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Resumen

La presente tesis doctoral titulada “Development of rapid detection tests for
SARS-CoV-2 and other pathogens based on materials with molecular gates” se centra en
el desarrollo de materiales avanzados de deteccidn, disefiados para la identificacion
rapida de patdgenos como SARS-CoV-2, Xylella fastidiosa y Mycobacterium tuberculosis.
Para lograr este objetivo general, la investigacién se estructura en cuatro metas

especificas, las cuales se desarrollan a lo largo de los capitulos de esta tesis.

En el primer capitulo, se presenta el desarrollo de un sistema de deteccién
basado en el soporte de alimina anddica nanoporosa (NAA) combinado con puertas
moleculares de ADN complementario para la deteccion del ADN gendmico de Xylella
fastidiosa. Este sistema aprovecha estas hebras como agente de bloqueo de los poros de
la NAA, lo que permite una deteccion especifica de este patégeno de gran relevancia en

ecologia y agricultura.

En el segundo capitulo se explora la creacion de un sistema basado en materiales
de alumina con anticuerpos como puertas moleculares para la deteccion de
Mycobacterium tuberculosis, el patégeno responsable de la tuberculosis. Este dispositivo
busca brindar una deteccion especifica mediante la implementacién de anticuerpos que
actian como agentes de bloqueo de los poros a la vez que elemento reconocedor en el

sistema.

El tercer capitulo, aborda el disefio, sintesis y evaluacién de los sistemas de NAA
funcionalizados con aptameros para la deteccién temprana de SARS-CoV-2. El proyecto
de investigacidn se enfoca en obtener una alta sensibilidad y selectividad para identificar
el virus, dado su impacto en la salud publica y la importancia de su deteccién temprana

para controlar la propagacion del COVID-19.
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Por ultimo, el cuarto capitulo se desarrollé un novedoso sistema de deteccién
para material genético de SARS-CoV-2, combinando el sistema CRISPR-Cas con el soporte
de NAA funcionalizado con ADN de cadena simple. Esta metodologia integré la
especificidad de CRISPR-Cas con la amplificacién de sefal de los materiales de NAA,

logrando detectar secuencias de oligonucledtidos especificos con alta precision.

Todos los capitulos profundizan en la sintesis y caracterizacion de estos
materiales con puertas moleculares, que se han disefiado para detectar biomoléculas de
diferente naturaleza como pueden ser proteinas o secuencias especificas de ADN.
Ademads, se estudian las dindmicas de liberacién del indicador encapsulado en los poros
en presencia de sus respectivos analitos e interferentes, lo cual es crucial para evaluar la
eficiencia y viabilidad practica de los materiales en aplicaciones reales. Los estudios
demuestran cémo la interaccidn entre el analito y la puerta molecular desplaza a esta
ultima dando lugar a la liberacion controlada del colorante, funcionando como una sefial

medible que confirma la presencia del patégeno.

Estos avances en el disefio de sistemas de deteccidn con puertas moleculares
representan un importante progreso en los campos de reconocimiento y diagndstico,
ofreciendo métodos rapidos, altamente sensibles, selectivos y adaptables a la deteccién

de un amplio rango de patdgenos de importancia en la actualidad.



Resum

La present tesi doctoral titulada "Development of rapid detection tests for SARS-
CoV-2 and other pathogens based on materials with molecular gates" se centra en el
desenvolupament de materials avancats de deteccid, dissenyats per a la identificacié
rapida de patogens com SARS-CoV-2, Xylella fastidiosa i Mycobacterium tuberculosis. Per
a assolir aquest objectiu general, la investigacié s'estructura en quatre metes

especifiques, les quals es desenvolupen al llarg dels capitols d'aquesta tesi.

En el primer capitol, es presenta el desenvolupament d’un sistema de deteccié
basat en el suport d’alimina anodica nanoporosa (NAA) combinat amb portes moleculars
d’ADN complementari per a la deteccié de 'ADN genomic de Xylella fastidiosa. Aquest
sistema aprofita aquestes cadenes com a agent de bloqueig dels porus de la NAA, la qual
cosa permet una deteccié especifica d’aquest patogen de gran rellevancia en ecologia i

agricultura.

En el segon capitol s’explora la creacid d’un sistema basat en materials d’alimina
amb anticossos com a portes moleculars per a la deteccié de Mycobacterium tuberculosis,
el patogen responsable de la tuberculosi. Aquest dispositiu busca proporcionar una
deteccio especifica mitjangant la implementacié d’anticossos que actuen com a agents de

bloqueig i reconeixement en el sistema.

El tercer capitol aborda el disseny, sintesi i avaluacidé dels sistemes de NAA
funcionalitzats amb aptamers per a la deteccid primerenca de SARS-CoV-2. El projecte de
recerca se centra en obtindre una alta sensibilitat i selectivitat per a identificar el virus,
donat el seu impacte en la salut publica i la importancia de la seua deteccid primerenca

per a controlar la propagacié de la COVID-19.
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Finalment, el quart capitol desenvolupa un innovador sistema de deteccié per a
material genétic de SARS-CoV-2, combinant el sistema CRISPR-Cas amb el suport de NAA
funcionalitzat amb ADN de cadena simple. Aquesta metodologia integra I'especificitat de
CRISPR-Cas amb I'amplificacié de senyal dels materials de NAA, aconseguint detectar

seqléncies especifiques d’oligonucleotids amb alta precisié.

Tots els capitols profunditzen en la sintesi i caracteritzacié d’aquests materials
amb portes moleculars, que s'han dissenyat per a detectar diferents tipus d'analits, des
de ceél-lules i proteines fins a seqliencies especifiques d’ADN. A més, s’estudien les
dinamiques d’alliberament de I'indicador encapsulat en els porus en preséncia dels seus
respectius analits, la qual cosa és crucial per a avaluar I'eficiéncia i viabilitat practica dels
materials en aplicacions reals. Els estudis demostren com la interaccié entre I'analit i la
porta molecular desplaga aquesta ultima, donant lloc a I'alliberament controlat del

colorant i funcionant com un senyal mesurable que confirma la presencia del patogen.

Aquests avancos en el disseny de sistemes de deteccié amb portes moleculars
representen un important progrés en els camps del reconeixement i diagnostic, oferint
metodes rapids, altament sensibles, selectius i adaptables per a la deteccié d'un ampli

rang de patogens d'importancia actual.



Abstract

This doctoral thesis, titled "Development of rapid detection tests for SARS-CoV-
2 and other pathogens based on materials with molecular gates," focuses on the
development of advanced detection materials, designed for the rapid identification of
pathogens such as SARS-CoV-2, Xylella fastidiosa, and Mycobacterium tuberculosis. To
achieve this aim, the research is structured into four specific goals, which are developed

throughout the chapters of this thesis.

The first chapter presents the development of a detection system based on
nanoporous anodic alumina (NAA) combined with complementary DNA molecular gates
to detect the genomic DNA of Xylella fastidiosa. This system leverages these DNA strands
as pore-blocking agents in the NAA, allowing a specific detection of this pathogen, which

is highly relevant in ecology and agriculture.

The second chapter explores the development of a system based on alumina
materials with antibodies as molecular gates to recognize Mycobacterium tuberculosis,
the pathogen responsible for tuberculosis. This device aims to provide specific detection

by implementing antibodies that act as blocking and recognition agents in the system.

The third chapter addresses the design, synthesis, and evaluation of NAA systems
functionalized with aptamers for the early detection of SARS-CoV-2. This research project
focuses on achieving high sensitivity and selectivity to identify the virus, given its impact
on public health and the importance of early detection to control the spread of COVID-

19.

Finally, the fourth chapter develops an innovative detection system for SARS-
CoV-2 genetic material, combining the CRISPR-Cas system with an NAA support

functionalized with single-stranded DNA. This methodology integrates the specificity of
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CRISPR-Cas with the signal amplification of NAA materials, achieving highly precise

detection of specific oligonucleotide sequences.

All chapters explore the synthesis and characterization of these gated materials,
designed to detect analytes from different nature, from proteins to specific DNA
sequences. In addition, the dynamics of the encapsulated indicator release within the
pores are studied in the presence of their respective analytes, which is crucial for
evaluating the efficiency and practical feasibility of these materials in real-world
applications. The studies demonstrate how the interaction between the analyte and the
molecular gate displaces the latter, resulting in the controlled release of the dye, acting

as a measurable signal that confirms the presence of the pathogen.

These advances in the design of detection systems with molecular gates represent
a significant step forward in the fields of recognition and diagnostics, offering rapid, highly
sensitive, selective, and adaptable methods for detecting a wide range of pathogens of

current importance.
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GENERAL INTRODUCTION

Chemistry is one of the oldest and most productive sciences in enhancing the
quality of human life. Everything that surrounds us, all that we perceive through our
senses—whether by sight, sound, taste, smell, or touch—is the result of chemistry or
some form of chemical reaction. As a fundamental science, chemistry impacts every
aspect of our daily lives. From the food we consume to the personal hygiene products we
use, and the medications that keep us healthy, chemistry lies at the heart of many
technological innovations and scientific advances that improve our quality of life.
Chemical products have enabled the development of stronger and lighter materials,
cleaner and more efficient energy sources, and more sustainable and less polluting
industrial processes. Chemistry intersects with a vast array of fields, including agriculture,
biochemistry, geology, medicine, metallurgy, mineralogy, molecular biology, physics, and
many others. Its interdisciplinary position between physics and biology allows for its

application in numerous practical developments for humanity.

One of the most prominent fields in the application of chemistry is medicine and
public health. The synthesis of new drugs and the development of advanced therapeutic
treatments have extended life expectancy and significantly improved the quality of life for
millions of people worldwide. Furthermore, chemistry has played a crucial role in
agriculture by providing fertilizers and pesticides that increase crop productivity and

ensure global food security.

To truly understand the world we live in and how we interact with it, we must
dive into the vast ocean of chemistry, descending from the surface of simple certainties
to the depths of the unknown. Chemistry revolves around the formation or destruction of
molecular entities in pursuit of achieving a more stable state. The driving force behind all
chemical processes is the attainment of the lowest energy state, which may involve the

formation of new chemical bonds or the breaking of existing ones.
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In 1960, researchers Pedersen, Cram, and Lehn introduced the groundbreaking
concept of "Supramolecular Chemistry," which was later recognized with the Nobel Prize
in 1987 (Lehn, 1988). Supramolecular chemistry explores the intricate formations that
arise when two or more chemical species come together through intermolecular forces.
These forces, which include hydrogen bonding, hydrophobic interactions, metal
coordination, van der Waals forces, electrostatic effects, and n—m stacking interactions,
are weak, non-covalent, and reversible, and can be tailored to meet specific objectives (J.

L. Atwood, 2004).

Nature serves as a remarkable source of inspiration for advancing supramolecular
chemistry. The complex nanostructures found in biological systems—such as enzymatic
reactions, protein interactions, antigen-antibody associations, neurotransmission, genetic
code processes, and oxygen transport—have been emulated in synthetic systems.
However, the progress in this field cannot be attributed solely to nature’s influence. From
the outset, researchers have recognized the potential applications of supramolecular
chemistry and molecular recognition in areas such as nanotechnology, particularly in the

design of sensors and medical diagnostics, which has greatly contributed to its study.

1. MOLECULAR RECOGNITION

Molecular recognition is a fundamental concept in chemistry and biology,
involving specific noncovalent interactions between molecules that enable the formation
of complex structures. This concept, which gained popularity in the 1980s, underpins
many processes in biological systems and has become a central theme in modern
chemical research. The development of new technologies through the design of molecular
recognition systems has expanded our understanding and capability to manipulate
chemical and biological systems. Although the term "molecular recognition" may seem
less innovative in contemporary chemistry, its significance remains profound, as it

encompasses both intermolecular and intramolecular processes (Gellman, 1997).
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Supramolecular chemistry has played a crucial role in advancing our
understanding and application of molecular recognition. At its core, molecular recognition
occurs when a receptor molecule identifies and interacts with a guest molecule in a
manner that minimizes the total free energy of the resulting supramolecular structure.
This interaction is highly selective and is driven by noncovalent forces such as hydrogen
bonding, van der Waals forces, and electrostatic interactions. The principle of
complementarity, often illustrated by the "lock and key" model (as shown in Figure 1), is
central to this process, where the spatial and electronic alignment of binding sites
between the host (receptor) and guest (substrate) molecules determines the specificity

of recognition.

O e @
¢ © 2 @
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‘*

Receptor Guests Molecular recognition

Figure 1. Molecular recognition interaction between molecules based on the lock-

and-key model.

The concept of molecular recognition is not limited to simple binary interactions.
It extends to the formation of larger supramolecular assemblies, where multiple
molecules associate through specific recognition processes to design materials with well-
defined internal structures. For instance, the formation of hydrogen bonds or
coordination bonds in multiple binding sites can lead to the formation of highly ordered
materials such as metal-organic frameworks (MOFs) and porous polymers. These
structures are characterized by their regularity and have significant applications in areas

such as catalysis, gas storage, and drug delivery.



GENERAL INTRODUCTION

Conversely, when molecular recognition involves weaker interactions, such as
hydrophobic interactions in aqueous environments, it leads to the formation of more
flexible and dynamic assemblies. A prime example of this is the self-assembly of
amphiphilic molecules, which contain both hydrophilic and hydrophobic regions. These
molecules can spontaneously organize into structures like micelles or lipid bilayers, where
the hydrophobic parts are shielded from water, resulting in a reduction of the system's
free energy. Such assemblies are not only fundamental in biological membranes but also

serve as the basis for various nanotechnological applications.

These concepts in the science of molecular assemblies have its roots in discoveries
such as A.D. Bangham and R. W. Horne's work in 1964 on lipid bilayers (Bangham & Horne,
1964), which laid the groundwork for understanding how molecules self-assemble into
complex structures. These spontaneous processes are often combined with intentional
techniques for nanostructure formation, such as self-assembled monolayers and
Langmuir—Blodgett films. These methods have evolved to powerful tools for modifying
material surfaces and constructing hierarchical structures, making them invaluable in the
development of functional materials for biomedical applications, including controlled

release systems as described later in this chapter.

Supramolecular systems share many working principles with biological systems,
as both rely heavily on molecular interactions. Consequently, artificial supramolecular
systems that mimic biological processes have been extensively studied. These systems
have been applied in various fields, including molecular transport, information
transmission and conversion, energy conversion, and enzymatic function. In this context,
it is often said that the best supramolecular system is the living organism itself, as it
represents the perfect example of successful molecular assembly. This analogy
underscores the importance of supramolecular chemistry in developing biomaterials and

nanotechnologies, particularly in the realm of biomedical applications.
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In summary, molecular recognition is a fundamental process that drives the
formation of complex supramolecular structures, with wide-ranging applications in
chemistry, biology, and materials science. The ability to design and manipulate these
interactions has led to significant advancements in various fields, particularly in the
development of new materials and biomedical technologies. As we continue to explore
the potential of molecular recognition, the next logical step is to consider its role in the
development of molecular sensors. These sensors, which rely on the principles of
molecular recognition, are crucial for detecting and responding to specific chemical or
biological signals, paving the way for new innovations in diagnostics, environmental

monitoring, and beyond.

1.1. Sensors as an application of molecular recognition

The development of sensors represents a critical application of molecular
recognition and supramolecular chemistry. These sensors, broadly defined, are devices
engineered to detect, record, and indicate specific physical or chemical properties.
Molecular sensors, also referred to as chemosensors, are chemical systems designed to
recognize and measure the presence of particular analytes, often at extremely low
concentrations. These sensors translate chemical data into an analytically relevant signal,
which can range from identifying the concentration of a particular component to
conducting a comprehensive analysis of the sample's overall composition. The conceptual
framework for designing these sensors is heavily influenced by natural processes
observed in biological organisms, using the principles of supramolecular chemistry. When
talking about recognition in living systems, it serves as a fundamental mechanism by
which organisms can identify the presence of analytes, a concept that forms the
foundation for the design of molecular sensors, often termed biosensors. These natural
recognition systems are highly specialized, enabling organisms to detect a broad spectrum
of molecules, including essential nutrients, harmful toxins, and intricate biomolecular

interactions such as those involved in antibody-antigen binding, DNA recognition,
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enzymatic activities, and cellular communication processes. As a result, biosensors play a
crucial role in the detection and analysis of various biological phenomena, contributing
significantly to fields like diagnostics, environmental monitoring, and food safety (Naresh

& Lee, 2021).

These biological systems often inspire the design of sensors, applying natural
processes of molecular recognition observed in living organisms. These systems employ
sophisticated recognition mechanisms to identify and interact with a wide range of
molecules, from essential nutrients to hazardous toxins, as well as monitor critical
biomolecular interactions, such as those involved in glucose metabolism, hormone
regulation, and immune responses (J. X. J. Zhang & Hoshino, 2018). The relevance and
utility of molecular sensors or biosensors are further emphasized by substantial
investments from small and medium-sized enterprises (SMEs) and large pharmaceutical
and chemical corporations, all of which are heavily invested in the advancement of
chemosensor technologies. These investments highlight the significant potential of these
sensors in various applications as mentioned before, including medical diagnostics,
environmental protection, and industrial process monitoring. A comprehensive overview

of their primary applications is outlined in Table 1 (Que et al., 2008).
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Table 1. Sensors’ primary application areas.

e Glucose monitoring in diabetes patients.

Biomedical,
diagnostic (in e Body fluids screening for disease detection.
vivo) e Other physical parameters that are related to activities of

molecules (temperature, voltage, pressure, light intensity).

e Blood screening.
Biomedical (ex

e Drug discovery and evaluation.

vivo)
e Protein engineering in biosensors.
e River water (detection of pesticides, heavy metal ions).
Environmental e Air pollution (gas, particulate matter).
and safet . .
v e Explosive detection.
e Gas monitoring.
e Drinking water.
Food related e Allergens (egg, wheat, gluten, milk, tree, nuts, shellfish, soy).

e Determination of drug residues (antibiotic, growth
promoters).

Chemosensors or biosensors (when talking about biomolecules) integrate
molecular recognition with signal generation to detect the presence of specific analytes
(Akine et al., 2016; Rogers & Wolf, 2002). Typically, they consist of at least two distinct

subunits, as illustrated in Figure 2.
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Recognition Transducer Signal output

Analyte Receptor

o
> >—

U A
®* o

* Antigen-Antibody
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Negative

M]

+ Optical » Amplifier
* DNA hybridization * Electrochemical * D/A converter
+ Covalent attachment e Thermal « Digital processing
« Cross-linking * Mechanical * Fluorescence

* Piezoelectric

Figure 2. General components of a chemosensor.

e Recognition subunit: This component is specifically designed for molecular
interactions, ensuring the specificity and sensitivity of the recognition process. The
binding event initiates the sensing process and requires a high degree of complementarity
between the receptor and the target in terms of size, shape, electrostatic charge, and
other factors. Ideally, this subunit should provide: (a) selectivity, interacting only with the
target analyte; (b) sensitivity, inducing significant changes in the signalling unit at minimal
target concentrations; (c) resolution, where changes correlate directly with the target
analyte amount; and (d) a wide dynamic range, operating effectively across various

concentrations.

e Signalling subunit: This component converts the molecular recognition event
(at the microscopic level) into a measurable signal (at the macroscopic level). The signal
may manifest as changes in physical or chemical parameters, such as variations in
absorption or fluorescence, redox processes, or electrochemical reactions. The most

effective chemical sensors are those with high sensitivity and resolution.

10
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Among the diverse signalling approaches utilized in chemical sensor
development, chromo-fluorogenic (optical) techniques stand out as particularly
significant and of great utility. These sensors operate by inducing changes in the
absorption or emission spectra of the signalling subunit, manifesting as shifts in
wavelength or variations in band intensity (Balzani, 1990; Turro et al., 2012). Optical
chemosensors can be categorized into two types: colorimetric sensors, which rely on
changes in ground-state energy (absorption), and luminescent sensors, which depend on
changes in excited-state energy (fluorescence or phosphorescence). Both types require
spectrophotometers for signal detection, a standard instrument available in most

scientific laboratories.

Fluorescence-based sensors often achieve detection limits below 107¢ M, making
them highly competitive compared to colorimetric sensors. Additionally, fluorogenic
sensors typically offer greater sensitivity and specificity because they allow for precise
selection of absorption and emission bands, thus achieving lower detection limits

compared to colorimetric methods.

The literature describes numerous optical chemosensors incorporating various
binding sites (specific to cations, anions, or neutral molecules) and signalling units (dyes
and/or fluorophores). These sensors are generally constructed using three established
paradigms, as illustrated in Figure 3: (a) the binding site-signalling subunit approach, (b)
the displacement approach, and (c) the chemodosimeter approach (Martinez-Mafiez &
Sancendn, 2006). Each paradigm differs in how it integrates the binding/reactive sites

with the signalling components.

e Binding Site — Signalling Subunit Approach: This widely used method involves
chemically bonding the binding site to the signalling unit. Target binding alters the
electronic properties of the signalling subunit, causing detectable fluorescence or

absorption changes. However, this approach requires complex synthesis and

11



GENERAL INTRODUCTION

relies on weak supramolecular interactions, limiting effectiveness in aqueous
environments.

o Displacement Approach: Here, the binding site and signalling unit form a non-
covalent complex. The target analyte preferentially binds to the site, displacing
the signalling unit, which changes its optical properties upon release. This
produces observable colour or emission shifts.

e Chemodosimeter Approach: This strategy involves chemical reactions between
the sensor and target analyte, causing fluorescence or colorimetric changes.
Chemodosimeters offer greater selectivity and function well in aqueous

conditions, making them ideal for real-time, in situ measurements.

x |
l* l.

;
za ® |

w
Binding site- signaling Displacement method Chemodosimeter
subunit method method

Figure 3. lllustration of three methodologies employed in optical chemosensors.

Given the considerations mentioned before, there has been a significant increase
in the design and development of optical chemosensors for detecting target analytes
across various research domains, including healthcare, the food industry, and
environmental monitoring. Currently, chemosensors for identifying bioanalytes such as

pathogens, amino acids, and enzymes are emerging as valuable tools for the rapid

12
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exploration and monitoring of disease pathogenesis (see Figure 4). Advances in optical
chemosensors for point-of-care applications are very soon offering potential
improvements in patient monitoring. Additionally, integrating chemical sensors with
nanomaterials promises to build innovative sensing nanodevices with superior selectivity,

sensitivity, and applicability compared to traditional molecular-based probes.

Cancer biomarkers,
~To pathogen presence,
| \ \ Etc.

.‘-“"I“"-‘ fo Data transfer

)

Information management:

m Pacient-Physicians-Researchers
Medical control

Figure 4. Prospective use of chemosensors for continuous and remote disease

monitoring in medical applications
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The field of diagnostics is undergoing a significant transformation with the
integration of this kind of chemosensors, which offer a promising alternative to current
detection methods. At the core of effective diagnostics lies the ability to accurately
identify the target, such as pathogenic bacteria, considering key analytical performance
factors like sensitivity, selectivity, stability, response time, and cost. Presently, the most
widely used methods for detecting pathogenic bacteria in clinical diagnostics rely heavily
on DNA-based polymerase chain reaction (PCR) or mass spectrometry for phenotypic
identification of bacteria cultivated in chromogenic media. While these technologies are
regarded as the most systematically sensitive and reliable for pathogen detection, they
are encumbered by complex pre-treatment and analysis procedures. These processes are
labor-intensive, require highly skilled personnel, and are time-consuming, which limits

their efficiency in rapid diagnostics.

In contrast, immunoassays like ELISA (enzyme-linked immunosorbent assay) and
LFIA (lateral flow immunoassay) offer faster detection with good selectivity and stability.
However, these immunological assays also have their limitations. They typically involve
expensive materials, require complex antibody labelling, and multiple washing steps,
making them less cost-effective. Furthermore, the sensitivity of immunoassays is
relatively low, which can easily lead to false positives. More critically, immunological
methods generally target a single pathogen, making it challenging to detect multiple
pathogens simultaneously. Although the multiplex polymerase chain reaction (mPCR)
assay provides a more effective solution for simultaneous detection of multiple pathogens
by amplifying DNA or RNA from different bacteria in a single PCR system, it still suffers

from the complexities of pre-treatment and analysis, which can lead to false negatives.

This new concept of chemosensor emerge as a powerful alternative to these
traditional methods, particularly for rapid, accurate, and simultaneous detection of
multiple pathogens. These chemical sensors are designed to detect specific analytes, such

as pathogens, at very low concentrations by converting chemical information into

14
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analytically useful signals. Unlike traditional methods, chemosensors offer the potential
for high sensitivity and selectivity without the need for extensive pre-treatment or
complex procedures. They can be engineered to detect multiple pathogens at once,

addressing a significant gap in current diagnostic capabilities.

The adoption of chemosensors in diagnostics could dramatically improve the
current state-of-the-art by overcoming the limitations of existing methods. These sensors
promise faster detection times, higher sensitivity and selectivity, and the ability to
monitor multiple targets simultaneously. Additionally, the simplicity of chemosensors
reduces the need for expensive materials and complicated procedures, making them
more accessible and cost-effective. As a result, chemosensors could play a crucial role in
enhancing public and environmental safety by enabling quicker, more accurate detection
of pathogens, ultimately leading to better disease prevention and control. The
advancement of chemosensor technology not only holds the potential to revolutionize
diagnostics but also paves the way for the development of more sophisticated and

versatile molecular sensors in the future (Shen et al., 2021)

1.2. Biosensors: Characteristics and classification

A biosensor is a device or probe that integrates a biological component, such as
an enzyme or antibody, with a reading component to produce a measurable signal. The
biosensor is the biological version of the chemosensors explained before (based on
biological processes). The reading component detects, records, and transmits information
regarding physiological changes or the presence of various chemical or biological
substances in the environment. Biosensors come in various sizes and shapes and can
detect and measure even low concentrations of specific pathogens, toxic chemicals, and

pH levels.

The development of biosensors can be classified into three generations based on

the integration method of the biorecognition element (bioreceptor) with the transducer.
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1. First Generation (Ist Gen): In this initial phase, biosensors detect the content
of analytes and the products of bioreceptor reactions that diffuse to the surface of the
transducer, resulting in an electric response. These sensors are also known as mediator-
less amperometric biosensors. The components of a biosensor were first described by
Leland Charles Clark Jr., who is considered the father of biosensors, in a report published
in 1953 (Clark et al., 1953). This seminal report detailed an electrode capable of measuring

oxygen concentration in blood.

2. Second Generation (2nd Gen): The biosensor evolution continued with the
second generation, where the bioreceptor is covalently linked to the transducer. This
integration improves the specificity and sensitivity of the sensor, allowing for a more
direct and stable interaction between the biorecognition event and the signal

transduction.

3. Third Generation (3rd Gen): In this most advanced phase, the bioreceptor is
directly integrated with the transducer in a manner that eliminates the need for diffusion.
This generation leverages the advantages of nanotechnology and advanced materials to
design highly sensitive and selective biosensors capable of real-time monitoring and

analysis in various applications.

These advancements highlight the progressive refinement in the design and
functionality of biosensors, leading to increasingly accurate and efficient detection

methods for a wide range of applications.

To develop a highly effective and efficient biosensor system, it is essential to meet
specific static and dynamic requirements. These specifications are crucial for optimizing
biosensor performance for commercial applications. The key characteristics we should

include in our criteria are:
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I. Selectivity: The ability of the bioreceptor to specifically detect the target

analyte in a complex mixture containing various other substances and contaminants.

Il. Sensitivity: The capacity to accurately identify and quantify very low
concentrations of the analyte (in ng/mL or fg/mL) with minimal steps, ensuring the

detection of even trace amounts.

lll. Linearity: Ensures the accuracy of the biosensor by maintaining a direct
proportional relationship between the substrate concentration and the signal produced,

resulting in higher detection accuracy at varying concentrations.

IV. Response Time: The duration required to achieve 95% of the final

measurement, indicating the speed at which the biosensor can deliver results.

V. Reproducibility: The ability of the biosensor to produce consistent results upon
repeated measurements of the same sample, characterized by precision (consistent

outputs) and accuracy (mean values close to the true value).

VI.  Stability: Critical for continuous monitoring applications, stability refers to the
biosensor's resistance to environmental disturbances. Stability is influenced by the

bioreceptor's affinity for the analyte and its degradation over time.

These characteristics ensure that biosensors are reliable, precise, and suitable for
various commercial and practical applications. The classification of biosensors spans
various disciplines and involves multiple criteria. The classification scheme is illustrated in

Table 2.

1. Based on Bioreceptors: Bioreceptors are the primary component in biosensor

construction. Biosensors can be classified according to the type of bioreceptor used:
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o Enzymatic Biosensors: The most common class, utilizing enzymes as

bioreceptors.

o Immunosensors: Known for high specificity and sensitivity, particularly

useful in diagnostics.

o Aptamer or Nucleic Acid-based Biosensors: High specificity for microbial

strains and nucleic acid-containing analytes.

o Microbial or Whole-cell Biosensors: Employ entire cells or

microorganisms as bioreceptors.

2. Based on Transducers: Another classification is based on the type of

transducer employed:

o Electrochemical Biosensors: Further subdivided into potentiometric,
amperometric, impedance, and conductometric sensors. As a result of
electrochemical or immunological responses, electrochemical SRs produce
electrical signals such as voltage, current, conductance, or impedance via

transducers.

o Electronic Biosensors: Utilize electronic transduction methods.

o Thermal Biosensors: Measure changes in temperature.

Optical Biosensors: Detect changes in light properties.

@)

o Fluorescent Biosensors: Detect changes in the sample fluorescence.

o Mass-based or Gravimetric Biosensors: Measure changes in mass.
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3. Based on Bioreceptor-Analyte Combinations: This classification includes
specific combinations of bioreceptors and analytes, though these are more limited in

number.

4. Based on Detection Systems: Sensors can also be categorized by the detection

system used:

Optical Sensors

O

o Electrical Sensors

o Electronic Sensors

o Thermal Sensors

o Mechanical Sensors

o Magnetic Sensors

5. Based on Technology: Classification can also be based on the technology

integrated into the biosensor:

o Nanotechnology-based Biosensors

o Surface Plasmon Resonance (SPR) Biosensors

o Biosensors-on-Chip (Lab-on-Chip)

o Electrometers

o Deployable Biosensors

These classifications help in understanding the diverse applications and

technological integrations of biosensors in various fields.
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Table 2. Classification of biosensors based on various bioreceptors the different

approaches used.

Enzyme-based
Antibody-based
Based on bioreceptors Aptamer-based
Whole cells biosensors
Nanobiosensors
Amperometric
Potentiometric
Electrochemical Voltametric
Conductometric
Impedimetric
Based on transducers Optical
Fluorescent
Electronic
Thermal
Gravimetric
Acoustic
Optical
Electrical
Thermal
Based on detection system .
Magnetic
Electronic
Mechanical
Nanobiosensors
SRP Biosensors
Based on technology Biosensors-on-chip
Electrometers

Having reviewed the general classifications of biosensors based on different
criteria, it is important to narrow the focus to a specific subset: affinity-based biosensors.
These belong to the broader category of biosensors that utilize bioreceptors, as discussed
previously. Unlike other types, affinity-based biosensors operate through specific

interactions between a bioreceptor and its target analyte, offering high selectivity and
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precision. This type of sensor usually comprises antibodies, cell receptors, and nucleic
acids as the biorecognition element for detection (Naresh & Lee, 2021). In this thesis we
are going to focus on this kind of coating as it represents a powerful tool for biomolecular

recognition.

e Antibody-Based Biosensors

Antibodies, known for their high affinity and specificity, have been utilized in
biosensors for over twenty years due to their versatile applications and robust antigen-
antibody interactions. Antibodies are immunoglobulins (Ig) with a distinctive "Y" shape
structure, consisting of two heavy and two light polypeptide chains linked by disulfide
bonds. They are categorized into five classes based on variations in their heavy chains:

IgG, IgM, IgA, IgD, and IgE.

Biosensors incorporating antibodies as ligands or relying on antigen-antibody
interactions are termed immunosensors. These immunosensors can be divided into two
types: (i) non-labelled and (ii) labelled depending on if there is a label attached that allows

a direct quantification of the complex formation.

For instance, de Castro et al. developed a label-free immunosensor for ovarian
cancer detection, which demonstrated a linear response to anti-CA125 concentrations
ranging from 5 to 80 U/mL, with a detection limit of 1.45 U/mL (A. C. H. de Castro et al.,
2020). Similarly, Bhardwaj et al. developed electrical and optical biosensors for label-free
detection of Aflatoxin B1 (AFB1) using gold (Au) nanobipyramids (NBPs). Their surface
plasmon resonance (SPR)-based detection showed a linear range of 0.1-500 nM with a
detection limit of 0.4 nM, while impedimetric detection covered a linear range of 0.1-25

nM with a detection limit of 0.1 nM (Bhardwaj et al., 2021).
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e Oligonucleotides-Based Biosensors

Unlike conventional approaches like antibody-based biosensors, oligonucleotide-
based biosensors rely on the complementary base pairing of oligonucleotides. The
hybridization process between nucleic acids offers both stability and a high degree of
specificity. Oligonucleotide-based biosensors also utilize aptamers, which are short
oligonucleotides with a strong binding affinity for specific target molecules. Unlike the
sequence-specific hybridization seen with DNA or RNA, the binding mechanism between
aptamers and their target molecules varies depending on the system. This binding is
typically driven by electrostatic and hydrophobic interactions, and many aptamers
achieve selective binding through their unique structural designs in addition to their

nucleotide sequences.

Aptamers are synthetic single-stranded nucleic acids (either DNA or RNA)
engineered to bind selectively to target molecules, adopting either two-dimensional (2D)
or three-dimensional (3D) conformations. These conformations enhance binding
efficiency by increasing surface density and reducing spatial obstruction (Odeh et al.,
2020). Aptamers are stable over a broad range of temperatures and storage conditions
due to their nucleic acid nature. Unlike antibodies, which require biological systems for
production, aptamers are chemically synthesized, maintain stability across a pH range of
2-12, and exhibit thermal refolding capabilities. Additionally, aptamers can be chemically
modified to meet specific detection requirements (Adachi & Nakamura, 2019; Odeh et al.,

2020).

Aptamers are isolated from oligonucleotide libraries using a process known as
SELEX (Systematic Evolution of Ligands by EXponential enrichment). Various SELEX
techniques have been developed, including cell-SELEX, capillary electrophoresis-based
SELEX, microfluidics-SELEX, FACS-based SELEX, microtiter plate-SELEX, magnetic bead-

SELEX, and in vivo SELEX where a pool of oligonucleotides is repeatedly tested for its

22



GENERAL INTRODUCTION

binding with the selected analyte. Through this cyclic process the oligonucleotide capable
of binding to the target is amplified and then sequenced to obtain the nucleotidic

sequence of the aptamer (process detailed in Figure 5).

Binding to the

inmobilized
target

SELEX [ Wash |

process

Figure 5. a) Diagrammatic overview of aptamer SELEX preparation. b) lllustration

of the aptamer-target interaction mechanism.

Aptamer-based biosensors are commonly categorized based on their
transduction methods, which include optical, electrochemical, and piezoelectric
techniques. These biosensors can be further classified into labelled and label-free

aptasensors. Surface plasmon resonance (SPR) is frequently employed for label-free
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optical detection, while fluorescent dyes, such as fluorescein, are used for label-based

optical aptasensors (Zeng et al., 2020).

Aptamers are particularly valuable for detecting proteins, heavy metals, and other
chemicals that lack sequence-specific hybridization properties. As a result,
oligonucleotide-based biosensors offer significant flexibility in design, making them
suitable for a wide range of applications. Their high specificity, stability, and adaptability
in base-pairing hybridization have made them widely used tools in clinical diagnostics and
genome mutation detection. However, these biosensors do have some limitations.
Temperature control during detection is essential as it cannot exceed biocompatibility.
Additionally, the detection process often requires a fluorescent dye system, adding
further steps and equipment to the procedure (Goyal et al., 2019; Jung et al., 2016; N.
Verma & Kaur, 2019).

1.3. Current tendencies in biosensing

Recent years have witnessed the successful development of various bio-
nanosensors as an alternative approach for the rapid, accurate, affordable, and on-site
monitoring of diverse analytes. Current demands include point-of-care devices that are
reliable, robust, and easy to use. These devices must not only meet but exceed the
sensitivity standards of traditional methods, providing faster and more reliable results.
Conventional methods, such as nucleic acid applications and immunoassay-based
techniques, face limitations including the need for expensive, bulky equipment, complex
sample preparation, and access to advanced research facilities. These drawbacks hinder
their application for rapid and on-site food safety testing. Consequently, there is an urgent
need for sensitive and practical methods to detect pathogens and their toxins that are

portable, cost-effective, and rapid.

As a result, current analytical research focuses predominantly on the

development of real-time, simple, reliable, and affordable point-of-care analytical
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devices. In this context, bio- and nanotechnology-based detection techniques have
emerged as cost-effective alternatives to conventional, expensive methods used to
analyze a wide range of substances. The primary advantage lies in their operational
simplicity, where the focus is solely on converting biological responses into detectable
signals. Extensive research on various aspects of bio/nanosensors has led to numerous
biotechnological advancements and innovations, particularly in bacterial and viral

detection and monitoring.

Newly-emerging optical biosensors based on innovative structural architectures
and materials—including emerging metamaterials, hybrid plasmonic-2D metasurfaces,
metal/dielectric nanostructures, and all-dielectric metasurfaces—can generate a variety
of novel supports for these devices. Their characteristics can be utilized to dramatically
improve the sensitivity of current label-free biosensing technology and offer new
attractive functionalities such as imaging and multi-sensing options, super-resolution,
spectral tunability, size selectivity, and new functionalization strategies. (Kabashin et al.,

2023)

Furthermore, the integration of computer science and artificial intelligence with
nanobiosensors could make new biosensors smarter and more convenient. With
continuous research and development, nanomaterials are expected to bring higher
performance levels and more application possibilities to biosensor technology (L. Li et al.,

2023)

2. NANOTECHNOLOGY

The term "nanotechnology" was first defined by Professor Norio Taniguchi in
1974, who described it as: “production technology to achieve extremely high accuracy and
ultra-fine dimensions, specifically on the order of 1 nm, or 10° meters in

length.” (Taniguchi, 1974)
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Since that time, the exploration and use of nanotechnology have remarkably
progressed, with its definition evolving to “the construction and use of functional
structures designed from the atomic or molecular scale, with at least one characteristic
dimension measured in nanometers.”(Kumar & Kumbhat, 2016) The unique size of these
structures (between 1-100 nm scale, see in Figure 6) enables them to exhibit novel and
significantly enhanced physical, chemical, and biological properties, phenomena, and

processes.

This field encompasses research and development that involves measuring and
manipulating matter at atomic, molecular, and supramolecular levels, with at least one

dimension comparable to the size of antibodies and viruses as depicted in Figure 6.

Protein Bacteriophage

Bacterium Eucariot cell

D G G G O

Nanodevices
Nanopores
Dendrimers
Nanotubes
Nanoparticles
Quanturn dots
Etc.

LR B

Figure 6. Size comparation of different organisms (pluricellular, unicellular),

biomolecules and nanomaterials.

As observed previously, nanotechnology operates at the nanoscale, a size range
that offers significant advantages due to the emergence of quantum mechanical effects.
This unique scale enables a wide array of applications across numerous scientific

disciplines, including materials science, electrical and electronic engineering, catalysis,
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metallurgy, chemical engineering, drug delivery, polymer science, medicine,
biotechnology, forensics, and environmental and food control. Among the various

elements within nanotechnology, nanomaterials stand out as particularly significant.

Nanomaterials include a diverse group of substances such as nanoparticles,
nanofibers, nanotubes, nanocomposites, nanofoams, and nanoporous materials. Of
these, nanoporous materials are particularly notable for their nanostructured systems
that feature porous networks with pore sizes ranging from 1 to 100 nanometers. These
materials are finding applications in nearly every research field and industrial sector, with
their utility being largely determined by their structural characteristics. Key structural
parameters like pore size, porosity, functionalization, and specific surface area play crucial
roles in defining the material's final properties, including hydrophilicity or hydrophobicity,

conductivity, charge distribution, and catalytic activity (Ameen et al., 2020).

The broader field of nanotechnology encompasses any technology that operates
at the nanoscale with practical real-world applications. Advances in this field have led to
the development of bio-nanosensors that incorporate advanced nanomaterials, offering
significant potential to improve both sensitivity and selectivity. These cutting-edge
biosensors are set to revolutionize diagnostics and other applications. Supramolecular
chemistry and molecular recognition have further enhanced this area by introducing
additional functionalities to nano-objects, leading to the continuous development of
various nanosystems. These include nanoparticles, nanotubes, and nanostructured
surfaces, which are being utilized in areas such as nanobiotechnology, nanomaterials,
nanoelectronics, nanomagnetism, and nanophotonics. The progress in these fields
underscores the transformative potential of nanotechnology across diverse scientific and
industrial domains (Abedi-Firoozjah et al., 2024). Among these nanomaterials,
researchers have explored the use of nanoporous materials in the development of
reliable, miniaturized, and portable sensing devices as those described in this thesis.

These devices are designed by loading the pores of the nanoporous support with a
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signalling reporter and functionalizing the external surface with supramolecular or
biochemical architectures. These systems remain inactive until they encounter a specific
molecule, which triggers the release of the signalling reporter, making them highly

effective in sensing applications.

3. ORGANIC-INORGANIC HYBRID POROUS MATERIALS

Since the start of the industrial era, the fusion of organic and inorganic substances
to develop materials with unique properties has been a significant challenge. The term
"hybrid organic-inorganic material" has been relatively recently coined, as this field has
demonstrated its wide array of applications. Today, it is recognized as a rapidly expanding

and dynamic research discipline.

Hybrid materials combine their components in a synergistic manner, resulting in
properties that surpass the sum of their individual parts. (Callan et al., 2005; Gale &
Quesada, 2006; Mohr, 2005) As Professor Clément Sanchez explains, "hybrid organic-
inorganic materials are not simple mixtures. They can be broadly defined as molecular or
nanocomposites with (bio)organic and inorganic components, intimately mixed where at
least one of the component domains has a dimension ranging from a few A to several
nanometers. Consequently, the properties of hybrid materials are not only the sum of the
individual contributions of both phases, but the role of their inner interfaces could be
predominant”.(Callan et al., 2005; Gale & Quesada, 2006; Mohr, 2005) The final structure
and properties of these nanocomposites are determined by the chosen inorganic support,
the organic groups attached to its surface, and the specific reaction conditions used during

synthesis (Livage et al., 1988).

Some hybrid materials are formed by anchoring functional organic groups onto
nanoscopic materials composed primarily of inorganic structures serving as scaffolds
(Rurack & Martinez-Mafiez, 2010). This approach is central to the design and development

of new hybrid organic-inorganic materials, as explored in this thesis. Covalent bonding for
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anchoring or functionalizing solid supports offers several advantages for molecular

recognition processes, which include:

e Receptors are organized into compact monolayers on the surface (depending

on the degree of functionalization), leading to new collective processes.

e The material can be further functionalized with different organic molecules,

imparting diverse properties based on the anchored molecules.

e Leaching processes involving receptors are minimized.

e Reversible reactions can be performed when the anchored organic molecules

allow for it.

Depending on the nature of the interface between the organic and inorganic
components, these materials can be classified into two categories: Class | materials are
held together by weak bonds (hydrogen, van der Waals, or ionic bonds), while Class I
materials feature strong chemical bonds (covalent or iono-covalent bonds), potentially

combined with the weak bonds characteristic of Class I.

Within this framework, enhanced sensing ensembles have been designed to
improve sensitivity and selectivity for targets that are challenging to detect with
conventional methods (Descalzo et al., 2006; Drechsler et al., 2004; Mancin et al., 2006;
A. Verma & Rotello, 2005; Willner et al., 2007). These enhancements are particularly
notable when using 3D-architectured inorganic supports, such as nanoporous inorganic
scaffolds, which exhibit superior properties compared to their planar counterparts. The
new features offered include controlled access to specific regions, flow control within

channels, and dual functionalization of the inner and outer regions of the material.

A more detailed description of these nanostructured materials will be provided

below.
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3.1.Types of porous materials

Porous materials are prevalent in our environment and play crucial roles in
various aspects of daily life. The International Union of Pure and Applied Chemistry
(IUPAC) classifies porous materials into three main categories: microporous (<2 nm),
macroporous (>50 nm), and mesoporous (2-50 nm), which is the focus of our interest.
These materials can be composed of a variety of solids, including oxides and non-oxides,
and can be either crystalline or amorphous. The pores in these materials can manifest as

cavities, channels, or interstices.

Microporous structures such as zeolites and metallophosphates were first
synthesized nearly two centuries ago and remain essential in numerous industrial
processes, particularly in catalysis, filtration, separation, biomedical regeneration,
enzyme immobilization, drug delivery, and sensing (Carlsson et al., 2014; Cavenati et al.,
2009; Jane et al., 2009; Kilian et al., 2007; Slowing et al., 2007; Vallet-Regi et al., 2008). In
contrast, the industrial application of macroporous materials has seen a dramatic increase

over the past decade.

Mesoporous materials, developed more recently, have garnered significant
attention due to their large specific surface area and their applicability across a wide range
of scientific and technological fields. The typical synthesis of these materials involves the
use of organized self-assembling organic molecules or polymers, micellar solutions,
lyotropic liquid crystals, or microemulsions, which act as structure-directing agents. The
synthesis process is particularly critical, as the pore geometry directly influences the
material's properties and potential applications (Wang et al.,, 2005). Advances in
experimental techniques have enabled a degree of control over the desired architecture

and final properties by adjusting synthetic parameters and reagents.

This thesis focuses on the utilization of porous anodic alumina (PAA) also known

as nanoporous anodic alumina (NAA) when the pore size is smaller than 20 nm as a
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mesoporous solid scaffold. Accordingly, the subsequent sections will explore the synthesis

and functionalization of NAA supports.

3.2. Porous anodic alumina (PAA)

Porous anodic alumina (PAA) was initially discovered in the 1930s (Setoh &
Miyata, 1932) but saw significant development between the 1950s and 1970s, (Keller et
al., 1953; O’SULLIVAN JP & WOOD GC, 1970) resulting in various patented synthesis
methods and applications (Bengough & Stuart, 1923; I. A. W. Smith, 1974). A major
milestone occurred in 1995 when the formation of PAA with a highly ordered 2D
hexagonal porous structure was confirmed, leading to an exponential increase in research
and development interest, marked by a 75% increase in related publications from 1990 to

2005.

The first characterization of PAA by electron microscopy was conducted by Keller,
who described it as arrays of hexagonally arranged nanometric pores, where the interpore
distance is directly proportional to the anodization voltage (Setoh & Miyata, 1932). It has
since been established that the shape and geometry of PAA largely depend on the
anodization voltage or current intensity, with other factors such as anodization time,
electrolyte type/concentration, pH, and temperature also playing crucial roles (Chen et
al., 2008; W. Lee & Park, 2014; Zaraska et al., 2014, 2016). This characteristic structure

can be seen below in Figure 7.
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Figure 7. SEM image of highly ordered anodic porous alumina obtained at 400 V,

showing (left) surface view and (right) cross-sectional view. Image adapted from

(Yanagishita et al., 2021)

PAA has become a valuable tool in nanotechnology due to its broad range of
applications, particularly in energy, nanofabrication, biotechnology, and notably,
biosensing. Given its unique mechanical, electrical, and chemical properties, PAA is an
ideal scaffold for implementing selected (bio)molecules. Its high surface area, thermal
stability, hardness, biocompatibility, and transparency in the visible range make it suitable
for developing hybrid materials used in molecular recognition and sensing (Jani et al.,

2010).

Structurally, PAA can be described as an alumina matrix with hexagonally
arranged cells containing cylindrical pores that grow perpendicularly to the substrate
surface (W. Lee et al.,, 2006). It is typically produced by controlled anodization of
aluminum surfaces in aqueous acids such as sulfuric, oxalic, and phosphoric acids
(Ersching et al., 2012; Md Jani et al., 2013; Patermarakis & Masavetas, 2006). The ability
to control pore size and shape is crucial for many applications, and the anodization

process plays a vital role in achieving this.

In 1995, Masuda and Fukuda reported an optimized anodization process,
(Masuda & Fukuda, 1995) which was further advanced by the nanoimprint process two
years later, revolutionizing PAA production (Masuda et al., 1997). They proposed a two-

step anodization procedure: the first step forms an irregular oxide layer that is removed,
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leaving nanocaves that act as nucleation sites for the second anodization. This method
allows for a more ordered hexagonal pore arrangement compared to other techniques
like lithography, which are time-consuming and expensive (Zaraska et al., 2016). The two-
step process is simple, cost-competitive, allows for controllable pore structures on the
nanometric scale, and is easily scalable for industrial production (Eftekhari, 2008; A. P. Li

et al., 1998).

Several theoretical models have been proposed to explain pore nucleation and
growth in PAA, (Cheng & Ngan, 2015; Hoar & Mott, 1959; Patermarakis & Papandreadis,
1993) although a definitive explanation remains under debate. It is generally agreed that
pore nucleation originates in the oxide thin film formed during the initial seconds of
anodization, but the exact mechanisms vary. The models can be broadly categorized into
those that consider the electric field (Diggle & Meek, 1974; Hoar & Mott, 1959; Van
Overmeere et al., 2010) as the driving force and those that consider mechanical stress as
it (Garcia-Vergara et al., 2006; Houser & Hebert, 2009). The former, supported by most of
the scientific community, suggests that electric field-induced instability at specific sites
generates localized increases in temperature and ionic conduction, leading to preferential
oxide dissolution and pore formation/growth. In contrast, mechanical stress models
propose that the significant volume expansion during oxide layer formation induces
mechanical stress, promoting oxide flow from the bottom to the pore walls. Some models
combine both electric and mechanical processes, suggesting that pore formation is driven
by the electric field through the barrier layer, influenced by the plasticity of the barrier

layer and stress relief during formation (B. He et al., 2006; S. Lee et al., 2013).

3.3. Anodic alumina functionalization

Functionalization, as defined, involves adding new functions, features,
capabilities, or properties to a material by modifying its surface chemistry. Numerous

studies have explored methods for functionalizing PAA surfaces (or NAA surfaces when
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talking of pores less than 20 nm of diameter) to protect them from acidic environments
and to impart specific functionalities. These techniques can be broadly categorized based

on the medium in which the process is conducted (Figure 8)(Eckstein et al., 2018; Kumeria

et al., 2014; Md Jani et al., 2013).
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Figure 8. Overview of common gas phase and wet chemical techniques for

functionalizing NAA surfaces.

a. Physical/Gas Phase Deposition: Techniques such as thermal vapor deposition,
chemical vapor deposition (CVD), plasma polymerization, and atomic layer deposition

(ALD) fall into this category. These methods are primarily used to deposit various
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materials, including metals, metal oxides, nitrides, and carbon nanotubes, onto NAA

surfaces.

b. Wet Chemical Modifications: This category includes self-assembly processes
of silanes, organic and phosphonic acids, layer-by-layer deposition, polymer grafting, sol—
gel processing, and electrochemical and electroless deposition. Unlike physical surface
modifications, chemical surface modifications do not significantly alter the structural

properties of the NAA substrate.

Chemical approaches often rely on forming self-assembled structures, resulting
in uniform and extensive monolayers on the surface. Irregularities on the NAA surface,
often due to anionic impurities from the electrolyte solutions used during fabrication,
facilitate oxide attack, leading to the generation of surface hydroxyl groups that serve as
anchorage points for functionalization. The main functionalization techniques are

summarized below:

e Electrochemical and Electroless Deposition of Metals:

In this deposition method, a monolayer is formed on a conducting surface
(electrode) by depositing ions (anions or cations) from a solution into an electrolytic cell
(Figure 9). The process requires three electrodes (working, counter, and reference) to
facilitate electron movement and the oxidation and reduction reactions necessary for
deposition. (Rodriguez & Tremiliosi-Filho, 2013) The quality of the resulting
electrodeposition is influenced by several factors, including pre-treatment and cleaning
of the metal surface, concentration of metal ions in the electrolyte, pH, agitation, voltage,

temperature, electrolyte conductance, and addition agents.
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Figure 9. Illlustration of a) electrochemical and b) electroless deposition for the

functionalization of the NAA surface.

Electrochemical and electroless depositions offer certain advantages over other
functionalization methods. They are significantly less expensive and more versatile, as
they can be used to coat many samples simultaneously, including large pieces.
Additionally, NAA functionalized using these procedures exhibits remarkable properties

such as hardness, corrosion resistance, and excellent frictional characteristics.
o Sol-Gel Chemistry:

The sol-gel process is a functionalization technique that involves a hydrolysis
reaction between the sol-precursor and the functional groups on the NAA surface (Figure
11). Initially, the substrate is exposed to the sol-precursor solution through methods such
as immersion, dipping, or spin coating. This is followed by the evaporation of the solvent,

leading to the formation of a glassy gel within the pores (Hench & West, 1990).

A "sol" refers to a colloidal solution that gradually transforms into a gel-like
diphasic system, consisting of both liquid and solid phases. The morphologies of these

phases can range from discrete particles to continuous polymer networks. During this
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process, the sol undergoes a series of chemical reactions, leading to the formation of a
solid network within the liquid medium. This network formation results in the gelation of
the sol, developing a solid matrix that can effectively functionalize the NAA surface (Figure

10).

The sol-gel technique is highly versatile and can be tailored to impart a variety of

functionalities to the NAA substrate, making it a valuable method for enhancing the

properties of porous anodic alumina for diverse applications.
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Figure 10. lllustration of sol-gel chemistry for NAA surface functionalization

The sol-gel method is an economical, low-temperature technique that enables
the synthesis of high-purity, homogeneous, and multi-component structures with precise
control over their structural properties, thermal stability, and surface reactivity (Hunks &
Ozin, 2005; Lakshmi et al., 1997). This process facilitates the uniform deposition of small
amounts of dopants, such as organic dyes and rare-earth elements, making it widely used
in ceramics processing and manufacturing, either as a casting material or for producing
very thin films of metal oxides for various applications. Sol-gel derived materials find
applications in a wide range of fields, including optics, electronics, energy, space,

biosensors, medicine, reactive materials, and separation technology.
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e Layer-by-Layer Deposition

This technique involves the sequential immersion of a substrate into electrolyte
solutions with opposite electrostatic charges (Figure 11). This method allows the precise
formation of nanometric-scale electrolyte films with high resolution control. Key
applications include tuning the transport properties of NAA membranes, attaching
nanoparticles and biomolecules, and fabricating polyelectrolytic nanotubular structures

using NAA as a template (Md Jani et al., 2013).

VAR VAR

Starting substrate ’ ’ Second reagent f nreagent

First reagent Purge excess

Figure 11. Diagram of NAA surface functionalization by the technique layer-by-

layer deposition.
¢ Functionalization with Organic and Phosphonic Acids

Functionalization of NAA with organic and phosphonic acids is widely used to
control wettability, enhance corrosion resistance, and ensure homogeneity of the formed
layer. The process involves dip-coating to form a self-assembled monolayer (SAM)
through chemical bonding of the acids with the hydroxyl groups on the NAA surface
(Figure 12) (Alonso Frank et al., 2017; Queffélec et al., 2012). By varying the chain length,
the surface properties can be finely tuned. These acids are compatible with a range of
other organic functional groups, facilitating the attachment of additional

organic/inorganic structures, such as nanoparticles, nanotubes, catalysts, and
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biomolecules. Furthermore, this functionalization can be performed in various solvents,

including water.

0

A+

Figure 12. Schematic representation of the functionalization method for NAA

surfaces with n-alkanoic acid.

e Organosilane Modification of Aluminium Anodic Oxide (AAO)

In this study, silanes are used to functionalize the NAA surface for biomolecule
attachment. The method involves grafting organic molecules onto the NAA surface
through spontaneous attachment and rearrangement from a liquid phase, forming self-
assembled monolayers (SAMs). Organosilanes and phosphonates result in homogeneous
layers on the alumina surface, enabling the addition of diverse reactive terminal
functional groups, such as amine, isocyanate, carboxyl, epoxy, azide, halide, alkene, and
alkyne. SAM formation occurs via the reaction with surface hydroxyl groups by simple
incubation of the NAA substrate in a silane solution (Szczepanski et al., 2006). A schematic

of silanization of hydroxylated NAA is shown in Figure 13.

By modifying the carbon chain length and terminal group, different functionalities
can be imparted to the material. For instance, silanes with hydrophobic terminal groups
like halides (e.g., trichloro-silanes and perfluoroalkyl-silanes) render the material
hydrophobic, (Hendren et al., 2009; Ku et al., 2006; Odom et al., 2005) whereas silanes
terminated with poly(ethylene glycol), amines, and epoxy groups significantly improve
wettability, prevent biofouling, and enhance biocompatibility (La Flamme et al., 2007; S.

W. Lee et al., 2005; K. C. Popat et al., 2004).
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Figure 13. Representation of organosilane attachment and re-arrangement over

NAA surfaces.

The most common application of organosilanes in material functionalization is

forming an active layer for immobilizing other molecules or biomolecules, nanoparticles,

polymers, quantum dots, or lipid bilayers, thereby providing functionality to hybrid

organic-inorganic materials. They act as linkers, binding to the scaffold surface with one

end and immobilizing specific bio-receptor molecules with the other. The terminal active

groups dictate the conditions for receptor immobilization on the formed layer. Table 3

summarizes common organosilane reagents and the necessary reactions.

Table 3. Most common functionalizations of NAA with silanes and their chemical

bond.

Organosilane Terminal Group Bond

Urea bond. Amide
APTES -NH; bond. Electrostatic

interactions

ICPTS -N=C=0 Urea bond.
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(3-azidopropyl)

triethoxysilane / 3- Huisgen
-N3/-= (X. He et al., 2012)
Trimethylsiloxy-1- cycloadittion
propyne
Thiol bond (SchloRbauer et al.,
(3-mercaptopropyl)
-SH 2012; Wu et al.,
triethoxysilane
SH-Au bond 2013)
(3-iodopropyl) Substitution
-1/ -Cl (Diez et al., 2014)
trimethoxysilane reaction

Silanization, which covers a surface with organofunctional alkoxysilane
molecules, is typically performed using (3-aminopropyl)triethoxysilane (APTES) and (3-
isocyanatopropyl)triethoxysilane (ICPTS). Both share a similar chemical structure,
differing only in the terminal active group—amine for APTES and isocyanate for ICPTS. The
reaction mechanism for forming the surface monolayers is the same for both: hydrolysis
of ethoxy groups converts alkoxysilanes into silanols, which rapidly condense with NAA
surface hydroxyl groups to form the SAM (Figure 13) (Guy & Walker, 2016; Pefia-Alonso
et al., 2007).

Functionalizing NAA supports is a powerful approach for developing hybrid
materials with new applications, particularly for immobilizing biomolecules on their

surface, which is crucial for developing highly specific and sensitive sensing devices.

4. GATED MATERIALS

Gated materials are advanced materials that exhibit controlled access to their
internal spaces, allowing them to selectively permit or block the passage of molecules,

ions, or other substances. This gating mechanism is typically regulated by external stimuli,
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such as changes in pH, temperature, light, magnetic or electric fields, and the presence of
specific chemicals or biomolecules (Aznar et al., 2016; Sancendn et al., 2015). Gated
materials are a key area of research in materials science due to their potential applications

in various fields, including drug delivery, sensing, catalysis, and separation technologies.

Between gated materials it can be distinguished three main types divided by their
porous structure and size. There are mesoporous materials, often used as hosts for gated
systems due to their well-defined and tuneable pore structures. Examples include
mesoporous silica and metal-organic frameworks (MOFs). When the porous structure is
in the nanometer scale, we talk about nanoporous materials such as zeolites, which have
small and precise pore sizes that can be modified to develop gating effects. Finally, there
are also some polymeric materials that can undergo conformational changes in response

to external stimuli, thereby acting as gates.

The integration of these 2D and 3D porous inorganic supports with
(supra)molecular architectures has enabled the development of advanced nanodevices
with numerous scientific and technological applications. Typically, gated materials
comprise two primary components: (i) a responsive “gate-like” structure capable of
“opening” or “closing” upon specific stimuli, and (ii) a porous inorganic support that can

be loaded with various cargos.

The construction of gated materials involves the attachment of organic
molecules, biomolecules, or supramolecules (varying in chemical nature, size, and shape)
to the surface of a mesoporous inorganic scaffold. This configuration aims to regulate the
diffusion of a cargo from the pores of the material to a solution, or vice versa, in response
to predefined stimuli (Aznar et al., 2016). Generally, the pores are filled with specific
cargos, while the outer surface is functionalized with (bio)molecules that control the
release of the entrapped substances upon external stimulus application. Figure 14

illustrates a schematic of a gated material and its release mechanism.
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Figure 14. Illlustration of a gated material

Research indicates that the primary applications of gated materials are in
controlled release systems, particularly for biomedical purposes (Barreto et al., 2011;
Doane & Burda, 2012; Z. Li et al., 2012; Stark, 2011). More recently, gated materials have
gained attention for their potential in sensing and molecular recognition, showcasing a

promising and versatile application area (Coll et al., 2013; Sancendn et al., 2015).

Key considerations in designing gated materials include selecting the stimulus
that will trigger cargo release and choosing the molecular gate that will respond to this
stimulus, facilitating mass transport. Depending on external stimuli, the gates can be

categorized into five main types:

A. Temperature-Responsive Gating: Uses materials that alter their permeability
with temperature fluctuations, useful for controlled release and thermal regulation

applications (Lai et al., 2010).

B. Light-Responsive Gating: Incorporates photo-responsive molecules that
change their configuration upon exposure to light, enabling precise control over the

gating mechanism (Johansson et al., 2008; Lin et al., 2010).
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C. Magnetic/Electric Field-Responsive Gating: Utilizes magnetic or electric fields
to modulate the opening and closing of gates, often employed in smart sensing and

actuation systems (C. Liu et al., 2009; Thomas et al., 2010).

D. pH-Responsive Gating: Involves materials that change their structure or
surface charge in response to pH changes, commonly used in drug delivery to release
drugs in specific parts of the body (Casasus et al., 2004; Cauda et al., 2010; Guo et al.,
2010; Llopis-Lorente et al., 2017; Meng et al., 2010; A. Popat et al., 2012; Ruiz-Rico et al.,
2017; Tian et al., 2017; Yang et al., 2005).

E. Chemical/Biochemical-Responsive Gating: Engages specific chemical
reactions or interactions with biomolecules to trigger the gating mechanism, crucial for
selective sensing and bio-responsive systems. Prevalent stimuli are oligonucleotides
(Schlossbauer et al., 2010; Y. Zhang et al., 2012; C. L. Zhu et al., 2011), metal cations (Zhou
et al., 2014), saccharides (Bernardos et al., 2010; Mal, Fujiwara, & Tanaka, 2003; Mal,
Fujiwara, Tanaka, et al., 2003), small molecules (Aznar et al., 2011; Candel et al., 2011;
Casasus et al., 2006; Choi et al., 2011; Schulz et al., 2011; Song & Yang, 2015; L. Zhang et
al., 2014; Zhao et al., 2009), small redox active molecules (R. Liu et al., 2008; Mortera et
al.,, 2009), enzymes (Bernardos et al., 2009; Park et al., 2009; Patel et al., 2008;
Schlossbauer et al., 2009; Thornton & Heise, 2010), and peptides or proteins (Coll et al.,
2011; Porta et al., 2011) among others. Gating mechanisms composed of biomolecules
responsive to other biomolecules have gained significant importance because of their
specificity, selectivity, and biocompatibility. They have been extensively utilized in drug
delivery systems due to their well-documented advantages, such as targeted release,
reduced side effects, and enhanced efficacy. Additionally, the application of biomolecule-

gated materials in sensing protocols has garnered increasing attention recently.

In 2003, Fujiwara and colleagues (Mal, Fujiwara, & Tanaka, 2003) presented a

pioneering study on gated materials utilizing MCM-41 mesoporous silica nanoparticles
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(MSNs). These nanoparticles were loaded with the steroid cholestane and demonstrated
the ability to photochemically control the uptake, storage, and release of the cargo (Figure
15B). The methodology involved filling the pores of the MSNs with cholestane, followed
by the functionalization of the external surface with 7-[(3-triethoxysilyl)-
propoxy]coumarin. Upon irradiation with light of wavelengths exceeding 310 nm, the
coumarin derivative undergoes a [2+2] photodimerization reaction, forming bulky
cyclobutane dimers in an anti-head-to-head conformation. These dimers obstruct the
pore entrance, thereby preventing the release of cholestane. The photodimerization is
reversible; exposure to 250 nm irradiation reverts the dimers to their monomeric form,
allowing for the release of cholestane. Similar control over pore accessibility was achieved
with other cargo molecules, such as pyrene, phenanthrene, and progesterone, thereby

demonstrating the versatility of this photochemically regulated system.

Other representative example of a gated material was reported by Stoddart, Zink,
and co-workers (Hernandez et al.,, 2004) which reported the first example that used
rotaxanes coupled with a redox reaction to design gated materials. In their research, the
authors developed mesoporous silica nanoparticles (MSNs) loaded with Ir(ppy)s,
modifying the surface with a 1,5-dioxynaphthalene (DNP) derivative. The nanopores were
sealed through the formation of an inclusion complex between the DNP derivative and
cyclobis(paraquat-p-phenylene) (CBPQT**). Upon reduction of CBPQT** with NaCNBHj,

the inclusion complex was disrupted, leading to the release of the encapsulated dye.

Subsequently, the authors engineered a more intricate system wherein the
CBPQT** ring could shuttle between a tetrathiafulvalene (TTF) unit and a DNP moiety
(Mal, Fujiwara, Tanaka, et al., 2003), both connected by an oligoethylene glycol chain
incorporating a rigid terphenylene spacer. In this supramolecular construct, CBPQT**
exhibits a preference for the TTF station. However, oxidation of TTF using Fe(ClO4)s to
form a TTF?* dication causes the CBPQT** ring to relocate to the DNP moiety. The addition

of ascorbic acid subsequently reduces the TTF?* back to its neutral state, prompting the
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CBPQT** ring to return to the TTF station. This bistable [2]rotaxane unit was covalently
attached to the MSNs by forming a carbamate linkage between the hydroxyl group of the
[2]rotaxane and isocyanate groups on the silica surface. The material was then loaded
with either Ir(ppy)s or Rhodamine B (RhB). Release kinetics of the gating system were
examined in a PhMe (1:1) mixture for the iridium complex and in MeCN for RhB.
Additionally, the authors engineered a hybrid material containing the dumbbell
component of the [2]rotaxane but lacking the CBPQT** ring. This second material was
incapable of controlling RhB release, resulting in the immediate diffusion of RhB into the
solution. These findings confirmed the critical role of CBPQT** ring dynamics in regulating

the transport of guest molecules from the nanopores to the surrounding solution.

This method is especially attractive due to its potential for harnessing
endogenous reducing agents present within cells as natural triggers. The elevated levels
of redox-active species associated with certain diseases, such as cancer, underscore the
broad potential of redox-responsive capped systems in biomedical applications. The
ability to selectively release therapeutic agents in response to specific intracellular

conditions highlights the promise of these systems for targeted treatment strategies.

The following examples represented in Figure 15 illustrate the increasing
complexity in the design of molecular gates, which integrate more sopbhisticated
structures and allow the interconnection of multiple nanodevices with distinct gating

mechanisms and encapsulated cargos.
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Figure 15. Schematic representation of gated materials controlled by temperature
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Over the years, gated ensembles have progressed from simple molecules or
individual entities to intricate supramolecular structures with a large number of
applications. Between such applications we can highlight the configuration of drug
delivery systems, in which the gated materials can be used to encapsulate drugs and
release them in a controlled manner at the target site, minimizing side effects and
improving therapeutic efficiency (Kingsley et al., 2006). In addition to this, in relation to
chemical processes regulation, gated catalytic materials can control the access of
reactants to catalytic sites, enhancing selectivity and efficiency of catalytic reactions. Also,
they can be used in separation technologies for example in filtration and purification
processes where selective gating allows for the separation of specific components from a
mixture (Aznar et al., 2016). Other use we have seen recently is the use of gated materials
for environmental remediation, they can capture and release pollutants in response to
environmental triggers, aiding in the cleanup of contaminated sites (Pete et al., 2021).
Finally, gated materials have been used nowadays for sensing challenges, to detect
specific analytes by a selective interaction with the sensing element (Sancendn et al.,

2015). This use is the main theme of this thesis and what we are going to focus on.

Overall, gated materials represent a versatile and dynamic area of research with
the potential to revolutionize numerous technological applications through their ability
to provide controlled and responsive functionality. The development of gated materials
faces several significant challenges, but future directions seem to focus on achieving
precise control over gating mechanisms, even if it is a difficult task. Scalability results in
another challenge, with scaling up production for industrial applications proving both
difficult and costly. Additionally, ensuring the long-term stability and durability of gated
materials under operational conditions is critical for their practical applications.
Integrating these materials into existing technologies and systems seamlessly and cost-

effectively is a key area of ongoing research.
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5.IMPORTANCE OF GLOBAL INFECTIOUS DISEASE CONTROL

The concepts of pathogenicity and virulence are fundamental in the field of
microbiology, shaping our understanding of the complex relationships between
microorganisms and diseases. Since the pioneering work of Pasteur and Koch over a
century ago, the identification of pathogens and the study of their virulence have become
central to combat infectious diseases. These concepts have directed the focus of
microbiologists, medical practitioners, and epidemiologists toward a selected group of
microorganisms and viruses that represent a significant threat to human health. Despite
the successes in developing antimicrobial agents, vaccines, and public health strategies,
the persistence and emergence of infectious diseases in the modern era highlight the

ongoing relevance and complexity of these concepts (Isenberg, 1988).

In the 20th century, advancements in hygiene, medical therapies, and the
development of antibiotics significantly reduced the impact of many infectious diseases,
especially in developed regions of the world. However, infectious diseases remain a
significant global health challenge, representing the 30% of the leading causes of
morbidity and mortality and 25% of deaths worldwide (Murray & Lopez, 2013). Recent
years have seen a rise in emerging infectious diseases, many of which are linked to human
activities that alter environments or spread pathogens to new geographical regions due
to the global human and commercial transport (Jones et al., 2008; K. F. Smith et al., 2007,
2009; Taylor et al., 2001; Woolhouse & Gowtage-Sequeria, 2005). These developments
underscore the need for a better understanding of pathogenicity and virulence, as well as
the factors (both natural and anthropogenic) that influence the global distribution of

diseases (K. F. Smith & Guégan, 2010).

The interconnections between human health and pathogenic microorganisms are
intricate and far-reaching, influencing not only public health and medical advances but

also food security, business, and economic stability. The ongoing emergence of new
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pathogens and the re-emergence of old ones in new contexts require a holistic approach
that integrates epidemiology, ecology, and socioeconomic factors. With a global
population approaching 8.3 billion, including 800 million people living in underdeveloped
conditions and around 2 billion lacking access to clean water or electricity, the need for
improved strategies to control and contain infectious diseases is more urgent than ever

(Facciola et al., 2023; Oren & Brown, 2023; Schulhof, 2007).

The study of pathogens and their virulence in combination with the research
development in the diagnostic area remain critical in addressing the challenges caused by
infectious diseases in the contemporary world. While significant progress has been made
in reducing the impact of these diseases through medical and public health interventions,
the persistence and emergence of new infectious threats highlight the complexity of the
microbial world and its interactions with human societies. As we continue to confront
these challenges, it is essential to refine our strategies, considering both the biological
and environmental factors that shape the global landscape of infectious diseases. The
lessons from the past century, combined with a forward-looking approach to emerging

threats, will be key to safeguarding global health in the future.

5.1.Vegetal-infecting pathogens

Over the past fifty years, the field of plant pathology has undergone a significant
transformation, shifting its focus from practical problem-solving to more specialized
academic inquiries (Milgroom & Peever, 2003). This shift reflects the growing depth and
complexity of our understanding of plant diseases and host-pathogen interactions.
However, practical disease management remains a critical component of the field,
ensuring that theoretical advances translate into real-world solutions. The constant influx
of challenges underscores the dynamic and evolving nature of plant pathology, where old
problems are often replaced by new ones, requiring continuous innovation and

adaptation.
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The potential for crop losses due to pests, diseases, and weeds is substantial, with
estimates suggesting that up to 70% of global crop yields could be affected (Oerke &
Dehne, 2004). However, effective crop protection practices have successfully reduced
actual losses to around 30%. As global population growth and increasing demand for food
exert pressure on agricultural systems, it is anticipated that crop production will need to
double in the coming decades to meet these demands (Tilman, 1999). Achieving this goal
will necessitate maintaining or improving the efficiency of crop protection strategies,
which have historically relied heavily on the use of synthetic pesticides. From the 1990s,
global pesticide use increased by an average of 4.4% annually and the the forecast is to
exponentially increase these values over the coming years (Oerke & Dehne, 2004),
reflecting the reliance on chemical interventions in combating agricultural pests and

diseases.

However, the long-term sustainability of chemical-based crop protection
strategies has come under scrutiny. Numerous studies have documented the negative
effects of pesticides on human health, biodiversity, and even agricultural productivity
itself (Wilson & Tisdell, 2001). These effects include the disruption of natural ecosystems,
the elimination of beneficial organisms, and the development of resistance in target pest
populations. As pests and pathogens evolve resistance to chemical treatments, the
effectiveness of these strategies diminishes, leading to a vicious cycle of increasing
pesticide use and decreasing efficacy (Gullino et al., 2000; Ma & Michailides, 2005; Urban
& Lebeda, 2006). This growing resistance, coupled with environmental and health

concerns, highlights the need for a paradigm shift in how we approach crop protection.

The impact of plant diseases on human well-being is a critical but often
overlooked aspect of plant pathology. Agricultural losses due to pathogens can have
profound effects on local economies, particularly in regions where agriculture is a primary
source of livelihood. In such cases, the failure of a crop due to disease can lead to food

insecurity, malnutrition, and economic hardship for smallholder farmers and their
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communities. This is especially true in situations where crops lack genetic resistance to
pathogens and effective chemical controls are not available. The resulting threats to
economic and food security underscore the importance of developing resilient

agricultural systems that can withstand the challenges caused by plant pathogens.

Land use changes remain a significant driver of pathogen emergence, even
thousands of years after the advent of agrarian societies (Woolhouse & Gowtage-
Sequeria, 2005). The conversion of natural ecosystems into agricultural land creates new
opportunities for pathogens to spread and evolve, leading to the emergence of new
diseases. This phenomenon is particularly pronounced in bacterial diseases, which are
more strongly associated with land use changes than viral diseases. Additionally, zoonotic
diseases (those that can be transmitted between animals and humans) are more
influenced by these changes than non-zoonotic diseases (K. F. Smith & Guégan, 2010).
These findings highlight the complex interplay between agriculture, land use, and disease

emergence, emphasizing the need for integrated approaches to managing plant health.

Throughout their life cycles, plants are exposed to a wide range of environmental
factors, including temperature fluctuations, moisture levels, soil quality, and interactions
with other organisms such as weeds, insects, nematodes, and microorganisms (bacteria,
fungi, and viruses). Each of these factors can have a significant impact on plant health,
either beneficial or detrimental. Farmers and scientists must consider not only the
biological interactions between plants and pathogens but also the economic and market
forces that drive agricultural practices. While market trends influence agricultural
decisions, the environment remains the most critical factor in determining the incidence

and severity of plant diseases from year to year.

The properties of the agricultural landscape also play a significant role in shaping
the genetic structure and function of pathogen populations. This, in turn, influences the

ecological and evolutionary genetics of pathogens and the likelihood of disease
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(re)emergence. The simultaneous effects of ecological changes and genetic evolution
often drive the emergence and spread of plant diseases (Real et al., 2005). This
phenomenon is particularly evident in cases where pathogen strains overcome plant
disease resistance (Parlevliet, 2002) or where pathogens develop resistance to pesticides
(Oerke & Dehne, 2004). Landscape properties can influence these processes by promoting
high gene flow, which facilitates the spread of virulent strains, and by fostering high
genetic diversity within pathogen populations, increasing the probability of virulent strain

emergence.

Pathogens with high gene flow and genotype diversity pose greater risks than
those with limited gene flow. Populations with high gene flow have a larger effective
population size, increasing the likelihood of virulent (or resistant) mutants arising within
the population. Moreover, these populations are more capable of spreading virulent
mutants across large geographic areas (McDonald & Linde, 2002). Theoretically, it should
be possible to reduce the risk of new virulent pathogen strains (or resistant strains) by
designing management strategies that limit gene/genotype flow between pathogen
populations. This would require identifying landscape features that restrict gene flow and
determining the appropriate spatial scale for implementing management strategies

(Plantegenest et al., 2007).

The relevance of plant disease outbreaks at the landscape level is increasingly
recognized. This trend may be a consequence of the growing homogeneity of agricultural
landscapes, driven by larger field sizes, uniform crop choices, and the artificial movement
of pathogens between regions. In response, plant pathologists are employing the
guantitative tools of landscape ecology to address these regional outbreaks. By extending
the classic disease triangle (host-pathogen-environment) to encompass multiple spatial
scales, they aim to manage plant diseases at the landscape level and protect crop health

in a changing world (Moslonka-Lefebvre et al., 2011).
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In conclusion, addressing the complex challenges posed by plant pathogens
requires a multi-faceted approach that integrates cutting-edge scientific research,
technological innovation, and sustainable agricultural practices. By leveraging our
growing understanding of the ecological and evolutionary dynamics of pathogens, we can
develop effective disease management strategies that protect crops, safeguard
ecosystems, and ensure food security for future generations. The shift from traditional,
chemical-based crop protection to a more holistic, landscape-scale approach represents
a paradigm change that holds the promise of a more resilient and sustainable agricultural
system. By fostering interdisciplinary collaboration and embracing the principles of
landscape ecology, we can meet the challenges of plant disease management in an

increasingly interconnected and rapidly changing world.

5.2. Animal-infecting pathogens

Emerging infectious diseases (EIDs) represent a significant challenge to global
health and biosecurity in the 21st century. The increasing rate at which new pathogens
are being identified, coupled with the complex interplay between human activities and
ecological dynamics, underscores the need for robust and integrated surveillance
systems. The identification of gaps in current surveillance mechanisms across humans,
domestic animals, and wildlife, alongside the development of cost-effective strategies to
address these gaps, is critical for early detection and control of zoonotic pathogens. These
pathogens, which often cross species barriers, highlight the importance of coordinated
global efforts to mitigate the risks associated with infectious diseases that do not respect

national borders (Cleaveland et al., 2007; Kuiken et al., 2005).

The expert working groups should prioritize several tasks to strengthen global
surveillance systems. Key among these tasks is identifying major gaps in existing
surveillance frameworks and developing cost-effective methods to fill them. This includes

implementing animal sampling in live animal markets, game farms, and points of entry, as
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well as establishing systems for the proper preservation of samples from collection sites
to laboratories. Additionally, addressing political barriers to effective surveillance, such as
conflicting mandates among authorities, and integrating human and animal surveillance
at both national and international levels, are essential steps. Facilitating the development
and distribution of validated diagnostic tests for the rapid and sensitive detection of
zoonotic pathogens across a wide range of potential host species is also critical.
Encouraging research into the underlying mechanisms of disease emergence will

contribute to innovative approaches to tackle these challenges (Kuiken et al., 2005).

Zoonotic pathogens, which naturally transmit between vertebrate hosts and
humans, have been a consistent source of new infectious diseases throughout human
history. Recent decades have seen a significant increase in the emergence of these
pathogens, with over 30 new pathogens identified in the last 30 years (Woolhouse, 2002).
The rate at which humans are encountering new infections appears unprecedented,
reflecting the profound impact of anthropogenic factors on epidemiological transitions
(Barrett et al., 1998; McMichael, 2004). The rise of EIDs, many of which involve wildlife
hosts, suggests that animal-to-human transmission is a critical component in the

emergence of new human diseases. (Cleaveland et al., 2007).

The predominance of viral pathogens among human and animal EIDs underscores
the importance of maintaining expertise in virological techniques, improving antiviral
treatments, and fostering collaboration between medical and veterinary virologists. The
rapid international response to the SARS outbreak, facilitated by pre-existing knowledge
of animal coronaviruses, exemplifies the value of such interdisciplinary cooperation. This
collaborative approach led to the swift isolation, diagnosis, and characterization of the
SARS virus, as well as a deeper understanding of its pathogenesis and immune response
(Berger et al., 2004; Cavanagh, 2003, 2005). However, the frequent occurrence of host-

switching events and the potential for small outbreaks to evade detection necessitate
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improved diagnostic capabilities and communication in remote communities, where early

detection could prevent large-scale epidemics (Shears, 2000a, 2000b).

The ongoing emergence of infectious diseases, particularly those of zoonotic
origin, represents a formidable challenge to global health security. Addressing this
challenge requires a multifaceted approach that includes strengthening surveillance
systems, enhancing international cooperation, and advancing our understanding of the
factors driving disease emergence. By identifying and addressing the gaps in current
surveillance efforts, particularly in areas where human and animal health intersect, we
can better anticipate and mitigate the risks that the EIDs represent. The integration of
human and animal surveillance, combined with innovative diagnostic tools and
interdisciplinary collaboration, will be key to improving our ability to detect, respond to,
and control these threats. As the global community continues to confront both new and
re-emerging infectious diseases, sustained commitment to these efforts will be essential

to safeguarding public health and preventing future pandemics.

5.2.1. Pathogens and respiratory diseases

The lungs, like the skin, are continually exposed to the external environment.
However, unlike the skin, the lungs serve as a critical gas exchange organ, with delicate
membranes that must remain moist. Each day, the lungs are exposed to over 7,000 liters
of air, necessitating robust protection against daily bombardment by particles, including
dust, pollen, and pollutants, as well as viruses and bacteria. These pathogens represent a
significant threat by potentially causing lung injury or invading the respiratory system to

cause life-threatening infections.

Acute respiratory tract infections (RTIs) are the most common affliction in
humans. In developed or industrialized countries, upper and lower RTIs are significant
causes of disability and lost work or school days, with mortality generally low except

among high-risk patients. However, in developing countries, respiratory infections are not
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only a major cause of disability but also the leading cause of death in children under five
years old. The clinical impact of respiratory viruses on humans is large. While various
microorganisms, including viruses, bacteria, fungi, parasites, and protozoa, can infect the
respiratory tract, only certain viruses and bacteria are common causes. Among these,
Adenoviruses, Coronaviruses, Enteroviruses, Influenzaviruses, Respiratory Syncytial Virus
(RSV), and certain classes of Herpesviruses, along with bacteria such as Streptococcus
groups A, C, and G, Arcanobacterium haemolyticum, Chlamydia pneumoniae, and

Mycoplasma pneumoniae, are notable (Denny Jr., 1995).

Inside these respiratory tract infections, upper respiratory tract infections (URTIs)
are the most common medical complaints worldwide. In Europe, they account for half of
all lost work time due to acute illness. Although largely self-limiting, these infections place
a significant burden on primary care physicians and have a substantial economic impact
on communities (Seaton et al., 2008). URTIs can lead to more severe lower respiratory
tract infections (LRTIs), a global concern, particularly for millions of children in developing
countries where the lack of antimicrobial therapy results in considerable mortality. In
adults, URTIs can complicate into more severe LRTIs, such as pneumococcal pneumonia,
which often follows viral catarrhal symptoms and is more prevalent during the winter
months. The season of respiratory viral infections is also associated with increased asthma
attacks and exacerbations of chronic respiratory conditions like chronic bronchitis and

cystic fibrosis.

The Rhinovirus genus, belonging to the Picornaviridae family, contains over 100
antigenically distinct species and is the most common cause of the common cold,
accounting for about 30% of cases. Coronaviruses, which make up the second most
common group of cold-causing viruses, are pathogenic to humans and are the only

members of the Coronaviridae family. (Seaton et al., 2008).
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The emergence of SARS-CoV-2 and the ensuing COVID-19 pandemic profoundly
impacted society, reshaping global health, economics, and public policies. Declared a
pandemic by the World Health Organization (WHO) on March 11, 2020, COVID-19 quickly
escalated into a global crisis, resulting in over 3 million cases and more than 200,000
deaths within its initial months. By 2023, the virus had claimed over 6 million lives, with
millions more suffering long-term health effects. This devastating toll highlighted the
interconnectedness of health and economics, exposing vulnerabilities in global
preparedness and emphasizing the need for more robust epidemiological frameworks,

particularly in low-income regions (Ashmore and Sherwood, 2023).

Health systems worldwide faced overwhelming costs, with governments
allocating trillions to testing, vaccination campaigns, and emergency medical care. Testing
technologies, including RT-PCR and rapid antigen tests, became central to controlling the
virus's spread. RT-PCR tests, provided high sensitivity but required advanced laboratory
infrastructure and skilled personnel, limiting their accessibility. Rapid antigen tests
offered a more affordable alternative, ranging from 5-20€ per test, with faster results but
reduced sensitivity. These disparities in cost and performance underscored significant

inequalities in healthcare accessibility (Pak et al., 2020).

The high costs and limitations of existing diagnostic methods have driven the
demand for innovative detection systems that are faster, cheaper, and more accessible.
This global health crisis has revealed the urgency of improving detection systems and
healthcare infrastructure, ensuring that populations worldwide are better prepared for
emerging threats. Investing in accessible and innovative diagnostic solutions will be
essential to advancing global health security and reducing the socioeconomic impact of

future outbreaks.

In conclusion, respiratory tract infections, particularly those caused by viruses,

represent a significant global health challenge, with varying impacts depending on
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geographic and socioeconomic factors. Understanding the epidemiology and
transmission of these pathogens is essential for developing effective prevention, control
and treatment strategies, particularly in vulnerable populations where the burden of
disease is greatest. Continued research and surveillance are crucial to mitigating the

impact of these infections and improving global health outcomes.
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OBJECTIVES

Building on the concepts and terminology introduced earlier in this thesis, the
focus of the research is directed towards the development of novel sensing systems based
on gated materials. Specifically, four distinct gated systems supported on nanoporous
anodic alumina (NAA) will be designed and developed for the detection of various viral

and bacterial pathogens.

The global aim of this PhD thesis is to design, synthesize, and optimize novel gated
nanodevices utilizing NAA films for the detection of specific targets. This primary objective

is further divided into four specific goals:

e Development of a DNA-capped NAA film system for detecting Xylella
fastidiosa genomic DNA: The first objective is to design a highly specific detection system
for Xylella fastidiosa, a pathogen of significant concern in ecology and agriculture. By
utilizing DNA as a capping agent on the NAA films, this system aims to achieve precise

recognition and detection of the pathogen's genomic DNA.

e Development of an antibody-gated NAA material for detecting
Mycobacterium tuberculosis: The third goal involves the development of a antibody-
gated system specifically designed for the detection of Mycobacterium tuberculosis, a

bacterial pathogen responsible of tuberculosis disease.

¢ Design, synthesis, and evaluation of aptamer-capped NAA films for the early
detection of SARS-CoV-2: The second objective focuses on the development of an
aptamer-based detection system for the virus SARS-CoV-2, the cause of the COVID-19.
The early detection of this virus is crucial for the control of the spreading, and the

proposed system seeks to offer high sensitivity and selectivity in identifying this pathogen.

e Development of a new strategy that combines the CRISPR-Cas system with an

DNA-gated NAA device for the specific detection of SARS-CoV-2 genetic material. This
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novel approach integrates the specificity of the CRISPR-Cas Systems for the detection of

concrete oligonucleotidic sequences with the signal amplification of the NAA materials.

The following chapters provide a detailed discussion of the synthesis and
characterization of these different gated materials, each synthesized to detect a specific
analyte, ranging from whole cells and proteins to precise DNA sequences. Detailed
discussions will cover the methods used to construct these systems, the selection and
attachment of gating molecules, and the optimization of the materials for enhanced

sensitivity and selectivity.

Moreover, this thesis will explore the release dynamics of the entrapped dye
within these gated systems in the presence of their corresponding analytes. This
investigation is crucial for understanding the efficiency and practicality of the gated
materials in real-world applications. The studies will demonstrate how the interaction
between the analyte and the gating mechanism triggers the controlled release of the dye,

serving as a measurable signal for the presence of the target.
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1. ABSTRACT

Xylella fastidiosa is a pathogenic bacterium that affects a variety of plants
including trees, shrubs, herbs, and crops. Found in Europe, Asia, and South America, it has
destroyed vast tracts of olive groves in Italy and caused the death of millions of coffee
trees in Brazil. In this context, the development of rapid diagnostic tests is of interest

aiming to alert of the presence of the pathogen and allowing a rapid intervention.

Here, a diagnostic sensor consisting of porous nanomaterial anodic alumina in
combination with recognition oligonucleotides that can hybridize with the genomic
material of X. fastidiosa is reported. When the bacteria are present, the nucleotide
sequence combine with the target gene present in the genomic material and the porous
material is uncapped, allowing the dye to be released into the medium. The system was
fully characterized using scanning electron microscopy (HR-FESEM) and their atomic
composition is determined by energy dispersive X-ray spectroscopy (EDXS). This
technique allows a detection of a concentration of X. fastidiosa genomic material as low
as 0.35 ng ult or 1.3-10° copies per pl. These findings support the advancement of precise
diagnostic tools, enabling more responsive and sustainable agricultural practices to

address the threats presented by X. fastidiosa.

= KEYWORDS: Nanoporous anodic alumina, Xylella fastidiosa, fluorometric

sensor, direct detection.

2.INTRODUCTION

The bacterium Xylella fastidiosa is a xylem-colonizing, vector-borne, gram-
negative, very slowly growing bacterium that was first properly identified as the cause of
Pierce's disease (PD) in grapes (Kyrkou et al., 2018). However, it was not until 1987 that
this bacterium was properly described, classified, and named X. fastidiosa by Wells et al

(Wells et al., 1987). The characterization of X. fastidiosa culminated in whole-genome
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sequencing from the X. fastidiosa citrus strain. X. fastidiosa was the first plant-pathogenic
bacterium to have its entire genome sequenced. Sequences of three of X. fastidiosa
strains (from almond, oleander, and citrus) are now available to consult (Simpson et al.,

2000).

This bacterium has been found to be the cause of Pierce's disease (PD) of Vitis
vinifera (a disease observed as early as 1884), and Brazilian pseudopeach disease (PPD)
which was discovered in 1993 as the cause of citrus colorful chlorosis (CVC). Furthermore,
this bacterium was found to be present in the Prunus genus causing many of the so-called
leaf scorch diseases (Greco et al., 2021). Other species affected are Acer spp. (ornamental
maple), Carya illinoinensis (pecans tree), Coffea arabica (Arabica coffee plant, X. fastidiosa
isolated in Brazil in 1995), Hedera helix (common ivy), Platanum occidentalis (American
sycamore), Quercus spp. (oak) and Ulmus Americana (Amenican elm). All of these diseases
are not seed-borne and occur mainly in tropical/subtropical regions, although leaf scorch
diseases also occur in colder climates, e.g. Oak leaf scorch in Canada (Purcell, 1997). X.
fastidiosa is found in a latent state in many asymptomatic hosts which serve as an
inoculum for vectors (Hopkins & Purcell, 2002;Wells et al., 1987).As we can observe, this
bacterium represents a significant challenge due to its exceptionally wide host range,
which comprises over 600 plant species spanning 63 diverse plant families (C. Castro et

al., 2021).

Symptoms caused by X. fastidiosa depend manly in the kind of host even if they
share certain characteristics. The early symptoms are slight albinism or bronzing along the
edges or tips of the leaves, which can increase and become waterlogged before browning
and drying. These symptoms first appear on some branches and then on almost all leaves.
The affected area is separated by a narrow yellow-green band, which is especially
noticeable in autumn. Early defoliation occurs with the formation of new deformed
leaves. Abnormally shaped fruit may also be formed, with internal and external

discoloration of the stem, withering, abnormal growth, and ultimately death of the host.
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Several pathogenic variants of this bacterium have been reported, and they are
often host-specific. The following variants are listed: (i) Xylella fastidiosa subsp. fastidiosa,
strain obtained from cultivated grapes, alfalfa, almond and maples. (ii) X. fastidiosa subsp.
Multiplex, from peach, elm, plum, pigeon grape, sycamore and almond varieties. (iii) X.
fastidiosa subsp. Pauca, from citrus varieties and possibly coffee varieties. (iv) X. fastidiosa
subsp. Sandyi, a strain obtained from Nerium oleander. (v)X. fastidiosa subsp. Tashk from

the ornamental tree Chitalpa tashkentensis (Vanhove et al., 2019;Rapicavoli et al., 2018).

Vectors are primarily sharpshooters, water hoppers, or apittlebugs (Cicadaidae),
which have no latent period and do not involve transovarial transmission of the bacteria
(Di Serio et al., 2019). The pathogen persists within the adult vector and can multiply in
the foregut. Possible local vectors in Europe are Cicadella viridis and Philaenus spumarius

(grassland spitworm)(Farigoule et al., 2022).

The Xylella fastidiosa outbreak began in North America, where this bacterium is
endemic. Only in the southwestern United States cause every year very severe outbreaks
of grapevine Parkinson's disease resulting in annual crop losses of approximately US$104
million, with growers spending around USS$50 million annually on preventative measures

within the California viticulture industry (Burbank, 2022).

Before 2013, only sporadic instances of X. fastidiosa detection in Europe were
reported, which were neither investigated nor deemed significant. The initial outbreak
within the European Union occurred in 2013, affecting olive trees in the Italian region of
Apulia, where Xylella fastidiosa subsp. pauca infections in olive orchards are projected to
incur costs of up to €5.2 billion over the next 50 years if afflicted trees are not replaced
(Alietal., 2021). Genetic analysis linked the subspecies found to X. fastidiosa in Costa Rica,
suggesting introduction via imported ornamental plants. Subsequently, X. fastidiosa was
identified in France, with initial outbreaks in Corsica in 2015, Provence in 2019, and

Occitania in 2020. In Spain, the first outbreak occurred in the Balearic Islands in 2016,
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infecting more than 20 plant species, including vine, almond, olive, and fig. By December
2020, over 600 olive trees in the Balearic archipelago were infected, with the affected
area expanding to 2292 hectares by 2021, resulting in the destruction of over 100,000
almond trees (Olmo et al.,, 2021). In 2016, a single olive tree in Madrid tested positive for
the multiplex subspecies of X. fastidiosa, and three specimens of Polygala myrtifolia were
detected as infected in an ornamental plant nursery in Almeria, although the bacterium

has since been eradicated in this region (Loureiro et al., 2023).

Additional risks associated with X. fastidiosa in Europe include: (i) the bacterium's
sporadic distribution within host tissues, often making detection challenging. (ii)
insensitivity of detection techniques, as evidenced by low positivity rates in direct PCR
assays. (iii) potential introduction via large-scale importations of wild grape rootstocks
from America. (iv) the wide array of symptomless hosts, facilitating periodic introductions
of the bacterium into Europe. (v) transmission by various Cicadellidae species, including
certain European ones like Cicadella viridis and P. spumarius. (vi) uncertainty about the
presence of vectors surviving winter as adults in Europe. (vii) overwintering of vectors
unnoticed in adjacent woods and weeds, maintaining inoculum, and (viii) possible impact
of recent climatic changes in the Mediterranean basin on vector populations (Cornara et

al., 2017; Janse, 2010).

X. fastidiosa demands sophisticated detection methods to accurately identify and
differentiate its strains from other phytopathogens as it represents a significant threat to
agriculture. Traditional microscopy techniques, such as dark field or phase contrast
microscopy, are essential due to the small and narrow dimensions of X. fastidiosa cells
(0.2-0.4 x 1.0-4.0 pm). Traditional techniques involve investigating infected tissues in the
sap/ooze of leaf veins, vessels of petioles, or trunk/branch vascular tissue where this
bacterium usually can be found. Additional methods, including direct microscope
visualization and acidified methanol immersion (infected roots show purplish spots within

a minute or two where vessels contain bacteria), provide preliminary confirmation of
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pathogen presence in fresh plant tissue. Strain differentiation is achieved through growth
on PD2 and PW BCYE/CS-20 agar, complemented by serological techniques such as ELISA,
PCR, and real-time PCR (Bragard et al., 2019).

Recent advancements in detection include the integration of Loop-Mediated
Isothermal Amplification (LAMP) and Casl2a-based DNA Endonuclease-Targeted
(DETECTR) CRISPR technology, as described by Gambley et al. (Farrall et al., 2023). This
method enables specific detection of the X. fastidiosa-specific rimM gene within 10 min,
showcasing rapid and accurate diagnostics. Amoia et al. (Amoia et al., 2023) presented a
colorimetric LAMP protocol, demonstrating the potential for field application with a
portable isothermal block. Moreover, ongoing research in ELISA technology continues to
advance pathogen detection methods. Recently, Gorris et al. (Gorris et al.,, 2021)
introduced a novel double antibody sandwich ELISA (DAS-ELISA) specifically designed for
detecting X. fastidiosa. This assay exhibited a reliable sensitivity, detecting concentrations

of 10* CFU ml™.

Biosensors are gaining a growing significance in biomarker detection, particularly
those employing nanomaterials for signal enhancement. Among these nanomaterials,
nanoporous anodic alumina (NAA) plays an important role in increasing biosensor
sensitivity by facilitating biomolecule immobilization and signal amplification.
Nanomaterials, particularly NAA, are highlighted for their role in fabricating gated
nanomaterials, offering higher sensitivity and ease of functionalization (Caballos et al.,
2023; Ribes et al., 2016). With their large surface-to-volume ratio, facilitate biomolecule
immobilization and signal amplification. Combining nanomaterials with signalling
molecules, such as radioactive species and fluorescent molecules, enhances signal
intensity. NAA, due to its physical and chemical properties, can be engineered to produce
various optical structures, offering versatility in analyte detection. These advancements

enhance the reliability and accuracy of biosensor-based diagnostics.
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DNA-based biosensors, utilizing oligonucleotide probes, offer numerous benefits
such as high sensitivity, selectivity, rapidity, and a low detection limit. In this sense, the
acpP gene emerges as a reliable marker for X. fastidiosa identification, integrating a 45-

nucleotide probe in the final design of the biosensor.

Based on the above we report herein our results on the use of NAA loaded with
rhodamine B and capped with a DNA sequence complementary to the acpP gene for
Xylella fastidiosa detection. The presence of the X. fastidiosa genome induces pore
uncapping and cargo delivery (Figure 1). The biosensor is characterized and tested in
detecting the X. fastidiosa genome by evaluating the system’s dynamic response,
specificity, and sensitivity with synthetic single-stranded DNA (dsDNA) complementary
molecules. The sensor is also tested in X. fastidiosa extracted genomic material and finally
in almond tree samples, demonstrating its applicability for agricultural monitoring of X.
fastidiosa. This research provides a simple portable aptasensor for X. fastidiosa detection,
paving the way for future advancements in precision agriculture and sustainable crop

management.
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Figure 1. Scheme of fluorogenic sensors for Xylella fastidiosa DNA detection based

on oligonucleotide gated NAA films loaded with rhodamine B.

3. RESULTS AND DISCUSSION

3.1. Design, synthesis, and characterization of the materialsA schematic representation of
the developed sensor and the procedures for its preparation is illustrated in Figure 2. The
initial porous support of NAA (designated as So) was loaded with rhodamine B fluorophore
by immersing NAA supports in a solution of RhB dissolved in acetonitrile, followed by
gentle stirring at 50 rpm, resulting in the formation of S;. Following dye loading, the
external surface of the NAA support underwent functionalization with isocyanate groups,
leading to the formation of S,. This transformation was achieved through the reaction

between aluminum hydroxyl (Al-OH) groups present at the external surface and 3-
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(triethoxysilyl)propyl isocyanate, resulting in the formation of Al-O-Si bonds. During this
process, NAA supports were positioned on the bottom surface of a sealed flask, ensuring
that the porous films were oriented with their surfaces containing the pores facing
upwards, thereby facilitating the interaction between the alumina surface and the agents
dissolved in the liquid phase. Additionally, gentle stirring with an orbital stirrer promoted
a more homogeneous environment for surface functionalization, thereby enabling the
reproducible fabrication of sensors. Maintaining of very low humidity levels during these
steps was imperative to prevent isocyanate hydrolysis and facilitate controlled coupling
between the Al-OH groups at the external surface and 3-(triethoxysilyl)propyl isocyanate.
Furthermore, this controlled humidity environment helped to prevent uncontrolled
hydrolysis and condensation of alkoxysilane, which could otherwise lead to the formation
of a solid phase on the external surface of the sensors. To avoid humidity, it was essential
to use freshly prepared rhodamine B solutions for both synthesis and washing steps and
employ a tightly sealed reaction flask. The surface functionalization with the alkoxysilane
was also corroborated through electron microscopy and EDXS analysis, with an observed
increase in silicon (Si), carbon (C), and nitrogen (N) atomic content following surface

modification (as summarized in Table 1).

The isocyanate-modified NAA supports (S2) underwent functionalization with
oligonucleotide 01, which possesses an amine group, via urea linkages, resulting in the
formation of Ss. The oligonucleotide O, is characterized by a specific base sequence that
enables subsequent hybridization with the capping oligonucleotides (02) containing the
complementary DNA base sequence of the acpP gene of X. fastidiosa: 5'-
TTTTTGGGGGGTTTCTCGGCGACAATTTTTCTGACGCGCGCTTCGATGTCACTCAT
GGGGGGTTTTT-3". Following the modification process, an increase in phosphorus (P),
carbon (C), nitrogen (N), and oxygen (O) atomic content was observed, confirming the

coupling of oligonucleotide to the NAA surface (Table 1).
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In the last step, NAA supports were coated with oligonucleotide O, to produce
sensors S3-0; These capping oligonucleotides contain two sequences at their ends that
are complementary to oligonucleotides O; (see Figure 1). Confirmation of the removal of
non-hybridized capping oligonucleotides O, and rhodamine B following the
functionalization process was achieved by assessing the absorbance and fluorescence
intensity of supernatants post-washing. Following this procedure, sensor S3;-O, was
obtained. The final NAA-based sensor underwent further characterization via electron
microscopy and EDXS analysis. Oligonucleotide O, possesses a three-dimensional
structure with nanoscale dimensions and adopts a spatial arrangement on the alumina
surface, effectively obstructing the pores and preventing the diffusion of the fluorophore
from the porous material structure. At a macroscopic level, the oligonucleotide molecules
form an organic layer on the inorganic porous support, as visualized in the electron
microscopy images (Figure 3). Furthermore, an increase in phosphorus (P), carbon (C),
nitrogen (N), and oxygen (O) atomic content was observed following surface coating. This
organic-inorganic interphase served as a physical barrier that regulated the diffusion of
the fluorophore between the porous solid support and the liquid medium. Upon the
presence of complementary target oligonucleotides in the medium, hybridization with the
gating oligonucleotides is expected to occur, inducing a displacement, unblocking the
pores, and facilitating the release of the entrapped fluorophore (as further discussed
below). Lastly, the surface morphology of alumina supports during the synthesis steps was
also characterized by atomic force microscopy (refer to Figure S3 in the Supporting

Information).
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Figure 2. Schematic illustration of the synthesis steps of a fluorogenic sensor for

the detection of Xylella fastidiosa DNA, which relies on oligonucleotide gated NAA films

loaded with rhodamine B.

Figure 3. HR-FESEM images of NAA surfaces during synthesis steps

(SoA); S1B); 52 C); S3D; S3-0; E).
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0.84+0.02 0.46+0.01 0.35+0.02 0.51+0.02 1.14+0.02
0 0.03+0.00 0.03+0.01 0.04+0.01 0.13+0.01
2.14+0.04 2.89+0.04 2.00+0.04 213+0.05 3.36%0.06
1.00+0.02 1.00+0.02 1.00+£0.02 1.00+0.02 1.00+0.02
0 0 0.05+0.01 0.02+0.00 0.04+0.00

0 0 0 0.01+0.00 0.01+0.00

Table 1. Relative atomic compositions respect to Al atoms of So, S1, S5, S3, S3-0;
and used supports S3-Os; both blank (B, without stimulus) and with stimulus

(oligonucleotide Os) by EDXS analysis.

3.2. Release assays

Following the synthesis and characterization of the sensor, its ability to selectively
release Rhodamine B in the presence of an oligonucleotide complementary to that used
for capping was assessed. Consequently, NAA-based sensor S;-O, were subjected to
incubation with the corresponding complementary oligonucleotides 0z (5'-
ATTGATACTCCTAATTATGATGTGCAGAA-3') in PBS buffer, and the released Rhodamine B
was quantified via fluorescence spectroscopy at 585 nm (Aex = 555 nm) using a plate
reader. NAA sensor supports that were not incubated with oligonucleotides served as
negative controls. The rhodamine B release profiles from are depicted in Figure 4. The
rhodamine B release profiles are presented as variations in fluorescence intensity at
different time versus the initial intensity (l--lo) and divided by the initial intensity (lo) to

normalize the data. The results in Figure 4 are presented as the means and standard
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deviations of measurements obtained from 6 distinct nanodevices incubated with PBS
(black line) and 6 additional nanodevices incubated with the corresponding
complementary oligonucleotide at a concentration of 10 uM (red line). Negligible
rhodamine B release was observed from sensors employed as negative controls even after
extended incubation times (up to 75 min), supporting the gating capability of the
oligonucleotides on the NAA surface, which effectively block the pores and prevent dye
diffusion. In contrast, a notable release of dye was observed from NAA Ss-O; disks
incubated with the corresponding complementary oligonucleotide 0s. The
complementary oligonucleotide hybridized with the capping oligonucleotides O, on the
NAA surface, thereby unblocking the pores and facilitating the diffusion of rhodamine B
(Figure 4).

In a second validation step, the kinetics of rhodamine B delivery from support Ss-
0, was investigated to validate the specific opening of the gated materials in the presence
of X. fastidiosa genomic DNA. For this investigation, three independent gated supports of
S3-0; were individually immersed in hybridization buffer. Subsequently, 100 pL of
previously denatured genomic DNA (1 ng uL!) were added to one of the solutions, while
100 pL of buffer was added to the other as a negative control. To quantify the amount of
delivered dye from the pores to the aqueous phase, the same methodology as previously
described was employed. The results revealed that S;-O; in hybridization buffer delivered
a minimal amount of dye, accounting for less than 10% of the maximum dye released,
indicating an effective capping of the pores. Conversely, in presence of X. fastidiosa
genomic DNA, a significantly larger amount of rhodamine B was released. This behaviour
of the nanomaterial demonstrates the ability of X. fastidiosa genomic DNA to uncap the

pores and facilitate cargo delivery, as depicted in Figure 4.
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Figure 4. A) Rhodamine B delivery profile from S3-O; incubated (red line) with the
corresponding complementary oligonucleotide O3 or with PBS (black line) and B) in the
presence of 100 ng of denatured genomic DNA of X. fastidiosa in hybridization buffer (PBS,

pH 7.5) (blue line) or only in hybridization buffer (black line) as negative control.

3.3. Stability evaluation in blank and inoculated competitive media

S3-0, supports were also tested in a more competitive medium and cargo release
experiments were performed with plant extract samples. For this purpose, different
organic materials (leaves and branches) of the studied species were collected. These parts
of the plant were chosen because they are known reservoirs for the bacteria. The plant
extract was prepared following the protocol detailed in “Materials and Methods: Plant
extracts preparation” and then S3-O, supports were tested in presence of 500 pL of plant
extract mixed with 500 pL of hybridization buffer (PBS). The release of Rhodamine B was
measured at 75-minute incubation time, and it showed that the release was similar in all
studied plant species, being able to hypothesize that the sensor will be functional not only
in almond samples (as detailed below) but also in other species susceptible to X. fastidiosa

infection (Figure 5A).

To further explore the capacity of the developed sensor, the performance of Ss-

0, to detect the acpP gene of X. fastidiosa in the competitive medium of almond tree
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extract was tested (Figure 5B). In these experiments, the rhodamine released was
measured in presence of 0.1 ng mL? of extracted X. fastidiosa DNA in a matrix of 50%
almond tree extract (after verifying that the extract was a negative to X. fastidiosa). This
DNA concentration was selected as it is approximately twice the limit of detection of most
reported diagnostic methods. The results showed that while a higher residual release was
observed in competitive media compared to PBS, the measured fluorescence difference
between negative and positive control (in the presence of the X. fastidiosa DNA) was

comparable to the previous detailed above and achieved in PBS buffer.
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Figure 5. A) Media fluorescence intensity in the presence of different extracts in
50% PBS buffer after 75 min. B) Rhodamine B delivery from material S3-O, evaluated in
PBS buffer (blank), competitive media (50% almond tree extract in PBS) and in competitive
media (CM) inoculated with X. fastidiosa DNA (concentration: 0.1 ng mL?) after a 75-

minute incubation period.

3.4. Sensitivity studies

The sensitivity of the method was determined by performing experiments with
S3-0; at different concentrations of the extracted genomic material of X. fastidiosa in PBS

(pH 7.5) and studying the generated response. For this purpose, 11 independent S;-O;
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supports were immersed in hybridization buffer, and 100 uL of DNA suspension dilutions
were added to each material, reaching a range of final concentrations between 0 (Blank)
and 1 ng pLt. After 75 min, the total amount of rhodamine B diffused to the aqueous
phase was measured by fluorescence. Results showed that delivered dye was directly

related to the DNA concentration in PBS medium (Figure 6).
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Figure 6. A) Rhodamine B released from solid S;-O; in the presence of different

concentrations of Xylella fastidiosa DNA in PBS buffer.

The limit of detection (LOD) was established at 0.35(+0.12) ng uL? for the
experiments in PBS buffer. Given that each Xylella fastidiosa genome has an approximate
weight of 2.7 femtograms, the number of genome copies per microliter can be calculated
by dividing the concentration in grams by the genome weight. This calculation results in
an estimated LOD of 129600(+44400) copies pL?. These findings affirm the promising
capability of these materials for fast and sensitive detection of oligonucleotides including
the DNA base sequences of the acpP gene of X. fastidiosa. Notably, this method shows
advantages of speed, simplicity, and independence from specialized instrumentation or

databases. Furthermore, its potential for multiplexing is noteworthy, as it can be
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effortlessly adapted for the detection of other relevant pathogens by simply adjusting the

recognizing agent.

The low detection limits obtained are probably due to the advantageous
interaction between the capping oligonucleotides and the X. fastidiosa genomic DNA, as
well as the inherent signal amplification in the use of gated materials. Consequently, it
has been documented that within these gated systems, a singular analyte molecule has
the capability to prompt the delivery of a substantial quantity of dye molecules upon the
opening of the pores. Indeed, other studies from our research group have determined
that the quantity of delivered dye molecules can range from 10* to 10! per molecule of
DNA (Pla et al., 2020, 2021). In the present investigation, it has been estimated that 1 ng
of genomic DNA could release an average of 10° molecules of rhodamine B, reinforcing

the substantial signal amplification capability demonstrated herein.

3.5. Study of the system behavior with different sub-species of Xylella

fastidiosa

In a step forward, the specific response of S3-O; to the genomic material from
different subspecies of X. fastidiosa was studied using genomic extractions of the
subspecies Xylella fastidiosa subsp. fastidiosa, Xylella fastidiosa subsp. multiplex and
Xylella fastidiosa subsp. pauca which are the most spread in European countries until this
date (Loureiro et al., 2023). In these experiments, S;-0O, was submerged in almond tree
extract in PBS (50% v.v) doped with 100 pL of dehybridized DNA (1 ng uL™) from each
subspecie of X. fastidiosa (Xf-fastidiosa, Xf-multiplex, Xf-pauca and Xf-morus) in 900 pL of
hybridization buffer. The sensor S3-O, was also tested in the presence of genomic DNA
(1 ng uL™) of Curtobacterium flaccumfaciens strain XA2-10, Curtobacterium sp. BH-2-1-1,
Staphylococcus capitis subsp. capitis, Staphylococcus warneri and Micrococcus luteus. All
these species have a wide host range and cause similar symptoms as X. fastidiosa so the

infection manifestations can be mistakenly attributed. Released rhodamine B after 75 min
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was measured by fluorescence as in previous experiments. As can be appreciated in Figure
7, S3-Oz responds to all studied subspecies of X. fastidiosa, whereas the additional bacteria

displayed a lower cargo release.
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Figure 7. Media fluorescence intensity of rhodamine B in presence of the
subspecies Xf-fastidiosa, Xf-multiplex, Xf-pauca, Xf-morus and the other interferent
species. (1 ng mL?) (N=6). Control represents the delivery in almond tree extract without

the stimulus after 75 min from the beginning of the experiment.

3.6. Detection of Xylella fastidiosa in real field samples

Given the increasing prevalence of infections attributed to Xylella fastidiosa
worldwide, the urgent need for the development of rapid, sensitive, and trustworthy
diagnostic techniques has become a critical challenge. In this context, the development
of S3-0, as diagnostic tool emerges as an alternative to existing techniques for the

detection of X. fastidiosa in different crop samples. Nowadays, the most followed method
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to detect X. fastidiosa infection is RT-PCR, which lasts at least 1-3 days between the

sample collection and the final diagnosis.

In this section a validation of the S;-O, sensor for the detection of Xylella fastidiosa
in real tissue samples infected or not of Prunus dulcis (sweet almond tree), was carried
out. Organic material was collected from crops from the Balearic Islands (Spain), from the
locations of Llucmajor, Villafranca and Benisalem. DNA testing of Xylella fastidiosa
infection was done using multiplex real-time PCR assays for detection and identification

of the bacterium presence in the different samples.

In our research, 44 almond extract samples from infected and non-infected trees
were initially analyzed using the reference method (RT-PCR). 11 samples from the 33 were
found positive. The 44 samples were analyzed also using the S3-O, biosensor. For that
purpose, two individual S3-O; supports were immersed in 100 pL of the sample solution
and 900 ul of hybridization buffer, followed by fluorescence measurement after 75 min.

Figure 8A display the observed fluorescence obtained for positive and negative samples.
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Figure 8. A) Detection of X. fastidiosa in field samples of recovered tissue from the
Balearic Islands using the developed sensor. B) The receiver-operating characteristic (ROC)
curves for validation of sensor S3-O; for detection of X. fastidiosa genetic material. C)

Validation of the sensor with the 33 field samples.

The sensor S3-O, was evaluated for its ability to distinguish between positive and
negative samples, yielding a sensitivity of 90.9% and a specificity of 90.9%. Of the 11
positive samples tested, 10 were correctly identified as true positives, with one false
negative, resulting in high sensitivity. Conversely, among the 22 negative samples, there
were two false positives and zero true negatives, leading to a specificity of 90.9%. The
positive predictive value (PPV) for S3-O, was calculated at 84.6%, indicating that 84.6% of
positive results were true positives. The negative predictive value (NPV) was 95.7%,
meaning that 95.7% of negative results were accurately classified. These data suggest that
S3-0, demonstrates both high sensitivity and specificity, with reliable predictive values for
both positive and negative sample detection (Figure 8C). This result illustrates the
method’s potential for applications because it improves in various aspects the current
methods such as gPCR. Despite their high sensitivity and specificity, gPCR methodologies
often need costly equipment and trained personnel, thus restricting their accessibility to
many laboratories. In contrast, biosensors based on oligonucleotide-capped NAA offer
numerous advantages: (i) they exhibit remarkable versatility in both cargo and capping
DNA sequence selection; (ii) their preparation and testing costs are substantially lower
compared to other techniques; (iii) the required equipment is simple, can be used
everywhere and affordable for the majority of laboratories; and (iv) the analysis
procedure is simplified, and obviates the need for sample treatments such as DNA
extraction, amplification or culture. It should be highlighted that this finding is consistent
with prior research, which has shown that genomic DNA is released into the extracellular

medium and remains detectable (Pla et al., 2021).

108



Advancements in Nanomaterial-Enhanced Biosensing for the Detection of
Xylella fastidiosa

4. CONCLUSION

In the research of biomarker analysis systems, nanomaterials have been used
thanks to their numerous advantages such as a high surface-to-volume ratio, porosity,
size and shape-dependent optical properties, and unique physicochemical characteristics.
The incorporation of these features plays a crucial role in enhancing the analytical
performance of biosensors. Furthermore, nano-enhanced biosensors for biomarker
detection have emerged as an attractive area of research because of the coupling of the
nanomaterial with biorecognition elements such as aptamers, enzymes, antibodies, or
nucleic acids, giving some benefits in the diagnostic area such as rapid response time,

cost-effectiveness, portability, and simplified preparation and determination procedures.

In the present study, the combination of nanoporous materials and a suitable
oligonucleotide was employed to fabricate a sensitive, robust, and competitive
fluorogenic sensor for detecting the Xylella fastidiosa acpP gene in PBS and competitive
media (diluted plant extract). The probe comprises a NAA support previously loaded with
the fluorescent dye rhodamine B and blocked with an oligonucleotide complementary to
the specific X. fastidiosa sequence. Upon the presence of the specific X. fastidiosa
sequence, the capping oligonucleotide is displaced, resulting in pore opening and
fluorophore release. The probe exhibited a limit of detection of 0.75 ng puL? in PBS buffer
and demonstrates high selectivity for the specie Xylella fastidiosa, showing a poor
response to the presence of other related pathogens. Applied to the identification of X.
fastidiosa in real Prunus dulcis samples, the method yields excellent results in terms of
sensitivity and predictive values. The proposed method is simple, rapid, portable, and can
be easily adjusted using different reporters and capping sequences. This sensing approach
may inspire the development of new simple tests with great potential for point-of-care
pathogen testing and might results in a simple-to-use test in-site for the detection of X.

fastidiosa.
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5. MATERIALS AND METHODS

5.1. General techniques

Field Emission Scanning Electron Microscopy (FESEM) analysis was performed with a ZEISS
Ultra 55 microscope (ZEISS, Oberkochen, Germany). Energy Dispersive X-ray spectroscopy
(EDXS) analysis was obtained with the same equipment. Fluorescence spectroscopy was

carried out on a BioTek Synergy H1 microplate reader (BioTek, Winooski, VT, USA).

5.2. Chemicals

Acetonitrile, (3-isocyanatopropyl) triethoxysilane, trielthylamine (TEA),
rhodamine B, phosphate buffered saline (PBS) were procured from Sigma-Aldrich Quimica
(Madrid, Spain). Oligonucleotides O; (NH2-(CH2)6-5’-AAAAACCCCCC-3’) and O; (5'-
TTTTTGGGGGGTTTCTCGGCGACAATTTTTCTGACGCGCGCTTCGATGTCACTCAT
GGGGGGTTTTT-3’) were obtained from IDT (IA, USA). Nanoporous anodic alumina (NAA)
foils were commercially obtained from InRedox® (CO, USA) featuring an alumina thickness
of 10 + 0.2 um, a pore diameter of 5 + 2 nm, and a pore density of 9 x 10 cm™. X.
fastidiosa genomic DNA was acquired from the CECT service of the University of Valencia

(Valencia, Spain). All materials were used as received.

5.3. Oligonucleotides design

The gen acpP was selected among the whole genome of X. fastidiosa because its
specificity related to the specie and its conservation between the different subspecies of
X. fastidiosa. This gene encodes the acyl carrier protein, responsible of the transportation
of the growing fatty acid chain in fatty acid biosynthesis. It exhibits 100% coverage and
specificity in the target species as indicated by the exploratory study conducted with the
NCBI database. The recognition oligonucleotide (O,) was designed to be complementary

to this specific gene of the bacteria. The anchor sequence used between the
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functionalized NAA and the recognition oligonucleotide is 0Oi:: NH2-(CH2)6-5'-
AAAAAACCCCCC-3'. The specific recognition sequence chosen to block the pores was O,:
5'- TTTTTGGGGGGTTTCTCGGCGACAATTTTTCTGACGCGCGCTTCGATGTCACTCAT
GGGGGGTTTTT-3'. This recognition oligonucleotide corresponds to the complementary

sequence of a region of the acpP gene of X. fastidiosa.

5.4. Synthesis of support S

In a typical synthesis, NAA supports cut in disks of 2 mm were immersed in 8 mL
of a mixture of rhodamine B solution in acetonitrile (6 mg, 1.57 mM, 8 mL). The suspension

was stirred at room temperature for 24 h.

5.5. Synthesis of support Sz

Then an excess of (3- isocyanatopropyl)triethoxysilane (328 uL, 1.32 mmol) was
added, and the final mixture was stirred at room temperature for 5.5 h. The resulting pink
support (S;1) was slightly washed with the rhodamine B solution in acetonitrile (6 mg, 1.57

mM, 8 mL) three times and then dried and stored overnight at 42C.

5.6. Synthesis of support S3

Batches of 50 S; supports were immersed in a solution of rhodamine B in
acetonitrile (262.5 pg, 1.57 mM, 4200 uL), TEA (24 pL) and 60 pL of oligonucleotide O; (at
100 uM concentration). Finally, the mixture was stirred 3h at room temperature to obtain

material Ss.

5.7. Synthesis of support S3-0;

Support Ss (in batches of 4 units) was immersed in a solution containing 195 L of
hybridization buffer (PBS, pH 7.5) and 55 uL of O, (100 uM). The mixture was stirred for
2h at room temperature. The resulting material was thoroughly washed with

hybridization buffer (PBS, pH 7.5) to eliminate the unbounded oligonucleotide.
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5.8. Characterization of the prepared supports

The prepared supports were characterized by FESEM and EDXS analysis. The
nanostructure of the starting NAA support was assessed by FESEM. Images made by the
Atomic Force Microscopy (AFM) were taken to assess the roughness of the porous

materials and verify the images previously made with the other methods.

5.9. Release experiments of support S3-O;

To investigate the gating properties of S3-0,, two units of this material were
immersed each in 1 mL of hybridization buffer (PBS, pH 7.5). To one of them, it was added
100 uL of the purified sequence complementary to the probe (to avoid anything that could
interfere) at a concentration of 100 uM, while another 100 pL of water was added to the
other device. Both experiments were maintained at 252C, and, at certain times, aliquots
were taken. The rhodamine B release was measured with the fluorimeter at 585 nm

(Aexc=555 nm).

Performance of S3-0, with genomic DNA was studied using the same method, 100
uL of a X. fastidiosa genomic DNA in aqueous solution (0.1 ng mL?) was added to one of
the supports after being subjected to a dehybridization treatment (5 min 902C and 3 min
02C), while 100 pL of water subjected to the same treatment was added to the other

support as a negative control.

5.10. Plant extracts preparation

To prepare the almond extracts used in this study for the analysis in competitive
media, whole branches obtained directly from the tree, as well as contaminated and
healthy wood chips and sawdust, were utilized. If the pieces were too large, they were cut
into smaller pieces and their surface bark was removed to expose the xylem. The different
samples were weighed to ensure uniformity in the amount of material to be extracted. All

materials were initially pressed dry, followed by the addition of 5 mL of extraction buffer
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(PBS in our case), and allowed to soak for a few minutes. Once the material was
thoroughly soaked, a second pressing was performed using the homogenizer Homex 7
tool (Bioreba, Reinach, Switzerland) in their respective approved extraction bags (from
the same commercial brand). The homogenizer was used on each sample for
approximately 30 sec. After repeating the process for all samples, the material was
allowed to settle in the bags for 5 min, and using a pipette, all the buffer with extract was
transferred and stored in the corresponding vials. In order to inactivate the bacterium, all
the samples were frozen. The negative control samples used for the different experiments
were obtained from almond trees and other species of the location of Cérdoba (Spain),
while the X. fastidiosa positive and negative samples (verified with the RT-PCR method)
were obtained from crops from the locations of Llucmajor, Villafranca y Benisalem

(Balearic Islands, Spain).

5.11. Samples validation

Quantitative Polymerase Chain Reaction assays (qPCR) confirmed the presence of
Xylella fastidiosa (subsp. multiplex) in all the positive almond samples studied. Mature
branches and cuttings with attached mature leaves were sampled following the standard
protocol of the European and Mediterranean Plant Protection Organization (EPPO) for
Xylella fastidiosa: PM 7/24(3) (Camino et al., 2021). DNA extraction was performed using
CTAB buffer from 0.5 g of xylem tissue samples. All samples were subjected of two gPCR
assays in different times using the real-time PCR tests of Harper et al. (Harper et al., 2010)

and Francis et al. (Francis et al., 2006).

5.12. Statistical analysis

Statistical analysis was carried out using the software GraphPad Prism 8. For the
results analysis, a normalization process was carried out on the raw fluorescence data
obtained by fluorometric analysis. For this purpose, the initial fluorescence data (at initial

time point) were subtracted from the fluorescence value at each time point and divided
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by the same initial fluorescence value. This normalization process was repeated for each
fluorescence measure at each time point. This process was followed to obtain the

Fluorescence (%) in Figure 4 and Figure 6.

For the rest of the graphs, the enhancement in fluorescence of X. fastidiosa
samples compared to samples without X. fastidiosa genetic material was calculated. To
do this, the previously calculated values (final intensity minus intensity at time 0 divided
by intensity at time 0) was subtracted from the same calculated values of the negative
control, so that the negative controls always remain zero and positive values represent

the increase in fluorescence relative to this negative control.

All fluorescence values were normalized to percentage, with 100% being the
highest intensity value. Results were considered statistically significant when P-value was

<0.05.
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1. ABSTRACT

Tuberculosis (TB), ranking second only to COVID-19 as the deadliest infectious
disease, is a chronic condition caused by Mycobacterium tuberculosis, where timely
diagnosis and treatment are crucial for controlling its spread. This study introduces a
cutting-edge biosensor for detecting M. tuberculosis MPT64 antigen, employing gated
nanoporous anodic alumina (NAA) coated with a recognizing antibody. NAA material is
loaded with rhodamine B and capped with this recognizing molecule only being able to
open in the presence of the MPT64 M. tuberculosis protein thanks to the higher affinity
for the target compared to the linker that holds it to the porous surface. When the target
is present, the capping molecule displace, the pores open and this provokes to the specific
release of rhodamine B to the medium for fluorescence measurement. The system is fully
characterized at the physicochemical level by electron microscopy and spectroscopy. The
biosensor achieved a detection limit (LOD) of 1.32+1.02 nM (or 0.032+0.025 mg L) of the
purified target and demonstrated high specificity through testing against various antigens
from another viral pathogens and bacterial species. Its effectiveness was further validated
with real samples, showing great potential as a rapid, sensitive, and precise tool for clinical

TB diagnosis.

= KEYWORDS: gated materials, tuberculosis, mycobacterium tuberculosis,

antibody, nanoporous anodic alumina.

2. INTRODUCTION

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis, is an
ancient disease that continues to be one of the most significant global health challenges.
Traces of TB have been found in the bones of Neolithic humans in Europe and in Egyptian
mummies dating back to as early as 3700 BC, underscoring its deep-rooted presence in

human history (Daniel, 2018; Ziskind & Halioua, 2007). Despite being a disease that is
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theoretically curable, TB remains the most important communicable disease worldwide,

particularly in developing regions where healthcare infrastructure is often inadequate.

The importance of early and accurate TB diagnosis cannot be overstated,
particularly in the context of the disease's epidemiology. In the past, TB was thought to
be transmitted genetically, a misconception that persisted even as the disease continued
to spread. It was not until the work of epidemiologists like William Budd in the 19th
century that the airborne nature of TB transmission began to be understood. Budd
observed that phthisis (an old term for TB) caused significant mortality among African
populations who had come into contact with Europeans, while those in the interior, with
limited exposure to outsiders, were less affected (Rene & Dubos, 1953). This observation
laid the groundwork for the understanding that TB is primarily transmitted through

inhalation of airborne droplets containing the bacterium (Riley, 1974).

The dynamics of TB transmission underscore the importance of controlling the
spread of the disease, particularly in settings with high rates of transmission. This
emphasizes the need for effective infection control measures, particularly in healthcare
settings where procedures like intubation, assisted ventilation, and bronchoscopy can
increase the risk of transmission, especially among immunocompromised patients

(Coleman et al., 2022; Ito, 2013).

Despite the significant advances in TB treatment since the introduction of
effective chemotherapy in the 1950s (Kanabalan et al., 2021), the disease continues to
pose a serious threat to global health. In developed countries, TB mortality has decreased,
partly due to improved social conditions, public health measures, and the availability of
effective treatment. However, the disease remains a leading cause of death in many
developing regions, where healthcare systems are often overwhelmed and underfunded

(Orgeur et al., 2024; Thaiss et al., 2012).
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The World Health Organization (WHO) has repeatedly emphasized the critical
nature of the TB epidemic since declaring it a global emergency in 1993. According to the
WHO's 2023 Global TB Report, around 10.6 million people contracted TB in 2021, and
tragically, 1.6 million people died from the disease (World Health Organization, 2023).
Although TB has a relatively high treatment success rate of 85%, the challenge of
accurately detecting Mycobacterium tuberculosis significantly complicates the control of
the disease. In 2021, only 63% of pulmonary TB cases were confirmed, leading to delays
in patient care and ongoing transmission, which perpetuates the global burden of TB. The
rise of TB cases is particularly alarming when coupled with the HIV epidemic, which has
had a profound impact on TB incidence (Nunn et al., 1994), especially in resource-limited
settings where the provision of and access to healthcare services are often inadequate

(Chai et al., 2018).

Historically, TB diagnosis has relied on traditional methods such as culture and
smear microscopy (Inoue et al., 2011; Kim et al., 2013), which were developed after the
bacterium was first identified by Robert Koch in 1882. Culture methods have been the
gold standard for TB diagnosis due to their high sensitivity and specificity. However,
Mycobacterium tuberculosis is a slow-growing bacterium, requiring 2—6 weeks to form
visible colonies on egg-based media like Lowenstein-Jensen medium or on oleic acid-
albumin agar (Koch & Mizrahi, 2018; Sakamoto, 2012). This long incubation period often
results in delays in diagnosis, which can be detrimental to patient outcomes and public

health efforts to control the spread of the disease.

Smear microscopy, another commonly used diagnostic tool, offers a faster and
simpler method of detection. The technique involves staining sputum samples with Ziehl-
Neelsen stain or fluorescent dyes such as auramine and rhodamine, which allows the
visualization of acid-fast bacilli under a microscope (Wayne, 1982). However, while smear
microscopy is quick and straightforward, it suffers from low sensitivity, particularly in

samples with low bacterial loads or in patients with extrapulmonary TB. This limitation is
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especially pronounced in settings where the quality of microscopy services may be

variable due to a lack of trained personnel and resources (Natarajan et al., 2020).

To address these limitations, molecular diagnostic techniques such as Polymerase
Chain Reaction (PCR) and Next-Generation Sequencing (NGS) have been developed
(Beviere et al., 2023; Operario et al., 2017). PCR allows for the rapid amplification and
detection of M. tuberculosis DNA from clinical samples, providing higher sensitivity than
smear microscopy. NGS, on the other hand, offers a comprehensive analysis of the
bacterial genome, enabling the detection of drug-resistant strains and providing valuable
epidemiological data (Gu et al.,, 2019; Tang et al., 2010). However, these molecular
methods are not without their drawbacks. PCR and NGS are time-consuming, labor-
intensive, and expensive, making them less accessible in many parts of the world where
TB is most prevalent (Grobbel et al., 2021). Additionally, these techniques are susceptible
to cross-contamination, which can lead to false-positive results and complicate the
diagnostic process. Given these challenges, there is an urgent need for the development
of new diagnostic tools that are rapid, accurate, sensitive, and affordable. This is where
the fields of nanotechnology and biosensors have shown great promise. Nanotechnology,
the manipulation of materials at the nanoscale, has opened up new avenues for TB

diagnostics (Bharti et al., 2022; Chopra et al., 2023; Grotz et al., 2018).

Among the various nanomaterials explored for the development of diagnostic
tools, nanoporous anodic alumina (NAA) stands out due to its exceptional characteristics.
NAA offers a high loading capacity, ease of surface modification, and cost-effective
production through well-established techniques (Ribes et al., 2016). Besides, in recent
years, NAA has been increasingly utilized to develop gated nanomaterials for biosensing
applications. These systems are particularly advantageous as they release a reporter
molecule only in the presence of the target pathogen or biomolecule, ensuring high
specificity in detection. For instance, previous studies have demonstrated the

effectiveness of oligonucleotide-gated NAA materials for the detection of the bacterium
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Xylella fastidiosa in real samples (seen on Chapter Ill) or aptamer-capped mesoporous
supports in detecting pathogens such as SARS-CoV-2 (Chapter IV of this thesis (Caballos
et al., 2023). These studies highlight the potential of gated materials in clinical diagnostics,

yet their application to TB detection, remains unexplored.

One of the most promising gating mechanisms that can be integrated into porous
supports for the development of functional sensory materials is the use of antibodies (Gao
et al., 2022; Vikholm & Albers, 1998). Antibodies are large, Y-shaped proteins belonging
to the immunoglobulin superfamily which are used by the immune system to identify and
neutralize antigens such as bacteria and viruses, including those that cause disease.
Antibodies possess a high binding affinity for specific target molecules. This precise
binding ability makes antibodies highly suitable for use in biosensors, known as
inmunosensors, which are designed for the sensitive and accurate detection of
pathogens. One of the defining features of antibodies is their ability to bind to a specific
antigen with high affinity. This binding is mediated by the variable regions of the antibody,
which can recognize unique epitopes on the target molecule. The strength and specificity
of this interaction are determined by the sequence and structure of the antibody, which
can be tailored to bind almost any target (Lipman et al., 2005). This versatility is a
significant advantage in biosensor design, as antibodies can be produced to recognize a
wide range of molecules, from small organic compounds to large proteins and even whole

cells.

One of the primary advantages of using antibodies as recognition elements in
biosensors is their unparalleled specificity. Antibodies can distinguish between closely
related molecules, even differentiating between different isoforms of a protein or
variations in glycosylation patterns. This high specificity minimizes the likelihood of cross-
reactivity, leading to more accurate and reliable detection, which is particularly crucial in
clinical diagnostics where false positives or negatives can have significant consequences.

Another advantage, as mentioned before, is the high affinity of antibodies for their target
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antigens. The strong binding interaction between an antibody and its antigen ensures that
even low concentrations of the target molecule can be detected, enhancing the sensitivity
of the biosensor. This high sensitivity is especially beneficial in applications where the
analyte is present in trace amounts, such as in early disease detection or environmental

monitoring.

The availability and diversity of antibodies also contribute to their widespread use
in biosensor development. Antibodies can be generated against virtually any antigen,
including those that are difficult to detect with other recognition molecules. The
production of monoclonal antibodies, which are identical and target the same epitope,
allows for consistent performance across different biosensor platforms. Additionally,
advances in recombinant DNA technology have enabled the engineering of antibodies
with enhanced stability, affinity, and specificity, further expanding their utility in

biosensor applications (Borrebaeck, 2000).

In this study, we focus on the protein MPT64 as the target analyte. MPT64 plays
a critical role in bacterial virulence and has been recognized as a potential biomarker for
active tuberculosis (TB) disease, having been identified in the serum exosomes of TB
patients through multiple reaction monitoring (MRM) (Cao et al., 2021)(Dahiya et al.,
2019). One key advantage of targeting this secreted protein is that it allows for the
antibody-analyte interaction without the need to lyse the bacterium. Additionally, MPT64
is specifically encoded in regions of difference, making it absent in most Mycobacterium
bovis bacille Calmette—Guérin (BCG) substrains and non-tuberculous mycobacteria, which

enhances the specificity of detection (Kamra et al., 2023).

Antibody-based biosensors have found applications across a broad spectrum of
fields, including medical diagnostics, environmental monitoring, food safety, and
biodefense. In medical diagnostics, these biosensors are used to detect biomarkers for

various diseases, such as cancer, cardiovascular diseases, and infectious diseases. For
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example, antibody-based biosensors are employed in point-of-care devices to rapidly
detect proteins associated with specific diseases, like the work of Sannigrahi et al.
(Sannigrahi et al., 2020) who developed a biosensor employing a magnetosome-anti-
Salmonella antibody complex to detect lipopolysaccharide (somatic “O” antigen)
and Salmonella typhimurium in real samples with a limit of detection of 0.001-0.1 pg mL
1 (with a R%value of 0.960) for the lipopolysaccharide and 10'CFU mL?! of S.

typhimurium in water and milk sample demonstrating its sensitivity.

We can find another example of the use of antibodies in the successful design of
biosensors in the works of Shamsuddin et al. (Shamsuddin et al., 2021) who designed an
antibody-based impedimetric biosensor with an ultrasensitive detection of
carcinoembryonic antigen, an early colorectal cancer biomarker, down to fM levels. For
this they used polyoctopamine, an amine-functionalised non-conducting polymer, as the
transducer layer in an electrochemical biosensor where the antibodies were attached
covalently setting the limit of detection at 11.76 fM which is significantly lower than the

basal clinical levels of 25 pM.

Given the success of antibody-based detection systems in other fields, there is
considerable potential in combining gated NAA materials with antibodies specifically
designed to recognize the MPT64 protein of Mycobacterium tuberculosis. This
combination could lead to the development of a highly specific and ultrasensitive
biosensor for TB diagnostics. In this proposed system, NAA would be loaded with a
fluorescent reporter dye, such as rhodamine B, and capped with an anti-MPT64 antibody
that specifically binds to the protein. The antibody would serve as the gating mechanism,
blocking the pores of the NAA and preventing dye release in the absence of the target
protein. Upon encountering the MPT64 protein, the antibody would bind to the protein,
causing it to uncouple from the NAA surface and thus opening the pores. This uncapping
process would then trigger the release of the dye, producing a measurable signal that

indicates the presence of M. tuberculosis. This method would not only ensure high
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specificity but also allow for rapid responses, potentially enabling accurate TB diagnosis
within a very short time frame. The potential of such a biosensor in clinical settings is vast
and is particularly important in resource-limited settings, where traditional diagnostic
methods may be too slow or cumbersome to be effective. Addressing the challenges of
TB diagnosis is essential for reducing the global burden of the disease and achieving the

goal of a TB-free society.

3. RESULTS AND DISCUSSION

3.1. Design, synthesis and characterization of gated NAA materials

To prepare the biosensor we used commercially available nanoporous anodic
alumina (NAA) disks, each 2 mm in diameter (designated as M0). These disks were initially
loaded with rhodamine B, a fluorescent molecule that would act as a detection reporter,
and then the external surface of MO was chemically modified by attaching 3-

(triethoxysilyl)propyl isocyanate, producing the M1 material.

Subsequently, we selected a peptide sequence specifically designed to partially
hybridize with the anti-MPT64 antibody and facilitate its attachment to the surface. The
amine group located at one end of the amino acid chain was utilized to achieve this
attachment. This amine group was employed to covalently bind the peptide to the M1
material via urea bond formation with the isocyanate groups, resulting in the

development of the gated NAA solid, designated as M2.

The selection of the most effective peptide for interaction with the anti-MPT64
antibody was performed using an ELISA assay. This method allowed us to evaluate the
binding affinities of three peptides (P1, P2, and P3) designed based on specific regions of
the MPT64 protein, targeting its external domains for enhanced interaction potential. As

shown in Figure 2A, the selected regions of the MPT64 antigenic protein, along with their
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respective amino acid sequences, were utilized to synthesize the peptides. The ELISA
results (Figure 2B) revealed that peptide P1 exhibited the highest absorbance values,
indicating superior affinity for the anti-MPT64 antibody compared to P2 and P3. This
enhanced binding capacity underscores P1 as the optimal candidate for molecular gate
linkage. The data also demonstrated the antibody's high specificity for the MPT64 target
(C+) across varying concentrations (5, 10, 15, and 20 pg/mL), while minimal baseline
absorbance was observed with a random, unrelated peptide (C-). These findings confirm

the suitability of peptide P1 for the intended biosensing application.

A Inmunogenic protein MPT64

P1: PDQKSLENYIAQTRDKFLSAAT

P3: AVWLKVYQNAGGTHPTTTYK
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Figure 2. A) Selected regions of the MPT64 antigenic protein from M. tuberculosis
and their respective amino acid sequences used for synthesizing anchor peptides. B) ELISA-
based evaluation of peptide binding affinities, showing the superior performance of
peptide P1 compared to P2 and P3 in binding the anti-MPT64 antibody. Data include

absorbance values at increasing concentrations (5—20 ug/mL) for the target peptide (C+)
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and baseline values for a random peptide (C-). Results are presented as means * standard

errors (N = 4).

In the final step, the M2 material was exposed to a solution of anti-MPT64
antibody in PBS. This process allowed the antibody to interact with the peptide and
capping the pores. This forms an organic layer over the pores. This layer is sufficiently
bulky to obstruct the pore entrances, effectively preventing the release of the
encapsulated dye. Consequently, the final material, designated as M3, was obtained (as

illustrated in Figure 3).

To characterize the materials at each stage—MO0, M1, M2, and M3—we employed
field emission scanning electron microscopy (FESEM), atomic force microscopy (AFM),
and energy-dispersive X-ray spectroscopy (EDXS). The original MO material appeared as
small silvery disks, while the final M3 material took on a pinkish hue due to the rhodamine
B loading. FESEM images of MO revealed its porous structure, that is maintained until
material M3, that demonstrated a dense capping layer covering the pores. We can also
be seen in the FESEM images that the attached peptide is not big enough to cover the

pores.
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Figure 3. Physicochemical characterization of oligonucleotide-capped NAA. A)
FESEM image of the material surface before capping, showing the nanopores (MO
material). B) The material was loaded with rhodamine B to produce a red fluorescence
signal if rhodamine B is released to the medium. C) FESEM image of the material surface
after covalent capping with the specific peptide (M2 material). And D) FESEM image of the
final M3 material capped with the anti-MPT64 antibody. Scale bar of 200 nm.

AFM provided a three-dimensional view of the material surfaces, as shown in
Figure 4. It can be seen how the roughness diminishes as the synthesis steps advance.
EDXS analysis confirmed the successful synthesis of the various materials by quantifying
atomic content. The carbon content in the M1 material increased due to the rhodamine
B loading, while the M3 and M4 materials this increase is even higher due to the
attachment of the organic molecules. The M3 material exhibited the highest carbon
content, corresponding to the presence of the capping antibody, which also led to

increased nitrogen levels (Table 1).
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Figure 4. AFM images of the synthesized solids. A) corresponds to MO, B) to M1,

C) to material M2 and D) to final material M3.

Table 1. Relative atomic compositions represented by atomic percentage (with

respect to the total) of the MO, M1, M2, and M3 materials determined by EDXS.

Element

Al

Si

Mo M1 M2 M3

12.82+£0.41 17.07+0.39 35.51+0.52 35.75%0.46

240+0.3 3.33+0.28 | 537+045  6.64+041

46.03+0.34 45.69+0.33 33.01+0.42 34.93+0.39

38.75+0.3  32.16+0.26 | 20.71+0.27  16.49+0.21

0.00£0.05 1.74+0.07 3.64%0.11 3.47+0.1
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3.2. Purified antigen-triggered cargo release

We carried studies on the delivery of the rhodamine B from M3 in the absence
and in the presence of the purified MPT64 protein at a final concentration of 10 nM. The
reactions were carried out at 25°C, and fluorescence was measured at various time
intervals to monitor the release of rhodamine B into the medium as a result of the
recognition between the antibodies capping the material and the target protein MPT64.
After 1 hour, the presence of the protein resulted in a 3.2-fold increase in fluorescence

compared with the delivery observed in its absence (Figure 5).

301 *
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Figure 5. Rhodamine B release profiles from M3 in the presence (colored line) or
not (black line) of the target MPT64 protein at 25 °C for 60 min. Represented data
corresponds to means * standard errors (n = 3). “Statistically significant change (Welch’s

t-test, P < 0.05). AU, arbitrary units.

3.3. Specificity and sensitivity assays

In a further assay, we confirmed that biosensor M3 was indeed specific for
recognizing the MPT64 protein. To do this, we performed parallel release assays: in one
assay, the MPT64 protein was added to M3, while in the others, we introduced 10 nM

concentrations of various proteins associated with respiratory viruses that can cause
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symptoms similar than early-stage tuberculosis. The interfering proteins tested included
the G glycoprotein from the respiratory syncytial virus (RSV), the Spike protein from SARS-
CoV-2, and the nucleoproteins from Influenza A and B viruses, all at a final concentration
of 10 nM. The reactions were conducted at 25°C, and fluorescence was measured after
60 minutes. Our results demonstrated a significant release of rhodamine B exclusively in
the presence of the target MPT64 protein, with no notable release observed in the
presence of the other proteins, indicating a high level of specificity and minimal off-target

effects (Figure 6).
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Figure 6. Rhodamine B release in the presence of different interferent proteins (10
nM, at 25 °C for 60 min) using the M3 material. The SARS-CoV-2 Spike protein, the RSV
glycoprotein G and the nucleoproteins of Influenza A and B were considered, as well as
one negative control (just PBS) and one positive control with 10 nM of the target analyte

MPT64.

To evaluate the sensitivity of the M3 detection method, experiments were
conducted using various concentrations of MPT64. For this purpose, 8 individual M3

materials were immersed in hybridization buffer, followed by the addition of 100 pL of
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protein suspension dilutions, resulting in final concentrations ranging from 0 to 10 nM.
After an incubation period of 60 minutes, the amount of rhodamine B released into the
aqueous phase was quantified through fluorescence measurements. The results
demonstrated a direct correlation between the concentration of MPT64 and the amount

of dye released (Figure 7).

The limit of detection (LOD) for the system was determined by graphically
identifying the intersection point between the baseline fluorescence and the positively
sloped response curve. Using this technique, it was obtained a LOD of 1.32 + 1.02 nM (or
0.032 + 0.025 mg L%). This LOD is significantly lower than those typically reported by
molecular techniques used for MPT64 detection, 0.032 mg L't compared with 2.5 mg L?
reported by the works of Zhu et al. (C. Zhu et al., 2012) who performed an ELISA assay

(based on antibody recognition) for the detection of MPT64.

Compared to current molecular techniques like DNA amplification or sequencing,
our oligonucleotide-capped nanoporous anodic alumina biosensor offers several distinct
advantages: (i) the capping DNA sequences and cargo can be easily customized; (ii) the
overall cost of preparation and testing is lower; (iii) the required equipment is simple,
widely available, and affordable for most laboratories; and (iv) the process is faster and
more straightforward, eliminating the need for DNA extraction and amplification. As a
result, this assay could serve as a practical and efficient alternative for the rapid and

accurate detection of M. tuberculosis.
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Figure 7. Dye release from solid M3 in the presence of different amounts of MPT64
in PBS.

3.4. Detection of M. tuberculosis in competitive media and clinical

samples

To further assess the system's robustness, the performance of M3 was tested in
a clinically relevant medium: fluid from sputum collected from a healthy individual using
collecting tube and diluted in hybridization buffer (PBS). In this experiment, 100 uL of
MPT64 100 nM was added to 900 pL of the different sputum dilutions. As shown in Figure
10, the presence of MPT64 in this complex medium led to the selective displacement of
the antibody, resulting in pore uncapping and dye release. While a slightly higher baseline
fluorescence was observed in all the diluted sputum medium tested compared to the
buffer alone, the fluorescence signal in the presence of the purified protein remained

comparable to that achieved in PBS buffer (Figure 8).
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Figure 8. Rhodamine B delivery from material M3 in PBS (Negative control) and in
the presence of different concentrations of sputum sample diluted in PBS. The grey bars
represent the media without any stimulus and the coloured bars represent the media of

the sputum samples inoculated with MPT64 10 nM.

To further validate our detection system, a small-scale analytical assay was
conducted. The samples provided by the microbiology department of Hospital Universitari
i Politecnic La Fe were grown in liquid MGIT™ medium, which is specifically designed for
detecting Mycobacterium tuberculosis complex. This medium contains modified
Middlebrook 7H9 broth, to which the MGIT™ growth supplement is added, creating
optimal conditions for the proliferation of most mycobacteria. Contaminating bacteria are
inhibited by the inclusion of a mixture of antibiotics. The presence and growth of bacteria,
including mycobacteria, are detected by the fluorescence emitted from the tube, which
increases as the bacteria consume oxygen and replace it with carbon dioxide in the

medium.

Given that the samples can be grown in this medium, it was essential to first verify

that the medium did not interfere with our biosensor. To do this, we conducted a series
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of dye release experiments from M3 using the pure culture medium. In one set of
experiments, the medium was inoculated with 10 nM of the MPT64 protein, while
another set served as a negative control. This was performed in triplicate to ensure
reproducibility. Additionally, we repeated the assay after diluting the culture medium to
10% concentration with PBS to determine if reducing the concentration of the medium
would decrease the nonspecific release observed in comparison to the controls in pure

PBS.

This approach allowed us to assess whether the culture medium influenced the
specificity and selectivity of our detection system, particularly in the presence of the
target protein MPT64. As we can see in Figure 9, the presence of the medium enlarges
the unspecific dye release from the pores but there is a significative difference between

the Blank bar (depicted in black) and the release when the stimulus is present (depicted

in grey).
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Figure 9. Dye release from solid M3 at different concentrations of the MGIT™

medium. The black bars represent the release when there is no stimulus present in the
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medium and the grey bar represents the delivery in medium inoculated with 100 uL of
MPT64 100 nM in a final volume of 1 mL The error bars correspond to the standard

deviation of the means (N=3).

Detecting the protein MPT64 from M. tuberculosis directly in clinical samples is
essential for integrating the probe into medical practice effectively. Therefore, the ability
of the sensing materials to identify the MPMT64 protein in samples from infected patients
was evaluated (Figure 10). The current standard for TB detection in most hospitals is RT-
gPCR, a method that requires complex equipment, trained personnel, and at least two
hours to produce results. In this study, samples from TB positive and negative patients at
Hospital Universitari i Politeécnic La Fe were analysed using both RT-qPCR and the M3
material (see Experimental Section for details). A total of 20 patients participated in the
study. Of these, 10 patients were diagnosed with TB, while the remaining 10, who were

hospitalized for other reasons, served as the negative control group.
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Figure 10. Measurement of dye release in presence of diluted liquid culture
samples. The scatter plot represents how levels are lower in negative samples (N = 10)
(black dots) than in samples tested positive for the presence of M. tuberculosis (N = 10)

(colored dots) establishing a discrimination limit in 5 fluorescence units.
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Additionally, a final validation experiment was conducted using positive culture
samples from patients infected with other species from the Mycobacterium genus,
specifically Mycobacterium abscessus and Mycobacterium intracellulare. Detection assays
were performed in triplicate using the final gated material. Individual supports were
immersed in 950 uL of PBS buffer, and 50 uL of each sample was added to the respective
supports. After 60 minutes, the release of rhodamine B was measured, with the results

presented in Figure 11. The data indicate a selective response to M. tuberculosis.

%k %k %k

N
T

*x [ ]

Negative samples

[EnY
a1
1

M. tuberculosis
M. abscessus

M. intracellulare

Intensity (a.u.)
[
o
1

[é)]
1

Figure 11. The release of Rhodamine B from probe M3 was tested using samples
infected with the M. tuberculosis, M. abscessus and M. intracellulare as well as the
negative control of the same mycobacterium growth medium without any grown

bacterium.
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4. CONCLUSIONS

The development of new strategies for the sensitive and rapid detection of
Mycobacterium tuberculosis is essential for improving diagnostics in tuberculosis (TB)
cases, especially in clinical settings where early intervention is critical. In this study, we
report the preparation of a peptide- and antibody-capped nanoporous anodic alumina
(NAA) sensor loaded with rhodamine B as a fluorescent indicator for the detection of the
MPT64 protein from M. tuberculosis. The synthesis process involved modifying NAA disks
with a peptide sequence specifically designed to interact with the anti-MPT64 antibody,
resulting in a responsive, selective system that operates by controlled dye release. The
resulting material, M3, demonstrated the ability to block dye release in the absence of
the target protein, while effectively releasing rhodamine B upon interaction with the

MPT64 protein, thus confirming a selective gating mechanism.

When exposed to purified MPT64 protein in a controlled assay, the M3 material
responded with an increase in fluorescence intensity, demonstrating the sensor’s high
sensitivity and specificity for M. tuberculosis detection. The results showed a notable 3.2-
fold increase in fluorescence in the presence of MPT64 protein at 10 nM, with minimal
release observed in the absence of the target. Moreover, specificity tests conducted with
proteins from common respiratory viruses (e.g., RSV, SARS-CoV-2, and Influenza A and B)
confirmed that the M3 material did not respond significatively in the presence of other
proteins, reinforcing the sensor's specificity for M. tuberculosis. Moreover, the biosensor
displayed a detection limit (LOD) as low as 1.32 nM, a value notably lower than typical
molecular diagnostic methods such as PCR. Unlike PCR and other conventional detection
techniques, our sensor does not require DNA amplification, complex equipment, or
lengthy processing times, allowing it to produce results within 60 minutes and simplifying
the overall workflow. This rapid and selective detection of the MPT64 protein underscores

the potential of the M3 material as a practical diagnostic tool.
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The robustness of this gated NAA material was further evaluated in real clinical
matrices, including diluted sputum samples and liquid culture media. Results showed that
while complex media slightly increased background fluorescence, the presence of the
MPT64 protein in these competitive environments still led to significant pore opening and
dye release. These findings support the application of this sensor in complex biological
samples without extensive pretreatment. Tests with additional Mycobacterium species
confirmed selective dye release in samples containing M. tuberculosis, further validating

the sensor’s selectivity.

In conclusion, this study suggests that gated materials incorporating specific
biochemical recognition elements, such as antibodies, offer an innovative approach for
the rapid, easy, and reliable detection of M. tuberculosis. The M3 material presents a
portable and cost-effective alternative to traditional diagnostic methods, demonstrating
high sensitivity, selectivity, and the potential to significantly expedite TB diagnostics in
clinical settings. Furthermore, the simplicity of this system positions it as a promising
diagnostic tool for use in resource-limited settings, where rapid, accessible TB detection

is critical.

5. MATERIALS AND METHODS

5.1. Reagents

(3-Triethoxysilyl)propylisocyanate, acetonitrile, rhodamine B, triethylamine
(TEA), and TRIS(hydroxymethyl)aminomethane (TRIS) were sourced from Sigma-Aldrich
Quimica (Madrid, Spain). Nanoporous anodic alumina supports were obtained
commercially from InRedox® (CO, USA). The anti-MPT64 antibody (ab193435) and
purified recombinant Mycobacterium tuberculosis MPT64 protein (ab226277) were
purchased from Abcam (Danaher Corporation, Cambridge, UK) and used without further

modification. Peptides were commercially synthesized by Nzytech (Lisbon, Portugal).
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5.2. Material characterization

A ZEISS Ultra 55 microscope was utilized for Field Emission Scanning Electron
Microscopy (FSEM) and Energy Dispersive X-ray spectroscopy (EDXS) analyses.
Fluorescence spectroscopy measurements were conducted using a Synergy H1 microplate

reader (BioTek, Winooski, VT, USA).

5.3. Linker peptide design

To design the molecular linker that attaches the antibody to the surface of the
material, we employed a manual screening technique. We used the UniProt database to
analyze the spatial conformation of the MPT64 protein, identifying its main and most
exposed domains. From these domains, we extracted the corresponding amino acid
sequences and synthesized peptides based on them. In total, four peptides were
synthesized from four different regions of the MPT64 protein. These peptides were then
tested using an ELISA assay to evaluate their affinity with the anti-MPT64 antibody. The
goal was to select a peptide with sufficient affinity to hold the antibody in place while still

being able to dissociate in the presence of the full MPT64 protein.

5.4. ELISA peptides assay

To assess the affinity of each peptide for the anti-MPT64 antibody, we performed
a direct ELISA assay. We prepared each peptide at various concentrations to observe the
interaction without saturating the system. Specifically, 100 uL of each peptide was added
to the wells at concentrations of 2, 5, 10, and 20 pug mL?, followed by gentle agitation at

4°C overnight. This step was done in quadruplicate for each sample.

After the peptides were adsorbed onto the plate, we manually washed the wells
by removing the solution and flicking the plate over a sink after each wash. Next, 200 uL
of blocking buffer was added to each well, the plate was covered, and it was placed on a

shaker at 4°C overnight.
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The following morning, each well was washed three times with wash buffer. Then,
100 pL of the primary antigen, diluted in blocking buffer to a concentration of 1 pg mL?,
was added. The plate was covered and incubated for 24 hours at 4°C. Afterward, the wells
were washed three times, and the secondary antibody conjugated to the HRP enzyme was
added at a concentration of 0.001 pg mL?, followed by another overnight incubation at

4°C.

The next day, after washing the plate three times, it was ready for measurement.
We added 100 uL of enzyme substrate solution to each well, incubated with gentle
agitation for 3 minutes, and then added stop solution to each well, shaking for 1 minute.
Finally, the plate was read at an absorption wavelength of 650 nm using a plate reader to

obtain the data.

5.5. Synthesis of solids

To synthesize solid M1, 25 individual NAA supports, each with a diameter of 2
mm, were submerged in an 8 mL rhodamine B solution in acetonitrile (6 mg, 1.57 mM).
This mixture was stirred continuously for 24 hours to ensure efficient pore loading.
Afterward, the surface of the supports was functionalized by adding (3-
triethoxysilyl)propylisocyanate (1.32 mmol, 328 ulL) and stirring the reaction for 5 hours

and 30 minutes. The supports were then dried and stored overnight at 4°C.

Next, M1 was immersed in a solution containing the specific peptide sequence
(P1), rhodamine B (262.5 pg, 1.57 mM, 350 uL), and triethylamine (2 uL) in acetonitrile for
3 hours, resulting in solid M2. This material was then further treated by immersing it in
hybridization buffer (1X PBS, pH 7.4) containing the anti-MPT64 antibody (AB) to produce
the sensing material M3. To optimize the capping conditions of these gated materials for
maximum performance, different concentrations of the capping antibody were tested:
0.025, 0.125, 0.225, and 0.325 uM of AB. The final reaction volume was set at 400 uL of

hybridization buffer, and the mixtures were agitated at 25°C for 180 minutes. Finally, the

147



CHAPTER 11

resulting materials were rinsed with hybridization buffer to remove any unbound

antibody and excess rhodamine B.

5.6. Cargo quantification

To determine the amount of rhodamine B that could be loaded into the pores,
two independent M3 supports were immersed in 1 mL of hybridization buffer. One
support was heated to 90°C and stirred for 60 minutes to force the pores to open and
release their maximum cargo, while the other support was stirred at 25°C for the same
duration to serve as a control. The released fluorophore was measured at an emission
wavelength of 575 nm, with excitation at 555 nm. The concentration of released dye was
qguantified by referencing a calibration curve generated with known concentrations of

rhodamine B. This experiment was performed in triplicate for accuracy.

5.7. Detection protocol

To evaluate the ability of the materials to detect the MPT64 protein, the
fluorescence emission of rhodamine B, released from the inner mesoporous structure,
was measured both in the presence and absence of purified MPT64 protein. Two separate
M3 supports were each immersed in 900 pL of hybridization buffer. One of the supports
received 100 pL of MPT64 solution (1 ng uL™t, Abcam, UK), while the other was treated
with 100 pL of hybridization buffer as a control. Both samples were stirred at 25°C, with
aliquots taken periodically. The released rhodamine B was then detected by fluorescence
spectroscopy at 575 nm (Aexc = 555 nm). The experiment was conducted in triplicate to
ensure reproducibility. The experiment was repeated using 900 plL of competitive media,
specifically sputum samples collected from a healthy patient, at various dilutions. The
sputum was diluted in PBS to concentrations of 50%, 25%, and 1%. For each dilution, two
different release assays were conducted: one to test the release in the absence of the
stimulus, and the other to test the release in the presence of the stimulus. In the first

assay, one independent M3 support were immersed in 1 mL of the diluted sputum. In the
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second assay, 900 pL of the same concentration of diluted sputum was mixed with 100 pL
of purified MPT64 protein at a concentration of 100 nM and the release from M3 was

tested. This was repeated by triplicate.

5.8. Quantification curve of MPT64 protein recognition

The response of the solid M3 to different concentrations of MPT64 was studied.
For that, 24 independent supports of the M3 material were submerged in a solution
containing 100 L of different dilutions of MPT64 (from 0 to 10 nM) and volume was
completed until 1 mL with hybridization buffer (diluting the protein concentrations 1:10).
Solutions were stirred at 25 2C and released rhodamine B was determined at 575 nm (Aexc

=555 nm) after 60 min.

5.9. Specificity

To further evaluate the specificity of the anti-MPT64 antibody for its target, we
conducted a release assay comparing the response of the M3 material to the presence of
purified MPT64 protein at a concentration of 10 nM against other proteins from various
respiratory pathogens. In this experiment, six different supports were used. The first
support served as a negative control and was tested in a medium containing only PBS. The
second support was exposed to a medium with the G protein from the respiratory
syncytial virus (RSV) at a concentration of 10 nM. The third support was tested in PBS
containing the Spike protein from SARS-CoV-2 at 10 nM. The fourth and fifth supports
were exposed to the nucleoproteins of Influenza A and B viruses, respectively, each at the
same concentration of 10 nM. The final support acted as a positive control, with MPT64

protein added to the medium at a concentration of 10 nM.

This experimental design allowed us to assess the selectivity of the anti-MPT64
antibody by comparing its response to MPT64 with its response to proteins from other

respiratory pathogens.
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To further evaluate the selectivity of M3, we conducted release assays on real
samples infected with other Mycobacterium species. Following the same procedure used
for testing positive samples for M. tuberculosis (as described later), 50 pL of culture from
each species was added to 950 ulL of PBS, yielding a final volume of 1 mL. This assay
included five different cultures from five distinct patients for each Mycobacterium species
(Mycobacterium abscessus and Mycobacterium intracellulare), with each sample analysed
in duplicate. The release of rhodamine B was then quantified using fluorescence detection

(Aexc =555 nm, Aem = 585 nm).

5.10. Validation in competitive media

To evaluate the potential of sensing material M3 for detecting varying
concentrations of MPT64 in more realistic conditions, the culture medium used for storing
Mycobacterium tuberculosis samples was tested. This culture medium is specifically
designed to allow the growth of only those bacteria belonging to the genus Mycobacteria.
Various concentrations of the culture medium were diluted in hybridization buffer, with
each concentration tested in triplicate in a final volume of 1 mL. Following incubation at
25°C for 60 minutes, the release of rhodamine B was measured by analyzing the

fluorescence emission at 575 nm (Aexc = 555 nm).

5.11. MPT64 detection in patient samples

In the final stage of the study, the nanodevice's performance was evaluated using
human sputum samples and compared to the reference method, RT-gPCR. Samples were
collected from patients suspected of having a TB infection at the Hospital Universitari i
Politécnic La Fe in Valencia, following approval from the relevant ethics committees. To
ensure privacy, patient data were anonymized. The samples were cultivated in the

previously mentioned culture medium for at least 24 hours before testing.
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For the assessment of M3, samples were tested in duplicate. Each M3 support
was immersed in 950 pL of PBS, followed by the addition of 50 puL of the cultivated sample
(5%), resulting in a final volume of 1 mL per vial. As with previous experiments, the release

of rhodamine B was measured by fluorescence after 60 minutes (Aexc = 555 nm).
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1. ABSTRACT

The COVID-19 pandemic, which began in 2019, has highlighted the importance of
testing and tracking infected individuals as a means of mitigating the spread of the virus.
In this context, the development of sensitive and rapid methods for the detection of SARS-
CoV-2, the virus responsible for COVID-19, is crucial. Here, a biosensor based on
oligonucleotide-gated nanomaterials for the specific detection of SARS-CoV-2 spike
protein is presented. The sensing system consists of a nanoporous anodic alumina disk
loaded with the fluorescent indicator rhodamine B and capped with a DNA aptamer that
selectively binds the SARS-CoV-2 spike protein. The system is initially evaluated using
pseudotype virus systems based on vesicular stomatitis virus carrying different SARS-CoV-
2 S-proteins on their surface. When the pseudotype virus is present, the cap of the solid
is selectively removed, triggering the release of the dye from the pore voids to the
medium. The nanodevice demonstrated its ability to detect pseudotype virus
concentrations as low as 7.5-10% PFU mL™. In addition, the nanodevice is tested on

nasopharyngeal samples from individuals suspected of having COVID-19.

= KEYWORDS: SARS-CoV-2, aptamer, gated material, optical sensor, nanomaterials

2. INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 coronavirus has
rapidly spread all over the world resulting in a global pandemic, counting with more than
613 million SARS-CoV-2-infected confirmed cases and more than 6500000 reported
deaths worldwide until September 2022 (Johns Hopkins University & Medicine, 2022). The
main symptoms caused by this positive-stranded RNA virus are similar to acute respiratory
infection, like cough, fever, loss of taste and smell and difficulty breathing. The most
exposed population are elderly people, adolescents, infants, and people with the

compromised immune system (Das et al., 2020). The high capacity of dissemination of the
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virus requires to identify the presence of SARS-CoV-2 in an accurate and rapid way. This
is desirable not only for the identification of infected patients but also for the detection
of asymptomatic and presymptomatic people (Ji et al., 2020; Hashemi et al. 2021). To
manage with this global concern, it is necessary to provide the society with a wide
collection of different systems that could afford the massive demand of tests releasing
the appropriate information. Given the global impact of COVID-19, there is a need for the
development of highly accurate approaches for the rapid identification of biomarkers of
SARS-CoV-2 infection in patient samples, including ribonucleic acid (RNA), antigens,

antibodies, or directly the whole virus.

The real-time quantitative reverse transcription polymerase chain reaction (RT-
gPCR) is currently the standard test to detect this virus. This approach often requires
laboratory facilities, trained personnel, expensive instrumentation, and the assay takes
hours to provide a result. In addition, RT-gPCR is not always available in underdeveloped
and developing countries where the vast population lives in the backcountry (Guglielmi
et al., 2020). Besides, considering the increasing infection rate, PCR methods are not
sufficient to cover the current testing demand. Another commonly used approach is
serological testing, which is not recommended when the viral load is very low, for example
in the early stages of the infection, since the serological antibodies will not be present
until a couple of weeks after the initial viral infection (Huang et al., 2021). In contrast,
antigen detection systems, which rely on the identification of a specific immunogenic
component of a pathogen, typically a polysaccharide molecule or a protein, as a means of
detecting the presence of the pathogen, have gained general approval thanks to their
detection speed, simplicity, low cost, and accuracy. The drawback of the technique is that
current sensitivity levels are still poor leading to a high variability and low performance
depending on the manufactured brand. Antigen detection systems are usually used as
screening tests for example in large groups or as a previous exploratory test before the
realization of a more accurate molecular and/or serologic assay (Pavia et al., 2021). Based

on the above, it can be concluded that there is still room to develop a test that combines
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the sensitivity and accuracy of the PCR methods and the low-priced and rapid antigen
detection procedures in order to deal with the spread of the virus and control potential

new outbreaks (Liu et al., 2020; Bhalla et al., 2020).

Recently, biosensors targeting pathogens or infection biomarkers based on
nanotechnology have become more and more popular owing to their capacity to supply
accurate, sensitive, and reliable results, revolutionizing the healthcare industry. Multiple
reported designs have demonstrated that it is possible to obtain numerous benefits from
the combination of the usefulness and versatility of nanomaterials with the recognition
properties of sensitive and highly selective biomolecules (Bellan et al., 2011). On this
point, some new approaches have been extensively applied in the development of sensing
systems with a huge variety of applications, which enhanced the sensitivity of already
available detection systems. Among the great variety of nanomaterials available to
develop sensitive biosensors, nanoporous anodic alumina (NAA) offers easy modification
of the surface, high loading capacity and its production can be easily arranged by standard
production techniques that are cost-competitive (Ribes et al., 2017). In the last years, NAA
have been used to develop gated nanomaterials for biosensing applications. In those
systems, only the target pathogen o biomolecule induces the release of the entrapped
reporter (Ribes et al., 2016; Pla et al., 2020 and Ahmad et al., 2019). For example, we have
previously reported oligonucleotide-capped mesoporous supports for the detection of
Staphylococcus aureus (Pla et al., 2020) and Candida auris DNA in blood culture specimens
from infected individuals, bringing gated materials into clinical settings and showing their

enormous potential in clinical settings (Pla et al., 2021).

Among the possible gating mechanism that can be implemented on porous
supports to configure a functional sensory material, aptamers have demonstrated
excellent performances. Aptamers consist of small peptide molecules or more commonly
oligonucleotide sequences having high specific binding affinity for their target molecules

leading a precise and accurate detection. Aptamers can be easily implemented to any
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specific design through surface activation or modification by chemical treatment using
appropriate linkers and coupling agents (lliuk et al., 2011 and Seok Kim et al., 2016). As a
consequence, such small proteins or oligonucleotides have been widely used to develop
sensing systems known as aptasensors. Due to their high stability, purity, and reversibility
under harsh environmental conditions with vast availability of target specific linkers, such

devices are being now used as novel diagnostics devices (Kumar et al, 2020).

Biosensors based on aptamers have been demonstrated to be a highly effective
analytical tool for the rapid diagnosis of infections, with high sensitivity and specificity. In
the case of SARS-CoV-2 detection, Zhang et al. (Liu et al., 2020) developed a system for
the detection of SARS-CoV-2 that utilizes aptamer probes that bind to a specific protein
target, bringing together a ligation DNA region in close proximity and initiating ligation-
dependent gPCR amplification. Another example has been reported by Sandall et al.
(Farrow et al., 2020) who described the development of a system based on the use of an
intrinsic silicon thin film transistor functionalized with aptamers that specifically bind to
the SARS-CoV-2 spike protein. Also, several examples using nanomaterials and aptamers
to recognize SARS-CoV-2 targets have been described. For example, Tabrizi and coworkers
developed a photoelectrochemical aptasensor based on graphitic carbon nitride
combined with CdS quantum dots and chitosan to obtain a nanocomposite which is
further functionalized with a RBD spike domain sensitive aptamer (Amouzadeh Tabrizi et
al., 2021). In another approach, Ray et al. took advantage of distance-dependent
nanoparticle surface energy transfer phenomena to detect spike protein by fluorescence
guenching induced thanks to aptamer-functionalized gold nanostars (Pramanik et al.,

2021).

Taking into account literature reports, it can be envisioned the potential of
combining the excellent performance of gated materials and aptamers to configure a
functional nanomaterial for SARS-COV-2 infection biomarkers recognition. Based on this

premise, herein we report a method for highly ultrasensitive and specific detection of
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SARS-CoV-2-associated antigens, in particular the spike protein receptor-binding domain,
based on aptamer-capped gated NAA. In our design, NAA supports were first loaded by
diffusion with the fluorescent reporter dye rhodamine B, followed by the capping with an
aptamer that specifically binds with the spike protein of SARS-CoV-2 virus. As a capping
system the aptamer described by Yang et al. (Song et al., 2020) was selected due to its
suitable properties like the absence of secondary structures formation, molecular weight,
and target affinity. Once the system is arranged, the capping aptamer inhibits dye release
blocking the pores. Only in the presence of SARS-CoV-2 spike protein, the capping
aptamer is displaced (thanks to the specific hybridization between aptamer and protein),
uncapping the pores and allowing dye release. The capped sensing aptasensor was also
tested using pseudotype virus systems based on vesicular stomatitis virus (VSV) carrying
different SARS-CoV-2 S-proteins on the surface. Finally, the system has been tested in
patient samples. The prepared materials are found to respond rapidly, allowing accurate

detection in buffer and nasopharyngeal samples in just one hour.
3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of gated NAA

In our proposed system, pores of NAA were filled with the fluorescent reporter
rhodamine B and the outer surface was chemically modified by the attachment of (3-
triethoxysilyl)propylisocyanate, to give support S1. Then, two oligonucleotides NH»-
(CH2)6-5’-AAA AAA CCC CCC-3’ (01) and 5°-TTT TTG GGG GGC AGC ACC GAC CTT GTG CTT
TGG GAG TGC TGG TCC AAG GGC GTT AAT GGA CAG GGG GGT TTT T-3’(02) were used to
obtain a capped nanomaterial through strong covalent and hydrogen bonding
interactions. First, 01, which is designed to recognize and hybridize with the sequence 3’-
TTT TGG GGG G-5’ included in 02, was covalently anchored by the formation of urea
bonds with the isocyanate moieties present in S1 to obtain support S2. In a second step,

02, which contains the specific aptamer sequence to recognize SARS-CoV-2 spike protein

165



S cHapTERIN

(i.e. 5’-CAG CAC CGA CCT TGT GCT TTG GGA GTG CTG GTC CAA GGG CGT TAA TGG ACA-
3’), was employed to block the pores of S2 by hybridization with O1, obtaining the final
sensing gated nanomaterial S3 (see Experimental Section for further details). The dsDNA
01-02 ensemble on the external surface of the inorganic scaffold is expected to be bulky
enough to block pores and inhibit dye delivery. In contrast, in the presence of the target
spike SARS-CoV-2, the capping aptamer will recognize the SARS-CoV-2 spike protein. This
would lead to a displacement of the 02 sequence form the surface of the functional

material, resulting in cargo release (Figurel).

# [—> Rhodamine B 0
—0
—0 H H

£™ > 5-TTT TTG GGG GGC AGC ACC GAC CTT GTG CTT TGG GAG TGC
TGG TCC AAG GGC GTT AAT GGA CAG GGG GGT TTT T-3'

= Vsvs

Figure 1. Scheme of the gated NAA material S3 selectiveness for the recognition

of SARS-CoV-2 spike protein. In the absence of the virus protein, pores are blocked while
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the presence of SARS-CoV-2 S protein induced aptamer displacement and delivery of the

entrapped dye.

Raw NAA material, S1, S2 and S3 were characterized by FESEM and EDX analyses.
Commercially available NAA supports are composed of anodic aluminum oxide films
grown on a 0.1 mm thick aluminum layer with a pore density of 9-10* cm. Pore entrance
has a funnel-like shape which progressively shifts from a larger size (20-30 nm) at the top
of the funnel to a 5 nm size at the end. The pores are as long as 10 um. As material was
cut in discs of 2 mm of diameter. The appearance of the initial material was a silver small
disc while final S3 support acquired pink color (due to the loading of the dye) as depicted
inthe insets of Figure2. Representative FESEM images of the starting NAA scaffold showed
the porous structure described above (Figure 2A). Besides, images of S3 evidenced the
presence of a dense capping layer on the top of the pores (Figure 2B) confirming a

compact pore capping.

Organic content in S2 and S3 was analyzed by energy-dispersive X-ray
spectroscopy (Table ). As expected, high carbon content (C/Al 4.771) was found in solid
S1, due to the high loading capacity of NAA material. Solid S2 showed a decrease of carbon
content due to the experimental conditions for O1 attachment, which do not prevent a
partial cargo release (C/Al 0.353). Finally, solid S3 maintained a similar organic matter
content. Likewise, a higher P/Al and N/AI content from the capping oligonucleotide in the

final material was confirmed.
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1000

Figure 2. FESEM images of NAA support (a) and solid $3 (b). Insets: photographs

of the corresponding solids.

Table 1. Atomic elements relation in the different prepared solids.

C/Al N/AI P/Al

0.16 + 0.00 = =

4.77 £0.10 0.74 £0.02 =
0.35+0.00 0.05 +0.00 0.00 £ 0.00
0.35+0.01 0.06 +0.00 0.01+0.01

Maximum amount of rhodamine B that can be released from the final material to
the solution was also quantified by extraction experiments. As a result, a deliverable

rhodamine B content was calculated to be ca. 0.33 pg mL™.

3.2. Release assays

To demonstrate the opening mechanism of the material in a first approach, the
controlled release from the material to the solution was studied in the presence and
absence of the purified SARS-CoV-2 spike protein, which constitutes the target of the
capping aptamer. To carry out this study, two independent gated supports of the S3 solid
were separately submerged in hybridization buffer. Then, 100 uL of purified SARS-CoV-2
spike protein (1 ng uL™') were added to the solution and 100 uL of TRIS buffer was added
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to the other one. To quantify the amount of the delivered dye from the pores to the
aqueous phase, the fluorescence of the supernatant solution was measured at
predetermined times. Figure 3A shows the rhodamine B delivery profile from solid S3 in
the absence and presence of the SARS-CoV-2 spike protein. When S3 is placed only in
hybridization buffer it delivers a very low amount of dye (less than 10% of the maximum
dye delivered), which indicates a tight pore closure (Figure 3A, curve 1). On the contrary,
when S3 is placed in a solution where the SARS-CoV-2 spike is present, a much larger

amount of rhodamine B is released (10-fold at 60 min, Figure 3A, curve 2).

In a next step, we validated the system using a model closer to clinical samples,
demonstrating that the system can recognize a complete virus that expresses the target
protein of SARS-CoV-2 on its surface. Research using pathogens classified as high biosafety
levels, such as SARS-CoV-2, is complicated by the inherent difficulty of working
under biosafety level 3 conditions. Hence, model systems are often preferred for many
applications. Pseudotype virus systems provide such models. These are based on the use
of a low biosafety level virus in which the viral envelope protein is deleted from the
genome and replaced with that of a pathogenic virus, either by supplying it in trans or by
encoding it within the viral genome. These systems have proved valuable for assaying
entry mechanisms of diverse viruses, evaluation of neutralizing antibodies levels,
discovery of antivirals, and as vaccines (Millet et al., 2019). Moreover, as the pseudotype
virus encodes a functional entry glycoprotein of a virus of interest, these can be used to

safely and rapidly evaluate detection systems.

Based on the above, to simulate the presence of the virus in the sample we used
a pseudotype virus system as a model system based on vesicular stomatitis virus (VSV)
carrying different SARS-CoV-2 S-proteins on the surface (VSV-S). These VSV pseudotype
viruses have been shown to enter cells in an analogous manner to SARS-CoV-2 but
facilitate the evaluation of the system (Case et al., 2020). We employed both a replication

competent VSV encoding the Wuhan spike protein in place of its glycoprotein G (VSV-S),
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which grows to high titer, and replication incompetent VSV where the spike protein from
different variants was supplied in trans (see Experimental Section for further details). The
viruses were named depending on the SARS-CoV-2 variant genome they were carrying as

VSV-Alpha, VSV-Beta, VSV-Gamma and VSV-Delta.

The behavior of two independent S3 materials in hybridization buffer were
studied in the presence of 100 pL of VSV-S pseudotype or VSV (without S-protein) and the
amount of rhodamine B released to the solution was recorded by measuring the emission
band at different times at 575 nm (Aexc = 555 nm) (Figure 3b). It was observed that SARS-
CoV-2 spike protein (purified or attached to the pseudotyped virus) uncapped the pores

and induce cargo delivery as represented in Figure 3.

10 @ 10 @

Intensity (u.a.)
Intensity (u.a.)

24 ( 1) 24
/./{r//% @
T T T T T T 0 T T y T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t (min) t (min)

Figure 3. Rhodamine B delivery from the pores of material S3 in TRIS buffer (pH 7.5) at
different periods of time. Plot (a) indicates dye release in the lack of any stimulus (1) and
in presence of target purified spike protein at a concentration of 1 ng uL™ (2). Plot (b)
illustrates cargo delivery in the presence of VSV-S (2.5-10° PFU mL™) (2) and in presence of
VSV without any spike on its surface (2.5-10* PFU mL™?) (1).

3.3. Sensitivity and specificity studies

The sensitivity of the method was determined by performing experiments with
S3 at different concentrations of VSV-S and studying the generated response. For that, 11

independent S3 supports were immersed in hybridization buffer, and 100 plL of virus
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suspension dilutions were added to each material, reaching a range of final
concentrations between 103 and 5-10° PFU mL?. After 60 min, the total amount of
rhodamine B diffused to the aqueous phase was measured by fluorescence. Results
showed that delivered dye was directly related to the VSV-S concentration (Figure 4).
Remarkably, a LOD in the range of those usually reported by instrumental techniques used
for SARS-CoV-2 detection (see Table S1) was observed; nevertheless, this method is faster,
simpler, and do not require specialized instrumentation or database. In addition to this, it
can be highlighted its capacity of being multiplexed, using the same technology for future
relevant pathogens just adjusting the recognizing agent (Pfefferle et al., 2020 and Mak et
al., 2020).
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Figure 4. Dye release from solid S3 in the presence of different amounts of VSV-S
in TRIS buffer.

In a step forward, the selectivity of S3 to detect the spike protein of SARS-CoV-2

was tested (Figure 5). In these experiments, the response of S3 was assessed in the
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presence of 100 pL of the purified spike protein (1 ng mL?) and eight drugs in 900 pL of

hybridization buffer. These drugs are commonly found in samples since they are

commonly prescribed for the treatment of common ilinesses or chronic diseases. As it can

be observed, only the presence of the SARS-CoV-2 spike protein (or mixtures SARS-CoV-2

spike protein + drug) were able to trigger a notable rhodamine B release while the

presence of the drugs alone induced poor uncapping and cargo delivery, indicating a high

selective response of S3.
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Figure 5. Media fluorescence intensity in the presence of drug interferents alone

or in combination with the viral spike protein (1 ng uL?) in TRIS buffer after 60 min.
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3.4. Detection of VSV-S in competitive media and inoculated clinical

samples

In addition, to evaluate the robustness of the system, the behavior of S3 in the
presence of 100 pL of 2,5-10° PFU mL* of VSV-S was evaluated in 900 uL of a clinically
relevant media, as it is a nasopharyngeal fluid obtained from the use of a collection swab
in 5 mL of hybridization buffer (TRIS). As it is depicted in Figure 6, the presence of VSV-S
also produced a selective displacement of the aptamer, pore uncapping and dye delivery
in this competitive medium. In this case, although a higher residual release was observed
in competitive media than in buffer the measured fluorescence in the presence of the

virus was comparable to that achieved in TRIS buffer.

104

®
1

Intensity (a.u.)

Blank CM Inoculated CM

Figure 616. Delivery of rhodamine B from material S3 in TRIS (Blank) in the
presence of the stimulus, in competitive media (CM) and competitive media inoculated

with VSV-S (concentration: 2.5-10* PFU mL™) after 60 minutes.

In a further attempt, a small analytical assay was performed. Taking into account
the usual SARS-CoV-2 concentration in nasopharyngeal samples (an average of 7-10° PFU

mLper sample until the fifth day of infection and a maximum of 7.11-108 copies per swab
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(Wolfel et al., 2020)), aliquots of negative nasopharyngeal samples were inoculated with
different amounts of the pseudotyped virus VSV-S (5-:10° to 4-10* PFU mL?) to emulate
SARS-CoV-2 infected samples. Then, 100 pL of each sample was added to an eppendorf
tube containing the S3 support and 900 uL of hybridization buffer. After 60 min at 25 ¢C
rhodamine B released from pores was monitored at 575 nm (Aexc = 555 nm). Experimental
points (Figure 7) show that the obtained signal is proportional to the concentration of
VSV-S. The possibility of obtaining an approximation of the virus concentration in the
samples is of interest in a clinical context, as it might allow differentiating patients with a
high viral load and who may need a different treatment than others with a lower load.
Moreover, preliminary studies carried out to assess the stability of aptamer-gated
nanomaterials have demonstrated that the aptasensor can be stored up to 8 weeks

without any changes in their sensing performance (Ribes et al., 2017).

11~
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Figure 7. Dye release from solid S3 in the presence of increasing amounts of VSV-

Sin clinical sample.
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3.5. Study of the system behavior with different S proteins from different

SARS-CoV-2 variants of concern

In a step forward, the response of S3 to S protein from different SARS-CoV-2
variants of concern were studied using pseudotyped VSV carrying the different S protein
variants Alpha, Beta, Gamma and Delta (i.e. VSV-Alpha, VSV-Beta, VSV-Gamma and VSV-
Delta), which are the most spread in European countries until December 2021. In each
experiment, S3 was submerged in a nasopharyngeal sample doped with the pseudotyped
virus carrying a spike protein with the corresponding genome of the variant of concern
(VSV-Alpha, VSV-Beta, VSV-Gamma and VSV-Delta). Released rhodamine B after 60 min
was measured by fluorescence as in previous experiments. As can be appreciated in Figure
8, S3 responds to all studied variants, giving hope to the detection of new coming variants

of the virus using S3.

10

Intensity (a.u.)

Control Alpha Beta Gamma Delta

Figure 8. Media fluorescence intensity of rhodamine B in presence of VSV-Alpha,

VSV-Beta, VSV-Gamma and VSV-Delta. (2.5-10* PFU mL™). Control represents the delivery
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in the nasopharyngeal sample without the stimulus after 60 minutes from the beginning

of the experiment.

4. CONCLUSION

Rapid and accurate detection of SARS-CoV-2 infections is crucial for preventing
new outbreaks and ensuring appropriate treatment. Therefore, the development of new
approaches for the simple and rapid identification of this virus is essential in clinical
practice. As demonstrated in this study, nanoporous materials can be combined with
aptamers to develop a useful fluorescence-based biosensor for the detection of the SARS-
CoV-2 spike protein in a competitive environment. The nanoporous anodic alumina (NAA)
scaffold constitutes the biosensor, this support has been loaded with rhodamine B and
capped with an aptamer specific to the SARS-CoV-2 spike protein. Upon exposure to the
spike protein or SARS-CoV-2 pseudotypes, the capping aptamer is displaced, the pores
open, and the fluorophore is released. The biosensor exhibits a limit of detection of 7.5 x
10% PFU mL™ in TRIS buffer and 2 x 10* PFU mL™ in nasopharyngeal samples collected in
TRIS media, which is comparable to the performance of other state-of-the-art SARS-CoV-
2 detection systems. In addition, the biosensor demonstrates high selectivity for the SARS-
CoV-2 spike protein and is not affected by other interfering substances. The proposed
method was successfully applied to the identification of SARS-CoV-2 virus pseudotypes in
artificially inoculated clinical samples and nasopharyngeal samples from COVID-19
patients. It is efficient in terms of sensitivity and predictive values and is fast, simple, and
portable. It can also be easily modified by incorporating different reporters and capping
sequences. This approach to sensing may also provide inspiration for the development of

new simple tests for point-of-care pathogen testing.
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5. MATERIALS AND METHODS

5.1. General Techniques

A ZEISS Ultra 55 microscope was employed to perform Field Emission Scanning
Electron Microscopy (FSEM) and Energy Dispersive X-ray spectroscopy (EDX) analyses.
Measurements of fluorescence spectroscopy were carried out on a Synergy H1 microplate

reader (BioTek, Winooski, VT, USA).

5.2. Reactives and reagents

(3-triethoxysilyl)propylisocyanate, acetonitrile, rhodamine B, triethylamine (TEA)
and  TRIS(hydroxymethyl)aminomethane (TRIS) were acquired from Sigma-Aldrich
Quimica (Madrid, Spain). Nanoporous anodic alumina supports were commercially
obtained from InRedox® (CO, USA). Oliconucleotides were purchased in Integrated DNA

Technologies, Inc. (1A, USA) and used without further purification.

5.3. Oligonucleotides Design

The aptamer sequence was obtained from the literature (for additional
information regarding the aptamer employed on this subject, see reference 12*!) and were
acquired from IDT by Danaher Corporation (Leuven, Belgium). The specific sequences
chosen to cap de pores were O1: 5’-AAA AAA CCC CCC-3’; 02: 5'-TTT TTG GGG GGC AGC
ACC GAC CTT GTG CTT TGG GAG TGC TGG TCC AAG GGC GTT AAT GGA CAG GGG GGT TTT
T-3.

5.4. Synthesis of solids

To synthesize solid S1, 25 independent NAA supports of 2 mm of diameter were
submerged in a rhodamine B solution in CHsCN (6 mg, 1.57 mM, 8 mL), which was mixed

for 24 h to facilitate the loading of pores. Then surface functionalization was accomplished

177



N cHapTERIN

by the addition of (3-triethoxysilyl)propylisocyanate (1.32 mmol, 328 pL) and stirring the
mixture during 5 h 30 min. Finally, the material was dried overnight at room temperature.
S1 was immersed in a solution of the corresponding nucleotide sequence (01) in the
rhodamine B (262.5 pg, 1.57 mM, 350 pL) and TEA (2 pL) solution in CH3sCN to obtain solid
S2, hereafter the same solids were immersed one second time in hybridization buffer (20
mM TRIS-HCI, 37.5 mM MgCl,, pH 7.5) with the DNA aptamer (02) to obtain the sensing
solid S3. Optimization of capping conditions were carried out for the resulting gated
materials to achieve the best performance. Amounts of capping oligonucleotide were 50
uL of 01 (10 uM), 10 pL of 02 (100 uM). Final volume of reaction was stablished in 125 uL
of hybridization buffer and mixtures were agitated at 25 2C for 120 min. Lastly, the
obtained materials were rinsed with hybridization buffer to eliminate the unbounded

oligonucleotide and any excess of rhodamine B.

5.5. Cargo quantification

To calculate the amount of the rhodamine B that can be loaded in the pores, a
pair of independent supports of solid S3 were submerged in 1 mL of hybridization buffer.
Then, one of them was stirred at 90 °C during 60 min to force the opening of the pores
and the maximum cargo release, and the other was maintained in agitation at 25 °C during
60 min as a control. The delivered fluorophore was measured at 575 nm (Aexc = 555 nm),
and the quantification of final released dye was undertaken using a calibration curve with

different concentrations of rhodamine B. The experiment was done by triplicate.

5.6. Virus obtention

To generate the replication competent vesicular stomatitis virus carrying the S
protein of the Wuhan SARS-CoV-2 strain, we replaced the G gene in a plasmid encoding
the antigenome of VSV with an additional GFP transcriptional unit (Andreu-Moreno et al.,
2020) with the Wuhan spike sequence lacking the C-terminal 21 amino acids to facilitate

virus production. The virus was then rescued as previously described (Andreu-Moreno et
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al., 2020) but using induced BHK-G43 cells which express the G protein of VSV (Hanika et
al., 2005). The virus was then amplified for 1 passage on Vero cells. Replication
incompetent VSV carrying different S proteins were produced as previously described
(Gozalbo-Rovira et al., 2020). The genotype of the S proteins relative to the Wuhan S
sequences were: Alpha, mutations H69Del, V70Del, Y144Del, N501Y, A570D, D614G,
P681H, T716l, S982A and D1118H; Beta, mutations D80A, L241Del, L242Del, A243Del,
E484K, N501Y, D614G, and A701V; Gamma, mutations L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, D614G, H655Y, T10271 and V1176F; and Delta, mutations T19R,
F157Del, R158Del, L452R, T478K, D614G, P681R and D950N. All viruses were purified by
centrifugation at 50,000g for 4 hours and resuspended in DMEM All viruses were

maintained in the same media at -802C.

5.7. Detection protocol

The ability of the materials to detect spike protein and VSV-S was assessed by the
fluorescence emission response of the reporter rhodamine B diffused from the inner
mesoporous structure in the presence and in the absence of SARS-CoV-2 spike protein.
For that, two independent supports of the material S3 were separately submerged in 900
uL of hybridization buffer each. Then, 100 pL of purified spike protein (1 ng pL™,
Sinobiological, Beijing, China) were added to one of the supports of each pair of S3 solids
whereas 100 pL of hybridization buffer were transferred to the other. All solutions were
stirred at 25 °C and aliquots were collected periodically. The experiment was done by
triplicate and released rhodamine B was detected by fluorescence spectroscopy at 575
nm (Aexc = 555 nm). In a step forward, a similar release assay was performed but using
100pL of VSV-S (2,5-10° PFU mL?) to one of the supports of S3. The solutions were stirred

as well at 25°C.
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5.8. Quantification curve of SARS-CoV-2 spike protein recognition

The response of the solid S3 to different concentrations of VSV expressing the
coronavirus spike protein on the surface was studied. For that, eleven independent
supports of the S3 material were submerged in a solution containing 100 uL of different
dilutions of VSV-S (from 10* to 5-:10° PFU mL?) and volume was completed until 1 mL with
hybridization buffer (diluting the virus concentrations 1:10). Solutions were stirred at 25

oC and released rhodamine B was determined at 575 nm (Aexc = 555 nm) after 60 min.

5.9. Selectivity

To evaluate de selectivity of the system, dye release experiments were carried
out by adding to independent supports of each material S3 a known concentration of
different drugs commonly used in several treatments (levothyroxine, 0.025 mg mL%;
acetylsalicylic acid, 0.05 mg mL?; salbutamol, 0.1 mg mL?; paracetamol, 0.1 mg mL%;
enoxaparin, 0.1 mg mLand tiotropium, 0.05 mg mL™%). In the same experiment, 100 pL of
SARS-CoV-2 spike protein (1 ng uL™) was used as a positive control and 100 pL of
hybridization buffer as a negative control. The final volume was completed to 1 mL with
hybridization buffer and mixed for 60 min at 25 °C. Delivered rhodamine B was

determined by fluorescence (Aexc = 555 Nnm, Aem = 585 nm).

5.10. Validation in competitive media

The potential use of the sensing material S3 to detect different concentrations of
VSV-V in more realistic samples was tested. Therefore, the virus obtained as we mention
before were diluted to the concentration of 2,5:10° PFU mL?% Then, human
nasopharyngeal samples were collected from healthy donors with the help of a swab and
kept in 5 mL of hybridization buffer. The samples were artificially inoculated with the
concentration of prepared before. Finally, 100uL of each sample were added to four

independent S3 supports submerged in 900uL of hybridization buffer. After 60 min at 25
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oC the delivered rhodamine B was determined according to the obtained fluorescence

emission at 575 nm (Aexc = 555 nm).

5.11. Study of the system behavior with different VSV-S variants

To assess the responsiveness of the system to the constant changing of SARS-CoV-
2 that have naturally occurred during all the pandemic, different virus variants were
tested with independent S3 supports. Thus, VSV carrying the different S protein variants
Alpha, Beta, Gamma and Delta, which are the most spread in European countries until
December 2021, were used. All the different four variants were diluted to a concentration
of 2,5-10* PFU mL?, meanwhile the control essay was performed containing no virus. All
viruses were first diluted in TRIS media and then 100 uL of each one was added to 900 uL
of competitive media (nasopharyngeal sample) containing a final volume of 1 mL each
Eppendorf tube. Released rhodamine B after 60 min was measured by fluorescence as in

previous experiments (Aexc = 555 nm).
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Figure S2. FESEM images of the material after use. A) reflects the surface of a

nanosensor which has been tested in presence of the SARS-CoV-2 Spike protein. B)

corresponds to the device surface that acts as a negative control (in the absence of the

Spike protein).

C))

Table S1. List of commercial tests to detect SARS-CoV-2

*Sample collected with a nasopharyngeal swab according to each manufacturer

guidelines.

Assay

ActivXpress + COVID-
19 Ag Complete Kit
Biocredit COVID-19
Ag

Bioeasy 2019-nCoV
Ag

ESPLINE SARS-CoV-2

Rapid SARS-CoV-2

Antigen test card

Manufacturer/
Distributor
Edinburgh Genetics
Ltd

Rapidgen Inc

Shenzhen Bioeasy
Biotechnology
Fujirebio Diagnostics
Inc

Boson
Diagnostics/Excalibur

Healthcare Services

LOD
(PFU/mL)

1.0 x10*

5.0 x10*

5.0 x103

5.0 x10?

2.5 x10*

Principle

Colloidal gold

Colloidal gold

Fluorescence

Colloidal gold

Colloidal gold

Time to
result
5-20

min

0 min

10 min

30 min

15 min

Ref

(1]

(1]

(1]

(1]

(1]
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GENEDIA W COVID- Green Cross Medical 5-10
1.0 x10* Colloidal gold [1]
19 Ag Science min
iChroma COVID-19
Boditech Medical Inc | 1.0 x10* Fluorescence | 12 min [1]
Ag Test
Innova SARS-CoV-2 Innova Medical
1.0 x103 Colloidal gold | 15 min | [1]
Antigen Rapid Group Ltd
SARS-CoV-2 Antigen | Joyshio 15-20
2.5 x10? Colloidal gold [1]
Rapid Test Kit Biotechnology Ltd min
Mologic COVID-19 Ag
Mologic Ltd 5.0 x103 Colloidal gold | 10 min [1]
Test device
NowCheck COVID-19 | Bionote Inc./Mologic 15-30
5.0 x103 Colloidal gold [1]
Ag test Ltd min
Coronavirus Ag Rapid | Zhejiang Orient Gene 10-15
1.0 x103 Colloidal gold [1]
Test Biotech Ltd min
Panbio COVID-19 Ag | Abbott Rapid
5.0 x103 Colloidal gold | 15 min [1]
Rapid Test Diagnostics
Respi-Strip COVID-19 15-30
Coris Bioconcept 2.5 x10° Colloidal gold [1]
Ag min
SARS-CoV-2 Rapid SD Biosensor Inc./ 15-30
5.0 x10? Colloidal gold [1]
Antigen Test Roche Diagnostics) min
Standard F COVID-19 15-30
SD Biosensor Inc 2.5 x10* Fluorescence [1]
Ag FIA min
Standard Q COVID-19 | SD Biosensor Inc 5.0 x10° Colloidal gold | 15 min [1]
Sure-Status COVID- Premier Medical 15-20
5.0 x10? Colloidal gold [1]
19 Antigen Card Test | Corporation min
Wondfo 2019-nCoV Guangzhou Wondfo 10-15
2.5 x10° Colloidal gold [1]
Antigen Test Biotech Co min
24
gCovid-19 RT-gPCR ggenomics 7.5x10° Fluorescence [2]
hours
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Surface
Biotinylated DNA
Enhanced
aptamer on silver Scientific research 3.8 x 10* 7 min [3]
Raman
nanoparticles
Scattering
NAA loaded with
rhodamine B and Less This
capped with anti- Scientific research 7.5x10° Fluorescence | than1l pa-
spike protein hour per

aptamer
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CHAPTER IV

1. ABSTRACT

Nanostructured materials appropriately functionalized are increasingly being
recognized as effective tools in diagnostic and therapeutic applications. Yet, their
interface with biotechnological systems needs to be extended to boost a plethora of
biomedical applications. Here, we combined stimuli-responsive gated nanoporous anodic
alumina (NAA) with the CRISPR-Cas12a technology to develop a rapid and precise nucleic
acid detection system. NAA material is loaded with rhodamine B and capped with
arbitrary ssDNA. The system is fully characterized at the physicochemical level by electron
microscopy and spectroscopy. The general-purpose and specific dsDNA detection relies
on the programmability of the RNA-guided Casl12a nuclease. The collateral catalytic
activity of the nuclease is exploited to uncap the NAA material, leading to the specific
release of rhodamine B to the medium for fluorescence measurement. Signal
transduction is characterized through the engineered interface with synthetic dsDNA
molecules. The applicability of the system is illustrated by detecting in a simple manner
the SARS-CoV-2 genome from clinical samples in 1h and with high accuracy. A
recombinase polymerase amplification process running isothermally is used for RNA-to-
dsDNA transformation. This work shows a new promising approach for the development

of accessible and effective diagnostic tools in the fight against infectious diseases.

= KEYWORDS. nanobiotechnology, nanostructured materials, controlled release,

SARS-CoV-2, CRISPR diagnostics.

2. INTRODUCTION

Infectious agents (mainly, viruses and bacteria) represent an omnipresent threat
that has waved humanity with multiple outbreaks causing public health crises, being the
most recent the coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) (Zhu et al., 2020). In the global world of
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today, infectious agents have an unprecedented capacity of spread both in terms of
geographic expansion and speed, (Smith et al., 2007) which jeopardizes national
healthcare systems. It is therefore imperative in an emergency scenario to leverage rapid
detection protocols and set up a large network of point of care (POC) testing settings (St

John, 2010).

Clinical diagnoses of infectious diseases rely on culture-based approaches and
polymerase chain reaction (PCR). Nowadays, reverse transcription quantitative PCR (RT-
gPCR) is the gold standard diagnostic technique in the clinic (Yang and Rothman, 2004),
because it allows having pathogenic titers, in addition to warrant high sensitivity and
specificity. However, the protocols are often slow and cumbersome, especially when
pathogen characterization is desired. Moreover, they require expensive equipment and

well-trained personnel, which hinders a massive testing action at multiple locations.

The development of reliable POC testing tools is important in order to set up a
wide diagnostic line to complement RT-gPCR-based diagnoses (both within the healthcare
system and at the personal level). Early and frequent detection of infections upon an
outbreak becomes invaluable for adopting containment measures to reduce transmission,
especially if asymptomatic individuals are detected, and timely therapeutic interventions
are established to mitigate severe and fatal outcomes, which are mainly prevalent in the
elderly population (Larremore et al., 2021). In this regard, nanotechnological advances
are giving rise to specific, sensitive, and smart nanodevices with great potential in the

biosensing field (Welch et al., 2021).

Nanostructured materials with high surface-to-volume ratio capable of delivering
various types of cargo molecules in substantial amounts are appealing for diagnostic and
therapeutic applications (Aznar et al., 2016; Alberti et al., 2015). These materials typically
involve a cargo-containing inorganic porous support and a highly-tunable surface that

allows the immobilization of diverse biological elements (e.g., nucleic acids, enzymes, or
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antibodies) through covalent or non-covalent bonds. The attached elements act as
molecular gates (or gatekeepers), blocking the pores and preventing the release of the
previously loaded cargo (typically fluorogenic dyes for diagnostics). As a result, these
materials are responsive to specific analytes interacting with the gatekeeper, leading to

reversible or irreversible structural changes that trigger cargo release.

Among the inorganic porous supports, nanoporous anodic alumina (NAA) has
gained significant attention in recent years (Rajeev et al., 2018). They are fabricated by
self-ordering electrochemical anodization, which leads to have nanochannel arrays in a
simple, scalable, and cost-effective manner which contrasts with fabrication by
conventional lithographic techniques (Chen et al., 2001). These nanostructured materials
stand out for their mechanical, optical, and electrical properties (Vojkuvka et al., 2012;
Marsal et al., 2009), as well as their thermal stability and biocompatibility (La Flamme et
al., 2007). Moreover, the abundance of hydroxyl groups on their nanochannels facilitates
efficient biofunctionalization through alkoxysilane chemistry. All these properties have
enabled the development and application of NAA materials for the detection of viral
particles (virions) (Nguyen et al., 2009), bacterial cells (Pla et al., 2020), proteins (e.g.,
immunoglobulin) (Alvarez et al., 2009), nucleic acids (Ribes et al., 2019), and small
molecules (Ribes et al., 2016). For that, the surface of the devices was functionalized with
antibodies, high-affinity aptamers, or complementary oligonucleotides. Notably, recent
strategies have allowed detecting the genome of diverse pathogens (Ribes et al., 2019;
Hernandez-Montoto et al., 2023) and even genetic biomarkers such as microRNAs
(Garrido-Cano et al., 2021). Porous nanomaterials have also allowed going beyond the
simple detection model to the implementation of biocomputing schemes (Wen et al.,

2012).

Notwithstanding, the development of novel strategies in which the very same
functionalized NAA material was capable of detecting a variety of targets, while

maintaining the specificity and sensitivity, would represent a significant advance in POC
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diagnostics. Not being constrained by a particular application, the gated NAA device could
be routinely produced and stored for when needed. Here, we intend to exploit clustered
regularly interspaced short palindromic repeat (CRISPR) systems (viz., the RNA-guided
adaptive immune system in prokaryotes against viruses) (Barrangou et al., 2007) in
combination with gated NAA materials to develop a novel detection platform. In recent
years, CRISPR systems have been repurposed for nucleic acid detection (Kaminski et al.,
2021), as well as for gene regulation and editing (McCarty et al., 2020). Some CRISPR-
associated (Cas) proteins, such as Cas12a, display a collateral catalytic activity upon DNA
target recognition that allows digesting oligonucleotides present in the medium (usually
in the form of fluorogenic probes for diagnostics) (Chen et al., 2018). This feature could
be exploited to interface CRISPR systems with oligonucleotide-capped NAA materials,
where the cargo of the material would be released once the CRISPR-Cas12a complex had
recognized the nucleic acid of interest and, in turn, had indiscriminately cleaved the

capping oligonucleotides.

A CRISPR-based detection usually requires a pre-amplification process of the
nucleic acid of interest, although some systems have been developed for a direct
recognition (Fozouni et al., 2021). A key aspect in POC detection lies in operating at a
constant and low temperature, then avoiding thermocycling. A variety of isothermal
amplification methods have been developed for nucleic acid detection (Zhao et al., 2015),
such as recombinase polymerase amplification (RPA), which allows operating at
temperatures in the 37-42 2C range (Piepenburg et al., 2006). Such methods exploit
primer-directed enzyme-nucleic acid interactions and polymerization. Of relevance, they
have been applied to detect the genomes of pathogenic bacteria (Hara-Kudo et al., 2005)
and viruses including SARS-CoV-2 (Ganguli et al., 2020). Nonetheless, spurious
amplifications due to the presence of contaminants or closely related nucleic acid
sequences, as well as the lack of standardized protocols, limit the precision of these
methods. Thus, the implementation of a subsequent CRISPR-based step results highly

beneficial to increase specificity and even sensitivity.
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In the following, we present our results on the use of gated NAA materials
responding to Casl2a for specific nucleic acid detection. We characterized the resulting
material by means of high-resolution techniques of microscopy and spectroscopy. We
used rhodamine B to load it, thereby measuring the release by fluorescence in a
guantitative and time-resolved manner. As a proof of principle, we here focused on the
detection of the SARS-CoV-2 genome. For that, we programmed Casl12a with a CRISPR
RNA (crRNA) targeting the N gene of the virus. We assessed the dynamic response of the
system, as well as its specificity and sensitivity, with synthetic double-stranded DNA
(dsDNA) molecules. Finally, we collected clinical samples of infected patients with SARS-

CoV-2 to test the detection ability of the engineered system.

3.RESULTS AND DISCUSSION

3.1. Design, synthesis, and characterization of gated NAA materials

Starting from commercially available NAA scaffolds cut into disks of 2 mm
diameter (SO material), we loaded the pores with rhodamine B (S1 material), a fluorogenic
molecule serving as reporter of the detection. We then chemically modified the outer
surface by the attachment of 3-(triethoxysilyl)propyl isocyanate to generate S2 material.
Subsequently, a single-stranded DNA (ssDNA) molecule of arbitrary sequence and
modified in their 5" and 3’ ends with amine moieties was chosen to minimize secondary
structure. We exploited these amino groups to covalently anchor the oligonucleotide by
means of the formation of urea bonds with isocyanate moieties present in S2 material. As
a result, we obtained a gated NAA solid, termed S3 material. The oligonucleotide
ensemble on the surface of the inorganic scaffold was expected to be bulky enough to

block the pores and prevent rhodamine B delivery.

To obtain a quantitative physicochemical picture, SO, S1, S2, and S3 materials

were characterized by field emission scanning electron microscopy (FESEM), atomic force
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microscopy (AFM), and energy dispersive X-ray spectroscopy (EDXS). The appearance of
the initial SO solid was of a silvery small disk, while the final S3 solid acquired a pinkish
tone due to the loading with rhodamine B. Representative FESEM images of the SO
material showed the porous structure described above, while the images of the S3
material evidenced the presence of a dense capping layer on the top of the pores (Figure
1A,B; see also Figure S1 in Supporting Information to have a comparative view of the S1
and S2 materials). AFM images resolved the three-dimensional aspect the different
material surfaces (Figure S2, Supporting Information). In addition, EDXS analyses served
to quantify the atomic content and confirm the appropriate synthesis of the different
materials. Due to the cargo molecules loaded into the material, the carbon content of the
S1 solid increased from the raw material. The isocyanate attachment to generate the S2
solid did not prevent a partial cargo release, reflected in a slight decrease in carbon
content. The S3 solid showed the highest carbon content due to the capping
oligonucleotides, which was also reflected in the highest nitrogen and phosphorous

content (Figure 1C).
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C cEement| SO s1 s2 s3
C 0.37 £0.02 0.54 £0.01 0.50 + 0.02 0.83 £ 0.02
N 0 0.019 £ 0.003 | 0.037 + 0.006 | 0.106 + 0.005
(o] 212 +0.04 2.30 £ 0.04 2.30 + 0.05 2.55 + 0.05
Al 1.00 £ 0.02 1.00 £ 0.02 1.00 £ 0.02 1.00 £ 0.02
Si 0 0 0.030 + 0.004 | 0.078 + 0.004
P 0 0 0 0.011 £ 0.004

Figure 1. Physicochemical characterization of oligonucleotide-capped NAA. A)
FESEM image of the material surface before capping, showing the nanopores (SO
material). The material was loaded with rhodamine B to produce a red fluorescence signal
if rhodamine B is released to the medium. B) FESEM image of the material surface after
covalent capping with oligonucleotides (ssDNA) of arbitrary sequence (S3 material). Scale
bar of 40 nm. Bottom, relative atomic compositions (with respect to Al atoms) of the SO,

S1, S2, and S3 materials determined by EDXS.
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To demonstrate that the gated NAA material exhibited a controlled release
mechanism, we used a nonspecific deoxyribonuclease (DNase) able to digest both dsDNA
and ssDNA molecules (Sutton et al., 1997). The fluorescence level of the aqueous phase
determined the amount of delivered dye from the uncapped nanopores. The S3 material
was incubated with 1 ng mL! DNase | from bovine pancreas at 25 2C and fluorescence was
monitored with time (Figure 2A). After 1 h, we found a 3.5-fold dynamic range. Next, we
investigated the physicochemical change suffered by the material. FESEM images
illustrated exposure of the nanopores to the medium upon incubation with the nuclease
(Figure 2B,C). In terms of atomic composition, EDXS analyses showed a 38% reduction in
carbon content, 38% reduction in nitrogen content, and 16% reduction in phosphorous
content (Figure S3, Supporting Information), which agrees with a loss of capping

oligonucleotides and cargo molecules.
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Figure 2. Functional characterization of oligonucleotide-capped NAA. A)
Rhodamine B release dynamics with and without DNase | (1 ng/mL, at 25 °C for 60 min).
Represented data correspond to means * standard errors (n = 3). “Statistically significant
change (Welch’s t-test, P < 0.05). B) FESEM image of the material surface after blank
incubation. C) FESEM image of the material surface after incubation with DNase |. Scale

bar of 100 nm.

3.2. CRISPR-Cas12a regulation of cargo release

To interface the aforementioned NAA material with the CRISPR-Cas12a system in
vitro, we considered the Cas12a from Lachnospiraceae bacterium. This Cas12a variant has
demonstrated excellent activity for both dsDNA primary targeting and subsequent ssDNA
trans-cleavage (Chen et al., 2018). As a case study, we focused on detecting the SARS-

CoV-2 genome. To this end, we considered a previously designed crRNA able to target a
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dsDNA fragment complementary to the N gene (Marqués et al., 2021), which can be
generated by PCR with the Centers for Disease Control and Prevention (CDC) N1 primers.
In this amplicon, there is a suitable protospacer adjacent motif (PAM) for Casl2a
recognition, whose sequence reads TTTG (Figure 3A). The crRNA was in vitro transcribed

and incubated with a commercial preparation of Casl2a to form the ribonucleoprotein.

We performed CRISPR-Casl2a reactions with the S3 material and a synthetic
dsDNA molecule mimicking the N1 amplicon. Reactions occurred at 25 °C and
fluorescence was measured at different time points to assess the release of rhodamine B
to the medium due to the trans-cleavage of the oligonucleotides capping the material
(Figure 3B). After 1 h, we found that the dsDNA presence (ON state) led to a 2.4-fold
increase in fluorescence (with respect to the OFF state), confirming the proposed signal
transduction mechanism (Figure 3C; see also Figure S4A in Supporting Information). We
also noticed some nonspecific intrinsic release from the material, arguably due to some
nanopores not fully capped. The dynamic response reached a plateau in less than 30 min,

and a first-order kinetic model was used to fit the data (Mircioiu et al., 2019).
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Figure 3. Interfacing CRISPR-Cas12a-based detection with NAA-based rhodamine
B release. A) Scheme of the CRISPR-Cas12a ribonucleoprotein targeting the N1 dsDNA
amplicon of SARS-CoV-2. The spacer of the crRNA is shown in red and the PAM in blue. B)
Scheme of the oligonucleotide-capped NAA-based rhodamine B release by the collateral
activity of Cas12a upon targeting the dsDNA amplicon (ON state). When the dsDNA
amplicon is absent (OFF state), the capping oligonucleotides keep rhodamine B within the

NAA particle (S3). C) Rhodamine B release dynamics based on the collateral activity of
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Cas12a (100 nM) upon targeting synthetic N1 dsDNA molecules (500 nM, at 25 C for 60
min). Represented data correspond to means * standard errors (n = 3). Solid lines
correspond to adjusted theoretical models [F = F,,(1 — e™*), where F,, = 201.2 AU and
k = 0.227 min* in the ON state, and F,, = 81.4 AU and k = 0.198 min™ in the OFF state].

“Statistically significant change (Welch’s t-test, P < 0.05). AU, arbitrary units.

In addition, we decided to investigate the effect of temperature, as this physical
variable might serve for fine-tuning purposes. We measured the dynamic response of the
system at 31 and 37 2C, finding greater release of rhodamine B to the medium as
temperature increased (Figure 4). After 1 h at 37 2C, we quantified a 4.3-fold change with
respect to a blank reaction without target dsDNA, which represents an enhancement of
79% from 25 2C. The nonspecific intrinsic release from the material only increased
marginally with temperature. Despite the typical habitat of L. bacterium is the mammalian
gut (Meehan et al., 2014), the activity of its Cas12a has been shown almost constant in
the 25-37 2C range in vitro (Fuchs et al., 2022). Thus, we attributed such enhancement to
anincrease in the diffusivity of the CRISPR-Cas12a complex following statistical mechanics
principles (Miller et al., 1924), thereby leading to more collisions with the gated NAA

material.
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Figure 4. Effect of temperature on the dynamic response. A, B) Rhodamine B
release dynamics at different temperatures (31 and 37 2C) upon incubating the S3 material
with CRISPR-Cas12a ribonucleoproteins and synthetic N1 dsDNA molecules. Represented
data correspond to means * standard errors (n = 3). Solid lines correspond to adjusted
theoretical models [F = Foo(l — e_kt), where F,, = 203.6 AU and k = 0.185 min™ at 31
oC in the ON state, F,, = 66.1 AU and k = 0.091 min? at 31 °C in the OFF state, F,, =
362.8AUand k = 0.115 min? at 37 °C in the ON state, and F,, = 96.3 AU and k = 0.098

mint at 37 oC in the OFF state]. C) Scatter plot between rhodamine B release and
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temperature (incubation for 60 min). “Statistically significant change (Welch’s t-test, P <

0.05). AU, arbitrary units.

3.3. Specificity and sensitivity assays

To evaluate the specificity of our detection system, we synthesized additional
dsDNA molecules mimicking SARS-CoV-2 amplicons generated by PCR with the CDC N2
primers targeting the N gene, the Charité E-Sarbeco primers targeting the E gene, and
custom designed primers targeting the S gene (Figure S5, Supporting Information). Then,
we conducted CRISPR-Cas12a reactions with the S3 material, using the crRNA targeting
the N1 amplicon. Reactions occurred at 25 2C and a single fluorescence measurement was
done after 30 min. Our results revealed a significant release of rhodamine B to the
medium only in the intended case, with no apparent off-target effects (Figure 5A). Even
though all amplicons contained suitable PAMs to be recognized by Casl2a, the non-
complementarity of the crRNA prevented the formation of the ternary complex and then
the activation of the collateral catalytic activity of the nuclease. Thanks to appropriate
crRNA designs, the CRISPR-Cas12a system has been exploited to discriminate sequences
harboring mutations in both the protospacer and the PAM (Marqués et al., 2021; Yang et
al., 2022), so further work could explore this extreme with the interface here

implemented with the NAA material.

To assess the sensitivity of the system, we performed a set of CRISPR-Cas12a
reactions with the S3 material and increasing concentrations of the target dsDNA
molecule (0, 1, 10, 100, and 500 nM), corresponding to the N1 amplicon. As before,
reactions occurred at 25 2C. We only observed substantial release of rhodamine B to the
medium at target concentrations of 500 nM (Figure 5B). In that favorable condition, we
estimated the formation of 100 nM activated nuclease for trans-cleaving ssDNA
molecules. It is important to note that because the S3 solid remains at the bottom of the

tube, only those activated Casl2a nucleases in the vicinity of the material surface can
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hydrolize the capping oligonucleotides. Using a calibration line established from control
solutions, we determined the release of about 2.1 uM rhodamine B in the ON state,
highlighting a signal amplification of 21-fold from the nuclease to the reporter. Of note,
in these new experiments, we found a larger dynamic range of 4.2-fold. Arguably, the use
of a distinct batch of particles, which could have a different load of rhodamine B and a
different layer of capping oligonucleotides, could explain this variation from our previous
results. Yet, the behavior from particle to particle was highly comparable within a given
batch. In this regard, continued efforts to scale up and homogenize the production of

functional materials are important for biomedical applications (Nufiez et al., 2018).
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Figure 5. Specificity and sensitivity analyses. A) Rhodamine B release in the
presence of different dsDNA molecules (500 nM, at 25 °C for 30 min) using the S3 material.

The SARS-CoV-2 N (N1 and N2 regions), E, and S genes were considered. B) Rhodamine B
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release in the presence of increasing amounts of synthetic N1 dsDNA molecules (at 25 2C
for 30 min). Represented data correspond to means + standard errors (n = 3). "Statistically

significant change (Welch’s t-test, P < 0.05). AU, arbitrary units.

3.4. Detection of SARS-CoV-2 in clinical samples

We designed an experimental test based on the application of a CRISPR-Cas12a
ribonucleoprotein and a gated NAA material aimed to detect the SARS-CoV-2 RNA
genome from clinical samples. Nasopharyngeal swab samples from different hospitalized
patients were collected, and RT-qPCR assays were performed to confirm the infection by
SARS-CoV-2 in a subset of them (Figure S6, Supporting Information). In our devised assay,
the first step is an RT-RPA reaction. This allows producing dsDNA amplicons at a suitable
concentration from the virus genome in the case of positive samples. In a second step,
the S3 material and preassembled CRISPR-Cas12a ribonucleoproteins are mixed with the
RT-RPA product for the specific dsDNA detection (Figure 6A). The resulting protocol is
streamlined, not needing RNA extraction, sample concentration, or intermediate

purification.

To perform RT-RPA reactions against SARS-CoV-2, we extended the CDC N1
primers by their 3’ ends, so that the resulting product was the very same N1 amplicon
(note that RPA requires longer primers than PCR) (Piepenburg et al., 2006). Specifically,
the RT-RPA reaction occurred at 42 2C for 30 min, followed by the CRISPR-NAA reaction
at 25 oC for additional 30 min. Our results showed a highly significant response in terms
of rhodamine B delivery. On average, we found an 11.4-fold change in fluorescence
between positive and negative samples (Figure 6B), which allowed discriminating infected
patients with precision. We also noticed much higher fluorescence levels than with
synthetic dsDNA molecules, which was attributed to the elements present in the RPA

buffer, such the ssDNA-binding protein (Figure S4B, Supporting Information).

209



CHAPTER IV

NAA CRISPR-Cas12a
= Y P
T o T o
®42°C ®25°C
8 30 min & 30 min
sample RT-RPA CRISPR-nano 2
collection reaction reaction
10,000 - .
-~ o
2 <
2 7,500
(]
2 -
o 5,000 - O
o ° v
o g @ ¢
(o] ©
3 2,500 1 5
0
P1 P2 P3 P4 P5 P6
+ s

SARS-CoV-2 infection

Figure 6. SARS-CoV-2 detection in clinical samples with oligonucleotide-capped
NAA and CRISPR-Cas12a ribonucleoproteins. A) Scheme of the diagnostic method. RT-RPA
was used to amplify the SARS-CoV-2 RNA genome from a nasopharyngeal swab in the form
of dsDNA (N1 region; at 42 °C for 30 min). Then, a single S3 material and pre-assembled
CRISPR-Cas12a ribonucleoproteins were added to the reaction for the specific detection of
the N1 dsDNA amplicon (at 25 °C for 30 min). B) Rhodamine B release based on the
collateral activity of Cas12a (100 nM) upon targeting the N1 dsDNA amplicon (RPA primers
at 480 nM). Patients P1, P2, and P3 were diagnosed as positive for SARS-CoV-2 infection
by RT-gPCR. Patients P4, P5, and P6 were diagnosed as negative by RT-qPCR (Cr > 40).
Represented data correspond to technical replicates from patient samples (means marked
with horizontal lines). “Statistically significant change (Welch’s t-test, P < 0.05). AU,

arbitrary units.
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To detect another pathogen of interest following our development, it would only
be necessary to redesign the crRNA, which is an easy task. Avoiding the need to synthesize
a new NAA material for each new target could represent an advantage compared to
previous work (Hernandez-Montoto et al., 2023). In principle, nothing prevents using an
alternative isothermal amplification method (Zhao et al., 2015). We decided to use RPA
due to the low temperature requirement (in the 37-42 2C range) and the simplicity of the
primer design. In previous work, the Cas12a nuclease was exploited to process ssDNA-
modified gold nanoparticles aimed to obtain a colorimetric readout (Zhang et al., 2021;
Ma et al., 2021) or magnetic nanoparticles immobilizing an enzyme through an ssDNA
linker to produce a compound easily detectable with commercial electrochemical devices
(e.g., glucometer) (Liu et al., 2021). Accordingly, the NAA material might be loaded with
glucose rather than rhodamine B, thereby avoiding the use of a fluorometer. Of relevance,
we envision that NAA materials might be capped as well with RNA oligonucleotides. In
this case, the RNA-guided Cas13a ribonuclease (RNase) would be used, as this protein
displays a collateral catalytic activity over RNA molecules upon RNA target recognition
(Gootenberg et al., 2017). Nonetheless, such a material might also be a target for Cas12a,
as recent work has revealed certain trans-cleavage activity over RNA of this DNase (Li et
al., 2022). In this regard, probing the functional versatility of the CRISPR systems for the
controlled release of arbitrary cargo molecules from NAA materials represents one way

to engineer a new variety of nanobiotechnological devices.

4. CONCLUSIONS

The development of diagnostic systems capable of detecting infectious agents in
a confident, specific, sensitive, portable, and rapid manner, without the need for
expensive equipment and highly trained personnel, is crucial to support epidemiological
containment and allow early therapeutic interventions. Herein, we have expanded the

nucleic acid (pathogen genome) detection toolbox by engineering a novel system that
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combines NAA materials and the CRISPR-Cas12a technology. In brief, an oligonucleotide-
capped NAA material was responsive to the collateral catalytic activity of a Casl2a
nuclease upon dsDNA recognition. The specificity of the detection relied on the exquisite
sequence recognition ability of the RNA-guided Casl12a nuclease. The sensitivity, when
dealing with clinical samples, was based on the RPA efficiency and the signal amplification
obtained with the NAA material. Importantly, we demonstrated that a human respiratory
virus can be detected from clinical samples with high accuracy (dynamic range of the
response of >10-fold). Hence, the devised system displays POC testing potential. In sum,
having coupled inorganic (NAA), organic, and biological chemistry (CRISPR) with success,
our results prompt exciting prospects in the field of nanobiotechnology to devise

diagnostic, therapeutic, and even theranostic applications (Lammers et al., 2011).

5. MATERIALS AND METHODS

5.1. Reagents

Commercially available NAA scaffolds are composed of anodic aluminum oxide
films grown on a 0.1 mm thick aluminum layer with a pore density of 9-:10! cm™. Cavities
present a funnel-like shape, which progressively shifts from a size of 20-30 nm at the top
of the funnel (pore entrance) to a size of about 5 nm at the end. The pores are typically
10 um long. The NAA on Al foils (2575 mm) used in this work were provided by InRedox
with the following physical characteristics: alumina thickness of 10 + 0.2 um, pore
diameter of 5 + 2 nm, pore density of 9-10* cm™, and porosity of 15 + 2%. Chemical
reagents such as rhodamine B or tris(hydroxymethyl)aminomethane (Tris) were provided

by Merck.

The ssDNA oligonucleotide to cap the material was obtained from IDT, with the
sequence TACGCAAGGCGAATCTACCCTACGCAAGGCGAATCTACCC. This  arbitrary

sequence was chosen to minimize any secondary structure potentially interfering with the
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detection. The 5’ and 3’ terminals were functionalized with a primary amine (NH,) for
conjugation with the isothiocyanate label. The spacer used was (CH»)s in both cases, which
is hydrophobic. The 3’-NH, modification prevents a premature degradation by 3'®5’
exonucleases typically found in biological samples. Amino modifications were used in

post-coupling reactions (attachment to surfaces).

A purified preparation of L. bacterium Cas12a was obtained from IDT. Besides, the
crRNA to target the SARS-CoV-2 N1 amplicon, whose sequence reads
UAAUUUCUACUAAGUGUAGAUGUGGACCCUCAGAUUCAACU, was generated by in vitro
transcription with the TranscriptAid T7 high yield transcription kit (Thermo) from a DNA
template. The crRNA was purified using the RNA clean and concentrator column (Zymo)

and quantified in a NanoDrop spectrophotometer (Thermo).

5.2. Material characterization

High resolution FESEM was used to image the microstructure of the material. NAA
particles were fixed by carbon cement. Images were captured with a GeminiSEM 500
microscope (Zeiss) operating at 1 kV. The elemental composition of the analyzed surfaces
was determined by EDXS using an X-ray detector coupled to the microscope. AFM in
tapping mode was used to measure the surface topography. Images were obtained with

a MultiMode 8-HR platform (Bruker).

5.3. Material preparation for release assays

NAA particles (disks with diameter of 2 mm, 25 units) were immersed in a
rhodamine B solution in acetonitrile (1.5 mM, 8 mL) and incubated at 25 2C for 24 h using
an orbital stirrer at 50 rpm to load the nanopores. Then, for surface functionalization, 1
mL 3-(triethoxysilyl)propyl isocyanate was added and the mixture was stirred for 5.5 h.
NAA particles were rinsed with rhodamine B in acetonitrile and air dried on paper. To cap

the material, NAA particles (50 units) were soaked in a rhodamine B solution in
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acetonitrile (1.5 mM, 4.3 mL), followed by the addition of an aqueous solution of the
oligonucleotide bearing amine groups in the ends (100 puM, 625 plL) and 25 uL
triethylamine. The mixture was incubated at 25 2C for 3 h using an orbital stirrer at 50

rpom. NAA particles were washed with rhodamine B in acetonitrile and air dried on paper.

To verify the functionalization of the materials, a single NAA particle was
incubated in 1 mL buffer A (20 mM Tris and 37.5 mM MgCl,) with and without DNase |
from bovine pancreas (1 ng mL?, Merck). DNase | can hydrolize the oligonucleotides
present in the surface and then open the nanopores. Reactions were incubated at 25 2C
for 1 h at 700 rpm using a thermoshaker (Grant-Bio). At scheduled times (15, 30, 45, and
60 min), aliquots of 100 pL were taken for fluorescence measurements. Red fluorescence
measurements were performed in a Synergy H1 microplate reader (BioTek; excitation at

555 nm and emission reception at 575 nm).

5.4. CRISPR-Cas12a-based detection

Prior to the detection assay, the CRISPR-Cas12a ribonucleoprotein was formed by
mixing the crRNA (625 nM) and Casl12a (500 nM) at room temperature for 30 min, and
NAA particles were washed with the reaction buffer composed by 10 mM Tris-HCI (pH
7.9), 50 mM NacCl, and 10 mM MgCl; (termed buffer C). In a 2 mL tube (Axygen), 500 nM
synthetic dsDNA mimicking the SARS-CoV-2 N1 amplicon was mixed with 100 nM CRISPR-
Cas12a ribonucleoprotein for a total volume of 200 pL (adjusted with buffer C). A single
NAA particle was added to the reaction, which was incubated at 25, 31, or 37 2C for 1 h
with shaking at 500 rpm in a Thermomixer (Eppendorf). An aliquot of 20 pL was extracted
every 15 min to load a 384 well microplate (black, transparent bottom; Falcon) to measure
red fluorescence (from rhodamine B release) in a CLARIOstar Plus fluorometer (BMG;
excitation at 557 nm and emission reception at 604 nm). To test the sensitivity of the
system, different concentrations of synthetic SARS-CoV-2 N1 amplicon were considered:

1, 10, 100, and 500 nM. To test the specificity of the system, CRISPR-Casl12a-based
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detection reactions were carried out with additional synthetic SARS-CoV-2 amplicons: N2,

E, and S (always at 500 nM).

5.5. Patient samples

Nasopharyngeal swab samples were collected from six different patients in the
Clinic University Hospital of Valencia (Spain). Three of them resulted positive for SARS-
CoV-2 infection after RT-qPCR in the hospital, whereas the other three resulted negative.
Samples were inactivated through the action of proteinase K followed by a heat shock (5
min at 60 °C) before proceeding with the research study. No RNA extraction was
performed. The study received approval from the ethics committee of the Clinic

University Hospital of Valencia (order #2020/221).

5.6. Nucleic acid amplification by RT-RP

The TwistAmp basic kit (TwistDX) was employed. 480 nM RPA N1 forward
and reverse primers, 500 U RevertAid reverse transcriptase (Thermo), and 50 U
RiboLock RNase inhibitor (Thermo) were mixed with 29.5 puL rehydration buffer to
reach a total volume of 45.4 ul (adjusted with RNase-free water). The TwistAmp
basic reaction pellet was then resuspended with the resulting volume, and 2 L
patient sample was added. To initiate the reaction, 7 mM magnesium acetate was
introduced. Reactions were incubated at 42 2C for 30 min in a Thermomixer

(Eppendorf), with intermittent shaking at 300 rpm for 10 s every 2 min.

5.7. SARS-CoV-2 detection in patient samples

A single NAA particle was introduced into the reaction tube (Axygen) with 40 pL
RT-RPA final product (in the form of dsDNA) and 100 nM preassembled CRISPR-Cas12a

ribonucleoprotein for a total volume of 50 uL, which was incubated at 25 2C for 30 min.
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Red fluorescence (from rhodamine B release) was measured in a CLARIOstar Plus

fluorometer (BMG) after completing the reaction.

5.8. RT-qPCR validation

The TagPath 1-step RT-qPCR master mix, CG (Applied) was used. In a microplate
(Applied), 2 uL patient sample was mixed with 500 nM CDC N1 primers, 125 nM probe
(SARS-CoV-2 RUO kit, IDT), and the RT-qPCR mix to achieve a total volume of 20 pL. The
microplate was then loaded into a real-time PCR system (QuantStudio 3, Applied), and the
following protocol was employed: an initial step of 53 2C for 10 min for RT, 95 2C for 2 min
for RT inactivation, followed by 40 cycles of 95 2C for 3 s for denaturation and 60 2C for
30 s for annealing and extension. Samples with cycle threshold (Cr) values lower than 40

were considered positive for SARS-CoV-2 infection.
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7. SUPPORTING INFORMATION

Figure S117. High-resolution FESEM images to show the change of the NAA surface during
the synthesis process. A) SO material (raw). B) S1 material. C) S2 material. Arrows indicate
residues produced upon functionalization with 3-(triethoxysilyl)propyl isocyanate. D) S3
material (final). Windowed area shows a surface region completely covered by the capping

oligonucleotides. Scale bars of 200 nm.
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Figure S218. AFM images to show the topography of the different NAA surfaces

during the synthesis process. A) SO material (raw). B) S1 material. C) S2 material. D) S3

material (final).

Figure S3. EDXS analysis of the S3 material upon incubation with DNase I. The

change in relative weight and atomic composition (with respect to Al) was calculated. One

material was incubated with DNase | and another with just buffer A. For all elements,

DNase | led to a loss of material.
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Figure S4. Absolute fluorescence signals of rhodamine B release from the
nanostructured material (S3) incubated with CRISPR-Casl2a ribonucleoproteins and
synthetic N1 dsDNA molecules (at 25 °C for 60 min). Represented data correspond to
means * standard errors (n = 3). *Statistically significant change (Welch’s t-test, P < 0.05).

AU, arbitrary units.
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Figure 5519. dsDNA amplicon sequences considered in this work. They come from

the N (N1 and N2), E, and S genes of SARS-CoV-2. The RPA primers to obtain these products

are GACCCCAAAATCAGCGAAATGCACCCCGCA (forward) and
GTTCTCCATTCTGGTTACTGCCAGTTGAAT (reverse) for N1,
TTACAAACATTGGCCGCAAATTGCACAATTTGC (forward) and
GCGCGACATTCCGAAGAACGCTGAAGC (reverse) for N2,

ACAGGTACGTTAATAGTTAATAGCGT (forward) and ATATTGCAGCAGTACGCACACA
(reverse) for E, and CGCCAATGTTACTTGGTTCCATGCTATACATGTC (forward) and
AGGACAGGGTTATCAAACCTCTTAGTACCAT (reverse) for S.

E amplicon

5= ACAGGTACGTTAATAGTTAATAGCOTACTTCTTTTTCTTGC T TCGTGGTATTCTTGCTAGTTACACT TCCTTACTGOGCTTCGATTGTGTGCGTACTGCTGCANTAT =3¢

N1 amplicon
- GACCCANANTCAGOGAAATOCACCCRGCATTACOT T GGTGGACCCTCAGATTCANCTOGEAGTANCEAGA -3°
i | | | |

SARS-CoV-2
N2 amplicon

57~ TTACAAACAT AAATTGCACAATTT TTCAGOGTTCTTCGGAATGTCOCGE =3

3'= AATGTTTOTAACCGGCGTTTAACGTGTTAAAC GAAGTCGCANGAAGCCTT. COCG -5

S amplicon

™ AATCGTACTAAGAGGTTTGATAACCCTGTCCT -3
1111 |
3*~ GOGGTTACAATGAACCAAGGTACGATATGTACAGAGACCCTGGTTACCATGATTCTCCAAACTATTGOGACAGGA. ~5

Figure S6. RT-qPCR characterization of clinical samples. Top, cycle threshold (CT)
values obtained from clinical samples of different patients. Samples with CT < 40 were
considered as positive for SARS-CoV-2 infection. Represented data correspond to means +
standard errors (n = 3, technical replicates from a patient sample). *Statistically significant
change (Welch’s ttest, P < 0.05). Bottom, features of the different patient samples used in
this work, including type, targeted region, diagnosis in the hospital, and the CT value

obtained in our lab.
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DISCUSSION

The quest for reliable tools capable of rapidly and selectively detecting specific
biomolecules remains a critical objective, particularly in fields requiring swift, quantifiable
results, such as clinical diagnostics and environmental monitoring. Gated systems have
proven highly advantageous, utilizing unique structural and functional characteristics that
allow for the efficient loading and controlled release of molecules like dyes, fluorescent
indicators, and even therapeutic agents in response to specific analytes. This versatility
positions gated systems as highly adaptable tools suitable for a broad spectrum of
applications in medicine, agriculture, environmental analysis, and beyond. Among these,
nanoporous anodic alumina (NAA) systems have emerged as exceptionally promising
platforms for diagnostics, as they offer favorable physicochemical properties such as
structural stability, tunable porosity, and ease of functionalization, enabling precise

biomolecular recognition.

This PhD thesis has contributed to this rapidly evolving field by designing,
synthesizing, and characterizing advanced gated nanodevices based on NAA films that
respond selectively to biomolecules through functionalization with various molecular
gates. These detection systems share a foundational design: the functionalization of NAA
surfaces with DNA, aptamers, antibodies, or CRISPR-Cas systems to achieve highly specific
biomolecule detection. This tailored functionalization enables controlled diffusion of
encapsulated reporter molecules when target analytes are present, ensuring precise,

selective, and sensitive detection.

The thesis addresses critical applications across multiple fields, highlighting the
versatility and adaptability of gated NAA systems. For example, the development of a
DNA-capped NAA film for detecting Xylella fastidiosa DNA is particularly relevant for
environmental and agricultural applications. This pathogen poses a severe threat to
agriculture globally, affecting crops such as olive, grapevine, and citrus. The high
specificity achieved by the DNA-gated NAA material underscores its potential as a

practical diagnostic tool for early and selective detection of Xylella fastidiosa in ecological
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and agricultural settings, providing critical support for pest control and biodiversity

conservation.

In the area of infectious disease diagnostics, an aptamer-capped NAA system was
developed for the early detection of SARS-CoV-2, enabling a rapid and sensitive response
to the virus. This system is designed to detect the virus at low concentrations, offering
high sensitivity and selectivity, which is crucial for controlling virus spread during
pandemic outbreaks. The potential applications of this system in pandemic preparedness
and public health surveillance represent an important advancement in the rapid detection
and containment of viral diseases, as it provides a cost-effective, accessible alternative to

conventional molecular techniques.

Furthermore, antibody-gated NAA materials were developed to detect
Mycobacterium tuberculosis, the causative agent of tuberculosis, one of the world’s
leading infectious diseases. This device exhibited high specificity and minimal non-specific
interactions, offering a robust solution for tuberculosis diagnostics that bypasses the
limitations of traditional methods, such as the need for complex equipment or extended

processing times.

Finally, this thesis explores a cutting-edge approach by integrating CRISPR-Cas
technology with DNA-gated NAA for the precise detection of SARS-CoV-2 genetic material.
This novel system leverages the exceptional specificity of CRISPR-Cas targeting for
oligonucleotide sequences with the signal amplification capabilities of NAA, achieving
highly specific and amplified detection of SARS-CoV-2. This combination of CRISPR
technology and NAA materials establishes a new paradigm for the detection of viral
genetic material, offering a powerful alternative to PCR-based diagnostics that can be

adapted to detect a wide variety of genetic targets.

Overall, the gated NAA materials developed in this thesis exhibit multiple

advantageous characteristics:
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High Versatility: Each of these systems can be modified to detect a range of
bioanalytes, supporting the potential for multiplex detection via functionalization
with distinct molecular gates. This modular design could enable simultaneous
detection of multiple pathogens or biomarkers in a single assay, vastly enhancing
the diagnostic capacity and applicability of these systems for public health and

environmental monitoring.

Rapid Response Times: With response times under one hour, these systems
enable faster decision-making than traditional diagnostic methods that often
require extended incubation or complex processing steps. This rapid response is
crucial for applications where time-sensitive intervention is necessary, such as

pandemic outbreak monitoring and agricultural pest management.

Robustness in Complex Matrices: These systems were rigorously validated in
complex sample matrices, including clinical samples, water, and serum,
highlighting their stability and effectiveness in real-world applications. The
robustness of gated NAA materials in complex environments underscores their
potential for deployment in various fields without requiring extensive sample

preparation.

Signal Amplification Capacity: The gated NAA materials offer significant signal
amplification, where even minimal analyte presence can trigger substantial dye
release, obviating the need for additional DNA amplification or extensive sample
manipulation typically required in traditional molecular assays. This amplification
ability ensures reliable detection at lower analyte concentrations, supporting

applications in early diagnostics and low-biomarker-level scenarios.

Cost-Effectiveness and Accessibility: The systems developed in this research are
designed to be user-friendly and affordable, making them accessible to

laboratories and facilities with limited resources. The simplicity of these devices,
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combined with their portability and low equipment requirements, positions them
as practical solutions for point-of-care diagnostics and decentralized testing

environments.

These achievements underscore the versatility of gated NAA systems, which
transcend traditional bioanalytical applications. For instance, in Chapter 1, the DNA-gated
NAA system developed for detecting Xylella fastidiosa in agricultural settings
demonstrates its potential as a diagnostic tool to protect crop health and biodiversity.
Chapter 2’s aptamer-based device for SARS-CoV-2 detection illustrates the system’s
relevance to pandemic preparedness. Chapter 3’s antibody-gated sensor for
Mycobacterium tuberculosis offers an effective solution for tuberculosis diagnostics, and
Chapter 4’s dual-material device for RSV expands the versatility of detection across
multiple respiratory pathogens. Chapter 7 integrates CRISPR-Cas with NAA, setting a new

standard for precision viral diagnostics.

Looking to the future, the potential for further development and clinical
validation of these nanodevices is immense. Clinical trials, optimization for large-scale
production, and integration into existing diagnostic workflows will be essential for
transitioning these technologies into routine use. These nanodevices could provide
scalable, highly sensitive, and rapid alternatives to conventional diagnostic techniques,
particularly in resource-limited settings, where cost-effective and accessible diagnostics

are crucial.

Future research should also focus on expanding the applications of gated NAA
materials to detect other significant pathogens, such as those causing zoonotic diseases
or chronic infections. Additionally, improving the multiplexing capacity of these devices
to enable simultaneous detection of multiple pathogens would further increase their
utility. Efforts to enhance the reusability and storage stability of these sensors could also

improve their practicality in diverse field conditions.
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DISCUSSION

In summary, the contributions of this PhD thesis represent an advance in the
development of high-performance, versatile, and accessible detection systems. The
innovative use of gated NAA materials for the rapid, selective detection of biomarkers and
pathogens holds tremendous potential to transform diagnostics in agriculture, medicine,
and environmental monitoring. By bridging the gap between complex laboratory
diagnostics and user-friendly, cost-effective testing solutions, these nanodevices can play
a pivotal role in improving public health, food security, and environmental protection

globally.
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*Cover: FESEM image of raw NAA (self-produced image)
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CONCLUSIONS

This Ph.D. thesis has contributed to the biomedical field by designing new hybrid

nanosensors to overcome some of the main limitations in the current methos of pathogen

detection. Specifically, the conclusions acquired from this work are:

VI.

VII.

VIII.

Selective recognition materials have been successfully developed, each capable
of specifically identifying the intended target pathogen.

All materials demonstrated sensitivity comparable to or superior to existing
technologies, proving effective in detecting pathogens at low concentrations.
The use of molecular gates (DNA, aptamers and antibodies) enabled a tailored
approach for each pathogen, enhancing specificity and minimizing cross-
reactivity.

Each detection system maintained high stability and functionality within complex
real-world samples, indicating robustness and reliability in practical applications.
The integration of nanoporous anodic alumina (NAA) as a support material across
different sensing systems provided a versatile platform compatible with various
biological entities, facilitating adaptation for multiple diagnostic targets.

The systems developed exhibit rapid response times, allowing for detection in
under one hour, which is advantageous for time-sensitive diagnostic and
environmental monitoring applications.

Signal amplification was effectively achieved through controlled release
mechanisms, allowing for the detection of minimal quantities of analyte without
the need for DNA replication or complex pre-treatments.

The materials developed are cost-effective and suitable for non-specialized
personnel, making them accessible for widespread use in clinical and field
diagnostics.

Environmental and clinical applications were successfully validated, with specific
systems proving applicable for pathogenic detection plant and human infectious

disease diagnostics.
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X. These advances contribute meaningfully to the fields of molecular recognition
and diagnostics, offering portable, sensitive, and adaptable tools that may serve

as a foundation for future diagnostic kit development.

Taken together, the results evidence the potential of using gated materials to
address unmet diagnostic needs, paving the way for the development of faster, more
sensitive, and highly specific sensors that can meet the demands of societies

increasingly exposed to emerging pathogens and environmental risks.
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