applied imposes
selectivity to the measurement, the presence of non-target molecules displaying
electroactivity in a similar potential window will affect detection, which is of special
importance for the analysis of complex samples of unknown composition. Accordingly,
amperometry is frequently employed for indirect analyte detection, by employing well-

characterized labels in detection solutions on controlled composition.

24



Chapter 2

@

|

I (¥ l Electrode

-

|

\}\}

| I |

'1’ § =

e,

Antibody - Enzyme - DNA Reaction i
Antigen Substrate Hybridization Cell
nteraction nteraction Y .
Electrochemical
Signal

|

l
N

—
PPE—

t

| [ roromtomenc )

Figure 2.4 Schematic representation of different types of electrochemical biosensors, classified according to the
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On the other hand, potentiometric biosensors measure potential changes between the
WE and RE when there is no significant current flowing through them. The
potentiometer provides also information about the ion activity in an electrochemical
reactiort’®. Common types of potentiometric electrochemical biosensors are an ion-
selective electrodes (ISE) and field effect transistors (FET). ISE include an ion-selective
membrane that allows passing through only the ion that is to be detected. The selective
diffusion of the analyte produces a differential accumulation of ions at the two sides of
the membrane, whereby a potential difference is generated. The best-known ISE is
probably the pH meter. FETs consist of a selective membrane integrated over a
transistor gate, which modulates the current from a source in response to analyte
interaction. The electrical noses and the electrical tongues are FET sensors.
Potentiometric applications are advantageous for the detection of species that are not
electroactive per s&
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Conductometric electrochemical biosensors measure changes in conductivity of an
electrolyte solution resulting from differences in the ionic charges due to changes in
their mobility or composition in response to the chemical reaction. A conductometric
electrochemical biosensor consists of two metal electrodes separated by a constant
distance, and do not require the use of a RE. In general, conductivity offers a fast,
reliable, non-destructive and inexpensive measurement of the ionic content of a sample.
Furthermore, conductometric sensors are insensitive to light and medium turbidity,
suitable for miniaturization and applicable to the detection of a wide range of
compound¥®. However, conductivity does not distinguish between different types of
ions, quantifying instead the combined effect of all ions present. Besides, conductivity
IS measured less accurately as the concentration of salts or ions increases in samples.
Therefore, these sensors are regularly used to monitor solutions of known composition

or to study relatively pure (single solute) preparations.

Impedimetric electrochemical biosensors allow monitoring the changes in both bulk and
interfacial electrical properties of the electrode sy$tmin this way, the
biorecognition event can produce changes in different parameters measurable by
electrochemical impedance spectroscopy (EIS), which are electrolyte resistance,
adsorption of electroactive species, charge transfer at the electrode surface, and mass
transfer from the bulk solution to the electrode surface. Impedance can be measured in
the presence (faradic EIS) or in the absence (non-faradic EIS) of a redox couple. In
faradic biosensors, the biorecognition event that takes place at the electrode surface
produces changes in the faradaic current (interfacial electron transfer resistance), either
by modifying physically the access of the label to/from the electrode surface, or by
inducing its electrostatic attraction or repulsion. Non-faradaic EIS, on the other hand,
provides label-free detection. However, it displays also decreased sensitivity compared
to label-included biosensdf& EIS exhibits several advantages, including that it is an
extremely sensitive and non-destructive technique. Impedance sensors are easily
miniaturized and integrated into multi-array diagnostic tools, are compatible with the
development of remotely controlled implanted sensors, and imply the use of potentially
mass-produced electrodes and cost-effective instrumentation that does not need high-
energy sources. However, numerous requirements have to be accomplished in order to
obtain a valid impedance spectrum, which depend not only on the technical precision of

the instrumentation, but also on the operating procedures. This makes that impedimetric
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biosensors often exhibit limited detection limits, low reproducibility between devices
and independent measurements, and also limited performance in complex matrices such

as undiluted biological sampf&5

Many advantages make electrochemical biosensors particularly attractive for their use in
POC diagnostics compared with currently available methodologies. They offer high
specificity, reproducibility and sensitivity, and the possibility to carry out real-time
measurements. Many electrochemical biosensors can work in low operating volumes
and with minimal power requirements. On the other hand, both the electrochemical
transducers and measurement equipment are relatively easy to miniaturize, which
facilitates the production of hand-held or portable, simple and economical
instrumentation. One of the key advantages of electrochemical biosensors relies on the
possibility to integrate the biosensor with electronics to carry out robust and rapid

measurements using miniaturised easy-to-use portable s{Stems

2.2.3.Screen-Printed Electrodes (SPE): miniaturized electrochemical cells to

produce disposable electrochemical biosensors

Many electrochemical biosensors consists of a classical three-electrode electrochemical
cell comprised of a referenetectrode (RE), a working electrode (WE) and a counter or
auxiliary electrode (CE¥® (Figure 2.5a). The RE should have a well-defined and stable
equilibrium potential and is used as the reference against which the potential of other
electrodes is measured in the electrochemical cell. Accordingly, the potential applied to
the WE is typically reportedv§’ the RE used. Some common reference electrodes used

in agueous media include the saturated calomel electrode (SCE), the standard hydrogen
electrode (SHE), and the AgCI/Ag electrode. They all have an electrode potential
independent of the electrolyte used in the cell and are generally separated from the
solution by a porous frit. Since these classical RE use to be bulky devices, miniaturized
cells, such as printed and microfabricated electrodes, often include a pseudo-reference
(also called quasi-reference) made of a single material, such as a Ag, carbon, Au or Pt.
Although pseudo-RE can shift their potential during long measurements, which depends
on the current density applied, they can work reasonably well for short measures

performed under controlled conditions and are simple to produce atfd #s==ping
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the RE at a fixed distance from the reaction site is crucial to maintain a stable potential

over the measurement.

The WE is the electrode where the pursued reactions take place. It serves as the
transducer for the biochemical reaction and is prepared by using a chemically stable
conductive material, such as platinum, gold and carbon, which should be redox inert in
the potential range of interest. Carbon graphite has been extensively employed for this
purpose due to its low fabrication costs, good electrical conductivity, high thermal
stability and versatility for the implementation of a diversity of (bio)functionalization

strategies.

The CE, often composed of a highly stable metal such as platinum or carbon graphite,
completes the electrical circuit. In this way, while the current flows between WE and
CE, the RE is used to measure accurately the potential applied relative to a stable
reference reaction. The CE is constructed to display larger surface area than the WE to
ensure that the reaction occurring at the CE does not interfere or affect those occurring
at the WE"*10

Classical three-electrode cells are bulky and consume relatively large volumes of
sample and/or reagents. Besides, conventional macroelectrodes use to require extensive
pre-treatment before its utilization and between independent measurements (such as
physical polishing, extensive washing, or electrochemical activation). In recent years,
SPEs have become key tools for the development of electrochemical biosensors for
POCT, transitioning away from the traditional and more sophisticated strategies based

on the use of cumbersome electrochemical cells and bulky elecirogégure 2.5b).
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Figure 2.5 (a) A classical three-electrode electrochemical working cell. (b) Disposable SPE.
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SPE have gained interest in the electrochemical biosensors’ field because they can be
mass produced using low-cost and relatively rapid manufacturing procedures with high
reproducibility. Furthermore, screen-printing presents the capability to miniaturize the
biosensor size, integrating all the electrodes of the electrochemical cell in a single
device, providing advantages such as portability, simplicity of operation and reduction
of the volume of sample and reagents required. Nowadays, SPEs can be developed in a
variety of geometries and materials, which allows great versatility of design, facilitating

the development of customized, application-tailored and multiplexed biosBfsors

In terms of analytical behaviour, SPE present wide linear output, low power
requirement, fast response and high sensitivity. Indeed, these disposable electrodes can
be used with most commercially available benchtop and portable measuring equipment
by employing appropriate connection cables, and have been also extensively coupled to
custom-made instruments equipped with USB ports, laptops, smartphones and low-cost

potentiostats>

Screen-printing consists of stamping the electrodes layer-by-layer by depositing
conductive and non-conductive inks through mesh screens. The central steps for the
screen-printing process are (1) the design of the screens which will define the geometry,
size and relative location of the different components of the SPE (i.e., WE, RE and CE),
and (2) the selection of the materials/inks that will be used to print each
layer/component, so that their composition and properties are in accordance with the
desired application®. During the fabrication procedure, a screen is placed onto the
substrate and the appropriate paste is squeezed over, penetrating through the
perforations of the screen to form the desired patterns. After screen removal, paste/ink
drying and temperature-curing steps follow. The electrodes and connection paths are
printed using conducting inks, which consist of a mixture of conductive materials with
the ability to transfer electrons and binders and additives that provide mechanical
properties. The most commonly used material for printing the WE and CE is
carbon/graphite, although gold and platinum are also employed. However, pseudo-RE
and tracks are mostly produced with a silver or Ag/AgCl paste. Device printing
generally includes at least a layer printed with insulating ink, which is used to delimitate
the surface area of the electrodes and to protect the connecting tracks from the exposure
to samples and reagents. The selection of each material/ink composition may determine

the selectivity and sensitivity of the SPE produced and should be decided carefully.
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Figure 2.6 shows a simplified scheme of the screen-printing process employed for the

fabrication of this type of devices.

\ S Conductive
Push &eegee[ paste/ink

Substrate j Mesh screen

b \_L

Paste transferred to substrate

Figure 2.6.Fabrication of SPE using conductive pastes/inks and mesh screens.

The main advantages of this technology are the relatively high design flexibility
afforded, potential process automation, good reproducibility, and the wide choice of
materials availabfé®. For instance, screen-printing can be done on various types of
planar material, such as polymer, plastic, ceramic, glass and paper. There are many
examples of SPEs based on paper or transparency which were effectively applied to
detect a wide variety of analyté$ Recent technological advances on SPE include the
employment of flexible and stretchable materials as a printing substrate to produce
wearable sensors, including tattooed enzymatic sensors, and the optimization of
nanostructured devices for enhanced detection. Contrary to classical bulk electrodes,
many SPE can be used straightforward, without requiring any pre-treatment such as
electrode polishing or electrochemical pre-activation. SPE are compatible with the study
of small sample volumes and are easy to integrate in microfluidic systems. In addition,
numerus strategies have been reported for the biofunctionalization of SPE, and the
planar geometry of SPE has been also exploited for the production of magneto-
immunosensors in which there was no necessity to immobilize a recognition element on
the WE surface. The recognition element could be in this case immobilized on a
separate support (magnetic micro or nano beads) and, at the end of the immunological
procedure, beads were placed onto the unmodified WE surface for the electrochemical

measurement of the enzymatic prodtfct
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2.2.4. The use of antibodies (Ab) as affinity binders for the production of

immunoassays and electrochemical immunosensors
2.2.4.1. Description of antibodies (Ab)

Abs are glycoproteins from the immunoglobulins (lg) family, which are naturally
produced by the immune system to neutralize potential pathogens, such as bacteria or
viruses. Accordingly, Abs are capable of recognizing Ag with high specifiThg.

most abundant Ab in serum, and the most often used for immunoassay development, is
immunoglobulinG (IgG). 1gG can be represented schematically as a Y-shaped molecule
(Figure 2.73'%. The molecule is formed by the assembly of four polypeptide chains —
two identical heavy chains (molecular weight ~ 50 kDa each) and two identical light
chains (molecular weight ~ 25 kDa eadh) The upper branches located at the very
ends of the two arms of the Y display the Ag-binding sites. The binding sites of
different molecules differ in their amino acid sequence, which makes Ab capable of
identifying specific Ag due to their unique binding sites. In this way, the recognition
between Ab and Ag takes place by spatial complementarity following what is often
described as a lock and key model. The subsequent establishment of the Ab-Ag
interaction depends on a combination of weak and non-specific forces, including
electrostatic forces, hydrogen bonds and hydrophobic interactions, with stronger van der
Waals forces. Figure 2.7 shows the typical structure of and IgG Ab molecule with the
Ag-binding sites.

. Ang;
b/,,(yi,:lge,’
gs/fe
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Heavy chain
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regions

Constant
regions

Figure 2.7.Ab structure (IgG type).

There are two the two main types of Ab that are widely used in immunoassay
development and commercially available, monoclonal Ab (MAb) and polyclonal Ab
(PADb). PAb are produced by immunizing animals with a target analyte, so that its
iImmune system produces Ab in an attempt to neutralise the intruder. After a period of
time, the animal is bled to recover its serum, which will contain a collection of

antibodies recognising different regions (or epitopes) of the antigenic analyte. The
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production of PAb is a highly variable process that displays important batch-to-batch
differences. However, PAb are useful in approaches not demanding extremely high
detection specificity (such as detection of fast-evolving viral Ags, or simultaneous
detection of several isoforms of a protein Ag). On the other hand, MAb are praduced
vitro by using hybridomas, which are established by fusing an immortal tumour cell line
with a single blood cell precursor isolated from the immunised animal. Each hybridoma
behaves as a clone and produces a single type of Ab against a single epitope, and this
Ab displays high selectivity for its target Ag. This methodology allows the consistent
production of high amounts of MADb, with no significant batch-to-batch differences, and
reproducible specificity and sensitivity. While MAb are highly specific for a single
epitope, diminishing the chance of cross-reactivity, PAb can bind multiple epitopes on
an Ag, showing a heterogeneous immunological response. For this reason, the selection
of Ab often depends on the analytical application deXifétt The most important
properties of Ab that could affect the performance of the immunoassay developed are
the strength of the Ab-Ag binding and the level of selectivity and specificity for the
analyté®?

2.2.4.2. Immunoassay types and formats

An immunoassay is a quantitative biochemical method of analysis based on the specific
biorecognition of a given Ab for its target Ag. The binding constants of the Ab-Ag
interaction can reach up to OM and result in extremely selective and sensitive
detection, which has made immunoassays a widely accepted analytical method. A broad
range of antigenic species can be detected using Ab, including biological
macromolecules such as proteins (glycoproteins, nucleoproteins, lipoproteins), peptides,
polysaccharides and nucleic acids, but also small molecules (e.g., drugs) and whole
cells and viruses, to cite some few exampfesHowever, in most of the cases the
binding of an Ab to its Ag does not induce major changes in the medium and is not
detectable straightforward. For this reason, an extensive part of the immunoassays
employ labels, for instance incorporated or chemically conjugated to a detecting Ab, to
perform the indirect detection of the Ag. The label element could be a radioisotope,
fluorescent components, metal nanopatrticles, enzymes, and other reagents. The most
significant label-linked immunoassays are the radioimmunoassay (RIA), the
fluoroimmunoassay (FIA) and the enzyme-linked immunosorbent assay (E£1SA)
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The RIA was the first immunoassay technique developed and it was widely used for

many years because of its high sensitivity. In this type of immunoassay, a radioisotope
is used as the label, often attached to a competing Ag or to a detecting Ab. Although it
is a very sensitive and fast method, the safety problems associated with the use of

radioactive substances caused the passage toward safer fféthods

In FIA the Abs are labelled with fluorescent probes. After incubation with the Ag, the
Ab-Ag complexes are isolated, and the fluorescent intensity is measured. An increasing
variety and availability of stable fluorophores allows nowadays the simultaneously
measurement of multiple molecules with good precision and sensitivity, and the
advances in miniaturization of the measurement equipment have enabled fluorescence
detection to become a leading method in centralized clinical diagnostic

immunoassay$”

ELISA is the type of immunoassay most widely used by many users in fields as diverse
as analytical chemistry, clinical diagnostic, food safety monitoring or environmental
control. ELISA consists of the binding of an enzymatic label to the Ab that is used to
detect the presence of a specific target Ag. The enzyme catalyses a chemical reaction on
an appropriate enzymatic substrate, producing a quantifiable coloured product. The
most common enzymes utilized in ELISA are horseradish peroxidase (HRP), alkaline
phosphatase (AP), andgalactosidase.

Generally, an ELISA protocol consists of several consecutive incubations carried out
using microtiter plates, which are intercalated with series of washing steps to remove
non-specifically or poorly bound components. Depending on the number of steps and
reagents used, ELISAs can be grouped into the three main categories, direct,
competitive and sandwich assay formats, and all of them can be detected though
direct and indirect detectiofi*® (Figure 2.8). In all cases, the assay starts with plate
modification and blocking, which provides specificity and prevents non-specific
adsorption of non-target components, and finishes with the incubation of an enzyme-
labelled detecting reagent. In direct detection, this reagent is an enzyme-labelled d-
Ab specific against the Ag. In indirect detection, the d-Ab is incubated first, and a
new incubation follows, this time with an enzyme-labelled reagent that will bind
the d-Ab. The most widely used indirect detection strategy consist of employing a

biotinylated d-Ab (bd-Ab) and a (strept)avidin-enzyme conjugate for detection.
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Other strategies include the use of enzyme-labelled secondary Ab (such as anti-
mouse Ab for the labelling of MAb) and enzyme-labelled protein A/G. Using
indirect detection extends the protocol, but usually provides a certain level of signal
amplification as well. In all cases, the amount of enzyme that binds the plate will be
proportional to the amount of Ag captured. After a new wash, a colour-less substrate
solution is provided, that will trigger the enzymatic activity of the enzyme label,
promoting the evolution of a coloured reaction product. In some cases (for instance
when exploiting fast enzymatic reactions), the enzymatic reaction is stopped by adding
a stopping buffer, usually acid or detergent. Finally, colour development is quantified
spectrophotometrically at a specific wavelength and the readout is directly correlated to
the presence and abundance of the target Ag. Nowadays, ELISA are completely
automated and run by robotized platforms at centralized laboratories in a matter of

minute<?®,

Direct ELISA is the most straightforward protocol among the ELISA techniques,
needing fewer reagents and steps than any other. First, a volume of the sample that
is analysed for the presence of Ag is incubated onto the surface of the microtiter plate
to promote the immobilization of its biocomponents. Intensive washing is then
performed to remove unbound or poorly bound components, which is followed by plate
blocking. Next, a d-Ab that is specific to the Ag is added and incubated. The plate is
washed again, a substrate solution is provided, and the enzyme label reacts and develops
the colour. Although simple, direct ELISA has certain limitations when dealing with
complex samples, in which the attachment of non-target components onto the solid
phase introduces a high risk of non-specificity of the d8Safyor this reason, direct
ELISA is usually employed only to characterize and titrate Ab and not for sample

analysis.

Competitive ELISA entails a competitive binding process between the Ag in a sample
and an add-in modified Ag for a certain number of Ab binding sites. There are two main
competition assay formats. In the first one, Ags in the sample compete with enzyme-
labelled Ag for binding the Ab immobilized on the plate surface. In the second format,
Ag (alone or conjugated to a carrier protein, depending on the size) is immobilised on
surface and competes with native Ag in the sample for an enzyme-labelled d-Ab present
in solution. The major advantage of a competitive ELISA is that it is useful for the

detection of analytes (such as drugs) that are too small to be bound simultaneously by
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two Ab in a sandwich assay format, or when only one Ab is available for the target Ag.
Competition assays use to be short and still provide high sensitivity and selectivity even
in crude or impure samples. However, the signal generated in the competitive ELISA is
inversely proportional to the concentration of the Ag, which makes it difficult to

identify false positives caused by enzyme-inhibiting interferEfits

Sandwich ELISA is one of the most commonly used immunoassay format in
commercial kits for the quantification of clinical biomarkers. The sandwich ELISA
procedure involves the immobilization of a capture Ab (c-Ab) specific for the Ag in the
microtiter plate surface. Then, as in the other formats, a blocking buffer covers the
unoccupied surface to reduce subsequent nonspecific binding. The sample is next
incubated for analyte immunocapture, and unbound components are eliminated by
washing. Then, the binding of an enzyme-labelled d-Ab to the analyte forms a sandwich
immuno-complex. The enzymatic substrate is incubated, reacts with the enzymatic
label, generates the coloured product and the absorbance is measured. The benefit of
this protocol is the high specificity and sensitivity of this type of assay. However, it is
the most tedious and time-consuming immunoassay format and entails consumption of
more reagents as w&t Optimizing a sandwich ELISA is complex and appropriate

matched pairs of Ab can be very difficult to find.

ELISA is extensively used and is often employed as a “gold-standard” reference
method. However, ELISA displays a number of limitations, including the complexity of
the assay, the cost of the reagents, the time-consuming operation, and the relatively
complex and expensive equipment needed for detéttion
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1 DIRECT ELISA 2 SANDWICH ELISA
a : % ﬁr‘I

DIRECT DETECTION INDIRECT DETECTION DIRECT DETECTION INDIRECT DETECTION

| 3.COMPETITIVE ELISA |

RIS

DIRECTDETECTION INDIRECT DETECTION

‘Y’C-Ab ‘[{’d-Ab Y’secondary Ab ‘ Target ’Competing target *Enzyme ‘ Enzymatic substrate

Figure 2.8.ELISA formats. (1) Direct ELISA coupled to either direct (a) or indirect detectic. (2) Sandwich
ELISA with direct or indirect detection. (3) Competitive ISA with direct detection with (a) ~enzyme or (b) Ab-
enzyme, and indirect detection.

2.2.4.3. Electrochemical immunosensors: characteristics and typ

Electrochemical immunosensors are affinity analytical devices in which
bioreceptors employed toind the Ag, forming a stable complex, are °°. The
electrochemical transducer detects then the changes produced in the physicor
properties when the immunocapture reaction occFigure 2.9. Electrochemic:
immunosensors combine the high affinity, specificity, sensitivity and selec
provided by the immunorecognition event with the advantages of electroch
transduction, such as the rapid generation of results, and the low cost, rob
easiness of usdyigh compatibility with miniaturization, easiness of integration |
portable platforms, and possibility for multiplexing of both electrochemical transc
and measurement equipment. Thanks to these features, electrochemical immun
are curently used in clinical diagnosis, environmental monitoring and food <

monitoring, among othef¥.
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Figure 2.9.Schematic representation of an electrochemical immunosensor based in a sandwich assay fc
detection of an enzymatic label.

Compared to current immunoassay methods, electrocal immunosensors a
characterized by theirersatility, reliability and fast analysis time, with the possibilit
employ handheld devices, which can be used for P*%2° Electrochemics
Immunosensors measure the signals resulting from the biorecognition event, in

the cases using theAl coupled to the transducer surface (WE). The immobiliz:
procedure constitutes a crucial step in the preparation of electroch
immunosensors. The way the WE is modified conditions the immunoassay s
applied later on: dect, competitive and sandwich format (with either direct or ind
detection}® (Section 2.2.1.1.2). Furthermore, the immobilization strategy affect
sensitivity and stability of the resulting device. Numerous immobilization proce

both based in nonevalent and covalent interactions, have been employed to act
suitable modification of the electrode surface, including biomolecule ra
physisorption, crosbaking, affinity binding, polymeric entrapment a
electrodepositiolf*.  Additionally, the increasing interest in nanoscience

nanotechnology have impacted electrode modification, and the use of nanomatt
electrode modifiers, Ab/tag nanocarriers, nanotags and signal amplias became
common in the development of advanced immunosel Ideally, a biofunctionalize
electrode should display enough amounts of active bioreceptor on surfac
immobilized molecules should be stable during the measurement process,
immobilization procedure should not have any deleterious effect in ¢

transductioh

On the @her hand, according to the detection mode, electrochemical immunos
can be divided in labdéss and lab-based (Table 2.2). In labkdss electrochemic:

immunosensors, Ag immu-binding is directly translated into a measurable signal.
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the incubation with labelled bioreceptor is not required. FET and non-faradaic EIS
Immunosensors are good examples. In some other cases, the sensor measures in fact the
activity of an electrochemical mediator, which evolves proportionally to the
physicochemical changes induced by Ag immunobinding on the sensor surface. This is
the case of faradaic impedance and some voltametric immunosensors. Label-less
electrochemical techniques present short analysis time, simplicity of operation, cost-
efficiency and direct acquisition of resdfts"®*

Label-based electrochemical immunosensors require first the capture of the Ag by the c-
Ab immobilized on the electrode surface and then the addition of a second labelled d-
Ab to produce the electrochemical signal. The label is usually an enzyme (AP, HRP) or
nanomaterials (metallic or semiconductor parti¢f@splthough entailing longer assay

paths, composed of numerous incubation and washing steps, this type of
electrochemical immunosensor is more sensitive, specific and versatile than the label-

less alternatives.

Detection Sensitivity Specfficity Assay steps Reusability
Electroactive sianal  Hiah by sianal High (often Several (serial incubation
Label-based g gh by sig sandwich assay and washing steps; enzyme Not reusable
generated by the label amplification format) substrate addition)

Physical change in the
surface by the
biorecognition event

Regenerated using
potential
modulation

Label-less Low forsmall  Low (often single Few (ideally, sample

molecules immunocapture) incubation and washing)

Table 2.2.Characteristics of label-based and label-less electrochemical immuno%g%sors

Although numerous examples of electrochemical immunosensors have been described
in the literature for POCT, most of the examples reported still entail complex protocols,
with multiple steps and high level of manipulation by the user, which would difficult to

implement for POCT and carry out by poorly trained tSers

2.3. Magnetic Beads (MB) and the development of

electrochemical magneto-immunosensors

2.3.1. MB: types, properties, advantages and drawbacks

MB are one of the most powerful and versatile tools currently used in bioanalytical
applications® %% The utilization of MB for the magnetic separation, pre-concentration

and/or removal of selected target molecules offers several advantages compared to other
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separation strategies, such as filtration, centrifugation or dielectrophoresis, cthe
possibility to scalesp relatively ealy and compatibility with proces

automatioﬁg'“l'“?

MB display superparamagnetic behaviour, which implies that they are attrac
external magne fields, exhibiting zero remanence (nomagnetic sta) when the
magnetic field stops acti***!*4 The possibility to confine them magnetically provi
relatively fast, efficientsimple and gentle separation and concentration in diffi
types of matrices, allowing washing between solu**>. Otheradvantages cMB are
their large surface aremand the diverse possibilities of biofunctionalization, because
are commercially available that display an assortment of reactive con surface. MB
can be produced locally, or be acquired commercially from a wide range of suj

sizes, materials, surface coatings and magnetic prof** (Figure 2.10)

Generally,MBs contain a uniform paramagnetic core made of an iron oxide, st
magnetite (Fg0,) or maghemite y-Fe0Os), widely used because of their fac
synthesis, strong magnetic property and biocompatibility. The magnetic bel
depends on many factors of these core characteristics, as composition, crystalli
magnetic moment. BesiddelB are coated cencapsulatetly a polymericproteinic, or
silicathin layer that providestability, reduces metal leakage, facilitates bioenginee

and prevents the nonspecific binding of undesired compc*’.

Surface coating
Polymeric/Nonpolymeric

Core

Metals, metals oxide,

Aptamer "
transition metals

Peptide Antibody
Figure 2.10.Schematic representation of a MB, including the magnetic core, surface coating and co

bioreceptors.

MB dimensions may range from the nanometre to the micrometre scalel - 10pum
in diameter. Howevennagnetic nanobeacunder 200 nm in diameter require spe
magnetic devices to be manipulateSuch equipment is not available in ev

laboratory and is less compatible with mag-immunosensor development and |-
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throughput analysté® It is for this reason that micrometric MB are the majoritarian

choice when magneto-assays and magneto-sensors are developed.

2.3.2.MB biofunctionalization

Nowadays, MB immuno-modification is a relatively easy task because of the significant
number of MB commercially available with different functionalities on suffée
During or after their production, MB can be modified to display on surface different
reactive functional groups (amine, carboxyl, hydroxyl, epoxy, tosyl) and (bio)molecules
(protein A/G, secondary Ab, (strep)avidin)), which enables the coupling of many
biological macromolecules (cells, enzymes, proteins, Ab and nucleic acids) through
diverse chemical paths and affinity-binding strategies, and specifically producing
immuno-modified MB (Ab-MB).

Covalent linkages are strong and stable bonds, which can be formed between functional
groups found on the MB surface and those available in the molecules that should be
incorporated. Commercial cross-linking reagents are available for this purpose. The
most common chemical strategy is the carbodiimide coupling reaction. In this case,
carboxylic acids are covalently linked to primary amines, often using 1-ethyl-3-
dimethylaminopropyl carbodiimide (EDC). EDC reacts with carboxylic acid groups to
form an active O-acylisourea intermediate. This intermediate is then displaced by
nucleophilic attack of primary amino groups, creating an amide bond between the
original carboxyl and amino groups, and releasing a soluble urea derivative. Because the
O-acylisourea intermediate is unstable in aqueous solutions, the coupling efficiency can
be enhanced by the addition of stabilizing agents such as n-hydroxysuccinimide (NHS)
or its water soluble counterpart sulfo-NHS. In this case, EDC couples NHS to the
carboxyl groups, forming a succinimide ester that is considerably more stable than the
O-acylisourea intermedidf@*®® Other widely used crosslinkers are Sulfo-SMCC
(sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate), which contains
an NHS-ester and a maleimide reactive group at opposite ends of a spacer arm and that
promoted the reaction between amino and sulfhydryl groups; and glutaraldehyde, a
carbonyl (-CHO) reagent that crosslinks two amine groups via Mannich reaction and/or

reductive amination.
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When these strategies are not possible, MB modified with protein A/G or secondary Ab
(e.g. anti-mouse Ab, anti-rabbit Ab) can be used to coupl&®Abhis functionalization
allows a certain degree of Ab orientation on surface, which might improve performance,
and require lower amounts of Ab than chemical conjugatioHowever, A/G proteins

may produce cross-reaction binding with any IgG molecules present in the sample,
potentially interfering in sandwich assay formats and the study of clinical sarples
Finally, biotinylated Ab (or other biotinylated molecules) can be incorporated by

affinity binding using MB coated with streptavidin, neutravidin or avidin.

Independently of the procedure chosen for MB modification, the surface dfiBhe
should be physically and/or chemically blocked to inactivate the remaining reactive
groups and prevent later non-specific interactions. The most widely used reagents for
MB physical blocking are proteins (such as BSA, non-fat dry milk and casein) and
polymers (such as dextran and ethylene glycol). On the other hand, chemical blocking
after EDC and glutaraldehyde crosslinking can be accomplished using amine-containing
small molecules, such as Tris, lysine, glycine, or ethanolamine. In the case of
(strept)avidin-biotin binding, the incubation of the modified MB with free biotin is
recommended for blocking unreacted biotin-binding sites and prevent subsequent

reagent cross-bindingy’.

Once MB are immuno-modified, they may display low toxicity, high biocompatibility,

and chemical and physical stability for weeks if stored at*4°C

2.3.3.Magneto-immunoassay optimization

Considering the advantages of MB commented above, three features determine
magneto-immunoassay performance. First, the large MB surface-to-volume ratio, which
facilitates coupling many bioreceptor molecules. Second, the constant rotation/shaking
during incubations needed to prevent MB sedimentation, which grant active sample
mixing and efficient Ag binding as well. Third, the superparamagnetic properties of the
MBs, which allow magnetic concentration, supernatant removal after incubation or
washing, and the performance of serial incubatiomsdifferent solutions. The
combination of these factors provides enhanced assay sensitivity, reduced reaction
times, requirement of small volumes of samples and reagents, and efficient performance

even in complex sample matrices (Figure 2134)
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Crude sample Magnetic Beads
1. Mix & 2. Concentrate 3. Remove 4. Change buffer
incubate supernatant

Figure 2.11 Basic steps of a magneto-immunoassay. The magnetic properties of MBs allow that, after incubation in
agitation with a sample, MB are concentrated using a magnet. The sample and non-bound sample components can
then be removed for MB washing and resuspension in the buffer of choice.

Nevertheless, magneto-immunoassay optimization has to be carried out step-by-step to
achieve optimal results. One of the parameters that should be studied is the amount of
MB used per sample, which is decisive for magneto-immunoassay performance. In
general, increasing amounts of Ab-MB provide higher signals and faster assays, which
reflect the higher availability of Ab and better mixing with the sample. The assay
reproducibility is also improved, which is often attributed to enhanced MB magnetic

recovery after incubation and washiffy

Other parameters that can have an important effect on assay performance and should be
optimized for each immunoassay are sample volume, immunocapture time and
conditions, number of washings and washing buffer, or procedure for real sample
dilution, with a wide variety of magneto-immunoassay conditions having been

employed.

For instance, sample volumes between 50-1@0 are common when studying
biological samples such as blood or urine, while detection of bacteria and environmental
pollutants often entails the study of 0.5-1.0 mL sample volumes. Although increasing
sample volumes display a higher total amount of target molecules, they may also
augment the volume of reagents needed, the time required for efficient MB
concentration on the magnet, and consequently the final assay cost and time.

On the other hand, while incubations at room temperature produce lower levels of non-

specific adsorption, some few works reported enhanced immunobinding at 35-
370147155
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Because MB sediment over time, Ab-MB incubation is commonly carried out under
agitation to maintain MB suspended in the solution, for which mixing wheels, tilt
rotation or vortex-like shaking (such as using a thermomixer) can be empfoyed
Finally, series of washing steps with a detergent-supplemented buffer (e.g., 0.01-0.1%
Tween-20) are usually implemented. For studies of complex samples or hydrophobic
analytes, 5-minute washings performed under agitation may be needed to remove non-

specifically adsorbed molecules.

Many authors have shown the advantages of using MB for immunoassay development
compared to classical assay formats. Table 2.3 displays a selection of magneto-
immunoassays reported previously, priorizing those having been tested in real samples

or real sample matrices.
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format

Sandwich
Sandwich
Sandwich
Sandwich

Sandwich
Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

MB

MB-
COOH
MB-
COOH
MB-
COOH
MB-
COOH
MB-
COOH
MB-
COOH
MB-
COOH
MB-
COOH

MB-
COOCH

MB-
COOH

MB-strept

MB-strept

MB-NH

MB-NH

MB-NH

Time of
functionalization

2 h 30min

30 min

8h

1h

23 h

21 h 30 min

6 h 30 min

28 h 30 min

1 h 15 min

15 h 30 min

30 min

15h

1h 15 min

20 h

29 h

Target Label Y]
steps
DNMT1 HRP 3
CEA TiO,/SnOx— >
Au
IL-6 CeQ, 2
spheres
HBsAg AP 2
PA HRP 2
NGAL EG 1
CEA EG 3
PSA GO 2
CEA  AuUNP-HRP 2
HE4 AP 1
TBA15,
TBA29 ~ AUNP 2
HER-2, Eu*, Tme?
HE4, and LG 2
CA15-3
HP DyLight 488 2
PSA GOx-AuNP 2
PSA CAT-AuNP 3

Assay
time

4h30
min

1h20
min

1h
1h
35 min

1h

1h

2h

45 min

30 min

1h30
min

2h

3h16
min

1h

1h30
min

Substrate

Luminol-
H,0,-BIP

T™MB
OPD

AMPPD

Luminol-
PIP-H0,

HQ

T™MB

Lumigen
APS-5

HNQ

SQA

T™MB
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Detection

time

6 min

30 min

20 min

5 min

5 min

10 min

15 min

15 min

30 min

30 min

Assay range

0.5- 128 ng mt*

5pg mLt-2.5ng
mL™t
0.0001 - 10 ng
mL?

1 - 200 ng i

0.05 - 1000 ng
mL?

10 - 1500 ng mL

1 - 1000 ng mt.
0.1 - 10 ng’mL
6-781nyL

0 - 1000 pmol [

27 pM to 27 nM

12 - 1000 ng mt,
8 - 2000 pmoat,
5-200 U mc*

0.2-3.0mg mtt

1.0 pg mLt- 30
ng mL?

0.05 - 20 ng mtt

LOD
0.01 ng mt*
5 pg mL*
0.04 pg mc*
0.1 ng mt*

0.01 ng mc*
0.32 ng mc*

0.5 ng m*
4 ng mL?
12 ng L

1.35 pmol [*

0.27 pM

3.94 ng mL%, 2.59 pmol

LY and 1.62 U mt

AD patients 3.03 £ 0.85
mg mL?, controls 1.23 +

0.26 mg mC*
0.5 pg mL?t

0.03 ng mC*

State of the art

Samples

36 lung cancer
serum samples

5 human serum
samples

5 serum samples

35 human serum
samples

6 human serum
samples
115 urine
samples

239 human
serum samples

Human serum
samples

8 human serum
samples

60 human serum
samples

Foetal bovine
serum

Human serum
samples

Ref.

157

158

160

161

162

163

164

165

166

167

168

40 human plasma 149

samples

12 human serum
samples

12 human serum
samples

170

171
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Formic

3 human serum

Sandwich  MB-NH 4 h 30 min CEA nSe-QDs 2 2h : 10 min  0.02 - 100 ng mt. 0.006 ng mt* 172
acid sample
Sandwich  MB-tosyl 36 h HRPII HRP 2 2h T™B 30 min 131 - 62.5ng mL 1.31 ng me* 12 hsua%"’l‘orl‘es‘ser”m 173
Luminol- Urine samples:
Sandwich ~ MB-tosyl 6h Survivin HRP 1 1h - 0 - 200 ng mt 0.949 ng mt 200 BC, 81 RCC ™
H20,
and 114 healthy
MB- . 1
Sandwich boronic ) ,(A:FEFA AleNI;’\lgnd 3 45h Forr_glc 10 min 0.2 -50 ug mi 0.086pg L L_a}nd 0.054 3 humanlserum 175
acid g aci ug samples
. MB- 1h40 Luminol- . 1 1 2 human serum 17¢
Sandwich antiFITC - CEA HRP 2 min H,0, 5 min 5-250 ng mLt 0.61 ng mC samples
Sandwich _ MB- - HCMV HRP 3 3h TMB  10min 90 - 700 pgriiL 90 + 2 pg mC* 3 human urine 177
protein G samples
Sandwich MB 5h PSA  GQDs@Ag 2 4h ®4 10mn 1P9ML'-20ng 0.3 pg mL* 5 human serum 17
2 mL? . samples
MB- 0.09 ng mL" (urine), Urine, saliva and
Competitive . 10 min coc HRP 2 50 min TMB 20min  0.01-50ng™L 0.15 ng mL* (saliva), ; 179
protein G ] serum samples
0.06 ng mL™ (serum)
Competitive B 26 h 30 min IgG HRP 2 1p Luminol - 0.2-4.0nM 29x10-11M 2 Numanserum g
P COOH 9 and HO, ' ' ' samples
Competitive B - CD4 HRP 2 1h T™B 3omin 3°979CD4acells 5, cpay cellqi Whole blood 15,
antiCD3 pl sample
Direct MB- 10 h HBV, SA-AP 2 1h AMPPD 5 min - 10 HBV copies, 10 HC\M.2 Human serum &
COOH HCV, copies, 100 HIV copies samples
HIV

Table 2.3 Examples of magneto-immunoassays reported in the bibliography that have been validated by studying clinical samples or real sanf® midiicEmer’'s disease; AFP,
alpha-fetoprotein; AgNP, silver nanopatrticles; AP, alkaline phosphatase; AMPPDsp&-@¢adamantane)-4-methoxy-4-($hosphoryloxy)phenyl-1,2-dioxetane; AuNP, gold nanopatrticles;

BD, bladder cancer; BCIP, 5-bromo-4-chloro-3-indolyl phosphate; CA, cancer antigen; CAT, catalase; CEA, carcinoembryonic antigen; COC, cocaine; DNMT1, DNA methyl transferase 1;
EU3, europium (Ill); GO, glucose oxidase; GQD, graphene oxide quantum dots; HBV, hepatitis B virus; HBsAg, hepatitis B surface antigen; HCMV, human cytomegalovirus; HCV, hepatitis
C virus; HE4, human epididymis protein 4; HER2, human epidermal growth factor receptor 2; HIV, human immunodeficiency virus; HP, Haptoglobin; HQ, hydroquinone; HRP, horseradish
peroxidase; IgG, human immunoglobulin G; ICP-MS, Inductively coupled plasma mass spectrometry; IL-6, interleukin-6; NGAL, neutrophil gelatinase-associated lipocalin; OPD, o-
phenylenediamine; PA, human prealbumin; PIP, p-iodophenol; PSA, prostate specific antigen; QDs, quantum dots; RCC, renal cell carcinoma; SA-AP, streptavidin-modified alkaline
phosphatase; SERS, surface-enhanced Raman scattering; SQA, squaric acid; Strept, streptavidine; TA, thrombin aptamersh, 3é®.ad@hylbenzidine; UCNPSs, upconversion
nanoparticles
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2.3.4.Electrochemical magneto-immunosensor development

An attractive approach for the use of MB is the combination with SPE to develop
inexpensive and portable electrochemical biosensors with (bio)analytical
applicatiort**®3#* Electrochemical magneto-immunosensors exploit MB as the solid
phase to separate and concentrate the Ag/Ab complex and enhance analyte binding, and
electrochemistry to provide a fast and quantitative detection (Figure'®.18) this

way, electrochemical magneto-immunosensors circumvent some of the main drawbacks

of conventional immunosensors.

Generally, classical electrochemical immunosensors are based on the direct
immobilization of the cAb at the sensor surface (WE), which is followed by blocking to
prevent subsequent non-specific adsorgfforiThis procedure provides specificity to

the sensor, but entails also some drawbacks, such as passivation of the sensing surface,
resulting in poor electron transfer, reduced electrochemical signal and limited or null

sensor reusability.

. H20: H
Extract F—Lﬁ .,.f.'_ﬂb’HRP ’ 2 *2 -
| B " e,
A ; _ Manais
*s: Y I =) HRPox  HRPred
“-,-...‘*
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Food r- TMBeox  TMBred
: ; ’ b |
;‘.,'I 'ﬁ.
“‘ 5 = ( @ )
~ » - - R A Q‘%,
O# Ok s &  Sheathed £ lectrode®
e ol * * magnet e —>  Magnet
Allergens *x ¥ « HRP

Figure 2.12 Magneto-immunosensor performance. Adapted with permission frofi’nefth permission from the
American Chemical Society, Copyright 2017.

In this context, the production of magneto-immunosensors provides several
advantage$'®'® Chiefly, the majority of the electrochemical magneto-
immunosensors entail a magneto-immunoassay performed off-chip. Then, the MB are
magnetically confined onto the electrode surface for the detection with the assistance of
an external magnetic field. After detection, MB can be easily re-suspended in solution
by re-positioning or removing the magnet. This makes it easy sensor regeneration and
reutilization, and guarantees that a bare (non-passivated) electrode is used for detection,
which improves the performance of the electrochemical biosensor. In addition, using
MB facilitates immunoassay optimization, standardization of the electrochemical

detection protocol, anguccessful target detection in real sample matrices compared to
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classical biosensift"*®® Accordingly, magneto-immunosensors allow a relatively
easy, fast and cost-effective detection, with a high sensitivity and spetificitgble
2.4 shows examples of magneto-immunosensors reported for the detection of several

analytes in different types of real samples.

The clue parameters when optimizing an electrochemical magneto-immunosensor are
the magneto-immunoassay itself, the type of electrode used for detection, the strategy
for MB magnetic confinement onto the WE and the amount of MB used per sample,
which might be different from the optimal quantity for colorimetric monitoring. In this
respect, the confinement of too many MB onto the electrode surface might contribute to
its partial sheltering and affect negatively the electrochemical transduction. Several
authors have reported that better detection of low analyte concentrations and lower LOD
are attained with intermediate MB loads, which suggests that using as many beads as

possible is not necessarily the best soldfibt?®

47



Detection

Amp.

Amp.

Amp.

Amp.

Amp.

Amp.

Amp.

Amp.

Amp.

Amp.
Amp.
Amp.
Amp.

SWV

Assay
format

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

Sandwich

MB

MB-COOH

MB-COOH

MB-COOH

MB-COOH

MB-COOH

MB-COOH

MB-COOH

MB-COOH

MB-tosyl

MB-tosyl

Competitive MB-COOH

Competitive

Competitive

MB-protein

G

MB-protein

A

Competitive MB-COOH

Time of
funcionalization

2 h 45 min

12 h 30 min

3 h 10 min

2 h 35 min

2h

2 h 15 min

2 h 15 min

2 h 35 min

36 h

1 h45 min

2 h 50 min

30 min

10 min

3 h 30 min

Target

IL-13FR2

CA15-3

TGF-p

PR, Era

CD105

B-LG

IL-6

TNFa

HRP2

HBsAg
Fib
TC

T

OP-BChE

Label Pl

steps

HRP 3
HRP 1

Poly-

HRP 3
HRP 3
HRP 1

HRP 2

Poly-

HRP 3
HRP 3

HRP 2
AuNPs 2
HRP 2

- 1

HRP 1
QDs 2

ey Substrate

time

1h15
min

14h 40
min

1h20
min

2h10
min

30 min

1h

1h30
min

2h10
min

2h
1h

1h30
min

30 min

45 min

1lh
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HQ

HQ

HQ

HQ

HQ

HQ

HQ
HCI
HQ

HQ

HQ

Assay range LOD

3.9-100ngm* 1.2 ng mc*

10 - 1000 pU mt 6 pU mL?

15 - 3000 pg mt 10 pg mL*

313ng m*-2.0

mg mL: 22 pg mLt

0.8-10.0 ngthl. 0.2 ng L

2.8-100ng riL 0.8 ng mL*

1.75 - 500 pg mt- Of]’ﬁ,f’g
5pg mL!-5mg 1
mLL 2.0 pg mLC
0.36 ng
mL?t

3miu mL
1

0 - 250 ngt ml.

0 - 1000 miU mtt

) 0.044ug
mL?

12.5-676.2 ng
mL™

5.0 pg mL-1 - 50
ng mL?!

44 ng mt?
1.7 pg m*

40-70 nM 0.5nM

Electrode

C

MFS - C

State of the art

Samples

Raw cell lysates

6 human serum
samples

Ref.

194

195

2 serum samples 1%

Spiked human
serum samples

4 human serum
samples

Spiked milk
samples
Spiked urine
samples and 3
human saliva
samples

Spiked human
serum samples

Spiked human
serum samples

5 human serum
samples
Spiked human
plasma samples
Spiked milk
samples

Spiked human
serum samples

6 plasma
samples

197

198

199

200

201

173

202

203

204

205

206
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CdSe@
SWASV  Sandwich  MB-tosyl 14 h ApoE  ZnS@ 5 1h25  Na0Ac 0-200 ng mt 12.5_1ng PDMS Human pllasma 207
QDs min mL MFS - C samples
DPV  Sandwich MBPOEIN 4110 min HER2 AP 3 1h30 Inaphthyl = 55 0t 6ng mit c 9 human serum o5
A min phosphate samples

Table 2.4Examples of magneto-immunoassays reported in the bibliography that have been validated by studying clinical samples or real samplelLaaipbha-lactalbumin; AP, alka-

line phosphatase; Amp., amperometry; ApoE, apolipoprotein E; AuNP, Gold NanoparticleSG, human chorionic gonadotropin-LG, B-lactoglobulin; C, Carbon; CA15-3,
carbohydrate antigen 15-3; CdSe@ZnSQDs, cadmium-selenide/zinc-sulfide@quantum dots; CD105, endoglin; CEA, carcinoembryonic antigen; CNT, Carbon nanotubes; CV, cyclic
voltammetry; DPV, differential pulse voltammetry; Era, estrogen receptor a; FBS, Fetal bovine serum; Fib, fibrinogen; Fe(C5H5)2, Ferrocene; FMDV, foot-and-mouth disease virus; HBSAQ,
Hepatitis B surface antigen; HCI, hydrochloric acid; HERZ2, human epidermal growth factor receptor 2; HE4, human epididymis protein 4; HQ, hydroquinone; HRP, horseradish peroxidase;
HRP2, histidine-rich protein 2; HUSA, human serum albumin; ILeP3R_-13 receptor B2; IL-6, Interleukin-6; MB, Magnetic Beads; MFS, microfluidic system; NaOAc, Acetate

solution; OP-BChE, Organophosphates- butyrylcholinesterase; PDMS, Polydimethylsiloxane; PR, progesterone receptor; PSA, prostate-specific antigen; p.f. HRP2, Plasmodium falciparum
histidine-rich protein 2; Py/Py-COOH, poly(pyrrole-co-pyrrole-2-carboxylic acid; Strept, Streptavidine; SWASV, Square wave anodic stripping voltammetry; SWV, Square wave
voltammetry; S.typhi, Salmonella typhimurium; T, testosterone; TC, tetracycline; TMB,3,Betramethylbenzidine; TNE tumor necrosis factor-alpha; TTEG, tetraethylene glicol.
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2.3.5.Signal amplification strategies for magneto-immunoassays and magneto-

immunosensors

Attempts have been made to improve magneto-immunoassay / magneto-immunosensor
sensitivity by employing nanomaterial-, enzyme- and DNA-based signal amffifiers
Since most analytes do not generate sigpatsse their magneto-immunodetection is
often accomplished indirectly by using a dAb modified with a signal-producing tag.
Most magneto-immunoassays reported to date depend on the utilization of enzyme
labels. In this context, the oldest and simplest signgllification strategy has been for

long the utilization ofa biotinylated Ab for detection (bdAb), followed Inycubation

with a (strept)avidin-bound enzyff& Over the last years, a battery on new reagents
and nanomaterials have been increasingly used in the field as signal amplifiers.
Although their use is still limited, the results claimed suggest that some of these
components will provide in future enhanced magneto-immunoassays, in some cases

faster and more sensitive than those achieved using classical tags.

2.3.5.1 Nanomaterials used as electroactive tags

In recent years, there has been increasing interest in using nanomaterials as enzyme
mimetics and nonenzymatic labgfk?'?2 Some examples involve noble metal
nanoparticles (MNP), carbon nanomaterials, semiconductor nanocrystals (or QD), metal
oxide nanostructures, and hybrid nanostructures, which in some instances have provided
LODs 10 times lower than those registered using classical Ab-enzyme corfitfdates
Compared to classical Ab-enzyme conjugates, nanomaterials display high surface-to-
volume ratios and higher storage stability in a wider range of conditions. Besides, the
production and modification of nanomaterials can be tailored to control their final
properties and characteristics. Consequently, highly efficient nanotags can be produced
that exhibit on surface elevated numbers of Ab, increasing the possibility of Ab-Ag
binding, as well as numerous label units able to provide signal amplification. In this
respect, either electroactive molecules such as thionine, ferrocene derivatives, and
methylene blue, and the nanomaterial itself have been employed for signal generation.

In spite of the many advantages described, the utilization of nanotags in magneto-
immunoassays faces also a number of drawB&ck=or instance, the employment of
nanomaterials, such as MNP and QD, as electroactive tags are usually accomplished by

stripping voltammetry after metal (electro)dissolution in acidic solution, a procedure
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that can damage the MB and release the iron content. Accordingly, the magneto-
immunocomplexes are often disrupted with acid, allowing MB removal previous to the
electrochemical detectiélf. Although some teams have demonstrated that non-acidic
detection is possible as wWefi*'® this strategy involves in any case the addition of a
reagent and is not necessarily shorter or simpler that using an enzyme label. The
employment of QD as fluorescent labels faces also the potential interference and auto-
fluorescence produced by MB. Therefore, as before, most examples reported release the
QDs before detection by treating the complexes with acidic or basic buffers
supplemented with urea, which enhances the resolution of the assay but extends the
detection protocét”#? In addition, most nanomaterials have a strong tendency to
aggregate in saline solutions, which makes difficult their direct utilization in biological
sample matrices. On the other hand, many QD are made of potentially toxic heavy metal
ions (e.g. C8), which may hamper their practical application. Another factor that
should be considered is the effect of nanotag nonspecific binding. Because
nanomaterials provide important levels of signal amplification, their nonspecific
interaction with either MB or target molecules might produce significant signals and

ultimately result in biosensor lack of reliabifity.

2.3.5.2 Detection based on enzyme labels

Magneto-immunoassays are often done by using a dAb modified with enzymatic signal-
producing tags. Among them, HRP is a relatively inexpensive and small molecule
(around 45 kDa), for which numerous spectrophotometric, fluorescent and
electrochemical substrates have been described. A classical substrate for HRP is a
mixture of hydroquinone (HQ) and hydrogen peroxided#), in which HRP catalyses

the reduction of kD, coupled to the oxidation of HQ into benzoquinone (BQ), and BQ

is then reduced back to HQ at the WE surface. However, HQ and BQ are highly toxic.
Safer 3,3',5,5'-tetramethylbenzidine (TMB) and 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid (ABTS) are extensively used for immunoassay spectrophotometric
detection and are commercially available as ready-to-use solutions. Some of these have
been exploited for HRP electrochemical detection, with some TMB ready-to-used
substrate solutions having produced results comparable to HQ, and ABTS preparations

generating signals 10-15 times lower but wider assay linear fahges
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Another widely employed enzyme tag is AP, generally usimgpthyl phosphateo{

NPP), 4-nitrophenol phosphate, or phenyl phosphate as the substrate, coupled to the
oxidation of the corresponding product-riaphthol, 4-nitrophenol and phenol,
respectively) at the electrode surface. AP is bigger (80-150 kDa), more expensive and
more sensitive to chemical modification than HRP, and most of its enzymatic products
produce electrode passivation. Nevertheless, many authors claimed slightly more
sensitive detection using AP (LODs between 5 pg'mhd 3.74 ng mt) than HRP

(LODs from 21 pg mL* to 6 ng mLY).

Ab modification allows for the incorporation of a limited number of enzyme molecules.
Signal amplification strategies have been reported, such as the use of (strept)avidin-
enzyme conjugates, Ab-enzyme coated nanomaterials, and polymeric streptavidin-

enzyme complexes such as Poly-HRP*

The (strept)avidin-biotinechnology relies on the extremely high and speaiffiity of
(strept)avidin for biotin Kd~10* - 10® M). Some of the drawbacks classically related

to these systems, such as the high levels of nonspecific adsorption typically reported for
avidin, a glycosylated protein that displays an isoelectric point (Ip) of approximately 10,
have been solved over the last years as new engineered (strept)avidin molecular
derivatives have been produced and commercialized (such as extravidin and
neutravidin, both with neutral Ip, commercialized by Sigma-Aldrich and Invitrogen -
Thermo Scientific, respectively). (Strept)avidins are also exceptionally stable proteins.
In addition, using indirect (strept)avidin-biotin detection strategies, the experimentalist
uses a bdAb that has suffered a less severe modification than an enzyme-conjugated
counterpart. Hence, lower amounts of biocomponents are usually needed, which also
provide improved performance. Besides, each bdAb can be bound by more than one
(strept)avidin molecule, which may display on surface more than one enzyme unit.
Accordingly, this indirect detection strategy typically results in signal amplification
compared to direct detection using an Ab-enzyme. On the contrary, indirect detection
implies extending the assay with additional incubation and washing steps compared to
direct detection using an enzyme-labelled Ab, without forgetting that signal

amplification works for both specific and nonspecific signals.

Recently, a number of nanomaterials have been also explored in the field as enzyme-

loaded signal amplifiers. Enzyme coated nanomaterials display enhanced catalytic
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reaction activity by orders of magnitude. Several nanomaterials have been used with
this purpose, including various MNP, semiconductors, carbon nanomaterials, softer
dendrimers, or even biologically derived materials. Among them, quantum dots (QDs)
and gold nanoparticles (AuNPs) are the most extensive used. QDs provide access to a
plethora of unique quantum-confined properties including narrow, size-tunable
photoluminescence (PL) coupled to broad absorption spectra and the capacity to induce
resonance energy transf&uNPs can be produced in a wide range of sizes with
particular SPR behavior, and even PL for the smallest cluster materials. In all cases,
nanomaterial modification with an enzyme requires the previous study of its surface
chemistry in order to select the best fitting functionalization approaches. QDs and
AuUNPs can be very uniform in structure and size due to their crystalline nature, which

contributes to their low polydispersity and their spectral prop&tties

Amid the examples reported in which enzyme-loaded nanomaterials were employed for
electrochemical detection, the team of Cheng Fang developed an electrochemical
immunosensor for detection of human alpha-fetoprotein (AFP). The system used
colloidal AuNPs co-modified with MAb against AFP and HRP (Ab-Au-HRP) as the
trace label and immuno-modified paper SPCEs as signal transducers. While the Ab-Au-
HRP nanoprobe was dispensed on the polyester membrane used as conjugate pad, the
cAb was immobilized onto a nitrocellulose membrane strip that was mounted on the
SPCE. An absorbent paper was placed downstream to draw the sample to successively
flow through the conjugate, capture and absorbent pads. Under optimum conditions the
immunosensor could detect AFP with an LOD of 0.25 ngffaL

Recently, some research groups have also employed Ab-enzyme coated nanomaterials
in magneto-immunoassays, for the easy physical separation of target and non-target
sample components while simultaneously leading to an increase in enzymatic activity.
Wengiang Lai et al. described a colorimetric competitive enzyme magneto-
immunoassay in which ascorbate oxidase and AuNPs-labeled Ab were used for the
determination of aflatoxin B1 (AFB1). The combined use of MB with anti-AFB1 Ab-
labeled AuNPs resulted in sensitivity improvement, with an LOD of 0.1 n§iL

Nevertheless, it is worth noting that indirect detection implies increasing the number of
incubation and washing steps of the assay and its final length and cost, and that signal

amplification may enhance both specific and non-specific signals.
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2.3.5.3. Enzymatic polymers: Poly-HRP

Several forms of streptavidin-HRP conjugates are commercially available for biotin-
based detection assays. However, biotin-binding conjugates are normally limited to
carrying 1 to 3 HRP molecules per protein to maintain enzymatic activity. This molar
ratio of conjugation is effective in routine experiments, but may lack the sensitivity
required for detecting targets present in low picogram to femtogram amounts without

the use of additional steps to amplify the signal.

Poly-HRP is an alternative to solve this limitation using polymers with between dozens
and hundreds of HRP molecules that are conjugated to strepfatidinis results in
increase of the molar ratio of HRP-streptavidin conjugate available to react with the
substrate. The used of many signal-generating enzyme molecules per bound analyte
molecule produces an increase of sensitivity to detect proteins present in very low
amounts, in contrast to other methods, such as bridge, complex, multilayer and
catalyzed reporter deposition techniques. This innovation has been used to produce
sensitive immunoassays and immunosensors achieving high enzymatic activity,
eliminating the need for additional steps, saving time and reducing costs. Poly-HRP is
stable in aqueous solutions and has a loose linear-branched structure (Figure 2.13)
which maintains 100% activity of the composite enzyme. Some of the commercial Poly-
HRP complexes can be covalently coupled to virtually any anti-analyte, and
streptavidin-containing Poly-HRP can be modified as well with biotinylated

bioreceptors.

® o0, o
Poly-HRP s .0:_':
homopolymer )
XN
.‘0 :::;.. Streptavidin molecule
' Bute e HRP monomer molecule
oo®
> %

Figure 2.13 Simplified (2D) schematic representation showing the molecular design of SA-PolyHRP conjugate.
Reprinted from: https://www.sdt-reagents.de/?action=polyhrp_application_note, with permission of SDT Reagents,
German Copyright law.

Furthermore, there are no technical limitations associated with Poly-HRP. The detection

is very simple and no changes of principle must be done that would affect an assay
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scheme. It is compatible with chromogenic, fluorogenic and chemiluminescent HRP
substrates used in ELISA and other techniques (such as Western blotting,
immunohistochemistry and nucleic acid hybridization). This also means that Poly-HRP

is compatible with existent and emergent ELISA instrumentation, which is
advantageous over competing technologies, such as AP based enzymatic cascade

amplification using cyclic cofactor regeneration (NADH/NAD+).

Poly-HRP was synthesized for the first time in 1987 by D. Ju. Plaksin and E. T.
Gromakovskay#°. Following this synthesis methodology, Vasilov RG and Tsitsikov
developed in 1990 an ultrasensitive immunoassay for human IgE measurement in cell-
culture supernatant with a detection limit of 10 pg™*nff® Poly-HRP was
commercialized by SDT in 1984 and it was used as an enhanced method for
immunoassays and nucleic acid hybridization detection during thi&38S Currently,
Poly-HRP products are available worldwide through Fitzgerald Industries

Internationad®', except in Japan where Funakoshi Co. Ltd is the exclusive distributor.

The beginning of the twenty first century witnessed a growth in the use of Poly-HRP as
a tool to improve detection sensitivity. Christophe A. Marquette et al. used Poly-HRP
for the first time to enhance a chemiluminescent immunoassay for anti-HIV-1 Ab
detection, achieving an increment of 20 times for the maximum signal and a 10-times
improvement for the LOB2 In 2009 Poly-HRP was employed in an ELISA for
trastuzumab quantification, achieving an assay linear range from 1.6 to 1600 imgy ml
undiluted serum and demonstrating the compatibility of Poly-HRP with the study of
serum and plasma samf&s

Bernard S. Munge et al. produced their own Poly-HRP conjugate and it was applied for
the first time in an electrochemical immunosensor for matrix metalloproteinase-3
detection (MMP-3). Multiple HRP labels were attached to polymeric beads and
secondary Ab to produce a giant molecular tag, loaded with ~4200 enzyme labels. The
electrochemical immunosensor also presented single-wall carbon nanotubes (SWCNT)

and detected a concentration of MMP-3 of 4 pg'rirL.calf serum samplé¥'.

In another example, dual SPCE, custom-modified with 4-carboxyphenyl-functionalized
CNT, were used for the simultaneous determination of interleukin-1b (IL-1b) and
tumour necrosis factar (TNF- o) using a commercial Poly-HRP complex as the signal
amplifier?®. This sensor achieved LODs of 0.38 pg t{L-1b) and 0.85 pg mrL*
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(TNF-a), based on a sandwich immunoassay that included 3 consecutive incubation
steps with the corresponding series of washes, and took 150 min. Otherwise, the
combination of ultrasensitive customized nanostructured SPCE and immunomodified
Poly-HRP provided detection of alpha-fetoprotein and HIV p24 Ag in about 30-35 min,
with LODs of 1-2 pg mL%, in both cases entailing production paths that took days and

a 2-step immunoassay forrfrat>"

Among the examples reported, the use of Poly-HRP improved the sensitivity of two
electrochemical magneto-immunosensors produced for detection of interleukin-6 (IL-6)
and transforming growth factor-1 (TFG) (LODs of 0.39 pg mL-1 and 10 pg mL-1,
respectively), but involved long multi-step assay procedt&8

Table 2.5 shows a comparison of these examples using Poly-HRP for signal

enhancement.
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Assay format
ELISA

ELISA

Competitive
ELISA

Electrochemical
immunosensor

Electrochemical
immunosensor

Electrochemical
immunosensor

Electrochemical
immunosensor

Electrochemical
DNA sensor

Electrochemical
immunosensor

Electrochemical
immunosensor

Electrochemical
immunosensor

Microchip based
magneto-ELISA

Electrochemical
magneto-
immunosensor

Detection type

Chemiluminescent

Colorimetric

Colorimetric

Amperometric (SWCNT)

DPV (Au electrode with
AUNP)

Amperometric (SPCE with
Fe0,@Si0-Abl)

Amperometric (SPCE with
MWCNT-Ab1)

Voltammetric (CV) and
amperometric
(Au electrode)

Amperometric (SPCE with
Phe-DWCNT)

Amperometric (inkjet
printed gold 8x array)

Amperometric (pPPA
electrode)

Colorimetric

Amperometric (SPCE)

Analyte
anti-HIV IgG 3h (ELISA pla.tes & protei
biochip)
trastuzumab 1h-4days
aflatoxin B1 ON+ 1 h (ELISA plates)
MMP-3 18 h (SWCNT); 4h (Ab &
blocking)
AEP ON + 2 h 30 min (electrode-
Ab1l); ON (polyHRP-Ab2)
. >2 days (F§0,@SiO-Abl
p24.antigen o A NP-PolyHRP-AD2)
TGF-p1 ON + 1 h 30 min (SPE)
uidA 2 h 30 min

2 h 30 min (Phe-DWCNT-

IL-1B and TNF- SPE)

HER-2 24h+ON(Ab) +1h
endoglin (CD105) 2h
TDM IgG 25h (MB)
IL-6 2 h 15 min (MB)
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3 h 45 min

1 h 45 min

3 h 45 min

35 min

30 min

1 h 20 min

3h

2h

15 min

1 h 45 min

15 min

1 h 30 min

Time of functionalization Assay steps Assay time Detection time

10 min

15 min

15 min

1 h 25 min

NS

NS

>5min

2 min

>5min

3 min

3 min

5 min

NS

LOD

Ab titter 1:25000

Samples

46 plasma
samples

0.077 +0.070 g Kg  --

4 pg riL

2 pg mLt

1 pg mL?

1.3 pg*mL

0.2 pguL™?

0.38 pg mL* (IL-1)

2 serum
samples

6 serum
samples

6 serum
samples

2 serum
samples

Spiked serum

and 0.85 pg mt (TNF- samples and 2

@)

12 pg mL*
140 pg'hL

AUC =0.77

0.39 pg mc*

saliva samples

Spiked serum
samples

16 serum
samples

146 plasma
samples

1 spiked urine
sample and 3
saliva samples
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Electrochemical
magneto- Amperometric (SPCE) TGBL 3 h 4 min (MB) 3 2 h 20 min > 5 min 10 pg L
immunosensor

3 spiked urine 195
samples

Table 2.5Different immunoassays and electrochemical immunosensors reported using Poly-HRP for signal enhancement. *AFP, alpha fetoprotein; AUC, Area Under Curve; AuNP, Gold
nanoparticle; DPV, differential pulse voltammetry; DWCNT, double-walled CNJ@SIO,, Silica coated magnetite; HER-2, Human Epidermal Growth Factor Receptor 2; HIV, human
immunodeficiency virus; IL, interleukin; MMP-3, matrix metalloproteinase-3; pPPA, poly(-pyrrolepropionic) acid; ON, Overnight; SWCNT, single-walled CNT; TDM, trehalose 6,6
dimycolate, TGF-f, Transforming growth factor beta 1; TMFTumor necrosis factor.
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2.4. Microfluidic Paper (MP) sensors

2.4.1.Paper properties and benefits of application

Paper is considered an attractive material for fabricating analytical devices, such as
sensors and biosenstts and paper-like materials have been used for decades for the
production of colorimetric LFIA pregnancy teSfs Due to its mechanical properties,
porous structure and natural origin, paper presents several advantages compared to
conventional materials, such as silicon, glass and rigid polyfei@aper is an
economical substrate that can be printed, cut and chemically modified with
biomolecules and nanomaterials readily and rafidf§i In addition, paper is light,
globally accessible, biocompatible and biodegradable. Furthermore, paper is flexible,
foldable and rollabfé®, making it an ideal platform to develop locally low-cost and

portable diagnostic devic&s>°

Typically, the main component of paper is cellulose fibre, a highly attractive fabric
thanks to its porous structdfé However, a wide range of different types of paper-like
materials are currently employed to produce MP-sensors depending on their properties,
such as grade, flow rate, thickness, rugosity and pore size. The choice of the paper
material often varies depending on the assay requirements, the target analyte and the
specific analytical applicatiéf”®* For instance, the porosity of the paper matrix
conditions the diffusion rate resulting for the wicking of liquids throughout the
platforn®% Moreover, paper grades are characterized by the por&3siasd the
capillary flow shows the absorption capability of the paper matrix when fluid comes in

its contact.

Nowadays, two main kinds of paper are widely utilized to fabricate POC diagnostic
devices, which are cellulose- and nitrocellulose-based maféfdl<On the one hand,
cellulose fiber is a linear chain macromolecule composed of hundreds of glucose
units>>. Cellulose paper is fibrous, hydrophilic, biodegradable and presents superior
wicking ability that grants reproducibility and uniformity. Cellulose allows liquids to
penetrate into its hydrophilic fibore matrix, and be transported through capillary forces
without the need of an active pump or external power source, greatly simplifying the
device design and constructidir®®® Moreover, cellulose fibres can be functionalized

physico-chemically, in order to tune traits such as its hydrophilicity, permeability and
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reactivity>*?%2%®° Cellulose paper is extensively used as filter paper, absorbent pad,
and chromatography paper.

On the other hand, nitrocellulose membrane is produced by nitration addition. Nitration
contributes to strengthen the chemical functional groups, allowing the covalent
immobilization of biomolecules, and modulates cellulose hydrophilicity to produce a
more hydrophobic material. It is the key material for LFIA, in which capture Ab are
bound and the test and control lines are foAffeinally, paper-like membranes made

of alternative materials, such as glass fibber, polyester, polysulfone, or nylon, to cite
some few, are commercially available and can provide additional properties to a device.
For instance, glass fibre paper may display faster wicking than some cellulose materials,
lower retention of sample components and reagents, and exceptional resistance to most

organic and inorganic solvents.

In brief, the properties of paper provide (1) high surface to volume ratio, with an
elevated number of possible reagents immobilised; (2) absorbency, allowing reagent
storage inside the matrix; (3) capillary action, to transport volumes without any external
force; and (4) compatibility with biological sampl&s®®2 Finally, MP-devices can be
easily fabricated using several practical fabrication techniques. Considering the
remarkable properties of paper and paper-like materials, MP-sensors represent a

promising technology for fluid handling and analy3is

2.4.2.Dipsticks, lateral-flow assays and paper-based analytical devices

The area of POC testing has benefited from the increasing interest in the use of paper
and paper-like materials for the production of analytical devices. Depending on the
complexity of fluid handling, detection precision needed and components’ materials,
paper-based biosensors could be classified into dipsticks, LFIA, and microfluidic paper-

based analytical devicesRADs)?*%03%0¢

Dipstick biosensors are a simplistic diagnostic device which contains pre-deposited
reagents and provide qualitative detection. The first dipsticks were initially utilized to
quantify glucose in urine in 1958. Nowadays, dipstick biosensors are applied as pH,
uric acid and pathogen detection strips. However, studies using dipstick immunosensors

have rarely been published in the last decade.
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Dipsticks are simple to design, easy to manufacture, easy to use, fast to provide results,
and facile to interpret. However, their main drawbacks are the inaccuracy and
qualitative results they usually prodd®e The dipstick assays are based on blotting the
sample onto a piece of paper pre-loaded with reagents. The sample is dispensed on the
paper, the pre-loaded regents react with the analyte in the sample and results are
developed as colour bands, which are referred to a standard indicator card for visual

intrepretatio”®’. Figure 2.14a-b shows a typical colorimetric dipstick assay.

Paper-based LFA are an advanced version of dipsticks, which offers controlled fluid
flow. This allows increasing the total number of captured and detected analyte
molecules in a given time, improving the device LOD. The best known LFA device is

the pregnancy test. This technology evolved considerably over the 1980s, and LFAs
have become standard platforms for other applications in many areas, including food

safety, environmental monitoring, and veterinary diagndstics

LFA are usually devices consisting of four overlapping pads (the sample pad,
conjugation pad, detection pad and absorbent pad), which contain preloaded dried
reagents and integrate on-chip sample #8wFigure 2.14c). The combination of
porous materials provides a flow driving force based on the capillary effect, and a
nitrocellulose membrane or similar provides a physical platform for both reaction and
detection during the ass&Y% When the assay is performed, a small volume of sample is
applied onto the sample pad. The sample flows along the sample and conjugate pads.
While the first provides sample pre-treatment (such as filtration), the conjugate pad
houses pre-loaded d-Ab conjugated to a signal indicator (for example, AuNPs). As the
sample flows, the Ag binds the labelled d-Ab. The sample continues migrating along the
detection pad, which displays c-Ab immobilized forming two lines in the middle of the
device, one as the control line and the other as the test line. While the test line captures
the complexes formed by Ag and labelled d-Ab, the control line binds the excess of
unreacted dAb. Both events result in the formation of coloured bands that are visually
interpreted’®. By this means, various assay designs, such as sandwich, competitive, and

multi-detection formats, can be employed.

LFAs are an easy-to-use and portable platform for the detection of specific
biomolecules. Most of these strip assays are ideal POCT tools because LFAs require

small sample volumes on the order of 10-100 pL, and results can be easily interpreted
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by the naked eye in few minutes. They are also simple and cheap to manufacture
providing an affordable medical test that can be used either at home or in the clinic.
However, LFAs show poor detection limits and qualitative or semi-quantitative
response. For that reason, the existing assay formats do not meet the current market
diagnostic demands. Upgraded paper-based LFAs have been developed to overcome
these drawbacks, introducing complex designs for multistep assay quantitative

analysi§>®

The original paper strip tests (dipsticks and LFAs) have lower specificity and sensitivity
than conventional laboratory-based diagnostic instruments. With the arisidRAdfs

in 2007"%, paper replaced conventional microfluidic substrates (silicon, glass, and
polymer) to develop microfluidic devices used for rapid diagnostic?tegBigure
2.14d-f). pPADs have garnered significant interest in recent years for the potential
multianalyte detection and quantification capabilities they offer for complex sample
analysis. Their simple design allows the facile operation without training for the user. In
addition, they are inexpensive and simple to produce. Nonetheless, there are still many
challenges to overcome in the design of paper-based diagnostics, for instance to make

them more user-friendly or guarantee accurate and direct answer generation.
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Figure 2.14.Types of MP-sensors. Reprinted from f&fwith permission of Elsevier, Copyright 2014. Dipstick
strips (a-b), lateral flow strip (c), and pPAD (d-f): (d) 2D uPKe) 3D pPAB"(f) electrochemical pPAB"

uPADs are generally based on the creation of hydliofhydrophobic microchannels

to define a reaction zone for the measurement of anditd$he dimensions of the
resulting channels and the ambient conditions (temperature and humidity) can affect the
wicking rate of fluids. These devices function via capillary action because of the
wicking properties of paper. They produce results faster than the current laboratory
techniques and only need small volumes to work, without requiring external equipment.
These devices are also suitable for measuring single or multiple target analytes in
parallel and in a short period of time. Finally, several parameters, such as the type of
paper, the geometry of the device, and the membrane pre-treatment, can be finely tuned
to produce pPADs for different applications and biological tafffetslence,uPADs

have great potential for POCT and on-site diagnostics.

All these devices are characterized by their simple design, low cost, easy fabrication,
user-friendly handing, and fast sample analysis. Furthermore, MP-sensors are capable of

working with small sample and reagent volumes, may provide multiplexed analysis and
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are highly compatible with miniaturization (Figure 2.15). Due to these many
advantages, MP-sensors are giving shape to an emerging and promising diagnostic
format especially well fitted for developing countfieCarefully selecting the type of
membrane used, the geometry of the different device components, or the coating of the
paper of the MP-sensors, allows the production of customized gadgets for different
application§’®?®2 Nowadays, the development of MP-sensors is a discipline in
continuous evolution that is providing functional and versatile devices in a variety of
fields, such as medical diagnosfid€’® food safety monitoring, environmental

analysi$”® and cell cultur&®.

Sample collection/pretreatment Signal amplification Signal output
ftransduction
beta] ) Nucleic e Vs ‘ "
O v‘ :%‘J s o aoeu. Instrument-free ig
g i 3 intensity distance text
Sample extraction proteins * 1 =
3 Device-assisted
Small P " 8L, W
. molecules  * .7 £
Sample separation Smartphone Glucometer  Pressure meter

Figure 2.15.Schematic representation on an ideal MP device integrating the different steps of a bioassay. Reprinted
from ref.?®3 with permission from Royal Society of Chemistry, Copyright 2017.

2.4.3.MP-electrochemical sensors

A large majority of the MP-sensor devices reported entail a colorimetric detection
method, which measures colour intensity proportional to the concentration of the
analyte. They are specifically designed to provide visual or optical qualitative
interpretation, and often semi-quantitative information relies on the use of traditional
techniques and measurement equipfiéfit?®! For that reason, these types of sensor

present limited sensitivity and accuracy, and high variability, affecting the results with a

large number of false-positive and false-negative outcBhTés

Most popular transduction methods have been applied to MP-sensor detection in order
to counteract their limitations and obtain more objective, accurate and quantitative
results, including electrochemical sensing, fluorescence, chemiluminescence and

electrochemiluminescence. Although the various sensing mechanisms have their
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respective advantages and disadvantages, electrochemical detection remains among the
most common, versatile and effective methods for MP-devices due to its accuracy,
reliability and quantitative fast results, which provide improved sensitivity and
selectivity compared to the colorimetric methddsHowever, there are still some
crucial challenges (e.g., miniaturization, integration and cost) that hinder the wide
application of MP-electrochemical sen<8ts

The first demonstration of a MP-electrochemical sensor was published by Henry’s
group in 2009 (Figure 2.16a). This filter paper device included a star-like arrangement
of three microfluidic channels produced by photolithography, each one with the
corresponding SPCE. The sensor was used to measure simultaneously the
concentrations of glucose, lactate, and uric acid in biological safffpl8ince then,
electrochemistry has become the second most used transduction system after
colorimetry for MP-sensors, with examples reported using different transduction modes,
including cyclic voltammetry (CV), chronoamperometry, square wave voltammetry
(SWV) and potentiometf}’ %

MP-electrochemical sensors are cost-effective detection devices that combine the merits
of paper as a solid support, to the high sensitivity and selectivity of electrochemical
detection. The resulting devices are usually characterized by their low cost, portability,
simplicity of use, low electrical power consumption, and minimal instrumentation
requiremerf®>?*® On the other hand, MP-electrochemical sensors are well suited for
miniaturization into useful, robust, portable, accurate and disposable sensing platforms,
with digital reading that provides flexibility and quantification to the biochemical

detectioR®®.

MP-electrochemical sensors are based on the fabrication or deposition of electrodes on a
paper substrate for the detection of electrochemical reactions happening within the
paper matrix, which might be accompanied by microfluidic structures to direct solution
flow. The most widely used technologies for the fabrication of MP-electrochemical
sensors are wax printing, inkjet printing, laser printing, plasma treatment, flexographic
printing, photolithography and screen-printitfef®* (Figure 2.16b). In all cases, some
parameters of interest that should be considered and optimized for optimal fabrication
are the materials used, deposition thickness and uniformity, device dimensions and

tolerances, and space limitations.
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The materials used for electrode fabrication are important because they contribute
conductive or semi-conductive properties to the paper for the electrochemical detection,
as it is the case for carbon, silver, gold, graphite, nickel, and conductive epoxy-based
inks. Materials of selected hydrophobicity/hydrophilicity can be used to delimit
hydrophobic/hydrophilic areas onto the paper surface. This allows constructing
hydrophilic channels and hydrophobic barriers in order to define the working zones and
the solution flow patt§®?*? The arrangement of the different device elements can give
shape to two-dimensional (2D) and three-dimensional (3D) structures. In 2D structures,
the microchannels and the defined electrodes are patterned on a single flat strip. In
contrast, 3D structures are generally fabricated by printing the electrodes and channels
in different segments of the paper, which are stacked or folded during the detection

proceduré®292-2%

MP-electrochemical sensors can be easily produced in various configurations thanks to
the inherent properties of this material, including adjustable thickness, flexibility and
hydrophilicity. Moreover, the high roughness and porosity of paper substrates result
useful to collect, store, separate, extract and concentrate the sample, facilitate the
integrated operation of different assay steps, and improve the response of the
electrochemical sensor. The paper matrix reduces the effect of convection of liquids
caused by random motion, vibration, and hedfingurthermore, a stagnant assay can

be easily transformed into a flow measurement by making the reagents run across a
paper electrode device. At the same time, MP-electrochemical sensors may provide a
very convenient combination of sample pre-treatment, capillary passive pumping for
fluid transport, and self-powered hand-held electrochemistry commercial féaders

customized smartphone technold8y

The current areas of interest for MP-electrochemical sensor development include the
improvement of the technologies available for paper and electrode fabrication and
modification; the development of simple and low-cost mass fabrication methods that
could lead to successful commercialization of these devices; and the design and
fabrication of inexpensive miniaturized platforms of enhanced detection serfsifivity
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Figure 2.16(a) Image of the first MP-electrochemical sensor reported in the literature. Reprinted fridfwisf.
permission from American Chemical Society, Copyright 2009. (b) Techniques available for MP-sensor fabrication.
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2.4.4 .Microfluidic Paper Screen-Printed Electrodes (MP-SPE): application to

magneto-immunoassay detection

Screen-printing is the first and most frequently used method for the fabrication of MP-
electrochemical sensors due to the ease of fabrication, which allows the large-scale
production of reproducible and cost-effective electrodés®**®® As explained in
Section 2.2.3, screen-printing is a relatively simple process that utilizes masks,
conductive and insulating inks, and a squeegee. Dungchai’etware among the first

to exploit this methodology for the production of paper-based electroanalytical devices,
demonstrating the integration of SPE in a Whatman 1 filter paper. Solid wax was melted
using a hot plate to incorporate to the paper hydrophobic barriers, delimited by a
designed mask. The utility of the pPAD fabricated was demonstrated by
electrochemical and colorimetric detection of glucose and total iron in human serum

samples.

As in the case described above, most of the works published to date combine screen-
printing for the production of the electrodes and conducting parts, and wax pffting
define the fluidic structures and electrode passivation areas, which results in a batch

manufacturing process. Works describing fully screen-printed devices are scarce.

In this field, paper-like materials have been used as a support substrate for the scree-
printing of the electrochemical cell (working, reference and counter elecfodas)
However, examples exist describing alternatively the combination or attachment of the

paper to a commercial SPE. This strategy is practical and simple as the cellulose matrix
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can be used as an immobilization layer in direct contact with the electrode ¥drface

For instance, a SPCE was modified with graphene/polyaniline/AuNPs/glucose oxidase
(Gr/PANI/AUNPs/GOD) biocomposite and then covered by a paper disk impregnated
with the sampl®® (Figure 2.17a). After introducing PBS on the paper disk, the
electrochemical measurement was carried out. The assay was based on measuring the
current decrease of flavin adenine dinucleotide (FAD) in GOD provoked by the
enzyme—substrate reaction using differential pulse voltammetry (DPV). In a similar
way, an origami paper device was used to reduce the interference by non-target sample
components in a glucose electrochemical enzymatic sensor (Figure 2.17b). The origami
paper device was formed by a base tab and a cover tab. The base tab was pasted onto a
commercial SPCE and the enzymes were loaded on the cover tab. This allowed
controlling the electrochemical reactions of interferents and substrates by folding the
tabs as needdy. In another example, a combination of membranes was exploited as a
reagent reservoir and to promote sample and reagents flow above a screen-printed gold
electrode (SPGE) electrochemical immunosensor for detection of dengue virus Ag NS1
(Figure 2.17c). In this case, the conjugate pad was modified with immunomodified
AuNPs electroactive tags, which reacted with the NS1 protein present in the sample
added through the device window. The immunocomplexes formed flowed to the
biofunctionalized SPGE, where they were captured and immobilized for the

electrochemical detectidH.

The use of paper for the development of electrochemical magneto-immunosensors has
been scarce. For example, magnetic titanium particle®©{EETiONPs) were used for

the design of a disposable electrochemical immunosensor test-strip for determining
organophosphorous pesticides-phosphorylated butyrylcholinesterase (OP-BChE) in
human plasma (Figure 2.17d). Magnetig®B TiO,NPs were confined onto the test

strip using a small magnet and were employed to capture target OP-BChE from the
flowing sample. Further recognition was completed by HRP and anti-BChE Ab co-
immobilized AuNPs. Once the sample solution containing OP-BChE had migrated
through the whole strip by capillary action, the test zone containing the
immunocomplexes was cut, was placed on the SPCE cell, and detection was performed
by SWV after the addition of thionine and®°*®

In another case, Ge et al. used magnetic silica nanopartick&@8iONPs) as signal

labels in the preparation of a simple origami electrochemical immunosensor for
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microcystin-LR detection. An AuNPs-modified porous paper (Au-PW) was prepared,
resulting in interconnected AuNPs layers on the surface of the cellulose fibres. Then,
they were azide-functionalized to be used as solid support to immobilize an alkyne-end-
terminated Ab (Abl) by a click reaction. In parallel ;&g SiONPs were modified

with both alkyne Ab (Ab2) and alkyne-HRP on the surface. A sandwich-type
immunoassay was employed and the electrochemical detection was carried out by

placing the reaction zone of the Au-PW support above the active surface of ¥SPCE

More recently, M. Crooks team developed two MP-based electrochemical sensors using
commercial MB and Whatman grade 1 chromatography paper. In a first example, a
paper-based sensor was used to detect a 30-base DNA sequence characteristic of the
hepatitis B virus (HBV) with a detection limit of 85 pM. The design combined an
origami (paper folding) assembly and the open structure of a hollow-channel paper
analytical device, and wax was used to print the three-electrode cell (Figure 2.17e). The
device used silver nanoparticles (AgNPs) and MB, both modified with oligonucleotides,

as label and capture probes, respectively. The target DNA formed a sandwich with the
label and capture probes and it was retained on the WE with a magnet. After chemical
oxidation of the AgNPs, the Agions were determined by anodic stripping

voltammetry™®.

In the second one, a paper-based assay was developed for detection of ricin. The
electrochemical MP-sensor was assembled by origami paper folding using four wax-
patterned paper layers (Figure 2.17f). The device used AgNPs as labels and MBs as the
capture support to form a ricin immunosandwich. The sample was introduced in a
hollow channel and flowed by capillary action across the different paper layers. With
this system, ricin was detected at concentrations as low as 34 pM in less thai*10 min

In a different approach, at least two examples reported the use of nanoporous alumina
membrane as a platform for magneto-immunosensor development. The team of Yang
M. detected electrochemicallig. coli O157:H7 employing a nanoporous alumina
membrane and Ab-MB for bacteria concentration from saniptesAb-MB were
confined on the nanoporous membrane using an external magnet, and produced an
enhancement in sensitivity, allowing bacteria detection down to 10 CFU loyL
measuring the changes in impedance across the membrane. In collaboration with them,
the research group of Sun P. developed a biofunctionalized nanoporous alumina

membrane for electrochemical histamine determination, exploiting this time magnetic
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nanobeads for Ag concentration and signal amplifictforiThe sensing platform
measured by EIS the blocking effect produced by the histamine-bound magnetic

nanobeads in the nanopores, achieving an LOD as low as 3 nM.
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Figure 2.17 (a-c) Examples of devices formed by assembling paper components and a commercial SPE. (a) Paper
disk-SPE, in which paper was usd for sample pre-treatment. Adapted frofiwéth permission from Elsevier,
Copyright 2014. (b) Origami-SPE, in which paper was pre-loaded with the assay reagents. Adaptedffomithef.
permission from Elsevier, Copyright 2017. (c) Lateral flow assay integrated in a SPE. Adapt& fism
permission from Elsevier, Copyright 2018. (d-f) Assays using magnetic beads as label or support: (d) LFIA onto SPE.
Adapted from ref*®® with permission from Elsevier, Copyright 2013. (e) 3D paper folding electrode. Adapted from
ref. 3% with permission from American Chemical Society, Copyright 2015. (f) Four-layer paper origami electrode.
Adapted from ref?!! with permission fronRoyal Society of Chemistry, Copyright 2015.

One of the contributions of this Thesis has been the demonstration that MP-SPE can be
exploited to carry out on-chip part of the steps of an electrochemical magneto-
immunosensor, simplifying the level of handling for the user. Three examples will be
described in Chapters 7 and 8. In the first case, paper was exploited to carry out directly
on a commercial SPCE all the washing and detection steps of a one-step
electrochemical magneto-immunosensor for detection of MMP-9 (manuscript
submitted). In this system, immuno-modified MB were incubated with the sample and a
Poly-HRP immuno-conjugate for 5 min, and this mixture was transferred to a SPCE,
where a magnet retained the MB-bound analyte. Meanwhile, a movable paper device
adsorbed the reagents for waste storage and promoted washing under flow conditions.
Finally, the paper device was relocated, and electrochemical detection took place under
static conditions. The sensor produced in this way achieved detection of MMP-9 in

patient plasma samples in about 10 min, with little intervention of the user.

As an alternative, a single-piece MB-SPCE was produced to detect MPO using a one-
step magneto-immunoass&y After a single 5-min incubation of the sample with all
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the assay reagents, the mixture was directly pipetted on the MB-SPCE. While a magnet
retained the MB onto the WE, the rest of reagents and components flowed downstream.
Washing was carried out on-chip by just pipetting and allowing to flow the wash
solution, which was followed by addition of an enzymatic substrate and amperometric
measurement. MPO was detected at clinically relevant concentrations in 1:100 diluted
human serum in about 13 min. However, the currents registered were 30-times lower
than those obtained at commercial SPCE after classical off-chip washing. To improve
this drawback, an upgraded MB-SPCE was produced by double-sided screen-printing,
which included double-sided graphite WE and CE and registered current more
efficiently. This device was used to detect PfLDH in lysed whole blood, again
exploiting a one-step magneto-immunoassay format. As it will be shown, the sensor
afforded quantitative detection of PfLDH in synthetic samples down to 2.47 flg mL
provided quantitation of PfLDH iRlasmodiuminfected cultured red blood cells (RBC)
proportional to parasitemia in a range between 0.006% and 1.5%, and distinguished
between whole blood samples from healthy individuals and malaria patients presenting
parasitemias >0.3%. Furthermore, the signals registered were 20 times higher than those
provided by the MB-SPCE used previously for MPO detection and close to those
generated by commercial SPCE.

2.5. Protein diagnostic biomarkers in POCT: three case

examples

The International Programme on Chemical Safety (formed by the WHO, the
International Labour Organization (ILO) and the United Nations Environment
Programme (UNEP)) defined biomarker as any substance, structure, or process that can
be measured in the body and influences or predicts the incidence or outcome of a
disease, and/or the effect of treatments, interventions, and even unintended
environmental exposure, such as to chemicals or nuftférsomarkers are generally
studied in the patient’s blood, although they might be traced as well in other body fluids
and tissue biopies, and can be specific cells, molecules, genes, gene products, enzymes,

or hormone¥®.

The use of biomarkers in clinical research is currently in development and lots of

resources and efforts are being devoted to improve and refine the understanding and
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significance of the biomarker candidates reported to date. The key for the detection of
biomarkers is determining the relationship between any given measurable biological
element and a relevant clinical endpoint, in an accurate and reproducible manner,
improving our understanding of a disease and providing new knowledge of biological

mechanisms or procesa¥s

The measured biomarkers are evaluated as an indicator of normal biological states,
pathological processes, or a response to a therapeutic interv&htiorthis context,
biomarkers can be classified in diagnostic, predictive or prognostic. A diagnostic
biomarker is a parameter that aids the diagnosis of diseases. A predictive biomarker
includes those characteristics that are objectively measured and evaluated to predict
response to a therapeutic intervention, allowing defining subpopulations of patients that
are likely going to benefit from a specific therapy. The prognostic biomarkers provide
information useful to predict the course of a disease among patients with the same
characteristics, helping to anticipate the outcome of the pafient

2.5.1. Cardiovascular diseases: Myeloperoxidase

The WHO points at cardiovascular diseases (CVDs) as one of the leading causes of
death worldwid®®. In 2016, there were 56.9 million deaths in the world, and 9.43
million were caused by ischemic heart disease, the biggest¥illerorder to improve

this situation, prophylaxis and treatment of these conditions have been studied
substantially over the last few years. In rich countries, the combination of physical
activity and healthy diet with pharmacological and surgical strategies has proven to be
very effective. However, CVDs will become especially important in developing
countries, where globalization of sanitation and access to drugs and medical care will
presumably result in increased longevity, while changes in dietary consumption and
lifestyle will have a negative effect in the health of the global popuf&fid

Nowadays, CVDs are usually diagnosed via classical methods, which must be
conducted in central laboratories by specialized staff and may take several hours or even
days. For instance, cardiac characterization by electrocardiogram, chest X-ray,
electrophysiology, biopsy, and imaging are the most common methods of diagnostic.

Furthermore, a biochemical analysis of the patient’s blood for the quantification of

72



Chapter 2

cardiovascular biomarkers such as troponin, creatine kinase, myoglobin, and MPO is
needed?3%

Macrovasculature

Coitiae Whiiside Atherosclerotic Contributions
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Figure 2.18 MPO role in CVD. Reprinted from ref* with permission from Elsevier, Copyrigth 2016.

MPO is an iron-containing enzyme of the superfamily of the heme peroxidases, which
is expressed in neutrophils and monocytes that play a central role in microbial killing
and regulation of oxidative stress during inflammatioff> MPO constitutes an
endogenous mechanism for the production of hypochlorous acid, a potent antimicrobial
agent for host defence against invading microorganf$ité Furthermore, MPO
catalyses reactions that consume hydrogen peroxide and generate reactive oxygen
species responsible for oxidative stress. Emerging evidence suggests that MPO may be
involved in the regulation of numerous physiological processes, such as vascular tone,
angiogenesis, synthesis of collagen and extracellular matrix, protease activity, gene
expression, posttranslational protein modifications, signal transduction, intracellular
protein transport, neurotransmitter modulation, and modulation of innate and adaptive

immunity*?°.

In addition, MPO has been proposed to be implicated in the pathogenesis of multiple
inflammatory pathologies, including infection, a number of neurodegenerative diseases
(such as, Alzheimer's disease, Parkinson’s disease, amyotrophic lateral sclerosis,
multiple sclerosis, stroke, and epilepsy), atherosclerosis, and related E\Dse

2.18)?® Several studies suggest the association of an elevated MPO level in plasma

(i.e., concentrations above 400 ng Milwith the risk of suffering CVDs or adverse
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vascular events, such as arterial hypertension, pulmonary arterial hypertension,

ischemia/reperfusion injury, stroke, cardiac arrhythmia and venous throfibd¥is

Some groups have worked in the development of magneto-biosensors for the rapid and
sensitive detection of MP®**2 For example, Moral-Vico et &l.produced a low-cost
microfluidic device for the multiplexed electrochemical detection of magneto-bioassays.
As a proof of concept, the device was used to quantitate MPO and monitor in parallel its
activity. The authors claimed that screening both activity and mass of an enzyme
biomarker could be useful to study how the two parameters are affected by the patient's
pathological state or treatment. In this example, while MPO concentration was detected
by registering steady state currents (Iss) under substrate flow, MPO activity, which
generated lower currents, was measured through the peak currents (Ip) produced in a
stopped flow approach, with LODs of 0.2 ng thand 0.004 ng mt, respectively.
Finally, the dual chronoamperometric magneto-immunoassay was applied to the study
of 10 real plasma samples, allowing patient stratification according to the risk of
suffering a cardiovascular event. In another case, Herrasti %3t ddtected MPO
chronoamperometrically using immuno-functionalized MBs to capture and concentrate
the protein, and enhancing the signal registered by exploiting CNT wiring on a
disposable SPE. The optimized assay could be performed in 30 min and yielded LODs
of 6 and 55 ng mL* in PBS and undiluted human serum, respectively, making it useful
for the identification of patients at risk of CVD. A few more examples accomplished

also the detection of MPO using other detection forfifats.

2.5.2. Neurological disease: MMP-9

Stroke is among the leading causes of death and the main reason for permanent
disability in adults in developed countriés Atherosclerotic disease of the internal
carotid artery results in carotid stenosis (CS), an established cause of ischemic stroke.
The prevalence of hemodynamically relevant E€306) in subjects >65 years of age is
quite high (5-10%. This data indicates that there is no optimal strategy to predict

ischemic stroke in patients with asymptomatic CS.

Lots of effort has been devoted over the last decades to the identification of biomarkers
that could help to prevent or early diagnose an ischemic stroke. It is nowadays clear that

finding a single biomarker specific and sensitive enough for its use as a diagnostic
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and/or prognostic tool in clinical settings will not be an easy'tagkor that, combining
different biomarkers into a panel has been suggested as a better option in order to
increase diagnostic and/or prognostic performinc¢& One of the biomarkers

proposed to take place in these panels has been matrix MMP-9.

MMPs are a group of enzymes involved in the breakdown of extracellular matrix in
various physiological processes, including embryonic development, morphogenesis,
reproduction, and tissue resorption and remodéffid® They are grouped into
collagenases, gelatinases, stromelysins, matrilysins, membrane type MMPs and others
based on domain organization and substrate preféfénttVPs use to be minimally
expressed in normal physiological conditions. In contrast, overexpression of MMPs
results in an imbalance between the activity of MMPs and tissue inhibitor of
metalloproteinase (TIMP) that can lead to a variety of pathological dist¥tférs
MMP-2 and MMP-9 belong to the gelatinases group, which are the major components
of the basal lamina around cerebral blood ve¥¥eEor that, an increment of MMP-9
levels accelerates matrix degradation, associated with neuronal damage, apoptosis and
blood-brain barrier opening, which may cause a cerebral edema, haemorrhagic

transformation (HT) and reperfusion injdf{>>"

Some studies have demonstrated that MMPs may play a role in vascular remodelling
and destabilization of atherosclerotic plaques in the internal carotid afteries
Furthermore, it has already been shown that patients at increased risk of ischemic stroke
can be identified based on the elevated plasma level of MMP-9 and reduced activity of
TIMP3®** In addition, many studies have also shown the correlation between high level
of MMP-9 during the ischemic stroke and a higher probability to suffePHWith

MMP-9 concentrations ranging from <40 ng tito >200 ng mL[ having been
measured (Figure 2.18°° HT is a secondary bleeding occurring in the infarcted
brain area due to the disruption of the blood-brain barrier.

The treatment with tissue plasminogen activator (tPA) has been for long the only one
approved to treat a patient after an ischemic stroke. tPA has a narrow therapeutic
window and the National Institute of Neurological Disorders and Stroke (NINDS) and
European Cooperative Acute Stroke Study (ECASS) trials recommend that tPA must be
administrated within 3-4 hours after stroke onset to be efféetiv&>°® However, the

tPA given to disrupt the thrombus can also contribute to induce HT and even produce
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the dead of the stroke patient. This suggests that early MMP-9 quantification may help
to identify stroke patients at risk of suffering HT and who should be treated by
mechanical thrombolysis instedd Since the therapeutic window of tPA is very narrow

and patient level of recovery after a stroke depends on thrombus removal celerity, a
rapid and accurate prediction would be essential to guarantee that patients who can
benefit of tPA are treated as soon as posSih(Eigure 2.19).

MMP-9 Increase: Causing deleterious effects in stroke
Stroke

é » .°. MMP-9 A wpo.c A D 1. MMP-S A

Brain tissue | IschemicBrain  Ischemicinjury tPA Administration Reperfusion injury
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~ 49 Affected —_ 2. Neuronal dama 3 ‘I ] x ‘I"
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“Combination therapy of MMP-9 inhibitor with tPA can be Neuroprotective”

MMP-8 inhibition: Strategies with proven decrease in MMP-9 activity

Minocycline

* MMP-9 Gene Silencing : Atorvastatin = DP-b99 * Platinum Nanoparticles
* TIMP-1 Gene Delivery « Melatonin = SB-3CT * Therapeutic Hypothermia
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Figure 2.19.tPA treatment and correlation with MMP-9 level in ischemic stroke. Reprinted froffi®nefth
permission of Springer Nature, Copyright 2013.

Over the last decade, the growing interest for MMPs has pushed the development of a
variety of devices based on different recognition and signal transduction methods.
Although the use of classical assays such as ELISA is still more extended, the
development of MMP-9 POC biosensors with high sensitivity, specificity, and
selectivity, which could be used at mobile and emergency health units, is highly
demanded.

The Table 2.6 summarizes some recent studies describing the development of MMP-9
biosensors. For example, MMP-9 presence has been detected by monitoring its
hydrolytic activity on a transducer coated with a hydrogel *fitmin this biosensor
design, electrodes were first coated with oxidized dextran. A peptide substrate
containing a specific MMP-9 cleavage site was then cross-linked to the dextran to form
the hydrogel layer. Therefore, MMP-9 caused cleavage of the peptide substrate at the
cleavage site and the hydrogel layer degraded, which generated changes in the signal
registered by the biosensor. In another case, an SPR immunosensor was employed for

76



Chapter 2

the real-time and label-free detection of MMP291In this research, an anti-MMP-9
MADb was immobilized via its primary amine groups onto the carboxymethyldextran-
coated transducer surface. The interaction between MMP-9 and the MAb impelled
changes in the refractive index, which allowed measuring MMP-9 with an LOD of 8 pg
mL™.
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Assay format Detection type Time of functionalization =~ Assay steps Assay time Detection time LOD Samples Ref.
. . -1 50 human cerebrospinal 343
ELISA Colorimetric ON + 1 h (ELISA plates) 4 27 h NS 10 pg ml fluid samples
Magneto-immunoassay LC—MS/MS (Immunoaffinity) 1 h 45 min (MB) 2 2 h 45 min 35 min 2-500 ng mL- 30 rggasp?esserum 364
. 3-/4- ON + 13 h (GCE/AuNP-PDA- . -1 365
Electrochemical sensor Ccv ([Fe(CN)G] ) silica/Ab) 1 20 min - 60 pg mL 6 serum samples
Electrochemical sensor EIS (SPGE-competition assay) 15h 45 min /&Sb')A‘M of thiolated 2 40 min 5 min 1.1 nM Serum samples 366
. DPV (electrically heated carborr13 h (MWNTs-PPy-GCEb1; . -1 367
Electrochemical sensor electrode) QD-Ab2) 2 40 min - 0.033 pg mL 4 serum samples
. SWV (electrically heated C-SPE, >13 h (GNR-HSPCE-Abl & . ) -1 368
Electrochemical sensor HSPCE) PS@PDA-metal-Ab2) 2 50 min 5 fg mL 4 serum samples
Electrochemical sensor  CV (surface-confined Mblue) 3 h (peptide-MBlue-TFGE) 1 60 min - 7 pM - 369
Vertical lateral flow Fluorescence (sandwich) ON + 1 h (BSA + Ab) 2 1 h 30 min 15 min 100 ng mi* Saliva samples 870
Fluorescence Fluorescence (AuNC/GO) 22h 50 min (PMAG) 4 14 h 45 min 5 min 0.15nM - snt
SPR enzymatic sensor SPR (response units; Iabel-free)1 h (peptldseécr:]cs)itr()ad CM5SPR 30 min Real time 70 pg mi' - 82
SPR SPR (Ag-Ab) 3h 4 40 min 10 min 8 pg m* Saliva samples 362
SERS SERS (MSB) 13 h (MB) 1 30 min - 1pgmL" 10 serum samples 7
Piezoelectric aptasensor QCM (sandwich) 50 min (Au-QCS) 2 60 min Real time 100-560 pg mi_1 Spiked serum samples "

Table 2.6.Examples of assays reported in the literature for MMP-9 detection. * Ag, antigen; AuNC, Gold Nanoclusters; GCE, glassy carbon electrode; GNR; graphene nanoribbon; GO,
graphene oxide; HSPCE, heated SPCE; EIS, electrochemical impedance spectroscopy; LC-MS/MS, liquid chromatography—tandem mass spectrometry; MBlue, Methylene Blue; MSB,
Magnetic Separation Biosensor; MUA, mercaptoundecanoic acid; MWCNTSs, multi-walled CNT; ON, Over night; PD, polystyrene; PDA, Polydopamine; pMAG, peptide-MUA/AUNC/GO;

PPy, polypyrrole; QCM, quartz crystal microbalance; QCS, quartz crystal sensor; SAM, Self-Assembled Monolayer; SERS, Surface-enhanced Raman spectroscopy; SPGE, Screen-printed
Gold Electrode; SWV, Square wave voltammetry; TFGE, Thin film gold electrode.
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2.5.3. Infectious diseases: PLDH

Malaria is one of the infectious diseases with the highest impact and incidence in the
world. According to the WHO, more than three billion people are at risk of acquiring
malaria, and only in 2017 malaria produced 219 million cases of infection (92% in
Africa) and about 500000 casualfi€sOwing to the noticeable increase in international
traveling and migration, the number of malaria cases imported via tourists and
immigrants is rising dramatically, with as much as a 400% increase in reported cases
over the last 20 yeat$=""

Malaria is caused by protozoan parasites of the gelasnodiunthat are transmitted
through the bite of infected femafeophelesamosquitoes. There are fi®asmodium
species that infect humanB, falciparum, P. vivax, P. malariae, P. ovale and P.
Knowlesi, of whichP. falciparumis the most prevalent and the most dangerous,
responsible for over 90% of deaths due to maar&d Plasmodiumdisplays a
complex life cycle with different phases (Figure 2.20). The infectious pathway entails
the asexually-proliferative parasites, which reproduce in the RBCs of host patients.
Parasite-caused RBC lysis results in anemia, microcirculatory obstruction and end-
organ dysfunction. Malaria symptoms include fever, fatigue, headaches, and, in severe
cases, seizures and coma, eventually leading to*d®ath

Merozoites

| Transmission
T to mosquito

.0

Gametocytes

Figure 2.20 Scheme of the different phases of malaria infection. Reprinted frofi°nefth permission oSpringer
Nature, Copyright 2009.

Diagnosing malaria in its early stages is vital to prevent the spread of the disease and
reduce patient mortality through prompt treatment. Accordingly, expanding population

access to rapid diagnosis is the most effective way to guarantee early detection of
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malaria and reduce worsening into severe and fatal cases, and has become a priority for
the WHO® %! Besides, appropriate treatment selection and treatment response
monitoring over time should permit re-adjusting drug dose as needed or identifying
treatment failure caused by drug-resistant plasmodia, which is essential to minimize
side effects, patient life risk, and pathogen spredtfinglowever, these requirements

are not easy to accomplish in resource-poor settings, such as the developing countries in
which most malaria cases occur, with the methods currently available for malaria
diagnosid®=# It is worth noting that, although a range of devices and methods have
been reported in the literature in an attempt to provide upgraded malaria diagnostic
tools, including biosensors and microfluidic platforis®® malaria is still diagnosed
predominantly by light microscopy, molecular techniques based on the polymerase
chain reaction (PCR) and Ag RDTs. Table 2.7 shows some of the current and novel

techniques for malaria detectigh?8387-39

Microscopy is the gold standard method for the identificatioRlafmodiuminfected
RBC®. The study of thick blood smears allows parasitaemia determination, parasite
species identification and disease staging. However, microscopic analysis is not
standardized and requires trained staff. The counting of infected RBC generally takes 1
h per sample, with a cut-off of between <10-50 parasitesupenof blood (puL™;
approximately 0.001% parasitemia) to 100-500L", depending on the microscopist

skills and experiené®.

On the other hand, molecular techniques based on PCR started to be also used by end of
the 1980s thanks to their high sensitivity. This methodology grants detection limits
below 5 puL™? (equivalent to a 0.0001% parasiteffita but is time consuming,
expensive and needs sophisticated installations and well-trained personnel. In addition,
molecular methods cannot distinguish between viable and non-viable parasites, which

make them useless for treatment response monitoring.

Nowadays, several Ag RDTs are available for malaria detection, which are mostly
lateral flow immuno-chromatographic devices that are extremely economical, fast and
simple to us&>. In RDTs, while the sample and reagents flow along the device,
plasmodia Ags are sandwiched between a flowing immunoconjugate and the
immobilized c-Ab, forming coloured bands in 15-30 min that are interpreted visually.

The WHO recommends the employment of RDTs for malaria diagnosis in developing

80



Chapter 2

countries due to their portability, simplicity, quick visual result and low cost.
Nevertheless, RDTs have several drawbacks as well, such as lack of sensitivity (cut-offs
>100-200 puL™?, equivalent to 0.002% parasitemia, when detecftigsmodium
falciparum histidine-rich protein 1I, PfHRP-1?Y), variability, and qualitative or semi-

quantitative respons¥.

The detection of certain biomarkers Bfasmodiuminfection in the early stages of
malaria can be crucial for devising disease management strategies and choosing correct
prophylaxis. The host immune response can express a unique pattern against the
pathogen, which may be directly correlated with disease progré&&siinCurrently,

several malaria-associated biomarkers have been identified, including PfHRP-II, which
is only produced byPlasmodium falciparumPlasmodiumaldolase (PALD), lactate
dehydrogenase (PLDH), and glutamate dehydrogenase (PGDH), which are produced by
the different species, and products such as henf8Zditowever, the most widely used
biomarker, especially in RDTs, is PfHRP-II, with an increasing presence of B£DH
PfHRP-II is a water-soluble protein, rich in histidine and alanine amino acids, which is
mostly confined in the cytoplasm of the parasite. However, substantial amounts of the
protein are secreted by the parasite into the host's bloodstream and can be detected in
RBC, serum, plasma and urine of the infected individtfaldRP-I1 is aP. falciparum

specific Ag. Therefore, assays based in HRP-Il detection are unable to detect other
human-infecting”lasmodiumspecies. In some patients, HRP-II will persist for several
weeks in peripheral blood after the resolution of clinical symptoms and parasitemia.
Consequently, this biomarker cannot be used reliably to monitor patient response to
therapy®.

On the other hand, PLDH is a water-soluble enzyme secreted by all the human-infecting
Plasmodiumspecies during infection, but with specific isomers in each of them

PLDH is required for anaerobic ATP generation in the parasite, a glycolytic pathway
during which the enzyme converts pyruvate into lactate. PLDH expression level
increases gradually and reaches its peak within the first 24 to 30 hours of infection.
However, some reports indicate that the PLDH enzyme disappears within 24 hours of
effective malaria treatmelif. For this reason, PLDH has been proposed by some
authors as a good target to monitor parasite response to treatment and predict treatment
failure*®’“%® |nterestingly, PLDH can be easily distinguished from mammalian LHD

due to presence of a long substrate specificity  “fSop
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Assay format Detection type Target Assay steps Assay time  Detection time LOD Samples Ref.
Electrochemical Magneto- . . -1 173
iMMUNOSENsor Amperometric (GEC electrode) PfHRP-II 2 2h 2 min 0.36 ng mL Human serum samples
: CV, EIS and SWV (CNTs Ag Pv (CSP . . 1 388
Electrochemical sensor electrode) and TRAP) 3 30-60 min 2 min 50 fg mL Mouse serum sample
Electrochemical sensor ~ Amperometric (sandwich AUNPg)LDH 3 ON (cAb) + 2t 2 min 23 pg le Serum samples 890
. Impedimetric (CZnONF GCE 15 h + ON -1 398
Electrochemical sensor electrode) PfHRP-II 4 (Electrode) - 6.8 ag mL -
S Chemiresistive (MWCNT-ZnO ; -1 387
Chemiresistive sensor nanofiber electrode) PfHRP-II 5 9 h (Electrode) 30 min 0.97 fg mL -
Microfluidic chip Electrochemical (SWV) PfHRP-II 2 15 min 1 min 16 ng mi* Splkeg;nlig}zg Serum - so4
Microfluidic chip Fluorescence (IGSS assay) PfHRP-II 2 20 min - 6 ng m* Spiked serum samples 3
) -1 )
Droplet microfluidic chip Fluorescence (REEAD) PTopl 3 45 min 1h4smin <% parasite mi blgod 20 blood anld 5saliva 593
60 parasite mL saliva samples
Magneto-Droplet based ; -1 ; 218
microfluidic device Fluorescence (QD-MB) PfHRP-II 3 1 h 30 min - 0.1 ng mL Spiked serum samples
Fluorescence Immunoassay  Fluorescence (AuNP-MUA) PfHsp70 2 30 min 3h 2.4ug mL* Pf RBC culture 392
Fluorescence Magneto- o 1 minescence (QD-MB)  PfHRP-II 3 4h - 0.5 ngmL Urine and serum 599
immunoassay samples
3D LFIA Test line (AUNPs-ATPS) pLDH 1 5 min 20 min 1.0 ng mi* Fetal bovine serum 3%
Colorimetric flatbed scanner . 1 . 396
2D puPAD (sandwich-HRP) PfHRP-II 4 3h 60 - 90 min 0.1 ng mL Fetal bovine Serum
2D uPAD Colorimetric (sandwich) PfHRP-I| 3 20 min 5 min 5.0 ng mi* - 389
. . . i -1
3D UPAD Multiplexed Colorimetric  PfHRP-Ilanc 3 20 min 20 min HRP2: 46.1 ng mh Lysed whole blood 397
(AuNPs) PLDH LDH: 100.7 ng mL samples

Table 2.7. Examples of current tools for malaria diagnosis. *Ag, antigen; ATPS, micellar aqueous two-phase system; CSP, Circumsporozoite protein; CZnONF/GCE, Cu-doped ZnO
nanofiber; EIS, electrochemical impedance spectroscopy; GCE, Glassy carbon electrode; GEC, graphite epoxy composite; HRP-II, histidine-rich protein 2; IGSS, immuno-gold silver
staining; MUA, mercaptoundecanoic acid; MWCNT, multi walled CNT; Pf, Plasmodium falciparum; PfHsp70, Plasmodium falciparum heat shock protein 70; PTopl, Plasmodium
topoisomerase I; Pv, Plasmodium Vivax; REEAD, rolling-circle enhanced enzyme activity detection; SWV, Square Wave voltammetry; TRAP, Thrombospondin related anonymous protein;
uPAD, microfluidic paper-based analytical device.
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Materials and metho

3. Materials and methods

3.1. Chemicals, Biocomponents and Reager

3.1.1. Magnetic Beads (MB

The MB used in this work were superparamagnetic spheres composedly cross-
linked polystyrene with evenly distributed magnetic material, coated with a hydrc
layer of glycidyl ether to confine the iron oxide inside them and prevent leakage.
work, we used streptavic-coated MB (MyOne Streptavidin (Strep) @=1 um, Ref.
65601) and carboxylic ac-coated MB (Dynabeads MyOne Carboxylic Acid, €um,
Ref 65011), both provided by Fisher Scientific (Alcobendas, Spain) (Figur

H 200 nm

Figure 3.1 Scanning electron microscopy (SEM) images of MyOne carboxylicDynabead**°.

3.1.2. Biocomponents

Proteins and antibodies () employed for each study were obtained from diffe

sources depending of the target biomarker as detaines

* For Myloperoxidase (MPO) detectionull length native human MPO prote
(MPO; Ref. ab98926) was from Abcam (Cambridge,UK) biotinylated mouse
anti-MPO monoclonal capture Ab (MF-bc-MAb; Ref. 4M43B, 16E3) anHRP-
conjugated detection AtHRP-d-Ab; Ref. 4 M43C, 16B7), werdrom HyTest
(Turku, Finland).

* Matrix metallopeptidase 9 (MN-9) detection was carried out using tHuman
MMP-9 DuoSetELISA Development kit (DY911) from R&D (R&D Systen
Europe, Ltd, UK), which was composed human MMP9 protein, mouse ar-
MMP-9 monoclonal capture Ab (MN-9-c-MAD) and biotinylated goat a-MMP-
9 polyclonal detection Ab (MM-9-bd-PADb).
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e For Plasmodiumactate deshydrogenase (LDH) detection, recombinant LDH from
Plasmodium falciparunfPfLDH, Ref. A3005) was provided by CTK biotech (San
Diego, USA), and PANPlasmodiumLDH monoclonal capture Ab (PLDH-c-MAD,
Ref. C01834M) and detection Ab (PLDH-d-MAb, Ref.C01835M) were purchased
from Biospacific (California, USA).

Unless otherwise recommended by the provider, proteins and Ab were aliquoted
immediately after being received, and were stored at -20°C in isofreeze colour-changing
racks. For the ELISA performance, generally, each aliquot was thawed just once and
kept at 4°C until used.

3.1.3. Buffers

All buffer solutions were prepared with milli-Q water and all reagents were of the

highest available grade. The composition of these solutions is described in Table 3.1:

Name Composition pH
PBSx 10 mM phosphate, 138 mM NaCl, 2.7 mM KCI 7.4
PBS-BSA PBS, BSA 1% 7.4
PBS-BSA 1 PBS, BSA 0.1% 7.4
PBSTo.025 PBS, tween 0.025% 7.4
PBSTo.05 PBS, tween 0.05% 7.4
PBSTy.1 PBS, tween 0.1% 7.4
MES 150 mM 2-(N-morpholino)ethanesulfonic acid 54
RBC lysis buffer 50 mM KEPGQ,, 300 mM NacCl, 0.25 M imidazole, 1% triton 8.0
Carbonate buffer 0.1 M sodium carbonate (NaHGNa,COx) 9.5

Table 3.1 Composition of the buffered solutions used in this work.

3.1.4. Enzymatic signal amplifiers

Immunoassay spectrophotometric and electrochemical detection was achieved indirectly
by monitoring the activity of horseradish peroxidase (HRP) enzymatic labels. Four HRP

conjugates were tested:
» Streptavidin-HRP (Strep-HRP; Ref. DY998, R&D).

« Pierc€High Sensitivity Streptavidin-HRP (HS-Strep-HRP; Ref. 21130).

According to the supplier's description, this is a peroxidase-streptavidin
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conjugate that provides signal amplification like Poly-HRP. It is supplied at 1.1
mg mL! in an undisclosed stabilizer solution and should be diluted 1:8000 —
1:40000 in PBS-BSAfor its utilization.

« Piercé Streptavidin Poly-HRP (Poly-HRP; Ref. 21140) consists in polymerized
HRP conjugated to streptavidin. It is received at 0.5 mg inLan undisclosed
stabilizer solution and should be diluted 1:2500 — 1:10000 in PBS:BSA

» Streptavidin-Peroxidase Polymer, Ultrasensitive (Strep-HRP-polym; Ref.
S2438; Sigma Aldrich) entails streptavidin and HRP covalently conjugated to a
hydrophilic polymer backbone. Received at 1 mg ni. PBS-glyceralyy, the
provider suggests a dilution 1:200 — 1:1000 in PBS or PBST.

3.1.5. Enzymatic substrates

Six ready-to-use enzyme substrate solutions were compared for the spectrophotometric
detection of the Enzyme-Linked Immunosorbent Assays (ELISA) and magneto-
immunoassays, or for the electrochemical detection of HRP and MPO. They contain
hydrogen peroxide (H202) and either 3,3',5,5'-tetramethylbenzidine (TMB; ES-1 — ES-

5) or 2,2-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTES-6) at unrevealed
concentrations in an acidic buffer (pH 3.50-3.90) of undisclosed composition. Their
main characteristics are shown in the Table 3.2. These substrate solutions were stored at
4°C and protected from light, as recommended by the providers. Before their utilization,
they were temperate at room temperature and were used straightforward, without

requiring any modifycation, addition or dilution.

Substrate complete name Provider Ref.
ES-1 TMB Liquid Substrate System for ELISA Sigma  T0440
ES-2 TMB Liquid Substrate System Sigma  T8665
ES-3 TMB Liquid Substrate, Supersensitive Sigma  T4444
ES-4 Enhanced K-Blue TMB Substrate Neogen 308175
ES-5 K-Blue Aqueous Substrate Neogen 331175
ES-6 ABTS Sigma  A3219

Table 3.2 Ready-to-use enzyme substrate solutions tested for HRP and MPO detection.
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3.1.6. Filter paper

Nine different GE Healthcare membranes designed for lateral flow test fabrication were
studied in this work to produce microfluidic devices and electrodes. Table 3.3 shows the

characteristics of these commercial membranes

- . Capillary Water
Description Material Properties Lateral flow | Thickness | o ="~ absorption
(Ref.) application (nm) (s/4cm) (mgicm?)
LF1 Blood
(8121-1750) . separation 247 35.6 25.3
EEE——— Compatible whole
MF1 blood and serum Blood
(8122-2250) samples. Can actasp  separation 367 29.7 39.4
E— blood separator
VF2 Blood
(8124-1750) BOt;ir;)dreglass separation 785 2338 86.2
Standard 17 Faster flow sample Conjugate
(8134-2250) retention than cotton|  release 370 34.5 44.9
Compatible with
GF/DVA saliva samples. Can Blood
(8145-2250) actasablood | separation | o0 28.2 o3
separator
CF5 Absorption
(29008181) pad 954 63.3 99.2
100% cotton
linter Medium weight Sample
CF4 application-
(8114-2250) Absorption 482 67.3 49.9
pad
Glass fibre— Blood
Fusion 5 based materia Can be used as a separation —
that contains lateral flow blood par 370 38 40
(8151-9915) . Conjugate
a plastic separator |
binder release
Prima 40 . Backed
(13549500) Nitrocellulose reservoir pad 192 44 -

Table 3.3 Characteristics of the different commercial GE Healthcare membranes tested in this work.

3.1.7. Other reagents

Several chemical reagents used during this work were purchased from Sigma Aldrich
(Spain), including bovine serum albumin (BSA), Tween x20, potassium ferrocyanide
(K4Fe(CNY)), biotin, imidazole 1 M (Ref. 68268), and PAP pens for immunostaining
(Ref. Z672548-1EA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), sulfuric acid 1M, StartingBlock (Ref. 37538) and biotin XX-SSE (B6352) were
acquired from Fisher Scientific (Spain). Reagent Diluent Concentrate 2 (RD; RYD-
DY995) was provided by R&D. Aquablock liquid (Rubson SX9000) was from Henkel
(Germany). Methylene blue (Ref. J60823) and Triton 100X (A16046) were obtained

from Alfa Aesar (Germany).
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3.2. Instrumentation

3.2.1. Agitation equipment

Several rotation and agitation equipment were used during this work to study the effect

of agitation in MB immunocapture, which are described in this section.

» Stuart SB2 rotator (Bibby Scientific Limited, Stafford-shire, UK). This equipment
included a wheel 22 cm in diameter that rotated at a fixed speed of 20 rpm and whose

angle of inclination could be adjusted (Figure 3.2a).

e Mini Lab Roller rotator (Labnet International, New Jersey, USA). This compact
equipment displayed a 15-cm wheel that could be placed either in vertical or horizontal

position, and that rotated at a fixed speed of 24 rpm (Figure 3.2b,c).

e Licuos Vortex (Nirco S.L., Madrid, Spain). This economical vortex agitator
accommodated a platform that hold up to 15 Eppendorf tubes and that could vibrate

between speeds ranging approximately between 100 rpm and 2500 rpm (Figure 3.2d).

» Vortex Genie 2 (Scientific Industries; Bohemia, USA). This robust vortex agitator
accommodated a wide platform that hold up toE}pendorf tubes. Vibration speed
could be regulated between approximately 600 rpm and 3200 (Figure 3.2e).

» Grant-bioPTR-30 agitator (Grant Instruments, Cambridge, UK). This was a compact
equipment containing a helical wheel placed horizontally, which could be subjected to
orbital rotation, reciprocal motion (equivalent to tilting), and vortexing, all at variable

speed, as well as a combination of them (Figure 3.2f).
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Figure 3.2.Images of the different equipment used for MB incubation under agitation conditions. (a) Stuart Rotator
SB2; (b) Mini Lab Roller under vertical rotational position; (¢) Mini Lab Roller under horizontal rotational position;
(d) Licuos Vortex; (e) Vortex Genie 2; (f) Grant-bio PTR-30 mixer.

3.2.2. Electrochemical measurement equipment

Most electrochemical measurements were performed with pStat 8000
multipotentiostat (Figure 3.3a), using either a puStat 8000/P Cable Connector (Figure
3.3b) or eight pStat Cable Connectors arranged in a parallel position (Figure 3.3c) to
connect eight individual electrodes (Dropsens, Llanera, Spain). A portable
bipotentiostat pStat 400 with a boxed connector, from the same company, was used
alternatively for POC testing (Figure 3.3d). The two potentiostats worked with the
Dropview 8400 Software (Dropsens).

i

Figure 3.3 Images of the different potentiostats and connectors used for electrochemical measurem8&ias. (a)
8000 multipotentiostat. (hjStat 400 Portable bipotentiostat and a boxed connector for a single electrode. (c)
Multiplexed connector for eight individual electrodes. (d) Eight individual cables arranged in parallel for connection

of eight electrodes.
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3.3. Electrochemical sensor

The electrochemical detection of the mag-immunoassays was performed us

screenprinted carbon electrodes (SPC

Three types of electrodes were used along this thesis project, commercial
custom-mademicrofluidic paper single-sided SPCE (MP-ssSPGEY custor-made
microfluidic paper doublsided SPCE (MP-dsSPCE)he latter two were produced
collaboration with Dr. Javier del Campo Institut de Microelectronica de Barcelc

(IMB-CNM, CSIC). This section describes the characteristics of eacl

3.3.1. Commercial Screer-Printed Electrodes

A commercial SPCE hdseen used, whicis shown in Figure 3.4 (DF-110; DropSens,
Oviedo). It included Zlectrode electrochemical ¢ printed on a ceramic sulrate
(L33 x W10 x HO.5 mm The electrochemical cell consisted on a carbon wol
electrode (WE) (4 mm diameter), a carbon counter electrode (CE) and a

pseudoreference electrode (RE), all connected by silver electric co

@

i i

Figure 3.4 Image of the commercial carbon SPCE used in this work DRE-

3.3.2. Production of Microfluidic Paper Single-Sided SPCE

Two types of custonmade paper SPCE were produced along this thesis project, i
cases using Fusion 5 membrane as the physical subst printing. MF-ssSPCE were
formed by three electrodes, printed in one of the sides of the microfluidic device
x 80 mm Fusion 5 strips), which were usecthe carbon WE (1 mm x 2 mm), the ¢
(3 mm x 2 mm) and thAg pseud-RE (1 mm x 2 mm) (Figur8.5a). Each fabricatio

process involved 6 steps to produce 5-ssSPCE per run.
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Figure 3.5.MP-ssSPCE fabricated in the IMB-CNM-CSIC. (a) Photography of the devices, with 3 electrodes screen-
printed on one of the sides. (b) Photography of the home-made manual press used. (c) Dimensions of the different
electrodes. (d) Images of different printing stages.

The masks for screen-printing were designed using Vectorworks 2016 (Techlimits, ES).
Production of the screens (25x25cm/21x21cm, outer dimensions/inner dimensions, with
different mesh and mesh angles as it will be detailed next) was subcontracted to

Paymser (Spain). Mesh count is given in threads per cm unless otherwise stated.

The fabrication procedure consisted of the following steps:
I. Fusion 5 substrates (60 x 120 mm) were cut by laser to facilitate their alignment

along the consecutive printing steps.

II. A layer of dielectric UV curable dielectric paste (Electrodag™ PF-455B;
Henkel, Spain) was printed in two consecutive steps, and accomplished four
purposes: (1) it insulated the conducting tracks between the contact pads and the
electrodes, (2) it defined the electrode areas, (3) it provided control over the free
volume inside the lateral flow membrane (see results and discussion in Section
8.1), and (4) it provided mechanical stability to the strip and prevented the need
for a backing tape. It was found that using a 120-34 mesh screen (120 threads
per cm, with fibres 34 mm in diameter) for the first step was enough to provide
an effective barrier whilst leaving most of the membrane volume free at a high
fabrication yield. Next, the same pattern was printed through a 90-48 mesh

screen. The purpose of this second layer was to smooth the surface of the Fusion
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5 strip, characterized by high roughness (2.9t rms), and provide
mechanical stability to the device. Indeed, roughness was reduced from 2.91£0.4

um to 1.6£0.2 um after the second layer printing of the dielectating.

[ll. Next, the WE and CE were printed using a carbon paste (C2030519P4; Gwent

Electronics materials Ltd, UK) and were cured at 90°C for 20 min.

IV. The silver paste Electrodag™ 725A (Henkel, ES) was used to print the pseudo-
RE, tracks and contact pads through a 77-48 mesh screen, followed by curing at
120°C for 15 min. A mesh count of 77 was chosen due to the roughness of the

Fusion 5 material, to ensure continuous tracks of low resistance.

V. The tracks were then protected with a new dielectric coating, this time printed
through a 90—-48 mesh screen.

VI. Last, to prevent that the solutions soaked the connectors, a 1 cm-wide band was
printed on the back of the contacts through a 43—90 mesh screen. The aim was to

dispense enough paste to saturate the membrane.

VII. After printing, the Fusion 5 substrates were laser-cut into individual strips that

were ready to use with a standard 2.54 mm pitch connector.

All the prints were made on a home-made manual press using shore 75 square
polyurethane squeegees (15 x 1 cm). The press was built using a set of 2 hinge clamps
(Paymser, ES) and mounted on a 1 cm-thick aluminium flat board. Snap-off distances

could be controlled using custom-made stackable 0.5 mm-thick gauges (Figure 3.5b).

3.3.3. Production of Microfluidic Paper Double-Sided SPCE

MP-dsSPCE were produced by a double-sided screen-printing process (Figure 3.6a),
using in this case masks designed using CoreIDRAW 2017 (Corel Corporation,
Canada). The resulting devices included an Ag pseudo-RE printed in the bottom side
and double-sided graphite WE and CE. The dimensions of the different device
components have been summarized in Figure 3.6¢c. 16 chips (10x20 mm) were printed

per production batch through a process involving 8 printing steps that are detailed next.
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Figure 3.6.MP-dsSPCE fabricated in the IMB-CNM-CSIC. (a) Photography of the devices, with 2 electrodes printed
on the top side and 3 electrodes screen-printed on the bottom side. (b) Photography of the commercial manual
equipment used for printing. (c) Dimensions of the different electrodes. (d) Images of different printing stages. (e)

The fabrication procedure consisted in printing the electrodes on the two sides of the
Fusion 5 substrate. First, the top side was printed, the inks were cured in an oven, the
Fusion substrate was flipped upside-down, and the process was repeated on the other

side. For the steps I-lll, the conditions followed for the screen-printing of the top side

Images of the masks used for printing.

were the same than in the Section 3.4.3 I-Il.
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lll.  The silver paste Electrodag™ 725A (Henkel, ES) was used to print the tracks
and contact pads through a 77 mesh screen, followed by curing at 120°C for 15

min.

IV. The tracks were then protected with a new dielectric coating, this time printed

through a 90 mesh screen.

V. The Fusion 5 substrate, with a side already printed and cured, was turned upside-

down and the screen-printing process proceeded in the bottom side.

VI. A layer of dielectric UV curable dielectric paste was printed following the same
method than in the top side.

VIl.  Next, the WE and CE were printed as already described in Section 3.4.3 1lI.

VIIl. A silver paste was used to print the pseudo-RE, tracks and contact pads through
a 77 mesh screen, followed by curing at 120°C for 15 min.

IX. The tracks were then protected with a new dielectric coating through a 90 mesh

screen.

X.  After printing, the Fusion 5 substrates were laser-cut into individual strips that

were ready to use with a standard 2.54 mm pitch connector.

3.3.4. Electrochemical characterisation of the electrodes

Before their utilization, commercial SPCE were rinsed with ethanol 70% and water, and
were dried under an air flow. It was observed that this treatment improved the
performance and reproducibility of these devices, which could be re-used 4-5 times. On

the contrary, the MP-SPCE could not be washed or reused.

The electrochemical method used for electrode characterization was cyclic voltammetry
(CV), which was employed to assess the status and functionality of the electrodes and
discard those performing worse than the average. CV consists of scanning linearly the
potential of a stationary working electrode (in a non-stirred solution) using a triangular
potential waveform. Here, electrodes were characterized by CV in 0.1M KCI, 1mM
K4Fe(CN). Outliers displaying peaks above/below 10% of the average values were
discarded (Figure 3.7).
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Figure 3.7.SPCE electrode characterization by CV ir&(CN). The image displays the CV registered for eight
independent SPCE, including an outlayer that produced peaks wider and higher than the average and had to be
discarded.
CV was also used to estimate the electron transfer coefficient (kO) of electroactive
species at the different electrodes tested using the method Nicholson’s tr&atient

using the following equation,

¥ = kO[nDnvF/ (RT)]~%/?

whereV is a kinetic parameter, D is the diffusion coeéfiti (cnf s%), n is the number
of electrons involved in the process, v is the scan raté'(Msis the Faraday constant
(96485 C mol), R the gas constant (J i), and T the temperature (K). The kinetic
parameter,¥, is tabulated from the experimental peak separatidep, at a set

temperature (298 K) for a one-electron process whatever the scan rate employed.

The function of YAEp), which fits Nicholson's data, for practical usaggiven by
Y = (—0.6288 + 0.0021X)/(1 — 0.017)

where X = AEp is used to determin® as a function ofAEp of the recorded

voltammetry. Following these premises, kO (ch) sorresponds to the slope of the plot

of ¥ versugnDnF/ (RT)]~Y/2y~1/2,

On the other hand, diffusion coefficients were calculated chronoamperometrically
employing the Cottrell equation:
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i = (nFAC,VD)/V,

where i is current (A), n the number of electrons (to reduce/oxidize one molecule of
analyte, F the Faraday constant (96485 C'nd\ the area of the (planar) electrode in
cn?, Co the initial concentration of the reducible analyte (mof)gr® the diffusion

coefficient for the species (érs) and t the time (s).

3.4. Magnetic bead modification with capture antibody

Capture antibody (c-Ab) incorporation onto MB surface can be accomplished by
different mear’$ Because a significant number of MB with different functionalities on
surface are commercially available, numerous protocols and reagents exist for MB
immuno-modification®*'* Here, the c-Ab was alternatively coupled to MB displaying
a reactive group on surface (-COOH) employing chemical cross-linkers, or biotinylated
and coated onto streptavidin-coated MB trough affinity binding, an efficient and stable

interaction.

3.4.1 Streptavidin MB immunomaodification

MPO detection was performed using streptavidin-coated MB modified with MPO-bc-
MADb. Briefly, 400 pL of streptavidin-coated MB (10 mg fiLequivalent to ~7—10 x

10° beads mL}) were washed twice with PBS using a magnetic separator and were
incubated with 60 pg of MPO-bc-MAb for 45 min under rotation (24 rpm). MPO-bc-
MADb-MB were then washed twice with 800 puL of PBS, were incubated with biotin 2.5
mM for 15 min in order to block any biotin-binding sites remaining free, were washed
again three times with PB9isBSAy.1 and were resuspended in 800 pL of PBS-BSA

for storage at 4 at a final concentration of 3.5-5 x?MB mL™ (equivalent to 5 mg
mL™).

3.4.2 Carboxylic acid MB two-step immunomodification

Formation of amide bonds between primary amino groups in the c-Ab and the
carboxylic acid groups on the surface of the MB was mediated by carbodiimide
activation. A two-step protocol, consisting of carboxylic acid activation with EDC and

subsequent immobilization of c-Ab on the MB surface, was used for the MMP-9
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detection (Figure 3.8). For that, 2QQ of carboxylic acid coated MB were washed
twice with PBS using a magnetic separator and were incubated with EDC (4 Trig mL
MES) for 30 min in darkness, under shaking at 600 rpm using a Vortex Genie 2. MB
were next washed once with MES and once with PBS (@00ach) and were
incubated with 5Qug of MMP-9-c-MADb for 2 h under the same conditioNdVIP-9-c-
MADb-MB were then washed twice for 5 min with 1QQ of PBSTy; and were re-
suspended in 1 mL of PBFBSA,» for storage at 4°C (final concentration of 1.4 —
2.4x10 MB mL™, equivalent to 2 mg mit).

MB-COOH 3\

. COOH ol
<% COOH N
COOH H* c-MAb-MB
\ + ’ NHZ'” f]\
~ X = 0 ﬂ - N
S NH'c)- I/ TNH
EDC )
Wash
1. MB EDC activation 2. MB c-MAb conjugation

Figure 3.8.Scheme of carboxylic acid MB 2-step immunomodification.

3.4.3 Carboxylic acid MB one-step immunomodification

In order to improve MB immunomodification and increase the sensibility of the
magneto-immunoassay, MB immunomodification was re-optimized. The best
performing protocol was a one-step procedure that was initially optimized for MMP-9
detection and later transferred for PfLDH detection (Figure 3.9). In this casgl 200

MB were washed twice with 15 mM MES, pH 6, using a magnetic separator. MB were
next incubated for 2 h in the dark with 50 pg of c-MAb in 100 pL of EDC (4 mg mL
in MES), under shaking at 600 rpm using a Vortex Genie 2. After that, MB were
serially washed with 200L of MES and PBS and were blocked with PBS-B&k 1

h. The c-MAb-MB were then washed twice for 5 min with 100of PBS-Tweeg; and

were resuspended in 1 mL of PBSIBSA, » for storage at 4°C (final concentration of
1.4-2.4x18 MB mL?, equivalent to 2 mg mit).
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Figure 3.9.Scheme of carboxylic acid MB one-step immunomaodification.

3.5. Detection antibody biofunctionalization procedures

In the following section, we provide detailed descriptions of the procedures used in this

dissertation for the modification of detection antibodies (d-Ab).

3.5.1 Antibody biotinylation

Biotinylated d-Ab (bd-Ab) were necessary for binding Strep-HRP or Strep-Poly-HRP
enzymatic labels in the immunoassays. When bd-Ab were not commercially available,
they were modified in the laboratory using Biotin-XX, SSE (6-((6-
((Biotinoyl)Amino)Hexanoyl)amino)Hexanoic Acid, Sulfosuccinimidyl Ester, Sodium
Salt; Ref. B6352; Thermo Fisher) (Figure 3.10). Biotin-XX, SSE exhibits a
succinimidyl ester group that reacts with amines, a sulfonate group that provides water
solubility, and a 14-atom spacer that enhances the accessibility of biotin to the relatively

deep biotin-binding sites of streptavidin.

A concentrated solution of Biotin-XX, SSE, 2.5 mg/mL, was prepared in MiliQ water
immediately before its utilization. Appropriate volumes of this stock solution were
added to the d-Ab to reach a molar excess of 18:1 (which had been previously
optimized by other members of the team), and the mixture was incubated in rotation for
two hours in a room temperature. To calculate the volume of biotin necessary for each

d-Ab preparation, it was used the next equation:

[(molecﬁi rAEIaSS Ab) x 1000] « (Ab: biotin ratio)

V(biotin) = biotin molarity
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After this time, the bioconjugate was purified through a desalting column PD MiniTrap
G-25 (GE Healthcare, Ref. 28-9180-07) and eluted with PBS 1X (1.5 mL), recovering
200 pL fractions of the elute. The concentration of bd{iAkeach fraction was analysed
with a Nanodrop Spectrophotometer 2000 (Thermo Scientific, USA) at 280 nm. Lastly
all the fractions containing bd-Ab were combined and concentrated using a centrifugal
filter 100 K Amicon Ultra-0.5 100K (Merck, Ref. UFC510024), the final concentration
was measured at 280 nm, and the conjugate was diluted in PBS&B3Ae desired

concentration to aliquot and store at -20°C.

— o) - "
. . OH~N/\\ /SO3 Na
L N0 NH MAD > Sulfo-NHS Leaving Group
H ,S NH o (remove bydesalting)
\ +
(Cl‘—iz)A H o
o=¢ 8 o R soiw SO L
NH(CH,)s— C—NH(CH;)s—C—0 —N NH Biotinylated
(CHo)4 H MADb (b-MADb)
O I
Biotin XX, SSE O:? ? ﬁ) .
_J NH(CH,)s— C — NH(CHz)s— ¢ — N, 1l

Figure 3.10.Biotin-XX, SSE reaction with NKigroups in the d-Ab (the illustrations are not drawn to scale).

3.5.2 Production of bd-Ab/Poly-HRP conjugate

One of the objectives of this work was the development of an extremely fast and simple
electrochemical magneto-immunosensor that could be carried out by minimally trained
personnel. In order to accomplish this goal, a protocol for the production a bd-Ab/Poly-

HRP conjugate was optimized.

For MMP-9 detection, the MMP-9-bd-PAb/Poly-HRP conjugate was produced by
incubating under rotation Poly-HRP (10 pg Milwith MMP-9-bd-PAb (20 pug mt)

for 30 min at room temperature in PBS-BSA24 rpm; Mini LabRoller rotator; Labnet
International, New Jersey, USA). Biotin was added (4.88 mg" mL PBS), the
conjugate was rotated for 30 min more and it was stored at 4°C for up to 1 month.

On the other hand, for PfLDH detection, the immuno-modified PLDH-bd-PAb/Poly-
HRP conjugate was produced by incubating Poly-HRP (10 pgd) mith PLDH-bd-

MAb (45 pg mL, previously biotinylated as described in Section 3.5.1), in

StartingBlock, for 60 min at room temperature, under rotation (24 rpm). This PLDH-bd-
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MAb/Poly-HRP conjugate was then rotated for 30 min with free biotin (4.88 mgimL
PBS) and was stored at 4°C for up to 3 weeks.

3.6. Spectrophotometric ELISA protocols

ELISA was used for the first optimization of each assay developed for the different
clinical targets studied, including selection of best performing c-Ab and d-Ab pairs,
confirmation of target binding efficiency and specificity and determination of starting
assay conditions. Using ELISA allowed the simultaneous detection of several samples
in 96-well plates, achieving a faster development of the final protocol.

In general, ELISA was performed in 96-well high-binding microtitter plates, which
were modified with the appropriate c-Ab and were then blocked with BSA to prevent
non-specific binding. It followed incubation with the samples and/or analyte of interest
and either direct analyte detection (such as in the case of MPO, which displays
peroxidase activity), or indirect detection by serial incubation with a bd-Ab and a
streptavidin-HRP/Poly-HRP conjugate. Unless otherwise stated, microtiter plates were
covered with an adhesive seal to prevent evaporation during the incubations, which
were protected from light, and each incubation was followed by a series of 3 washes
with PBST 05

ELISA spectrophotometric detection was accomplished by monitoring the peroxidase
enzymatic activity of either MPO or streptavidin-HRP/Poly-HRP enzymatic labels. In
all cases, a commercial ready-to-use chromogen substrate contapagmtl TMB

was used (Ref. T4444, Sigma Aldrich), which had been selected among 6 commercial
solutions testeti®(Table 3.2). The TMB in this solution was in its reduced state and was
colour-less. In the presence of peroxidase, the enzyme catalysed the oxidation of TMB
coupled to the reduction of ;B,, yielding a half-oxidised blue complex with an
absorbance at 370 nm and 652 nm (Figure 3.11a). In this dissertation, all the
spectrophotometric assays were performed by stopping the enzymatic reaction before
detection by adding 50 pL of sulphuric acid 1 M, turning the TMB into a yellow fully
oxidised product and reading the absorbance at 450 nm using a Sunrise plate reader

(Tecan, Switzerland).
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Figure 3.11.(a) Scheme of the detection of HRP usingdsland TMB for colorimetric detection. (b) Example of

multichannel pipette used for the simultaneous addition of solution to rows/files of wells in a microtiter plate. (b)

Example of ELISA after incubation with TMB substrate and addition of acid to stop the reaction. (d) Microplate
reader.

3.6.1 Direct ELISA

A direct ELISA was optimized for MPO detection. Unless otherwise stated, this assay
included incubations at 37°C under gentle agitation and protected from light, and
washes with PBSilos after each incubation. Briefly, ELISA plates were incubated for
45 min with MPO-bc-MADb at concentrations ranging between 3.9 ng' amid 4 pg
mL™tin PBS (50 pL per well), were washed twice with PB&T150 pL per well), and

were blocked with PBS-BSA(150 pL per well) for 45 min. The plates were next
incubated for 30 min with increasing concentrations of MPO (50 pL per well, in
PBSTy.05BSAs1) and were washed four times with PBgd Finally, TMB substrate
solution was added (100 pL per well), the endogenous MPO peroxidase reaction
proceed for 30 min at room temperature and the detection was performed as explained
above (Figure 3.12).

1. MPO-bc-MADb 2.BSA 3. MPO 4. Detection
Jf,._———_\\ f,...-———\ /ﬁ Substrate
lI \ _u_ Il i ﬁl (
J i COLOR
Wash Wash Wash

Figure 3.12.Steps to perform a direct ELISA for MPO detection.
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3.6.2 Sandwich ELISA

A classical multistep sandwich ELISA was performed for MMP-9 detection using the
Human MMP-9 DuoSet ELISA development kit from R&D Systems and following the
provider's protocol. A similar assay was used for PfLDH detection, which had been

optimized by other team members (unpublished results).

In both cases, the incubations were performed with 100 puL of solution per well, inside
an incubator thermostatized at €4‘and were followed by three washes with PB§T
(200 plL/well). Briefly, microtitter plates were modified overnight with the
corresponding c-Ab (1 pg mt MMP-9-c-MAb or 2.5 pg m[* of PLDH-c-MAb, in

PBS) and were blocked with PBS-BSAor 1 h. After washing, the plates were
incubated for 2 h with the analyte (30—2000 ng mbf MMP-9 in PBS-BSA, or
0.0016—100 ng ml* of PfLDH in PBST.05BSA.). Plates were next incubated with bd-
Ab (for 2 h with MMP-9-bd-PAb 100 ng mt.in PBS-BSA, or for 1 h with PLDH-bd-

MAb 37.5 - 100 ng m[* in PBST05BSA1). The last steps were performed similarly
for the two ELISAs, which were incubated with strep-HRP (1:200 in PBS:B&Aing

20 min. After four more washes, the plates were incubated for 20 min with TMB and
detected (Figure 3.13).

1. c-MAb 2.BSA 3. Analyte 4. bd-Ab 5. Strep-HRP 6. Detection
— — 1
— SN /‘“:5'\ . Qjﬁ a‘\ . /@“\ . Substrate
B - oy T Sy - A - COLOR
Wash Wash Wash Wash Wash

Figure 3.13.Steps to perform a classical sandwich ELISA.

3.6.3 Shortened sandwich ELISA

A shortened ELISA protocol had been developed by other team members and was used
here in parallel to the classical protocol as a reference’d&ddyon optimization, the
“shortened” ELISA consisted of modification of the microtitter plate with c-Ab and
BSA as detailed above, followed by a 30 min simultaneous incubation with the protein
and the d-Ab. For MMP-9 detection, 15-2000 ng htf MMP-9 and 100 ng mL of
MMP-9-bd-PAb were incubated in PBS-BSA0n the other hand?lasmodiumAg
detection was achieved by incubating 0.1-100 ng'nRfLDH and 37.5 ng mL*
PLDH-bd-MAb in PBST sBSA;. In both cases, the plate was washed and incubated
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for 10 min with Poly-HRP (1:10000 in PBS-B9Awashed four times and detected
(Figure 3.14).

1.c-Ab 2.BSA 3. Analyte + bd-Ab 4. Poly-HRP 5. Detection
/-__‘\ | qam— fé'ffg*\\ /‘Z‘W Substrate
X L_‘_‘,J— —Q'\Q)— D ~GIST- (COLOR
Wash Wash Wash Wash

Figure 3.14.Steps to perform a shortened ELISA.

3.7. Spectrophotometric magneto-immunoassay protocols

MB concentration and washing during the magneto-immunoassays was carried out in
Eppendorf tubes using a magnetic separator (BILATEST, Sigma Aldrich) (Figure 3.15).
Before their utilization, the c-MAb-MB stock was re-suspended under gentle agitation
and the amount of c-MAb-MB needed for the assay was transferred to an Eppendorf
tube. It followed washing with two volumes of PBS and re-suspension in PBS to a final
concentration of 2.5 mg mt MB incubations were carried out in independent
Eppendorf tubes, one per each concentration analysed. Unless otherwise stated,
incubations were performed at room temperature, protected from light and under
agitation or rotation to prevent MB sedimentation. After the incubations, the tubes were
placed in a magnetic rack for 2-3 min until MB were confined in the tube wall. The
supernatant was removed using a pipette, avoiding touching or disturbing the MB
sediment, and washing buffer or the reagent necessary for the next step incubation was
added. Finally, MB were re-suspended in 100 pL of TMB and the mixtures were
incubated for 20-30 min. For detection, MB were concentrated in the magnetic
separator, the supernatant was transferred to the wells of a Non-Binding 96-well
microtitter plate (Corning) and the spectrophotometric detection was carried out as

before.

Figure 3.15 (a) Magnetic rack used to concentrate the MB during the magneto-immunoassay. (b) MB in suspension
(left) and in contact with a magnet (right).
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3.7.1 Three-step magneto-immunoassay

The three-step magneto-immunoassay consisted of directly transferring the conventional
ELISA to the surface of the MB. It was developed for MMP-9 and for PfLDH detection
also, and it was considered the starting point for magneto-immunoassay optimization
(Figure 3.16).

First, 2 ug of c-Ab-MB (either MMP-9-c-MAb-MB or PLDH-c-MAb-MB were
incubated for 30-120 min in 100L of increasing concentrations of target analyte
(MMP-9 in PBS-BSA or PfLDH in PBST.0sBSA:). Following washing, MB were
resuspended in 104 of bd-Ab (10 ng of MMP-9-bd-PAb in PBS-BSAr 37.5 ng of
PLDH-bd-MAb in PBSTsBSA;). MB were rotated for 30-120 min, were washed
twice with PBST 05 and were incubated for 20 min with 10D of strep-HRP (1:200 in
PBS-BSA). Finally, 100uL of TMB were added and the enzymatic reaction was
allowed to proceed under continuous stirring for 20 min. The tubes were then placed in
the magnet for 2 min and 1@ of the supernatants were transferred to a 96-Mef-
Binding microtiter-plate for detection.

1. Analyte 2.bd-Ab 3. strep-HRP 4. Detection
i
,.Qr 1 8 % ®% t * Substrate
y N L N ke 9 , €3
c-MAb-MB, > 2 — ~C2 — A —
stock a 4°C . , : 2 COLOR
Wash Wash ' Wash

Figure 3.16.Steps to perform a three-step magneto-immunoassay.

3.7.2 Two-step magneto-immunoassay

The magneto-immunoassay described above was next optimized to produce a shorter
assay. For this, the two incubations, one with the protein and the other with the bd-Ab,
were combined in a single step. Strep-HRP was next substituted by the enzymatic signal
amplifier Poly-HRP. The various assay parameters were then re-optimized step-by-step,
including duration of the combined one-step incubation, duration of the incubation with
the different enzyme conjugates, bd-Ab concentration, Poly-HRP concentration and

amount of MB per sample (Figure 3.17).

For MMP-9 detection, the shortened 2-step magneto-immunoassay developed consisted
of a single 5-min incubation of MMP-9 samples in 1@0of PBS-BSA with 20 ug of
MMP-9-c-MAb-MB and 10 ng of MMP-9-bd-PAb.
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In the case of th®fLDH detection, a 5-min incubation was performed in D0of
PBSTy.05BSA; with PILDH, 20 g of PLDH-c-MADb-MB and 75 ng of PLDH-bd-MADb.
Then, it the two cases, 10 of Poly-HRP (diluted 1:10000 in PBS-B®Awere
incorporated and MB were incubated for 5 min more under continuous stirring. MB

were washed twice with PB$7, and colorimetric detection proceeded.

1. Analyte, bd-Ab 2. HRP/Poly-HRP 3. Detection

=Y _ Substrate
O | & o3 % S
c-MAb-MB, a.\C — Y 4 —

stock a 4°C ) 2 COLOR

Wash Wash

Figure 3.17.Steps to perform a two-step magneto-immunoassay.

3.7.3 One-step magneto-immunoassay

The magneto-immunoassay performed for MPO detection took advantage of the
endogenous peroxidase MPO activity, which allowed performing in parallel a one-step
magneto-immunoassay (direct MPO detection) and sandwich immunoassay (indirect
MPO detection using a HRP-d-Ab). First, the MPO-c-MAb-MB were washed with two
volumes of PBS and were re-suspended in PBS to a final concentration of 2.5 g mL
In parallel, MPO was serially diluted in 100 pL of PBSFBSAy 1. For the direct
detection, MPO-containing samples were incubated with MPO-c-MAb-MB for 15 min
(Figure 3.18a). Instead, for the sandwich magneto-immunoassay, the MPO-c-MAb-MB
were incubated in MPO samples and amount HRP-d-Ab for 5-15 min (Figure 3.18Db). In
both cases, MB were next washed twice with 500 pL of BBssand once with 100 mL

of PBS. Finally, MB were re-suspended in 100 puL of TMB and were incubated for 30
min at room temperature in the dark. At the end, the MB were concentrated in the
magnetic separator, the supernatant was transferred to the wells of a microtitter plate
and the spectrophotometric detection was carried out.

In the case of MMP-9 and PfLDH detection, the one-step sandwich magneto-
immunoassays were optimized using customized immunomodified Poly-HRP
conjugates (Section 3.5.2; Figure 3.18c). For that, samples were submitted to a single 5-
min incubation with 2Qug of c-MAb-MB and the bd-Ab/Poly- HRP (1:200). MB kee

then washed twice with 156 of PBSTy 1, were resuspended in 1QQ of TMB and
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were incubated for 20 min at room temperature in the dark under shaking. Finally,

detection was performed as described above.

1. c-MAb-MB, MPO 2. Detection
Y .
Q ’ 4 € Substrate
l\;Ab BSA :{;2 (
SO ~ COLOR
stock a 4°C Wash
a
1. c-MAb-MB, MPO, 2. Detection
HRP-d-Ab
C‘} AE__ '¥ Substrate
o 8% —
c-MAb-BSA s <
o = COLOR
stock a 4°C {;2 Wash b
""" c-MAD-MB, |
: stock4°C : 1. c-MADb-MB, analyte, 2. Detection
1 1 conjugate
:, W Substrate
W z - COLOR
' Conjugate
{bd-PAb/Poly-HRP),! ' Wash
i stockat4°C i C

Figure 3.18.Steps to perform a one-step magneto-immunoassay. (a) Direct MPO magneto-immunoassay. (b) Indirect
MPO magneto-immunoassay. (c) One-step sandwich magneto-immunoassay.

3.8. One-step electrochemical magneto-immunosensors

The electrochemical detection of the magneto-immunosensors was performed by
measuring chronoamperometrically the enzymatic activity of the HRP/Poly-HRP labels.
For this, a commercial ready-to-use mixture of TMEM was used as a
substrate/mediator system, which was selected among 6 commercial product¥ tested
(Ref. TO440 Sigma Aldrich; Table 3.2). In this system, HRP catalyses the reduction of
H,0, coupled to the oxidation of TMB into TMB,x. The TMB,x mediator was then
reduced at the electrode surface back into T8y applying a reduction potential on

the surface of the electrode. The current measured over time was directly proportional to
the concentration of HRP/Poly-HRP on the MB and was thus correlated to the amount
of analyte in the sample (Figure 3.19).
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HRP
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Figure 3.19.Scheme of the electrochemical detection of HRP usiig Eind TMB.

3.8.1 Electrochemical detection using SPCE and a customized magnetic

holder after MB manual washes

For the electrochemical detection of the one-step magneto-immunoassays, commercial
SPCE were placed in a multiplexed customized 8xmagnetic Abld¢8ection 5.2.3;
Figure 3.20)

The device contained a base that housed up to 8 SPCE and a sliding component that
accommodated 8 neodymium magnets. This movable piece could reach two different
positions. In the “on” position, the magnets were placed immediately below the SPCE,
which promoted the magnetic confinement of the MB onto the WE. In the “off”
position, the magnets were moved away from the WE and MB could be released for
SPCE washing and reutilization. The holder was completed with a cover that contained
8 wells, sealed onto the 8 SPCE through o-rings to guarantee tight sealing and prevent
liquid spreading. O-rings of two different materials were tested, Viton (7.6 mm internal
diameter, 1.78 mm wall thickness; Sigma Aldrich Ref. Z542504) and Fluoroelastomer
with Tetrafluorolethylene Additives (FETFE; 7.6 mm internal diameter, 1.78 mm wall
thickness; Sigma Aldrich Ref. Z504696).

The procedure using the magnetic holder was always the same regardless of the analyte
detected. After the one-step incubation for the immunocapture, MB washes were
performed manually. Then, MB were re-suspended in 50 pL of PBS, were transferred to
the wells of the magnetic holder, could settle on the SPCE WE for 1 min, and current
was allowed to stabilize at 0.00 to —0.05v¥ the Ag pseudo-RE. The measurement

was then paused, PBS was substituted byl5@f TMB, and the measurement was

resumed to register current over the following 150 s (Figure 3.21a).
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Windows sealed Holes for screws
with o-rings 2

Magnets “ON” ~€————>  Magnets “OFF”
Sliding bar
displacement

Figure 3.20.Customized magnetic holder for magneto-immunoassay electrochemical detection. (a) Holder
components. (b—c) Holder prototype either (b) disassembled or (c) assembled. (d) Performance of the sliding
magnetic bar.

3.8.2 Performing paper-driven washes on-chip using commercial SPCE

MB manual washing in tubes was time-consuming, required user training and was an
important source of result variability. To replace the manual washes performed to the
MB, an absorbent paper device was produced, which was placed above the SPCE to
carry out the washes directly on the chips (see Chapter 7). This device included 8 spike-
like protrusions, which were approached to or separated from the SPCE electrodes
through lateral displacement. This allowed washing the magnetically-confined MB
under flow conditions, while the electrochemical detection was carried out under static
conditions. In order to facilitate handling of multiple SPCE, the microfluidic device was

inserted in the magnetic holder described in Section 3.8.1.

After the immunocapture incubation, the mixture obtained in the one-step magneto-
immunoassay was transferred to the SPCE for integrated washing and amperometric
detection (Figure 3.21b). First, the sample/MB/reagents mixture was pipetted onto the
SPCE though the wells of the magnetic holder and MB were magnetically confined onto
the WE surface. Then the microfluidic paper component was used to absorb the mixture
of sample and reagents whereas the MB remained on the electrode. The washing step
was next performed by two consecutive additions ofil5@f PBS) 1To 025 through the

cover windows. Finally, the paper device was moved away from the electrodds, 50

of TMB were added, and the measurement took place for 150 s at 0.00 to —@sD5 V

the Ag pseudo-RE.
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3.8.3 Magneto-immunoassay integrated washing and electrochemical
detection using MP-SPCE

The first version of the MP-ssSPCE developed (Section 3.3.2) was used for MPO
electrochemical detection. For that, 25-uL samples containing MPO, MPO-c-Ab-MB
and MPO-d-MAb were pipetted onto the paper surface immediately after the 5-min
incubation. MB were retained within the paper membrane and above the WE with the
aid of a neodymium magnet. Two consecutive washes were then carried out by adding
50 uL of PBST o5 each time, while current was stabilized at 93/the Ag pseudo-RE

for 150 s. TMB enzyme substrate (30 uL) was finally added and current was monitored

for 400 s more.

The second improved version of the MP-dsSPCE (Section 3.3.3) was applied to PfLDH
detection (Figure 3.21c). After the 5-min incubation, the mixture was pipetted
immediately onto the paper surface. MB were retained within the paper membrane and
above the WE with the aid of a neodymium magnet. Four consecutive washes were then
carried out by adding 100QL of PBSTp1 each time, while current was allowed to
stabilize at -0.05 Ws. the Ag pseudo-RE for 300 s. TMB enzyme substrate (100

was finally added and current was monitored for 150 s more.
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Figure 3.21.Procedure to perform the one-step magneto-immunoassays/sensors. (1) Production of the cAb-MB and
the Poly-HRP immunoconjugate. (2) On-step incubation of the c-Ab-MB, the sample and the reagents. (a)
Colorimetric and electrochemical detection with manual washes. (b) Electrochemical detection using a microfluidic
paper component to perform on-chip washes. (c) Electrochemical detection and washes integrated on-chip using a

MP-SPCE.
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3.9. Magneto-immunoassay testing in spiked and clinical

samples

All the magneto-immunoassays developed were validated by studying real sample
matrices of growing complexity. They were first assayed by spiking increasing

concentrations of the target analyte in pooled serum, plasma and/or blood obtained from
healthy individuals. The objective was to evaluate the accuracy of the methods in these
matrices compared to performance in saline solution, and the existence of any matrix
effect. Table 3.3 summarizes the characteristics of the different commercial pooled

samples acquired for this purpose.

Sample Anticoagulant Provider Reference
Human serum EDTA Sigma Aldrich H6914
Human plasma  Citrate-phosphate-dextrose H2B 20000 P
Human plasma Sodium heparin Zenbio PLP0O30916LR

Table 3.3 Commercial real samples used in the spiking experiments.

The validation process of the magneto-immunoassays was completed by studying next
plasma and/or blood samples from patients having suffered the disease investigated,

comparing the results with those obtained with the corresponding reference ELISA.

Detection of MMP-9 in patient plasma samples

Samples from stroke patients were obtained in the context of the projects DTS14/00004
and PMP15/00022, headed by Dr. Joan Montaner (Neurovascular Diseases Group,
VHIR).

Peripheral blood samples were drawn in Ethylenediaminetetraacetic acid (EDTA)

collection tubes before the administration of any treatment, from patients recruited at
the emergency department of the Valebron Hospital (Barcelona, Spain) from 2003

to 2005. All presented an acute ischemic stroke within the first 4.5 h after symptoms
onset and were diagnosed by computed tomography. The local Ethical Committee
approved the study (PR(HG)89/2003) and informed consent was signed by all patients
or relatives. All recruited patients were treated with tPA (Actylise®, Boehringer

Ingelheim International GmbH, Germany) in a standard dose (0.9 mg Kg-1, 10% bolus,
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90% continuous infusion for 1 hour). Plasma was immediately separated by

centrifugation at 1500 rcf for 15 min at 4 °C and was stored at —80 °C until use.

For detection, plasma samples were diluted 1:250 with the commercial reagent diluent
recommended in the MMP-9 Duoset kit (1xXRD, equivalent to PBS:B®&ah
undisclosed additives) and were assayed in parallel using the magneto-immunoassay
(Sections 5.1, 6.1 and 7.2) and the DuoSet ELISA as the reference method.

Detection of PfLDH in Plasmodium-infected erythrocytes cultured in vitro

Plasmodium falciparunwas cultivatedn vitro in red blood cells (RBC) to produce
synthetic samples with a wide range of known parasitaemias. These cultures were
produced in the context of a collaboration with the Nanomalaria Research Group of the
Institute for Bioengineering of Catalonia (IBEC), Esther Koplowitz Center, with the
contribution of Dr. Xavier Fernandez Busquets and Dr. Livia Neves Borgheti Cardoso.
Parasites (thawed from glycerol stocks) were cultured at 37°C with RBC in Roswell
Park Memorial Institute (RPMI) complete medium (supplemented with % Allhumax

Il and 2 mM glutamine) under a gas mixture of 92% B% CQ, and 3% Q.
Synchronized cultures were obtained by 5% sorbitol ¥/si@nd the medium was
changed every 2 days maintaining 3% haematocrit. For standard &3isaysodium
infected RBC were centrifuged, were resuspended in fresh RBC to reach 45%
haematocrit and 3% parasitaemia, and were diluted serially in RBC to obtain samples
with parasitaemia spanning 3-0.00001% in 45% haematocrit. Parasitaemia was assessed

in parallel by flow cytometry counting and PCR.

For detection using the magneto-immunoassay/sensor, samples were diluted 1:1 with
erythrocyte lysis buffer, were incubated for 5 min, were next diluted 1:25 and 1:50 with

1 x RD and were processed as described in Section 5.2, 6.2 and 8.2. The samples were
analysed 3 times independently and were assayed in parallel using the ELISA reference

method.

Detection of PLDH in patient plasma and whole blood samples

Samples from malaria patients were obtained in the context of project DTS17/00145

(funded bylnstituto de Salud Carlos ) with the contribution of Drs. Israel Molina
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and Adrian Sanchez Montalva, of VHIR’s Infectious Diseases Group, and Dr. Elena

Sulleiro, of Vall d'Hebron University Hospital (HUVH) Microbiology Department.

Peripheral blood samples had been drawn in EDTA and heparin collection tubes before
the administration of any treatment from 15 patients recruited by the professionals of

the International Health Program (PROSICS-Barcelbrstitut Catala de la SalutCs,

Spain). All the patients presented a malaria acute infection and were diagnosed by PCR
and light microscope blood analysis. The local Ethical Committee approved the study

(PR(AG)30/2018) and informed consent was signed by all patients.

Plasma was immediately separated by centrifugation at 1500 rcf for 15 min at 4°C.
Whole blood was lysed for 5 min after diluting 1:1 with erythrocyte lysis buffer (Table
3.1) to release intracellular parasite Ag. Plasma and lysed whole blood samples were
aliquoted and stored at -80°C, and each aliquot was thawed only once. Untreated whole

blood was used fresh, immediately after its acquisition.

For detection, plasma, untreated whole blood and lysed whole blood samples were
diluted with 1XRD and were assayed in parallel using the magneto-immunoassay/sensor
(Sections 5.2, 6.2 and 8.2) and the ELISA reference method.

3.10. Data analysis

All the experiments included negative controls (1xRD without the analyte) to assess the
level of Ab cross-binding and biocomponent nonspecific binding, and to determine the

ratio between specific and nonspecific responses.

The lower limits of detection (LOD) and quantification (LOQ) were calculated as the
average of the blanks plus 3 and 10 times their standard deviation (SD), respectively.
The sensitivity corresponded to the slope of the assay linear range. The variability was
calculated in terms of variation coefficient (%CV=(SD/mean) X 100). The signal-to-
noise ratio (S/N) was the signal registered for each protein concentration divided by the

averaged signal of the blanks.

Performance of the magneto-immunoassays/sensors developed was compared to that of
reference ELISA in terms of analyte recovery (%oRecov). This was calculated for each

sample concentration tested as the percentage amount of protein detected by the
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magneto-immunoassay compared to that registered by ELISA
(%Recov=([analyte]MBassay/[analyte] ELISA)x100).

Over protocol optimization, a single parameter was optimized per experiment series,
each experiment was repeated at least twice and best performing conditions were

selected as those displaying lowest LOD/LOQ, highest S/N, and lowest %CV.

A matched-pairs t-test was used to determine whether the quantitation provided by each
method for each Ag concentration was significantly different from that obtained by
classical ELISA. The null hypothesis was that the results provided by the methods
compared were similar, and it was accepted if the t-statistic calculated for each pair of
data (ta) was lower that the tabulated t-statistieb(tfor a two-tailed test and n-1

degrees of freedom, where n was the number of replicates considered.
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4. ldentification of critical parameters for magneto-
immunoassay development. Application to

myeloperoxidase (MPQO) detection.

The development of magneto-bioassays usually involves the optimization of several
parameters, such as MB bio-functionalization strategy, amount of MB per sample,
incubation time, or detection path. On the contrary, issues such as sample volume and
type of agitation of the MB with the sample are less often considered. For example,
most works report on sample volumes ranging 50-100 pL, with the exception of
detection of bacteria and environmental pollutants which are frequently studied in 0.5-1
mL sample volumé$®**® This is presumably related to the fact that, while larger
sample volumes display higher total amounts of target molecules, they consume more
reagents and increase the final assay cost. Finally, since MB sediment over time,
incubation must be carried out under agitation conditions to keep the beads suspended
in the solution. This active agitation of MB with the sample lowers also the dependence
on analyte diffusion across the sample, because molecules only migrate through the
narrow fluid paths between neighbouring beads. As a result, the combination of MB
agitation and MB large active area grants faster assay kinetics, higher maximal signals,
and lower LOD than the affinity capture on two-dimensional sensing sutfat8sThe
different teams working in the field use for this purpose equipment such as a rotating
wheel, tilt rotation, or vortex-like shaking (usually a thermomixer), but the literature
lacks studies comparing the efficiency of the different strategies. For this reason, this
thesis work started with a detailed study of different parameters affecting magneto-

immunoassay performance, for which MPO was used as the model analyte.

This chapter describes the optimization of a reference ELISA and an extremely simple
magneto-immunoassay for MPO detection, and the subsequent study of the effect of

different types of agitation and sample volumes in magneto-immunoassay performance.
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4.1. Optimization of a direct ELISA for MPO detection

ELISA is founded on the exceptional specificity of Ab for their target Ags and has been
extensively employed in clinical diagnostics and analytical chemistry since it was
described**??> Along this thesis, ELISA was used to characterize the different sets of
biocomponents, to determine their optimal working conditions, and as the starting point

for the subsequent development of magneto-immunoassays.

For the optimization of an ELISA for MPO detection, microtitter plates were modified
with increasing concentration of bc-MADb, were blocked with BSA, and were incubated
with serial dilutions of MPO. For detection, a ready-to-use TMB substrate solution was
added and the endogenous peroxidase activity of MPO was monitored over time, Figure
4.1 (Section 3.6.1).

1. MPO-bc-MAb 2.BSA 3. MPO 4. Detection
| s— | P | — Substrate
3 "y —_— WP, —_ “ \\‘ — (
_\_“ \"_J_./_ i Y il il Y i COLOR
Wash
45 min 45 min Wash 30 min Wash 30 min

*\ be-MAb @ BSA @ MPO

Figure 4.1.Scheme of the immunoassay developed for direct MPO ELISA detection.

As it can be observed in Figure 4.2a, MPO immuno-capture efficiency was proportional
to the amount of bc-MAb for MPO concentrations above 500 ng*.nmtHowever,
detection of lower MPO concentrations did not improve for bc-MAb loads higher than 5
g mL?, which were also more expensive to implem@igure 4.2b). Besides, MPO
non-specific binding was nearly undetectable in the control wells modified with only
BSA.

Figure 4.2c shows the results obtained for 5 pg 'mif bc-MAb after MPO
immunocapture for 15, 30 or 45 min. The signals measured increased by 35% when the
incubation was extended from 15 to 30 min, to decrease by 2% after 45 min of
immunocapture. While both the LOD and LOQ improved proportionally to the
incubation time (15.84 ng mtand 35.52 ng mtL* for 15 min, 4.87 ng mL* and 13.66

ng mL* for 30 min, 4.56 ng mL* and 6.78 ng mL for 45 min), the assay sensitivity

was 66% and 20% higher after 30 min than for 15 and 45 min, respectively. Figure 4.2d

demonstrates that although all the incubation times studied allowed detecting MPO in
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similar concentration ranges, the signals registered for a 15-min immunocapture were
nearly half of those obtained with 30 or 45 min. According to this, a 30-min

immunocapture was selected as the optimal condition, since it provided the best ratio
between efficient immunocapture and short assay time. Under these conditions, the

whole ELISA took more than 3 h.
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Figure 4.2 Optimization of a classical ELISA for detection of MPO. (a) Graph illustrating the signals registered for
detection of increasing concentrations of MPO using different concentrations of capture bc-MAb immobilized on the
microtitter plate. (b) Signals obtained in the low-concentration range of MPO for different concentrations of bc-MAb
(c) Results obtained for 5 g riof bc-MAb, which was considered as the optimal concentration for plate
immunomaodification, after MPO immunocapture for 15, 30 or 45 min. (d) Amplification of (c) illustrating the linear
range for each assay condition (15, 30 and 45 min of immunocapture with 5 fiof tn¢-MAb).

4.2. Optimization of a magneto-immunoassay for MPO

detection
MPO was next detected following a similar approach but using bc-MAb-MB instead of
ELISA plates (Figure 4.3). Previous reports had showed that MPO detection using MB
resulted in shorter assay times than in classical E¥¥Smm addition, MPO-bc-MAb-
MB could be stored at 4°C for more than 1 month without any decrease in

performancé®
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Figure 4.3.Scheme of the magneto-immunoassay developed for direct MPO detection.

Here, MB were modified with a fixed amount of MPO-bc-MAD following the protocol

in Section 3.4.1, and different amounts of MPO-bc-MAb-MB (i.e.: 3, 6, 9 and 12 pL,
equivalent to 7.5; 15; 22.5 and 30 pg) were incubated in parallel with MPO. In
accordance with previous works, the assay consisted initially of a 15-min immuno-
capture, followed by washing and detection as described in the experimental Section
3.7.3. As is can be observed in Figure 4.4a, the signals registered were proportional to
the concentration of MPO for all the amounts of MPO-bc-MAb-MB tested. Noteworthy,
all signals were higher than those produced by similar concentrations of MPO in the
ELISA, which suggested that immunobinding was more efficient when using MB as the
active surface. It had been previously discussed that employing MB provided a large
active surface for both Ab immobilization and target immunocapture, as well as

efficient mixing with the sample, which produced enhanced target binding and signal

generatioft-
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Figure 4.4 Optimization of a magneto-immunoassay for detection of MPO. (a) Results obtained for the MPO
magneto-immunoassay using different amounts of MB per sample. The signals registered were proportional to the
concentration of MPO for all the amounts of MPO-bc-MAb-MB tested. (Insert) Summary of the LOD and LOQ
displayed by the assay for the different amounts of MPO-bc-MAb-MB tested. (b) Signals registered for the magneto-
immunoassay after either 15 min or 30 min of incubation with MPO. (Insert) LOD and LOQ displayed by the
magneto-immunoassay after 15-min and 30-min immunocapture times and linear range for of MPO concentrations
obtained for the optimized magneto-immunoassay (15-min immunocapture with 22.5 ug of MPO-bc-MAb-MB).

We also noticed that the background noise increased with the amount of MB used, even

in the negative controls incubated with no MPO. For instance, 504, 565, 625, and 690
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mAU were registered for negative controls carried out with 7.5; 15; 22.5 and 30 ug of
MB, which implies an increase in the background noise of about 10% for every 7.5 pg
of MB added (not statistically significant difference between groups as determined by
one-way ANOVA (F(3.32) = 2.9 p > 0.05)). Since the assay consisted of a direct
immunocapture and no additional reagents were added, this presumably denoted that the
metallic component of the MB contributed to the spontaneous oxidation of TMB in the
substrate solution. Consequently, the background noise was proportional to the amount
of MB present. Besides, the signal trend registered was very similar for all the amounts
of MPO-bc-MAb-MB studied, which generated LODs and LOQs of the same order of
magnitude (1.7-4.3 and 6.4—12.6 ng mlespectively).

On the other hand, the lowest amounts of beads tested (7.5 ug and 15 pg) produced
signal variability 20% and 10% higher in average than using 22.5-30 pg of MB. This
was attributed to better magnetic recovery of higher MB loads after the incubation and
washing steps, which was in agreement with previous réfforBecause of this
combination of variability and background noise, the assay LOD/LOQ seemed to
improve when the MB load increased from 7.5-15 pg to 22.5ug, to decrease again for
30 pug (LOD/LOQ of 3.97/8.65 for 7.5 pug of MB; 3.42/8.93 for 15ug; 1.71/6.43 for
22.5ug; 4.30/12.61 for 30 pg). Accordingly, 22.5 pg of MPO-bc-MAb-MB were
selected for subsequent experiments. Figure 4.4b shows that compared to the ELISA, in
which a 30-min immunocapture produced the best results, the magneto-immunoassay
detected MPO in the whole concentration range studied in just 15 min of incubation.
Although the 30-min experiment generated signals 10-40% higher for MPO
concentrations above 62 ng mLthe signals produced for lower concentrations of

MPO were not statistically different in both cases (p < 0.05).

4.3. Effect of sample volume and agitation type in magneto-

Immunoassay performance

The magneto-immunoassay developed in Section 4.2 was used to compare the effect of

sample volume and type of agitation in immunocapture efficiency, which was evaluated

in terms of low LOD, high analytical sensitivity and low level of non-specific

absorption (i.e., high specificity). The optimized magneto-immunoassay consisted of a

15-min immunocapture of MPO present in solution using 9 pL (22.5 pug) of MPO-bc-
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Ab-MB per sample. Here, the immunocaptures were performed alternatively with three
different sample volumes (100 pL, 500 pL and 1 mL) and submitting the tubes to either
fast shaking or slower rotation motion. Four different equipment were used in parallel

for this purpose, which imposed to the tubes 5 types of mixing conditions.

4.3.1 Magnetic Bead incubation under rotation conditions

Incubation of MB is often performed under rotation conditions, which prevents MB

sedimentation and guarantees the correct homogenization of the MB with the sample.
The rotator agitators used for this purpose are equipment that include one or various
wheels that rotate and impose a rotating movement to the tubes. Three different rotating

conditions were compared in this work.

The first equipment tested was a Stuart SB2 rotator, which displayed a wheel 22 cm in
diameter that rotated at a fixed speed of 20 rpm. The angle of inclination of this wheel
could be adjusted, but it was used here in a vertical position (Figure 4.5a, insert). As a
result, the Eppendorf tubes were submitted to relatively slow rotation that successively
placed then in vertical, horizontal and vertical upside-down positions. Figure 4.5a
illustrates the results obtained when samples 100 pL and 500 pL in volume were
assayed alternatively (larger sample volumes were too heavy and produced tube falling
from the wheel, generating unacceptably variable results). Sample volumes of 500 pL
produced higher signals than the 100 pL ones over the whole MPO concentration range
tested. Although the assay linear range was wider for 100 pL samples, the study of 500
uL samples produced lower LOD and LOQ (1.36 ng'tahd 3.70 ng mI*for 500 pL;

3.22 ng mC! and 8.42 ng mL for 100 pL) and higher sensitivity (measured as the
slope of the linear range). It was noticed that under these slow rotating conditions, both
100 pL and 500 pL volumes spread inside the tubes, moistening relatively wide areas of
the tube wall. This caused partial drying of both MB and sample solution and caused

variability between replicates equal or above 10% in half of the concentrations.

The second rotating conditions entailed the employment of a Mini Lab Roller rotator
that included a 15-cm wheel placed in horizontal position and that rotated at a fixed
speed of 24 rpm (Figure 4.5b, insert). As before, the Eppendorf tubes were submitted to
continuous dextro rotation, but in this case the movement was comparatively faster due

to the smaller diameter of the wheel. Under these experimental conditions,
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immunocapture efficiency improved with sample volume and higher signals were
registered for most MPO concentrations incubated in 1 mL (Figure 4.5b). Even if the
assay linear range was shorter for 1 mL samples, the LOD, LOQ and assay sensitivity
improved by 30%, 50% and 60%, respectively, compared to 500 puL volumes. The
exception were the two highest concentrations tested, for which saturation was reached
with 500 pL.

To achieve a third rotating condition, the wheel of the MiniLab Roller rotator was
flipped 90° to reach a vertical position (Figure 4.5c, insert). In this case, the Eppendorf
tubes were maintained horizontally, and rotation made the MB roll over the lateral walls
of the tubes. The signals recorded in this experiment were lower than those observed for
the other rotating conditions and signal saturation was not observed in the MPO
concentration range studied (Figure 4.5c). This indicated that immunocapture was less
efficient under these experimental conditions, which produced worse mixing of the MB
with the samples. Independently of this, the assay improved when performed in 500-pL
instead of 100-pL volumes (LOD, LOQ and sensitivity of 1.64 ng* .82 ng mL*,

and 183 AU mL n§in 500 pL, compared to 4.17 ng ilL12.35 ng mC*, and 33.76

AU mL ngtin 100 pL).
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Figure 4.5 Comparative performance of the magneto-immunoassay when MPO magneto-immunocapture was
carried out under different rotation conditions. (a) Results produced in 100 pL and 500 pL samples with the Stuart
Rotator SB2. (b) Results obtained for 100 pL, 500 pL and 1000 pL samples with the Mini Lab Roller rotator with the
wheel placed in horizontal position. (c) Signals generated for 100 pL and 500 pL samples with the Mini Lab Roller
rotator with the wheel placed in vertical position. The inserts show the images of the different equipment used for
MB incubation, the type of movement that is impelled to the tubes in each case, the assay linear range and the
corresponding fitting equations for the tested conditions.

As it can be observed, the rotating conditions that provided more efficient mixing of the
MB with the sample were the ones that produced also the highest magneto-
immunobinding efficiency. For instance, horizontal rotation of the tubes, which made
MB rolled over the surface of the tube, displayed poorer results than vertical mixing, in
which upside-down agitation kept the MB suspended and produced more efficient
solution homogenization. Independently of this, immunocapture under the mild rotation
conditions tested benefitted in all cases from an increase in sample volume. However,
the increase in signal was not proportional to the growth in sample volume. For
instance, signals registered for 500 pL samples were approximately twice higher than
those generated for 100 pL volumes and showed only a slight improvement when 1 mL
volumes were assayed. This was attributed to MB surface saturation, but higher rotation
speeds should be tested to discard that high sample volumes needed more efficient

mixing. In relation to this, it is worth noting that rotation of big sample volumes
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produced also more spreading of the samples inside the tubes and formation of small
droplets that were difficult to recover in the magnetic rack. As a result, signal variability
increased also. Barallat and coworkers also observed that larger sample volumes
produced higher spreading during tube rotation, which made them work with 100 pL

sample volume's?,

4.3.2 Magnetic Bead incubation under shaking conditions

MB are alternatively incubated under fast shaking conditions by some few teams, often
using a thermomixé¥+19423424|n contrast, Barallat et al. observed that MB incubation

in a microtiter plate using an orbital shaker did not prevent MB settling and provided an

assay linear range shifted toward higher analyte concentrations and poorer result
reproducibility than incubation in Eppendorf tubes under rotation conditforiis

moved us to investigate magneto-immunocapture efficiency under shaking conditions.

In this case, two different equipment and agitation conditions were evaluated. The first
one was a Licuos Vortex equipped with a platform that could accommodate up to 15
Eppendorf tubes (Figure 4.6a, insert). This equipment was used at the minimal speed
(equivalent to approximately 100 rpm), which induced MB vibration inside the tubes at
a speed significantly faster than in any of the agitation conditions assayed. Under these
experimental conditions, the MB did not sediment over the incubation time and the
signals registered for 100 pL samples were higher than for any other equipment tested
(Figure 4.6a). In this case, assaying larger volumes only resulted in a minor
improvement and the three sample volumes analysed (100 pL, 500 pL and 1000 pL)
displayed similar LODs (around 2 ng if). On the other hand, signal saturation was

not reached for the MPO concentration range studied. These results suggested that
immunocapture was extremely efficient for small sample volumes and low analyte
concentrations, but that MB mixing and analyte immunocapture did not improve when

the total sample volume had been scaled up.

In contrast, the variability between replicates was relatively high (6—24% in most of the
cases). This was attributed to the large sample spreading and formation of droplets over
the surface of the tubes produced by vortexing. Consequently, samples were difficult to

recover completely, which favoured the loss of MB during the incubation and washing
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steps. A report by Wang and co-workers had modelled the performance of a magnetic
stirrer that produced MB vibration inside a microchannel to mix two co-flowing
solutiond®®. This study showed that at small actuation forces, the MB oscillated
laterally within a small distance. Accordingly, micromixing was better at narrow
microchannels and did not improve if volume was scaled-up. This was attributed to the
fact that, for a fixed amount of MB, there were fewer MB per volume unit that agitated
the fluid in a large microchannel. Applying a similar reasoning to MB vortexing, it was
inferred that a fixed amount of MB failed to mix efficiently volumes of solution higher
than 100 pL. However, assaying higher amounts of MB would increase the assay cost
and background signal, and higher vortexing speeds would produce more sample

spreading in the tubes.

The second equipment tested was a Grant-bioPTR-30 agitator (Figure 4.6b, insert). This
was a compact equipment containing a helical wheel placed horizontally, which could
be subjected to variable-speed orbital rotation, reciprocal motion (equivalent to tilting),
and vortexing, as well as a combination of them. The equipment was used here to tilt
the tubes at 15 rpm and 90°, combined with vortexing for 1 s at each extreme position.
These agitation conditions were proposed as intermediate agitation conditions between
rotation and vortexing. In agreement with this, the signals registered were between
those obtained for the rotators and the ones registered for the vortex (Figure 4.6b). For
example, 100 pL samples produced relatively high signals (i.e.: smaller than in the
vortex, but higher than with the rotators), they improved with sample volume, and
displayed variability between independent replicates below 8% for most MPO
concentrations. Higher sample volumes generated also a narrower linear range, higher
assay sensitivity, but LODs of the same order of magnitude (e.g.: LODs of 1.79 ng
mL™%, 1.5 ng mC*and 1.34 ng mT* for 100 pL, 500 pL and 1 mL, respectively; not
statistically different in a one-way ANOVA test, p > 0.05). This trend was presumably
caused by the combination of rotary and vibrating motion, which guaranteed more
efficient agitation than rotation, but lower sample spreading in the tubes than vortexing.
Accordingly, it was concluded that, depending on the type of sample and target analyte,
combinations of different types of agitation could provide better magneto-

immunocapture efficiency than a single type.
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Figure 4.6 Comparative performance of the magneto-immunoassay when MPO magneto-immunocapture was
carried out under different shaking conditions. (a) Results obtained for 100 pL, 500 pL and 1000 pL samples with the
Licuos Vortex. (b) Results obtained for 100 L, 500 pL and 1000 pL samples using the Grant-bio PTR 30 rotator.
The inserts show the images of the different equipment used for MB incubation, the type of movement that is
impelled to the tubes in each case, the assay linear range and the corresponding fitting equations for the conditions

tested.

4.3.3 Comparative performance of the different agitation conditions

The performance of the different agitation conditions was finally compared (Figure 4.7).
In general, larger sample volumes produced higher MPO recovery rates. This was
attributed to the availability of more analyte molecules that could be bound by the
migrating MB. Nevertheless, bigger volumes often correlated also with higher sample
spreading into the tubes and MB loss over the incubation and washing steps. Depending
on the agitation conditions, this produced unacceptable variability between replicates.
For incubations performed under rotation conditions, the signals registered improved
significantly when sample volume increased from 100 pL to 500 — 1000 pL, for which
different levels of signal saturation were observed. However, rotation of the wheel in
the vertical plane, in which the tubes laid down and the MB rolled over the tube wall,
produced considerably lower signals than when rotation made the tubs flip over their
longitudinal axis (upside-down). This indicated that complete homogenization of the
MB with the sample was essential to guarantee optimal magneto-immunobinding. On
the contrary, sample vortexing provided the best sensifioitgmall sample volumes,
although it also produced important variability between replicates due to sample
spreading (Figure 4.7). As a result, while the signals obtained for 100 pL sample
volumes incubated under vortexing nearly doubled those registered in the rotators
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(Figure 4.7a), the results obtained for 500 pL sample volumes were not significantly
different for the different agitation types (Figure 4.7b-c).
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Figure 4.7. Effect of agitation in immunoassay performance for a fixed sample volume. Comparison of the results

obtained for (a) 100 uL or (b) 500 uL samples when MB were incubated under different agitation conditions. (c)
Summary of the LOD, LOQ and linear range for each agitation condition in 100 uL (a) or (b) 500 uL samples.

These results suggest that sample volume has different effects in magneto-
immunobinding efficiency under different agitation conditions. This might be of
extreme importance if a magneto-assay had to be automated and operated in minute
samples volumes. In this context, agitation strategies such as rotation, apart from being
difficult to integrate in a POC platform, would provide limited magneto-immunobinding
efficiency. On the other hand, integration of vortexing-like agitation would have to deal
with the problem of sample spreading, bubbles formation and the difficulty to recover
efficiently the whole MB volume. Besides, fast continuous agitation may not be suitable
for the magneto-immunocapture of relatively fragile targets, such as whole cells, which
could be severely damaged along the incubation. Accordingly, effective automation of
magneto-assays may have to entail a combination of agitation types to generate optimal
results depending on analyte type and sample volume. As an illustrative example,
incubation under a combination of tilt and short vibration produced here efficient MPO
immunocapture with low variability, could be easier to integrate in a POC device than
rotation, and would be less aggressive for fragile targets than vortexing.
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4.4. Improving the sensitivity of a magneto-immunoassay: a

sandwich immunocapture format to MPO detection

The one-step magneto-immunoassay for MPO detection optimized previously (section
4.2; procedure detailed in the Section 3.7.3) was re-optimized for the improvement of
sensitivity. In order to do so, a MPO sandwich magneto-immunoassay was developed
readjusting the reagents concentratioRigre 4.8af?°. The protocol consisted of
MPO immunocapture in 25-100 pL sample volumes, to which 10 pL of MPO-bc-MADb-
MB and 0.6 pg mt: of bd-MAb-HRP had been added, in a single 5-min incubation.
MB were then washed with PBST, TMB substrate solution was added to the tubes, the
enzymatic reaction could proceed for 30 min, and the supernatant was finally measured
spectrophotometrically. Previous works showed that this assay was highly specific for
MPO, even in clinical serum and plasma sanipféé®
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Figure 4.8.Comparison of the schematic representation of the MPO magneto-immunoassay protocol: (1) MBs are
modified with biotinylated Ab, blocked with biotin and stored in a PBS-BSA solution at 4°C. (2a) The immunoassay
consists of single 15-min incubation of MPO and c-MAb-MB. (2b) The immunoassay consists in a sandwich
immunocapture of 15-30 min of MPO, c-MAb-MB and bd-MAb-HRP. This is followed by a series of washes with
PBS-T, which take about 7 min for a single sample and up to 20 min for a series of 8-12 samples handled in parallel.
(3) Addition of the substrate solution to the tubes for spectrophotometric detection of the assay, the enzyme reaction
is allowed to proceed for 30 min and is stopped with acid. MBs are then concentrated using a magnet, the supernatant
is transferred to the wells of a microtiter plate and absorbance is read.
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4.4.1 Optimization of the 1-step sandwich magneto-immunoassay for MPO

detection

The objective of the current work was to perform a sensitive MPO detection with the
magneto-immunoassay in the minimum time and with the lowest number of reagents
possible. Accordingly, several parameters of the spectrophotometric assay, including
incubation time (5-15 min) and bd-MAb-HRP concentration (100-700 ng) mere
re-optimized. As it can be observed in Figure 4.9, with 15- and 10-min incubation times
the signals registered for 700 ng thland 350 ng mt of bd-MAb-HRP were
comparable and higher than those obtained for 100 ¢ inLthe case of the 5-min
incubation, only 700 ng mt of bd-MAb-HRP produced higher signals than the other
concentrations tested. The main drawbacks associated to these high signals were that the
higher background noise interfered in detection of the lowest concentrations of MPO
tested, and on the other hand, that signal saturation was reached at lower MPO
concentrations shortening the assay linear range. On the contrary, 100 né bt
MADb-HRP produced signals at the same order of magnitude for the three incubation

times tested (5, 10 and 15 min).
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Figure 4.9.Optimization of the MPO immuno-magnetic binding efficiency with 100-700 ng MAb-HRP, in
different incubations times. (a) 15 min.(b) 10 min.(c) 5 min.
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If the results obtained for 5 min were studied, the LOD and LOQ obtained were of 44
and 200 pg mt for 350 ng mL*, and of 12 and 30 pg riLfor 100 ng mL* of bd-
MADb-HRP, respectively. It was concluded that the 5-min magneto-immunoassay using
100 ng mC* of bd-MAb-HRP was faster, with LOD and LOQ low enough to
discriminate MPO concentrations with diagnostic interest and using the lowest
concentration of reagents. Accordingly, these conditions were selected for subsequent

experiments.

Finally, magneto-immunocapture efficiency was evaluated in different sample volumes.
With this aim, the spectrophotometric magneto-immunoassay was performed in parallel
in 100, 50 and 2ml sample volumes (Figure 4.10). The table in Figdr&Ob
summarizes the different figures of merit of the assays performed. As it can be
observed, the assay with pQ of sample volume produced the best results in gesm
LOD, LOQ and sensitivity. The immunocapture ind5of sample, on the other hand,
produced in average signals 50% lower than the incubations in 5@1(@igure
4.10a). However, this assay still detected the same concentrations of MPO, with
LOD/LOQ of the same order. In the insert in Figure 4.10, it can be observed that
although the assay in 2pL had lower sensitivity in terms of the graph slope,
displayed the widest linear range.
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LOQ (ng mL ) 0.029 0.014 0.033
Linear range (ng mL -1)| 0.0039 - 4 0.0039 -1 0.0039 - 2
Linear equation 0.85x +0.10 2.66x +0.12 1.81x + 0.09
R2 0.996 0.994 0.992
Sensitivity* 0.85 2.66 1.81

*Measured as the linear approximation slope (UA-mL-ng 1)
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Figure 4.10.Effect of sample volume in the performance of the spectrophotometric magneto-immun@ssay
Effect of sample volume in MPO immunomagnetic binding efficiency. Insert, linear range of the different assays (b)
Table summarizing the characteristics of the assay performed with different sample volumes.

4.4.2 Evaluation of the one-step sandwich magneto-immunoassay detecting

MPO in spiked serum samples
To evaluate the matrix interference produced by a real sample matrix in MPO magneto-
immunobinding (25tL sample volumes). With this purpose, the re-optediz
spectrophotometric magneto-immunoassay was carried out using commercial human
serum, which was diluted 1:100 with PBS-BSAand spiked with known
concentrations of MPO or no MPO at all as the negative control. Figure 4.11a shows
that the signals obtained in diluted human serum were not significantly different from

those registered in PBS-BSAwith MPO recovery efficiencies ranging 95%-108%.
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Figure 4.11 Comparison of detection in PBSBgAand in human serum diluted 1:100 with spectrophotometric
detection. Insert, linear range obtained in human serum diluted 1:100 with PBS-&®Aspiked with increasing
concentrations of MPO.

The magneto-immunoassay using 100 ng'mE bd-MAb-HRP in a 5-min incubation,
which enabled detection of MPO between 4 and 8000 pg, mith LOD and LOQ of

27 and 88 pg mit, respectively in 1:100 diluted human serum. Considering that the cut-
off value to distinguish between physiological and pathological concentrations of MPO
is 95 ng mL* and that patients at high risk of suffering a cardiovascular event may
display MPO concentrations above 400 ng™mit was concluded that this shortened

assay would be efficient enough to discriminate between both §f@ups
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4.5. Conclusions

This chapter has described the optimization of a direct ELISA for MPO detection that
took 3 h and generated an LOD of 4.87 ng m[his assay was then formatted into a
15-min magneto-immunoassay that had an LOD of 1.65 ng.nilhis magneto-
immunoassay was finally employed to study different parameters that could affect assay
performance. The results confirmed that the amount of capture Ab in an assay had to be
carefully optimized, because an excess of this reagent contributed to analyte detection
worsening, presumably by steric hindrance. The amount of MB per sample was also
determinant for optimal assay performance. While low MB concentrations resulted in
high assay variability, which was attributed to MB lost during the incubation and
washing steps, high MB concentrations correlated with high background noise. The best

results were obtained when 22.5 pg of MPO-bc-MADb-MB were used per sample.

Concerning agitation conditions, maximal MPO detection was obtained for fast sample
mixing, such as vortexing, of small sample volumes (i.e. L0). However,
combinations of different types of agitation could be an efficient alternative depending

on analyte type and sample volume.

On the other hand, it has been demonstrated that assay sensitivity can be improved with
a sandwich magneto-immunoassay compared to a classical ELISA, achieving shorter
assay times without necessarily sacrificing assay sensitivity. The direct 15-min
magneto-immunoassay for MPO detection performed in 100 pL of sample (under the
best agitation conditions for this volume) displayed a linear range of 2 — 500 g mL
with LOD and LOQ of 1.79 ng mt and 3.34 ng mL, respectively. The addition of a
bd-Ab-HRP during the immunocapture to perform 1-step sandwich immunoassay and
the reduction of sample volume to 25 pL, allowed a decrease of the range of MPO
concentrations studied to 0.004 ng Tht 8 ng mL-%. Furthermore, the LOD and LOQ
achieved with this magneto-immunoassay were reduced nearly 200 times, reaching

values of 9 pg mI* and 30 pg mL, respectively.
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5. Development of simplified sandwich  magneto-

immunoassays using Poly-HRP as a signal amplifier

The utilization of MB provides a versatile strategy for the development of enhanced
immunoassay$®*?"“?® However, most of the magneto-immunoassays reported entail
relatively complex multi-step procedures. These assays require that the user performs
several consecutive incubations under agitation conditions and washing steps using
magnets, which usually generate higher result variability than work on two-dimensional
capture surfaces, requires a certain level of training, and is certainly tedious and time-
consuming. The main objective of this thesis project was reducing the level of manual
handling of classical magneto-immunoassays, developing methodological alternatives
that could be easier to carry out by poorly trained personnel and with minimal technical
requirements. One of the means to accomplish this goal was producing extremely short
and simple magneto-immunoassays. However, and as it will be discussed in this
chapter, the simplified magneto-immunoassays developed in this way produced
extremely low signals, which made it necessary to explore the incorporation of signal

amplifiers.

Multi-label signal amplifiers, such as engineered polymeric complexes, metal
nanoparticles or carbon nanotubes (CNT), to cite some examples, had been previously
employed to produce enhanced immunoagsa¥s ' Among them, polymeric
streptavidin-enzyme complexes, such as Poly-HRP, appear as a promising alternative
that, contrary to customized nanocomposite-based amplifiers, have already reached the
marker and are commercially available. Poly-HRP complexes are composed by from
dozens to hundreds of HRP enzyme molecules chemically coupled to each other or to a
polymer backbone, to which streptavidin is cross-lifkedSome few examples have

been reported using Poly-HRP to produce highly sensitive immunoassays and
immunosensors. For instance, a custom-made Poly-HRP dextran complex was exploited
to develop an ELISA that detected anti-HIV Ab at concentrations 10 times lower and
with signals 5-20 times higher than streptavidin-#R&PThe authors used the same
complex later on to detect tissue plasminogen activator (tPA), obtaining signals 7 times
higher than when employing streptavidin-H&PLi et al. used a commercial Poly-HRP

in a competitive ELISA for the detection of aflatoxin B1, achieving 19-fold higher
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signals, a wider linear range, a 3.8-fold better signal-to-noise ratio, and a 2.4-fold
steeper slope than when employing an Ab-Ff&m a work published by Miao and co-
workers, aptamer-modified MB and a commercial Poly-HRP, additionally modified
with HRP-loaded gold nanoparticles, served to detect chloramphenicol in a competitive
assay format°>. Pingarron’s team has also employed Poly-HRP for the development of
magneto-immunosensors. For instance, the electrochemical magneto-immunodetection
of interleukin-6 (IL-6) and transforming growth factgt- (TGF) using Poly-HRP
provided larger signal-to-blank ratios, wider linear range, and lower LOD than
streptavidin-HRP in the study of spiked saliva and/or &fifé® Interestingly, these
examples exploited Poly-HRP to improve the sensitivity of assays that were in general
time-consuming multi-step proceduf&s*’

This chapter shows how Poly-HRP can be alternative exploited to shorten the
incubation times of an immunoassay, facilitating the optimization of extremely fast,

simple and efficient magneto-immunoassays. Two simplified magneto-immunoassays
will be described. The first one was optimized to detect MMP-9, a biomarker of

ischemic stroke complications, and accomplished quantitative detection in plasma
samples in approximately 40 min. The second one targeted detection of PfLDH in
whole blood from malaria patients and confirmed that the protocol developed was
applicable to a variety of diagnostic applications.

5.1. Development of a simplified magneto-immunoassay for

MMP-9 detection in blood plasma

The development of a magneto-immunoassay for MMP-9 detection was carried out
using the reagents of a Duoset kit (Ref. RYD-DY995, R&D). This kit contained all the
biocomponents needed to perform a classical multistep ELISA, including a capture
monoclonal MMP-9-c-MAb, the MMP-9 calibrator, a detection polyclonal MMP-9-bd-
PAD, and streptavidin-HRP for indirect detection, as well as a general protocol that took
>6 h (see Section 3.6.2). This ELISA protocol was taken as the starting point to develop
a multi-step magneto-immunoassay, which was successively shortened by decreasing
the different incubation times, was simplified by combining different steps in single

incubation steps and was shortened additionally by employing a Poly-HRP signal
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amplifier to substitute streptavidin-HRP. Finally, the applicability of the protocol was

assessed by studying spiked and clinical samples from patients.
5.1.1. Optimization of a 3-step magneto immunoassay for MMP-9 detection

In order to produce the magneto-immunoassay, MB were chemically modified with
MMP-9-c-MAb following a protocol optimized previously by other members of the

438

team™". These immuno-modified MB were stable for several weeks at 4°C, which was

an advantage compared to the ELISA that was prepared daily.

MB were then used to carry out a multi-step magneto-immunoassay that was like the
classical ELISA (Figure 5.1.a). Twpg of MB were used per sample following the
protocol described in Section 3.7.1. This amount of MB entailed an active surface area
12-20 times smaller than that used in a microplate well (approximately 4.4-7-fmm

MB vs 95 mnf for ELISA). However, and considering the corresponding surface
modification protocols (Section 3.4.2), equivalent amounts of c-MAb were used in both
cases (i.e., 100 ng of c-MAb per sample). Under these experimental conditions, the
magneto-assay produced signals 40-60% lower than the ELISA for all the
concentrations of MMP-9 tested. Background noise decreased also, which provided
lower LOD/LOQ (4 and 16 pg nitin average for MB, compared to 5-15 and 13-40 in
the ELISA) and better discrimination of MMP-9 at low concentrations (e.g., S/IN=1.5

for 31 ng mL* by ELISA; S/IN=2.6 for 31 ng mt.and detection of 16 ng riiLat MB).
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Figure 5.1 (a) Scheme of the reference multi-step ELISA. (b) Scheme of the 3-step magneto-immunoassay
developed in this work for MMP-9 detection. (c) Comparison of the signals registered when detecting a dilution
series of MMP-9 using alternatively the reference ELISA and the 3-step magneto-immunoassay.

5.1.2. Optimization of a 2-step magneto immunoassay for MMP-9 detection

The 3-step magneto-immunoassay was tentatively shortened by combining the two
consecutive immunocaptures of MMP-9 and MMP-9-bd-PAb in a single incubation step
(Figure 5.2a). In this way, the assay consisted of a single incubation of the MB with the
MMP-9 containing sample and MMP-9-bd-PAb, followed by incubation for 20 min
with streptavidin-HRP and colorimetric detection of the enzymatic label. Figure 5.2b
summarizes the signals registered for decreasing immunocapture times for this 2-step
magneto-immunoassay compared to the 3-step magneto-immunoassay. As expected,
signals decreased for shorter incubations, including background noise, but the whole

MMP-9 concentration range could be detected in all the experiments.

Noteworthy, LOD and LOQ were of the same order for 1-h and 2-h incubations (2.4-4.5
and 14-38 ng mt, respectively), but worsened for longer and shorter incubation times
(LOD/LOQ of 13/45 pg mL* for 3 h; LOD/LOQ of 35/112 pg mt for 30 min).
Accordingly, a 1-h incubation was selected as the starting point for further optimization.
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Figure 5.2.Detection of increasing concentrations of MMP-9 using different multi-step magneto-immunoassay
formats.(a) Scheme of the 2-step magneto-immunoassay. (b) Signals registered with either the 3-step magneto-
ELISA, or the 2-step magneto-assay versions in which MMP-9 and MMP-9-bd-PAb were incubated simultaneously

for 30-180 min.
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5.1.3. Using Poly-HRP to optimise a shortened 2-step magneto immunoassay
for MMP-9 detection

A battery of signal amplifiers was tested by other members of the research group in an
attempt to increase the signals obtained in the 2-step magneto-immunoassay. The
amplifiers tested included several streptavidin-HRP conjugates and polymeric HRP
complexes from different providers, as well and gold nanoparticle streptavidin-HRP
custom-made assemblies. The best results were obtained when using Poly-HRP, a

conjugate provided by Fisher Scientific (Ref. 211%0)

Poly-HRP performed optimally diluted 1:10000 and incubated for 5 min (compared to
the 20-min incubations required for streptavidin-HRP) (Figure 5.3). Under these
experimental conditions, Poly-HRP produced signals 40-100% higher than those
produced by strep-HRP for all the concentrations of MMP-9 tested. This polymer
produced also 50% higher background. However, the S/N ratios were equal or higher to
those provided by strep-HRP in the whole assay range, which made this molecule an

excellent choice for signal amplification.

Additional optimization of this 2-step magneto-immunoassay (Section 3.7.2, Figure
5.3a) included the study of MB concentration per sample, immunocapture time, number

of washes, and MB immuno-modification procedure, as it will be detailed next.
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Figure 5.3.(a) Scheme of the shortened 2-step magneto-immunoassay developed for MMP-9 detection. (b)
Comparison of the signals registered for the 2-step magneto-immunoassay when using alternatively streptavidin-HRP

or Poly-HRP for detection.
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5.1.3.1. Effect of the amount of MB used per sample in assay performance

For magneto-immunoassay optimization, a relatively small amount of MB was used per
sample (2ug of MB) (Section5.1.1). Nonetheless, several asthi@ve observed that
both target immunobinding and the signals generated improve proportionally to the
amount of MB used, with optimal numbers around &) when assaying 100k
sampled®*®  Accordingly, the effect of MB load in the 2-step immunoassay
performance was investigated in a range extending 233 MB per sample.

As summarized in Figure 5.4, the signals increased proportionally to the amount of MB
up to 20ug, to remain constant for higher MB loads (Figua). The amount of MB

had a profound effect on the assay linear range as well. For instance, for the lowest
amount of MB tested, signal was linearly proportional to MMP-9 concentration up to 1
ng mLY. However, the linear range shrank to 16-500 pg‘rahd 16-250 pg mit of
MMP-9 when 10 and 20-3Qg of MB were used per sample, with signal saturation
above 1 and 0.5 ng il respectively. The background signal was also proportional to
the amount of MB, which was attributed to a combination of cross-binding between c-
MADb and bd-PAb and non-specific adsorption of Poly-HRP (Figure 5.4b). Despite this,
LOD and LOQ were of the same order in all cases (LOD 2.5-10 py iDQ 14-35

pg mLY) and the highest S/N ratios for low MMP-9 concentrations were produced by
20 ug of MB (Figure 5.4c). Accordingly, this conditionaw selected for subsequent
experiments.

Q
a
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4 | ™5 pg/Sample
B 10 pg/Sample
37 20 pg/Sample
B 30 pg/Sample

Signal (AU 450 nm)

~=R
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Figure 5.4.(a) Signals registered for increasing concentrations of MMP-9 using different amounts of MB per sample
in the shortened 2-step magneto-immunoassay. (b) Zoom illustrating the background signals registered in the
negative control experiments (without MMP-9). (c) S/N ratios obtained at low MMP-9 concentrations for the

different experimental conditions detailed in (a).
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5.1.3.2. Effect of the immunobinding time in assay performance

The 2-step magneto-immunoassay was additionally shortened by reducing the duration
of the single incubation step of MMP-9-c-MAb-MB with MMP-9 and MMP-9-bd-PAb
(Figures 5.3a and 5.5a). In this case, background noise decreased in the negative
controls with the immunocapture time (Figure 5.5b). In contrast, the incubation of Poly-
HRP (5 min with Poly-HRP diluted 1:10000) with a series of negative controls without
MMP-9-bd-PAb did not evidence Poly-HRP non-specific binding. Therefore,
background noise was attributed to Ab cross-binding, which was presumably amplified
by Poly-HRP. Besides, immunobinding for 15-60 min produced comparable signal
trends, with linear response for MMP-9 ranging 16-125 pd nsignal saturation above

0.5 ng mL}, LODs below 0.5 pg mt and LOQs of 5-12 pg mt Shorter incubations,

on the other hand, produced worse results, with LOD/LOQ of 9/22 pY (ft-min)

and 11/27 pg mt (5-min), as well as lower sensitivity in terms of graph slope.
Nevertheless, 5-min incubations were the only ones in which the linear range expanded
over the whole concentration range (16-1000 ng*mBince the main interest on the
current work was to develop a short assay, 5-min incubation was selected as a

compromise between reduced length and good performance.
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Figure 5.5.Signals registered for increasing concentrations of MMP-9 using different immunocapture times. (b)
Insert illustrating the background signals registered in the negative control experiments (without MMP-9). (c) S/N
ratios achieved at low MMP-9 concentrations for the different experimental conditions tested in (a).
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5.1.3.3. Optimization of the washing strategy

MB manual washing using magnets is a tedious and time-consuming procedure and an
important source of variability. Accordingly, it was decided that for the development of
an extremely assay path, MB washing had to be optimized to be performed in the

minimum time possible without losing efficiency.

Figure 5.6 displays the schematic representation of the 2-step magneto-immunoassay
developed for MMP-9 detection, including the different washing conditions tested. As
already exposed, the magneto-immunoassay consisted of a single 5-min incubation of
the MMP-9-c-MAb-MB with MMP-9 and MMP-9-bd-PAb. Next, the supernatant was
removed using a magnetic rack to retain the MB, the MB were washed and the
magneto-immunocomplex was incubated for 5 min with a polymeric signal amplifier,
Poly-HRP. MB were washed again, substrate solution was added to the tubes, the
enzymatic reaction proceeded for 20 min, it was stopped with acid and the colorimetric

detection took place.

1. MMP-9, bd-PAb 2. Poly-HRP 3. Washing 4. Detection
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> —_— £
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Figure 5.6.Schematic representation of the optimized 2-step magneto-immunoassay and the four different washing
strategies that were evaluated in parallel.

The results in Figure 5.7a show that MMP-9 detection improved if no wash was
conducted between the first two steps (1-2). At least for these specific reagents, washing
with PBSTy 1 before the incubation with Poly-HRP contributed to produce lower signals
and higher background noise than avoiding this washing step. This was attributed to a
higher level of Poly-HRP non-specific binding on tween-coated MB but was not studied

additionally.

On the other hand, after incubating with Poly-HRP, MB were washed twice with
PBSTp1 under rotation (for 5 min each time). Four different alternative washing
strategies were evaluated in parallel (step 3):

e performing two 5-min washes under rotation,
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» performing one 5-min wash under rotation,
» performing two fast washes without incubation, and
» performing one fast wash without incubation.

In all cases, incubation with Poly-HRP was followed by MB concentration in the
magnetic rack and supernatant removal by pipetting. For washing under rotation, MB
were then re-suspended in PB3Twere rotated for 5 min, and supernatant was
removed as before for MB resuspension in the solution of choice. For fast washing, MB

were only re-suspended with PBS{without incubating).
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Figure 5.7.(a-b) Signals registered in the 2-step magneto-immunoassay for increasing MMP-9 concentrations
with/without washing between the two incubation steps (a) and under different washing conditions carried after the

incubation with Poly-HRP (b). (c) Corresponding assay linear ranges and fitting equations for the experimental
conditions in (b). (d) Summary of the LOD and LOQ displayed by the assay for the different washings strategies.

Figure 5.7b displays the signals obtained for increasing MMP-9 concentrations under
the different washing conditions. The Figure 5.7c illustrates the corresponding assay
linear ranges and fitting equations for these experimental conditions. Figure 5.7d shows
a summary of the LOD and LOQ displayed by the assay for the different wash

strategies. Washing under rotation was more efficient and produced lower background
noise and faintly better LOD/LOQ (Figure 5.7b-d). However, this also produced lower

signals for all the concentrations of MMP-9 tested. This was attributed to the partial loss

of MB, because rotation produced wider spreading of the solution over the tube walls
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and made MB recovery more diffictlit. Accordingly, the experiments in which MB

were submitted to fast washes produced slightly higher signal-to-noise ratios (S/N).
Otherwise, the calibration obtained after carrying out just a single fast wash, without
incubation, displayed the highest sensitivity in terms of slope, but also one of the

narrowest linear ranges (Figure 5.7¢).

It was concluded that the best results were obtained for the 2-step magneto-
immunoassay performed with two fast washes without incubation, which displayed the
widest linear range, as well as sensitivity, LOD and LOQ comparable to those produced

when two 5-min washes were carried out.

5.1.3.4. Optimization of the conjugation procedure to prepare c-MAb-MB

Finally, the 2-step magneto-immunoassay was performed using alternatively c-MADb-
MB produced by either a two-step (Section 3.4.2, Figure 5.8a) or a one-step conjugation
protocol (Section 3.4.3, Figure 5.8b). In the first case, the carboxyl groups displayed on
the surface of the MB were first activated with EDC. The activated MB were then

washed and incubated with the c-MAb for conjugation. In contrast, in the one-step

protocol, MB, EDC and c-MAb were incubated simultaneously.
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Figure 5.8.Scheme of carboxylic acid MB two-step immunomodification (a)
and MB one-step immunomodification (b).

Figure 5.9 shows the signals registered in the 2-step magneto-immunoassay when
testing the MMP-9-c-MAb-MB produced by the two methods. In our experiments, the

one-step conjugation protocol consistently produced more efficient MMP-9-c-MADb-
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MB. As it can be observed in Figure 5.9a, the signals registered were in average 30%
higher than those displayed by MB produced with the two-step conjugation method for
all the concentrations of MMP-9 tested. This suggested that more c-MAb and/or more
active c-MAb was incorporated to the MB in the one-step protocol. This was
presumably related to the fact that the reactive group incorporated by EDC chemistry is
very labile and hydrolyzes very fast in aqueous media. Consequently, carrying out the
conjugation of c-MAb in the presence of EDC provides fresh active groups along the

conjugation (compared to using EDC-activated MB that loose active groups over time).

Using a one-step conjugation protocol may also induce a certain level of c-MAb
crossbinding, which might translate into conjugation of more c-MAb on the MB as well.
On the other hand, the background noise registered at c-MAb-MB produced with the
one-step protocol was 5% lower, which was attributed to better protein coverage of the
MB. This resulted in better LOD and LOQ (Figure 5.9a, insert). Accordingly, assay
sensitivity (slope), linear range and S/N improved when exploiting the one-step protocol
for c-MAb-MB preparation (Figure 5.9b).
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Figure 5.9.2-step magneto-immunoassay using alternatively MB immuno-modified through two different
conjugation procedures. (a) Signals registered for increasing concentrations of MMP-9 when using the two types of
MMP-9-c-MAb-MB. (Insert) Summary of the LOD and LOQ displayed by the assay in both cases. (b) Linear range

for the results obtained in (a).

5.1.4. Evaluation of the shortened 2-step magneto-immunoassay by detecting

MMP-9 in spiked and clinical samples

Upon optimization, the shortened 2-step magneto-immunoassay included a 5-min
incubation of the MMP-9-c-MAb-MB (produced though a one-step EDC conjugation)
with MMP-9 and MMP-9-bd-PAb. After supernatant removal, MB were incubated with

Poly-HRP for 5 min. Two fast washes followed, enzyme substrate was added, and
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colorimetric detection took place. The whole assay took approximately 35 min but
produced results comparable to the original commercial ELISA when operated in PBS.
Lastly, it was studied if the optimized 2-step magneto-immunoassay for MMP-9
detection would be applicable to the analysis of real samples. To do so, the work started
by the analysis of sample matrix effect using commercial pooled plasma from healthy

individuals inoculated with known concentrations of MMP-9.

The pooled plasma was submitted to increasing dilutions, 1:125, 1:250 and 1:500, with
PBS-BSA and was spiked with three different concentrations of MMP-9. As it is
shown in Figure 5.10a, the matrix effect increased proportionally to the complexity of
the matrix, producing higher background signals. However, if the signals registered for
the corresponding blanks (diluted plasma without spiked MMP-9) were subtracted from
the signals obtained for MMP-9, all plasma dilutions produced comparable signals for
MMP-9 concentrations up to 2 ng mland comparable assay sensitivities (Figure
5.10b).

On the other hand, the MMP-9 recoveries obtained for the different plasma dilutions
ranged 60-110 %, 74-104%, and 90-102%, for dilutions 1:125, 1:250 and 1:500
respectively. As it can be observed, the more complex was the matrix, lower recovery of
MMP-9 existed. For that reason, the plasma dilution 1:250 offered an equilibrium

between matrix complexity and good protein recovery for all the MMP-9 concentrations

evaluated.
a b
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Figure 5.1Q Performance of the 2-step magneto-immunoassay in spiked samples. (a) Signals registered for
increasing concentrations of MMP-9 spiked in the different matrix samples tested. (b) Signals registered for
increasing MMP-9 concentrations after subtracting the corresponding blanks.

Since MMP-9-spiked plasma was not complex enough to mimic clinical samples, we
next tested the 2-step magneto-immunoassay in plasma samples from patients having

suffered an ischemic stroke. Several teams have reported increased levels of MMP-9 in
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stroke patients, with concentrations ranging from <40 ng'nd_>200 ng mL* having

been measurét?*3*

The 2-step magneto-immunoassay detected MMP-9 in the 10 samples, with
concentrations extending between 38 ng helnd 300 ng mL*, which is in accordance

with the ranges reported previously (Figure 5.11). The clinical plasma samples diluted
1:250, were detected also using the Duoset ELISA as a reference method. Figure 5.11
displays the concentrations of MMP-9 measured in the 10 plasma samples using
alternatively the two methods. As it can be observed, the concentrations of MMP-9
estimated by the magneto-immunoassay correlated linearly with those provided by the
ELISA, with a positive lineal Pearson correlation coefficient of 0.9 and recoveries

ranging 97-140% in most of the cases.
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Figure 5.11 Correlation between the concentrations of MMP-9 (ng'restimated by the 2-step magneto-assay in

10 clinical plasma samples and the concentrations of MMP-9 according to the reference ELISA method (n=3). While
the 2-step magneto-immunoassay took approximately 35 min, the ELISA required >6 h.

In conclusion, the 2-step MMP-9 magneto-immunoassay developed could be used for

detection in real samples, with a good recovery of MMP-9 in the range of

concentrations of clinical interest, but significantly faster than when using a classical

ELISA.

5.2. Development of a simplified magneto-immunoassay for
PfLDH detection in whole blood

Once the 2-step magneto-immunoassay described in Section 5.1 had been produced, one

of the main concerns was to determine if the simplified assay format developed would
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be universal or only applicable to MMP-9 detection. For this reason, a similar assay
format was developed for a different biomarker, this time for detection of PfLDH
(Section 3.6.2). In this case, a pair of MAb provided by Meridian (PLDH-c-MAb and
PLDH-bd-MAb) and recombinant LDH froldasmodium falciparur(PfLDH) obtained

from CKBiotech were used. Two different ELISA assays had been optimized by
another member of the team and were used here as the reference methods (unpublished
results). The classical multistep ELISA was capable to detect 0.85 higmdLquantify

2.05 ng mL* of PfLDH in <5 hours, with a linear response spanning 0.8 - 50 n§ mL
(Figure 5.12a). The shortened ELISA alternative took 3.4 hours (see the protocol in
Section 3.6.3), displayed an LOD of 0.08 ng'man LOQ of 0.52 ng mit, and a linear

range of 0.1 - 12.5 ng miL(Figure 5.12b). Figure 5.12c shows the improvement in
assay performance observed for the shortened ELISA, which was attributed to the fact
that the PLDH-c-MAb and PLDH-bd-MADb used in this work had been selected for the
development of lateral flow tests, which could explain that they performed better in a

one-step immunocapture.
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Figure 5.12 (a) Scheme of the classical multistep ELISA for PfLDH detection. (b) Scheme of the shortened ELISA
for PfLDH detection. (c) Calibration plot obtained using the classical ELISA or a shorter ELISA version in which
PfLDH and bd-MAb were incubated simultaneously.

5.2.1. Optimization of a 2-step magneto immunoassay for PfLDH detection

As before, the optimization of the immunoassay using MB was started pursuing the
classical ELISA protocol (Figure 5.13a). For that, MB were modified with the PLDH-c-
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MAD using the optimized one-step conjugation protocol and were stored at 4°C (Section
3.4.3). For the magneto-immunoassay, MB (8(er sample) where incubated in three
consecutive phases, with the corresponding washes in-between, with the sample, the
PLDH-bd-MAb (37.5 ng mL* per sample) and streptavidin-HRP (Section 3.7.1). Each
incubation was extended for 30 min, what made the whole assay last 100 min, which
was 3 times shorter than the classical ELISA. This 3-step magneto-immunoassay
achieved an LOD of 0.23 ng rLLOQ of 1 ng mL}, and a linear range of 0.8 - 12.5
ng mLY. When the classical ELISA and the 3-step magneto-immunoassay for PfLDH
detection were compared, it was clearly observed that the immunocapture performed
with MB was more efficient than the classical ELISA (Figure 5.14a). The signals
registered were enhanced using MB for all the concentrations of PfLDH assayed.
However, the assay linear range was reduced when employing MB and signal saturation
was attained at lower PfLDH concentrations than when using c-Ab modified microtiter
plates (Figure 5.14d). This indicates that, as it has been observed in previous works, MB
helps to reduce the duration of the incubations achieving the same results than a

reference ELISA in a fraction of time.
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Figure 5.13 (a) Scheme of the 3-step magneto-immunoassay for PfLDH detection. (b) Scheme of the 2-step
magneto-immunoassay for PfLDH detection.

A 2-step magneto-immunoassay path was next implemented by combining the two
consecutive incubations of the MB with PfLDH and PLDH-bd-MAb in a single
immunocapture of 30 min (Figure 5.13b) (Section 3.7.2). This shortened magneto-
assay provided LOD of 0.3 ng mLOQ of 0.95 ng mL* and linear range of 0.8-12.5

ng mL™. Contrary to what happens with the PfLDH ELISA, the signals registered and
the sensitivity of the 3-step and 2-step magneto-immunoassays were similar to each
other (not statistically different in a one-way ANOVA test, p > 0.05) (Figure 5.14d).
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But when comparing the shortened ELISA with the 2-step magneto-immunoassay in

Figure 5.14b, although both provided signals of the same order, the background noise
caused for the MB (see Section 5.1.3.1) was higher, masked the lowest concentrations
of PfLDH tested and provided worse assay sensitivity. As it had been observed before

for the 3-step magneto-immunoassay, the 2-step counterpart displayed also signal

saturation for PfLDH concentrations above 50 ng'mThis suggested that the

incubation time of the PfLDH two-step magneto-immunoassay could be reduced.
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Figure 5.14 Detection of increasing concentrations of PfLDH. (a) Signals registered with the 3-step magneto-
immunoassay and the classical ELISA. (b) Calibration curves for the shortened immunoassay versions for PfLDH
detection, the ELISA and the 2-step magneto-immunoassay. (¢) Comparison of the signals registered for the different
ELISA and magneto-immunoassay in (a-b). (d) Summary of the LOD, LOQ and linear range for each experimental
condition in (a-c). ELISA assay time includes alternatively just the assay or assay plus plate immunomaodification,
which was performed immediately before the assay. In contrast, ready-to-use c-MAb-MB stocks were stored at 4°C.

The range of incubation times studied for the single immunocapture of the 2-step

PfLDH magneto-immunoassay included 30 min, 15 min and 5 min (Figure 5.13b).
Figure 5.15a summarizes the signals registered for the PfLDH concentrations studied

(0.8 — 100 ng mt), comparing the performance of a single immunocapture with the
PLDH-c-MADb, the sample and the PLDH-bd-MAb together, with the 3-step magneto-
immunoassay. It was plainly showed that the signals registered decreased proportionally

to the incubation time.

In contrast, the linear range was wider for shorter

immunocaptures (Figure 5.15b). In terms of sensitivity, the improvement was evident
for the 15 min of incubation, which provided LOD of 0.12 nghsind LOQ 0.55 ng
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mL™, and performance equivalent to the PfLDH shortened ELISA (Figure 5.15c). On
the other hand, the 5-min immunocapture produced signals 50% lower in average for all
the concentrations of PfLDH tested, as well as worse LOD/LOQ. However, it was
faster, which made it a good candidate for the development of a rapid diagnostic tool.
Accordingly, this was the assay format selected for the subsequent optimization steps.
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Figure 5.15 Detection of increasing concentrations of PfLDH using different magneto-immunoassay formats. (a)

Signals registered with either the 3-step or the 2-step magneto-immunoassay versions in which PfLDH and PLDH-

bd-MADb were incubated simultaneously for 5-30 min. (b) Linear range for each magneto-immunoassay showed in
(a). (c) Summary of the LOD, LOQ and linear range for each experimental condition in (a-b).

5.2.2. Implementation of Poly-HRP in the 2-step PfLDH magneto-

immunoassay

The PfLDH 2-step magneto-immunoassay with 5 min of immunocapture generated in

Section 5.2.1 was additionally improved by implementing Poly-HRP.

The Figure 5.16a shows the improvement in the signals registered when HRP was
substituted by Poly-HRP (both incubated for 20 min). Poly-HRP signal amplification
caused an increment of the signals registered between 30-50% on average for all the
PfLDH concentrations studied. The sensitivity of the 2-step magneto-immunoassay
improved considerably also, achieving an LOD of 0.012 ng arid an LOQ of 0.24g

mL™, which were 5 times lower than those obtained using HRP for assay detection.
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Finally, the incubation time with Poly-HRP was optimized (20 min, 10 min and 5 min
tested) trying to reduce even more the total magneto-immunoassay time and reach a
balance between sensitivity and linear range (Figure 5.16b). Figure 5.16¢c summarizes
the LOD, LOQ and linear range obtained for the 2-step magneto-immunoassay
(carrying in all cases a single 5-min immunocapture) under the different experimental
conditions tested. Although reducing Poly-HRP incubation time below 20 min had a
negative effect in assay LOD/LOQ, carrying only 5 min of incubation produced better

results than the 20 min of incubation with HRP.
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Figure 5.16 Detection of increasing concentrations of PfLDH using the 2-step magneto-immunoassay (single 5-min

immunocapture) using alternatively HRP or Poly-HRP. (a) Signals registered with HRP and Poly-HRP incubated for

20 min. Insert: Linear range registered in each case. (b) The 2-step magneto-assay incubating the Poly-HRP for 5-20

min. Insert: Linear range for each magneto-immunoassay showed in (b). (c) Summary of the LOD, LOQ and linear
range for each experimental condition (20 min of incubation for HRP and 5, 10 and 20 min for Poly-HRP).

This work carried to develop the PLDH 2-step magneto-immunoassay corroborated the
effect of Poly-HRP, demonstrated previously in Section 5.1.3, confirming that Poly-
HRP amplifies the signal of the magneto-immunoassay and allows reducing the
incubation times without losing sensibility, providing fast and simple magneto-

immunoassays.
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5.2.3. Optimization of the shortened 2-step magneto-immunoassay for PfLDH

detection

The shortened 2-step magneto-immunoassay developed for malaria diagnosis took
approximately 40 min and displayed LOD of 0.15 ng’ndnd LOQ of 0.94 ng mt
(Section 5.2.2, Figure 5.17). The detailed protocol for the 2-step PLDH magneto-

immunoassay can be found in Section 3.7.2.
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Figure 5.17. Scheme of the shortened 2-step magneto-immunoassay for PfLDH detection.

The additional optimization of this assay started by the study of the amount of MB
needed per sample for optimal PLDH immnunocapture and assay performance.
Increasing MB concentrations were evaluated, ranging 5-30 pug per 100 pL of sample.
From the plot of the Figure 5.18a, it was observed that the signals registered in the
presence of PfLDH increased with the amount of MB up ta@@nd decreased for
higher MB loads. Other assay parameters, such as LOD, LOQ and sensitivity (slope)
followed a similar trend. Consistently with the results obtained previously for MMP-9,
here the best results were produced by@®f MB (0.15 ng mL* of LOD and 0.94 ng

mL* of LOQ), the condition that was selected for subsequent experiments (Figure
5.18a, insert).

Next, the concentration of bd-MAb was escalated up to 100 ri§ (Rigure 5.18b).
Although the linear detection range was wider for 37.5 ng mibd-MADb, ranging

from 0.4 ng mL* to 25 ng mL* of PfLDH, the sensitivity (determined by the slope of
the linear calibration plot) increased proportionally to the bd-MAb concentration used
(Figure 5.18b, insert graph). The 2-step magneto-immunoassay with 75 hgfrbt-

MAb exhibited ~62% of sensitivity improvement compared to using 37.5 nd ofiL
bd-MAb, achieving an LOQ of 0.58 ng nilof PfLDH, and was selected for the next
optimizations (Figure 5.18b).
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Figure 5.18.0ptimization of the shortened 2-step magneto-immunoassay for PfLDH detection. (a) Signals registered
for increasing concentrations of PfLDH using different amounts of MB per sample. The inserts illustrate the linear
ranges of the signals registered for each MB concentration and the LOD/LOQ for these experiments. (b) Signals
registered for increasing concentrations of PfLDH using different concentration of bd-MAb per sample. The inserts
illustrate the linear ranges of the signals registered for each bd-MAb concentration and the LOD/LOQ for these
experiments. (c) Signals registered for increasing concentrations of PfLDH using different Poly-HRP concentrations.
The zoomed insert illustrates the background signals registered in the negative control experiments (without PfLDH).
The inserts represent the S/N ratios at low PfLDH concentrations and the LOD/LOQ for each concentration of Poly-
HRP evaluated.

Finally, different Poly-HRP dilutions were tested (1:7500, 1:8750 and 1:10000,
equivalent to 67 ng mt, 58 ng m* and 50 ng mL, respectively) (Figure 5.18c).
Higher Poly-HRP concentrations displayed signal saturation at lower PfLDH
concentrations and higher background noise in the negative controls without PfLDH.
Accordingly, better S/N ratios, LOD and LOQ were obtained for lower Poly-HRP
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concentrations. Nevertheless, diluting Poly-HRP further did not improve the assay

additionally.

The final 2-step magneto-immunoassay optimized included the employment of 20 pg of
MB per sample, incubated for 5 min with sample and 75 ng ofLbd-MAb and for

other 5 min with a 1:10000 Poly-HRP dilution in a final volume of fi0pbefore MB
washing and colorimetric detection. This assay achieved PLDH detection with a linear
range of 0.4-12.5 ng mt, LOD of 0.12 ng mL* and LOQ of 0.58 ng mit, in less than

40 min.

5.2.4. Detection of PLDH in real sample matrices using the shortened 2-step

magneto-immunoassay

The optimized 2-step magneto-immunoassay for PLDH detection was next tested in real
blood samples. In order to do so, the sample matrix effect was evaluated with whole

blood from healthy individuals inoculated with known concentrations of PfLDH.

For these experiments, the whole blood was submitted to increasing dilutions, 1:10,
1:25, 1:50 and 1:100, with PBS-B§Aand was spiked with the range of PfLDH
concentrations studied before (0.4 — 100 ngYjnEigure 5.19 shows the effect of the
complexity of the sample matrix, which increases proportionally the signals and the
background noise. However, if the signals registered for the corresponding blanks
(diluted blood without spiked PfLDH) were subtracted from the signals obtained for
spiked PfLDH, all blood dilutions produced comparable assay sensitivities and signals

for all the PfLDH concentrations studied (Figure 5.19, insert).

On the other hand, the PfLDH recoveries obtained for the different blood dilutions
ranged 70-119%, 80-120%, 88-114 %, 92-124% for dilutions 1:10, 1:25, 1:50 and 1:100
respectively. The blood dilution 1:25 offered an equilibrium between matrix complexity

and good protein recovery for all the PILDH concentrations evaluated.
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Figure 5.19. Signals registered for the 2-step magneto-immunoassay with increasing concentrations of PfLDH
spiked in the different sample matrices tested. Insert, signals registered for increasing PfLDH concentrations after
subtracting the corresponding blanks.

The 2-step magneto-immunoassay was finally tested in 6 lysed whole blood samples
from malaria patients. The sensor detected PfLDH concentrations between 66'ng mL
and 877 ng mL*, corresponding to parasitaemia ranging 0.03 - 0.6 %. The clinical
blood samples diluted 1:25, were detected also using the shortened-ELISA as a
reference method. Figure 5.20 displays the concentrations of PfLDH measured in the 6
whole blood samples using alternatively the two methods. As it can be observed, the
concentrations of PfLDH estimated by the magneto-immunoassay correlated linearly
with those provided by the ELISA, with a positive lineal Pearson correlation coefficient

of 0.9 and recoveries ranging 97—-125%.
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Figure 5.11 Correlation between the concentrations of PfLDH (ng'yrdstimated by the 2-step magneto-assay in 6
clinical blood samples and the concentrations of PfLDH according to the reference shortened-ELISA method (n=3).
While the 2-step magneto-immunoassay took approximately 35 min, the shortened-ELISA required >3 h.
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In conclusion, the 2-step PILDH magneto-immunoassay developed could be used for
detection in real samples, with a good recovery of PfLDH, but providing results

significantly faster than when using a shortened-ELISA.

5.3. Conclusions

Many authors have shown that MB are useful to produce enhanced bioassays, often
more sensitive and/or shorter than classical counterparts such as ELISA. Nevertheless,
an important number of the magneto-assays reported rely in multi-step procedures that
take hours. Both manual handling and automation of such assays is not trivial, which

limits the exploitation of MB and magneto-assays outside a laboratory. For this reason,

this chapter has focussed in the development of simplified magneto-immunoassays that
could be easier to carry out by not specially trained personnel and easier to automate

employing low-cost detection devices than current multi-step alternatives.

As it has been shown, the careful selection of the Ab pair allows optimizing simplified
2-step magneto-immunoassays. The subsequent implementation of Poly-HRP provides
signal amplification, facilitating that the assay steps are additionally shortened without
decreasing assay performance. As a proof of concept, two different simplified magneto-

immunoassays have been developed.

The 2-step magneto-immunoassay for MMP-9 detection included a 5-min incubation of
the MMP-9-c-MAb-MB with MMP-9 and MMP-9-bd-PAb. After supernatant removal,
MB were incubated with Poly-HRP for 5 min. Two fast washes followed, enzyme
substrate was added, and colorimetric detection took place. The whole assay took
approximately 40 min but produced results comparable to the original commercial
ELISA when operated in PBS, including LOD of 3 pg mILOQ of 20 pg mL, and

linear range spanning 0.015-1 ng MiThis assay was successfully applied to the study

of plasma samples from patients having suffered an ischemic stroke, providing MMP-9
quantitation that correlated linearly with that obtained using a reference ELISA that
took > 5h.

The 2-step magneto-immunoassay optimized for PLDH detection included also a single
5-min incubation of the MB with sample and bd-MADb, 5 more min of incubation with
Poly-HRP, MB washing and colorimetric detection. This assay achieved PfLDH
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detection with a linear range of 0.4-12.5 ng'mLOD of 0.12 ng mL* and LOQ of
0.58 ng mL*, in less than 40 min.

These results demonstrate that the simplified magneto-immunoassay format developed
here is applicable to different combinations of Ab pair and target analyte, providing

extremely fast, simple and efficient diagnostic tools.
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6. Development of one-step magneto-immunosensors for

protein biomarker detection

The use of MB for immunoassay development has been demonstrated in Chapter 5,
showing that MB can provide improved analyte immunobinding efficiency, and
relatively fast and simple analyte preconcentration and separation from non-target
sample components. Several authors have exploited additionally MB for the production
of fast and sensitive electrochemical magneto-immunoséfstfs However, these
electrochemical magneto-immunosensoften consist of numerous incubations and
washing steps, with serial buffer replacements using external magnets in-between. For
this reason, magneto-immunosensor automation tends to require devices containing
different chambers, microchannels, magnetic field generators, moving parts, and/or
fluid flow feature§>***?> Accordingly, the attempts to produce inexpensive analytical
tools for this purpose have only achieved detection of assays performed off-line, the
study of discrete samples, or operation of simplified immunoassay paths of limited
sensitivity****® This hampers the implementation of electrochemical magneto-
immunosensors in POC settings, were extremely simple protocols and inexpensive

devices are needed.

Attempts have been made to improve electrochemical immunosensor sensitivity by

employing nanomaterial-, enzyme- and DNA-based signal ampifféfs*’

Among

them, Poly-HRP stand out as affordable commercial products. For instance, dual carbon
screen printed electrodes (SPCE), custom-modified with 4-carboxyphenyl-
functionalized carbon nanotubes, were used for the simultaneous determination of
interleukin-1b (IL-1b) and tumour necrosis factofTNF- a)?®. This sensor achieved
LODs of 0.38 pg m[* (IL-1b) and 0.85 pg mL* (TNF-a), based on a sandwich
immunoassay that included 3 consecutive incubation steps with the corresponding series
of washes, and took 150 min. Otherwise, the combination of ultrasensitive customized
nanostructured SPCE and immunomodified Poly-HRP provided detection of alpha-
fetoprotein and HIV p24 antigen in about 30-35 min, with LODs of 1-2 pgnir.

both cases entailing productions paths that took days and a 2- step immunoassay
formaf>®**” Poly-HRP-based electrochemical magneto-immunosensors have been also
produced, in which immunomodified-MB were serially incubated with sample,

biotinylated detection Ab and Poly-HRP, washed after each incubation, and finally
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confined onto SPCE for substrate addition and electrochemical detection. In these
examples, detection of interleukin 6 (IL-6) and transforming growth factor beta 1 (TGF-
B1) took 90 and 140 min, respectively, providing LO@fs0.39 pg mC* and 10 pg
mL™%20|nterestingly, although most examples targeted LOD improvement, in
Sections 5.1.3 and 5.2.2 it was confirmed that Poly-HRP could also serve to produce

shorter and simpler immunoassays if sensitivity could be slightly compromised.

The objective of the work summarized in this chapter was to produce two
electrochemical magneto-immunosensors, for the quantitative detection of MMP-9 and
PfLDH, respectively, whose speed and handling simplicity approached to a certain
extent the requirements of POC testing. The starting point were the 2-step colorimetric
magneto-immunoassays described in Chapter 5, which although performed in 45 min
with efficiency comparable to the 5-h reference ELISA, were still too long and complex
for POC implementation. Here, it was pursued the development of a faster and simpler
assay path that could be accomplished with minimal technical requirements by lay
persons. To do so, immuno-modified Poly-HRP signal amplifiers were produced, which
allowed optimizing fast and simple one-step magneto-immunoassays. Next,
electrochemical detection was implemented using a ready-to-use commercial substrate
solution and a customized multiplexed magnetic holder, which allowed reducing the
detection time from 20 to just 5 min. Finally, the methods developed were calibrated by
studying clinical samples (blood plasma for MMP-9 detection and whole blood for
PLDH detection). As it will be shown, the electrochemical magneto-immunosensors
developed quantified the diagnostic biomarker in <15 min, without requiring
sophisticated equipment or complex production paths.

6.1. Development of a one-step electrochemical magneto-

immunosensor for MMP-9 detection in plasma samples

The final objective of this part of the work was to produce a short and simple
electrochemical MMP-9 magneto-immunosensor compatible with POC testing. For this,
the 2-step colorimetric magneto-immunoassay that had been produced préfowsdy
simplified additionally (see Section 5.1.3). With this purpose, an immuno-modified
Poly-HRP signal amplifier was produced, which allowed optimizing a one-step 5-min

magneto-immunoassay, and electrochemical detection was implemented, which reduced
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the detection time from 20 to less than 5 min. The resulting electrochemical magneto-

immunosensor could be carried out in <15 min.

6.1.1. Production of a Poly-HRP immunoconjugate and optimization of a one-

step magneto-immunoassay for MMP-9 detection

The 2-step magneto-immunoassay produced previously entailed two consecutive 5-min
incubations with sample/bd-PAb and Poly-HRP, respectively. This required that MB
were concentrated magnetically and washed twice between both incubations.
Incorporating the bd-PAb directly onto Poly-HRP to produce an immuno-modified
signal amplifier pursued optimizing a simpler magneto-immunoassay that consisted of a
single incubation step (Figure §.JAlthough not significantly shorter, the new assay

format was anticipated to entail less handling for the user.

1. c-MAb-MB, MMP-9, 2. Detection
stock 4°C ' . !
3 l.‘ | immunoconjugate

: L |
1 { 3 i
I AU w W Substrate
| ga S —

: X COLOR
i . Wash
! bd-PAb/Poly-HRP, | L

stock at 4°C i 5 min 20 min

Me () oMab 4 BSA @ MMP9 € bd-PAb f PolyHRP W

Figure 6.1.Scheme of the one-step magneto-immunoassay for MMP-9 detection.
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According to the provider's description, Poly-HRP contained biotin-binding protein
conjugated with polymers of HRP. The conjugate was devoid of unconjugated
streptavidin and HRP molecules to minimize competition and background signal. Since
Poly-HRP was supplied in a proprietary stabilizer solution of undisclosed composition,
chemical conjugation of the detection Ab was discarded. Alternatively, increasing
concentrations of MMP-9-bd-PAb were incubated with Poly-HRP for different
incubation times and conditions, followed by incubation with biotin to block free biotin-

binding sites that could produce conjugate aggregation over storing at 4 °C.

The first step was optimizing the concentration of MMP-9-bd-PAb in the conjugate. For
that, a fixed amount of Poly-HRP (1@ mL™*) was incubated under rotation with

MMP-9-bd-PAb concentrations ranging 10-46 mL™. These conjugates were then
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used, diluted 1:200, to detect increasing concentrations of MMP-9 or the negative
controls without MMP-9 in a one-step magneto-immunoassay (Figure 6.1). This led to
final working concentrations of 50—200 ng mifor the MMP-9-bd-PAb and to 50 ng
mL™ for Poly-HRP (Figure 6.2). While nonspecific binding of unmodified Poly-HRP
was irrelevant, all the conjugates detected MMP-9 proportionally to its concentration.
Only the conjugate with the lowest concentration of MMP-9-bd-PAb, equivalent to half
the concentration used in the 2-step assay, displayed signals considerably lower for
most MMP-9 concentrations. The signals registered with the other five conjugates were
not statistically different (oneway ANOVA test, p > 0.05), as they were the linear
ranges, sensitivity, LODs and LOQs. This suggested that a partial loading of the
conjugate with MMP-9-bd-PAb was enough for optimal performance. Since any
unconjugated MMP-9-bd-PAb remaining in solution could compete with the conjugated
bd-PAb and made the assay more expensive, the concentration of MMP-9-bd-PAb
selected for subsequent experiments was 100 ng fefuivalent to a 1:2 Poly-HRP:
MMP-9-bd-PAb w:w ratio).
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2 15 | ms50 m100 m125 150 m175 ® 200 1 M50 M100 M125 M150 W175 W200|
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2 | D12 P
209 ) e
< < g
§ 0.6 T 0.8 . e
= =] e 3
n 3 -l
0.3 N 04 £ IR
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e ¢ @ © 0 & & & & 00 ‘ ‘ ‘ ‘ ‘
> O & N LR O RN 0.0 0.5 1.0 1.5 2.0 25
\% Q° \% Q° [\% Q \% N* m. MMP 9 L 1
[MMP-9] (ng mL 1) [MMP-9] (ng mL )
c [bd-PAbinthe assay] (ngmL 1)
50 100 125 150 175 200
LOD (ngmL ) 0.24 0.05 0.07 0.05 0.04 0.05
LOQ (ng mL %) 0.53 0.15 0.24 0.16 0.17 0.18
Linear Equation | 0.144x +0.150 0.627x +0.190 0.564x+0.187 0.547x+0.187 0.517x+0.171 0.700x +0.198
R2 0.997 0.993 0.998 0.991 0.997 0.994

Figure 6.2.(a) Signals and LOD/LOQ registered for MMP-9 detection in the one-step magneto-immunoassay using

bd-PAb/Poly-HRP conjugates produced with a fixed concentration of Poly-HRP and different bd-PAb loadings. (b)

Linear ranges and the corresponding fitting equations of the assays shown in (a). (c) Summary of the LOD, LOQ and
linear range for each experimental condition in (a-b).

The incubation time of Poly-HRP with MMMP-9-bd-PAb to produce the
Immunoconjugate was next optimized by testing times of incubation extending from 20

min to overnight (Figure 6.3).
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Figure 6.3a summarizes the signals registered in the one-step magneto-immunoassay

when MMP-9 was detected using c-MAb-MB produced with the two-step EDC

conjugation protocol and a battery of bd-PAb/Poly-HRP conjugates, which had been

prepared by incubating Poly-HRP with bd-PAb for different times. In all cases, the final
concentrations of Poly-HRP and bd-PAb were of 50 ng'nand 100 ng mt,

respectively. As it can be observed, the signals registered and the assay sensitivities

(slope) were proportional to the time Poly-HRP had been incubated with bd-PAb,

except for the 20-min preparation time that displayed values 2-4 times lower than the

rest. This conjugate resulted consistently in lower assay sensitivity and worse

LOD/LOQ. This was attributed to a higher amount of bd-PAb remaining free in solution

after short incubation times, which competed later with the conjugate for MMP-9

binding.
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Figure 6.3.(a) Comparative performance of the one-step magneto-immunoassay when the conjugate was produced

by incubating Poly-HRP with bd-PAb for different times. The insert shows the linear ranges and the corresponding

fitting equations of the assays. (b) S/N ratios for the assays performed with the experimental conditions of (a). The
insert summarizes the LOD and LOQ.
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On the other hand, the overnight incubation displayed also the highest slope, but the
narrowest linear range and the highest variability (inter assay %CV of 15-20%) (Figure

6.3a, Insert). This could be produced by a certain degree of conjugate

aggregation/crossbinding over longer preparation times, resulting in attachment of
bigger HRP complexes per binding event on the MB (both specific and non-specific). In

addition, the high background noise generated by this preparation resulted in lower S/N
ratios than the rest of conjugates tested (Figure 6.3b).

As it can be observed, the differences between the results obtained for 30—90 min
preparation times were not statistically significant (one-way ANOVA test, p > 0.05). It
was thus concluded that 30-min incubation was enough for conjugate preparation,
which was consistent with fast streptavidin-biotin binding.

The best-performing conjugates were tested also using MMP-9-c-MAb-MB that had
been produced with the one-step EDC conjugation protocol, see Section 3.4.3 (Figure
6.4a). In this case, the signals, LOD and LOQ registered for the conjugates obtained
after incubation of Poly-HRP with bd-PAb for 30, 60 and 90 min were not statistically
different in a one-way ANOVA test (p > 0.05). Using one-step EDC conjugation,
MMP-9-c-MAb-MB resulted in LOD/LOQ that were half those obtained for MMP-9-c-
MADb-MB produced through the two-step EDC conjugation, as well as twice as steep
slopes (Figure 6.4b). Noteworthy, under these experimental conditions, the whole assay
linear range shifted towards lower concentrations of MMP-9 without shrinking
compared to the assays using the two-step EDC conjugated MMP-9-c-MAb-MB
(Figure 6.4a, insert). These results confirmed that, for working under these experimental
conditions, a 30-min incubation was enough for the preparation of the conjugate.
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Figure 6.4.(a) Comparative performance of the one-step magneto-immunoassay when the conjugate was produced
by incubating Poly-HRP with bd-PAb for different times and using the one-step MB conjugation protocol. (Insert)
Linear range for these experimental conditions. (b) Summary of the LOD, LOQ and linear range for each
experimental condition in (a).

Consistently with the results obtained previously, the c-MAb-MB produced through the
improved one-step conjugation displayed signals 24% higher, LOD/LOQ 50% lower,
and higher sensitivity (slopes of 1.19 and 0.71 UA mI* ngspectively) (Figure 6.5a-

b). Upon optimization, the one-step assay displayed linear response between 16 and
1000 pg mL* of MMP-9, sensitivity of 1.19 AU mL}, LOD of 25 pg mL*, LOQ of

100 pg mL*, and signal variability between experiments ranging 8—-15%. Performance
was still slightly worse than that of the original 2-step magneto-immunoassay (Figure
6.5c—d), with signals 20% lower and higher LOD/LOQ. This could be caused by lower
availability and higher steric impediments of the polymer-bound bd-PAb in the one-step

assay compared to the bd-PAb free in solution used in the 2-step approach.

On the other hand, the method for producing MMP-9-bd-PAb/Poly-HRP was
reproducible, with variabilities in performance below 5% for the stability study of the
conjugate. Furthermore, the conjugate was stable at 4 °C in PB&S:B&Aup to 4
weeks and the results obtained using a freshly made MMP-9-bd-PAb/Poly-HRP or a 1-
month-old conjugate were not statistically different (two-way ANOVA test, p > 0.05)
(Figure 6.5d, insert).
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Figure 6.5.(a) Signals registered for increasing MMP-9 concentrations in the one-step magneto-immunoassay when
using alternatively c-MAb-MB produced by either a one-step or a two-step conjugation protocol. (b) Linear ranges of
the two assays displayed in “a” and the corresponding fitting equations. (c) Comparison of the calibration plots and
LOD/LOQ obtained in the initial 2-step performed with the 2-step c-MAb-MB conjugation, and the optimized one-
step magneto-immunoassay using the single-step c-MAb-MB conjugation. (d) Linear ranges of the two assays and
the corresponding fitting equations. (Insert) Calibration plots obtained using an immunoconjugate either freshly made
or after storage at 4 °C for 1 month.

6.1.2. Performance of the one-step magneto-immunoassay for MMP-9

detection in blood plasma

The one-step magneto-immunoassay developed was next tested in spiked samples of
increasing complexity. The final objective was to study the potential matrix effect
caused by these samples and to determine the comparative performance of the assay
under such conditions. This study was carried out in pooled plasma obtained from
healthy individuals, which was diluted to different extents, was inoculated with known
concentrations of MMP-9, and was assayed using the developed one-step magneto-
immunoassay. As it had been done before in Section 5.1.4, three different plasma

dilutions were studied here (1:125, 1:250 and 1:500).

The signals registered for all the plasma dilutions studied evidenced an increase of the
signals registered for the concentrations of MMP-9 studied and the background noise

measured for the unspiked plasma, which were in all cases proportional to the matrix
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complexity (Figure 6.6a). As it had been performed in other cases, to reduce this
interference and compare the assays between them, the signals registered for the
different concentrations of MMP-9 tested were submitted to the subtraction of the
background noise obtained for the corresponding blanks (diluted plasma without spiked
MMP-9) (Figure 6.6b). As it can be observed, the assay performed well in spiked
plasma, producing results comparable to those obtained in saline solution. The MMP-9
recovery for the plasma dilutions tested ranged 99-104% independently of the matrix
complexity. This suggested that the one-step magneto-immunoassay was applicable to

the study of this type of real samples, in which it provided efficient MMP-9 detection.

[8}]
(o

2.0 0.9
B Plasmal:125 B Plasmal:125
€ 161 Plasma1:250 Plasma1:250
IS ® Plasma1:500 = m Plasma1:500
D 45 ® PBS-BSA1% S 06 |m PBS-BSA1% Le*® {
. 3 Le®
o) < ®
< o e
[ < e
5 ‘s 0.3 =" y=250x - 0.0046; R2= 0.999
o 2 I.-7 -
n -4 y = 2.57x - 0.0066; R2=0.999
e y = 2.50x - 0.0046; R2=0.999
0.08~ : : ,
0.25 0.06 0.0 0.0 0.1 0.2 0.3
[MMP-9] (ng mL 1) [MMP-9](ng mL %)

Figure 6.6.(a) Signals registered for increasing concentrations of MMP-9 in the different matrix samples tested. (b)
Comparable signals for MMP-9 concentrations after subtracting the corresponding blanks.

The optimized protocol included a single 5-min incubation before the washing and
detection steps. Assay handling had thus been simplified considerably. The next target

was to shorten the detection step, for which electrochemical detection was implemented.

6.1.3. Electrochemical detection of the one-step MMP-9 magneto-

immunoassay

For the electrochemical detection of the one-step magneto-immunoassay, commercial
SPCE were placed in a multiplexed customized 8xmagnetic Abldeee Section

3.8.1). The device contained a base that housed up to 8 SPCE and a sliding component
that accommodated 8 neodymium magnets. This sliding bar could reach two different
positions, in which the magnets were placed immediately below the SPCE WE or far
away from them (Figure 6.7a). This allowed alternate MB confinement and release,

facilitating also electrode washing and reutilization.
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Although the SPCE WE measured 4 mm in diameter, neodymium magnets 2 mm in
diameter were used in the holder. Bigger magnets produced MB confinement beyond
the WE perimeter (Figure 6.7b) and stronger MB attachment onto the electrode surface,
which made it more difficult to release the MB and re-use the electrode. On the other
hand, the sediment produced by MB magnetic confinement was more compact and
variable for smaller MB volumes, which produced also lower and more variable signals
in the magneto-immunoassay. The best and most reproducible results were obtained for
MB volumes of 70 — 10QL pipetted on the sensors with the magnets in the€ “o

position, which produced more homogeneous MB sediments as well (Figure 6.7b).

el « B2 - "'REAGE
@ : j“'c\)N" /' 4\6 ‘\ 7 MB volume

50 pL 100 pL 50 pL 100 pL

<— Magnets —> “OFF” Magnet ¢ 2mm 4 mm
Figure 6.7.MB confinement onto SPCE using a customized magnetic holder for magneto-immunoassay

electrochemical detection. (a) Performance of the sliding magnetic bar. (b) Sediments obtained after confinement of a
fixed amount of MB in 50 or 100L volumes using alternatively magnets 2 or 4 mm in diameter.

Figure 6.8a summarizes the steps needed for the electrochemical detection of the one-
step MMP-9 magneto-immunoassay. First, MMP-9 was incubated for 5 min with MMP-
9-c-MAb-MB and the MMP-9-bd-PAb/Poly-HRP conjugate, which was followed by
two short washing steps. Then, MB were resuspended inL56f PBS and were
confined onto the WE of a SPCE, which had been placed in the customized magnetic
holder with the magnets in the “on” position to retain the MB. Current was allowed to
stabilize in this PBS at —0.05 V vs. Ag pseudo-reference, which allowed confirming that
the 8 SPCE were working well. The measurement was then paused, PBS was
substituted by ready-to-use TMB substrate solution, and the measurement was resumed
for 150 s more. As illustrated in Figure 6.8b, the reduction current registered was
proportional to MMP-9 concentration.
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Figure 6.8.(a) Electrochemical one-step magneto-immunosensor for MMP-9 detection. (b) Examples of the

chronoamperograms registered for increasing MMP-9 concentrations (from top to bottom, negative control without
MMP-9 and MMP-9 0.125, 0.25, 0.5, 1 and 2 ng fkwo independent replicates are shown per concentration).

The electrochemical magneto-immunosensor did not show any signal saturation in the
concentration range studied and displayed linear response between 30'@mc2 ng

mL™* of MMP-9 (Figure 6.9a). Although the sensor produced higher currents when
measuring at potentials below -0.05 V, background noise and signal variability
increased also. The best results were obtained at -0\ Af, which provided the

best compromise between high S/N and low variability between measurements. Under
these experimental conditions, the one-step electrochemical magneto-immunosensor
provided slightly better figures of merit than the spectrophotometric detection, with
LOD of 13 pg mL?, LOQ of 70 pg mL*, and %CV< 6% (compared to LOD of 25 pg
mL™%, LOQ of 100 pg mL*, and %CV ranging 8—-15% in the spectrophotometric one-
step magneto-immunoassay). Figure 6.9b shows that, although the two assays produced
comparable S/N, electrochemical detection granted a wider linear range. Furthermore,
electrochemical detection was performed in 5 min, compared to >20 min for TMB
colorimetric monitoring, which allowed carrying out the whole assay in about 12-15

min, depending on the skills and training of the user.
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Figure 6.9 (a) Signals registered at SPCE at either 0 or —0.08 Xg for increasing MMP-9 concentrations
(diluted in PBS-BSA) (b) Compared to spectrophotometric detection, electrochemistry produced S/N ratios of the
same order of magnitude, but a wider assay linear range.

6.1.4. Performance of the electrochemical one-step magneto-immunosensor in

clinical plasma samples.

Finally, the one-step electrochemical magneto-immunosensor developed was tested in a
more realistic diagnostic scenario by studying a battery of clinical samples. According
to previous data, plasma samples were diluted 1:250 for the analysis, and MMP-9 was
detected in parallel using the one-step electrochemical magneto-immunosensor and the
Duoset ELISA. Figure 6.10 plots the concentrations of MMP-9 measured in 10 plasma
samples using alternatively the two methods. Both methods detected MMP-9 in all the
samples, revealing concentrations ranging 18-388 ng'.mIhese numbers were
consistent with those reported previously in the bibliography (60-100 nd fot
healthy individuals and concentrations of up to 700 ng*'rirLpatients having suffered

a stroke§*®. As it can be observed, the concentrations of MMP-9 estimated by the
sensor correlated linearly with those provided by the ELISA, with a positive lineal
Pearson correlation coefficient of 0.91 and recoveries ranging 95-120% in most of the
cases. Despite the small number of samahedysed, the fact that the plot slope was
close to 1.2 suggested that the sensor overestimated MMP-9 concentration by 20%
compared to the ELISA, which was consistent with the data obtained before by the two

methods in spiked plasma.
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Figure 6.1Q Plot of the concentrations of MMP-9 estimated by the electrochemical one-step magneto-immunosensor
and the reference ELISA in ten clinical plasma samples.

In conclusion, while ELISA required 5 h to produce results, the electrochemical
magneto-immunosensor took < 20 min (< 15 min for the assay plus the time needed for
MB washing) and entailed significantly less manipulation by the user. It is true that
more samples should be analysed in future. However, these results suggest that the
procedure developed in this work is applicable to the study of clinical plasma samples.
Furthermore, the simple and fast methodology described would be easier to automate
than most currently available multi-step assay paths and easier to operate in POC

settings with minimal technical requirements.

6.2. Development of a one-step electrochemical magneto-
immunosensor for PfLDH detection in whole blood

samples

This section is focused in the development of an electrochemical magneto-
immunosensor for the fast, simple and quantitative detection of PfLDH in whole blood
samples. The starting point was the 2-step colorimetric magneto-immunoassay

developed in Section 5.2.4.

For the development of the one-step electrochemical magneto-immunoassay an
immuno-modified Poly-HRP signal amplifier was produced and electrochemical
detection was implemented using the multiplexed magnetic holder described before,
which allowed to achieve PfLDH guantitative detection in less than 15 min.
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6.2.1. Production of a Poly-HRP immunoconjugate and optimization of a one-

step magneto-immunoassay for PfLDH detection

A one-step magneto-immunoassay was optimized for PfLDH detection (method in the
Section 3.7.3; Figure 6.11).

c-MAb-MB ;
stock 4°C : l.'C-MAb-MB., PfLDH, 2. Detection
{? immunoconjugate

i K Substrate
i 4 ( COLOR
: "’ X } Wash

! bd-PAb/Poly-HRP, E

stock at4°C__ i 5 min 20 min

Me () cMa 4 BSA @ PILDH @ bdPA 2§  PolyHRP w

Figure 6.11 Scheme of the one-step magneto-immunoassay for PfLDH detection.

As before, an immuno-modified Poly-HRP signal amplifier was produced by testing
increasing concentrations of PLDH-bd-MAb incubated with Poly-HRP and different
incubation times and conditions (Figure 6.11). The first step was the optimization of the
amount of PLDH-bd-MADb needed for immunoconjugate production. For that, a fixed
amount of Poly-HRP (1Qg mL™) was incubated under rotation with PLDH-bd-MAb
concentrations ranging 15-6@ mL™. These conjugates were then used, diluted 1:200,
to detect increasing concentrations of PfLDH or the negative controls without PfLDH in
a one-step magneto-immunoassay (Figure 6.12). This led to final working
concentrations of 75-300 ng ftlfor the PfLDH-bd-MAb and 50 ng mit for Poly-

HRP (Figure 6.12a). The conjugate with the lowest concentration of PfLDH-bd-MAD,
equivalent to the concentration used in the 2-step magneto-immunoassay, displayed
signals considerably lower for most PfLDH concentrations. As seen in Figure 6.12b, for
conjugates produced with PLDH-bd-MAb concentrations higher than 150 fy timt.
signals registered were not statistically different (oneway ANOVA test, p > 0.05). This
suggested that a partial loading of the conjugate with PLDH-bd-MAb was enough for
optimal performance. However, the lowest LOD and LOQ were obtained for the highest
concentrations of PLDH-bd-MAb, 225 ng flLand 300 ng mt. Since any
unconjugated PLDH-bd-MAb remaining in solution could compete with the conjugated
bd-MAb and make the assay more expensive, the concentration of PLDH-bd-MAb

selected was 225 ng miL This corresponded to an immunoconjugate produced by
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incubating 45ug mL™* of PfLDH-bd-MAb with 10ug mL™ of Poly-HRP, which was
then diluted 1:200 for its utilization in the one-step magneto-immunoassay.

1.5 16
300ng mL * 300ngmL*
£ m 225ngmL ! 2 m 225ngmL -t
c 150ng mL ? 12 150ng mL *
3 1.0 |m 1125ngmL? i m 112.5ngmL 1
< = 75ngmL -t =z m 75ngmL?
5 ; P n8
= -
& 4
,,,,,,,,,, e
: : : : : 04
10 15 20 25 30 100 50 25 125 6.2 3.1 1.6 0.8 0.4 0.0
[PfLDH] (hg mL 1) [PfLDH] (ng mL 1)
c :
bd-MAb (ngmL 1)
300 225 150 1125 75
LOD (ng mL 1) 0.14 0.37 0.79 0.54 9.53
LOQ (ngmL 1) 2.00 2.44 3.60 3.27 29.02
Linear Equation 0.040+0.195 0.042+0.186 0.038+0.218 0.026+0.160 0.002+ 0.160
R? 0.998 0.998 0.993 0.995 0.970

Figure 6.12.(a) Linear range of the in the one-step magneto-immunoassay when a PfLDH dilution series was
detected using bd-MAb/Poly-HRP conjugates produced with a fixed concentration of Poly-HRP and different bd-
MADb loadings. (b) S/N ratios and the corresponding LOD and LOQ of the assays shown in (a). The concentrations

shown in the figure correspond to concentration of reagent in the final assay (post-dilution). (¢) Summary of the
LOD, LOQ and linear range for each experimental condition in (a-b).

In order to determine more accurately the most suitable PLDH-bd-MAb/Poly-HRP ratio
and establish the conjugate optimal working dilution, three more immunoconjugates
were produced by incubating PLDH-bd-MADb at three different concentrations (30, 45
and 60pug mL™) with Poly-HRP (10pg mL™). This time the conjugates were then
submitted to different dilutions (1:150, 1:200 and 1:250) and were tested in the assay.
The concentrations of PLDH-bd-MAb and Poly-HRP achieved in each case before and
after the corresponding dilution are summarized in Table 6.1. The best performance of
the immunoconjugate during the one-step magneto-immunoassay was achieved for
PLDH-bd-MADb post-dilution concentrations between 300-150 ng'nftor that reason,

it was decided that in the assay the immunoconjugates had to be diluted so that the
PLDH-bd-MAb working concentrations were within this range (Table 6.1, green
boxes).
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Immunoconjugate 1 Immunoconjugate 2 Immunoconjugate 3

bd-MAb | Poly-HRP | bd-MAb | Poly-HRP | bd-MAb | Poly-HRP
(ng ML proﬁjce ’ 30 10 45 10 60 10
Dlled 200 67 150 67 400 67
(ng mLY Dl":;toeg 150 50 225 50 300 50
D{I;tgg 120 40 180 40 240 40

Table 6.1.Battery of immunoconjugates produced for PfLDH detection and concentrations of the two components
resulting in the working dilutions used for the one-step magneto-immunoassay.

The signals registered for each immunoconjugate and dilutions tested are summarized in
the Figure 6.13. As it is shown, the immunoconjugate 1 diluted 1:150 (equivalent to 200
ng mL* of PLDH-bd-MAb and 66.7 ng mL of Poly-HRP in the assay, generated
signals ~30-60% higher than the rest of dilutions for all the range of PfLDH
concentrations studied, including the negative controls (Figure 6.13a). This was
presumably due to the Poly-HRP effect in non-specific signal amplification, inasmuch
this immunoconjugate-dilution had the most elevated Poly-HRP concentration tested.
The rest of results obtained for the different bd-MAb/Poly-HRP ratios studied were not
statistically different from each other (oneway ANOVA test, p > 0.05).

The best performance, in terms of highest S/N ratios obtained for the whole range of
PfLDH concentrations studied and lowest LOD and LOQ, was achieved for the
immunoconjugate 3 diluted 1:200 (300 ng thbf PLDH-bd-MAb and 50 ng mlL: of
Poly-HRP), the immunoconjugate 2 diluted 1:200 (225 ng*rof. PLDH-bd-MAb and

50 ng mL* of Poly-HRP) (Figure 6.13b), and the immunoconjugate 3 diluted 1:250
(240 ng mLC* of PLDH-bd-MAb and 40 ng miLof Poly-HRP, respectively). In this
case, it was determined that the optimum working concentrations were of 225 hg mL
for PLDH-bd-MAb and 50 ng ml* for Poly-HRP, which provided the most economical
immunoconjugate and results not statistically different from the others (Figure 6.13b,

insert).
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Figure 6.13.(a) Signals registered for PfLDH detection in the one-step magneto-immunoassay using different
immunoconjugates and immunoconjugate dilutions. (b) S/N ratios and the corresponding LOD and LOQ of the
assays shown in (a).

The incubation time of Poly-HRP with PLDH-bd-MAb was next optimized by

comparing times of incubation extending from 30 min to overnight (Figure 6.14). In all
cases, the final concentrations of Poly-HRP and bd-MAb were of 50 figamdl 225
ng mL?, respectively. As it can be observed, the signals registered and the assay

sensitivities (slope) were proportionally to the incubation time up to 60 min, to decrease

from there on (Figure 6.14a-b). Although the differences between the results obtained

for 60-min and 90-min preparation times were not statistically significant (one-way

ANOVA test, p > 0.05),

the LOD and LOQ were better for the 60-min

immunoconjugate production time, which produced lower background noise and

variability (Figure 6.14a, insert).
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Figure 6.14.(a) Signals registered for PfLDH detection in the one-step magneto-immunoassay using different
incubation times for immunoconjugate production. (Insert, top) Corresponding LOD and LOQ of the assays. (Insert,
bottom) Amplification of the background noise registered in the blanks. (b) Linear range for each assay of (a)
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The last parameter that was optimized was the composition of the buffer used in the 5-
min incubation of the one-step magneto-immunoassay. In the case of MMP-9 detection
described in the previous section, it was noticed that the addition of 0.05% of Tween to
the immunocapture buffer (PBS-BgAcontributed to reduce the level of non-target
non-specific binding onto the surface of the MB (Figure 6.14a, zoom insert). Here, a
similar principle was applied for the decrease in the background noise, in order to
improve the sensitivity of PfLDH detection (Figure 6.15). As it is shown, the signals
registered for PfLDH concentrations within the assay linear range, 0.4 figan#15 ng

mL™?, were the same for both incubation buffers (Figure 6.15, insert). However, the
background noise decreases considerably when adding Tween, improving the S/N ratio,
LOD and LOQ (0.48 ng mt and 1.72 ng mt in the presence on Tween 0.05%,
compared to 0.56 ng miLand 1.92 ng mt for the incubation in the absence of
detergent).
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Figure 6.15.S/N ratios registered for the one-step magneto-immunoassay with/without Tween 0.05% in the
incubation buffer. The insert displays the linear range for each assay (raw data instead of S/N).

6.2.2. Performance of the one-step magneto-immunoassay for PfLDH
detection in whole blood

Finally, the one-step magneto-immunoassay developed for PfLDH detection was
applied to the study of real sample matrices. As it has been described in Chapter 2,
PLDH is a glycolytic enzyme produced by asexual and sexual stages (gametocytes) of
Plasmodiunparasites, which replicate inside RBC. Consequently, PLDH concentration
is higher in whole blood samples than in plasma samples that are depleted of RBC. This

is more evident for low PLDH concentrations, such as in submicroscopic parasitemias,
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in which the concentration of extracellular PLDH is undetectable by most methods.
Here, whole blood samples were lysed to release the intracellular enzyme and improve
PLDH detection. The protocol used for this had been optimized by another team
member and entailed diluting the sample 1:1 with a lysis buffer that contained triton and
imidazole and incubating the mixture for 5 min. Whole blood lysed in this way could be
analysed straightforward, without the need to centrifuge or filter, and could be
alternatively aliquoted and stored at -80°C without losing PfLDH over storing time.

The one-step magneto-immunossay was developed with the final objective to analyse
fresh capillary blood, obtaineth situ from the patients. However, whole blood
coagulates over time, even after lysis, and cannot be stored. For this reason, assay
testing was carried out in venous blood, which could be obtained in larger volumes
using blood collection tubes preloaded with an anticoagulant, providing a more stable
matrix. Therefore, the effect of the blood treated with different anticoagulants on the
magneto-immunoassay was first examff®dThe Figure 6.16 shows the signals
registered in the one-step magneto-immunossay performed in a whole blood sample,
spiked or not with PfLDH, which had been obtained from a healthy individual using
alternatively three different anticoagulants, ethylenediaminetetraacetic acid (EDTA),
acid-citrate-dextrose (ACD), and sodium heparin, or without any anticoagulant at all.
As it can be observed, the signals registered in the presence of PfLDH were of the same
order in all cases. However, EDTA increased importantly the background noise in the
negative controls (without spiked PfLDH), interfering in the assay. Since EDTA had no
effect in the 2-step assay, it was concluded that the presence of a chelating agent
affected negatively Poly-HRP, but the potential mechanism was not studied
additionally. In view of the results, heparin was considered the best option, because it
produced the results that better resembled those produced by fresh blood (i.e., low

background noise and high S/N ratio).
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Figure 6.16 Interference of the anticoagulant used during whole blood collection in the one-step magneto-
immunoassay for PfLDH detection. (a) The signals registered using the different anticoagulants analysed in samples
spiked or not with 100 ng mt.of PfLDH. (b) The S/N ratio for the same conditions as in (a).

Heparin whole blood was next diluted to different extents (1:10, 1:25 and 1:50), was
spiked with increasing concentrations of PfLDH, as was analysed using the one-step
magneto-immunoassay to determine the effect of increasingly complex sample matrices
in assay performance (Figure 6.17). Plasma diluted 1:10 was studied as well. As it can
be observed, the signals registered displayed a slight increase proportional to the
complexity and type of matrix, which could be caused by lower washing efficiency after
MB incubation in more complex samples. Nonetheless, if signal was normalized by
subtracting the corresponding background noise from the blanks (without spiked
PfLDH), the signal trends were comparable in all cases. On the other hand, the PfLDH
recoveries obtained for the different sample dilutions ranged 85-113 % for the plasma
1:10 and 80-106%, 79-123% and 80-120% for dilutions in blood 1:10, 1:25 and 1:50

respectively.
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Figure 6.17.(a) Signals registered for increasing concentrations of PfLDH in the different matrix samples tested. (b)
Normalized signals after subtracting the corresponding blanks.

In a 1:25 blood dilution, the assay achieved a PfLDH recovery of 98% in average for

the whole range of concentrations studied, with a good differentiation between positive

and negative (without PfLDH) blood samples (>300 mAU and <200 mAU,

respectively). If the LOD and LOQ obtained for these assay conditions were multiplied
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per the sample dilution factor (x25), they corresponded to pre-dilution PfLDH
concentrations of 30 and 90 ng lrespectively, which were below the LODs of most
commercial lateral flow devices (100-200 ng Mi®* It was thus concluded that this

was the optimum blood dilution to detect PfLDH in whole blood using the one-step
magneto-immunoassay, with a balance between the complexity of the sample and the

recovery of protein.

The next target was to shorten the detection step, for which electrochemical detection

was implemented.

6.2.2.1 PfLDH detection in cultivated Plasmodium-infected RBC

Following, the one-step magneto-immunoassay was employed for the study of cultured
RBC infectedin vitro with controlled parasitemias &f. falciparumspanning between
0.0015% and 0.38% (equivalent to 85-24800 parasited).Eor standard assays,
parasitemia will be adjusted to 3% with 45% hematocrit and the culture was diluted
serially with uninfected RBC. Parasitemia was confirmed by flow cytometry counting
and PCR.

Previously the samples of the culture plasmodium antigen were lysed for 5 min and
according with the study of matrix effect with healthy blood samples, were diluted 1:25

in PBST-BSA 1%. As can be observed in Figure 6.18a the concentrations estimated
with the one-step magneto-immunoassay correlated linearly with the detected by the

ELISA as reference method (positive lineal Pearson correlation coefficient of 0.98).
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Figure 6.18.(a) Plot of the concentrations of PfLDH estimated by the one-step magneto-immunoassay correlated

with the reference ELISA. (b) Correlation between PfLDH concentrations detected with the one-step magneto-
immunoassay versus the parasitemia density dPliemodiuncultures.
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The one-step magneto-immunoassay detected PfLDH in the whole dilution series and
the absorbance measured increased proportionally to the concentration of parasite in the
samples, displaying an LOD around 80 parasite${figure 6.19b).

6.2.3. Electrochemical detection of the one-step PILDH magneto-immunoassay

For the electrochemical detection of the PfLDH one-step magneto-immunoassay, a
strategy similar to the one described in previous Section 6.1.3 was followed, including
the use of the 8x multiplexed holder with switchable magnets (Figure 6.20). Briefly, the
one-step magneto-immunoassay and the washes were carried out in Eppendorf tubes,
MB were resuspended in 50 of PBS, were transferred to the wells of the hpldad

were confined magnetically onto the surface of a SPCE WE. Next, current was allowed
to stabilize at 0.00 Ws. Ag pseudo-reference, the measurement was then paused, PBS
was substituted by ready-to-use TMB substrate solution, and the measurement was

resumed for 150 s more.

c-MAb-MB,
; stock 4°C i 1.¢c-MADb-MB,PfLDH, 2. Manual Wash 3. Confinement 4. Detection
: K 5 lmmunoconjugate
brmmmmmememmeemeeneees \;S’f%; Substrate
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4 z: Magnet ' 7 CURRENT
P
i bd-MAb/Poly- HRP 5 min 10 min 5 min
b stock at 4°C

/ *,o. oK
MB () cMab 4 BSA @ PDH € bd-MAb/Poly-HRP b4

Figure 6.2Q Electrochemical one-step magneto-immunosensor for PfLDH detection.

The Figure 6.21a shows that the reduction current registered was proportional to PfLDH
concentration. As it had been seen in the previous experiments with MMP-9 (Section
6.1.3), the sensor produced higher currents when measuring at negative potentials, but
the background noise increased also and the S/N worsened (Figure 6.21b). The best
results were obtained at 0.0W& Ag, which provided the best compromise between
high S/N and low LOD and LOQ (0.85 ng hiand 3.32 ng mttrespectively).

During the spectrophotometric PfLDH detection, it had been tested and confirmed that

Tween os addition to the incubation buffer (PBS-B§Amproved assay performance.
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Hence, an incubation buffer supplemented with Tween (PBSB®3#&en ) was
applied also for the electrochemical sensor. The Figure 6.21c shows the signals
registered by the sensor with both incubation buffers. The signals registered when using
Tween were higher, contributing to increase by ~10-30% in average the S/N ratio.
Furthermore the electrochemical magneto-immunosensor performed with gbweieh

not show any signal saturation in the concentration range studied and displayed linear
response between 3 ng mland 100 ng mL* of PfLDH (Figure 6.21c, insert). PfLDH
detection at low concentrations improved also, and the assay displayed LOD of 0.58 ng
mL™* and LOQ of 2.48 ng mL, instead of 0.85 ng mtand 3.32 ng mt with the
incubation buffer without Tweens.
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Figure 6.21 (a) Signals registered at SPCE at either 0 V, —0.05 V or -0< Ag for increasing PfLDH
concentrations (diluted in PBS-BgA(b) S/N ratios, LOD and LOQ for the assays in (a). (c) Comparison of the S/N
ratios obtained for the one-step magneto-immunosensor carried out with/without Tween in the incubation buffer.
(Insert) Linear range for each assay in (c). (d) Comparison of the S/N ratios displayed by the spectrophotometric and
electrochemical detection of the one-step magneto-immunoassay.

Under these experimental conditions, the one-step electrochemical magneto-
immunosensor provided similar figures of merit than the spectrophotometric detection,
with LOD of 0.58 ng mL*, LOQ of 2.48 ng mL*, and %CV< 5.3% (compared to LOD

of 0.48 ng mC' LOQ of 1.72 ng m[', and %CV ranging 6-10% in the
spectrophotometric one-step magneto-immunoassay). Figure 6.21d shows that, although
the spectrophotometric detection produced around ~20% higher S/N ratios, the

electrochemical detection granted a wider linear range. Furthermore, electrochemical
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detection was performed in 5 min, compared to >20 min for TMB colorimetric

monitoring, which allowed carrying out the whole assay in about 12—-15 min.

6.2.4. Performance of the electrochemical one-step magneto-immunosensor in

whole blood

Finally, it was studied if the one-step electrochemical magneto-immunosensor was
applicable to the study of PfLDH in real sample matrices. In order to do so, lysed whole
blood and plasma samples from healthy individuals were diluted to different extents and

were spiked with increasing concentrations of PfLDH.

Figure 6.22 plots the signals registered for the different dilutions of real samples with
inoculated PfLDH. Compared to PBS-B§Ahe currents registered by the magneto-
immunosensor in spiked plasma, diluted 1:10, and spiked blood, diluted 1:50 and 1:25,
were higher for all the concentrations of PfLDH tested, including the negative controls
without spiked PfLDH. These results were consistent with those obtained previously for
the colorimetric detection of the assay. Since the Ab pair used did not show
crossbinding to human LDH or other blood components (which was assessed by
ELISA), the increase in signal registered in whole blood could be caused by a lower
efficiency of MB washing after the incubation in a sample matrix more complex and
viscous than PBS-BSA. However, if the currents registered in the corresponding blanks
were subtracted from the currents detected in spiked blood, the signal trends registered

were comparable in all cases and independently of blood dilution (Figure 6.22, insert).

4.0 PBST-BSA
m Plasma1:10 y = 0.024x - 0.008; R?2=0.998
= Blood 1:50 y =0.023x - 0.028; R2=0.998
30 Blood 1:25 3.0 ]
I e |
< 20 LT
—~ I L
% 2.0 10 é
I -
I 0.0
1.0 | 0 20 40 60 80 100
i [PfLDH] (ng mL 1)
M e e ea
0.0 Bl iR  -am
100 50 25 12.5 6.2 3.1 0.0
[PfLDH] (ng mL )

Figure 6.22 Signals register by the electrochemical one-step magneto-immunosensor for PfLDH inoculated in
different real sample dilutions. The insert shows the lineal range for the same assay’s conditions.
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PfLDH recovery for the dilution 1:25 and 1:50 of blood, and the dilution 1:10 of plasma
ranged between 94-115%, 60-107% and 70-114%, respectively. As before, the 1:25
dilution was selected as the optimum for the study of whole blood samples using the
one-step magneto-immunosensor, because it allowed achieving a higher % of recovery
of PfLDH. The LOD and LOQ achieved in this diluted sample multiplied per the
dilution factor (x25) were equivalent to pre-dilution PfLDH concentrations ranging 60-
160 ng mL* which, as already observed in the colorimetric assay, were below the LODs
displayed by most lateral flow tests commercialized for malaria POC diagnosis.

This suggested that, although the matrix effect due to the complexity of blood samples
existed, the one-step magneto-immunosensor for PfLDH detection could be performed

in real samples.

6.2.4.1 PfLDH detection in cultivated Plasmodium blood samples

Finally, the one-step electrochemical magneto-immunosensor was applied in cultured
RBC infectedin vitro with controlled parasitemias &f. falciparumspanning between
0.0058% and 3% (equivalent to 340-174418 parasites).pEor standard assays,
parasitemia will be adjusted to 3% with 45% hematocrit and the culture was diluted
serially with uninfected RBC. Parasitemia was confirmed by flow cytometry counting
and PCR.

Before the study the samples of the culture plasmodium antigen were lysed for 5 min
and diluted 1:25 in PBST-BSA 1%, as an optimum dilution. The concentrations

estimated with the one-step magneto-immunosensor in the Figure 6.23a, correlated
linearly with the detected by the shortened-ELISA as reference method (positive lineal

Pearson correlation coefficient of 0.99).
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Figure 6.23.(a) Plot of the concentrations of PfLDH estimated by the one-step electrochemical magneto-
immunosensor correlated with the reference ELISA. (b) Correlation between PfLDH concentrations detected with the
one-step magneto-immunoassay versus the parasitemia densityPtshmdiunculture.
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The current registered with the one-step magneto-immunosensor for the detection of
PfLDH in the whole dilution series increased proportionally to the concentration of
parasite in the samples, displaying an LOD around 200 parasite-iglre 6.23b).

6.2.4.2 PLDH detection in clinical blood samples

The one-step electrochemical magneto-immunosensor for PLDH detection was tested in

a more realistic diagnostic scenario by studying five clinical blood samples.

According to previous data, blood samples were lysed for 5 min and diluted 1:25 in
PBST-BSA 1% for the analysis. The one-step magneto-immunosensor was tested in
detected PfLDH concentrations between 86 ng'naind 1113 ng mL, corresponding

with parasitaemias ranging 0.03 - 0.6 %.

Figure 6.24 shows the concentrations of PfLDH measured in 5 blood samples obtained
from malaria patients, correlated with the valued obtained in parallel using the reference
shortened-ELISA method (positive lineal Pearson correlation coefficient of 0.99). As it
can be observed, the concentrations of PfLDH estimated by the one-step magneto-

immunosensor provided PfLDH recoveries ranging 87-115%.
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Figure 6.24 Correlation between the concentrations of PfLDH (ng'yrdstimated by the one-step electrochemical

magneto-immunosensor in 5 clinical blood samples and the concentrations of PfLDH according to the reference
shortened-ELISA method (n=3).

In conclusion, the one-step PfLDH magneto-immunosensor developed could be used for
detection in real samples, with a good recovery of PfLDH and faster result generation

than the spectrophotometric detection.
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6.3. Conclusions

In this work, two electrochemical magneto-immunosensors have been developed for
MMP-9 and PfLDH detection. These magneto-immunosensors were fast, simple and

efficient enough for biomarker detection by minimally trained personnel.

In order to achieve this goal, the 2-step magneto-immunoassay format developed in
Chapter 5 has been simplified additionally. To do so, a protocol to produce a bd-
Ab/Poly-HRP immunoconjugate has been optimized, allowing the development of one-
step magneto-immunoassays that included a single 5-min immunocapture of the sample
with a reagent cocktail. Next, the detection time of the one-step magneto-immunoassays
has been reduced by implementing electrochemical detection, which was accomplished
in <5 min instead of >20 min needed for the colorimetric strategy. For that, a
customized multiplexed magnetic holder was used, which allowed detecting with 8
SPCE at the same time (Figure 6.25b). The applicability of the whole procedure has
been finally tested by detecting MMP-9 and PfLDH in real plasma and blood samples,

respectively.

a c-MAb-MB, Poly HRP Wash x 2 Assay time
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Figure 6.25 (a) Schematic representation of the initial 2-step magneto-immunoassay format developed in Chapter 5.
(b) The one-step magneto-immunoassay developed in this work (Chapter 6) using a bd-Ab/Poly-HRP
immunoconjugate: (1) c-MAb-MB and bd-Ab/Poly-HRP were produced and stored at 4°C. (2) The magneto-
immunoassay consisted of a single 5-min incubation with c-MAb-MB, the sample and bd-Ab/Poly-HRP. (3) MB
were washed twice with PBST. (4) For spectrophotometric detection of the assay, substrate solution was added, the
enzyme reaction proceeded for 20 min and was stopped with acid before measuring absorbance at 450 nm.
Alternatively, electrochemical detection was performed in real time using a customized magnetic holder.
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The electrochemical magneto-immunosensor developed for MMP-9 detection provided
analyte quantification in less than 20 min, with LOD of 13 pghaind LOQ of 70 pg

mL™* (Figure 6.26a). Although the sensitivity was 4 times lower than that of the 2-step

magneto-immunoassay, the linear response extended for the whole range of MMP-9

concentrations studied (0.03-2 ng MLand MMP-9 detection was 3 times faster.
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Figure 6.26.(a) Comparison of the initial 2-step and the one-step magneto-immunoassay for MMP-9 detection (by
spectrophotometric and electrochemical detection). (Bottom table) LOD and LOQ of the assays in (a). (b)
Comparison of the initial 2-step and the one-step magneto-immunoassay for PfLDH detection (by spectrophotometric

and electrochemical detection). (Bottom table) LOD and LOQ for the assays in (b).

On the other hand, the electrochemical magneto-immunosensor for PfLDH exhibited
characteristics analogous to those displayed by the MMP-9 magneto-immunosensor
(Figure 6.26b). The LOD (0.58 ng i) and LOQ (2.48 ng ml}) were also 4 times
worse than the ones obtained for the 2-step PfLDH magneto-immunoassay. However, it
achieved the main objective established, the reduction of the detection time to less than
20 min, a wide linear response and handling simplicity, which made it easier to
integrate in a low-cost POC device.

Compared to previously reported examples, the protocols developed here entailed very
little handling by the user, were not dependent on long and complex production paths,
and did not require sophisticated equipment to be performed. The commercial
availability of all the reagents needed and the simplicity of the procedures and devices
employed made these protocols very easy to reproduce by other teams. Furthermore, the
simple and fast methodology described should be easier to automate than most currently
available multi-step magneto-immunoassay paths and easier to operate in POC settings
with minimal technical requirements. Nevertheless, they still entailed manual processes,

such as the washing and detection steps, which should be simplified additionally for

193



Development of one-step magneto-immunosensors for protein biomarker detection

POC testing. The next chapters will summarize how paper microfluidics were exploited

to achieve this goal by two different strategies.
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7. Simplification of electrochemical magneto-immunosensor
performance by using SPCE with integrated paper

microfluidics

As mentioned before, one of the main drawbacks of magneto-sensors is that MB
handling is tedious, time consuming, and requires user training. Magneto-
immunosensors often entaill a magneto-immunoassay performed in tubes, which
requires that MB are alternatively agitated with sample and reagent solutions and
concentrated in a magnetic rack for supernatant removal and washing. After the last
wash, MB are confined magnetically onto an electrode for electrochemical detection. In
Chapter 6 it has been shown that using conjugates of Poly-HRP modified with d-Ab
allows optimizing extremely fast and simple assays, reducing substantially magneto-
immunosensor assay time and level of manual harldliGme of the one-step magneto-
immunosensors described in Chapter 6 quantitated MMP-9 in about 15 min, with linear
response between 0.03 and 2 ng Mmland LOD/LOQ of 13 and 70 pg i,

i

respectivel§**** Nevertheless, the assay still entailed MB manual washing in tubes,

which required user training and would be hard to achieve at a POC setting.

Paper is a flexible, inexpensive, biodegradable and easy to manipulate material. Paper-
based microfluidics are popular because of their low cost, ease of fabrication and
disposability, which allows producing portable, sensitive and robust detection platforms

well-suited for POC diagnostit*>*

A few examples have reported the incorporation

of paper features to SPE to enhance sensor performance, providing pre-loaded reagents
and/or sample pre-treatment. For instance, the incorporation of a paper disk
impregnated with reagents onto a SPE provided a microfluidic device for heavy metal
quantitation in an example reported by S. N. Tan and co-wdfRefs origami paper

device was used in a similar way to reduce the interference by non-target sample
components in a glucose electrochemical enzymatic s8hslor another example, a
combination of membranes was exploited as a reagent reservoir and to promote sample
and reagents flow above a SPCE electrochemical immunosensor for detection of dengue

virus antigef>

In this chapter, paper microfluidics have been employed to facilitate the manipulation of

SPCE-based electrochemical magneto-immunosensors, and specifically to carry out MB
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washing and detection on-chip with minimal handling. To do so, paper devices with
different geometric characteristics have been designed and tested, selecting those
providing the required flow rate and absorption capacity. In parallel, on-chip MB
handling, washing and electrochemical detection have been optimized to provide low
background noise and enhanced detection. The paper device produced in this way, has
been then employed to detect MMP-9 using the one-step magneto-immunoassay
described before, which consisted of a 5-min simultaneous incubation of the sample
with immuno-modified MB and a Poly-HRP immuno-conjud&tésee Section 5.2.3).

After this one-step incubation, the mixture was transferred to a SPCE and all the
washing and detection steps were carried out on-chip. For this purpose, a movable paper
microfluidic device was placed on the SPCE. The lateral displacement of the paper
module turned it on to provide MB washing under flow conditions and waste storage or
turned it off to grant electrochemical detection under static conditions. Under these
experimental conditions, the sensor detected MMP-9 in patient plasma samples in about
10 min with little intervention of the user, providing quantitative results that correlated
linearly to those generated by the reference ELISA that took >5 h. These results
demonstrate that paper microfluidics can help simplify electrochemical magneto-
immunosensor manipulation, driving this type of assay closer to the POC diagnostic

requirements.

7.1. Incorporation of paper microfluidics to commercial SPCE

7.1.1. Design of a switchable paper microfluidic device

The paper fluidic module envisioned here was designed to include a terminal spearhead
that could be approached to the SPCE electrochemical cell for solution absorption (for
instance, to promote washing under flow conditions), or be removed from the electrodes
to work under static conditions when needed (such as for MB magnetic confinement
and for electrochemical detection) (Figure 7.1). At the same time, the paper module had
to serve as a waste sink and reservoir. Accordingly, the fluidic module had to provide
solution absorption at a flow rate that promoted efficient MB washing without attracting
the MB and be able to soak and retain the total volume of sample and reagents needed

to carry out the whole assay.
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Figure 7.1.Schematic representation of the electrochemical magneto-immunosensor. (1) c-MAb-MB and bd-
PAb/Poly-HRP were produced and stored at 4°C. (2) The magneto-immunoassay consisted of a single 5-min
incubation with c-MAb-MB, MMP-9 and bd-PAb/Poly-HRP. (3) For classical electrochemical detection, MB were
washed twice with 150 puL of PBST in Eppendorf tubes and were confined on the surface of a SPCE using a magnet
for detection. (4) Alternatively, MB were confined on the SPCE immediately after the incubation (2) and were
washed on-chip using a paper fluidic device.

In order to facilitate multiplexed magneto-immunosensor washing and electrochemical
detection using integrated paper microfluidics, an 8x multiplexed paper device was
produced that was incorporated to the magnetic device reported previously and
described in Chapters 3 and 6 (Section 3'81)s the reader might remember, this
was a holder that accommodated eight independent SPCE and a sliding bar with eight
magnets, one per electrode (Figure 3.20). This sliding component could be moved to
two different positions, which allowed switching on/off the magnetic field that was
applied to the electrodes for confining or releasing the MB. Here, a sliding fluidic paper
module was incorporated to the previous design (Figure 7.2). This provided switchable
and independent absorption of the different solutions deposited over each electrode
along magneto-immunosensor performance Section 3.8.2. The objective of this module
was that the washing and detection steps of the magneto-immunosensor could be carried

out in a simple and economical way, with minimal intervention by the user.
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Figure 7.2.(a) Customized magnetic device with integrated paper microfluidics. (b) Image of the 4 components of
the upgraded magnetic holder, including base, cover, sliding magnetic bar, a silicone spacer to provide light holder
screwing, 8 commercial SPCE, the two components of the paper microfluidic device, and screws. (c) The holder
assembled with the SPCE inserted in the corresponding pockets. (d) The inclusion of a silicon spacer impels a 4 mm
distance between base and cover and allows the holder to be lightly screwed. This 4 mm space served to introduce the
microfluidic paper components. (e-f) Performance of the sliding microfluidic paper device.

7.1.2. Electrochemical SPCE pre-treatment for solution confinement

One of the difficulties for the efficient employment of the fluidic paper module was to
control the sequential confinement of the sample/reagents mixture, washing buffer and
enzyme substrate onto the SPCE, and their flow rate over magneto-immunosensor
processing (Figure 7.2). Also, once the sample/reagents mixture had been pipetted and
MB had been magnetically confined on the WE, subsequent solution additions (i.e.,
washing solution and enzyme substrate) and paper-driven washes should proceed
without triggering MB displacement. Finally, while the washing steps were to be carried
out under constant paper-driven flow, MB magnetic confinement and electrochemical
detection should be more efficient under static conditions. For these reasons, a movable
paper module was envisaged that could reach two different positions. While in the “on”
position the paper pad would approach the electrodes to promote solution
absorption/removal, in the “off” position the paper module would move away allowing

solution deposition and incubation onto the electrodes.
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The commercial SPCE used here included a hydrophobic insulator (the blue layer in
Figure 7.3) that defined the active area of the electrodes, protected the electrical paths
and facilitated the confinement of a drop of solution onto the electrodes. However, the
properties of this hydrophobic layer changed along the procedure, especially after
washing with PBST and removing the fluidic paper module. As a result, the drop of
enzymatic substrate spread during electrochemical detection, contributing to increase
result variability and eventually moisten the electrical connectors. In order to improve
solution confinement, a water-repellent marker was used to print a hydrophobic barrier
between the electrodes and the connectors (Figure 7.3). The SPCE modified in this way
displayed improved drop confinement along the whole magneto-immunoassay
procedure and the presence of the hydrophobic barrier did not alter the electrochemical

detection.

Figure 7.3.(a) Two pieces of tape (white in the left image) served as the template to draw a well-defined
hydrophobic barrier (middle image). The tape was then removed (right image). (b-c) The modified devices (left
images) displayed better solution confinement above the electrodes than the as-received ones (right images).

7.1.3. Selection of the type of membrane

The fluidic module was conceived to be an economical absorption pad able to draw the
sample and washing solution by capillary action and collect and store them until the end
of the assay. In this way, the fluid entered the porous material, which acted as both a
flow pump and a waste container. Accordingly, the flow rate provided had to be slow
enough to prevent turbulences that could disrupt the MB sediment, but fast enough to
provide effective MB wash and a rapid assay. Here, two types of absorption material
were compared (Figure 7.4a). The first one was Fusion 5, a proprietary hydrophilic
material that, according to the manufacturer, could accomplish all the functions of a
typical lateral flow test, which usually require a combination of different materials. The
second was CF5, a membrane commonly recommended for use as the absorption pad in

lateral flow applications.
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Figure 7.4.(a) Properties of Fusion 5 and CFb5 filter paper. (b) CF5 and Fusion 5 strips after pipetting different
volumes of a stained solution.

The water absorption capacity of each material was first tested, to select a membrane
able to absorb all the volume required to perform the whole magneto-immunoassay. For
this, increasing volumes of stained water were pipetted on strips 1 cm x 4 cm of either
Fusion 5 or CF5. As it can be seen in Figure 7.4b, only CF5 could absorb volumes large
enough, which was consistent with the theoretical maximal water absorption capacity of
both materials (160 pL and 396 uL for Fusion 5 and CF5 strips, respectively). In
consequence, CF5 was selected to produce the fluidic paper module with minimal

material waste.

7.1.4. Optimization of the geometric design of the fluidic paper module

The fluidic module included eight paper spearheads to facilitate individualized volume
flow from eight electrodes to the paper sink (Figure 7.2a). Spearhead-shaped paper
devices with different profiles and dimensions were tested in order to study the capillary
flow rate and absorption efficiency provided by each type of fluidic device, and the
corresponding efficiency and reproducibility of the on-chip paper-driven washing steps.
The system was used in the one-step magneto-immunosensor developed for MMP-9
detection (see Section 6.1.3). This assay consisted originally of a 5-min incubation of
the samples with c-Ab-MB and bd-PAb/Poly-HRP conjugate, followed by a series of
washes performed in tubes using a magnetic rack (Figure 3.20). Here, the washes were
carried out on-chip, using the 9 types of fluidic paper modules displayed in Figure 7.5b.
This study focused in the signals registered in the negative controls (i.e., c-MAb-MB
incubated with bd-PAb/Poly-HRP immunoconjugate, without MMP-9), which provided

information about the level of reagent non-specific adsorption and washing efficiency.
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Figure 7.5.(a) Design, dimensions and water absorption capacity for the two components of the paper microfluidic

device. (b) Geometry of the spearhead-shaped paper devices tested. (c) Signals registered for the blanks (with all the

reagents, without MMP-9) in the one-step magneto-immunoassay after carrying out either off-chip classical washing

or on-chip paper-driven washing, in the latter case using alternatively nine different designs of paper spearheads as
the movable fluidic module (n=3)VA stands for theoretical water absorption capacity.

In general, all the spearhead geometries studied for washing on-chip produced
background currents of the order on 200-350 nA (%CV ranging between 2 and 30%),
which were 2-4 times higher than the background noise registered when MB were
washed in a tube using a classical procedure (Figure?”.5Ehis indicated that the
efficiency of the paper-driven washing steps was lower than that of the classical
procedure. Nevertheless, most of the unreacted biocomponents in the sample/reagents
mixture were washed way using a procedure that was faster and simpler than the typical
approach. The highest reproducibility was observed for the spearheads 4, 7 and 9, which
displayed %CV of 2-10 %. Among them, the design number 7 provided the lowest
background signal (hence, better washing efficiency). However, while the sharp end of
number 4 provided complete recession of the fluidic module from the electrode vicinity
when turned to the off position, designs 7 and 9 presented blunter extremes that retained
contact with the electrode-confined liquid drop in both on/off positions (Figure 7.6a).
For this reason, it was concluded that the spearhead design more appropriate for SPCE

integrated washing was number 4 (Figure 7.6b).
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b

Figure 7.6. (a) Location of the paper spearhead onto the SPCE when placed in the “on” (left) and “off” (right)
positions. The pictures illustrate device performance for the designs 4 (a), 7 (b) and 9 (c) of respectively. (b)
Spearhead selected (number 4) on a SPCE before (“off” position) and during the absorption procedure (“on”

position).

Once the most appropriate spearhead geometry had been selected, it was studied if the
resulting paper device would be able to absorb the volume of solutions used along the
whole assay. The one-step magneto-immunosensor used here consisted originally of a
single incubation of the c-MAb-MB with 100 pL of sample and bd-PAb/Poly-HRP
immunoconjugate, and two 150-pL off-chip washes performed in tubes. Accordingly,
the expected waste volume raised to 400 pL of solution per electrode, or 3200 pL of
volume per 8 electrodes. In contrast, the paper fluidic device designed here could
theoretically absorb 1308 pL of water. In order to increase its water absorption capacity
without altering flow rate, a second paper piece was incorporated onto the first one,
which theoretically absorbed 1032 pL more (Figure 7.5a). This increased the device
absorption capacity to 2340 uL of solution, leaving room for up to 192.5 pL of washing
solution per electrode (or 1540 uL for 8 electrodes). Nevertheless, washing was limited

to 100 pL per electrode to guarantee complete solution removal by the paper device.

7.2. Optimization of the electrochemical MMP-9 magneto-
immunosensor with integrated paper-driven washing
7.2.1. Optimization of on-chip paper-driven washing

In order to optimize the paper-driven washing procedure, work started by studying the
effect of different washing buffers in the one-step magneto-immunosensor. As before,

the 5-min incubation of sample with immuno-modified MB and a Poly-HRP immuno-
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conjugate was performed in tubes. The procedure followed to perform the subsequent
MB magnetic confinement onto the SPCE and on-chip washing and detection is

illustrated in Figure7.7.

Paper OFF

(1) Sample/MB/reagents
mixture added

2
Magnets ON

Figure 7.7.Schematic representation of the electrochemical detection of the one-step magneto-immunoassay, when
carrying on-chip paper-driven MB washing and detection. (1) After the single 5-min incubation, the mixture of
sample/MB/reagents is pipetted onto the SPCE with the magnets placed in “on” position and the paper device in “off”
position. (2) The paper device is displaced to the “on” position to absorb the sample and reagents while MB are
retained by the magnets on the WE surface. (3) Washing solution is added through the cover windows and MB
washing occurs under flow conditions. (4) The paper piece is moved to the “off” position, enzymatic substrate is
added and the electrochemical measurement proceeds under static conditions.

Figure 7.8 summarizes the currents registered by amperometry for the magneto-
immunosensor carried out on either a positive control (2 ngd ofLMMP-9) or a
negative control (no MMP-9) using different washing buffers (RB&BSx with

Tween g5 PBSx with Tween ;; PBS.1x; and PBg1x with Tween o29. Compared to
washing with only PBS, the addition of Tween contributed to increase slightly result
reproducibility (%CV of 13.75% for PBSg; 14.54% for PB&:x; 9.97% for PB«-

Tween o5 9.67% for PBo«-Tweeny1 and 10.27% for PBSx-Tween 9. However,

the currents registered for the positive controls decreased as the concentration of Tween
increased, without correlating with a clear decrease of the background signals in the
negative controls (Figure 7.8b). These results were consistent with previous
observations suggesting that Tween promoted Poly-HRP non-specific Bifidindgut

could also indicate that the detergent adsorbed onto the WE affecting electron transfer
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later on. The trend changed if the washing buffer was prepared with PBS diluted 1:10.
Under these conditions, the addition of Tween had little effect in the positive controls
but improved washing and promoted lower background currents (Figure 7.8c).
Accordingly, the best S/N ratios were obtained by washing with eitherxyRB&hout
detergent) or PBSx —TweeR.ozs

EPBS 1X
HPBS 1X-Tween 0.025%
= PBS 1X-Tween 0.1%

2 0
20 1 [MMP-9 (ng mL ‘%)

J» mPBs1X ¢ 20 1
mPBS 1X-Tween 0.025%
mPBS 1X-Tween 0.1% 16
EPBS0.1X

PBS 0.1X-Tween 0.025%

I EPBS0.1X

PBS 0.1X-Tween 0.025%

;-

2 0
2 0 [MMP-9 ] (ng mL 1)
[MMP-9] (ng mL -%) d

mPBS 1X
®PBS0.1X

2 0
[MMP-9 1 (na mL %)

Figure 7.8.(a) Currents registered by amperometry for the singe-step magneto-immunoassay, carried out on either a
positive control (2 ng mt of MMP-9) or a negative control (no MMP-9), after on-chip paper-driven washing using
alternatively different washing buffers (PRSPBSx with Tween o5 PBSx with Tween ;; PBS 1x; and PBg1x
with Tween o»9. (b) Compared to washing with only PBS, the addition of tween increased slightly result
reproducibility, without decreasing the background signals of the negative controls. (c) When washing was carried
with PBS diluted 1:10, the addition of tween improved washing and promoted lower background currents. (d)
Substituting PBS by PBS 1:10 had nearly undetectable effect in assay performance.

Figure 7.9a shows the signals registered in the magneto-immunosensor for increasing
concentrations of MMP-9 after paper-driven washing using alternativelyP8&S
PBS.1x—Tweenoos As it can be observed, both washing conditions resulted in signals
of the same order of magnitude for all the concentrations of MMP-9 studied and linear
ranges extending between 30 pg ténd 2 ng mLl. However, PB§:x —Tween ozs
produced more reproducible results, lower currents for the blanks, higher S/N (Figure
7.9a, insert), and a tenfold improvement in the LOD and LOQ (LOD/LOQ of 0.01 and
0.15 ng mC* in front of 0.41 and 1.22 ng ril. respectively). On the other hand,

washing was more efficient in terms of lower background noise if two serial additions
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of 50 pL of washing solution were made, instead of a single addition of 100 pL (Figure

7.9b). As a result, S/N improved. This suggested that the turbulence impelled by

solution injection, which caused a slight vibration of the magnetically-confined MB,

improved the washing efficiency provided by paper-driven solution flow.
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Figure 7.9.(a) Washing carried out alternatively using PBS or PRSTween o5 (b) Washing efficiency after one
(x 100 uL) or two additions (x 50 uL each) of RBg-Tween .5

7.2.2. Optimization of the electrochemical detection conditions

The optimization of the electrochemical detection conditions started by the study of the

measurement potential (-0.1, 0.05 and 0.0v¥ Ag pseudoreference) in the

chronoamperometric detection of the magneto-immunosensor (Figure 7.10).
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Figure 7.10.Application of the paper fluidic device developed to the electrochemical detection of MI&-9
Magnetic customized device with integrated paper microfluidics plugged to the measurement equipment. (b)
Example of the signals registered with the device during the electrochemical detection of negative and positive

MMP-9 controls.

As it can be observed in Figure 7.11a, the currents registered increased for all the

concentrations of MMP-9 tested as the measurement potential shifted to more negative

values, but the negative controls raised as well. Consequently, the highest S/N ratios
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were obtained by measuring at 0.v%/ Ag pseudoreference (Figure 7.11a, insert). This
contradicted the results obtained when only detection was performed at SPCE, when the
best results were obtained by measuring at -0.8% VAg and suggested that carrying

the washes on-chip modified to a certain extent the electrode surface and behaviour.
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Figure 7.11a.0Optimization of the electrochemical detection conditions after carrying MB washing ar(@hip
Amperometric detection at different detection potentialsM@surement at the optimal potential (E=0.0V) after
either current stabilization during washing or direct detection upon substrate addition. In all cases, the insert shows
the S/N ratios with the linear ranges and equations of the corresponding plots (n=3).

To this point, the magneto-immunoassay performed with the new paper fluidic device
detected MMP-9 in about 12 min, which included 5 min of incubation of the sample
with c-MAb-MB and bd-PAb/Poly-HRP, 2 min of MB magnetic confinement on the
WE surface, paper-driven wash performed over 2.5 min simultaneously to the
chronoamperometric detection for current stabilization, and finally 2.5 min for the
electrochemical detection of the Poly-HRP enzymatic reaction. Nevertheless, the
washing step tooker sejust 1 min. In order to minimize the total assay time, direct
electrochemical detection, without current stabilization during the washing step, was
tested also. To do this, paper washing was allowed to proceed for 1 min, the TMB
enzyme substrate was added and, only then, detection was turned on to register TMB
reduction over 150 seconds. As it can be seen in Figure 7.11b, this procedure resulted in
a slight improvement in the signals registered for all the concentrations of MMP-9
tested and the assay sensitivity in terms of slope (0.75 pA Miveig).60 pA mL ng

Y, with LOD and LOQ of 0.01 ng mitand 0.09 ng mt, respectively (Table 7.1).
Again, this suggested that employing the SPCE over longer measurement times affected

negatively measurement efficiency.

209



Simplification of electrochemical magneto-immunosensor performance by using SPCE with
integrated paper microfluidics

On-chip washing and detection
e _ Off-chip washing
Wash stab|I|z_at|on Dlregt “reference assay”
and detection detection
E vs Ag (V) -0.1 -0.05 0.00 0.00 -0.05
LOD (ng mL'l) 0.19 0.20 o0.01 0.01 0.013
LOQ (ng mL'l) 0.51 054 0.15 0.09 0.07

Table 7.1 Summary of the LODs and LOQs displayed by the magneto-immunosensor for the different
electrochemical detection strategies tes@tichip washingefers to the classical electrochemical magneto-
immunosensor, in which MB washing was performed in tubes and MB were magnetically confined onto a SPE only
for detection. Foon-chip washing and detectipafter the 5-min incubation of samples with c-MAb-MB and bd-
PAb/Poly-HRP, the mixture was placed on the SPE for paper-driven washing and electrochemical detection. In the
latter case, the electrochemical measurement started either during the washing step, which provided signal
stabilization before TMB additioWNash stabilization and detectipror after TMB additionDirect detectioi.

Interestingly, the whole protocol could be carried out in just 10 min, which would be

acceptable for a POC diagnostic device. In this respect, it is worth noting that although
the different device components were operated manually, which would not be trivial at a
POC setting, automating the whole procedure should be easier than automating a

classical multi-step magneto-immunoassay.

7.2.3. Detection of MMP-9 in plasma samples

Finally, it was studied if the magneto-immunosensor developed would be applicable to
the study of clinical samples. Blood derivatives are complex matrices that contain a
large number of components, such as proteins and electrolytes, which could affect
detection. In the specific case of ischemic stroke, blood circulation occlusion by a
thrombus produces brain injury, massive upregulation of the inflammatory response,
and overexpression of numerous hormones, neurotransmitters, receptors, enzymes and

structural proteirf§>*>4

The specificity and performance of the magneto-immunosensor was studied by spiking
pooled plasma from healthy individuals, diluted 1:250 and 1:500, with increasing
concentrations of MMP-9. Compared to PBS-BS#e currents registered by the
magneto-immunosensor in spiked plasma were higher for all the concentrations of
MMP-9 tested, including the negative controls without spiked MMP-9 (Figure 7.12a).
However, Figure 7.12b shows that if the currents registered in the blanks were

subtracted, the signal trends registered were comparable in all cases, except for a slight
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decrease in sensitivity (slopes of 0.75, 0.73 and 0.67 pA Mifard®BS-BSA, plasma
1:500 and plasma 1:250, respectively). This suggested that, for the dilutions tested, the
sample matrix had little effect in sensor performance. Accordingly, the currents

registered in unspiked plasma were attributed to endogenous MMP-9.
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Figure 7.12 (a) Electrochemical detection of increasing concentrations of MMP-9 spiked in either PB®BSA
plasma (diluted 1:500 or 1:250 with PBS-B$Ab) Linear correlation of the currents registered in (a) after
subtracting the signals obtained for the negative controls (with no MMP-®lot)f the concentrations of MMP-9
in 18 plasma samples from patients estimated using the optimized electrochemical magneto-immunosensor versus
those revealed by a classical reference ELISA. (d) Correlation of the concentrations of MMP-9 estimated with the
magneto-immunosensor using the paper washing system versus the classical wash.

The electrochemical magneto-immunosensor with integrated paper-driven washes was
finally employed to detect MMP-9 in 18 plasma samples from stroke patients, diluted
1:250 for their study. The currents registered for each sample were then interpolated in
the calibration plot and multiplied per the dilution factor to estimate the concentration of
MMP-9 in prediluted samples. As it can be observed in Figure 7.12c, the sensor
quantified MMP-9 in the 18 samples, revealing concentrations ranging 75-350"hg mL
and displaying %CV of the order of 8-30% and below 15 % for most of the samples.
Nine of the samples were assayed also using the magneto-immunosensor and classical

off-chip washes performed in tubes. As shown in Figure 7.12d, the concentrations of
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MMP-9 estimated by both methods correlated linearly, which indicated that the paper-

driven washes were efficient even in these complex samples.

The concentrations of MMP-9 estimated using the sensor were in average 50% higher
than those provided in parallel by the reference classical ELISA, with MMP-9
recoveries ranging 120-180%. This was initially attributed to three different factors: the
matrix effect produced by the presence of potential interferents in the real samples,
compared to the PBS-BSAnd spiked plasma used for the calibration experiments; the
possibility that the bd-Ab/Poly-HRP immunoconjugate could be acting as an affinity
binding promoter, enhancing the capture of the MMP-9 present in the samples; and/or a
slightly less efficient washing. It was anticipated that any of these issues would affect
more importantly the simplified magneto-assay than ELISA, which included several
series of washes carried out between every two steps. However, the results obtained
later during the optimization of the one-step magneto-immunoassay for PfLDH
detection showed that blood samples treated with EDTA interfered in the one-step
magneto-immunoassay. This suggested that MMP-9 concentration overestimation in the
one-step magneto-immunosensor carried in spiked and clinical plasma samples could be
also caused by EDTA, because all samples had been obtained in EDTA tubes. The fact
that EDTA interfered less in MMP-9 that in PILDH detection would be then related to
the higher sample dilution needed in this case (1:250-500 for MMP-9, while 1:25-50 for
PfLDH). This issue could not be studied additionally, because MMP-9 detection was
validated employing a collection of retrospective samples but will have to be taken into
account for the acquisition of additional samples in future. Nevertheless, the results
obtained by both methods, the electrochemical magneto-immunosensor and the
reference ELISA, when detecting MMP-9 correlated linearly, which was noticeable
taking into account that while the ELISA took >5 h, the sensor produced results in about

10 min with minimal intervention by the user.

These results show that the method developed could be applied to the study of complex
clinical samples and demonstrate for the first time that paper microfluidics can be
exploited as a low-cost strategy for SPCE magneto-immunosensor handling

simplification.
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7.3. Conclusions

Although MB have been used extensively for the development of relatively fast and
simple magneto-immunoassays and sensors, MB concentration and washing using
magnets is a tedious and demanding procedure that would be difficult to accomplish in
a POC setting and/or by poorly trained personnel. In this work, MB classical washes
that are usually carried out manually have been substituted by a paper-driven procedure
performed on-chip that entailed less intervention of the user. To achieve this goal, the
paper microfluidic device was carefully optimized, designing and testing different
geometric features to select those providing the required flow rate and absorption
capacity. Paper assembly and SPCE pre-treatment were also adjusted to grant minimum
solution spreading and improve reproducibility. Finally, MB handling, washing and
electrochemical detection conditions were tuned to reduce background noise and
enhance detection. Upon optimization, the electrochemical magneto-immunosensor
detected MMP-9 in about 10 min, with lineal response between 30 pgamd. 2 ng

mL™, assay sensitivity of 0.75 pA mL hgand LOD/LOQ of 0.01 and 0.09 ng mL
respectively. The subsequent quantitation of MMP-9 in 18 plasma samples from
patients provided values that correlated linearly with those obtained by the reference
ELISA. Furthermore, user intervention was limited to the initial preparation of reagents
for analyte magnetic separation, and the serial addition of washing and substrate
solutions on-chip. In view of the results presented, the procedure developed would be
easier to carry out by non-specially trained users than the classical set-up and should be
easier to automate for the future development of POC electrochemical magneto-

immunosensors.
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8. Microfluidic paper SPCE (MP-SPCE) for on-chip washing
and electrochemical detection of one-step magneto-

Immunoassays

As has been explained in the previous Chapters 5 and 6, magneto-immunoassays
involve numerous incubations and washing steps, as well as the alternating application
of a magnetic field. This drawback was solved in the context of this PhD thesis by
employing a paper microfluidic device to facilitate the manipulation of SPCE-based
electrochemical magneto-immunosensors, carrying out MB washing and
electrochemical detection on-chip. The development of POC analytical devices has
recently benefited from the increasing interest raised by printing SPE in paper as a
substrat&*>4°® paper offers benefits, such as acting as a microfluidic pump to flow
volumes through capillary forces, which is highly useful to perform the assay washing
steps by dragging the non-bound biocomponents to a reservoir pad. Some groups
presented their own paper-based devices with electrodes printed on lateral flow
membrane8§’**° or combining screen-printing of the electrodes and conducting parts,
and wax printing®to define fluidic structures and electrode passivation areas, which
results in a batch manufacturing process. However, works describing fully (screen)

printed devices are scaftk

This chapter presents an accessible and affordable way to print electrodes directly on
lateral flow membranes using screen-printing alone, which allows producing highly
customized devices without the need for advanced resources and at an affordable cost.
The devices produced here were a lateral flow strip incorporating a three-electrode
electrochemical cell. Such microfluidic paper SPCEs (MP-SPCEs) have been used to
integrate the washing and detection steps of magneto-immunoassays, contributing to
simplify MB manipulation greatly.
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8.1. Microfluidic paper single-sided SPCE (MPssSPCE) for
the detection of the MPO magnet-immunoassay

The first MPSPCE were produced by scr-printing a threeelectrode cell on one «
the sides of a sy made of Fusion 5 membrane (see the methodological det:
section 3.3.2). While the electrodes and connection pads were located at f
opposite extremes of the strip, the middle section acted as a flow pump anc
reservoir (Figure 8.1). As proof of concept, the devices produced in this way \
employed to carry ochip the washing and detection steps of the Mone-step
magnetoinmunoassay developed in Chapter 4. As it will be shown, the detect
MPO was accomplished at clinically reant concentrations in diluted human serun

less than 15 minutes, and with minimal handling by the

Figure 8.1. MP-ssSPCE for the MPO magneto-immunoassay

These results suggest that screen printed lateral flow electrochemical device
provide a simple and economical platforto produce electrochemical magne-

immunoassay POC devic

8.1.1. Design, production and characterization of the MI-ssSPCE

Fusion 5 paper was chosen as the printing substrate over smoothel-flow
materials, such as chratography membrane, because its high hydrophilicity r
membrane blocking steps unnecessary for this specific application. In addition
Fusion 5 simplified device construction as, according to its manufacturer
membrane can accomplish all tlunctions of a typical lateral flow test, which usuz

requires a combination of different materi

Screenprinting of electrodes on Fusion 5 membrane required printing a thin la

dielectric material first, to effectively isolate the conductincks and pads from tf
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flowing solution (Figure 8.2a). However, this coating had to be homogeneous and its
penetration into the membrane needed to be controlled to keep its capillary properties.
In this case, the high viscosity of screen-printing pastes prevented the free flow of the

paste into the membrane, allowing the former to remain mostly on the membrane

surface (Figure 8.2b-c).

electrode ; dielectric

. ating .

Figure 8.2 SEM images of different magnifications, showing the fibres of the Fusion 5 membrane and the full
thickness of the paper (a), the electrode area covered by the conductive carbon ink (b), and a section coated with

conductive ink and dielectric (c).

The rest of the screen-printing process consisted of printing the carbon working (1 mm
x 2 mm) and auxiliary (3 mm x 2 mm) electrodes and then cure at 90°C for 20 min. The
silver pseudo-reference electrode (1 mm x 2 mm), tracks and contact pads were printed
next through a 77-mesh screen, and were cured at 120°C for 15 min. The tracks were
then protected with a new dielectric coating, this time printed through a 90-48 mesh
screen. Last, to prevent the solution from creeping up to the connector, a 1 cm-wide
band was printed on the back of the contacts through a 43-90 mesh screen. After
printing, the Fusion 5 substrates were laser-cut into individual strips and ready to use

with a standard 2.54 mm pitch connector.

Once produced, each device, with the dimensions of 6 x 80 mm, included a three-
electrode cell consisting of an Ag pseudo-RE, and graphite WE and CE, directly screen-

printed on Fusion 5 strips.

The amount of paste dispensed in screen-printing depends largely on the quality of the
screen used, and crucially on mesh count, two parameters that were carefully optimized
at IMB-CNM (CSIC) by Dr. Javier del Campo teHfh In brief, devices were screen-

printed with the same dielectric using alternatives screens meshed at 90, 120 and 140
threads per cm in the Fusion 5 strips. Then, the dry and soaked weighs of the resulting

strips were compared. The results evidenced an inverse correlation between mesh count
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and free volume left in the strips: using mesh counts of 90, 120, and 140 the free

volumes were of 157 £ 2 pL, 160 = 2uL and 172 + 2 pL, respectively.

In order to evaluate the effect of the printed mesh and free volume on the strip,
increasing MPO concentrations (0.004 ngmi0.12 ng m* and 2 ng mL) were
detectedwith the magneto-immunoassay developed in Chapter 4. For that, it was
performed a 5-min-incubation of all the assay reagents (c-MAb-MB, MPO and bd-
MADb-HRP), which was followed by two manual washes and a-20 min incubation with
TMB. For the chronoamperometric detection, first 50 pL of PBS were added to the MP-
ssSPCE while current was allowed to stabilize for 10 s at 08 the Ag RE. Then,

two consecutive 5-pL injections of each concentration of MPO studied were carried out

over time (increasing concentration addition) (Figure 8.3).
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Figure 8.3 Response of MP-ssSPCEs, produced with the three different dielectric densities studied, after serial
injections of TMB preincubated for 20 min with increasing MPO concentrations (0.004 hgdmiP ng mt* and 2
ng mLY). Insert, zoom of the signals registered for dielectrics printed through meshes displaying 90 and 120 threads
per cm.

It was noticed that the MP-ssSPCE strip with dielectric printed using 140 threads per
cm exhibited the fastest water absorption and the highest signals generated, which was
attributed to the large free volume available. On the other hand, when using 90 and 120
threads per cm, the strips presented currents very similar, although the 120 level of
screen-printed dielectric showed more stable and reproducible signals (Figure 8.3,

insert).

On the other hand, flow rate was significantly affected by the presence of the dielectric
coating on one of the membrane sides. The flow rate along the paper strips was
evaluated using a coloured eosine solution in a wet out ré§ifie For this, strips
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were immersed in an aqueous eosine solution and the progress of the front was recorded
over time. A flow rate of 83 pL mihwas obtained in the case of an unmodified
membrane, while a flow rate of 42 pL rifimas calculated for the coated membranes.
This difference was partly attributed to the volume taken from the lateral flow
membrane by the dielectric coating, but also to mechanical changes induced in the strip
during the screen-printing process.
Then, the IMB-CNM (CSIC) team printed three different designs of the MP-ssSPCE,

varying the positions of the electrodes on the strip (Figure 8.4a).

a
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Figure 8.4 (a) Designs of the three different positions of the electrodes in the MP-ssSPCE. (b) Optimal design of the
MP-ssSPCE.

The three strip designs were evaluated by adding 150 pL of methylene blue 0.1% (Ref.
J60823, Alfa Aesar, Germany) to determine volume displacement through the strip. In
all cases, the volume was injected over the electrodes zone, and it run in a bidirectional
way. However, to integrate successfully the washes of the magneto-immunoassay in the
MP-ssSPCE, it was needed that the solution flowed in a unidirectional way in order to
drag the non-binding components far from the electrodes. For that reason, it was
decided that the most suitable MP-ssSPCE strip should display the electrodes as close as
possible to the strip terminal edge (Figure 8.4b).

Once selected the optimal MP-ssSPCE design and printing process, this device was
electrochemically characterized by CV in a 25 mM ferrocyanide solution prepared in
0.1 M sulphuric acid using different scan rates (Figure 8.5a). A sharp current drop after
the oxidation peak was observed in all the CVs registered. This sudden drop differed
from that observed at flat inlaid electrodes in the absence of convection, and which was
expected to decay proportionally t§%*®* This pointed at the presence of thin-layer
effects, an issue that is common to porous electf&t@he fibrous nature of the lateral
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flow membrane on which the electrodes were printed, leaded to a rough electrode

surface, which presumably summed to the typical porosity of most SPCE. In addition to

this, at scan rates below 100 niVs steady state current appeared after the current

peak. Although these CV were recorded with the strip immersed in a solution to avoid

this, some convection still happened, which was presumably caused by the evaporation

of the solution from the strip above the solution level.
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Figure 8.5(a) CV obtained at MP-ssSPCE for a 25 mM solution of ferrocyanide in sulphuric acid 0.1 M. (b) Plot for
the anodic and cathodic peak currents as a function of the square root of the scan rate for 25 mM of ferrocyanide.

The linear relationship between the anodic and cathodic peak currents and the square
root of the scan rates tested (Figure 8.5b) confirmed the diffusion-limited behaviour of
the ferrocyanide solution during the oxidation and reduction reaction, which involved
also a reversible electron transfér

The Randles—Sevcik equation and the plot of the peak cwselhie square root of the

1/2
scan ratey ), could be used to calculate the diffusion coefficient for ferrocyanide.

The Randles—Sevcik equation is described as:

1/2 nFD

1/2
= [0.4463nFAC° (—) ] p1/2

nF vD>

ip = 0.4463nFAC° ( RT

RT

where ip is the peak current (A), n the number of electrons (to reduce/oxidize one
molecule of analyte), F the Faraday constant (96485 C)mhlthe area of the (planar)
electrode in crf) C° the initial concentration of the reducible analyte (moi*gnw the

scan rate (V' 8), D the diffusion coefficient for the species (cst), R the gas constant
(8.314472 J K mor*) and T the temperature (K).

Extracting D from the Randles-Sevick equation and using the slope of the linear

equation of the current versus the scan rate,
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D ( slope )2 RT
~ \0.4463nFAC°) nF

the diffusion coefficient for the oxidized and reduced ferrocyanide at 25 mM using the
MP-ssSPCE was of 5.57-1@n? s* and 5.09-18 cnt s?, respectively. These values

were close to the numbers reported in the literature (6°%ms™) 406467

8.1.2. Electrochemical magneto-immunodetection of MPO using the MP-
ssSPCE

The shortened MPO magneto-immunoassay consisted of a single 5-min immunocapture
but included also a series of washing steps that had to be manually performed tube by
tube and took longer than immunomagnetic binding itself (>7 min per sample and up to
15-20 min for a series of 812 tubes). MB had to be then manually transferred to the
electrode surface to be magnetically confined onto the WE and perform the
electrochemical detection. For this reason, this part of the work explored the possibility
to carry out the washing and electrochemical detection steps of the magneto-

immunoassay directly in the MP-ssSPCE (Figure 8.6).

1. c-MAb-MB, MPO & 2. Manual Wash 3. Detection

----------------- bd-MAb-HRP

. IR % Substrate

: }  Biem € wd

s 53( — ¢ — W CURRENT
i ™ i 2 - ;
' bc-MAb-MB, - "ﬂ'\ Magnet

stock 4°C | ' . .
----------------- 5 min >7 min 5-10 min

N\ )
L“ ) Strept-MB ‘u'\. bc-MAb % Biotin 4 BSA & MPO Jt bd-MAb-HRP

Figure 8.6. Schematic representation of the electrochemical magneto-immunoassay with the integration of the
detection step in the MP-ssSPCE

To start with, MPO immunocapture and MB washing were performed in tubes as usual.
After the washes, the MB we re-suspended in 25, 50 or 100 pL ofxRBE were
pipetted onto the paper device. A magnet had been placed under the WE to confine the
MB over it (Figure 8.7a). Figure 8.7a (zoomed insert) shows that MB were retained by
the magnet. However, they ended up scattered across the whole membrane and did not

just cluster on the electrode surface.
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Figure 8.7.(a) Photograph of both sides of the strip, indicating the cross-sectional area of the MB deposition; (b)
Modification of the paper strip with MB re-suspended in different volumes (25, 50, and 100 uL). (c—e) SEM images
of different magnifications, showing the dispersion of the MBs through the full thickness of the paper, reaching the

electrode area.

For the measurement, current was stabilized atv@ g for 150 s while PBS flowed

along the paper matrix. TMB was next pipetted (25-50 pL) and was allowed to flow
while current was registered for 600 additional seconds. As it can be observed, when
pipetting the MB in 50-100 pL, PBS flowed simultaneously around the injection site,
dispersing the solution over a wide paper area (Figure 8.7b). This was important,
because if real samples were to be pipetted on the chip for subsequent washing,
sample/reagent flow upstream from the electrodes in the paper strip would produce
incomplete washing later. Pipetting 100 pL of solution wetted half of the paper device
leaving little space for the reagents of the subsequent washing and detection steps. In
addition, higher solution volumes correlated with wider dispersion of the MB, with part
of the MB running too far from the electrode area to be detected. In agreement with this,
the best MB confinement was obtained for a 25-pL volume (Figures 8.7b). Accordingly,

it was decided to work in 2pt immunocapture volumes, which had produced in
previous experiments lower assay sensitivity, but LOD/LOQ of the same order and
wider linear range than when working with 50 and LQGsample volumes (see results

in Chapter 4).

On the other hand, using a bigger magnet to retain the MB made them cluster and
interfered with the subsequent electrochemical detection. This indicated that successful
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integration of the washing and detection assay steps required a careful balance between
magnetic retention strength and flow drag.

The level of MB confinement also affected the electrochemical detection. For instance,
detection after confinement of the MB in 50 pL displayed maximal signals after

approximately 600 s of measurement with TMB. For 25 pL volumes, signal

stabilization was faster, with maximal signals after 300 s and signal saturation
afterwards (Figure 8.8a). Hence, when better confined, more MB acted on enzyme
substrate close to the electrode, favouring detection. However, MB clustering could also
result in steric hindrance and local substrate exhaustion, which could explain the earlier

signal saturation registered under such conditions.

Electrochemical detection of this assay was carried in parallel using commercial SPCE
(Figure 8.8b). In this case, following incubation and washing, MB were confined using

a magnet onto the SPCE WE, current was allowed to stabilize in 50 pL of PBS, the
measurement was paused, PBS was substituted by TMB and the measurement was
resumed for 150s. As it can be observed, when only detection was carried at the two
types of electrodes, the MP-ssSPCE registered slightly lower currents for all the
concentrations on MPO tested (included the negative controls without MPO), but

general signal trends were obtained in both cases.
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Figure 8.8 MPO sandwich magneto-immunoasay performed in tubes and detected electrochemically at either
commercial SPCE or the MP-ssSPCE. (a) Amperometric response registered at MP-ssSPCE for negative controls
with no MPO (dashed lines) and positive controls with MPO 2 ng (straight lines) if the MBs were resuspended
after washing in 100 pL, 50 pL or 25uL of PBS before being pipetted on the chip. (b) Comparison of the signal
response for increasing MPO concentrations detected with the commercial SPCE and the MP-ssSPCE.
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8.1.2.1 MB washing on-chip using the MP-ssSPCE

The next step was to integrate on-chip the MB washes before detection. In a first
approach, after the 5-min incubation in tube, the supernatant was removed, MB were re-
suspended in 25 pL of PBS and they were incorporated on the papee(8.9). Then,

different volumes of PBST were added to wash the MB while current was measured for
150 s. Finally, TMB was incorporated and detection proceeded for 450 more seconds.
This implied that the washes were carried out on-chip, but the incubation solution
(hence the excess of reagents) had been previously removed and was not pipetted on the

paper device.
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Figure 8.9 Schematic representation of the electrochemical magneto-immunoassay when performing the washes and
the detection integrated in the MP-ssSPCE.

Figure 8.10a shows that, while the current registered was of about 20—-30 nA in the
negative controls (i. e.: without MPO) after a single wash with 50 pL of PBST, it was
negligible if two consecutive 50 pL washes were implemented. Since the signals in the
presence of MPO were comparable in both cases, the S/N ratio was significantly higher
after two washes. In contrast, the addition of supplementary washes or the
implementation of higher volume of washing solution did not improve the results
further and contributed to dragging higher amounts of MB downstream from the
detection area. Again, optimal performance required careful adjustment of washing
solution volume to guarantee MB retention by the magnet. On the other hand, washing
with PBS instead of PBST produced higher background signals, presumably caused by

a lower washing efficiency.
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Figure 8.1Q (a) Amperometric response for negative controls (dashed lines) and positive controls (straight lines)
using one or two washing steps integrated on-chip. (b) Plot of current intensity against MPO concentration using off-
chip and on-chip washing. Orange marks represent the off-strip washing signal with the background subtracted.

Figure 8.10b compares the results of the experiments performed with off-chip and on-
chip washing, where the signals registered in both experiments were comparable after
background subtraction. This could indicate either that washing of unbound reagents
was faintly better or that more MB were lost downstream when the washes were
integrated. Independently of this, most MB remained in place after the integrated

washing steps and could be detected electrochemically.

In view of these results, the whole washing procedure was finally implemented on-chip
(Figure 8.11).
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Figure 8.11.Representation of the electrochemical magneto-immunoassay optimized with integrated on-chip
washing and detection steps.

For this, the 5-min magneto-immunocapture was performed in 25-uL sample volumes
and the whole mixture was immediately transferred to the MP-ssSPCE surface, the
washing buffer was added to flow during 150 s, the enzymatic substrate was injected

and the chronoamperometric detection was carried for 5 min.

Figure 8.12 shows the signals registered for the magneto-immunoassay on the MP-

ssSPCE after either previous concentration of the MB in PBS, or direct sample injection

227



Chapter 8

after immunocapture. The decrease of signal observed after the direct injection of the
sample plus reagents mixture was justified by the higher concentration of nonbinding
components present, which were presumably trapped within the membrane fibres. This
resulted in a systematic increment of the negative control (without MPO) by non-
specific binding, and the requirement of more efficient washes, which ultimately caused
a drop of the signal registered. The assay sensitivity was also compromised, with an
LOD of 0.11 ng m[* and LOQ of 0.26 ng mitin the first case, and LOD of 0.63 ng

mL* and LOQ of 1.04 ng mt when the sample-reagents mixture was directly treated

on-chip.
500
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Figure 8.12 Comparison for the signals registered for increasing MPO concentrations when performing two washes
and the electrochemical detection on-chip using the MP-ssSPCE. (Red) Concentration of the MB in 25 pL after

immunocapture, followed by injection on the MP-ssSPCE; (Orange) After the immunocapture, direct injection of the
sample-reagents mixture on the MP-ssSCPE.

Although the assay linear range was wider if the sample-reagents mixture was directly
injected on the MP-ssSPCE, the signals registered were far from the expected, with a

loss of 40% in average.

8.1.3. Detection of MPO in human serum with the MP-ssSPCE

Finally, the applicability of the magneto-immunoassay developed here was studied
using commercial pooled human serum. With this purpose, serum was diluted 1:100
with PBS-BSA ; and was spiked with increasing concentrations of MPO. It followed
incubation of 25-pL volumes for 5 min with MPO-bc-MAb-MB and bd-MAb-HRP, the
whole mixture was pipetted onto a lateral flow device and washing, and detection were

performed on-chip as indicated before.
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Figure 8.13.Plot of current intensity against MPO concentration when using the MP-ssSPCE with the integrated

magneto-immunoassay. Insert, comparison of the linear range obtained for MPO detection using the MP-ssSPCE in
PBS-BSA and serum diluted 1:100. Error bars represent the standard deviation of n=4 measurements.

Figure 8.13 shows the results obtained for the electrochemical detection of MPO using
the MP-ssSPCE in diluted spiked human serum. As it can be observed, the signals
registered were not significantly different from those registered in PBS-BS¥th

MPO recovery efficiencies ranging 95%-108%. Under these conditions, the assay
displayed linear response up to 8 ngfdf MPO, LOD of 0.18 ng mt, LOQ of 0.62

ng mL?, and sensitivity (slope) of 15.17 nA mL h¢Table 8.1).

Although these LOD/LOQ were 18-20 times higher than the numbers obtained for the
magneto-immunoassay detected spectrophotometrically and detection at commercial

SPCE, assay time was nearly 5 times shorter and handling was significantly easier.

Assay type Spectrophotometric Electrochemical
Washing In tubes In t:sbSer)cl:gP On-chip / MP-ssSPCE
Immunobinding PBS-BSA 1 PBS-BSA 1 PBS-BSA: Serum 1:100
LOD (ng mL?) 0.01 0.13 0.63 0.18
LOQ (ng mL?Y) 0.03 0.36 1.04 0.62
Linear range (ng mit) 0.004 -4 0.25-2 0.25-8 0.25-8
Sensitivity (slopée¥ 0.85 62.86 14.92 15.17
%CV") <10 <10 <8 <12
Assay time ~ 60 min ~ 20 min <13 min <13 min

Table 8.1.Comparison of the analytical performance of the three methods used for the quantification of MPO.
[a] Slope in UA-mL-ng (spectrophotometric) or in nA- mL-f¢electrochemical). [b] %CV stands
for variation coefficient [%CV=(SD/mean) X 100].

Figure 8.14 shows that the signals registered were proportional to the concentration of
MPO for all the magneto-immunoassay methods of detection performed. As illustrated

in Figure 8.14d, under these experimental conditions the figures of merit of the
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colorimetric and electrochemical assays were comparable (LODs of 1-10 hg mL
LOQs of 18-30 ng mit, %CV<10%). However, detection using the MP-ssSPCE
provided currents that were in average ~20-30 times lower than the currents registered
at a commercial SPCE for similar MPO concentrations. This was attributed to two
issues. First, the fact that while the MB clustered immediately over the WE at SPCE,
they scattered across the whole thickness of the paper membrane in the MP-ssSPCE
(Figure 8.14b and c). Second, the evidence that part of the enzyme produck)(TMB
produced by the HRP label flowed downstream from the electrode before being
detected. This suggested that better electrode design and selection of a different

membrane material could improve performance.
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Figure 8.14 Plots of signals MPO concentration obtained when the sandwich magneto-immunoassay was detected
alternatively using spectrophotometric detection (a), electrochemical detection at a commercial SPCE (b), or
electrochemical detection using the MP-ssSPCE (c). Error bars (represent the standard deviation of n=3
measurements. (d) S/N ratio for the plots in (a), (b) and (c). The bars for spectrophotometric and electrochemical
detection at SPCE are show at a different scale (left axis) than those displayed for MP-ssSPCE (right axis).

These results confirmed that washing and detection could be integrated in the paper
device, even when magneto immunocapture was performed in a complex matrix such as
diluted serum. Nevertheless, the fact that the currents registered at the lateral flow
electrode were in average 30 times lower than those obtained at SPCE suggested as well

that detection could be improved by re-designing the flow device.
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8.2. Microfluidic paper double-side SPCE (MP-dsSPCE) for
PLDH magneto-immunoassay electrochemical detection

In Section 8.1, a MP-ssSPCE was used to perform on-chip the washes and detection of a
one-step magneto-immunosensor with minimal intervention by the user, although the
sensibility achieved was still far from the numbers obtained with a commercial
SPCE®. The next step was to enhance the sensitivity of the paper electrode, which was
achieved in collaboration with Dr.’s Javier del Campo team (IMB-CNM, CSIC) by
developing an improved version of the single-use printed electrode in which WE
electrodes were printed on both sides of the device. The objective was to increase both
the WE active area and the collection efficiency of the flowing TMB. This MP-dsSPCE
was assembled in a customized cartridge that included also an integrated microfluidic
washing system for malaria diagnosis in whole blood samples, employing the one-step
magneto-immunoassay described in Section 5.2. As it will be shown, the system
facilitated the simple execution of the test, with rapid, sensitive and quantitative PLDH
detection.

8.2.1. Design and electrochemical characterization of the MP-dsSPCE

MP-dsSPCE was designed to be used in a horizontal position while solution drops were
pipetted onto the top. Each device measured 9 x 19.5 mm and contained a 3-electrode
electrochemical cell in the bottom side and additional WE and CE on the top, which
were cross-circuited with the corresponding bottom counterparts (Figures 8.14). This
provided not only larger WE active area, but also more efficient detection of
electroactive species flowing along the device and across the whole paper matrix
thickness. The entire device surface was protected by a water-proof dielectric layer,
except for the chip laser-cut edges and the centre of the top WE, which displayed ring-
shaped geometry. This circular opening allowed the entry of MB and solutions into the
paper matrix, for their transportation along the chip by capillary flow. The frontal edge,
on the other hand, was exploited to connect an adsorbent pad, which provided solution
draining and waste storage. In this way, MP-dsSPCE could be used alternatively to

carry electrochemical measurements under static and flow conditions.
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Figure 8.14 Design and production of the MP-dsSPCE. (a) Photograph of both sides of the MP-dsSPCE. (b)
Scanning electron microscopy (SEM) images of a transversal cut of the MP-dsSPCE carried at either the center of the
ring-shaped WE (left, showing a layer of conductive ink on the bottom side of the chip) or outside it (right, showing
ink layers both on the top and bottom sides of the chip).

For their utilization, MP-dsSPCE were connected to the potentiostat using a standard
2.54 mm pitch connector. However, solutions could also flow upstream from the

electrodes and the unprotected back edge of the chip allowed fluid passage into the
connectors and eventual electrical short circuit. For this reason, a transparent
impermeabilizing solution (Rubson SX9000, Henkel, Germany) was used to protect the
paper fibres in the connectors’ zone, creating a hydrophobic barrier. This economical
product, which was sold for the impermeabilization of building materials, was acquired

at a local retailer.

The volume of water repellent necessary to penetrate only the area of interest, without
affecting the electrochemical cell, was first determined. For this, several MP-dsSPCE
were inserted in the wells of a 96-well microtiter plate, containing increasing volumes
of impermeabilizing solution. When the solution had been adsorbed, the MP-dsSPCE
were dried for 3 h in an incubator at 36°C. The two sides of the chips were then striped
from each other. As it can be observed in Figure 8.15, 15 pL of solution were needed to
protect completely the connector paths without reaching the electrodes. Higher volumes,
on the other hand, provided irregular paper protection, often affecting the areas that
displayed the electrodes.

Figure 8.15 Impermeabilization of the MP-dsSPCE connectors with increasing volumes of a water-repelent solution.
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The behaviour of the MP-dsSPCE was studied electrochemically by performing CV
using alternatively the top, bottom and top-bottom cross-circuited WE/CE, employing
in all cases the bottom RE. To do that, CVs were registered in a 25 mM ferrocyanide
solution prepared in 0.1 M sulfuric acid at a scan rate of 50 ThiFigure 8.16). CV

were obtained alternatively under flow and static conditions (in the first case by letting
the drop flow along the paper electrode to which an absorbent pad had been attached).
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Figure 8.16 Characterization of the MP-dsSPCE. CVs obtained at MP-dsSPCE, for a 25 mM solution of
ferrocyanide in sulfuric acid 0.1 M (50 mA)s using alternatively the top, bottom and top-bottom cross circuited
WE/CE under flow (a) or static (b) conditions.

As it can be observed, while under static conditions top and bottom WE displayed
similar performance, under flow conditions the bottom electrodes registered
significantly lower currents, larger peak-to-peak separatidfp) and more negative
potentials. This confirmed that solution flow compromised detection using electrodes at
the bottom of the chip, which was the configuration displayed by the original MP-
ssSPCE. In spite of this, using double side connection provided in all cases higher
currents that using only the top or bottom WE, suggesting that this was the best

electrode arrangement for these MP-dsSPCE.

MP-dsSPCE used in the double-sided WE configuration were additionally evaluated by
registering CVs at increasing scan rates (10, 25 and 50 th\bsth under static and
flow conditions (Figure 8.17).
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Figure 8.17. CVs obtained at the double-sided WE at different scan rates under flow (a) or static (b) conditions.
Insert. Photographs of the MP-dsSPCE connected to a standard 2.54 mm pitch connector and employed to carry out a
measurement under either flow or static conditions. In the flow case, a pile of adsorbent paths was located in contact
with the frontal edge of the chip to provide solution drainage, and the whole assembly was placed inside a segment of

electrical cable trunking, used here as a physical holder. In the static case, a drop of solution was placed onto the

electrochemical cell.

The experimentaNEp obtained from these CV were used to estimateetbetron
transfer coefficient (kO) of ferrocyanide under the different measurement conditions
tested. This was done using the method proposed by Irma Lavétferomibining the

Nicholson’s treatment and the Klingler and Kochi metfiddising the following

equation:
¥ = kO[nDnvF/ (RT)] /2
whereVY is a kinetic parameter (which is tabulated Adtp, at a set temperature (298
K), for a one-electron process whatever the scan rate employed), D is the diffusion
coefficient (cnf s?), n is the number of electrons involved in the process, v is the scan

rate (V &), F is the Faraday constant (96485 C ™oR the gas constant (J ritd{™),
and T the temperature (K).

The function of AEp), which fits Nicholson's data, for practical usaggiven by:

¥ = (—0.6288 + 0.0021X)/(1 — 0.017)

where X = AEp is used to determin® as a function ofAEp of the recorded
voltammetry. Following these premises, kO corresponds to the slope of the fot of
versus[nDnF/ (RT)]~*/?v=1/2 in Figure 8.18.
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Figure 8.18 Electrochemical characterization of the MP-dsSPCE. PMtwarsugnDnF/ (RT)]~1/2v=1/2 for the
measurements carried out under flow (a) and static conditions (b).

The kO values obtained in this way were of 4 £ tn s' and 2 x 10 cm s for the
measurements carried out under flow and static conditions, respectively, which were of

the same order of magnitude.

Diffusion coefficients were calculated chronoamperometrically employing the Cottrel

equation:

i = (nFAC,VD)/VT,

where i is current (A), n the number of electrons (to reduce/oxidize one molecule of
analyte), F the Faraday constant (96485 Cina@\ the area of the (planar) electrode in
cn?, Co the initial concentration of the reducible analyte (mof)er® the diffusion

coefficient for the species (érs) and t the time (s).

The values of D calculated for potassium ferricyanide under flow and static conditions
using this approach were of 1.10 x®ént s+ and 1.66 x 18 cnt s+, respectively,
which again were of the same order of magnitude.

Finally, the CVs registered under flow conditions with the MP-dsSPCE developed here
were compared to those provided by the single-sided version described in Seétfon 8.1
and the commercial SPCE. As it can be observed in Figure 8.19, the upgraded double-
sided device registered currents that were 20 times higher than the ones detected by the

previous version and closer to those observed for commercial SPCE.
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Figure 8.19 Comparison of the CVs registered with the MP-dsSPCE and MP-ssSPCE developed and a commercial

SPCE.

8.2.2. Assembly of the MP-dsSPCE in a low-cost fluidic cartridge

8.2.2.1Design and assembly of the fluidic cartridge
In order to perform most of the steps of a magneto-immunoassay on-chip, an extremely

simple and economical cartridge was produced that could provide serial MB magnetic

confinement, washing and electrochemical detection (Figure 8.20).

c|

Figure 8.20.Production of the MP-dsSPCE-containing fluidic cartridgeComponents of the cartridge. (1) MP-
dsSPCE, (2) o-ring, (3) segment of a pipette tip, (4) silicon sheet with a perforation for the insertion of a magnet (5),
(6) adsorbent pads, and (7) segment of electrical cable trunking. b-c) Assembled device and detail of the pile of

absorbent pads.
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For this, the MP-dsSPCE was inserted in a 4.5-cm segment of PVC electrical cable
trunking (45x12x0.7 mm; SevenOn elec, Hidalgo’s Group, Spain), which served as the
platform holder. The device detection system was composed of the MP-dsSPCE, which
was placed so that the electrical connectors protruded from the holder. A piece of
silicone elastomer (15x8x2 mm; Ref. SI303200; GoodFellow, England) with a
perforation allowed embedding a neodymium magnet. The magnet (3 mm @ x 1.5 mm
thickness; IMA, Spain), was added to retain the MB within the paper matrix between
the bottom and top WE. A plastic ring, cut from the bottom of a polypropylene pipette
tip (4 mm high, 5 mm @; Ref. 162001, Nirco, Spain), was placed above the top
electrochemical cell to prevent solution spreading. Finally, a Viton o-ring (6.1 mm
internal @, 9.5 mm external @, 1.78 mm wall thickness; Ref. 2542490, Sigma Aldrich)
kept all the system components in place inside the PVC holder, which displayed a
window that granted access to the electrodes for solution transfer. In this way, when a
suspension of MB was pipetted in the system, the solution flowed across the orifice in
the top WE and into the paper matrix, while MB were retained by the magnet, and an
absorbent pad provided absorption of sample and reagents, wash under flow conditions,

and waste storage as well.

8.2.2.2Assembly of the paper absorption system

The MP-dsSPCE could absorb approximately 85 pL of aqueous solution, but the whole
magneto-immunoassay took about 500-600 puL of sample and reagents. For this reason,
it was necessary to incorporate an external absorbent pad to the system. A selection of
membranes was evaluated for this purpose. Numerous membranes are commercially
available with several physical and chemical attributes that affect the capillary flow
properties. Here, nine types of pads were evaluated for their application in the lateral
flow test (Table 8.2}
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] Capillary Water
) ) Lateral flow | Thickness )
Membrane Material Properties o flow rate | absorption
application (um)
(sl4cm) | (mglcnf)
Blood
LF1 Works well with ) 247 35,6 25.3
separation
whole blood or serum
Blood
MF1 samples and can ac . 367 29,7 39.4
separation
as a blood separato
Blood
VE2 as well ) 785 23,8 86.2
separation
Bound glass
. Faster flow than )
Standard fibre ] Conjugate
cotton, with lower 370 34,5 449
17 . release
sample retention
Works well with
saliva samples and Blood
GF/DVA . 785 28,2 93
can act as a blood separation
separator also
Absorption
CF5 954 63,3 99.2
pad
100% cotton
) ) ] Sample
linter Medium weight o
application &
CF4 . 482 67,3 49.9
absorption
pad
Blood
) ) Can be used as a )
Glass fibre with separation &
Fusion 5 o lateral flow blood ) 370 38 40
a plastic binder conjugate
separator
release
) Backed
Prima 40 Nitrocellulose - 192 44 -

reservoir pad

Table 8.2.Characteristic of the nine commercial membranes studied as absorption pad in the MP-dsSPCE.

In order to corroborate the water absorption capacity facilitated by the manufacturer for

each membrane, a test was performed by adding 100 puL of methylene blue 0.1% (Ref.

J60823, Alfa Aesar, Germany) to a 40 x 10 mm strip of each type of membrane and the

distance run by the solution was measured (Figure 8.21). It was expected that the

distance run by a fixed volume of solution would be inversely proportional to the water

absorption capacity of the material. As it can be observed, C5, GF/DVA and VF2

provided the highest absorption capacity, which was consistent with the data facilitated

by the provider (99.2, 93 and 86.2 mgGmespectively). However, C5 provided the
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most homogeneous flow and was selected for the production of the MP-dsSPCE

absorption pad.
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Figure 8.21 Study of the absorption capacity of different commercial membranes.

Considering the water absorption capacity of the selected membrane, the minimal
indispensable area of CF5 membrane needed to retain the ~600uL of total waste volume
generated during the magneto-immunoassay was of 6.850tr&8F5. Because the
plastic holder displayed an irregular section, the external absorbent pad was formed by
assembling seven CF5 pieces of different dimensions in 4 piled layers (Figure 8.20c).
The first one was situated on the base of the cable trunking and was composed by two
10 mm x 7 mm CF5 pieces connected to each other and to the edge of the MP-dsSPCE.
A second layer was placed on the top of the first and was formed by two more 10 mm x
7 mm pieces in contact with the MP-sdSPCE; the third and fourth layers had a single 10

mm x 10 mm piece each.

8.2.3. Electrochemical magneto-immunodetection of PLDH using the MP-
dsSPCE

8.2.3.10ptimization of the electrochemical detection on the MP-dsSPCE

The paper microfluidic system developed was next used to carry out the one-step
magneto-immunoassay for PLDH detection optimized in Section 6.2. Work started by
performing only the electrochemical detection on the MP-dsSPCE and the rest of the
assay was performed in tubes in the absence or in the presence of PILDH (12.5 and 100
ng mLY). To do so, the 5-min incubation of the mixture of sample and reagents was
followed by two manually washes of 150 pL PBST in tubes. After the last wash, MB
were resuspended in 100 pL of TMB substrate solution and were pipetted on the MP-
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dsSPCE for detection (Figure 8.22). Several parameters had to be optimized, including
the measurement potential, the volume of enzymatic substrate, the amount of MB per

sample, and the magnet location.
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Figure 8.22 Scheme of the one-step PLDH magneto-immunoassay performed in tubes with the electrochemical
detection carried out using the MP-dsSPCE.

Measurement potential

The amperometric measurement was carried out on-chip at three different measurement
potentials (0.0 V, -0.05 V, -0.1 Vs the Ag pseudo-reference), either under static or
under flow conditions (Figure 8.23). In general, the currents registered under flow
conditions were 40% lower than those detected in a static drop, and the S/N ratios were
20% worse as well. This was attributed to the partial loss of MB and enzymatic
substrate, which flowed along the MP-dsSPCE during the measurement and before
being detected. The best measurement potential was considered -0.05V in both cases,
which provided the highest S/N.
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Figure 8.23.0ptimization of assay measurement potential in static (a) and flow (b) conditions using MP-dsSPCE.
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MB concentration

The optimal concentration of MB in the magneto-immunoassay detected
colorimetrically was of 0.2 mg nit. Higher amounts of MB did not improve the assay
and produced higher background noise, while lower MB quantities provided lower

signals and larger result variability.

In the case of detection at the MP-dsSPCE, electrochemical detection under static
conditions produced comparable currents and S/N if the assay was performed with 10,
15 or 20ug of MB per sample, but result reproducibility impea with MB load (%CV

of 19.27%, 12.68% and 5.63%, respectively, in average) (Figure 8.24). This was
presumably caused by more efficient magnetic retention of higher MB loads during the
incubation and washing steps, which had been performed in tubes and was consistent
with previously reported resutfS. The effect of the MB concentration was clearer
under flow measurement conditions, where both current and S/N increase with the
amount of MB (%CV of 17.69%, 13.55% and 8.17% for 10, 15 or 20 \MB

respectively, in average).
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Figure 8.24 Optimization of MB concentration in the one-step magneto-immunoassay detected electrochemically
using MP-sdSPCE, under static (a) and flow (b) conditions.

Magnet location

The way MB were magnetically confined in the electrode had also a profound effect in
both detection methods. It was observed that placing a magnet immediately below the
MP-dsSPCE produced MB surface confinement faster than solution flow. For this
reason, MB accumulated on the chip surface instead of entering the paper matrix,

lowering solution flow rate as well. Accordingly, if the magnet was placed 1 mm apart
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from the electrode, both current and S/N improved (Figure 8.25). Unexpectedly, the
highest currents were obtained if the mixture of MB and TMB substrate solution were
pipetted without magnet, because MB entered slower in the device matrix, driven only

by solution flow capillary.
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[PfLDH] (ng mL 1) [PILDH] (ng mL %)

Figure 8.25 Magnet location during the MB confinement in the MP-dsSPCE under static (a) and flow (b) conditions.

Volume of enzymatic substrate

The last factor studied was the volume of enzymatic substrate used for the detection.
Since the currents registered for PfLDH in a static drop were independent of the volume
of TMB, the best S/N rations were obtained for detections carried out pl 25
substrate solution, the lowest volume tested. In contrast, flow detection benefited of
using higher TMB volumes, which permitted extending the measurement for longer

times, generating higher currents, although not better S/N ratios (Figure 8.26).
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Figure 8.26 Optimization of the enzymatic substrate volume using the MP-dsSPCE under either static (a) or flow (e)
conditions.
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8.2.3.20ptimization of magneto-immunoassay on-chip washing and detection
using the MP-dsSPCE

The next step was to integrate the MB washing and detection on the MP-dsSPCE. In a
first approach, after the 5-min incubation in tube, the mixture of sample, MB and
reagents was transferred to the MP-dsSPCE through the cartridge window. Then, two
consecutive injections of 100uL of PBST were added to wash the MB, while current
was allowed to stabilize for 300 s at different potentials (0.0 V, -0.05V, -0.1V, -0.15 V,
and -0.2 V vs. the Ag RE). Finally, 100 uL of TMB substrate solution was added and

current was monitored for 150 s more (Figure 8.27).

A [
c-MAb-MB, ;
' stock 4°C boL c-MAb-MB, PfLDH, 2. Reagent 3.Wash 4. Detection
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: stock at 4°C

Figure 8.27.(a) Scheme of the PLDH one-step magneto-immunoassay with the washing and detection steps
integrated on-chip using the MP-dsSPCE. (b) MB confinement in the MP-dsSPCE fibres by the effect of the magnet.
As it can be observed, MB remained in place even after extensive washing under flow conditions.

For magneto-immunoassay wash and detection integration on the MP-dsSPCE, part of
the parameters that had been previously optimized were studied again, which were the
measurement potential, the magnet location, and the way the mixture of sample and

reagents was injected on the chip.

During the optimization of the measurement potential, and as it had been observed

before, the currents registered increased as the measurement potential shifted to more
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negative values, but the background noise raised as well (Figure 8.28a). As before, the
best S/N ratios were attained at -0.05 V, which provided also the lowest LOD/LOQ.

On the other hand, and in contrast with the results obtained when only the detection was
performed using the MP-dsSPCE, for integrated MB washing on-chip it was necessary
to use a magnet closely attached to the chip surface in order to retain the MB near the
WEs. Placing the magnet 1 mm apart produced lower currents and S/N, and MB were

washed away if a magnet was not used at all (Figure 8.28b).

Finally, when solutions were pipetted directly on top of the MP-dsSPCE, they flowed
relatively fast, which contributed to the low currents registered under flow measurement
conditions. For this reason, a conical canal was incorporated between the
electrochemical cell and the holder window. When the holder was closed, this canal
facilitated solution positioning onto the electrodes, prevented liquid spreading, and
ultimately resulted in the acquisition of higher currents and lower LOD/LOQ (Figure

8.28c).
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Figure 8.28.0ptimization of conditions for MB on-chip integrated wash. a) Measurement potential. b) Magnet

position. ¢) Sample injection.

Nevertheless, the new flow conditions produced also significantly higher background
noise, which was attributed to worse MB washing efficiency. This issue was
compensated by including a detergent in the one-step incubation buffer. As it can be
observed in Figure 8.29a, carrying the assay in 1XRD supplemented with Tween 0.05%
provided currents 3.5 times lower for the blanks than when preparing the samples in just
1xRD. In contrast, the currents registered in the samples containing PfLDH were
comparable in both cases. As a result, the background noise was reduced, which
contributed to improve the S/N, the LOD and LOQ, and the assay sensibility (slope).
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Figure 8.29.0ptimization of the assay conditions for PfLDH detection using the sample applicator on the
MP-dsSPCE. a) Incubation buffer b) Number of washes performed.

Finally, the on-chip washing step was optimized by increasing the number of washing
steps, and thus total volume of washing buffer used per sample (200 pL, 300 pL and
400 pL), always taking into account that the applicator maximal sample capacity was of
100 pL per wash (Figure 8.29b). Although the results obtained did not change
drastically, four consecutive additions of washing buffer were the best condition to
improve the S/N and achieve an LOD of 2.51 ng’nénd LOQ of 8.55 ng-mit,
without a complex manipulation by the final user. It is worth noting that although the
best performing commercial RDTs claim detection of down to 25 ng aflPfLDH,

most available RDTs do not reach these nunitiers

8.2.4. Detection of PfLDH in whole blood

The applicability of the magneto-immunosensor developed was assessed by studying its
performance in whole blood. Whole blood samples were obtained in collection tubes
containing anticoagulant in order to facilitate blood handling and storage. However,
because blood thinners may interfere in assay perforffdntee potential effect of
different anticoagulants on the one-step magneto-immunoassay was first examined.
With this purpose, whole blood was obtained from a healthy individual using
alternatively 3 different blood thinners (ethylenediaminetetraacetic acid (EDTA), acid-
citrate-dextrose (ACD), and sodium heparin), or no anticoagulant at all. Each blood
sample was then assayed using the one-step magneto-immunoassay, before and after
spiking 100 ng mL* of PfLDH. As it can be observed, EDTA interfered in assay
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performance and produced unacceptably high background noise. On the other hand,
heparin-treated blood produced the lowest level of interference in the immunoassay,
providing the signals and S/N ratios that better resembled those obtained in fresh blood

without anticoagulant (Figure 8.30).
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Figure 8.3Q Effect of the anticoagulant in PfLDH detection using the one-step the magneto-immunoassay (a) signal
acquired by spectrophotometry. (b) S/N ratio of (a).

8.2.4.1Study of the matrix effect in control blood samples with inoculated PfLDH

In order to study the matrix effect with a highly complex sample during the magneto-
immunoassay, MP-dsSPCE performance was determined in spiked human whole blood,
obtained in BCT Heparin tubes. Immediately before the analysis, blood was lysed. RBC
lysis released intracellular parasites, increasing the concentration of free PfLDH, but
supplemented the sample with detergent and intracellular components and produced cell
debris as well. When lysed blood was directly pipetted on the MP-dsSPCE, sample
constituents were retained within the chip paper matrix that were not removed
efficiently by on-chip washing, contributing to raise background noise and worsening
the sensor LOD/LOQ. This drawback was solved by incorporating a filtration unit
(Figure 8.31).
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Figure 8.31 Design and performance of the blood filtration unit incorporated to the washing system. (a) Geometry

and dimensions of the paper device. (b) Steps for the fabrication of the blood filtration device, including attachment

of an adhesive vinyl to avoid solution cross-flow with the MP-dsSPCE and absorbent pad. (c) Steps for the assembly
of the filter device with the MP-dsSPCE in the fluidic cartridge.

The device developed was a Fusion 5 strip (30 x10 mm), with a protruding star-like
fringe. The latter included in the centre a circular section of similar diameter than the
top WE. When placed onto the MP-dsSPCE, this section behaved as a MB retention
zone and prevented sample entry through the orifice in the top WE into the MP-dsSPCE
by directing the flow towards the main body of the filtration unit, which acted as both

flow pump and waste container.

The applicability of the developed MP-dsSPCE was first tested in spiked lysed whole
blood. For these experiments, pooled human blood was lysed for 5 min, was diluted
1:50 and 1:25 in PBST-BS4 and was spiked with increasing concentrations of
PfLDH. Matrix interference in the electrochemical detection was prevented through two
alternative strategies (Figure 8.32a).
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Figure 8.32 (a) Scheme of the alternatives tested for the on-chip washing and electrochemical detection of the
PfLDH magneto-immunoassay performed in whole blood samples. () Manual debris removal before MB injection in
the chip. (II) On-chip sample filtering by incorporating a paper filtration unit. (b) Performance of the filtration unit
developed to filter the blood debris during the magneto-immunoassay with the MP-dsSPCE detection.

In the first case, after the 5-min incubation of sample, MB and reagents, the tubes were
placed in the magnetic rack for MB confinement and the supernatant containing cell

debris was removed. MB were then resuspended in 100 pL of PBS and were injected in
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the MP-dsSPCE to perform the washes and the electrochemical detection on-chip.

Alternatively, the mixture of sample, MB and reagents was directly pipetted on a MP-

dsSPCE displaying a filtration unit. Once all the solution had been adsorbed, the

filtration unit was pulled out, breaking the joint between the MB retention zone and the

paper container,

and on-chip washing and detection proceeded as before (Figure

8.32b).The currents registered for the different conditions evaluated were comparable

for the range of PfLDH concentrations studied (Figure 8.33). However, the background

noise increased proportionally to the matrix complexity. Accordingly, the assay S/N,

LOD and sensitivity worsened (Figure 8.33b).
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Figure 8.33.(a) Signals registered by the sensor for increasing concentrations of PfLDH spiked in lysed whole blood
(diluted 1:50 or 1:25). The excess of sample and reagents was removed alternatively using a magnetic rack previous
to MB injection in the MP-dsSPCE, or by on-chip filtration using the filtration unit developed. (b) S/N ratio of (a). (c)
Summary of S/N, fitting equations and LODs/LOQs of the assays in (a).

The sensor linear response spanned between 6.25 to 100 hip rll cases, showing

that the MP-dsSPCE could be used for the analysis of whole blood samples and that the
filtration unit developed provided efficient sample pre-treatment with less handling than
the classical approach. The sensor displayed an LOD of 9.41 Agnmysed whole

blood diluted 1:25, equivalent to a predilution PfLDH concentration of around 200 ng
mL™, and quantitative detection in the whole detection range, which was comparable or

better than the performance claimed for most RDTs detecting PfLDH.
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8.2.4.2PfLDH detection in cultured Plasmodium-infected RBC

The sensor was next employed for the study or cultured RBC, infecta@tto with
controlled parasitemias oP. falciparum spanning between 0.0058% and 1.5%
(equivalent to 340-87209 parasites JILFor these assays, parasitemia was initially
adjusted to 3% with 45% haematocrit and the culture was diluted serially with
uninfected RBC. Parasitemia was confirmed by flow cytometry counting and by PCR.
Previous to their analysis, these samples were lysed for 5 min and were diluted 1:25 in
PBST-BSA 1%. The concentrations of PfLDH estimated by the MP-dsSPCE-based
protocol correlated linearly with those provided by the ELISA and the magneto-
immunosensor detected using classical washes in tubes and detection at commercial
SPCE (positive lineal Pearson correlation coefficient of 0.97 and 0.99 respectively)
(Figure 8.34a-b). As it can be observed, the MP-dsSPCE-based sensor detected PfLDH
in the whole dilution series and the current registered increased proportionally to the
concentration of parasite in the samples, displaying an LOD around 300 parasites- pL
(Figure 8.34c).

a b
1600+ " 1600+
L
o Y
0 1200 9 1200
a o
i o
a
EI 800 - El 800 -
- T
5 400 - ]
< y=0.38x + 187.27;R2=0.97 g 400 y=1.15x+138.97;R?=0.99
- ] [ ]
0! : ‘ : ‘ 0 . ‘
0 1000 2000 3000 4000 0 500 1000 1500
[PfLDH] - ELISAreference assay [PfLDH]- SPCE

Cc

1600-

L

Q [

9 1200+

T

o

s

T 800

T

g

T 4007 y=0.05x + 219.84;R2=0.93
|

0 5 10 15 20 25 30
Parasite pL (x103)
Figure 8.34. Plot of the concentrations of PfLDH estimated by the MP-dsSPCE correlated with those provided by the reference
ELISA (a) and the magneto-immunosensor with washes in tube and detection at commercial SPCE (b). (c) Correlation between

PfLDH concentrations detected with the MP-dsSPCE-based protocol versus the theoretical parasitemia defdagnmtiam
culture.
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8.2.4.3PfLDH detection in clinical blood samples

The sensor was finally employed to study 6 real blood samples, three obtained from
patients infected with malaria and other 3 obtained from healthy volunteers. All samples
were lysed for 5 min and diluted 1:25 before the analysis. As it can be observed in
Figure 8.35, the currents registered for the two types of samples were below and above
the LOD calculated for the sensor in spiked lysed whole blood, respectively. Although a
higher number of samples will have to be tested in future, these results suggest that the
assay and device developed here could provide PfLDH-based diagnosis of mid-to-high
malaria parasitemias, with little handling by the used, LOD comparable or better that
those exhibited by most RDTs, and quantitative detection over the whole assay range.

[PLDH]

sample P?;j‘f" ELISA
° (ng mL 1)
1007  pa 0.3 150 - 230
p-2 0.6 160 - 250 ¥
507 pg 0.3 600 - 1085
T 3
£ 500 3
- LOD
|
250 ¥ '
0
NC-1 NC-2 NC-2 P-1 P2 P-3

Clinical sample

Figure 8.35 Detection of 3 clinical samples obtained from patients suffering malaria or from 3 healthy
volunteers.

8.3. Conclusions

In this chapter, we accomplished two principal objectives. First, it has been

demonstrated that electrochemical lateral flow devices can be produced entirely using
screen-printing. The procedure reported here is based on a highly affordable manual
process, showing that it is possible to manufacture highly customized devices without
the need for costly infrastructure and resources. The use of screen-printing alone is also
interesting, as the process can be easily adapted to a continuous manufacturing

environment, and so the devices presented here can be mass-produced.
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Second, it was shown that lateral flow electrode devices produced in this way can be
exploited to simplify handling of immunomagnetic assays. Except for immunomagnetic
binding, which entailed a 5-min incubation off-chip in a tube, washing and
electrochemical detection could be performed on-chip. This involved significantly less
intervention by the user than in conventional immunomagnetic assays, in which the
tubes with MB are alternatively submitted to several cycles of MB magnetic
concentration, supernatant removal and MB re-suspension before detection. These
results suggest that the integration of new components in lateral flow electrode devices
could be useful for the production of simple and economical electrochemical magneto-

immunosensor POC devices, as reported here.
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9. Conclusions and future work

This chapter presents the conclusions drawn from the work carried out and the results
obtained along this PhD Thesis. The chapter finishes discussing the work in progress
and some proposals of future work that would give continuity and strength to this

research work.

9.1. General conclusions

The main aim of this PhD Thesis was to explore strategies that would allow exploiting
MB for the development of POC diagnostic immunoassays. This ambition originated
from the previous results obtained by the research group, which although having
produced extremely efficient electrochemical magneto-immunosensors, had to accept
that the protocols developed entailed too much handling to be carried out by poorly
trained users. These observations were consistent with the state of the art, because the
significant number of scientific articles having reported magneto-immunoassays and
magneto-immunosensors did not seem to translate into the development of MB-based
tools compatible with low-cost POCT. We hypothesised that this could be related to the
fact that most of the magneto-immunoassays reported included in fact numerous serial
MB washing and incubation steps. This entailed approaching and removing magnets
along the whole protocol and concentrating and resuspending the MB several times,

which was tedious, time consuming and an important source of result variability.

For this reason, the tasks planned originally for this PhD Thesis pursued accomplishing
two types of objectives. The first one was the development of extremely fast and simple
magneto-immunoassays and electrochemical magneto-immunosensors that could be
performed by users minimally trained. The second one was designing an extremely
simple and inexpensive single-use device that served to automate most of the steps of
the magneto-immunoassay produced, providing magneto-immunoassay efficient

operation with minimal user intervention.

In this context, and as a result of the tasks carried out along the Thesis in order to
achieve the objectives raised in Chapter 1, some conclusions can be extracted that will

be summarized next:
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1. MB are a useful tool to produce enhanced bioassays, often more sensitive
and/or shorter than classical ELISA. Here, a direct ELISA was optimized for
MPO detection that took 3 h and generated an LOD of 4.87 n§ mhich was
successfully formatted into a 15-min magneto-immunoassay that had an LOD of
1.65 ng mL* (12 times faster and 3 times more sensitive). Sandwich multi-step
magneto-immunoassays were also produced for MMP-9 and PLDH detection,
which were 1.5 and 2.75 times faster and 3.75 and 3.7 times more sensitive than

the corresponding ELISASs.

2. Optimization of clue magneto-immunoassay parameters, and specifically
MB agitation conditions, is crucial in order to achieve a more efficient and
sensitive assay. The results obtained confirmed the importance of the
optimization of some well-known parameters for optimal assay performance,
such as the amount of c-Ab, d-Ab and MB per sample, the different incubation
times, or the number and conditions of the washing steps. Besides, the results
revealed that the agitation conditions impelled to the mixture of sample and MB
during the immunocapture had a profound effect on binding efficiency, and that
an accurate balance between agitation strategy and sample volume had to be
reached to achieve maximal target detection. For instance, fast vortexing
provided extremely high analyte binding efficiency in small sample volumes
(100uL), but also high sample dispersion in the tubeskagh result variability.
In contrast, some rotation conditions seemed more reproducible, but needed
larger sample volumes (>500L) to produce comparable capture levels.
Focusing in the eventual integration of MB mixing strategies in a low-cost
POCT device, these results suggested that a combination of vortexing-like fast

agitation and mild rotation would be desirable.

3. The signal enhancement produced by signal amplifiers can be exploited to
optimize, not only ultrasensitive assays, but also fast and simple magneto-
immunoassays, which can provide in 40 min results comparable to classical
5-h multi-step ELISAs. The results confirmed that the careful selection of a
highly specific and sensitive pair of Ab permitted immunoassay simplification
by performing a single immunocapture with c-Ab, sample and d-Ab. As it has
been shown, such simplified assay paths were as efficient as the original multi-

step formats, but included less incubation and washing steps. However, one of
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the main contributions of this PhD has been the observation that substituting the
classical streptavidin-HRP labels by a Poly-HRP signal amplifier facilitated
reducing the incubation times significantly without decreasing assay
performance. These two issues combined allowed optimizing simplified 2-step
magneto-immunoassays that were faster and easier to perform than the original
3-step alternatives and, although they displayed narrower linear ranges, provided
LODs/LOQs of the same order than the reference ELISA assays.

Two examples were produce to corroborate this fact. A multi-step ELISA for
MMP-9 detection that took >5 h was replaced by a 2-step magneto-
immunoassay (5-min per incubation) that was performed in 40 min (including
20 min of incubation with the chromogenic TMB substrate solution). This assay
achieved MMP-9 detection, a biomarker for ischemic stroke complications, with
LOD of 3 pg mLY, LOQ of 20 pg mL}, and linear range spanning 15-1000 ng
mL™ (compared to the LOD of 5-15 pg MLLOQ of 13-40 pg mL, and linear

range between 30 and 500 displayed by the 5-h ELISA). In another case, a 2-
step magneto-immunoassay (also 5-min incubation per immunocapture step)
was developed for PfLDH detection in lysed whole blood samples, which
exhibited a linear range of 0.4-12.5 ng MILOD of 0.12 ng mL* and LOQ of

0.58 ng mL}, in less than 40 min (compared to the 5-h ELISA that was
characterized by a linear range spanning 3.13-50 rig,mODs between 0.116-
0.138 ng mL! and LOQs between 0.369-0.679 ng L

. The incorporation of immunomodified Poly-HRP and electrochemical
detection to the simplified magneto-immunoassay path developed makes it
possible the optimization of one-step electrochemical magneto-
immunosensors that, although less sensitive, generate results in <15 min.
The production of Poly-HRP immunocojugates allowed reducing the magneto-
immunoassay incubation steps to a single 5-min immunocapture of the sample
with all the assay reagents (i.e., c-Ab-MB, bd-Ab/Poly-HRP and sample
diluent). Two electrochemical one-step magneto-immunosensors have been
developed for MMP-9 and PfLDH detection. In both cases, the implementation
of electrochemical detection using a multiplexed magnetic holder granted real
time detection in 8 SPCE at the same time, in less than 15 min. The MMP-9
magneto-immunosensor had an LOD of 13 pg'mLOQ of 70 pg mL* and
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linear range of 0.2-2 ng mil, and performed successfully in clinical plasma
samples (diluted 1:250). In the case of the PfLDH magneto-immunosensor, it
displayed LOD of 0.58 ng mt, LOQ of 2.48 ng mL, and linear range of 1.6 —

100 ng mL, and was it was evaluated in lysed whole blood (final dilution 1:25).

5. Paper microfluidics can be employed to replace the manual MB washes
performed in tubes by on-chip capillary flow washes that entail less
manipulation for the user. MB concentration and washing using magnets is a
tedious and demanding procedure that would be difficult to accomplish in a
POC setting and/or by poorly trained personnel. Here, MB classical washes have
been substituted by a paper-driven procedure performed on-chip that entailed
less intervention of the user. In order to achieve this goal, a mobile multiplexed
paper absorption pad was developed that was assembled in a multiplexed
magnetic device to work in combination with commercial SPCE. The resulting
electrochemical magneto-immunosensor with paper-driven washes detected
MMP-9 in plasma samples in ~10 min, with linear response spanning 30 pg mL
1. 2 ng mLY, assay sensitivity of 0.75 pA mL figand LOD/LOQ of 0.01 and
0.09 ng mL', respectively. It is worth noting that although in this example the
magnetic and paper devices had to be manually repositioned along the protocol,
the procedure was potentially automated, which would guarantee minimal user

intervention.

6. A novel type of microfluidic paper screen-printed carbon electrode (MP-
SPCE) has been developed that has been exploited to simplify handling of
magneto-immunoassays. Two prototypes were fabricated by screen-printing
using a highly affordable manual process that could be easily customized
without the need for costly infrastructure and resources, but was also compatible
with future mass production. The first one, used to detect MPO in serum in <13
min, with LOD of 0.18 ng mt}, LOQ of 0.62 ng mt*and linear range 25 — 8 ng
mL™, served to demonstrate that MB wash and detection could be performed on-
chip using a single-piece paper electrode device. The second upgraded prototype
was produced by double-sided screen-printing in order to increase the WE active
area and improve detection sensitivity. Furthermore, this MP-dsSPCE was
integrated in a low-cost customized cartridge that contained as well all the

components needed to perform on-chip most of the steps of the magneto-
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immunoassay. This device was used to detect PfLDH with LOD of 9.41 hg mL
! LOQ of 29.23 ng mt and linear range from 6.25 to 100 ng Tin less than
13 min, and was successfully tested in lysed whole blood samples.

7. The protocols and devices developed have been tested in real diagnostic
scenarios, showing that they are applicable to the study of liquid biological
samples. Although a larger number of clinical samples should be analysed, the
results obtained suggested that the simplified magneto-immunoassays/sensor
formats developed were applicable to the study of liquid clinical samples. In this
respect, the most promising results were obtained with the PfLDH
electrochemical magneto-immunosensor, which could detect malaria

parasitemias above 0.01% in lysed whole blood diluted 1:25.

9.2. Work in progress and future perspectives

In spite of the results obtained along this PhD Thesis, the protocols and devices
developed have displayed limitations as well. Specially, assay simplification and
shortening has systematically derived in worsening of the assays LOD/LOQ, which
limits protocol implementation. Besides, all the protocols relied on the detection of
enzyme labels, which requires addition of an appropriate enzyme substrate, and the
employment of bench-top measurement equipment, which are poorly compatible with
POCT. With this aims in mind, four different future perspectives may be proposed in
order to improve some aspects of the work carried out, and will briefly discussed next.
Besides, future research lines could involve the development of miniaturized POC
systems with automated sample acquisition and pre-treatment and MB mixing, washing

and detection.

1. Improvement of the sensitivity of the one-step magneto-immunosensors
The one-step magneto-immunosensors developed in this work reduced the total
assay time by 4 times compared with the corresponding 2-step
spectrophotometric magneto-immunoassays. However, it is true that the
sensitivity achieved for the biomarkers detected (MMP-9 and PfLDH) was
sacrificed. In both cases, the sensor LOD was 4 times below that obtained for
the colorimetric 2-step counterpart.
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A solution could be improving the immuno-functionalization of the MB, a

strategy that is being currently explored. This part of the work is being focused
in the improvemnet of cAb orientation and load on the MB surface during
conjugation, and may contemplate in future the study of the comparative

performance of additional types of MB from different providers.

2. Improvement of the microfluidic-paper electrode device
The second version of MP-SPCE produced in this project registered currents 20
times higher than those obtained with the previous version. However, they were
still lower than expected, which indicates that device design can be improved
additionally to obtain results similar to those obtained when using a commercial
SPCE. For this reason, the methodology of impression will be changed in future
to inject-printing, which will facilitate a more versatile electrode re-design and
production. In this way, paper devices with different electrode geometries and
component distribution will be produced and evaluated, in order to achieve
higher responses, better solution flow and integrated sample pre-treatment.

3. Implementation of enzyme-less detection strategies

Until this moment, all the magneto-immunosensors produced in the context of
this PhD Thesis used HRP/Poly-HRP enzymatic labels for detection.
Nonetheless, it is well known that enzymatic detection has some drawbacks. On
the one hand, detection requires incubating with an appropriate substrate so that
the enzymatic reaction occurs. This extends the total assay time and implies
adding a light- and temperature-sensitive reagent to the detection protocol. On
the other hand, the detection of HRP/Poly-HRP in real samples could produce
cross-reaction with peroxidases present in the blood and is negatively affected
by the presence of some anticoagulants. Accordingly, two different alternative
strategies are being explored and will be tested in future.

One of the team membershas optimized a protocol for the electrochemical
detection of AuNP. Contrary to most works reported previously, this protocol
does not need acidic electrodissolution of the AuNPs and should be more
convenient for POCT. The preliminary results displayed limited assay
LOD/LOQ and performance in complex sample matrices compared to the use of

Poly-HRP. This work is being currently extended in order to determine if
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AuNPs could be employed in future as non-enzymatic labels in the simplified
magneto-immunoassays reported here.

In a different approach, the group is collaborating with the Instrumentation and
Communications Systems Research Group (Electronic and Biomedical
Engineering Department, University of Barcelona, UB), who are developing a
portable fluorescence measurement equipment for fast and sensitive POCT. One
of the first prototypes has been validated in our laboratory by detecting a
simplified PfLDH ELISA using in parallel the POC device and two commercial
desktop fluorescence ELISA readers. The results obtained confirmed that the
fluorescent detection contributed to improve the assay sensitivity, extending the
linear range and reducing the detection time to 5 min. This detection strategy
will be implemented in future in the magneto-immunoassays developed, in order
to achieve better PfLDH detection than with the colorimetric and
electrochemical detection paths. Non-enzymatic fluorescent labels, such as QD,

may be assayed as well.

. Implementation of hand-held measurement equipment

During this PhD Thesis, a collaboration was established with the
Nanobioneginering and Bioelectronics Research Group (Electronic and
Biomedical Engineering Department, UB), who have developed a low-cost,
portable and miniaturized USB-based potentiostat for electrochemical POCT.
This portable device was validated as part of this PhD work using commercial
SPCE to detect different concentrations on HRP in a substrate solution. The
results obtained were compared with those acquired with three different high-
cost commercial potentiostatsuStat 8000 multipotentiostatuStat 400
potentiostat and the CH Instruments 1030C multipotentiostat). The results
obtained with this device were comparable to those obtained using the three

commercial electrochemical systerfggure 9.1; manuscript in preparation).
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B UB-potenciostat

H Dropsens 800
Dropsens 400
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Figure 9.1.Comparison of the currents recorded for increasing concentrations of HRP spiked in a TMB-

H,0, commercial substrate solution with the different commercial potentiostats and the mini-potentiostat
produced at the UB.

This platform will be the basis for the future development of a more compact

detections system, with more functionalities, such as a more complex software,
a Bluetooth or NFC communication module, and a rechargeable battery, in order
to create a more flexible and portable device.

When the new prototype is developed, it will be tested with the improved

magneto-immunosensor for PILDH detection.
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