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Abstract

This Doctoral Thesis focuses on the development of novel analytical methodologies in optical
biosensors as alternative solutions for diagnosis or therapy monitoring of relevant diseases, such
as allergy, celiac disease or cancer. In particular, we propose the use of nanoplasmonic biosensors
for a rapid, sensitive and label-free detection of biomarkers present in human fluids. Both the
well-known Surface Plasmon Resonance (SPR) biosensor and an innovative nanoplasmonic
biosensor based on gold nanodisks surfaces have been evaluated for their real application in the

clinical field.

The different biosensor methodologies make use of antibodies, either as biorecognition elements
in immunoassays or as specific disease biomarkers for diagnostics. First, an in-depth study of two
site-directed antibody immobilization strategies is presented for the direct immunoassay of
protein biomarkers in biological fluids. In second place, a novel immunosensing strategy is
proposed for the detection of gluten-derivative peptides in urine as a rapid and non-invasive
technique for dietary control in celiac patients. On the other hand, two assays have been
developed employing the nanoplasmonic biosensor to detect blood circulating antibodies as
disease biomarkers. First, we have designed an alternative approach for drug allergy diagnosis (in
particular for amoxicillin) based on dendrimer-based receptors, which enable the detection IgE
antibodies directly in serum. And second, a new biosensing strategy is assessed to quantify

specific tumor-related autoantibodies for the early diagnosis of colorectal cancer.

The work in this Thesis combines the wide knowledge of the research group in the design and
fabrication of powerful biosensor technology with the development of surface activation
chemistry and bioanalytical techniques to overcome current challenges related to costly and
time-consuming clinical analysis. Besides, the strong experience of our research group in
technological transfer and the established collaborations during this doctoral work with
companies as Biomedal S.L. or Protein Alternatives S.L. open up interesting opportunities to

facilitate the technology-transfer process for the real implementation of Point-of-Care biosensors.






Resum

Aquesta Tesi Doctoral se centra en el desenvolupament de noves metodologies analitiques en
biosensors Optics com a solucions alternatives per a la diagnosi o la monitoritzacié terapéutica de
diferents malalties, com ara I'al-lergia, la celiaquia o el cancer. En particular, es proposa |'Us de
biosensors nanoplasmonics per a la deteccid de biomarcardors presents en fluids humans de
manera rapida, sensible i que no requereixi d’amplificacié de senyal o de I'Us d’etiquetes. Tant el
ja ben establert biosensor de Ressonancia de Plasmé Superficial (SPR) com un innovador
biosensor nanoplasmonic basat en nanodiscs d’or han estat avaluats per a la seva aplicacio real

en |'area clinica.

Les distintes metodologies biosensores presentades estan basades en I'Us d’anticossos, tant com
a elements de bioreconeixement o com a biomarcadors especifics de malalties. Primer, es
presenta un estudi en profunditat de dues estrategies d'immobilitzacié orientada d’anticossos per
tal d’obtenir immunoassaigs en format directe de biomarcadors proteics en fluids biologics. En
segon lloc, es proposa una nova estratégia immunosensora per a la deteccié de péptids derivats
del gluten directament en orina com a técnica rapida i no invasiva per al control dietetic de
pacients celiacs. A més, s’han desenvolupat dues metodologies utilitzant el biosensor
nanoplasmonic per a detectar anticossos circulants en sang com a biomarcadors de malalties. Per
una banda, s’ha dissenyat una estrategia alternativa per a la diagnosi d’al-lergia als medicaments
(en particular a I'antibiotic amoxicil-lina) basada en uns receptors dendrimerics per a la deteccié
directa d’anticossos tipus IgE en sérum. Finalment, s’ha avaluat una nova estratégia biosensora
per a quantificar especificament autoanticossos tumorals per a la diagnosi preco¢ de cancer

colorectal.

El treball d’aquesta Tesi combina I'experiéncia del grup de recerca en el disseny i fabricacié de
tecnologia biosensora avangada i innovadora amb el desenvolupament de técniques
bioanalitiques i de quimica de superficie per tal de superar els reptes actuals relacionats amb el
cost i el temps requerit per a les analisis cliniques. A més, I'amplia experiéncia del grup de recerca
en transferencia tecnologica i les col-laboracions establertes durant la tesi doctoral amb empreses
com Biomedal S.L. o Protein Alternatives S.L. obren oportunitats interesants de cara a facilitar el

procés de transferéncia tecnologica per a la implementacio real de biosensors tipus Point-of-Care.
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NANOPLASMONIC BIOSENSORS FOR
CLINICAL DIAGNOSIS AT THE POINT OF CARE






Motivation and Objectives

Healthcare is nowadays a crucial challenge focusing the attention of the scientific community
around the world. The ability to early diagnose a disease appearance or to enhance the efficacy of
therapies is a main goal for biomedical research and industry. Nanotechnology promises an
exceptional pathway for the accomplishment of personalized medicine and for the achievement
of more affordable solutions to improve the quality of life. In particular, optical biosensors have
been profiled as reliable and efficient analytical tools offering rapid, simple and highly sensitive
detection of disease-related biomarkers. Besides, optical biosensors and especially photonic and
nanoplasmonic platforms, show interesting miniaturization and integration capabilities,

representing a potential alternative for the development of Point-of-Care (PoC) devices.

However, the great majority of innovative nanoplasmonic technology has barely reported real
utility for biomedical applications, usually publishing work of a very fundamental physics nature.
In order to accelerate the technology-transfer process of biosensors to the clinical field, more
intensive research effort must be directed to develop and optimize biofunctionalization and assay
procedures that allow reliable and accurate detection of relevant biomarkers directly in biological
fluids and, importantly, avoiding any type of pretreatment of the sample. The development of
versatile and fully optimized biosensor methodologies might signify a breakthrough for PoC
achievement. It will be a considerable step forward in clinical decentralization and healthcare

progress.

From the abovementioned, this PhD Thesis has aimed at designing and evaluating novel biosensor
methodologies with views of improving the performance of nanoplasmonic biosensors in the
particular field of clinical diagnosis or therapy monitoring. In particular, the main objectives

outlined for this work involve:

1) Assessment and optimization of biofunctionalization strategies that enhance the

analytical features of the assay in terms of sensitivity, selectivity and reproducibility;

2) Design of methodologies for prevention and minimization of interferences coming

from complex biological matrices such as urine or serum;

3) Validation of the accuracy and reliability of the proposed strategies with the
nanoplasmonic biosensors employing real clinical samples.






Chapter 1
INTRODUCTION

This chapter provides a general introduction to Nanomedicine, mainly focusing on the role of
biosensor devices as diagnostic tools in the clinical and biomedical environment. After a brief
review of biosensor technologies, plasmonic biosensors are described, pointing out their
advantages and limitations for the clinical practice. Special attention is given to the properties and
requirements of the biorecognition layer to achieve optimal biosensor performance. Finally, we
discuss the function of antibodies in biosensor devices, either as biorecognition elements or as

biomarkers for diagnosis or therapy monitoring.






Introduction

1. Introduction
1.1. Nanomedicine: Novel Solutions for the Clinical Practice

Nanomedicine refers essentially to the application of Nanotechnology to the biomedical and
clinical field. The European Science Foundation (ESF) defined Nanomedicine as the use of
nanometer-sized tools for diagnosis, prevention and treatment of disease and for better
understanding of the complex underlying pathophysiology, with the ultimate goal of the
improvement of the patient’s quality of life." Although nanomedicine is not new and first results
related to this discipline could be identified in the late 1960’s,” the term has emerged in the last
decades parallel to the exponential growth experienced by Nanotechnology. Significant advances
made in fabrication and characterization of nanomaterials and nanostructures have opened up a
vast field of research and application, holding important benefits for the improvement of the

healthcare quality and clinical practice.

The exceptional potential of the Nanotechnology relies on the extraordinary physical and
chemical properties shown by materials at the nanoscale range (~10° m). Nanomaterials consist
of metallic, organic or semi-conducting structures that present high surface-volume ratio,
enhanced chemical reactivity and that can be engineered to have different sizes, shapes and
chemical compositions.> * Since many diseases originate from biological alterations at the
nanoscale level (e.g. mutated genes, low-abundance proteins, viral or bacterial infections, etc.),
nanomaterials could be designed as specific carriers to aid the transport of diagnostic or
therapeutic agents through biological barriers, to gain access to molecules or to mediate in
molecular interactions.” Furthermore, some nanostructures have proven to exhibit unique
electron behavior that turns into tunable electric, magnetic and optical properties extremely
useful for detection at the molecular scale.® On the other hand, the small dimensions of
nanomaterials can be exploited for device integration and miniaturization. Smaller devices offer
promising opportunities to develop compact and portable analytical platforms that contribute to
the decentralization of clinical analysis or that can even be implanted inside the body.’
Nanotechnology is also positively impacting in biomedicine related fields, such as genomics and
proteomics. The implementation of ultra-sensitive analytical devices enables the design of more
suitable pharmacotherapy for each individual patient and can also help in the definition of
relevant biomarkers. Both aspects are harnessing new alternatives for the development of

personalized medicine and improved therapy and diagnostic modalities.?



Chapter 1

Generally, nanomedicine encompasses two main areas of research and development: in
therapeutics, based on the design of innovative techniques and biomaterials for drug delivery,
specific therapies or regenerative medicine; and in diagnostics, by the development of novel

diagnostic and monitoring techniques, such as biosensors or imaging agents.

1.1.1. Nanomedicine in Therapeutics

Therapeutic nanomedicine is aimed at overcoming several drawbacks of conventional drugs and
pharmaceuticals mainly related to the lack of effectiveness or potential adverse reactions, usually
due to the non-specificity of their action. Nanopharmaceuticals are sophisticated systems
designed to selectively accumulate only at pathological tissues or cells, to assist drug molecules in
permeating biological barriers or to increase or improve the resistance to degradation and
excretion.” Typically, nanopharmaceuticals include liposomes,™ polymers'’ or nanoparticles®
acting as carriers with high loading capacity. These systems are commonly decorated on their
surface with chemical or biochemical compounds to enhance stability and biocompatibility
and/or for site-specific targeting. Today, there are already some approved and marketed drug
delivery nanosystems for the administration of different type of drugs,® such as Doxil™
(doxorubicin  hydrochloride liposome injection) used for cancer therapy.”® These
nanopharmaceuticals are generally passive drug delivery systems, comprising the active principle
and a container (usually liposomes), which can localize and permeate into the target site by
means of specific physical properties of the disease environment (e.g. enhanced permeability and
retention effect)." In recent years, increasing efforts are focused on developing therapeutic
nanosystems with additional functionalities in order to overcome the biological barriers of the
body, to promote active molecular recognition of the target tissue and to trigger the release of
the drug at the disease site. This next-generation of nanopharmaceuticals are functionalized with
targeting moieties, such as antibodies or small peptides that bind to specific surface markers
expressed in the disease microenvironment, and they also include responsive systems to internal
or external stimuli like pH changes, enzyme activation, light, magnetic fields or ultrasounds,

allowing the controlled delivery of the drug.”

Although most representative of these
nanopharmaceuticals have not been approved yet by the Food and Drug Administration (FDA) or
the European Medicines Agency (EMA), on-going clinical trials involving targeting and stimuli-
responsive drug delivery systems are showing potential benefits, particularly in cancer

applications.”’
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Additionally, exciting applications of Nanotechnology in regenerative medicine have arisen in
recent years.'® Tissue engineering holds great promise for regenerating damage tissues and
organs by stimulating the cells to repair themselves or by growing artificial tissues (i.e. implants)
in the laboratory by the combination of living cells and biocompatible materials. Most significant
advances have been achieved in the development of more efficient cell-based regenerative
therapies. Manipulation of cells with nanoparticles and nanostructured surfaces has endorsed the
understanding of cell-repair mechanisms and has provided efficient tools for the identification

and manipulation of targeted adult stem cells.”

Another aspect to consider in the nanotherapy area relates to safety issues, that is, toxicity and
biocompatibility of the nanopharmaceuticals.”® The high reactivity arising from the large surface-
to-volume ratio of nanoparticles is a latent risk for all new nanosystems that should be carefully
considered. Possible incompatibility may result in generation of disorders such as inflammation,
immunoreaction or even cancer. In this line, major research is directed to exploit polymeric
materials, such as polyethylene glycol (PEG) derivative compounds, for nanoparticle surface

coating which provides biomimetic, hydrophilic and biocompatibility properties.”” *

Certainly,
surface functionalization has proven to be critical for the feasibility and the efficiency of

therapeutic nanomedicine.

1.1.2. Nanomedicine in Diagnostics
Diagnostics play a crucial role in medicine for the successful prevention and therapy of diseases.
The diagnosis process involves detection and identification of the pathology, definition of its
severity and stage, and selection of the more suitable treatment. In addition, monitoring of the
therapeutic response and continuous follow-up of pathologies or physiological states during and
after treatments are critical in order to improve patient’s health. Nanomedicine contribution to
the diagnostics field has been directed to the design and development of sensor and analytical

technologies for both in vivo (i.e. inside the body) and in vitro (i.e. outside the body) modalities.”

In vivo diagnostics or imaging techniques are designed to obtain molecular, cellular, physiological
or anatomical data from inside the patient’s body to detect or identify the presence and the
progression of diseases. Classic imaging systems comprise computed tomography (CT), magnetic
resonance imaging (MRI) or ultrasounds among others, which make use of X-rays, photons or
sound waves to explore diagnosis or treatment follow-up. More recent technologies such as
positron-emission tomography (PET), fluorescence-mediated tomography (FMT), laser-scanning

confocal microscopy or multiphoton microscopy have gained importance and have become
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indispensable diagnostic tools for numerous diseases, including cancer, cardiovascular diseases or
neurological syndromes, among others.”® However, these methods can only readily detect
pathologies once they have caused a visible change to a tissue and do not provide significant
information related to the cause or biochemical mechanisms involved in onset of the disease.”>?’
Therefore, advances in imaging techniques have been driven by the need of powerful tools
capable of studying biological processes in different organs and of identifying pathologies at

earlier stages.

Besides the improvement of imaging technologies, intense research have been addressed to
develop novel contrast agents more robust and highly sensitive and selective.”® Most
representative proposed nanoparticles for clinical in vivo diagnosis include quantum dots (QDs)
and metal nanoparticles. Especially QDs could profile the next-generation dyes for biological
analysis.”® These nanoparticles made of semiconductor materials exhibit interesting optical
properties such as extraordinary brightness and stability, besides a large versatility and sensitivity
for cellular and molecular analysis. However, a major limitation for their implementation is their
elevated toxicity, which is encouraging the development of novel functionalization or

30-32

encapsulation techniques that may allow their application for in vivo imaging. Similarly, metal

nanoparticles (e.g. iron oxide or gold nanoparticles) can be used to enhance contrast signaling in

tomography, resonance imaging or microscopy techniques.>**

Furthermore, increasing efforts in research are directed to the combination of therapeutic and
imaging devices for the final development of theranostic formulations.*® Theranostic
nanosystems are designed for the diagnosis (mainly referred to the pre-selection of a suitable
therapy), treatment and monitoring of a disease. The aim is to create detection agents that can
also deliver the drug in the specific pathological site and to serve as imaging devices for the
follow-up of the therapeutic effect. Clinical trials with radiolabeled polymers or liposomes have
already proven to enable simultaneous drug delivery and quantification of nanosystems

37.38 These theranostic

accumulation at the target tumor in a selective and non-invasive manner.
systems hold significant potential for personalizing nanomedicine and for improvement of

patient’s quality of life.

Although in vivo imaging is a valuable tool for rapid and accurate identification of pathologies and
monitoring the therapeutic progression, in vitro analysis is clearly necessary for the early
detection of diseases and for the fundamental study of the molecular and cellular mechanisms

involved.
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In vitro diagnosis is generally based on the analysis of biological fluids (i.e. blood, urine, saliva,
tears, etc.) in order to detect and quantify a specific biomarker, that is, a genomic or protein
biomolecule indicator of presence, severity or stage of a particular disease or physiological state.
Nowadays, clinical diagnosis is based in highly sensitive and specific laboratory assays such as cell
culture methods, polymerase chain reaction (PCR) or enzyme-linked immunosorbent assays
(ELISA). These conventional methods involve laborious, multi-step and time-consuming
techniques and the need of fully equipped laboratories and specialized technicians to perform the
analysis. More recently, microarray technology is offering a highly efficient alternative for
simultaneous identification and determination of a broad range of biomolecules. Microarray chips
consist of regular patterns of DNA sequences or proteins attached to a solid support capable of
identifying complementary nucleotide sequences, mutations or relevant protein biomarkers in a
sample, typically using fluorescence labels. Although this technology arose in the 1980s, recent
advances in nanomaterials and nanofabrication techniques have enabled a significant increase of

3942 Nanoarray

the resolution and multiplexing capabilities as well as the detection sensitivity.
technology offers accurate and high-throughput screening in a rapid manner it is widely
employed in research laboratories to explore and profile the underlying causes of numerous

human disease and to design new therapeutic drugs.

However, there is a huge demand for more accessible and affordable healthcare techniques that
allow decentralized analysis, which specifically involve the development of reliable point-of-care
(PoC) diagnostics.” PoC platforms are defined as portable and user-friendly analytical systems
capable of providing fast, sensitive and selective response to several biomarkers using low sample
volumes. PoC diagnostics open up important opportunities for rapid screening and disease
detection, especially in resource-constraint settings. Early diagnosis and monitoring of diseases
would significantly improve prognosis and survival rates, reducing disease burden and helping

social development, opening the door to a global healthcare access.

Development of PoC devices is typically based on two main techniques that include lateral-flow
assays or biosensors (Figure 1.1). The lateral-flow assay (LFA) is the commonest commercially
available PoC diagnostic format, being the home pregnancy test as the most representative
example. These devices, usually based in immunochromatographic techniques, are able to detect
the presence or absence of a target compound and provide analytical information without the
need of specialized and costly equipment. The technology consists of capillary strips, such as
pieces of porous paper or polymer, that can be directly soaked into the fluid sample. The fluid

migrates through the strip till reaching a particular area with an immobilized capture molecule.
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The capture molecule interacts with the specific target analyte triggering a series of
physicochemical changes that are readily visible to the patient, like a change of color. LFA tests
are affordable, rapid and easy to use, therefore they are interesting candidates as diagnostic tools
at low-resource environments. Besides, the introduction of nanoparticles as colorimetric agents

4% However,

or novel materials as substrates are greatly improving the efficiency of the assay.
main weaknesses of LFA tests are related to the limitation to qualitative or semiquantitative

results (often aimed at yes/no response) and difficulties for accurate multiplexed assays.*®

Most promising alternatives for clinical diagnostics are expected in the employment of biosensor
devices, which hold enormous potential as technological solutions for rapid and reliable
biomedical analysis.”” Biosensor platforms can be designed to provide quantitative analytical
information with elevated accuracy in few minutes, employing low sample volumes and minimum
pretreatment. They are promising analytical tools for the efficient clinical diagnosis as well as for
better understanding of the complex molecular mechanisms of the pathophysiology, which will
build the basis to identify novel biomarkers and to design new and more suitable treatments.
Moreover, the ability to miniaturize and integrate different functional components (e.g.
microfluidics, electronics, etc.) in a single platform allows the fabrication of smaller, cheaper and
easy-to-use devices which can accelerate the real implementation of PoC biosensors in the clinical

practice.

Figure 1.1 PoC devices based on (a) lateral-flow assays and (b) biosensor technology.

1.2. Biosensors

1.2.1. Definition and Classification
According to the International Union of Pure and Applied Chemistry (IUPAC), a biosensor is a self-
contained integrated device capable of providing specific quantitative or semi-quantitative

analytical information using a biological or biomimetic recognition element which is in direct
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spatial contact with a transducer.”® The biorecognition layer, typically composed of enzymes,
antibodies or nucleic acids, is specifically designed to interact with the target compound in a
sample. When the biochemical interaction occurs, a series of physicochemical changes in the
medium or the surface are detected by the transducer and converted into discrete or continuous

signals (Figure 1.2).

> Data
You processing
= "
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".0 Transducer
Biological
Sample receptor

Figure 1.2 Schematic representation of a biosensor including the heterogeneous sample, the
specific biological receptor, the transducer, the data processing system and the final signal.

The design and integration of biosensors offer unique features to improve current analysis. The
combination of the bioreceptor layer with the transducer in a single device confers the ability to
detect the target analyte with high sensitivity and selectivity in a fast way. Moreover, biosensors
could ideally overcome important disadvantages of conventional techniques such as the need of
analyte extraction or purification or the use of additional equipment for signal read-out (e.g. UV-
VIS spectrometer, microscope, etc.) which is usually operated by specialized personnel.
Biosensors can also monitor biological interactions in real time allowing the evaluation of the
affinity and kinetics of the interaction and, thereby, helping in elucidating the biochemical
mechanisms involved in the disease.” Biosensors also benefit from great versatility, being
possible to measure a wide range of analytes just by selecting the appropriate biological receptor.
Recent advances in nanofabrication further provide interesting opportunities for biosensor
miniaturization, high-throughput and low-cost production.’® >! Biosensor platforms have shown
exceptional capabilities to turn into portable and user-friendly devices which can be used at

doctor’s office or patient’s home.** >3
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Driven by the urgent demand of PoC diagnostics, the attempt to develop highly efficient
biosensors have experienced an exponential growth encompassing the interest of numerous
disciplines, such as material technology, molecular biology, chemistry or biotechnology among
others. The multidisciplinary nature of biosensor research has led to a vast range of biosensor
platforms based on different type of transducers or biorecognition elements. Generally,
biosensors are classified according to (i) the biological recognition mechanisms or, alternatively,

to (ii) the physicochemical transduction of the signal.

Considering the nature and properties of the biochemical interaction, biosensors can be divided

in two main types: catalytic biosensors and affinity biosensors.

In catalytic biosensors, the recognition event consists of a (bio)chemical reaction catalyzed by the
biomolecular receptor which transforms a substrate present in the sample into a product (Figure
1.33).>* Most common biocatalytic elements are enzymes, cellular organelles, microorganisms or
tissues. The analyte is chemically modified by the biorecognition element yielding to a product
which is detected by the transducer, such as proton concentration, light or heat emission, release
of ammonia or oxygen gasses, etc. Catalytic biosensors show extremely high specificity and fast
response times, but present drawbacks related to the activity and stability of the biorecognition

element.

Figure 1.3 Main types of biosensors depending on the biorecognition element: (a) enzymatic
biosensor (catalytic), (b) immunosensor (affinity) and (c) DNA biosensor (affinity).

Affinity biosensors employ the conformational recognition between an analyte and its specific
bioreceptor which results in an equilibrium reaction.> The interaction can be determined by the
change of mass or variations in optical or electrical properties detected by the transducer.
Immunosensors, in which the interaction occurs between an antigen and its antibody, are the

representative example of affinity biosensors (Figure 1.3b). DNA biosensors that exploit the
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specific interaction between complementary oligonucleotide chains, are also increasingly used
(Figure 1.3c). Cellular receptors or aptamers are other examples of affinity biorecognition
elements. In most cases, the high affinity between the analyte and the bioreceptor confers

increased sensitivity and specificity to the analysis.

On the other hand, biosensors can be classified depending on the type of transducer employed in

the detection. Main categories are: electrochemical, mechanical and optical biosensors.

The electrochemical biosensors are the most employed ones in the clinical field due to their
excellent analytical features, simple and efficient fabrication and unique miniaturization
capabilities. In these devices the transducer measures electrochemical changes in the medium
caused by the biomolecular interaction.”® Four main types of electrochemical biosensors can be
distinguished depending on the mode of operation: amperometric, potentiometric, impedimetric
and conductimetric. Commonly, electrochemical biosensors employ catalytic bioreceptors (e.g.
enzymes) which provide elevated sensitivity and selectivity. But the high sensitivity achieved
mainly relies on amplification or labeling steps, which implies extra pretreatment or processing.
Furthermore, since the detection mechanism is based on changes of the electrochemical
properties, the inherent variations of biological fluids, for example pH or ionic strength, lead to
important interferences, worsening the biosensor performance.”” Among them, we should
highlight the enzymatic biosensor first proposed by Clark and Lyon in 1962 for the determination
of glucose in blood, which is currently used around the world for monitoring diabetic patients.”®
Recently, electrochemical biosensors have experienced an unparalleled growth with the
incorporation of graphene or carbon nanotubes as transducers due to their exceptional electrical

and chemical properties.> ®

Carbon nanotubes provide high surface area, mechanical strength,
good chemical stability and excellent electrical conductivity, as well as being easily fabricated and

biofunctionalized.®*

In mechanical biosensors the biochemical interaction is measured as changes of mass on the
surface of the transducer.®’ We can distinguish between acoustic-wave biosensors or
nanomechanical biosensors. In acoustic-wave devices, also referred as piezoelectric biosensors,
the transducer is a microbalance composed of a quartz crystal without center of symmetry
sandwiched between two electrodes delivering an alternating electrical field.®* Changes of mass
on the surface cause variations of the acoustic wave frequency which are transduced to
measurable signals. Nanomechanical biosensors detect changes of mass by employing micro or

nanocantilevers as transducers.®® The biological interaction occurring on the surface of the
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cantilevers may either produce a nanomechanical deflection or changes in the vibration
frequency which can be measured and quantified. Mechanical biosensors have attractive features
such as label-free detection, multiplexing capabilities and thermal stability.®> However, the
mechanical nature of the sensing mechanism is a main constraint for sample handling or when

working in liquid environments.*®

Optical biosensors detect the biological interaction by measuring variations of the optical
properties of the propagated light, such as intensity, wavelength, refractive index or

polarization.®” %

Optical sensors can be divided in two types: bio-optrodes and evanescent wave
sensors. In the bio-optrodes light is guided (generally with an optic fiber) to the evaluation
chamber where the biomolecular interaction produces a change in the properties of the light
(absorption, fluorescence, refractive index, bioluminescence or dispersion). These sensors usually
employ optical labels, such as dyes or fluorescent molecules. On the other hand, evanescent
wave biosensors exploit the possibility of the electromagnetic (EM) wave confinement in certain
dielectric and/or metals, which can result in either a localized or propagating EM mode (Figure
1.4). Part of the EM mode penetrates into the external medium, forming a so-called evanescent
field. The evanescent field acts as a probe to detect refractive index (RI) changes caused for
example by a biological interaction, so that no label is required for sensing. Interferometers,
resonators or plasmonic biosensors are typical examples of evanescent wave biosensors.®” "
These devices achieve high detection sensitivities with short response time, they do not suffer

from electromagnetic or mechanical interferences and present potential miniaturization

capabilities.
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Figure 1.4 Schematics of the sensing principle of an evanescent wave biosensor.
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1.2.2. Plasmonic Biosensors
Plasmonics is the field that studies the interaction of electromagnetic waves with metals and its
applications. The coupling of optical waves to the free electrons of a metal can give rise to
electromagnetic modes named Surface Plasmons (SPs). These plasmonic modes can be excited at
the interface of a noble metal and a dielectric and exhibit an evanescent field that penetrates into
the surrounding media. This evanescent field is extremely sensitive to refractive index (RI)
changes close to the metal surface, acting as detection probe when plasmonic structures are used

72 Depending on the excitation of the SPs, we can

as refractrometric sensing platforms.
distinguish two varieties: propagating SPs excited in thin metal films, commonly referred as
Surface Plasmon Polaritons (SPPs) or Surface Plasmon Resonance (SPR), and Localized Surface

Plasmon Resonance (LSPR) when SPs are excited on sub-wavelength-sized metal nanoparticles.

1.2.2.1. Surface Plasmon Resonance (SPR) Biosensor
Since the introduction of SPR-based refractometric sensors by Nylander and Liedberg’® more than
three decades ago, the interest in plasmonic sensing has increased tremendously. SPR biosensors
are nowadays the most widely used and commercialized label-free optical sensors, becoming a
widespread tool for the study of any type of biochemical interactions. SPR sensing shows
excellent properties for its application in different fields, such as environmental monitoring, food
quality and safety analysis, diagnostics and biomedicine, biological engineering, drug discovery,

etc.”

SPR biosensor is based on propagating surface plasmon polaritons (SPP), electromagnetic waves
occurring at the interface between a thin film of metal and a dielectric which behave like a quasi-
free electron plasma, generating an evanescent field (Figure 1.5a). The SPP is a transverse-
magnetic (TM) mode (the magnetic vector is perpendicular to the direction of propagation of the
wave and parallel to the plane of the interface) and it is characterized by an evanescent field

distribution and its propagation vector:

Eméa

sPP _
e = ko g, +¢€
d m

where k is the wave vector of the light in vacuum: ky = w/c. In this equation, €., represents the
frequency-dependent and complex dielectric function of the metal (¢, = &, + i&),) and g4 is the
dielectric constant of the medium, which is directly related to the refractive index (¢; = n3). This

constitutes the main principle of refractometric sensing platforms. Biochemical interactions
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occurring in the vicinity of the interface metal-dielectric induce Rl changes that alter the
propagation condition of the SP. These changes can be tracked in real time providing a

measurable and quantifiable signal without the need of labeling.
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Figure 1.5 Schematics of a SPP at the interface of a metal and a dielectric showing: (a) the
collective charge oscillation at the surface and (b) the transversal evanescent field distribution.

For the SPP excitation and propagation, the real part of the €, must be negative and its absolute
value smaller than g4. At optical wavelengths, this condition is fulfilled for several metals, from
which gold, silver or aluminum are the most commonly used in plasmonics. Further, due to the
relatively small imaginary part of the refractive index of these metals, they show strongly
suppressed plasmonic attenuation when compared to other materials, thus minimizing

propagation losses.

The evanescent field of the SPP is confined at the metal-dielectric interface and decreases
exponentially into both media (Figure 1.5b). The field is distributed in a highly asymmetric fashion
and most of it is concentrated in the dielectric close to the surface, showing a typical penetration
depth between 100-500 nm when working in visible (VIS) or near infrared (NIR) regions.” This is
particularly significant for SPR sensing, as it represents the depth probe in optical sensors using
SPPs. This means that only biomolecular interactions occurring in the metal surface and within

the evanescent field penetration depth would produce changes in the SP and could be detected.

The excitation of the SPR is achieved by coupling a light wave to the surface plasmons only if the
component of light's wave vector parallel to the interface matches the propagation vector of the

SPP:

 Light
o9 ——,/ sin@ = kytP
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Generally, the SPP propagation vector is considerably larger than the wavenumber of the light
wave in the dielectric, therefore surface plasmons cannot be excited by direct illumination.
Several techniques can be employed to enhance the wave vector of the incoming light by means

of a) prism coupling, b) waveguide coupling and c) grating coupling (Figure 1.6).
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Figure 1.6 SPR coupling methods, including (a) a prism-coupled Kretschmann configuration, (b)
the waveguide coupling and (c) grating coupling.

Prism couplers are the most common method used for the optical excitation of surface plasmons.
In the well-known Kretschmann configuration (Figure 1.6a),” light passes through a high Rl prism
(€p) and is totally reflected at the prism base, generating an evanescent wave which penetrates
the metal film. This evanescent wave propagates along the interface with a certain propagation
vector which can be adjusted to match that of the SPP by controlling the angle of incidence. This
method is referred to as Attenuated Total Reflection (ATR) method.”” 78 Similarly, the process of
excitation of SPP can be achieved by using an optical waveguide-based SPR structure.” The light
wave is guided by an optical waveguide and, when entering the region with a thin metal layer, it
evanescently penetrates through the metal layer exciting an SPP at its outer interface (Figure
1.6b). Excitation via grating couplers is based on the diffraction of the light wave. The component
of the wave vector of the diffracted waves parallel to the interface is increased by an amount
inversely proportional to the period of the grating and can be matched to that of the SPP (Figure
1.6¢).%°

The resulting SPR is characterized by the appearance of a spectral reflectivity dip, which strongly

depends on the refractive index of the dielectric but also on the properties of the metal film.
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Although silver has shown most efficient SPR excitation (i.e. deeper and sharper peaks) and it is
quite versatile for functionalization, it is also very susceptible to surface oxidation on exposure to
the atmosphere or liquid aqueous environments. Thus, the biofunctionalization and the assay
performance become more complicated and require careful protection of the surface and
accurate conditions of analysis to avoid or minimize degradation. On the contrary, gold is very
resistant to oxidation and other atmospheric contaminants as well as it can be readily modified
for surface biofunctionalization procedures (e.g. thiol-gold chemistry). This makes gold the most
practical and efficient metal for SPR biosensors. The thickness of the gold film is also a
determining factor. For Kretschmann configurations in particular, the thickness should be around
50 nm. Above this thickness the dip in the reflective light becomes shallow while below 50 nm the

peak becomes broader, worsening the sensitivity of the biosensor.®!

A SPR biosensor generally consists of an optical system for excitation and interrogation of
propagating SPP, that is, the light source (either mono-chromatic or broadband) and the detector
(intensity- or phase-based); the plasmonic transducer, which usually consists of a thin film (= 50
nm) of gold that incorporates the biomolecular recognition element on its surface; and a fluidic
system comprising one or more flow cells for sample confinement at the sensing surface and flow
delivery systems for sample injection and delivery. Figure 1.7 illustrates a typical SPR biosensor
employing a Kretschmann configuration. In this particular scheme, SPP excitation can be achieved

by either light wavelength (A)-modulation or angle of incidence (8)-modulation.”
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Figure 1.7 Schematics of a SPR biosensor employing a Kretschmann configuration with a
monochromatic light source.
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When working with a monochromatic source (i.e. fixed wavelength), the reflected light is
measured as a function of 8. At certain angle denoted as By, the Total Internal Reflection (TIR)
sets in. As the angle increases, the reflected intensity exhibits a strong decrease, until a minimum
value is reached. It is at this angle (Bspp), Where the light wave vector matches the SPP wave
vector, yielding to the excitation of the SPP. When a biomolecular interaction takes place within
the evanescent field of the SPP, a local Rl change is induced that alters the SPP wave vector and
its excitation condition. Changes in the SPP can be observed as changes in the characteristics of
the light. These can be detected by time-dependent monitoring of the entire curve, or by fixing 6
at the point where the slope of the SPP resonance curve is maximized, after which intensity
changes of the reflected light are monitored as a function of time (Figure 1.8a and c). Our
research group has a strong experience in developing SPR biosensor platforms based in
Kretschmann configuration which employs a monochromatic source for the excitation of the SPP

and measures intensity changes of the reflected light working at fixed angle.
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Figure 1.8 Representative SPR curves for (a) 8- and (b) A-interrogated SPR sensors, together with
their corresponding real-time tracking of curve displacements via the monitoring of (c) changes of
the reflectivity, R, and (d) shifts of the resonance wavelength, Aspp.
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On the other hand, when illuminating with a broadband light source at a fixed 6, the detection is
performed by spectral analysis of the reflected light. The reflectivity spectrum shows a dip located
at Agpp, Which is subjected to lateral (spectral) displacements induced by changes of RI. Spectral
interrogation of Aspp translates changes of Rl into a measurable quantity that can be extracted as a
function of time (Figure 1.8b and d). Working in either two schemes, biochemical interactions can
be directly monitored in real time allowing the evaluation of the affinity and kinetic studies in a

simple, rapid and label-free manner.

Worth mentioning is that the changes of the local Rl are related to the direct mass changes on the
surface (i.e. an increase or decrease of the coverage of the surface with molecules of a particular
size and density, will alter the overall local Rl). Therefore, the smaller the molecule bond the
smaller the Rl changes induced, as compared to an analyte at the same concentration but with a

higher molecular weight.

1.2.2.2. Localized Surface Plasmon Resonance (LSPR) Biosensor
Accompanied by the progress of Nanotechnology, which has provided new methods to fabricate,
to assemble and to characterize nanomaterials, the nanoplasmonics field (i.e. plasmonics applied
to nanomaterials) has experienced an enormous boost during the last years leading to a deeper
comprehension and control of the light-matter interactions at the sub-wavelength scale.®”
Nanoplasmonic sensors, such as the LSPR refractrometric biosensors, are considered as the next
generation of plasmonic sensing platforms offering highly sensitive analytical tools with

multiplexed capabilities and showing great potential for integration and miniaturization.®

Interaction of metal nanostructures with an electromagnetic (EM) field can give rise to a surface
plasmon mode based on non-propagating oscillation of the conduction electrons of metal
nanoparticles, known as Localized Surface Plasmon Resonance (LSPR). This effect leads to the
accumulation of polarization charges on the surface of a nanoparticle, acting as a dipole (Figure
1.9a). The dipolar field is responsible for the enhanced absorption and scattering of light, as well

as for the strongly enhanced EM field in close vicinity of the nanoparticle surface.

In order to simplify the theoretical description of the LSPR principle, we consider metallic
spherical nanoparticles with ¢ <A, where ¢ is the diameter of the particle and A is the
wavelength of the incident light. In this limit, the external EM field appears static around the
nanoparticle and the charge oscillation behaves as a single dipole with an amplitude that is
strongly influenced by the distance between the surface charges. Herein, the LSPR condition is

related to the polarizability (o) of the particle, which is given by:
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The polarizability represents the distortion of the electron cloud in response to the external EM
field and basically depends on the size of the particle (@) and the dielectric functions of the metal
(em(1) = &, () + ig}, (1)) and the surrounding medium (g4, = n3). The maximum polarizability
is achieved when the absolute value of the denominator approaches zero, hence the LSPR is
observed when ¢,,(A) = —2¢4. For noble metals such as gold or silver, this condition is met in the

visible region of the light spectrum.
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Figure 1.9 Schematic representation of (a) the LSPR of spherical nanoparticles positioned in a
static electric field and (b) the evanescent field distribution of a metal nanostructured surface.

This theory can be extended to larger or nonspherical nanoparticles, revealing the appearance of
LSPR modes with higher multipoles, where half of the electron cloud moves parallel and half anti-
parallel to the external EM field.® Especially for ellipsoidal nanoparticles, such as nanorods or
nanodisks, surface plasmons split into two distinct modes due to surface curvature and symmetry
exhibiting strong polarization-dependent spectra, where small changes in aspect ratio result in
significant changes in the absorption band. This size- and shape-dependency leads to another
important property of plasmonic nanostructures: the spectral tunability. The morphology, size
and distance separation between the nanostructures contribute to the spectral signature of its
resonance, dictating the bandwidth and peak position of the LSPR. By varying the size and shape
of the plasmonic nanostructures, the LSPR can be tailored and tuned along the entire VIS and NIR
regions of the light spectrum. This property is extremely useful for many applications, among

which, biosensing can be highlighted.

21



Chapter 1

Besides the material, size and shape, LSPR strongly depends on the dielectric constant of the
medium surrounding the nanostructures. Changes in the Rl of the medium within the evanescent
field lead to changes in the polarizability, which result in displacements of the LSPR peak. In
contrast to propagating SPR, the LSPR evanescent field is strongly confined to the particle surface
exhibiting a rapid decay in the dielectric medium (Figure 1.9b).82 The smaller penetration depth of
the evanescent field (few tens of nm) can confer to LSPR sensing high resolution detection, even

at the level of single particle analysis for instance.®> %

In general, LSPR biosensor schemes are based on arrays of nanostructures that can be either
particle- or hole-based substrates, where the particle-based ones are the most extensively
employed for nanoplasmonic biosensors. The use of nanostructured surfaces instead
nanoparticles in solution avoids agglomeration and provides a better control of the interaction
between LSPR of individual nanoparticles, which may affect the reproducibility of the analysis.
The LSPR of the nanostructured arrays can be excited by a VIS-NIR light source, while a
spectrometer or a microscope objective collects the read-out light. For high nanostructure
surface densities, extinction measurements are the easiest way to characterize the optical
properties (Figure 1.10a). In this case, light is shed on the plasmonic nanostructures and the

transmitted light is analyzed with a spectrometer.

However, in the limit of single particle sensing, a much higher contrast is needed between the
excitation light and the light absorbed by the nanoparticles. In those cases, scattering
measurements are preferred. These high signal-to-background levels can be achieved by dark-
field (DF) microscopy or total internal reflection (TIR) spectroscopy. In DF microscopy
(transmission configuration) a DF condenser is used to focus a hollow - high numerical aperture -
cone on the nanostructured surface. Then the scattered light dispersed by the nanostructures can
be collected by a microscope objective with a lower numerical aperture (Figure 1.10b). In
contrast, in TIR microscopy, the LSPR is excited in a prism-coupled TIR configuration (Figure
1.10c), also using a microscope objective to collect the scattered light, without any restriction on
its numerical aperture. Generally, scattering measurements offer a much more control than
extinction configurations and permits the study of single nanostructures. However, as the size of
the particles is reduced, the scattering becomes smaller and absorption becomes dominant,

making extinction measurements more suitable.
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Figure 1.10 Diagrams illustrating nanostructure-based biosensor setups: (a) extinction
measurements, (b) dark-field (DF) microscopy and (c) total internal reflection (TIR) microscopy.

Recently, our research group proposed a novel LSPR sensor scheme based on a waveguided
electromagnetic mode that arises in thin monolayers of sparse and randomly distributed
plasmonic nanoparticles.?’ In this scheme, the in-plane LSPR excitation in TIR strongly enhances
the polarizability of the nanoparticles, creating an effective Rl that is sufficiently large to support
a guided electromagnetic mode. This waveguided mode has shown not only a large increase of
the Rl sensitivity, but also a great enhancement of the signal-to-noise ratio. Both effects provide
an overall improved refractometric sensing performance that is up to an order of magnitude

better than that of isolated non-interacting nanoparticles.

Previous in-house studies demonstrated that the sensing performance of these guided modes is
determined by both the nanoparticle surface density (F) and the incidence angle of the light (6).%
The nanoparticle surface density F needs to be precisely chosen in such a way that optimal mode
excitation (i.e. light coupling efficiency close to 100%) occurs at angles where the sensitivity is
maximized (B close to 90°). In our case, the nanoplasmonic surface consists of short-ordered
arrays of gold nanodisks (diameter D = 100 nm, height H = 20 nm) fabricated onto a glass
substrate. The LSPR-based waveguide is excited by illumination with a collimated broadband light

source polarized in TE mode at the determined angle of incidence, similarly to the conventional

SPR Kretschmann configuration (Figure 1.11). Due to restrictions of our measurement setup, the
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largest possible incidence angle was limited to 6 = 80°. For this angle, optimal mode excitation is
achieved when the nanodisks surface density was approximately F = 6 - 7%. In this Thesis, we
have worked with two analogous biosensor platforms with two different angles of incidence at
80° and at 70°. The later was especially designed since at this particular angle it is possible to
excite either the LSPR of gold nanodisks (with TE polarization) and the propagating SPR of thin
film gold surfaces (with TM polarization). This would allow us to carry out direct and reliable
comparisons between the two biosensor schemes (LSPR and SPR). Reflected light is collected by a
spectrometer, showing a mode-specific reflectivity dip at the LSPR wavelength (A.spg). This LSPR
peak depends on the Rl of the dielectric medium in contact with the gold nanodisks. Thus, Rl
changes close to the nanostructures, such as the ones originating from biorecognition events,
cause wavelength displacements (AAspr) that can be monitored to extract real-time quantitative
information related to the biomolecular interactions taking place. Similarly to SPR, these RI
changes are closely related to the mass (molecular weight) of the molecules interacting on the

nanostructure surface.
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Figure 1.11 Schematic representation of the LSPR-based biosensor. Graphs illustrate spectral
wavelength displacements (AAspr) caused by RI changes (top) and the monitoring of AA gy in real
time (bottom).
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1.2.2.3. Advances and Challenges in Plasmonic Biosensors
SPR biosensor is nowadays a mature technology offering direct, rapid and systematic analysis of
any type of biochemical interaction. The sensitivity of refractometric SPR sensors usually ranges
between 10 and 107 refractive index units (RIUs) and a limit of detection (LoD) in the pM-nM
range, if an optimal biofunctionalization has been previously achieved and high-quality biological

reagents are employed.”* ®

These sensitivities are good enough for a great variety of real
diagnostic applications, but become a critical factor for the direct determination of small analytes
at very low concentrations or for single-molecule detection. However due to its simplicity and
versatility, SPR biosensors have profiled themselves as a routine analytical instrument whose
scope of application has spread into a wide range. Furthermore, the label-free detection and the
real-time monitoring of biochemical interactions allow the determination of any target analyte
and the affinity or kinetic studies of the reaction in a simple and reliable way. SPR-based kinetic
analysis permits the monitoring of both weak and strong interaction (K, ranging from 1 mM to 1

pM)®* ?° and typically requires lower amount of reagents than traditional biophysical techniques

(titration calorimetry, ultracentrifugation, stopped flow or column chromatography).

Currently, SPR biosensor is a widespread technique and a large variety of instruments, from
miniature SPR-based devices to robust laboratory units, are commercially available to meet

749192 Biacore (GE Healthcare)® was the first

special requirements of a multitude of applications.
commercial system launched in 1990. Since then, more than 20 companies worldwide have been
offering different SPR instruments, such as Texas Instruments,” XanTec Bioanalytics,” Horiba
Scientific™® or Biosuplar,”” among others. Our research group also developed a portable and highly

integrated SPR biosensor that was commercialized by our spin-off Sensia S.L.%

Research in plasmonic biosensors has been directed to develop fast, cost-effective and ease-of-
use analytical platforms, primarily motivated by the urgent demand of ultra-sensitive and reliable
PoC devices in the clinical field. However, miniaturization and multiplexed analysis are still
important challenges in SPR biosensors. The simplest way to reach high-throughput detection is
provided by Surface Plasmon Resonance Imaging (SPRi).” In this technique, a collimated
monochromatic light beam excites the SPR in an extended area via prism coupling. The variations
of the intensity of the reflected light due to Rl changes are analyzed in a 2D charge-coupled
device (CCD) camera. If various biomolecules are immobilized at different areas of the metal
layer, the multianalyte evaluation can be made with the analysis of the 2D reflected intensity
pattern. SPRi however presents important drawbacks related to sensitivity and channel cross-

100
k.

tal Although the design and development of novel multiplexed imaging platforms has greatly
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progressed, their performance characteristics such as resolution or limit of detection are still

behind the best spectroscopic SPR sensors and need to be further improved.'®*

At this point, continuous advances in material science and nanotechnology introduce unique
opportunities to satisfy the main limitations of SPR biosensors: sensitivity, throughput capabilities
and miniaturization. During last decades, nanoplasmonic biosensors have experienced a rapid
development, pushed by the enormous progress in nanofabrication techniques, microfluidics and
electronic technology, to offer novel solutions in biosensing. Plasmonic nanostructures have
demonstrated exceptional properties to significantly enhance the sensing performance not only
in refractometric LSPR biosensors but also in Surface Enhanced Raman Spectroscopy (SERS) and

102, 103

Metal Enhanced Fluorescence (MEF) sensors. Recent trends in nanoparticle SERS tags, for

example, offer important opportunities for its exploitation as in vivo contrast agents and

104, 105

multiplexed analysis of cells, while MEF-based sensors have reported considerable

advantages over conventional fluorescence- or radio-labelled assays in terms of sensitivity, cost,

106, 107

time and simplicity. In the case of LSPR biosensors, some examples have already

demonstrated their potential to detect biomarkers, small analytes and cells in complex
environments, exhibiting promising features for extension to PoC or mobile platforms.'® ** In
terms of multiplexing and miniaturization, nanoplasmonic biosensors benefit from the reduced
sensor area of metal nanostructures as well as the possibility of excitation with direct EM
illumination. Herein, the use of simple light emitting diodes (LEDs) for excitation and small
photodetectors rather than spectrometers can greatly reduce the cost and size of nanoplasmonic
biosensors, even being possible their integration with portable smartphones.”® ' LSPR
biosensors are indeed considered to be the next-generation plasmonic sensing platforms,® and

new companies are emerging and introducing this powerful technology into the market, such as

Plasmore''” or Lamdagen.™

However, besides those few examples aforementioned, the use of nanoplasmonic biosensors as
analytical platforms for clinical and biomedical applications has not been fully accomplished. At
the state-of-the-art most effort has been directed toward the fabrication and development of the
nanostructures and the evaluation of its physical and optical properties. The published work
related to nanoplasmonic sensors is often of a very fundamental nature, only accompanied by
standard proof-of-concept biosensing assays. The real implementation of this powerful
technology necessarily requires research effort focused on one of the most underexposed aspects
of the nanoplasmonics: the surface biofunctionalization. In this regard, proper surface chemistry

and optimized assay methodologies are crucial to enhance the biosensor performance and to
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assure reliable and accurate clinical and biomedical analysis. Nanoplasmonic biosensors are set to
positively impact on the biomedical industry offering powerful analytical technology, but the
development of specific bioanalytical methodologies is the key factor to provide viable solutions

for the improvement of the healthcare scenario.

1.2.3. The Biorecognition Layer
In biosensors, the analytical sensitivity and selectivity depend on the biorecognition element
tethered to the sensor surface. Typically, in affinity-based biosensors, the most employed
biological receptors are antibodies, nucleic acids or cell membrane receptors. These biomolecules
show extraordinary affinity and specificity towards certain analytes, such as the corresponding
antigen or the complementary oligonucleotide chain, allowing the selective capture of the target
compound with extreme sensitivity. The immobilization procedure onto the transducer must take
into account several factors for an optimum biosensor: (i) the packing density and orientation of
the biorecognition element, (ii) the activity and stability during the analysis time and (iii) the
possible interferences or nonspecific binding coming from other substances present in the

sample.

Biofunctionalization procedures have been developed since many years ago, aiming to provide
the best analytical performance. Physical adsorption is the simplest strategy to attach the
bioreceptor to the sensor surface, which takes advantage of intermolecular forces like
electrostatic, hydrophobic and/or polar interactions (Figure 1.12a). Although it is a widely
employed procedure in solid-based assays, such as ELISA, physical adsorption suffers from
important drawbacks when dealing with biosensors. Flow-through assays or changes in the pH or

1% In addition, the

buffer composition can lead to easily desorption of the biomolecules.
uncontrolled interaction of the biomolecules with the surface can cause denaturation, unfolding
or loss of affinity for the analyte. In order to avoid the direct contact of the biorecognition
element with the sensor surface, immobilization can be performed by physical entrapment in a
polymer matrix (Figure 1.12b). The most common polymers employed are polyaniline,
polythiophen, polypyrrole or dextran-based polymers, which create uniform matrices allowing
the inclusion of the bioreceptors as guest molecules in a single step. This procedure permits the
immobilization without any modification of the receptor ensuring its biological activity, and
provides a better environment for the preservation of the immobilized molecules during

prolonged storage. However it can present important diffusion and mass transport problems of

the analyte toward the entrapped bioreceptors.'
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Due to the above-described drawbacks, biofunctionalization is usually done via Self-Assembled
Monolayers (SAM) (Figure 1.12c). SAMs basically consist of amphiphilic molecules that self-
organize onto the sensor surface creating a tight and ordered matrix. The external functional
groups of the SAMs can be activated to link molecules in a covalent manner. This procedure
offers important benefits like the high robustness and stability of the immobilization or the
possibility to control the bioreceptor packing density by using lateral spacers. Another variant
makes use of heterobifunctional polymers, such as polyethylene glycol (PEG), to create the
functional layer. The use of PEGylated compounds, due to the high hydrophilicity and protein

adsorption resistance, provide advantages in terms of antifouling or biocompatibility.**®
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Figure 1.12 Main types of biofunctionalization processes: (a) physical adsorption, (b) polymer
entrapment and (c) covalent binding to a self-assembled monolayer (SAM).

For protein immobilization, the covalent binding takes advantage of the aminoacid sequence of
the biomolecule, mainly using the exposed amine groups of Lysine (Lys) residues. Amine groups
readily react with supports bearing active esters (e.g. NHS ester) to form stable amide bonds.
Besides, aldehyde groups or epoxides can also be coupled to amines resulting in a secondary
amine linkage. Alternatively, carboxylic groups from aspartic (Asp) and glutamic (Glu) acids or

thiol groups from cysteines (Cys) can be used as anchoring points by linker molecules such as
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succinimide ester or carbodiimides, that in turn are linked to the surface previously modified with

carboxyl, amine or thiol groups.

In the case of nucleic acid immobilization, the versatility of DNA synthesis allows the direct
incorporation of the desired functional groups at the end of the sequence. Therefore, capture
probes can be designed for any particular surface chemistry. Both approaches are universally
applicable to any protein or modified-DNA sequence, but the efficiency of the attachment to the
surface depends on many factors (i.e. pH, concentration, ionic strength and reaction time) that
must be optimized to enhance the yield of the chemical process. In addition to the conventional
covalent binding, numerous immobilization strategies have been developed for a wide variety of

chemically functionalized surfaces, including photoactive reactions or click chemistry.*’

The choice of the biofunctionalization strategy ultimately depends on the purpose of the study
and the receptor characteristics. In some cases, for example when enzymes or antibodies are
employed as biorecognition elements, the site-specific interaction with the target molecule
requires an oriented immobilization avoiding the modification of the binding sites. To this end,
other functionalization strategies have been developed such as the biotin-streptavidin affinity

18119 Although offering site-specific

system or by using cofactors or site-directed affinity proteins.
functionalization, these methodologies have some drawbacks related to the chemical

modification of native biomolecules, the need of multi-step procedures or stability problems.

Another important aspect in biofunctionalization is related to the surface regeneration, that is,
the removal of the target analyte after the detection step without altering the immobilized
receptor molecule. Efficient regeneration would provide reusability of the surface, which is
particularly important not only to save costs and time, but also to evaluate the stability and
robustness of the bioactive surface. Typically, regeneration can be accomplished by injecting a
low or high pH solution (e.g. HCI, NaOH, glycine, etc.) that disrupt the biochemical interaction
between the target analyte and the bioreceptor. Other methods make use of ionic strength
changes (e.g. high/low salt content buffers) or specific chemicals (e.g. formamide for DNA
dehybridization) to break the interaction. Nevertheless, the regeneration procedure has to be
evaluated empirically since the combination of binding forces is often unknown, and it is
important to select the mildest regeneration conditions that assure the stability and integrity of

the bioactive layer.

On the other hand, one of the crucial factors in biosensor functionalization nowadays is related to

the selectivity and antifouling properties of the biorecognition layer. Especially for label-free
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biosensors, like the nanoplasmonic ones that detect changes in the Rl (and therefore changes of
mass on the surface), the nonspecific binding is a major challenge for the application to real
clinical scenarios. A number of strategies have been employed to reduce the adsorption of matrix
components of clinical samples: (i) the use of hydrophilic compounds like polyethylene glycol
(PEG) or dextran-derivatives for surface coating, (ii) the addition of surfactants or other agents to
the assay buffer, (iii) to block the surface with milk, proteins or certain polymers, or (iv) diluting
the sample till the background signal is minimized. However, the effects of these approaches in
the label-free analysis are not totally controlled and need to be checked for each application.
Therefore there is a wide interest to develop and optimize biosensing procedures that ensure the

detection selectivity while minimize at the same time the nonspecific adsorptions.

In conclusion, the advances in biosensor technology inherently involve research in surface
chemistry, materials science and biological engineering. The accomplishment of highly sensitive
and reliable PoC biosensors relies in the achievement of optimum biofunctionalization strategies
that provide specific control of the receptor immobilization, ensuring the affinity and stability,

and maximizing the surface antifouling properties.

1.3. The Role of Antibodies in Biosensors

Antibodies (Ab) are glycoproteins belonging to the Immunoglobulins (lIg) family which are
produced by B cells in plasma and used by the immune system of vertebrates to identify and
neutralize foreign agents in the body, known as antigens. The basic structure of an antibody is
outlined in Figure 1.13. An antibody is a Y-shaped molecule presenting four polypeptide chains,
two heavy (H) chains with molecular weights of 50 kDa and two light (L) chains with molecular
weights of 25 kDa, linked by disulfide bonds. The chains have both constant (C) and variable (V)
regions. Antigen recognition is mediated by the variable light (V,) and heavy (V,) domains, known
as the Fab (Fragment antigen-binding) region, situated at the arms of the Y. The base of the Y is
composed of constant domains of the two H chains. This region is called Fc (Fragment
crystallizable) region and plays a role in the immune cell activity, ensuring that each antibody
generates an appropriate immune response for a given antigen, by binding to a specific class of Fc

receptors and other immune molecules.

The estimated molecular dimensions of the antibodies are 15 x 7 x 3.5 nm (although the

20 1n mammalian cells, there are five classes of

immunoglobulins are highly flexible).
immunoglobulins which are distinguished by their heavy chains: IgA, IgD, 1gG, IgM and IgE.

Different isotypes are generated during gene rearrangement, resulting in a series of structural
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changes that confer different functions in the organism. IgA forms a dimer molecule and is mainly
found in mucosal areas (e.g. gut, respiratory track or urogenital track). It prevents the
colonization by foreign pathogens. IgD and IgM are related with the immunologic response
mechanism: IgD acts as antigen receptor in B cells and activates basophils and mast cells; IgM in
turn is secreted from B cells forming a pentameric molecule to eliminate pathogens at early
stages of the humoral response. IgE is the antibody involved in allergic processes; it binds to
allergens and triggers the histamine release from mast cells and basophils. Finally, 1gG is the
predominant class of antibody produced during mature immune response, being the only isotype
able to cross the placenta to give passive immunity to the fetus. IgG provides the majority of the
antibody-based immunity against pathogens and thereby it is the most studied and employed in

biosciences.
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Figure 1.13 Basic structure of an antibody.

Due to the exceptional affinity and specificity for antigen binding together with the important role
in the human immune response, antibodies are widely used in the biomedical field, either as

biorecognition elements for immunochemical analysis or as clinical biomarkers for diagnostics.

1.3.1. Antibodies as Biorecognition Elements
Immunochemical techniques cover all those analytical methodologies that involve the interaction

between a specific antibody and its target molecule. Among them, immunoassays are the most
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widely used technique to determine the presence of an analyte in a sample in a qualitative,

semiquantitative or quantitative way.

Antibodies can be produced in the laboratory for the specific recognition of a vast number of
analytes, either biological molecules (such as hormones, proteins, peptides, etc.) or other
chemical compounds of analytical interest (drugs, pollutants, etc.). Furthermore, progress in
biotechnology and molecular biology is providing novel tools and techniques for more efficient
and simple antibody production as well as for enhancing the affinity and specificity of the
immunoglobulins. Depending on the production process, the antibodies can be polyclonal (pAb),
monoclonal (mAb) or recombinant (rAb). Polyclonal antibodies are directly obtained from the

21 Fach clone

immunized serum of an animal, therefore deriving from multiple clones of B cells.
recognizes different binding sites of the antigens (known as epitopes), each one showing different
affinity and specificity. Thus, the polyclonal sera recognize the global structure of the immunogen.
Main problems of pAb are the restricted production to limited amounts from the same specimen
and the inherent variability between animals. Monoclonal antibodies are produced by the fusion
of antibody-producing spleen cells from an immunized animal (usually mice) with mutant tumor
cells derived from myelomas (a single clonal B cell hybridoma). A unique 1gG molecule is obtained

from a single cell clone, so each mAb is specific for one epitope.'?

Commonly, they are obtained
from highly stable and immortal cell lines providing an unlimited source of antibodies with
identical affinity for the antigen as long as the hybridoma line is stable. The screening process to
isolate the desired clone is long and complex, the cost of production is higher than for pAbs, but
they are obtained in large quantities with low variability and usually present higher specificity for

123

the antigens.™ Finally, recombinant antibodies are the result of genetic engineering, producing

antibody fragments with improved or modulated affinities and specificities from simple hosts as

124126 These antibodies were initially designed for

yeast, plants, bacteria or even insect cells.
therapeutic purposes, but they have also been used in immunochemical analysis. Production of
rAb consists of several steps involving the isolation and cloning of encoding mRNA from
immunized cells, expression in the host and screening for antigen specificity.*”’” Although rAb can
a priori provide certain advantages in terms of sensitivity and selectivity, main limitations are

nowadays related to the cost and more laborious techniques involved in their production.
Generally, immunoassays are classified according to whether it is necessary to separate the
immunocomplex prior to the analyte determination. Heterogeneous immunoassays require

previous separation of the antibody-antigen complex to avoid interferences, and therefore they
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are usually performed on a solid phase. In homogeneous immunoassays all the reagents are in
solution and the detection can be directly carried out during the immunochemical reaction.
Additionally, immunoassays can be distinguished by the type of label employed in the detection:

radioactive, enzymatic, fluorescent or chemiluminescent.

Immunoassays can also be categorized according to two different detection formats: (i) non-
competitive and (ii) competitive assays (Figure 1.14). The format is chosen on the basis of the size
of the target analyte molecule, binding characteristics, dynamic range and sample matrix. In the
particular case of label-free techniques, the formats are as follows: in non-competitive
immunoassays, the antibody is immobilized on a solid support and the analyte is directly
captured from the sample (Figure 1.14a). The direct immunoassay is preferred in applications
where the analyte produces sufficient response by simple binding to antibody, typically because
of high concentration or large size of the analyte (high molecular weight). Usually, the sensitivity
and selectivity of the assay is improved by sandwich amplification (Figure 1.14b) which employs a
second specific antibody to interact with the captured analyte molecules. Sandwich detection
format requires large analytes presenting two different epitopes to allow the interaction with two
different antibodies (a capture and a detection antibody). When analytes are not big enough to
be directly detected, competitive immunoassays are performed. In direct competitive
immunoassays (Figure 1.14c) the specific antibody is immobilized on the surface and the sample
containing the target analyte is added together with a conjugated or larger analyte (competitor),
thus establishing a competition between the two molecules to interact with the antibody. In this
case, the labelled analyte is the one detected; hence the signal is inversely proportional to the
analyte concentration. Finally, indirect competitive immunoassays (Figure 1.14d) consist of
incubating a certain concentration of antibody with the analyte in solution. The mixture then is
added to the surface, where an analogue or a conjugate of the analyte has been previously
immobilized (coating antigen). Again, a competition is established between the three species, and
the free unbound antibody interacts with the coating antigen, generating also a response
inversely proportional to the analyte concentration in the sample. This competitive approach
offers benefits in terms of sensitivity and stability when compared to direct immunoassay.
Generally, the immobilization of antibodies on solid supports diminishes the biological activity
either by alteration of the antigen binding sites or by the use of harsh conditions to regenerate
the biosurface. Indirect competitive immunoassay employ native or intact antibodies for the

analyte recognition and immobilized antigen, and is usually less prone to degradation or to lose
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properties, ensuring the reutilization and stability of the sensor for a presumably higher number

of analysis.

In biosensor research, antibodies are considered the landmark biorecognition elements, and they
are used for countless applications in the clinical field, but also in environmental monitoring, drug
discovery, food safety, etc. Recently, major efforts are directed not only to improve the inherent
antibody recognition capabilities (i.e. affinity and specificity) but to develop novel conjugation,
labelling or immobilization techniques that enhance the detectability and maximize the

reproducibility and accuracy of the analysis.
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Figure 1.14 Main formats of immunoassay: (a) non-competitive direct detection, (b) sandwich
amplification, (c) competitive direct detection and (d) competitive indirect detection.

1.3.2. Antibodies as Biomarkers
The immune system functions as a surveillance mechanism against foreign agents and infectious
organisms. It responds to pathogens through two main defense mechanisms: the non-adaptive
(innate) and the adaptive (acquired) immunity.*”® Non-adaptive immunity is a general nonspecific
response to prevent penetration and spread of the infectious agents, including phagocytosis

(macrophages), cell lysis (natural killer cells) and a variety of chemical molecules and
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physicochemical changes. The adaptive immunity is mediated by the B lymphocytes (specific
white blood cells), which synthesize cell surface receptors and secrete the specific
immunoglobulins (antibodies) against the foreign molecules. Adaptive immunity has the ability to
be acquired or improved after exposure to specific molecules, but it can also be modified or

suppressed due to illness or medical conditions.

Antibodies are blood circulating proteins involved in several defense mechanisms such as
phagocytosis, inactivation of toxic substances, the direct attack to viruses and bacteria, the
activation of the complement system or helping natural killer cells to suppress infected or cancer
cells. The presence or altered levels of specific antibodies in blood can be directly related to the

129, 130

appearance, stage or progress of diseases. For example allergies, autoimmune diseases™"

132 or some infectious,™** can be diagnosed by determination of specific antibodies in blood.

Lately, scientific interest has been focused on discovering new specific antibody patterns related

134 5
l,

to diverse human diseases, including oncologica inflammatory™®> or neurological and

3¢ The analysis of these novel biomarkers is

psychiatric disorders, such as Alzheimer disease.
potentially useful along with the complete diagnosis and evolution of the disease. Before
diagnosis, they can be employed for screening and risk assessment. During diagnosis, antibody
levels can determine staging, grading and selection of the initial therapy. And later, they can be
used for therapy follow-up, to select additional treatment or to monitor recurrent diseases.
Furthermore, antibodies are usually generated in relative large amounts — compared to disease-

associate antigens — and they are highly stable biomolecules in serum, representing a valuable

circulating biomarker for clinical and biomedical analysis.
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Chapter 2
MATERIALS AND METHODS

A description of the materials and procedures employed throughout this doctoral work is
summarized. A detailed explanation of both SPR- and LSPR-based biosensor schemes is provided,
followed by the nanofabrication protocol of the nanoplasmonic substrates and bulk sensitivity
characterization. Also a list of all chemical reagents, buffers and biological compounds is included.
Finally, the chapter describes the biofunctionalization protocols and the different assay formats
employed, whose results are presented in this dissertation.






Materials and Methods

2. Materials and Methods

2.1. Biosensor platforms

2.1.1. SPRBiosensor
One of the SPR biosensors employed in this work was developed in our research group in 2004
and was commercialized by the spin-off company Sensia S.L. (www.sensia.es), which currently
belongs to Mondragon Corporation (www.mondragon-corporation.com). The SENSIA SPR
biosensor is integrated in a reduced platform and can be used as a portable and easy-to-use
device (Figure 2.1a). The sensor platform is based on the Kretschmann configuration that allows
the real-time monitoring of the intensity of the reflected light at a fixed angle of incidence.
Excitation is carried out with a diode laser (RS 194-032, Amidata, Spain), emitting at 670 nm. The
laser beam is divided in two identical intensity beams using a light splitter (5 mm/side cube) to
enable the simultaneous evaluation in two independent channels. The laser beams pass through
a glass coupling prism (n = 1.52), reaching the backside of the gold sensor chip via a Rl matching

oil (n ® 1.515) (Figure 2.1b).

(b)

Micrometric &
Rotatory Platform

Figure 2.1 (a) SENSIA SPR Biosensor device; (b) Schematic representation of the sensor module of
the SENSIA SPR Biosensor.

The sensor chips consist of a glass surface (10 x 10 x 0.3 mm) coated with 2 nm of chromium and
45 nm of gold (Ssens, The Netherlands). The gold sensor surface contacts two identical flow cells
of approximately 300 nL volume each one, where the biomolecular interaction takes place.

Biological events occurring at the sensor surface are detected as changes in the reflected light

39


http://www.sensia.es/

Chapter 2

intensity by a multielement photodiode (55870, Hamamatsu, Japan). This part of the setup is
mounted on a rotary platform in order to select the optimum incidence angle that maximizes the
changes of reflected light intensity. The device also incorporates all electronics and fluidics
components necessary to operate autonomously. The fluidic system consists on a peristaltic
pump which keeps a continuous flow and a set of tubing and valves for the sample handling and

injection to the flow cuvette.

A custom-made software in Labview controls the flow rate and injection of the sample as well as
the monitoring of the binding events. Sensorgrams reproduce the interaction as an increase (or
decrease in case of unbinding events) of the normalized intensity of the reflected light (%AR) vs.
time. Figure 2.2 represents typical sensorgrams obtained with the SPR biosensor. Binding events
lead to positive changes of the baseline while unbinding events lead to negative variations.
Signals are determined by measuring the absolute value of the baseline variation after the

biochemical interaction. Data analysis was carried out using OriginPro 8.0 software.
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Figure 2.2 Typical SPR sensorgrams representing detection of an analyte and regeneration of the
bioreceptor surface.

2.1.2. Nanoplasmonic Biosensor
The nanoplasmonic biosensor used is based on a novel in-plane waveguiding mechanism in thin
layers of plasmonic nanodisks, whose excitation can be accomplished in total internal
reflection.™ The in-plane LSPR excitation leads to a strong enhancement of the polarizability of

the nanodisks, creating an effective Rl that is sufficiently large to support a guided mode inside a

thin and sparse monolayer of nanostructures.
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The nanostructured substrates are clamped between a trapezoidal glass prism (n = 1.52)
contacting the sample through a RI matching oil (n = 1.512) and a custom-made Delrin flow cell
(volume = 4 pL), connected to a microfluidic system comprising a syringe pump (NE-1000, New
Era, USA) that ensures a constant flow and a manually operated injection valve (V-451, IDEX
Health and Science, USA). The LSPR is excited by a collimated halogen light source (HL-2000,
Micro-Pack, Ocean Optics, USA). The light reaches the substrates through the prism and the
reflected light is collected and fiber-coupled to a CCD spectrometer (Jazz Module, Ocean Optics,
USA) (Figure 2.3). The setup design involves a triangular platform with lateral sides designed at
certain angle with attached rails that incorporates the optical components, ensuring that

incoming and outgoing optical paths remain constant.
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Figure 2.3 Schematic representation of the LSPR biosensor platform.

Two analogue setups were designed with different angle of incidence of the light: 70° and 80°.
The 70°-setup permit the employment of the platform either for nanoplasmonic measurements,
by setting the incident light in TE polarization for gold nanodisks LSPR excitation, or for
conventional SPR measurements, by setting the incident light in TM polarization for thin film gold

SPR excitation. The 80°-setup operates only for nanoplasmonic measurements.

Reflectivity spectra are acquired every 3 ms, and 300 consecutive spectra are averaged to provide

the spectrum to be analyzed. Tracking of the real-time resonance peak position is achieved via
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polynomial fit using a homemade readout software. Sensorgrams reproduce the biomolecular
interaction by monitoring spectral displacement of the resonance peak (AAspg) vs. time (Figure
2.4). Biomolecular binding events produce shifts to higher A, while unbinding events produce
shifts to lower A. Signals are determined as the absolute value of the A\ spr after the biochemical

interaction. Data analysis was carried out using OriginPro 8.0 software.
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Figure 2.4 Typical sensorgrams representing a biomolecular binding event: (a) graph showing the
spectral shift (photon counts vs. A); (b) graph showing the shift of the resonant peak over time
(AAispr Vs. time).

2.1.3. Nanoplasmonic Sensor Chip Fabrication
Nanoplasmonic substrates consists of short-ordered arrays of gold nanodisks (Diameter = 100 nm,
Heigh = 20 nm, F = 6-7%) fabricated by Hole-Mask Colloidal Lithography (HCL)."*® First, SiO,
substrates (nr. 4, Menzel-Glaser, Germany) are cleaned by placing them 20 min in a freshly
prepared piranha solution (3:1 H,S0,/H,0,). After drying with N,, the HCL process is carried out

following the next protocol (Figure 2.5):

1) Polystyrene Bead Deposition. An approximately 200 nm thick layer of 950 K PMMA (4% in
Anisol) are spin-coated on clean SiO, substrates (4000 rpm, 1500 r-s). After a 5 min baking
process at a temperature superior to 150°C, the substrates are subjected to a brief O, plasma (10
s, 75W, 75 mTorr and a 20% O,-flux) in order to increase the hydrophilicity of the PMMA. Then,
oppositely charged polyelectrolyte is drop coated on top of the PMMA layer to create an adhesive
layer. For this purpose, surface is coated with 0.2 wt% PDDA (Sigma-Aldrich, Germany) for 1 min
and thoroughly rinsed with H,0O and dried with N,. As a last step, colloidal solution containing

0.2% D100 polystyrene beads (Invitrogen, USA) is deposited for 1 min, subsequently rinsing and
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drying with H,0 and N,, respectively. The electrostatic repulsion between the polystyrene beads,
in combination with the attractive force that exists between these spheres and the PDDA layer,

define a short-range ordered polystyrene particle array (Figure 2.5a).

osition of PMMA O O O ®) ()} Polysterene Beads

Dep
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Figure 2.5 Schematic of the four steps fabrication process by hole-mask colloidal lithography
These steps include: (a) polymer (PMMA and PDDA) deposition for the following adhesion of
polystyrene beads, (b) evaporation of a sacrificial metal layer, (c) tape-stripping process of the
polystyrene beads, (d) oxygen plasma etching for the creation of holes in the polymer layer, (e)
evaporation of the metal adhesion layer (1 nm Ti) and the Au (typically 20 nm), and finally (f)
removal of the remaining hole mask by a lift-off process in acetone.

2) Creation of Hole-Mask Template. The hole-mask template is created by first depositing 15 nm
of Ti, as a sacrificial layer that is resistive to O, plasma treatments (Figure 2.5b). Secondly, the
polystyrene beads are tape-stripped away, leaving a sacrificial PMMA layer with perforated Ti

hole-mask on top (Figure 2.5c).

3) Oxygen Plasma Treatment. Next, an O, plasma treatment (180 s, 75 W, 75 mTorr and a 20%

O,-flux) is applied, removing the exposed polymer (PMMA/PDDA) underneath the holes. The
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etching selectivity of the PMMA and Ti, and ion over-exposure result in under-cut features as

depicted in Figure 2.5d.

4) Disk Evaporation and Lift-Off. The resulting hole-mask is used as a deposition mask for the Au
nanodisks. Using electron-beam evaporation, an adhesive layer of 1 nm of Ti is deposited
followed by 19 nm of Au (Figure 2.5e). The remainder of the hole-mask is removed by a lift-off

process, carried out in acetone at room temperature (Figure 2.5f).

The final result is a nanostructured SiO, surface with Au nanodisks of approximately 20 nm of
height and 100 nm of diameter (Figure 2.6). The nanodisks density (F) obtained is around 6 — 7%.

Note that the nanodisks diameters and interdisk spacing are entirely governed by the properties

of colloidal polystyrene bead solution (e.g. concentration, electrostatic interactions...).

Figure 2.6 SEM images of gold nanodisks arrays fabricated on glass substrate.

2.1.4. Bulk Sensitivity Study
An evaluation of the bulk sensitivity of the two analogous nanoplasmonic biosensors (8, = 70° and
0, = 80°) was carried out. Bulk sensitivity (ng = AA/An) is defined as the variation of the
resonance peak induced by Rl changes of the bulk dielectric surrounding of the sensor surface.
This factor is the most commonly used to quantify and compare the intrinsic sensitivities provided
by plasmonic biosensor platforms. The study was performed by flowing a set of serially diluted
glycerol solutions with known Rl and measuring the induced AMAspz while MilliQ water was
employed as continuous running solution. Signals were plotted as a function of the RI variations
(An = 0.03 RIU) showing linear dependence (Figure 2.7). Fitting to a linear regression function we
can determine the ng values for both platforms: ng(70°) ® 100 nm and ng(80°) ® 375 nm. This

comparison confirmed the improved sensing performance expected at higher angles of incidence
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of the light (see Introduction, section 1.2.2.2), reaching approximately 4 times better sensitivity

with the 80°-setup.
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Figure 2.7 Bulk sensitivity calibration (An = 0.03 RIU) for the nanoplasmonic setup at different
angles of incidence: 702 (black) and 802 (blue).

2.2. Chemical and Biological Reagents

2.2.1. Chemical Reagents and Buffers Composition
Main salts and chemical reagents for buffer preparation and biofunctionalization procedures
were acquired from Sigma-Aldrich (Germany): alkanethiols for SAM formation (16-
mercaptohexadecanoic acid (MHDA) and 11-mercaptoundecanol (MUOH)), reagents for
carboxylate group activation (1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and N-hydroxysulfosuccinimide (sulfo-NHS)), ethanolamine, crosslinking molecule
(bis(sulfosuccinimidyl) suberate, BS’), glycine, Tween 20, bovine serum albumin (BSA), sodium
periodate (NalO,) and dithiothreitol (DTT). ProLinker™ B was provided by Proteogen Inc. (Korea).
The copolymer poly-(L-lysine)-graft-PEG (PLL-PEG, MW~67.000 g/mol) was purchased to SuSoS
(Switzerland) and diamine-PEG (NH,-PEG-NH,, MW 10.000 g/mol) to Laysan Bio. (USA) Amine-
dextran (MW 10.000 g/mol) was obtained from Invitrogen (USA). Oligonucleotide cross-linker used
for antibody conjugation (HyNic) was purchased to Solulink (USA). Commercial serum was obtained
from Sigma Aldrich (Germany) and commercial plasma was purchased to Innovative Research

(USA).

Several buffers have been used either for functionalization or target analysis: PBS 10 mM (10 mM
phosphate, 137 mM NaCl and 2.7 mM KCl, pH 7.4), PBST (PBS buffer + 0.5% Tween 20), acetate
buffer (10 mM, pH 5.0), MES buffer (0.1 M, pH 5.4) and HEPES buffer (10 mM, pH 7.0). Specific
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cocktails were prepared in order to minimize nonspecific adsorptions when working with
biological fluids, such as High-Blocking Buffer (HBB) (PBS buffer + 500 mM NaCl + 200 pg/mL BSA
+ 500 pg/mL amine-dextran + 0.5% Tween 20) or the Antifouling Buffer (AFB) (PBS buffer + 500

mM MgCl, + 2% Tween 20 + 2% commercial serum).

2.2.2. Biological Compounds
Proteins, antibodies and hormones employed for each study were obtained from different
sources. For the site-specific antibody immobilization study, human Chorionic Gonadotropin
(hCG) was purchased to Abcam (UK), Focal Adhesion Kinase (FAK) was obtained from OriGene
(USA) and C-Reactive Protein (CRP) from AntibodyBcn (Spain). Monoclonal antibody anti-hCG was
a kind gift by the Dr. Jose Miguel Rodriguez Frade from the Departamento de Immunologia y
Oncologia, Centro Nacional de Biotecnologia, CSIC (CNB-CSIC, Madrid, Spain). The antibody was
purified by affinity chromatography using 1 mL HiTrap™ Protein G and PD-10 Desalting Columns
(GE Healthcare, UK). Monoclonal antibody anti-FAK was supplied by BD Biosciences (USA) and
monoclonal antibody anti-CRP was from AntibodyBcn (Spain). Recombinant Protein G was from
Merck (Germany). Oligonucleotide used for polyA-based strategy study (d(T,s-Ai5) = Amino-
PolyT,6PolyA;s (C3NH,)TTT TTT TTT TIT TTT TIT TTT TTT TTA AAA AAA AAA AAA AA) was provided

by IBA Lifesciences (Germany).

For the gluten detection study, the biological material (Gliadin PWC, Gliadin-33mer-Peptide and
monoclonal antibody G12) was provided by Biomedal S.L. (Spain). Gluten-free urine for the
optimization and assessment study was kindly provided by a celiac patient. Urine samples with
different gluten content were provided by the Hospital Virgen del Rocio (Sevilla, Spain) and from
healthy volunteers. For the allergy diagnosis application, dendrimers PAMAMG2-AXO and
BAPADG2-AXO were provided by the Department of Organic Chemistry (University of Malaga,
Spain) and the clinical serum samples were obtained from the Hospital of Malaga (Spain). The
monoclonal antibody anti-Penicillin IgG was purchased to Acris Antibodies (Germany). Finally, for
the study of TAA autoantibodies detection, the recombinant TAAs (GTF2b and EDIL3) were
provided by the Centro de Investigaciones Bioldgicas, CSIC (CIB-CSIC, Madrid, Spain) and clinical
serum samples were obtained from the Hospital de Gijon (Spain). The specific antibodies anti-
GTF2b and anti-EDIL3 were purchased to Santa Cruz Biotechnology (USA) and Abcam (UK),

respectively.
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2.3. Biofunctionalization Procedures

Prior to surface functionalization, both gold and nanodisks sensor chips are subjected to a
cleaning procedure consisting of consecutive 1 min sonication cycles in acetone, ethanol and
MilliQ water, respectively, dried with N, stream and placed in an UV/O; generator (BioForce
Nanosciences, USA) for 20 min, after which they are rinsed with ethanol and water and dried with

N,.

In the following, we provide detailed descriptions of the different biofunctionalization procedures

used in this dissertation. The chapter in which each strategy is employed is also indicated.

2.3.1. Amine-reactive Antibody Covalent Immobilization (Chapter 3)
Formation of a mixed self-assembled monolayer (SAM) of carboxylic/alcohol-ended alkanethiols
was carried out ex situ, by coating the sensor chip overnight at room temperature (RT) with a
mixed solution of MHDA/MUOH in ethanol. A molar ratio of 1:20 and total alkanethiol
concentration of 250 uM was used for antibody immobilization. Once the SAM is formed, the chip
was rinsed with ethanol and MilliQ water, dried with N, stream and mounted on the sensor
platform. MilliQ water was selected as running buffer for the immobilization procedure at a
constant rate of 25 ulL/min approximately. Activation of carboxylic groups was performed by
flowing a 0.2M EDC/0.05 M sulfo-NHS solution in MES buffer for 20 min, followed by the antibody
solution in PBS buffer. Finally, 1M ethanolamine solution (pH 8.5) was used to deactivate the
unreacted carboxylic groups. Figure 2.8 illustrates a standard covalent immobilization sensorgram

obtained with the SPR biosensor.

35 - Deactivation
Activation

30
25 -
20 +
:\o‘ J
x 15-
< l Covalent
10 - Binding

N\ Bioreceptor Ethanolamine
EDC/NHS

-5 T T T T T T . : . ' . .
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 2.8 Representative SPR sensorgram of a typical covalent immobilization procedure.
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2.3.2. Protein G-mediated Antibody Immobilization (Chapter 3)
Protein G diluted in PBS (50 pg/mL) was immobilized by covalent binding to the mixed alkanethiol
SAM (1:20, 250 uM) formed as described above. Then, the antibody was injected in acetate buffer
and once captured by Protein G, the crosslinker BS3 dissolved in PBS was flowed (1000-fold molar
excess with respect to antibody concentration). In order to quench crosslinking reaction and

remove unreacted molecules, 100 mM Glycine-HCl solution (pH 2.7) was injected.

2.3.3. Prolinker™ B Antibody Immobilization (Chapter 3)
ProLinker™ B layer was formed by incubating the sensor chip in a 3 mM ProLinker™ B solution in
chloroform for 1 hour at RT. Next, the surface was rinsed with chloroform, acetone, ethanol and
water; dried with N, stream and mounted on the sensor. Antibody solution in PBS buffer was
injected at 25 ulL/min followed by a BSA solution (100 pg/mL in PBS) to block remaining free
areas. For the evaluation of the behaviour of the biological fluids, the concentration of the
different blocking agents tested (BSA, amino-PEG, PLL-PEG and amino-dextran) was increased to

1 mg/mL.

For contact angle characterization, the immobilization procedure was carried out ex situ. After
ProLinker™ B layer formation, the sensor surface was coated with the antibody solution in PBS for
30 min, then rinsed with PBS and MilliQ water and carefully dried with N, stream. Next, the
sensor chip was coated with the BSA solution for 30 min and rinsed and dried again. Drop shape
analysis was performed with Easy drop standard (Kriiss, Germany), placing a 5 pL water drop onto

the surface by triplicate.

2.3.4. PolyA-based Antibody Immobilization (Chapter 3)
Antibody oxidation was achieved by incubating 1 mg/mL of antibody in 10 mM NalQ, in acetate
buffer for 30 min at RT in dark. Then, the antibody was purified using 30K centrifugal filter units
(Amicon Ultra, Millipore, USA) and buffer was changed to Conjugation Buffer (Na,HPO, 100 mM,
NaCl 150 mM, pH 6.0). In parallel, oligonucleotide modification with HyNic crosslinker was carried
out following SoluLink instructions: 1 mM of d(T,s-A;5) was dissolved in Modification Buffer
(Na,HPO, 100 mM, NaCl 150 mM, pH 8.0) on one hand and 200 mM succinimidyl-6-hydrazino-
nicotinamide (s-HyNic) was dissolved in anhydrous dimethylformamide (DMF) on the other. 20
molar equivalents of HyNic solution were added to the oligonucleotide solution, keeping the
percentage of DMF (vol/vol) in the final reaction mixture at or below 5% of the total reaction
volume. The mixture was incubated for 1.5 hours at RT, purified using 3K centrifugal filter units

and desalted to Conjugation Buffer. To carry out the conjugation procedure both solutions were
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mixed (Ab:Oligonucleotide 1:2) and 100 mM aniline was added as catalyst. The mixture was
incubated with gentle agitation for 2 hours at RT and then it was purified using 30K centrifugal
filter units and buffer was changed to PBS. Characterization was carried out by spectroscopic
determination using a UV Cary 4000 Spectrometer and measuring absorbance at A = 350 nm. Final
concentration of the conjugate was also determined by measuring antibody absorbance at A =
280 nm.

Immobilization of the antibody-polyA conjugate was carried out in flow by injecting the desired
concentration of antibody diluted in CaCl,-TE buffer (1 M CaCl,, 10 mM Tris, 1 mM EDTA, pH 7) at
20 pL/min.

2.3.5. PWAG Gliadin Immobilization (Chapter 4)
PWG Gliadin was immobilized onto a carboxyalkanethiol SAM via the amine terminal groups of
the amino acids presents in the protein, similarly to antibody immobilization. Optimized
conditions for alkanethiol SAM formation resulted in 1:1 MHDA:MUOH 250 uM in ethanol for 5
hours at RT. After SAM formation, surface was rinsed with ethanol and MilliQ water and dried
with N, stream. Activation of carboxylic groups was carried out ex situ by coating the chip with a
0.2M EDC/0.05M sulfo-NHS solution in MES for 20 min at RT and then rinsed with MilliQ water
and dried. Rapidly, the surface was coated with PWG Gliadin solution in PBS and incubated
overnight at 4°C. Finally, the biofunctionalized sensor chip was rinsed with PBS and MilliQ water,

carefully dried with N, stream and mounted on the sensing platform.

2.3.6. d-BAPADG2-AXO Immobilization (Chapter 5)
In order to obtain the thiol functional d-BAPADG2-AXO a reduction procedure was carried out by
incubating with 10 mM DDT in MilliQ water during 15 minutes and gentle agitation. Rapidly, the
solution was flowed over the gold nanodisks sensor surface keeping a constant MilliQ water flow
of 15 uL/min. The non-sensing glass areas were covered with PLL-PEG at 0.5 mg/mL in HEPES

buffer to prevent nonspecific adsorption.

2.3.7. PAMAMG2-AXO Immobilization (Chapter 5)
For the immobilization of PAMAMG2-AXO dendrimer, gold nanodisks sensors were primarily
functionalized by coating them with a 1:20 MHDA/MUOH SAM at 250 uM in ethanol overnight at
RT. After rinsing with ethanol and MilliQ water and drying with N, stream the nanoplasmonic
sensor surface was mounted on the sensing platform. PAMAMG2-AXO was covalently bound to

the SAM via the amine group present in the peripheral AXO structure and employing the
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EDC/NHS chemistry described previously. The procedure was carried out in flow at a constant
rate of 25 puL/min and keeping MilliQ water as running buffer. Finally, 1M ethanolamine solution

was used to deactivate unreacted carboxylic groups.

2.3.8. TAA Immobilization (Chapter 6)
Both tumor-associate antigens (TAA) (GTF2b and EDIL3) were immobilized to gold nanodisks
sensor surfaces by covalent linking through the lysine groups of the proteins. A carboxylic-
functional monolayer was employed as chemical matrix, coating the nanoplasmonic sensor
surfaces with 250 uM MHDA in ethanol for 5h at RT. Then, surface was rinsed with ethanol and
MilliQ water and dried with N, stream. Activation of carboxylic groups was carried out ex situ by
coating the sensor chip with a 0.2M EDC/0.05M NHS solution in MES for 20 min at RT and then
rinsed with MilliQ water and dried. Rapidly, the surface was immersed on the TAA solution in PBS
and incubated overnight at 4°C. Finally, biofunctionalized sensors were carefully rinsed with PBS

and MilliQ water, dried with N, stream and mounted in the platform.

2.4. Assay Formats

2.4.1. Direct Assay
In the direct assay approach, the receptor is immobilized onto the sensor surface, the sample is
flowed and the target analyte directly detected during binding. This assay format was employed
either with target proteins (as in Chapter 3) or with antibodies as target analyte (as in Chapters 5

and 6).

Generally, once the biofunctionalized procedure is completed the running buffer is changed to
PBS or PBST in order to assure maximum stability of the immobilized layer and optimum
conditions for the interaction. Samples containing the target were flowed over the sensor surface
at 25 uL/min and the response was monitored in real-time. After each sample, regeneration of
the surface was achieved by injecting a specific regeneration cocktail (e.g. HCI 5 mM or NaOH 20
mM) at 50 plL/min. Calibration curves were obtained by evaluating different analyte
concentrations in triplicate. Mean and standard deviation (SD) of each signal were plotted versus

the analyte concentration (Figure 2.9) and fitted to a one-site binding curve:

Ax
B+x

y:
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where x is the concentration, y is the response signal, A is the extrapolated maximum signal
obtained by the specific analyte and B is related to the equilibrium binding constant, being the
analyte concentration needed to achieve half-maximum binding at equilibrium. Limit of
Detection (LoD) was calculated as the concentration corresponding to the blank signal plus three
times its SD. Limit of Quantitation (LoQ) was determined as the minimum measurable signal, set

as the blank signal plus 10 times its SD.
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Figure 2.9 One-site specific binding curve fitting. Sensitivity parameters are defined as Limit of
Detection (LoD) and Limit of Quantitation (LoQ).

2.4.2. Competitive Assay
For the competitive assay employed in Chapter 4, the sample containing the 33-mer peptide was
incubated for 15 min with a fixed concentration of antibody and then flowed over the
biofunctionalized sensor surface at 25 ulL/min and keeping PBS or PBST as running buffer. The
obtained signal resulting from the binding of the free Ab was inversely proportional to the

concentration of the peptide in the sample.

Calibration curves were obtained by evaluating different concentrations of analyte in triplicate,
and signals (mean + SD) were plotted versus the logarithmic value of analyte concentration

(Figure 2.10). Curve was fitted to a dose-response equation:

_D+(A-D)
1+ ()P
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where x is the concentration, y is the response signal, A is the asymptotic maximum
corresponding to the signal in absence of analyte, B is the slope at the inflection point, C is the
inflection point, equivalent to the half inhibitory concentration ICsq, and D is the asymptotic
minimum corresponding to the background signal. In this case, LoD is calculated as the analyte
concentration corresponding to the 90% of the signal (ICqo). LoQ matches the higher limit of the
dynamic range of the curve, set as the interval between the 80 — 20% of the signal (ICg-1Cy). The

ICso value is commonly used in competitive assays as a measure of the sensitivity of the assay.
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Figure 2.10 Representation of a dose-response inhibition fitting curve for different analyte
concentrations. Sensitivity parameters are defined as the Limit of Detection (LoD), Limit of
Quantitation (LoQ), linear range and ICs, value.
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DIRECT IMMUNOASSAY FOR
PROTEIN BIOMARKERS
DETECTION IN

BIOLOGICAL FLUIDS

This chapter focuses on the optimization and assessment of site-specific antibody immobilization
strategies for the direct detection of protein biomarkers. The biofunctionalization procedures are
analyzed in terms of sensitivity, stability and selectivity. An exhaustive study for the minimization
of nonspecific absorptions onto the SPR sensor surface is presented and the results are evaluated
for the direct immunoassay in biological fluids. Finally, the optimum conditions have been tested
with the nanoplasmonic biosensor showing promising advantages for its application in diagnosis.






Direct Immunoassay for Protein Biomarkers Detection in Biological Fluids

3. Direct Immunoassay for Protein Biomarkers Detection in Biological Fluids
3.1. Introduction

Nowadays, main limitations for the final implementation of PoC biosensors are related to the
biofunctionalization of the transducers, the stability of the biological reagents that must preserve
their functionality until the biochemical interaction, and the robustness of the whole system to
evaluate human samples. This challenge is particularly relevant for immunosensors in direct
configuration (i.e. direct immunoassays) due to the complexity of retaining the biological activity
of the antibodies during their immobilization on a solid support. This direct approach should be
the preferred format for PoC diagnosis since it permits one-step analyte detection and, ideally,

direct evaluation in biological fluids.

Design and optimization of proper antibody immobilization strategies is critical to maximize
sensitivity, selectivity and reproducibility of the assays as well as to ensure high stability of the
biofunctionalized surface. Main requirements taken into account include orientation control,
minimization of random chemical modification of the antibodies and the minimization of
nonspecific adsorptions. Antibodies are asymmetric biomolecules with site-specific
functionalities, for example, the antigen recognition takes places exclusively at the Fab regions.
Random immobilization of antibodies or arbitrary chemical modification may alter or block the
antigen binding sites and hinder the analyte detection. Figure 3.1 illustrates the different
orientations that antibodies can adopt when attached to a solid support: end-on (Fc closer to the
surface), head-on (Fab closer to the surface), side-on (Fc and one of the Fab closer to the surface)

and lying-on (Fc and the two Fab closer to the surface).

YA

end-on side-on head-on lying-on
Figure 3.1 Possible orientation of antibodies immobilized on a solid surface.
Maximum detectability would be thus expected for site-directed end-on immobilization of
antibodies. In addition, the size of antibodies (~150 kDa) and their surface distribution are

significant factors to consider in order to avoid steric hindrance effects. Finally, the

biofunctionalization strategy must also assure selective detection of the analyte in the biological
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sample. This is especially relevant when working with label-free biosensors in which nonspecific

adsorption onto the sensor surface may lead to false positive signals.

Many antibody immobilization strategies have been studied and developed in order to improve

the overall efficiency of direct immunoassays. Table 3.1 summarizes the main advantages and

drawbacks for some of the mostly employed methodologies for antibody immobilization

described below.

Table 3.1 Comparison of different antibody immobilization strategies.

Immobilization Strategy

Advantages

Disadvantages

Physical adsorption

Amine-reactive
covalent binding

Site-directed covalent
binding (e.g. carbohydrate
moieties, sulfhydryl groups)

Biotin/Avidin system

DNA-mediated affinity
coupling

Protein A/G-mediated
Affinity Coupling

Simple method
No antibody
modification

Stable and strong
attachment
Controlled distribution
High reproducibility
Controlled orientation
and distribution
Stable and strong
attachment

Stable and strong
attachment
Controlled distribution
Possible proper
orientation

Improvements for
antibody multiplexing
Possible proper
orientation

Proper orientation
No antibody
modification

Random orientation
Antibody denaturation
Poor reproducibility
Nonspecific
adsorptions

Random orientation
Possible alteration of
antigen binding sites

Chemical modification
of antibodies

Chemical modification
of antibodies

Possible alteration of
antigen binding sites

Chemical modification
of antibodies
Instability under
dehybridization
conditions

Random orientation of
the protein

Instability under
certain conditions

Physical adsorption of antibodies is the simplest methodology and it is commonly used in

conventional immunoassay techniques (e.g. ELISA or antibody microarrays). It occurs via

hydrophilic or hydrophobic interactions and can be employed to modify a wide range of solid
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supports, including plastic surfaces (polystyrene and silicone), membranes (nitrocellulose and

1% However, antibody adsorption results in serious

nylon) and various metallic surfaces.
drawbacks such as denaturation of proteins,**® very low stability and random orientation and

distribution.

The most common methodology for antibody immobilization is the covalent coupling to the
sensor surface previously modified with different reactive coatings such as self-assembled
monolayers, dextran or polymers.'”” Usually, the strategy makes use of the amine groups of the
exposed Lys residues of the antibodies, which react with the activated functional groups of the
chemical matrix to form a stable covalent bond. Amine coupling to a SAM has shown multiple
advantages such as controlled distribution of the antibodies, elevated reproducibility and stability
of the bioreceptor layer, ensuring no desorption of the receptor molecules in flow-through
assays. However, amine groups are randomly distributed over the antibody structure and

4L 192 13 order to

therefore this methodology does not allow site-directed immobilization.
minimize arbitrary orientation of antibodies, several strategies have been developed for
controlled covalent coupling through the carbohydrate moieties of the Fc regions or disulfide

143, 144

bridges of antibodies. These methods permit for example the direct immobilization of Fab

fragments by active sulfhydryl groups improving the sensitivity up to 20 times as compared to the

%> However, they require chemical treatment of the antibodies such as

standard amine coupling.
carbohydrate oxidation, enzymatic digestion to obtain the IgG fragments (Fab, Fc, etc.) or
disulfide bond reduction prior to the immobilization. If the experimental conditions are not
accurately controlled, these approaches may influence negatively in the biological activity and the
affinity of the biomolecule. In this regard, advances in biochemical engineering have enabled the
production of recombinant antibodies, directly generating the desired fragments such as single

146

chain antibody fragments (scFv) or Fab fragments.”™ Handling directly the fragments permit in a

more convenient way the oriented and efficient immobilization by employing genetic fusions such

)147

as histidine (His)'*’ or cysteine (Cys) tags.'*

Other strategies for antibody immobilization employ affinity tags such as the well-known
biotin/avidin system. Antibodies can be conjugated to biotin molecules by covalent crosslinking
either to the amine functional groups which lead to random orientation or via the sulfhydryl

% that allow site-specific immobilization, as commented

groups'®* or carbohydrate chains
previously. Biotinylated antibodies interact with avidin- or streptavidin-coated surfaces with
extremely high affinity (Ko = 10™ M) resulting in a nearly irreversible interaction. The

biotin/avidin methodology provides highly efficient coverage of the sensor surface and elevated
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stability and robustness, but also requires chemical manipulation of the antibodies. More
recently, several reports have demonstrated DNA-directed antibody immobilization." Single-
stranded DNA-antibody conjugates can be captured by hybridization with the complementary
DNA-functionalized surface. This strategy has proven to be very useful for multiplexing antibody
immobilization, avoiding harsh spotting processes which may affect the biological activity of the
antibodies. However, separate preparation of each DNA-antibody conjugate is mandatory and the
immobilization must be controlled to avoid from instability due to dihybridization of DNA by

temperature, pH or ionic strength changes.151

Another approach towards antibody orientation is to be mediated by affinity proteins able to bind
the Fc region of antibodies, i.e. Protein A or Protein G. These proteins have been widely employed

132,153 and numerous studies have

in affinity chromatography, especially for antibody purification,
reported their advantages for oriented capture of antibodies in bioanalytical applications.™
Protein A and G are bacterial proteins, originated from pathogenic staphylococcal and
streptococcal bacteria, respectively, and they present structural domains that recognize several

1gG types with different affinities (Table 3.2).

Table 3.2 Protein A and G affinities to immunoglobulins of different species.

Specie Immunoglobulin Protein A affinity Protein G affinity
lgG1 e+ .
1gG2 e+ i
1gG3 - -+
Human lgG4 e+ i
IgM - -
IgA - -
IgE - -
lgG1 + 4+
lgG2a ++++ o+
Mouse IgGZb +++ 4+
18G3 ++ R
IgG1 - +
IgG2a - +H++
Rat IgGZb - ++
IgG2c + ++
Goat IgG +/- i
Rabbit IgG ++++ 4+
Sheep 1gG +/- ++
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Protein A or G mediated strategy allows the capture of antibodies in an end-on orientation
without the need of any previous modification. The methodology can result in a significantly
higher fraction of active antibodies but major concerns are related to the previous immobilization
of the affinity proteins onto the sensor surface and the instability of the Protein A/G-antibody

interaction under particular assay conditions.

In the last years, novel organic linkers, such as metal complexes155 or calixarene derivatives,*®
have been designed and synthesized with the aim of orienting the immobilization of antibodies
based on affinity interactions. It is the case of molecular derivatives of calixarene molecules, for
example, which have demonstrated their usefulness to capture antibodies in an oriented

arrangement avoiding chemical modification of the biomolecule.”® **’

Unfortunately, in many
cases these strategies are not optimized and assessed in depth for the direct and label-free

immunoassays in biological fluids.

In this chapter we have focused on the development and optimization of two oriented antibody
immobilization strategies in terms of sensitivity, selectivity and stability, paying special attention
to the prevention and minimization of undesired nonspecific events in complex matrices, such as
serum or urine. We have first dedicated our attention on a calixarene-based antibody
immobilization strategy (ProLinker™ B) which mediates the binding of proteins in a uniform and
tight manner. Moreover, it has shown the ability to efficiently orientate and immobilize

157

antibodies.™ Further, we have proposed a novel immobilization methodology based on the high

affinity of poly-adenine (polyA) chains for gold surfaces.’*®

Site-specific conjugation of antibodies
to polyA-containing oligonucleotides might lead the oriented immobilization onto the sensor
surface in a fast and efficient way. A SPR biosensor has been employed for this study. Besides, the
biofunctionalization methodology has been later applied for the evaluation of the LSPR biosensor
platform based on gold nanodisks sensors in order to demonstrate the capabilities of

nanoplasmonic biosensors for the development of reliable PoC devices.

3.2. Calixarene-based Immobilization Strategy

3.2.1. Description of the Calixarene-based Strategy
Calix[n]arenes are cyclic oligomers consisting of n phenol units bridged by methylene groups in
ortho-position to the phenolic hydroxyl group. Calixarenes are cup-shaped molecules, where the
cavity can serve as a binding site for numerous guest species, including ions and molecules.™ The
formation of variable, stable and separable conformers with different reactivity and binding
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capabilities make calixarenes unique molecular receptor for numerous applications.™ In this
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research, the calixarene-derivative employed is the 1,3-dimethoxy-2,4-dithiol-Calix[4]crown-5-
ether (ProLinker™ B) (Figure 3.2), a bifunctional molecular linker with a crown moiety designed
for protein immobilization and two thiol-functional arms that allow stable attachment onto gold

surfaces by direct chemisorption.

Figure 3.2 Structure of ProLinker™ B.

The proposed mechanism for antibody immobilization attributes the major coupling force to a
host-guest interaction between ionized amine groups of the protein and the crown-ether moiety

37 n fact, the interaction of the ProLinker™ B with several a-aminoacids

of the linker (Figure 3.3).
has been reported™ indicating that Ala and Val establish strong interactions due to spherical
effects. Also strong complexes are formed with Arg and Lys, by electrostatic interactions. These
interactions ensure the formation of stable complexes with aminated proteins such as antibodies.
In this particular case, hydrophobic interaction between the hydrophobic residues of the

immunoglobulin, present in the Fc region, and methoxy groups of the ProLinker™ B layer may

also be involved in the immobilization, inducing a vertically oriented capture.

Host-Guest
interaction

Protein

Hydrophobic
interactions

Dipole-Dipole
interaction

, 2 O.
1"// / | \ ) O,

Figure 3.3 Proposed mechanism for antibody capture by ProLinker™ B molecule. Main
contribution to coupling is attributed to the host-guest interaction between ionized amine groups
and the crown-ether moiety. Hydrophobic interactions between methoxy group of the linker and
hydrophobic residues of the protein are also involved. End-on orientation is induced by dipole-
dipole interactions.
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A possible mechanism for the orientation of the antibodies onto the ProLinker™ B layer was given
by Chen et al.”’ It is generally assumed that antibodies present a dipole momentum pointing
from Fc to (Fab), due to differences in the isoelectric point between the two regions.*®* According
to the direction of the ProLinker™ B dipole and antibody dipole, the immobilized antibody in an
end-on orientation can interact with the ProLinker™ B layer with lower energy than with other
orientations (Figure 3.3). Conclusively, the sum of hydrophobic, host-guest and dipole-dipole
interaction participating in the antibody coupling will predictably confer both highly stable

attachment and proper orientation.

Furthermore, another variant of the ProlLinker molecule is also commercially available
(ProLinker™ A), which incorporates aldehyde (-CHO) instead of thiol groups to the functional
arms. This way, the immobilization onto glass or silicon-derivative surfaces is also possible.”® This
strategy should be quite versatile to be used not only with plasmonic biosensors but also with

other type of transducers and biosensor configurations.

The calixarene-mediated immobilization procedure involves few steps: (i) formation of the
ProLinker™ B layer onto the gold surface via thiol chemisorption, (ii) antibody capture due to the
host-guest interaction and (iii) blocking of the free areas by using bovine serum albumin (BSA) or
other blocking agent (Figure 3.4). BSA is a common protein widely used in bioanalytical
applications to prevent nonspecific adsorptions onto surfaces. In this case, the amine groups of
the Lys residues in the BSA can interact with the fraction of ProLinker™ B that remains free,

avoiding nonspecific adsorption of analyte molecules or other proteins present in the sample.

\ %
—
ProLinker™ B 1) Antibody Antigen

2) BSA

Figure 3.4 ProLinker™ B-based biosensing strategy: (i) surface coating with ProLinker™ B, (ii)
antibody immobilization and blocking step with bovine serum albumin (BSA), and (iii) specific
antigen detection.
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3.2.2. Optimization and Assessment of the Calixarene-based Strategy
An optimization and assessment study was performed with the SPR biosensor and using the
human Chorionic Gonadotropin (hCG) hormone and its complementary anti-hCG antibody as
standard antibody/antigen pair. The hCG is a reported tumor biomarker in some types of cancer
such as prostate, testicular, breast or ovarian cancer,'®® besides being the main diagnostic

biomarker for most pregnancy tests.

First of all, the efficiency of ProLinker™ B strategy to capture antibodies was evaluated by
monitoring the immobilization of several concentration of anti-hCG (5, 10, 20, 50 and 100 pg/mL).
Figure 3.5a illustrates a model sensorgram (anti-hCG 10 pg/mL) of the antibody capture followed
by the BSA blocking step. The sensorgram represents changes of the intensity of the reflected
light due to variations of the refractive index in the medium close to the gold sensor surface. It
can be observed a change of the baseline corresponding to the Rl of running water after the
injection of the antibody, indicating adsorption of biomolecules onto the ProLinker™ B
functionalized surface. Immobilization signals gradually increased with the antibody

concentration (Figure 3.5b).
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Figure 3.5 (a) SPR sensorgram of the immobilization procedure of anti-hCG antibody at 10 pg/mL
and subsequent blocking step with BSA at 0.5 pg/mL; (b) Immobilization signals for anti-hCG
immobilization onto ProLinker™ B at different concentration (5, 10, 20, 50, 100 pg/mL).

The immobilization procedure was characterized by measuring variations in the contact angle of
the sensor surface. This characterization technique is based on the evaluation of the angle
formed when a drop of liquid (usually H,0) meets a solid surface, which is directly related to the
wetting properties of the surface. When the contact angle of a drop on a surface is over 90° the

surface is referred as hydrophobic, and when the angle is below 90° the surface is referred as
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hydrophilic. Thus, contact angle characterization can provide information about the cleanliness,
roughness or surface heterogeneity among other properties. It can also be useful to characterize
or evaluate the progress of a reaction on a surface, in cases that the added layers cause changes
in the surface polarity and its lipophilia. Table 3.3 lists the contact angle values obtained for the

different layers during the ProLinker™ B mediated antibody immobilization.

Table 3.3 Contact angle values of the sensor surface at different stages of the
ProLinker™ B biofunctionalization strategy.

Functionalized Surface Contact Angle
Au (after piranha cleaning) 30.6+£0.51
Au + ProLinker™ B 64.0£0.20
Au + ProLinker™ B + anti-hCG 47.0+0.16
Au + ProLinker™ B + anti-hCG + BSA 56.1+0.21

As can be appreciated, the gold surface presents high hydrophilicity after the cleaning procedure
with piranha solution, which is reduced after ProLinker™ B functionalization. The increase of the
contact angle can be attributed to the presence of the ProLinker™ B layer. Once the antibody is
immobilized, the surface becomes more hydrophilic, mainly due to the functional groups (CO,H
and NH,) distributed around the immunoglobulin structure. Finally, after the BSA blocking step
the contact angle increases again due to the general hydrophobic behavior of albumins. This
preliminary characterization seems to indicate a correct performance of each step of the

biofunctionalization strategy.

Next, in order to evaluate the efficacy of the calixarene-mediated strategy, we performed a
comparative test with other conventional strategies: amine-based covalent binding to an
alkanethiol SAM and affinity capture by Protein G layer. Particularly, the comparison study was
focused on analyzing not only the improvement that can be achieved when appropriately
orienting the antibody layer but also on evaluating the simplicity and the potential of the

methodologies to generate stable and robust biofunctionalized sensor surfaces.

Covalent immobilization strategy was selected as reference of a standard and commonly used
procedure that generally leads to random oriented layer of antibodies. The covalent coupling
consists of an amide bond formed between the primary amine (-NH,) groups of the Lys amino

acids of the antibodies and carboxylic functional groups (-CO,H) of long-chain alkanethiols (Figure
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3.6a). The use of long-chain alkanethiols (i.e. more than 10 atoms of carbon) leads to dense and
ordered SAMs similar to crystalline structures. We selected a mixed monolayer of
mercaptohexadecanoic acid (MHDA) and mercaptoundecanol (MUOH) in a molar ratio 1:20. This
specific mixed SAM has been previously evaluated in our group for antibody immobilization,
resulting in minimum steric hindrance effects and, therefore, enhancing the antigen detection.™®
For protein immobilization, carboxylic groups of the SAM were activated by using the well-known
EDC/NHS chemistry, which results in a NHS-ester intermediate highly reactive to primary amines
of antibodies. This chemical procedure is well established and it generates highly stable amide
bonds. The strategy allows the control of the packing density, however it does not result in

proper orientation and usually requires high concentration of antibody, between 0.1 and 1

mg/mL.lSS' 166
(a) ° .
@) ©
y
- L
b il
MHDQIAI\’&UOH 3)12)ét?;!:‘r%N:§1);Sne Antigen
(b) &
@] ©
g aam \MJ %M Mﬁm
MHDA/MUOH 1) EDC/NHS Antibody Crosslinker Antigen
SAM 2) Protein G BS3

3) Ethanolamine

Figure 3.6 Schematic representation of biosensing strategies based on: (a) Covalent coupling:
mixed alkanethiol SAM formation, covalent attachment of antibodies and antigen detection; and
(b) protein G strategy: mixed alkanethiol SAM formation, covalent attachment of protein G,
antibody affinity-capture, crosslinking with BS3 and antigen detection.

Protein G-mediated immobilization is also a widely employed methodology which provides
uniform and oriented layer of antibodies. Protein G in its native form is expressed in group C and
G Streptococci and it presents 3 antibody-binding domains that recognize both Fc and Fab regions
of immunoglobulins of all human IgG subclasses, rabbit, mouse and goat IgGs (Table 3.1)."**
Although native protein G shows approximately 10-fold higher affinity for Fc than for Fab regions,

some nonspecific binding to Fab domains could occur. Currently, recombinant protein G, usually

expressed in Escherichia coli, presents improved specificity for site-directed capture of antibodies
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%7 The immobilization strategy is based on the covalent coupling of

as well as enhanced affinity.
the protein G to a mixed SAM in a similar way than covalent immobilization described previously
and subsequent capture of antibodies in end-on orientation (Figure 3.6b). The affinity capture of
antibodies is mainly attributed to electrostatic and hydrophobic interactions, therefore the
process is highly dependent of the isoelectric point (pl) of the protein and the ionic strength and

188 For this reason, a previous optimization of the immobilization buffer was

pH of the medium.
done in order to ensure maximum capture efficiency. The optimal affinity for the particular case
of protein G binding takes place at pH < 6.0. According to that, a considerably higher amount of
immobilized antibodies was achieved when using sodium acetate buffer at pH 5.0 instead of the

standard PBS buffer at pH 7.4 (Figure 3.7).
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Figure 3.7 (a) SPR sensorgram of the affinity capture of anti-hCG antibody at 10 pg/mL in
different buffer conditions: standard PBS at pH 7.4 (black) and sodium acetate buffer at pH 5.0
(green); (b) Immobilization signals for anti-hCG immobilization onto protein G at different
concentrations (5, 10, 20, 50, 100 pyg/mL) using two immobilization buffers: PBS at pH 7 (grey)
and sodium acetate buffer at pH 5.0 (green).

Despite the affinity is quite good,'® '"° the dissociation of Protein G/A-antibody occurs at
extreme pH values, which are usually the conditions also required in regeneration steps to
remove target from antibody. In order to generate a bioactive surface with potential for
reusability, an additional crosslinking step may be considered. For that purpose we selected the
bis(sulfosuccinimidyl)suberate (BS3), a homobifunctional molecule containing two sulfo-N-
hydroxysulfosuccinimide (s-NHS) ester at each end of an 8-carbon spacer arm (Figure 3.8). This
crosslinker is able to readily react with primary amines of both proteins at pH 7 — 9, resulting in

stable amide bonds.
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Figure 3.8 Structure of bis(sulfosuccinimidyl)suberate (BS3).

The three strategies were primarily compared in terms of antibody immobilization efficiency.
Several concentrations of antibody ranging between 5 and 100 pg/mL were tested, which can be
considered between low and moderate values for label-free biosensors. As can be seen in Figure
3.9, Protein G and ProLinker™ B strategies showed higher signal response, even 10 times higher
with ProLinker™ B coating, than covalent coupling method, which indicates a significant better
antibody binding. It is noteworthy that conventional covalent attachment resulted in very low
amount of antibody on the surface (according to the low signals obtained). An antibody
concentration of 10 pug/mL was initially selected. Although this concentration is low as compared

with the regular concentrations employed in direct immunoassays (around 100 pg/mL""* or even
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higher we obtained significant binding responses both for Protein G and ProLinker™ B

strategies.
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Figure 3.9 Comparison of antibody immobilization at different antibody concentration (5, 10, 20,
50, 100 pg/mL) using different strategies. Grey: covalent strategy; green: protein G strategy;
purple ProLinker™ B strategy.

Sensitivity and specificity for the target detection were assessed. As can be seen in Figure 3.10,
the target binding (hCG protein) using ProLinker™ B strategy was considerably higher as
compared with Protein G and covalent approaches. It is however worth mentioning the lower

signal observed with the Protein G-based methodology, with similar detection signals than
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covalent binding, even having ~11 times more amount of antibody (as can be deduced from the
signals obtained in the immobilization step) and, in theory, with a more oriented distribution. This
might be due to the crosslinking step introduced to stabilize the antibody-Protein G interaction.
The crosslinking procedure consists of the formation of covalent bonds between the free amine
groups that are in close contact by BS3, which contains two succinimidyl groups at each end.
However, the reaction involves a high excess of BS3 which could result also in undesirable side
reactions, for instance, between amine groups in the Fab regions of the antibody which are in
close proximity. This eventually could lead to an alteration of the binding sites responsible for

recognition, reducing their biological activity."”?

On the other hand, target recognition performed
using ProLinker™ B strategy resulted in relatively higher signals (Figure 3.10) reaching Limits of
Detection (LoD) of 0.1 pg/mL for hCG. These results seem to confirm that ProLinker™ B strategy

provides a tight and right oriented antibody layer with presumably good accessibility to the active

binding sites.
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Figure 3.10 Evaluation of hCG/anti-hCG interaction using covalent strategy (black), protein G
strategy (green) and ProLinker™ B strategy (purple). Concentration of anti-hCG was 10 pg/mL in
all cases. Dashed lines represent adsorption of nonspecific proteins onto antibody functionalized
surfaces for covalent strategy (black), protein G strategy (green) and ProLinker™ B strategy
(purple). Blue dotted line indicates additional control for ProLinker™ B strategy, based on the
detection of hCG onto a nonspecific antibody (also at 10 pg/mL) immobilized over ProLinker™ B
layer (same experimental conditions as with specific antibody).

The specificity of the antigen detection was evaluated by performing assays with non-target

control proteins (BSA and prostate specific antigen (PSA)) at different concentration (Figure 3.10).
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Results showed negligible binding of these proteins onto the biofunctionalized surfaces with any
of the three strategies, ProLinker™ B, Protein G or covalent binding and confirmed that signal
contribution comes only from specific detection of the corresponding target by the antibody. In
the particular case of ProlLinker™ B strategy, an additional specificity test was performed,
considering the type of interaction established between the molecules and the antibody. As
described before, the crown-ether moiety present in the structure couples proteins via free
amine groups and, in fact, a blocking step with amine-containing molecules such as BSA is
necessary to cover free ProLinker™ B spaces on the surface (Figure 3.4). In order to discard a
direct binding of the target molecules onto the ProLinker™ B itself, an evaluation of the cross-
reactivity of the target protein to a nonspecific antibody previously immobilized was performed.
Results depicted in Figure 3.10 confirmed the high specificity of the assay. As can be observed,
protein (hCG) does not bind to any component on the surface unless its specific antibody is
present, showing a decrease in the response of up to 8 times compared with the response from

the corresponding specific layer.

Immobilization strategies were further assessed for the direct detection of protein biomarkers,
such as focal adhesion kinase (FAK) and C-Reactive Protein (CRP). FAK is an intracellular protein
which plays an important role in cell growth and regulation. It is known that FAK overexpression
contributes to the development of malignancy in many tumors and its early detection has

173

become a key factor in cancer diagnosis and therapy.””” CRP is a widely studied biomarker

indicative of inflammation and infection and it is also used in heart disease risk assessment,

7% It has been also reported that detection of low levels

progression and treatment effectiveness.
of CRP in urine may be useful for the diagnosis of lower urinary tract symptoms (LUTS).*”® Thus,
detection of both biomarkers can be relevant and exemplifies two useful applications where

direct detection in serum or urine is necessary.

Under same assay conditions (i.e. [Antibody]=10 pg/mL) ProLinker™ B strategy showed higher
antibody immobilization for both antibodies (%AR(CRP)=5.18 and %AR(FAK)=7.17), compared
with Protein G approach (%AR(CRP)=2.08 and %AR(FAK)=1.95), being very similar to the results
observed with anti-hCG. As can be seen in Figure 3.11, calibration curves for CRP and FAK
biomarkers clearly showed also better sensitivities using ProLinker™ B with Limits of Detection
(LoDs) of 85.93 ng/mL and 23.14 ng/mL for FAK and CRP respectively, when compared with the
ones achieved with the Protein G strategy using the same concentration of antibody (208.4 ng/mL

and 42.25 ng/mL for FAK and CRP respectively).
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Figure 3.11 Calibration curves for (a) FAK and (b) CRP, using 10 pg/mL of specific antibody and
following both protein G strategy (green) and ProLinker™ B strategy (purple). Limit of Detection
(LoD) is determined as the minimum measurable signal corresponding to three-times the
standard deviation of the blank.

The stability and robustness of the bioactive surface was also assessed for the ProLinker™ B
strategy. This is particularly important to ensure the reusability of the sensor if needed, either to
lengthen the surface life-time, to save costs or to study reproducibility and optimization of
protocols. The regeneration of the surface was evaluated by removing target proteins from the

antibody-immobilized layer, using acidic conditions (HCI 5 mM) (Figure 3.12).
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Figure 3.12 SPR sensorgrams corresponding to detection of different concentrations of CRP and
subsequent regeneration of the biosurface with HCI 5 mM.

Considering that antibody coupling to ProLinker™ B layer does not involve any covalent bond but
host-guest interaction (i.e. high affinity electrostatic interaction), a partial loss of antibody on the
surface under extreme pH conditions could not a priori be discarded. Remarkably, we observed
complete removal of target protein without altering the amount of antibody on the surface.
Sensorgrams depicted in Figure 3.12 show how the baseline after regeneration comes back to the

same level than before CRP detection at different concentrations.
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Also a certain decrease of activity of the remaining bound antibody would be likely. Assays with
PBS as running buffer resulted in good stability and reproducibility until the seventh cycle (Figure
3.13a); then a loss around 60% of the detection signal was observed and kept decreasing
exponentially in subsequent experiments. These results are considered usual in solid-based direct
immunoassays,”’® Y7 due to the limited stability of antibodies in aggressive mediums such as
acidic or basic pH. Same experiments were carried out with PBS buffer containing Tween 20. This
additive is a widely used surfactant for reducing nonspecific binding events'’® and is usually added
in conditions where detection in biological samples is the final purpose. Surprisingly, when assays
were performed over ProLinker™ B-based surfaces with PBST (PBS with a 0.5% of Tween 20) the
stability of the biosurface was greatly increased and was possible to perform up to 20 direct

detection cycles with high reproducibility before reaching a loss of 40% of the signal (Figure

3.13b).
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Figure 3.13 Detection cycles performed by consecutive interaction of specific target at 1 pg/mL
and regeneration with HCI 5 mM (a) using PBS in flow, and (b) using PBST in flow.

From above results, we can conclude that ProLinker™ B strategy has demonstrated to provide
efficient antibody immobilization with proper orientation and without the need of chemical
manipulation of the biomolecule, yielding high specificity and better sensitivity for direct target
detection when compared to other conventional immobilization procedures. Besides, the strong
host-guest interaction between the calixarene and antibodies confers unexpected stability and
robustness to the biosurface, while optimized regeneration conditions under acid conditions

allow the reusability of the antibody layer with good reproducibility during several experiments.
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3.2.3. Analysis in Biological Fluids
Protein biomarker analysis is crucial in clinical diagnosis and their direct detection from biological
fluids is a required demand. This analysis may become especially complex due to the presence of
interferences and undesired nonspecific adsorption of matrix components present in urine,
serum or whole blood (Figure 3.14). In the case of label-free detection and in particular for
evanescent wave optical biosensors where signals are directly related with mass changes on the

sensor surface, this must be minimized as much as possible.
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Figure 3.14 General composition of the most commonly used human clinical samples for
diagnostics: urine, blood and serum.

Urine is an ideal sample for disease biomarker determination as it can be obtained in large
amounts with non-invasive methods. Human urine consists primarily of water with organic
solutes, such as urea or creatinine, inorganic ions to a much less extent, also small organic

substances and metabolites, enzymes or proteins.'”®

The urine matrix effect in direct analysis of
proteins might be less severe than serum or plasma, where considerably higher concentrations of
proteins are present (Figure 3.14). However, a high salt content like the one in urine samples may
interfere in the immunochemical interaction and also other potential nonspecific adsorptions
cannot be discarded.'®® On the other hand, most protein biomarkers are not excreted in the urine

but appear in blood and in those cases analysis of serum, plasma or whole blood is the best non-
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invasive method. Direct evaluation of undiluted serum (and especially whole blood) still remains a
not well-solved problem in direct label-free evaluation. The high amounts of proteins and lipids
present in blood (Figure 3.14), which can adsorb onto the sensor surface usually lead to high
background signal and in the case of immunochemical interactions can also hamper the antigen

recognition.

Generally, nonspecific adsorptions are mainly due to electrostatic and hydrophobic interactions
between the surface and matrix components. Several antifouling compounds can be employed as
blocking agents to prevent or reduce nonspecific binding onto the sensor surfaces, such as
PEGylated or dextran derivatives. These polymers are widely used in biomedicine because of their
high hydrophilicity, which confers extraordinary protein adsorption resistance and biomimetic
properties.’®! Besides, buffer composition can also be modified by adding blocking compounds

(e.g. BSA) or surfactants (e.g. Tween 20) that reduce nonspecific adsorptions onto the surface.

Based on this, we studied the behavior of different biological fluids (i.e. urine and serum) onto
ProLinker™ B biofunctionalized SPR surface for the direct detection of protein biomarkers. For
the assessment of undiluted urine, ProLinker™ B layer was blocked with BSA and CRP
immunoassays were carried out with PBST 0.5% as running buffer, which provides high stability to
the bioactive surface as its elevated concentration of surfactant might minimize nonspecific
interaction. Calibration curves for CRP-spiked urine showed comparable sensitivities to the ones
obtained with standard buffer conditions (PBS and PBST) demonstrating that urine components

did not hinder the immunochemical reaction (Figure 3.15a).
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Figure 3.15 (a) Calibration curves for CRP detection using ProLinker™ B strategy with 10 ug/mL of
specific antibody performed in PBS (black), PBST 0.5% (purple) and undiluted urine (orange); (b)
SPR sensorgrams for pure urine spiked with different CRP concentrations.
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Pure urine injected on the surface without spiked protein resulted also in no background signals
as can be observed in Figure 3.15b (black line). We can observe how the baseline remains at the
same level after all the urine has flowed through the fluidic cell. This confirms the absence of
nonspecific binding onto the biofunctionalized surface. Furthermore, regeneration with the
previously selected conditions resulted in a similar number of cycles (up to 20 measurements)
without losing signal, confirming the robustness of the assay using the ProLinker™ B strategy for

antibody immobilization.

On the other hand, when undiluted serum was tested over a ProLinker™ B-based bioactive
surface, we observed a significant increase of signal coming from nonspecific binding. In order to
minimize the undesired adsorption, an optimization study was carried out, initially with diluted
serum, consisting of: (i) evaluating surface blocking with different antifouling compounds and (ii)
changing the buffer composition employed to dilute the serum. In the ProLinker™ B strategy, BSA
is used as a conventional blocking agent to cover the remaining free ProLinker™ B groups (free
crown moiety of ProLinker™ B will interact with amine groups present in the protein). BSA is a
globular protein with a molecular weight of approximately 66.5 kDa that shows a slightly
hydrophobic behavior. By substituting BSA with other amine-containing compounds with more
biocompatibility and hydrophilic properties such as PEG (diamine-PEG and poly-L-lysine PEG, PLL-
PEG) (Figure 3.16a,b) or dextran (amine-dextran) (Figure 3.16c), we would expect an improved

behavior of the sensor surface against serum.
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Figure 3.16 Blocking agent compounds: (a) diamine polyethylene glycol (diamine-PEG), (b) poly-L-
lysine polyethylene glycol (PLL-PEG), and (c) amine-dextran.
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Different buffer compositions were tested based on the blocking effect of compounds as BSA or
dextran, and on the presence of Tween 20 as surfactant. Figure 3.17 summarizes the results when

these parameters were tested using serum diluted at 10%.

PBS
/ PBS 1% BSA
SuperBlock
PBST

"High-blocking buffer

Figure 3.17 Serum nonspecific adsorption onto sensor surface blocked with different agents (BSA,
amine-dextran, diamine-PEG and PLL-PEG) diluted 1:10 with different buffers (PBS, PBS+1%BSA,
SuperBlock®, PBST 0.5% and HBB buffer).

As it can be observed the presence of surfactants in the dilution buffer helps to reduce the
adsorption of serum components onto the sensor surface (i.e. PBST and High-Blocking Buffer,
HBB) while the use of PLL-PEG offers a significant improvement of the antifouling resistance. A
possible reason for this better behavior as compared with diamine-PEG may lie in the higher
molecular weight and the relative high ratio of amine groups present in the poly-lysine chains of
the PLL-PEG that could more efficiently cover free ProLinker™ B molecules and, at the same time,
could confer high hydrophilicity to the bioactive layer. The combination of HBB buffer, which
contains a high salt and Tween 20 concentration and blocking agents such as BSA and dextran,
with PLL-PEG for surface blocking, produced a reduction of the nonspecific binding of diluted
serum of 94% with respect to standard conditions (BSA as blocking agent and PBS buffer) and
around 76% when using PBST 0.5% instead of PBS. However, these changes can also affect to the
antibody-antigen recognition, especially in cases involving extra-components in the buffer
composition. Thus the antigen binding efficiency was evaluated with these new conditions by
performing the assays with CRP/anti-CRP in serum diluted with HBB (10%) and with the surface

blocked with PLL-PEG. No specific detection of the target protein was achieved with these new
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assay conditions, indicating that this buffer somehow hindered accessibility of the protein to

interact with the immobilized antibodies.

However, the use of PLL-PEG was not discarded, since the optimization study seemed to highlight
its role as a promising candidate in substitution of BSA as blocking agent. The influence of PLL-
PEG in the antigen recognition was evaluated in serum diluted ten times in PBST buffer. The
recognition of target protein was observed (Figure 3.18a), while leading at the same time to a
lower nonspecific binding as compared to a BSA-blocked surface. Overall a reproducible and
constant background signal of %AR = 0.31 + 0.02 with PLL-PEG was observed, 50% lower than
with BSA (%AR = 0.60 £ 0.08). Taking as reference the constant background signal, a calibration
curve for the CRP detection in serum was performed (Figure 3.18b), resulting in a slight loss of
sensitivity (i.e. higher LoDs) compared with pure PBST. These promising results were considered
as the first approach in order to improve the conditions to work with more concentrated serum,

or ideally with pure serum samples.
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Figure 3.18 (a) SPR sensorgrams for diluted serum (1:10 PBST 0.5%) spiked with different CRP
concentrations; (b) Calibration curves for CRP detection using ProLinker™ B strategy (using 10
ug/mL of specific antibody) performed in PBST and BSA as blocking agent (purple) and serum-
PBST 1:10 and PLL-PEG as blocking agent (black).

3.2.4. Application to the Nanoplasmonic Biosensor
A key factor on the final development of LSPR biosensors is related to the surface
biofunctionalization. Nanoplasmonic sensor configurations can offer important benefits in terms
of sensitivity and selectivity, but the transfer of conventional gold surface chemistry to

nanostructured surfaces implies additional factors such as the material heterogeneity of the
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surfaces, which must be taken into account when optimizing the overall performance of the

biosensor.

ProLinker™ B was evaluated for the antibody immobilization on gold nanodisks surface.
Nanoplasmonic surfaces were fabricated by the hole-mask colloidal lithography (HCL)**® process
explained in Chapter 2, which is a simple and large-scale production technique that leads to short-
ordered arrays of gold nanodisks (diameter 100 nm, height 20 nm) onto glass substrates. We
employed our homemade nanoplasmonic biosensor based on the LSPR arising on gold nanodisks
when illuminated at a fixed angle of incidence. The 70° angle of incidence setup was selected for
this study since this scheme allows working in both SPR and LSPR configuration by simply
changing the sensor surface and the polarization of the light (i.e. TM for gold film and TE for gold
nanodisks). In this way, a reliable comparison between both biosensing approaches could be
done. The nanoplasmonic biosensor allows the real time monitoring of biochemical interactions
by tracking the shift of the LSPR/SPR wavelength induced by changes in the Rl of the medium

near the sensor surface (See Introduction and Materials and Methods sections).

We have implemented the ProLinker™ B strategy to functionalize nanoplasmonic sensors based

on the initial results obtained with thin gold films in SPR (Figure 3.19).

- = =2 =8==
ProLinker™ B 1) Antibody Antigen
2) PLL-PEG

Figure 3.19 ProLinker™ B-based immobilization procedure for gold nanodisks surfaces: (i)
ProLinker™ B layer formation, (ii) antibody immobilization and blocking step with PLL-PEG, and
(iii) antigen detection.

Gold nanodisks sensors offer a reduced active sensor surface when compared to the thin gold
films of SPR biosensors (nanodisks sensors have an approximate surface occupation of 6%-7%).2’
Therefore, one would expect an increase of the required antibody concentration in order to
obtain minimum antigen detection signals comparable with SPR. Different anti-CRP antibody
concentrations (10, 20 and 50 pg/mL) were immobilized following the same experimental
procedure previously used in the SPR device. The antigen detection curves showed increasing

signals when higher amount of receptor was immobilized (Figure 3.20a). Whereas an antibody
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concentration of 10 pug/mL showed efficient capture of antibodies (Figure 3.11b), in the case of
nanodisks it was necessary to increase to at least 20 pg/mL to obtain better signals. In views of
that, an accurate comparison with SPR-biosensor was performed by carrying out the analysis
under the same circumstances ([anti-CRP] = 20 pg/mL) and with the same biosensor (setup with
70° of angle of incidence of light). As seen in Figure 3.20b, standard SPR sensor chips showed a
slightly better recognition capacity at high analyte concentration, probably due to higher amount
of antibodies immobilized on the gold film with respect to the gold nanodisks surface. However,
at lower concentrations of antigen, the detection with the gold nanodisks provided better
sensitivity (i.e. a more pronounced slope for LSPR curve than for SPR), resulting in two-times
better detectability (LoD(SPR) = 30.8 ng/mL and LoD(LSPR) = 16.2 ng/mL). This result could be
partially ascribed to the strong LSPR field confinement of the nanodisks (as compared to SPR),

which becomes more evident at low target concentrations.
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Figure 3.20 (a) CRP detection curves obtained with the nanoplasmonic biosensor at different
concentrations of immobilized antibody (10, 20, 50 pg/mL) with ProLinker™ B strategy; (b)
Calibration curves for CRP detection on SPR gold film (orange) and LSPR gold nanodisks (blue).
Antibody concentration was 20 pug/mL and PLL-PEG was employed as blocking agent for both
Sensors.

Furthermore, taking into account the dual nature of the LSPR sensor surface (gold nanodisks on a
glass substrate) we attempted a material-selective functionalization by exploiting the use of PLL-
PEG as blocking agent. This compound has high affinity for glass surfaces.'®* Coating with PLL-PEG
allowed us both the passivation of the glass surrounding the gold nanodisks and the additional
blocking process of free ProLinker™ B molecules (as previously observed on gold). In this way we
can generate a highly hydrophilic layer onto the sensor surface, increasing the resistance to

nonspecific adsorption.
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To evaluate the benefits of the nanostructured surfaces to reduce undesired matrix adsorptions
from biological fluids we tested different serum dilutions and pure serum, using the two buffers
with better output in SPR (PBST 0.5% and HBB) (Figure 3.21). In comparison with the thin gold
surface, a high reduction of the nonspecific adsorption was observed for gold nanodisks in all the
serum dilutions, even also in serum 100%, when using HBB buffer. Indeed, a 90% less nonspecific
binding with undiluted serum was achieved when HBB was the running buffer. This result
definitely brings out the exceptional advantages of nanoplasmonic biosensors for the direct
detection of protein biomarkers. Material-selective functionalization can strongly minimize

nonspecific fouling, guaranteeing reliable label-free analysis in biological samples.

AA (nm)

Figure 3.21 Nonspecific adsorption study of serum at different concentrations (10%, 25%, 50%,
100%) using different buffers in flow (PBST 0.5% and HBB) performed for both substrates: SPR
gold film (orange) and LSPR gold nanodisks (blue).

3.2.5. Conclusions

The use of ProLinker™ B as orienting molecule for antibody immobilization has been optimized
for SPR biosensor and afterwards was implemented on a novel nanoplasmonic biosensor showing

great potential for direct immunoassay of protein biomarkers in biological fluids.

This strategy turned out to be highly efficient for antibody coupling in an oriented manner with a
relatively low consumption of reagents, resulting in higher analysis sensitivity with respect to
more conventional methodologies. The bioactive surface is stable enough to allow reusability to a
quite remarkable extent (up to 20 detection cycles) without the need of extra stabilization steps.

The strategy offers the same results regardless the antibody/antigen considered, providing its
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versatility for different targets. Moreover, ProLinker™ B-based layer allows direct immunoassay
in undiluted urine samples avoiding nonspecific adsorption while retaining same sensitivity than
in standard buffer conditions. These results demonstrate the robustness of the strategy even in

more complex matrices and including also regeneration of the bioreceptor layer.

A new approach based on the use of antifouling PEGylated compounds, particularly the
copolymer PLL-PEG, instead of BSA as blocking agents, has shown encouraging results addressed
to reduce undesired nonspecific binding events with serum, while retaining target detection’s
capability. This has been particularly remarkable with gold nanodisks surfaces. The high
immobilization efficiency together with the high reproducibility and stability of the bioactive
surface fulfill important requirements for label-free biosensor-based immunoassays. Overall, the
implementation of the ProLinker™ B strategy to gold nanodisks also highlights its exceptional
potential for nanoplasmonic biosensors, additionally benefiting from the sensitivity

improvements that LSPR can offer.

3.3. PolyA-based Immobilization Strategy

3.3.1. Description of the PolyA-based Strategy

Antibody conjugation to single-stranded DNA probes (ssDNA) is a common method for antibody
immobilization to solid supports. The strategy generally exploits the extreme affinity interaction
occurring between two complementary DNA chains, one attached to the surface and one

conjugated to the antibody.™

This methodology has some drawbacks related to the random
modification of the antibodies, which could alter the antigen binding sites, or the instability of the
DNA helix under certain conditions that might hinder the regeneration and reusability of the
biosurface. On the other hand, formation of optimum DNA brushes layer onto gold surfaces still
remains challenging. In general, direct functionalization with thiolated DNA strands provides high
grafting density of receptors, which usually results in efficient and reproducible hybridization of
complementary DNA target. However, when aiming at immobilizing antibodies through DNA
functionalization, large spaces between DNA strands and upright orientation are critically
required.”® Low grafting density of DNA may yield to nonspecific adsorption of the biomolecules
in a flat conformation. Thus, competitive thiolated molecules, such as mercaptohexanol (MCH), or

covalent binding of DNA receptors to a SAM are common strategies to control the lateral spacing

and to ensure proper orientation.
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Oligonucleotides have shown singular affinities for gold surfaces providing promise alternatives
for surface biofunctionalization. Particularly, the adsorption of adenine (A) on gold surfaces has
been a subject of interest in recent years due to its biological relevance and also to its potential
application in biosensors or for the development of biocompatible materials. Although the
interaction mechanism between adenine and gold still remains unclear, an adsorption model has
been proposed consisting of adenine coordination to the metal by the NH, group and most likely

with the contribution of the N, ring atom (Figure 3.22)."%% '#

This mechanism attributes major
coupling forces to electrostatic interactions with the surface, stacking interaction between
adenine molecules and hydrogen bonding, leading to nearly flat and relatively strong interaction

with gold.

Adenine

p

————————Z

Gold

Figure 3.22 Proposed mechanism for adenine adsorption on gold surfaces. Major interaction is
attributed to coordination to the metal by the N atoms of the amine group and by the N, atom.

Furthermore, affinity of poly-Adenine (polyA) chains was demonstrated to be significantly higher

when compared to other nucleotides (polyA > polyC > polyG > polyT).™®

Actually, several gold
functionalization strategies have been proposed, especially for DNA immobilization, taking
advantage of the base-dependent competitive affinity of homo-oligonucleotides. In this regard,
d(T-A,) block-oligonucleotides (i.e. thymine d(T) and adenine d(A) blocks consisting of m and n
nucleotides, respectively) can be adsorbed onto gold surfaces adopting a L-shape conformation,
where polyA tail binds completely flat to the surface while the polyT chain extends away from the

surface, vertically oriented (Figure 3.23)."%* 1%

Contrary to what might be expected, the hairpin
conformation of self-complementary d(T.,-A,) oligonucleotides in solution is disrupted in

presence of Au, resulting in close-saturation coverage of the metal surface by the polyA blocks.
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This unique property of d(T,,-A,) oligonucleotides can be exploited to form density-controlled

DNA brushes on gold surfaces with proper conformation.
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Figure 3.23 Design of polyA-based antibody immobilization strategy: site-directed conjugation of
antibodies to d(T,,-A,) oligonucleotides, which are adsorbed onto the gold surface adopting L-
shape conformation.

We propose a novel strategy for direct immobilization of antibodies based on site-directed
conjugation of antibodies to amine-functional d(T,s-A;s) oligonucleotides (Figure 3.23). The
specific oligonucleotide sequence (26xT + 15xA) was selected according to previous studies'®
indicating that 15 A bases ensured stable immobilization onto gold surfaces whereas a high
amount of T nucleotides would provide enough vertical spacing (in our case necessary to move
the antibodies away from the surface). The methodology has been designed to provide proper
orientation of the antibody layer by carrying out the conjugation through the carbohydrates
residues on the Fc part of the immunoglobulin. This approach should be performed in mild
conditions in order to allow the chemical modification of the antibodies with minimum alteration

of the antigen binding sites, so that its biological activity remains unaltered.

The polyA-mediated strategy involves basically two steps: (i) antibody conjugation to the d(T,-

A;5) oligonucleotide and (ii) direct adsorption onto the gold sensor surface.

3.3.2. Antibody-Oligonucleotide Conjugation
Most methods of antibody-DNA conjugation rely on nonspecific amide bond formation with lysine

residues, resulting in heterogeneous mixtures that can alter antigen binding sites and lead to
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antibody aggregation.’® Several site-directed antibody modification techniques have been
developed taking advantage of the different functional groups present in the immunoglobulins.
Chemical modification through the carbohydrate moieties, predominantly found in the Fc region,
is known to yield high efficient conjugation without significantly affecting the recognition
capabilities. Carbohydrates including cis-diols can be oxidized to create active aldehydes (-CHO)
for direct coupling to primary amines (R-CH,-NH,) or hydrazide groups (-NH-NH,). Direct binding
of primary amines to activated-aldehydes leads to weak and unstable linkage; instead, the
terminal amine group of hydrazide is strongly nucleophilic and spontaneously reacts with

aldehydes to form stable bonds (Figure 3.24).
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Figure 3.24 Reaction scheme between a hydrazide reagent and an aldehyde-functional compound
to form a stable conjugate based on a hydrazone bond.

The conjugation procedure described in this work is schematically represented in Figure 3.25.
Aldehyde-activation of the antibody is carried out via mild oxidation with sodium periodate
(NalO,). This oxidation agent is known for effectively creating reactive aldehyde groups from
vicinal diols, by cleaving the carbon-carbon bond between adjacent hydroxyl groups (Figure
3.253, inset scheme). Although the carbohydrate residues affected by this procedure are distant
from the antigen’s binding regions, it is important to avoid harsh oxidation conditions, which may
result in excessive damage to carbohydrate chains or the oxidation of amino acid residues within

the antibody structure,’® **

On the other hand, amine-functional d(T,s-A;s5) oligonucleotides are
modified with succinimidyl-6-hydrazino-nicotinamide (s-HyNic), a heterobifunctional crosslinker
which reacts with primary amines and introduces a hydrazine-terminal unit (Figure 3.25b). For
conjugation, modified oligonucleotides are incubated with purified antibodies presenting
activated aldehyde groups in a molar ratio 2:1, to ensure the complete conjugation of antibodies.
Reaction can be traced and quantified by UV-spectrometry of the bis-arylhydrazone group, which
exhibits a characteristic absorbance peak at 354 nm (Figure 3.25c). Determination of the
absorbance of the bis-arylhydrazone group in the final conjugate allows calculating the molar

substitution ratio (MSR), set as the relative concentration of bis-arylhydrazone group per total

antibody concentration. In our case, MSR resulted to be 1.84 for conjugation reaction, which
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means a total yield of the reaction of 74.46%. The applied procedure resulted in high efficient
DNA-antibody conjugation, providing modified antibodies ready to be immobilized onto gold

sensor surfaces.

(a) Antlbody Oxidation Carbohydrate Residues Oxidation A

P 0. o---R o 0---R
Ho™” & Nalo,  HO t
R ——
% N
R---0" OH R=--0 | 0
10 mM NalO, o §
m a
A Internal Mannose Residue Aldehyde-activated
car’cuhydrales
oy OHOY
NaIO‘ NH
)\ + CHO
_OH HO., o
o |
o} o
H

Terminal Sialic Acid Residue Aldehyde-activated
e " /

(b) Oligonucleotide Modification

(c) Antibody-Oligonucleotide Conjugation

i N7 ;
N 24 o+ joR \/\/_,\l P jonavYaYs

bis-arylhydrazone
A 354 nm

Figure 3.25 Antibody-oligonucleotide conjugation procedure: (a) Oxidation of the carbohydrate
moieties of antibodies using NalO, as oxidation agent, leading to aldehyde groups. Detailed
oxidation reactions of sugar residues are represented in the inset scheme; (b) Amine-modified
oligonucleotide reaction with s-HyNic crosslinker, resulting in hydrazide-functional
oligonucleotide; (c) Conjugation procedure via direct reaction of hydrazide-modified
oligonucleotide to the aldehyde groups of the Fc part of the antibody.

3.3.3. Optimization and Assessment of the PolyA-based Strategy
To assess the polyA-based strategy, d(T,s-Ass) oligonucleotides were conjugated to anti-CRP
monoclonal antibodies as described in the section 3.3.2., and the immobilization efficiency,
sensitivity and selectivity were evaluated for the detection of CRP. The study was performed
using the SPR biosensor. Anchoring of the conjugated to the gold sensor surface was performed
in-flow and results were compared to the ones obtained for direct physical adsorption of non-

conjugated antibodies. In this case, comparison with simple physical adsorption is useful to test
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the contribution of the polyA conjugated chain to the antibodies in the behavior of the assay

which a priori should provide orientation, higher immobilization efficiency and stability.

Results displayed in Figure 3.26 show a higher amount of antibodies immobilized (i.e. higher
immobilization signals) with the PolyA strategy, demonstrating how the high affinity of the

sequence helps to bind to the gold surfaces.
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Figure 3.26 (a) SPR sensorgrams of the immobilization of anti-CRP at 50 pug/mL by physical
adsorption (black) and using polyA-mediated strategy (green); (b) Immobilization signals obtained
for the immobilization of anti-CRP at 50 pug/mL by physical adsorption (black) and using polyA-
mediated strategy (green). Columns represent signal mean and standard deviation of three
different immobilization procedures.

Antigen recognition curves showed significantly improved sensitivity with polyA-mediated
strategy as compared to simple adsorption of antibodies (Figure 3.27), which can be attributed to
a more efficient distribution of the antibody onto the surface. Random adsorption of antibodies
does not offer any control over the density or orientation and may lead to losses of the biological
activity or denaturation, on the contrary, the polyA-based strategy provides uniform layer of
antibodies, well-oriented and highly accessible for target binding reaching a LoD = 18 ng/mL. It is
worth to mention also the role of the PolyT block,™ which might confer vertical spacing and
exceptional mobility to antibodies, enhancing their capability to bind target molecules in the
sample.

The achieved LoD was comparable to the one obtained with the ProLinker™ B strategy (LoD =
22.14 ng/mL) in standard buffer PBST. However, in the case of PolyA strategy, the study has been
performed employing a concentration of antibody 5 times higher than the one used with the
ProLinker™ B ([anti-CRPJpolya = 50 pg/mL vs [anti-CRPprotinker = 10 pg/mL). In this regard, current

work in our laboratory is directed to further optimize the PolyA-based strategy. A more in-depth
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study of immobilization conditions, such as antibody concentration or dilution buffer, could

enhance the efficiency of this novel procedure, improving the sensitivity of the immunoassay.
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Figure 3.27 CRP detection curves in PBST buffer using 50 ug/mL of anti-CRP using the polyA-
mediated immobilization strategy (green) and the physical adsorption strategy (black). Dotted
lines represent adsorption of a control nonspecific protein (BSA) onto the antibody immobilized
surfaces for polyA strategy (green) and physical adsorption (black).

Specificity of the detection was also examined by performing assays with non-target proteins,
such as BSA, at different concentrations. As can be observed in Figure 3.27, nonspecific
adsorption of BSA onto the biofunctionalized surface with polyA-based strategy was negligible
while relatively significant signal was obtained for the adsorbed antibody biosurface. Main reason
for these results relies on the high efficient surface coverage of the polyA blocks, which passivates
the gold surface avoiding electrostatic interactions with nonspecific proteins and ensuring

selective detection of the target analyte.

Despite polyA oligonucleotides present extreme affinity for gold surfaces, the stability of the
interaction needs to be evaluated also under regeneration conditions (i.e. low or high pH) to
ensure the robustness and reusability of the biosurface. Serial measurements of the same
concentration of CRP were performed including a regeneration step (i.e. removing the target
protein from the antibody-immobilized layer) using acidic conditions (HCI 5 mM). Similar
detection signals were obtained up to 15 cycles, after then a decrease close to 60% was observed
(Figure 3.28). The high reproducibility indicates no desorption of the antibody, whereas the signal

decrease may be due to a loss of antibody activity under detection conditions. This confirms the
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strong attachment of the polyA-conjugated antibody to the gold surface ensuring the stability and

robustness of the strategy for biosensing applications.
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Figure 3.28 Detection cycles performed by consecutive interaction of specific target at 1 pg/mL
and regeneration with HCI 5 mM using PBST as buffer.

3.3.4. Conclusions and Future Perspectives
We have proposed a novel immobilization strategy that provides uniform and oriented antibody
bioreceptor layer in a simple one-step functionalization procedure. The site-directed conjugation
to d(T,-Ass) oligonucleotide minimizes possible alteration of antigen binding sites during
modification process resulting in antibody conjugates with high biological activity. Furthermore,
the extraordinary affinity of adenine nucleotides for gold substrates offers stable and robust
immobilization, allowing the reusability of the biosurface. The d(T,s-Ass) oligonucleotides
adopting a L-shape conformation lead to highly accessible antibodies with enhanced detection

capabilities while providing maximum coverage of the surface that ensures the specificity.

The detection sensitivity for the direct immunoassay of protein biomarkers resulted comparable
to the one achieved with other antibody oriented immobilization procedures, such as the
ProLinker™ B strategy. These promising results could be further improved by performing a more
in-depth optimization of the PolyA-based methodology. On-going experiments in our laboratory
focus as well on the evaluation of the feasibility of this methodology to be employed for the

analysis in biological fluids and the transfer to nanoplasmonic biosensor devices.
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ANALYSIS OF GLUTEN
IMMUNOGENIC PEPTIDE IN URINE
FOR CELIAC DISEASE FOLLOW-UP

We describe the application of the plasmonic biosensor for the therapy control of gluten-free diet
in celiac patients. A novel methodology based on the analysis of a digestion-resistant gluten
peptide (gliadin 33-mer) present in the human urine has been optimized and assessed. Direct and
rapid quantification of gliadin 33-mer peptide can help in the dietary control of celiac patients in a
non-invasive manner. Analysis of real clinical samples was attempted to test the feasibility of the
methodology as a first approach towards the achievement of a reliable PoC device.
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4. Analysis of Gluten Immunogenic Peptide in Urine for Celiac Disease Follow-up
4.1. Introduction

Celiac disease (CD) is a chronic autoimmune disorder induced in genetically susceptible
individuals by the ingestion of gluten proteins contained in wheat, barley, rye or oats. The disease
is triggered by the presence of not completely digested peptides in the gastrointestinal tract,

190 50 far the

which are highly reactive to celiac T cells causing inflammation of the small intestine.
only effective treatment for CD is a lifelong gluten-free diet (GFD). The strict adherence to a GFD
is essential to resolve symptoms and nutritional deficiencies, and also to avoid clinical
complications associated with long-term gluten intake in celiac patients, such as osteoporosis,

anemia or malignancy.191

The dietary transgression, which is relatively frequent in celiac
population (32.6 — 55.4%)," involuntary infringement or hypersensitivity to minute amounts of
gluten are the most probable causes for these increased clinical manifestations associated to the
disease. Also a part of celiac population (1 - 2%) develops refractory celiac disease (RCD), which is
defined as a persistent malabsorption and intestinal damage despite an assumed GFD

193, 194

compliance. Patients with RCD show severe symptoms and they usually require additional

therapeutic intervention besides the abstinence of gluten ingestion.

It is generally recommended that individuals suffering CD have a careful therapy follow-up and
dietary control. Extensive clinical guidelines have been reported about the importance of a long-

195

term monitoring of the CD patients.”” However, the current methods or biomarkers for an

efficient dietary control still remain unclear or they are risky and costly procedures.**

Serological
analysis of IgA antibodies involved in CD immunopathogenesis (e.g. tissue transglutaminase
antibodies) has shown poor specificity and sensitivity for detecting either adherence to a GFD or
intestinal damage recovery." The use of serial endoscopies or biopsies is neither useful since it is
not considered an ethical practice. Other suggested dietary controls, such as the fecal
calprotectine or intestinal permeability tests, can measure the consequences of gluten intake but
they do not avoid the harmful aftermaths, they require expensive laboratory analysis and they

are not concluding about the adherence to a GFD."* **’

A more direct evaluation of the ingestion
of gluten could provide a specific and reliable tool for the continued follow-up of GFD compliance,
for the assessment of the adherence to treatment and, probably, for an accurate diagnosis of

refractory CD.

Previous studies in the field highlight the a2-gliadin 33-mer peptide as a valuable biomarker for
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gluten detection.”™ The 33-mer gliadin peptide is the main immunotoxic component in wheat
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gluten and is resistant toward breakdown by gastrointestinal enzymes. The identification of the
33-mer peptide (residues 57 to 89: LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF), together with
other peptides, contributed to demonstrate that gluten epitopes with high antigenicity are
located in gliadin regions rich in proline and glutamine residues.'*® This peptide persists in the gut
where can interact with the antigen presenting cells (APC) via specific HLA-DQ2 and HLA-DQS8
recognition. These complexes activate T cells in the mucosa and, subsequently, trigger the
immune response of the body, causing chronic inflammation of the small intestine (Figure 4.1).2°

Part of the 33-mer gliadin peptide is excreted from the human body; thereby the detection of this

compound either in feces or urine can be an indicator of gluten ingestion.”
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Figure 4.1 Schematic representation of the CD immunopathogenesis mechanism generated by
the 33-mer gliadin peptide.

Recently, a monoclonal antibody against this toxic peptide of a-gliadin was obtained (G12
mAb).?> The G12 mAb specifically recognizes the main immunogenic peptide, in particular the
epitope QPQLPY that is repeated 3 times within the 33-mer peptide sequence (Figure 4.1). The
antibody also recognizes other immunoreactive peptides in toxic prolamines.””® The G12 mAb has

demonstrated to detect gluten toxic peptides in food samples and has also been assessed in

90



Analysis of Gluten Immunogenic Peptide in Urine for Celiac Disease Follow-up

clinical research to help in the development of novel therapies based on gluten enzymatic

detoxification.20% 204 203

The ability of the G12 mAb to detect peptides resistant to gastrointestinal
digestion makes it ideal for the development of sensitive and specific immunoanalytical methods
for the GFD monitoring and evaluation. Comino et al. proved the feasibility of monitoring gluten
in feces by the detection of epitopes associated with the 33-mer peptide. This approach could be

used in clinical studies and dietary monitoring.”®*

However, feces analysis requires protein
extraction and sample pretreatment which must be performed in laboratory infrastructures that
restrict the final implementation as point-of-care instruments. The combination of more easy-to-
handle samples such as urine, if possible, and highly sensitive and easy-to-use biosensors can be

extremely useful for the development of PoC devices for the dietary control of celiac patients.

In this work, we aimed to develop and evaluate a reliable methodology for the detection of the
33-mer gliadin peptide in urine samples using plasmonic biosensors. The fast and quantitative
sensing of the 33-mer peptide might signify a new non-invasive and label-free analytical

technique which could be performed at the doctor’s office or directly by the patient at home.

4.2. Design and Optimization of the Biosensor Methodology

In order to evaluate the ability of G12 mAb to detect the 33-mer toxic peptide, we designed a
competitive label-free immunoassay strategy. The optimization and assessment study was
performed using conventional SPR biosensing. With views of subsequently transfer the
methodology to the nanoplasmonic sensor, we employed the 70° optical setup described
previously in Materials and Methods and in Chapter 3, as it allows direct and reliable comparison
between the two biosensor schemes (SPR and LSPR). This biosensor measures the SPR-
wavelength displacements caused by the biochemical interaction occurring at the gold sensor
surface. Competitive immunoassay was chosen over direct immunoassay because of the relatively
small size of the peptide (MW ~ 3.9 kDa). As it was commented in the Introduction (Section
1.2.2.1), low molecular weight analytes induce minute Rl changes of the dielectric therefore
hindering the direct detection at low concentrations. Instead, competitive immunoassay
approach permit the analysis of small compounds usually with high sensitivity, since we monitor
the changes in Rl resulting from the binding of different amounts of antibody, which is

considerably larger.
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To carry out the competitive immunoassay, also known as inhibition immunoassay, the antigen or
an analogous is immobilized on the sensor surface and a certain concentration of antibody is
incubated with the sample. Then, the mixture is flowed onto the functionalized surface where
free unbound antibodies (i.e. the antibodies that have not interacted with the analyte in the
sample) are captured by the immobilized antigen layer generating a signal inversely proportional

to the analyte concentration in the sample (Figure 4.2).

For the optimization of the surface biofunctionalization, several parameters were taken into
account. Selection of the proper antigen, concentration and grafting density are crucial to
enhance the efficiency of the immunoassay, along with ensuring the maximum surface coverage
to prevent nonspecific adsorptions. As it has been previously commented, the use of SAMs
provides tight and uniform chemical matrices onto the gold surface that can be chemically
activated for the covalent coupling of biomolecules through their functional terminal groups. One

of the most commonly used group is the free amine of terminal Lys residues due to its reactivity.

The 33-mer gliadin peptide does not contain any Lys (K) residue within its amino acid sequence
(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF). In fact, cereals in general have a very low content

206,207 \We discarded the use of the peptide as immobilized antigen due

of Lys (K) in their structure.
to the lack of adequate functionality to provide an easy attachment to the surface. We instead
selected the whole prolamin working group (PWG) gliadin as immobilization antigen for the
assay.’”® PWG gliadin is considered an international reference reagent in gluten analysis. It is a
reference material obtained from the extraction of different wheat cultivars. The mixture (MW ~
33-45 kDa) has a high content of gliadins and possesses a good solubility, homogeneity and
stability.’®® As the specific epitopes for G12 mAb recognition are present in the structure, it was
considered a good alternative to 33-mer peptide as competitor antigen. Moreover, PWG gliadin

201 The attachment of the

was also used as immobilized antigen for the development of the ELISA.
PWG gliadin to the surface was carried out via amide formation between those free Lys and a
carboxylic acid-alkanethiol SAM making use of the EDC/NHS chemistry (Figure 4.2). The grafting
density of the antigen molecules on the surface can be controlled by using mixed alkanethiol
SAMs (MHDA/MUOH), varying the ratio of carboxylic/hydroxyl groups. The optimum density

strongly depends of the size and nature of the biomolecule. It is difficult to set it a priori and it is

usually selected in an empirical process for each particular case.
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Figure 4.2 Competitive immunoassay strategy for the detection of 33-mer gliadin peptide: (a)
Gold biofunctionalization via covalent binding of PWG gliadin amine terminal groups to a mixed
alkanethiol SAM; (b) Incubation of the 33EP containing sample with certain concentration of the
specific G12 mAb and subsequent detection of unreacted antibodies by the PWG gliadin.

We tested different carboxylic/hydroxyl ratios in the SAM for the immobilization of PWG gliadin
by evaluating the ability to detect the G12 mAb. In the case of MHDA/MUOH monolayers, low
percentage of MHDA implies low amount of antigen molecules immobilized while elevated ratio
of MHDA can result in excessive antigen density, leading to steric hindrance effects. Figure 4.3
shows the signal response of a particular antibody concentration ([G12] = 2 pg/mL) for the same

concentration of PWG gliadin ([PWG gliadin]

20 ug/mL), previously immobilized onto distinct

molar ratio of a mixed SAM (MHDA:MUOH

1:0, 1:1, 1:5, 1:20) at a fixed alkanethiol total
concentration of 250 uM. Maximum response was obtained when using 1:1 MHDA:MUOH SAM.
As can be observed, the lateral spacing of the reactive carboxylic groups in the SAM provides a
significant increase of the capture efficiency as compared to 100% MHDA. As the amount of
carboxylic groups decreases also a gradual decrease in the amount of antigen on the surface
would be expected, and, as a consequence, also a proportional lower signal resulting from

antibody binding. According to these results, we initially set the MHDA:MUOH ratio to 1:1.
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1:0 1:1 15 1:10 1:20
MHDA:MUQH molar ratio

Figure 4.3 Signals obtained for G12 mAb (at 2 pg/mL in PBS) over a surface coated with PWG
gliadin (20 pg/mL) with different mixed SAM (MHDA:MUOH molar ratios of 1:0, 1:1, 1:5, 1:10 and
1:20). Signals represent mean and SD of three replicates.

Different PWG gliadin concentrations ([PWG gliadin] = 10, 20, 50 and 100 pg/mL) were
immobilized over this selected SAM and several concentrations of G12 antibody were injected
([G12 mAb] between 0.125 and 2 pg/mL). Figure 4.4 shows increasing signals when higher
amount of antigen was immobilized. Similar curves were obtained with 50 and 100 pug/mL, which
indicated that already using a concentration of 50 ug/mL a complete coverage of the surface was
achieved being unnecessary to use higher amount of antigen for the composition of the formed

SAM (1:1 MHDA:MUOH). We selected this concentration of PWG gliadin for the next steps.
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Figure 4.4 Detection curves obtained for G12 antibody in PBS with different concentration of
PWG gliadin immobilized onto a 1:1 MHDA:MUOH SAM. Signals correspond to the mean value
and SD of three replicates.
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In inhibition assays, where a competition is established among three species (antibody against
both the antigen on the surface and free analyte in the solution) it is highly relevant the employed
concentration of the all three species and the affinity of the antibody towards both the
immobilized antigen and the analyte. Analytical characteristics of the immunoassay such as
detection limit or dynamic working range are influenced by the fixed antibody concentration
incubated with the analyte. Low antibody concentration can be saturated with low amount of
analyte, leading to prompt inhibition and, therefore, resulting in a reduced working range.
Instead, large antibody concentration may leave high amounts of free antibody accessible to bind
to the surface, especially for small quantities of analyte. This eventually leads to worst limits of
detection. Proper antibody concentration should provide a measurable signal high enough to
allow a wide working range but under saturation conditions, in order to ensure the detection of
low concentration of analytes. Therefore a more complete saturation curve (i.e. including higher
antibody concentrations between 0.5 — 8 pug/mL) was carried out onto the PWG gliadin layer (at
50 pg/mL) prior to performing the competitive assay (Figure 4.5). According to these

requirements, we initially selected an antibody concentration of 2 pg/mL.

30
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Figure 4.5 Non-competitive saturation curve obtained for G12 mAb in PBS at different
concentrations (0 — 8 pug/mL) with 50 ug/mL of PWG gliadin immobilized onto a 1:1 MHDA:MUOH
SAM. Signals correspond to the mean value and SD of three replicates.

Also, in competitive assays, an initial preincubation of the antibody with the analyte is often
considered for the formation of the immunochemical complex before competing with the antigen
at the surface. This step may be necessary depending on the affinity of the antibody for both
analyte and immobilized antigen and it is usually empirically evaluated. In order to select the
most appropriate time, a concentration relatively high of 33-mer gliadin (1 pg/mL) was incubated

with the antibody (2 pg/mL) for different periods of time (t = 0, 5, 15, and 30 min) and then
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flowed through the antigen-coated surface. As can be seen in Figure 4.6a, after 15 minutes of
preincubation, complete inhibition signal was achieved. This period was enough to ensure the
formation of the immunocomplex in solution and was fixed for further experiments. Additionally,
we evaluated the specificity of the assay by measuring either a non-target protein which could
also be found in the urine, the human Chorionic Gonadotropin, hCG, and a nonspecific antibody
(anti-CRP) (Figure 4.6b). Incubation of G12 mAb with hCG at high concentration ([hCG] = 2 ug/mL)
led to no inhibition, as signal matched to the one corresponding to maximum signal (zero
analyte). The use of a control antibody resulted in a negligible signal, indicating no binding to the
surface, which confirms that the signal we obtain in the assay corresponds exclusively to the

specific recognition of gliadin by G12 mAb.
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Figure 4.6 (a) SPR sensorgrams obtained for the detection of anti-gliadin G12 mAb (2 pg/mL)
incubated with of 33-mer peptide (1 pg/mL) during different times (0 — 30 min) and G12 mAb as
zero signal in the absence of 33-mer peptide (black line); (b) Specificity study performed by
incubating the G12 mAb with hCG as control analyte (pink) or incubating the sample with anti-
CRP as control antibody (green). Black line corresponds to maximum signal (G12 mAb signal in
absence of 33-mer peptide). All measurements were done in PBS.

The possibility to reuse the biofunctionalized surface by removing completely the captured
antibody was also evaluated. Although covalent binding of PWG gliadin to a SAM provides a
highly stable antigen layer, it is crucial to determine the optimum regeneration conditions to
dissociate the protein-antibody interaction while maintaining the antigen integrity. In our case,
regeneration of the surface was accomplished with 5 mM HCl solution (Figure 4.7a). The
regeneration procedure leads to complete dissociation of the PWG gliadin/anti-gliadin G12 mAb
interaction (the Aspr after the measurement recovers the same value than before the antibody
capture). The high stability of the PWG gliadin functionalized surface allowed more than 100

measurements cycles during more than 10 days with good repeatability and reproducibility levels.
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Figure 4.7b illustrates the high reproducible signals obtained with the same biofunctionalized

sensor chip during different analysis cycles.
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Figure 4.7 (a) SPR sensorgram showing G12 mAb (2 pug/mL in PBS) detection and subsequent
regeneration of the biosurface with HCI 5 mM; (b) SPR sensorgrams at different lifetimes of the

biofunctionalized sensor chip: cycle 1, cycle 30 and cycle 60.

With all the above selected conditions a calibration curve for the 33-mer gliadin was obtained.

Different concentrations of 33-mer peptide ranging between 0 — 4000 ng/mL were incubated for

15 min with a fixed concentration of G12 antibody (2 pg/mL) and then flowed over the

biofunctionalized sensor surface. Figure 4.8 shows the results obtained as a function of the 33-

mer peptide concentration in logarithmic scale.
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Figure 4.8 Calibration curve for the competitive immunoassay of 33-mer gliadin peptide in PBS.
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Fitting to a dose-response inhibition curve, an ICsy value of 5.64 ng/mL was obtained. The limit of
detection (LoD) (corresponding to the 90% of inhibition - ICq) was 0.33 ng/mL and the linear
working range was found between 1.12 — 19.20 ng/mL, being 1.12 ng/mL the limit of
quantification (LoQ, corresponding to the 80% of signal inhibition — ICg;) (Table 4.1). The achieved
sensitivity for the SPR-based detection of 33-mer gliadin peptide was comparable to the LoD

determined for 33-mer peptide detection using G12 mAb in different configurations of ELISA (< 1

ng/mL).2*

Furthermore, we studied the possible influence of the addition of surfactants (e.g. Tween 20) to
the dilution buffer. This compound is usually added to prevent nonspecific adsorptions when
dealing with biological fluids but can alter the immunoassay performance (the ICsy of the
analysis). Calibration curves were done in buffers with different concentration of Tween 20: PBS,

PBST 0.25% and PBST 0.5% (Figure 4.9).
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Figure 4.9 Calibration curves for the competitive immunoassay of 33-mer gliadin peptide in PBS
(black), PBST 0.25% (green) and PBST 0.5% (purple).

A significant shift of the curve was observed at increasing percentages of Tween 20 in the buffer.
The shift leads to an increase of the ICso parameter: |Cso(PBS) = 5.64 ng/mL < ICso(PBST 0.25%) =
7.68 ng/mL < 1Cso(PBST 0.5%) = 10.23 ng/mL (Table 4.1). As the hillslope is similar in the three
curves (between -1.22 and -1.07), the higher ICsq could be directly related to a higher limit of
detection (LoD) and therefore lower sensitivity. According to this, the presence of Tween 20
seems to affect the sensitivity features of the assay but not to a great extent, being possible to

perform the assay under these conditions in case of being necessary.
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Table 4.1 SPR-based competitive immunoassay parameters for 33-mer gliadin detection.

Immunoassay Parameters

[G12 mADb] 2 pug/mL

[PWG Gliadin] 50 pg/mL

Incubation Time 15 min

Regeneration Solution HCI 5 mM

Buffer PBS PBST 0.25% PBST 0.5%
Analytical Parameters:

ICso (ng/mL) 5.62 +0.02* 7.83+0.14 10.1+0.3
LoD (ICg) (ng/mL) 0.323 + 0.007 1.13+0.12 1.85+0.07
t:;';:gange (ICa0 = 1Czo) [1.12 - 19.20] [2.51-21.5] [2.70 - 31.1]
Hillslope -1.22 £ 0.02 -1.23+0.04 -1.07 £ 0.05
Signal max (nm) 1.05+0.02 1.02 £0.02 1.013 +£0.016
R? 0.9944 0.9978 0.9954

*Mean £ SD of a minimum of 2 replicate curves with the same sensor chip

Besides sensitivity and selectivity, reproducibility and robustness are key parameters to design a
reliable methodology for clinical PoC. For evaluation of the reproducibility both intra- and inter-
assay Coefficient of Variability (CV) of the main analytical parameters were calculated for the
immunoassay done in standard PBS buffer (Table 4.2). The intra-assay CV represents the
variability of the analysis within the same biofunctionalized sensor surface and inter-assay CV
determines the variability of the measurements done with different sensor chips. The mean
values for the intra- and inter-assay CV obtained were well-below the maximum variability

recommended for clinical analysis (~15%).%%

These results proved the excellent reproducibility of
the immunoassay and demonstrated the great efficiency and robustness of the

biofunctionalization strategy.
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Table 4.2 Intra- and inter-assay variability of the main analytical parameters for the
immunoassay curve in PBS.

Intra-assay ° Inter-assay b
Mean £ SD %CV Mean * SD %CV
(o 5.62 +0.02 0.35 5.64 +£0.04 0.63
LoD (ICq) 0.323 £ 0.007 2.17 0.33+0.01 3.41
Signal max 1.05+0.02 1.9 1.07 £ 0.06 5.81
Hillslope -1.22 £0.02 1.64 -1.15+0.04 3.32

? 3 replicates with the same biofunctionalized chip
°3 replicates with 3 different biofunctionalized chips

4.3. Analysis of 33-mer Gliadin Peptide in Urine

The possibility to collect urine samples repeatedly during long periods makes it one of most
attractive biological fluids for dietary control analysis or therapy monitoring. However, there are
several limitations for the urinary analysis mainly related to the low concentration of proteins
which are usually excreted, the high levels of salts or other interfering compounds and, more
importantly, the elevated variability between different samples. Several parameters like pH,
osmolality, specific gravity or the concentration of certain components vary over a wide range

1% The big variability of

between different subjects, the diet or the collection time (Table 4.3).
urine samples represents an important barrier for the reliable detection and quantification of

clinical biomarkers.

Table 4.3 Normal range levels of most important
parameters for healthy individual urine.

Parameters Normal Range
pH 46-8
Osmolality 300 — 900 mOsm/kg
Specific Gravity 1.003-1.035 g/cm3
Protein Concentration 50— 100 pg/mL
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So far, to our knowledge, hardly any studies have been reported for the label-free biosensing of
small digestive peptides in urine. Current analytical methods are based in mass-spectrometry
techniques which require laborious pretreatment and extraction processes, and are expensive

and time-consuming.”"!

SPR-based biosensing of peptides in urine can offer a potential alternative
for rapid and efficient clinical assays as well as for biomarker discovery, enabling simple and
sensitive detection in few minutes. However the influence of matrix interferences and the

variability among samples needs always to be assessed to provide accurate and reliable analysis.

The feasibility of the direct detection of 33-mer peptide in urine using the SPR biosensor was
evaluated by studying the influence of the urine components in the performance of the
competitive assay. Although protein concentration in urine is relatively low as compared to other
biological fluids like serum or plasma, normal healthy urine contains a total protein concentration

212

between 50 — 100 pg/mL (with albumin representing up to 20 pug/mL).”* As already discussed in
previous chapters, this amount of proteins can be adsorbed onto the sensor surface leading to
undesired nonspecific signals. In the previous chapters, we evidenced the extraordinary
resistance to protein fouling provided by PLL-PEG copolymer as blocking additive, due to its high
hydrophilicity. Therefore a blocking step with PLL-PEG (0.5 mg/mL) after PWG-gliadin
immobilization was carried out to prevent undesired adsorptions of urine components.
Moreover, the running buffer was changed to PBST 0.5%, which has demonstrated to effectively
reduce the nonspecific adsorption onto the sensor surface (see Chapter 3). Sensorgrams depicted
in Figure 4.10 compare the signals obtained for undiluted urine onto a PLL-PEG blocked and a

non-blocked surface. As can be observed, the use of the antifouling copolymer significantly

minimized nonspecific adsorption onto the surface (55% reduction of background signal).
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Figure 4.10 SPR sensorgrams of the background signal obtained with undiluted urine over non-
blocked (green) and blocked (blue) surfaces with PLL-PEG.
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On the other hand, the presence of proteins, the high salt concentration or the pH value may
affect the interaction between the antibody and the biofunctionalized surface, leading to
important variations of the immunoassay. The anti-gliadin G12 mAb was diluted in different GF
urine samples collected from several individuals following strict gluten-free diet, and the
detection signals were compared (Figure 4.11a). A clear and significant variability of the antibody
signal could be observed (CV = 23.08%), which is attributed to the composition variability of the
urine samples. According to this, and in order to stabilize the behavior of the assay, urine samples
were buffered by diluting them with PBST 0.5% (1:1). Figure 4.11b shows the antibody detection
signals obtained for the different urine samples diluted in PBST. The variability (CV) was reduced
to 2.6%, which assures the reproducibility and accuracy of the immunoassay. Moreover, the
nonspecific signal obtained in all cases was highly reproducible (SD < 0.01) and then it can be

considered as a reference background.
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Figure 4.11 Urine variability study performed by measuring G12 mAb (2 pg/mL) in urine from
different subjects: (a) undiluted urine; (b) urine diluted 1:1 with PBST 0.5%.

Finally, a calibration curve of the 33-mer gliadin competitive immunoassay in urine diluted 1:1
with PBST 0.5% was carried out. Different concentrations of 33-mer gliadin peptide (0.1 — 4000
ng/mL) spiked in urine samples were incubated with a fixed concentration of G12 antibody (2
pug/mL) for 15 minutes and then flowed over the biofunctionalized sensor surface. Figure 4.12
shows and compares the inhibition curves obtained for spiked diluted urine and three curves in
buffers: PBS, PBST 0.25%, PBST 0.5%. Matrix constituents of normal urine did not produce
significant interferences in the competitive immunoassay under those conditions, leading to
nearly identical analytical sensitivity than the one obtained in standard PBS buffer. The IC5, value
was determined at 5.06 ng/mL, reaching a LoD of 0.46 ng/mL and linear range between 1.20 —

21.55 ng/mL.
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Figure 4.12 Calibration curves for the competitive assay of 33-mer gliadin peptide performed in
PBS (black), PBST 0.25% (green), PBST 0.5% (purple) and in gluten-free urine diluted 1:1 with PBST
0.5%.

At this point, the analysis of real samples was attempted. Although the 33-mer peptide is highly
resistant to degradation, it is involved in numerous metabolic processes, which should be
considered in order to evaluate the feasibility of measuring real human urine samples. We first
evaluated urine from a healthy individual following a gluten containing diet with a known
concentration of 33-mer gliadin peptide (20 ng/mL), determined by Biomedal S.L. using lateral-
flow immunochromatographic strips.”> Sample was diluted with gluten-free urine and then
mixed 1:1 with PBST leading to a final peptide concentration of 5 ng/mL. After incubation with
G12 mAb (2 pg/mL), the sample was flowed over the biofunctionalized SPR chip. Figure 4.13
compares the signals obtained with urine samples containing the digested 33-mer peptide (green
solid line) and the synthetic 33-mer peptide spiked in gluten-free urine at same concentration (5
ng/mL) (orange solid line). As can be observed, the resulting signals were significantly different,
despite the 33-mer gliadin concentration being theoretically identical in both cases. Reference
background signals for both samples (positive and negative urine without G12 mAb) were also
evaluated in order to discard possible variability due to matrix components (dashed lines). This
first result suggested that the detection of the digested peptide might be hampered by either
interfering substances (e.g. formation of complexes with some protein or other peptides) or

possible structural changes in the amino acid sequence happening during the metabolic process,
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such as deamidation of glutamine (Q) residues. Both situations would eventually lead to higher

signals (less inhibition) as observed in Figure 4.13.
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Figure 4.13 SPR sensorgrams of real gluten-containing urine (green) and gluten-free urine spiked
with synthetic 33-mer gliadin peptide (orange), both at 5 ng/mL. Signhals were obtained after
incubation with G12 mAb and diluted 1:1 in PBST. Dashed lines represent background signal
obtained by injecting urine samples (1:1 PBST) without G12 mAb.

Glutamine deamidation is a reaction carried out by the tissue transglutaminase (tTg), an enzyme

present in the intestinal mucosa that converts the neutral glutamine residues to negatively

charged glutamic acid (E) (Figure 4.14).2'*?%

Figure 4.14 General mechanism for glutamine (Q) deamidation to form glutamic acid and
isoglutamic acid via glutarimide intermediate.
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This process occurs to gliadin peptides, as an essential step to trigger the immune response.’®
Celiac disease is associated to the formation of complexes between gluten peptides and HLA-DQ2
or HLA-DQ8 heterodimers, involved in antigen presenting mechanisms. Binding mechanisms of
these systems require the presence of negatively charged amino acid residues at key anchor
positions, and such amino acids are largely absent in native gluten peptides generated in

gastrointestinal tract.”®

The main function of tTG involves the crosslinking of proteins by forming
bonds between glutamine (Q) and lysine (K) residues. But the enzyme has a high avidity for
gliadin peptides and in the absence of lysines can deamidate the glutamine. The 33-mer gliadin
peptide in particular is considered a preferred substrate to the tTg as it contains a relatively large

proportion of Q residues susceptible to turn into E residues.

Although it is not clear whether the 33-mer gliadin excreted in the urine have been either
partially or totally deamidated, modification of numerous Q residues present in the G12 epitopes
(QPQLPY) could be expected, which could eventually affect the antibody affinity. In fact, previous
studies reported the relative affinity of the G12 mAb for different peptide versions (deamidated
and native sequences). In that case, synthetic short-chain peptides were designed to represent
both peptide sequences: native (QPQLPYPQP) and deamidated (QPELPYPQP), and the relative

sensitivity of G12 was evaluated by competitive ELISA (Figure 4.15).
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Figure 4.15 Competitive ELISA for evaluation of the affinity of G12 mAb (triangles and solid line)
(and A1 mAb — circles and dashed line) for a peptide containing recognition epitope (QPQLPYPQ)
and its deamidated analogue (QPELPYPQP). IC5, and cross-reactivity (CR) values are indicated.
Figure extracted from Moron et al.”®
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Although G12 mAb did recognize the deamidated sequence (deamidation of just one Q residue),
detection sensitivity resulted in more than 100-fold lower than it did for the non-deamidated
peptide (ICso(non-deamidated) = 0.03 pg/mL, ICso(deamidated) = 4.60 pug/mL). Although this result
suggests a decrease in the affinity of the antibody against deamidated versions of the peptide, we
cannot a priori conclude and quantify what effect on the final affinity will take place when
naturally metabolized 33-mer gliadin (either completely or partially deamidated 33-mer peptide)

is evaluated.

To elucidate the possible reasons for the immunoassay behavior with the digested gliadin peptide
observed in the Figure 4.15, part of the gluten containing urine sample was subjected to an
extraction and purification procedure. The process was performed by Biomedal S.L. using their
proprietary technology. After the procedure, it is expected to obtain a standard PBS sample
containing the isolated digested 33-mer gliadin peptide exclusively. Concentration of the 33-mer
peptide in the sample was adjusted to 20 ng/mL, considering a correction factor provided by
Biomedal S.L. according to their protocol. This purified sample was considered as a standard

solution of the digested 33-mer peptide.

We carried out competitive immunoassays for the digested 33-mer peptide: one preparing the
standard curve in PBS using the corresponding purified sample in PBS, and the other one in
human urine (gluten free diet urine) using the same sample but unpurified. We compared the
results with those obtained with the synthetic peptide in both PBS and spiked in urine. As the
initial concentration of the digested peptide in both PBS and urine was 20 ng/mL, samples were
pre-concentrated and then, serially diluted in buffer and gluten-free urine respectively, in order
to cover the concentration range necessary to define the assay. Competitive immunoassays were
performed applying the optimized conditions described before (i.e. the urine was diluted with
PBST 0.5%). Figure 4.16 shows the calibration curves (blue and green curves) which were

compared with those obtained with the synthetic 33-mer peptide (black and orange line).

If we first compare the results obtained for the digested peptide in both PBS and urine (blue and
green lines) we can observe a good correlation between both curves, suggesting that probably
the peptide is not forming any complex or interacting with other compounds of the urine which
could hinder its detection. This, together with all our previous experiments, would confirm the

lack of interference coming from urine components.
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Figure 4.16 Calibration curves obtained for the competitive immunoassay of: (i) synthetic 33-mer
peptide diluted in PBS (black); (ii) synthetic 33-mer peptide spiked in GF urine (orange); (iii)
digested 33-mer peptide diluted in PBS (blue) — purified positive urine — and (iv) digested 33-mer
peptide in urine — untreated positive urine — (green). Curves with urine samples were performed
by diluting 1:1 in PBST 0.5% buffer. Values correspond to the mean value and SD of three
replicates.

If we then compare the results obtained in urine with the synthetic and the digested peptide
(orange and green lines) we can see a significant shift in sensitivity with the digested peptide. The
ICso values determined for these curves (ICso(digested) = 18.58 ng/mL, ICso(synthetic) = 5.06
ng/mL) revealed a cross-reactivity (%CR = ICsq(synthetic) / ICso(digested)) around 27.2%, (Table
4.4). Similarly, if we compare the curves obtained in PBS (black and blue curves) an analogous
shift revealing a CR around 24% was observed. As we have discarded a lower effective
concentration of accessible peptide we could conclude that these results are a consequence of a

lower affinity of the G12 mAb for the digested peptide in comparison with the synthetic one.

Combining all the above conclusions, we can preliminary suggest a structural modification of the
33-mer gliadin peptide during its metabolic route as main hypothesis for these results, possibly
via transglutaminase-mediated deamidation. These results must be interpreted with caution and
further studies should be carried out aimed at confirming the peptide conformation and structure
in the digested urine or to find out any other reason for the unexpected behavior of the

competitive immunoassay in real urine samples.
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Table 4.4 Analytical parameters for synthetic and digested 33-mer peptide detection.

PBS Urine®
Synthetic Digested Synthetic Digested
ICs (ng/mL) 5.64 23.37 5.06 18.58
LoD (ICso) (ng/mL) 0.33 3.03 0.46 1.72
0 cstif‘iz:o;‘?:ggfm” 112-19.20 6.65-76.87 1.20-21.55 4.57-68.88
Hillslope -1.063 1,179 -1.033 1121
CR (%) 100 24.1 100 27.2

? Urine diluted 1:1 PBST 0.5%

Although quantification was at this stage not entirely reliable, we attempted a preliminary
qualitative evaluation of real samples. We measured several urine samples containing different
concentration of gluten in order to test the feasibility of the biosensing methodology to identify
gluten ingestion. Urine samples were collected from celiac patients of the Hospital Virgen del
Rocio (Sevilla, Spain) and volunteer healthy individuals with different diet conditions: (i) gluten-
free diet, (ii) low consumption of gluten and (iii) moderate/normal consumption of gluten. Four
samples of each group were measured. Each sample was only diluted 1:1 with PBST and
incubated with G12 mAb for 15 min. The samples were then flowed over the functionalized
sensor surface and measured in real time. Samples were interpolated in the calibration curve
(Figure 4.16, green curve). Figure 4.17 compares the results obtained for each diet condition
based on the determined statistical median of the interpolated concentration. Concentrations for
every sample qualitatively correlate with the expected amount of gluten present in the urine.

Besides, it can be observed a significant statistical difference between the individual populations.

108



Analysis of Gluten Immunogenic Peptide in Urine for Celiac Disease Follow-up

30

25

20

15

10

33-mer Gliadin Concentration (ng/mL)

GFD Low Gluten Consumption Normal Diet

Figure 4.17 Analysis of patient’s urine samples from individuals following a (i) gluten free diet (n =
4), (ii) low gluten consumption diet (n = 4) and (iii) normal diet with high/moderate consumption
of gluten (n = 4). Median, maximum and minimum values are shown.

4.4. Application to the Nanoplasmonic Biosensor

The transfer of this analytical methodology to the nanoplasmonic biosensor was subsequently
attempted. The nanoplasmonic chips were functionalized taking into account the previously
optimized conditions with the SPR biosensor (50 pg/mL PWG gliadin over a 250 uM alkanethiol
SAM). We employed the same biosensor platform than before with an angle of incidence 6 = 70°
but in this case using TE polarized light instead of TM polarization which is required for LSPR

excitation.

Several G12 mAb concentration were measured under non-competitive conditions and a similar
profile to the one obtained for SPR detection (see Figure 4.5) was obtained. As with SPR, an
antibody concentration of 2 ug/mL was selected and a calibration curve was done in standard PBS
buffer, applying analogous experimental conditions. Different concentrations of 33-mer peptide
ranging between 0 — 4000 ng/mL were incubated for 15 min with 2 pg/mL of anti-gliadin G12
mAb and then flowed over the biofunctionalized nanoplasmonic sensor surface (Figure 4.18). A
limit of detection of 0.40 ng/mL was reached, with a linear dynamic range between 1.87 — 21.95
ng/mL. The IC5, value was 5.80 ng/mL. The achieved sensitivity was highly comparable to SPR
biosensor results (LoD = 0.33 ng/mL, ICso = 5.64 ng/mL). It is worth mentioning that although our
nanoplasmonic biosensor has shown a better sensitivity than the SPR (according to our previously
discussed results), this improvement was observed in direct assays and particularly at low

concentrations of analyte. In competitive immunoassays, a three-species system is present and
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the affinity of the antibody towards both the analyte and the antigen immobilized plays a decisive
role in the final sensitivity, which might be more relevant than the sensitivity gained with the
sensing configuration. Moreover, we cannot indeed discard a better outcome using the
nanoplasmonic biosensor set at 802 of angle of light incidence according to its better

performance in terms of sensitivity (see section 2.1.4 in Materials and Methods).

Figure 4.18 Calibration curve for the competitive immunoassay of 33-mer gliadin peptide in PBS
employing the nanoplasmonic biosensor.

Besides sensitivity, we also previously observed a better assay performance with gold nanodisks
compared to gold chips when dealing with complex matrices (i.e. serum samples in Chapter 3).
Thus, the nanoplasmonic biosensor was further evaluated for the detection of the 33-mer gliadin
peptide in urine samples. The sensor was also coated with PLL-PEG (0.5 mg/mL) in order to
prevent and minimize nonspecific adsorptions of urine components. Undiluted urine samples as
well as samples diluted 1:1 in PBST 0.5% were flowed over the functionalized surface and signals
were compared to those obtained with the SPR biosensor (Figure 4.19). Remarkably, background
signals obtained for the nanoplasmonic surface were negligible in either diluted and undiluted
samples (pink and black lines), suggesting that nonspecific bindings of urine components to the
sensor surface were more efficiently prevented with the nanodisks sensor chip. This confirms the
benefits of the material-selective surface functionalization for the analysis of biological fluids

compared to conventional gold surfaces.
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Figure 4.19 Sensorgrams showing the background signal obtained with SPR and LSPR biosensors
of undiluted urine (blue and black) and urine diluted 1:1 with PBST 0.5% (orange and pink).

Unfortunately, the matrix components and the huge variability between different urine samples
kept affecting the behavior of the immunoassay (variations in maximum signal at zero
concentration of analyte) regardless of the chip used (either gold for SPR or nanodisks for LSPR).
Therefore, also in the case of gold nanodisks it is necessary to dilute the samples with PBST 0.5%
in order to assure the reproducibility and accuracy of the assay. According to this, we carried out
a calibration curve in urine diluted 1:1 PBST 0.5%. Figure 4.20 shows both curves performed in
standard buffer conditions (PBS) and diluted urine. The limit of detection was found at 0.30
ng/mL and a linear working range between 1.37 — 24.47 ng/mL, being the 1C5, 5.13 ng/mL. The

analytical sensitivity was nearly identical to the results obtained in standard conditions.
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Figure 4.20 Calibration curves for the competitive immunoassay of 33-mer gliadin peptide in PBS
(black) and in urine diluted 1:1 with PBST 0.5% (pink) performed with the nanoplasmonic
biosensor (70°-setup).
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Table 4.5 lists and compares the analytical parameters determined for the detection of the 33-

mer gliadin either in PBS and urine samples when employing the nanoplasmonic biosensor.

Table 4.5 Main analytical parameters determined for 33-mer gliadin detection using the
nanoplasmonic biosensor.

PBS buffer Urine®
ICso (ng/mL) 5.80 + 0.03* 5.13+0.21
LoD (ICg) (ng/mL) 0.40%0.01 0.302 + 0.009
Linear R?:gg/enﬂc)” = 1Cz0) [1.87 — 21.95] [1.37 - 24.47]
Hillslope -1.25+0.03 -1.11+0.02
Signal max (nm) 0.98 £ 0.04 1.03+£0.03
R’ 0.9918 0.9984

*Mean value and standard deviation for 3 replicates
® Urine diluted 1:1 PBST 0.5%

4.5. Conclusions and Future Perspectives

In this study we have proposed a novel analytical technique employing label-free
(nano)plasmonic biosensors for the direct and simple detection of gluten in the urine of celiac
patients. The methodology is based on the determination of a digestion-resistant gliadin peptide

(33-mer gliadin peptide) by using a specific monoclonal antibody as biorecognition element.

The overall performance of the label-free competitive immunoassay was deeply optimized in
terms of sensitivity, selectivity and stability employing a SPR biosensor. Covalent immobilization
of PWG gliadin to an alkanethiol SAM functionalized gold sensor surface led to a highly stable and
robust receptor layer, which allowed the reuse of the sensor for more than 100 measurement
cycles, in continuous work during 10 days with elevated repeatability and reproducibility. The
efficiency of G12 mAb to selectively recognize the intact 33-mer gliadin peptide was
demonstrated, resulting in a highly sensitive detection with a LoD of 0.33 ng/mL, in standard
buffer conditions. Furthermore, the biosensor strategy was optimized for the detection of the 33-
mer peptide in urine. The use of PLL-PEG as blocking agent together with the addition of Tween
20 to the dilution buffer significantly minimized the matrix interferences, allowing the detection

of the gluten-derivative peptide in urine, achieving a detection limit of 0.46 ng/mL. The analysis of
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real samples revealed lower sensitivities for the digested peptide compared to the synthetic one.
This fact could be attributed to possible structural variations of the 33-mer gliadin peptide
occurred during the metabolic route, that lead to lower G12 affinity, athough further studies
should be performed to confirm this However, the feasibility to detect the digested peptide was
proved by performing a competitive immunoassay with real human urine. The limit of detection
in this case was slightly worst (LoD=1.72 ng/mL), but it still represents an exceptional level of
sensitivity for the direct and label-free evaluation of small peptides in urine. A preliminary
qualitative assay of several real samples was also carried out, showing significant statistical
differences between individuals with different diet conditions (GFD, low gluten consumption,
normal diet) as well as good correlation between the calculated concentration and the expected

amount of gluten-peptides in the urine.

The optimized strategy was transferred to the nanoplasmonic biosensor resulting in comparable
analytical sensitivity to the one obtained with the SPR biosensor although a dilution with PBST
buffer was unavoidable. Nevertheless, the nanoplasmonic surfaces showed a more efficient
minimization of the nonspecific binding of urine matrix components to the sensor surface, leading
to negligible background signals. On-going experiments are addressed to confirm the feasibility to
directly quantify the gluten-derivative peptide in the urine and to carry out a clinical validation of

the methodology.

So far, the designed methodology for the label-free detection of the gliadin peptide in human
urine may constitute a first approach for the real-time monitoring of gluten ingestion in a simple
and non-invasive manner. This biosensor-based immunoassay shows high potential for the direct
detection of small peptides in urine without any kind of extraction or purification procedure,
contrary to what is usually required by the current analytical methods (e.g. mass spectrometry).
The resistance of 33-mer gliadin peptide to gastrointestinal digestion and the use of G12 mAb
may be useful for monitoring dietary compliance in CD patients due to its sensitivity and
significant correlation with consumed gluten. Moreover, the rapid and non-invasive
determination of gliadin makes the proposed strategy a promising candidate for the development
of point-of-care biosensor devices that could overcome some unresolved clinical limitations in
celiac patient follow-up, including the monitoring of short- and long-term gluten-free diet
compliance, the assessment of the efficacy of enzymatic therapies or the accurate diagnosis of

refractory symptoms in celiac disease patients.
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ANALYSIS OF ANTI-AMOXICILLIN
IgE ANTIBODIES IN SERUM FOR
ALLERGY DIAGNOSIS

A label-free biosensor strategy for amoxicillin allergy diagnosis based on the combination of novel
dendrimer-based conjugates as specific receptors and the nanoplasmonic sensor technology is
reported in this chapter. The functionalization of gold nanodisks with a custom-designed thiol-
ending polyamido-based dendron peripherally decorated with amoxicilloyl groups (d-BAPADG2-
AXO) is optimized and assessed for the detection of specific IgE generated in patient’s serum
during an allergy outbreak. The methodology allows direct quantification of anti-amoxicillin
antibodies in undiluted serum samples, with exceptional levels of sensitivity, specificity and
reproducibility. Results have been compared and validated with clinical samples confirming the
excellent accuracy and reliability of our methodology.
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5. Analysis of Anti-Amoxicillin IgE Antibodies in Serum for Allergy Diagnosis
5.1. Introduction

Penicillin adverse reaction is one of most commonly reported allergies to medication, affecting
10% of the world population.”*® Allergic reactions to drugs like amoxicillin or other B-lactam
derivatives are mediated by specific immunological mechanisms (Figure 5.1). The B-lactam ring
present in penicillin-derivative antibiotics reacts irreversibly with free amine groups on proteins in
a process called haptenization. In some patients, this leads to an immune response against the
penicillin-protein adduct resulting in an increase of circulating IgE antibodies in blood. If the
antibody response generates sufficient IgE antibodies, a severe allergic reaction such as
anaphylaxis can happen.
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Figure 5.1 Schematic representation of the immunologic mechanism of drug allergy reaction.

The current available diagnostic methods used to assess subjects with an immediate allergic
reaction include a complete clinical history plus the performance of in vivo skin tests or/and in
vitro determination of specific IgE,*** whose production is triggered by the organism during an
allergic outburst. Skin testing has been the most generalized approach due to its simplicity and
reliability. However it is an invasive technique, it requires the patient to stop medication, and

results can be affected by skin condition. Moreover this is not always the appropriate choice
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when the patient has suffered a severe allergic reaction. In vitro tests which only requires blood
sample are attractive alternatives.”?’ Radioallergosorbent test (RAST) was for many years the
standard gold technique as complementary to skin prick test. The test is based on solid-phase
immunoassays and requires the use of radiolabels. It is more a qualitative test and the results are
usually given on a numerical scoring system (RAST scale from O to 6). However, and despite of

221

being typically less sensitive that in vivo skin tests,”” it has been very useful not only as diagnostic

method but also in clinical studies, by investigating critical aspects such as what metabolites are

involved in the induction of antibodies?? or the specificity and activity of serum IgE.?*

Nowadays RAST has been replaced by the ImmunoCAP tests, based on fluorescent enzyme-
labeled immunoassay (FEIA).”** Basically the methodology is analogous to RAST but substituting
the use of radiolabels by fluorescent ones. It shows improved performance resulting from the
high-binding capacity of the solid phase used to keep the allergen bound. This technology has
been cleared by the Food and Drug Administration (FDA) to provide quantitative measurements
of IgE concentration in blood, and it is a standard of sensitivity, accuracy and reliability. It is
currently a well validated method which has a working range of 0.35 — 100 kU,/L, and a cutoff

225, 226

value 0.35 kU,/L (being A the allergen-specific antibody). In fact, RAST scores have been

correlated with IgE concentration determined with ImmunoCAP tests (Table 5.1).

Table 5.1 Interpretation guidelines for allergy diagnosis

IgE Concentration
(kUa/L)

0 <0.35 Undetectable  Consider non-allergic causes

Class Level Clinical Correlation

Uncertain clinical relevance: weak IgE antibody
1 0.35-0.69 Low response may be a risk factor for future
sensitization

Probably contributing factor to total allergic

2 0.70-3.49 Moderate

load
3 3.50-17.49 High Clinically relevant
4 17.50-49.99 Very High Highly clinically relevant
5 50.00 - 100.0 Very High Highly clinically relevant
6 > 100 Very High Highly clinically relevant
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For the determination of antibodies by immunoassay, the hapten molecule or drug (with a
molecular weight below 1000 Da) are often bound to a carrier molecule to facilitate the
immobilization on the solid support. The nature of both the carrier and the hapten influence the
overall performance of the assay (e.g. sensitivity, specificity).”?” Typically, carriers are proteins or
macromolecules such as the bovine serum albumin (BSA) or the poly-Lysine (PLL) polymer.
Conjugation to BSA and PLL lead to uncontrolled hapten density and a random distribution. BSA
has been traditionally considered the natural globular carrier, but depending on the hapten
nature (hydrophobicity, size, etc.) the conjugation procedure can alter certain properties, such as
the protein solubility, necessary for further handling and use. PLL polymers consist of an average
of heterogeneous molecular weight peptides, thereby this type of conjugates can lead to low
reproducibility in hapten density and therefore in the subsequent immunoassay. The design of
new carriers, such as dendrimers, opens up interesting alternatives for hapten conjugation and

for the overall improvement of the immunoassay performance.

Dendrimers are highly branched polymeric macromolecules with a regular treelike structure. The
dendritic structure is composed of a central core, the inner shell formed by repetitive monomers,
and the outer shell containing the terminal groups (Figure 5.2). Generally, they are classified by
generation (GO, G1, G2...), which refers to the number of branching cycles performed during their

synthesis.
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Figure 5.2 Basic structure of a dendrimer.
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Contrary to other synthetic polymers (i.e. linear, cross-linked or branched polymers) which are
produced by largely statistical polymerization processes and result in polydispersed compounds
of many different molecular weights, dendrimers are synthesized in a controlled manner to
generate monodisperse and symmetric compounds with specific physical and chemical
properties.”?® The synthesis of dendrimers can be carried out through two main strategies:
divergent and convergent. In the divergent strategy, the dendrimer is built from the central core
towards the outer surface. A polyfunctional nucleus reacts with the branching monomer and
subsequently, the monomer terminal groups are activated to react with other monomers. The
successive repetition produces the simultaneous growing of the branches, leading to the different
generations. In the convergent strategy, the dendrimer is synthesized from the periphery to the
core. First step consists in obtaining a series of dendrons or branches of the desired generation
having a reactive focal point in one end. The formation of the dendrimer is completed through

the assembly of the dendrons to the polyfunctional central core by chemical coupling.

The structural precision and multifunctionality of dendrimers afford important benefits for the
development of novel solutions in the biomedical field. Both the internal cavities of their
structure and the high-density multidentate terminal groups have been exploited for applications
in drug or gene delivery, biomedical imaging, microelectronic and biomimetic systems,

229331 Especially in

detoxication agents for hydrophobic endogenous toxins and also as sensors.
biosensors, the use of dendrimers has substantially increased in the last years due to their
interesting properties for the immobilization of biomolecules. The regular geometry, stability and
high surface functionality provide better control over the thickness of the surface matrix and the
spacing of the immobilized molecules. Several reports have demonstrated that the three-
dimensional architecture of dendrimers together with the hydrophilicity can provide enhanced

sensitivity, greater accessibility, reduced nonspecific binding, high stability and low variability in

their response.”*

The poly(amido amine) PAMAM dendrimers have been the first and most extensively studied

family of dendrimers since their synthesis in 1985.%%

PAMAM dendrimers are globular-shaped
molecules synthesized by repetitively branched subunits carrying amide and amine functionalities
(Figure 5.3). The combination of amide bonds and amine functional groups in their structure is
highly reminiscent to the innate biological chemistry and confers to PAMAM dendrimers
exceptional biocompatibility and similarity to globular proteins. However, whereas globular

proteins are tertiary structures susceptible to denaturing or unfolding conditions (e.g. pH,

temperature, light) and generally present unpredictable heterogeneous domains of functionality,
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dendrimers are known to be robust and stable structures with homogeneous and well-defined
surface functionality. Besides, the relative easy and low-cost synthesis as well as the low toxicity

of PAMAM dendrimers have made them viable candidates as biochemical scaffolds.
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Figure 5.3 Structure of PAMAMG2 dendrimer

PAMAM dendrimers have been successfully employed as carrier molecules to conjugate B-lactam
antibiotics, mimicking the behavior of protein-hapten conjugates and showing efficient

23 Further, PAMAM-based conjugates have been attached to

recognition of IgE antibodies.
cellulose disks®** or to silica nanoparticles® and used as solid phase in RAST assays of serum
patient samples. However, none of these studies provided quantitative information of IgE

concentration.

In this chapter, we propose the use of a novel dendritic structure, a polyamide-based dendron
(BAPAD), as receptor molecules for label-free biosensing. Particularly, we aim to develop an
innovative biosensor methodology for the direct quantitation of anti-amoxicillin IgE antibodies in
serum taking advantage of the potential of nanoplasmonic biosensors in combination with the

exceptional properties of dendrimers for hapten-conjugation and immunoassay performance.
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This approach based on the detection of blood circulating antibodies constitutes a good example

of a diagnosis application where antibodies are considered disease-related biomarkers.

5.2. Design and Optimization of the BAPAD-based Methodology

Nanoplasmonic-based biosensors have previously demonstrated to provide exceptional features
for the direct analysis of clinical biomarkers in biological fluids, such as urine or serum (see
Chapter 3). Besides the good sensitivity for label-free analysis in real time, gold nanodisks
structured sensors offer extraordinary potential for minimizing the undesired nonspecific
adsorptions. However, the achievement of an efficient functionalization strategy onto the gold
nanodisks is the most critical factor to define optimum sensitivity, selectivity and stability for the

sensing assay.

In general, surface modification of gold patterned substrates requires conditions that assure
specific and oriented binding onto the sensing areas (gold nanodisks) while avoiding nonspecific
binding of molecules to the substrate (glass). This can be achieved via a stepwise selective surface
modification protocol with appropriate reagents, thereby exploiting the strong selectivity of gold
for thiol-based compounds. For this reason, we designed a dendrimer structure containing a
spacer arm bearing a disulfide group on the core and amoxicilloyl groups (AXO) in its outer shell.
Furthermore, the dendritric structure belong to the family of BisAminoalkyl PolyAmide
Dendrimers (BAPAD), which is based exclusively on amide coupling emulating protein-like

structures (Figure 5.4).
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Figure 5.4 Structure of BAPADG2-AXO.

This design allows a fast and simple functionalization onto gold surfaces in only two steps: (i) the

reduction of the disulfide-core of the dendrimer to create two thiol-functional symmetric
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dendrons, and (ii) their direct immobilization on the gold nanodisks by thiol chemisorption (Figure
5.5). Using the d-BAPADG2-AXO dendron, which incorporates a short thiol linker, a well-ordered
receptor layer is formed in a single-step chemisorption procedure. In a separate step, SiO, was
independently modified by using PLL-PEG. This copolymer creates a brushed coating on SiO,
surfaces which has proven to successfully prevent and reduce nonspecific adsorptions of proteins

due to its hydrophilic properties (see previous chapters).'®
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Figure 5.5 Schematic representation of the d-BAPADG2-AXO based biosensing strategy: (a)
disulfide bond reduction with DTT and (b) direct immobilization on gold nanodisks by
chemisorption and subsequent detection of specific IgE antibodies.

The synthesis of BAPADG2-AXO conjugates was carried out by Dr. Ezequiel Perez-Inestrosa’s
group from the Department of Organic Chemistry at the University of Malaga (Spain). The
complete synthetic pathway is detailed in our recent article’"” and it can be summarized in Figure
5.6. Following a divergent strategy, it is based on iterative reactions for the growth of the
dendrimer structure, in this case, up to generation 2. The strategy includes two steps: (i)
condensation between the core (cystamine) and the 3,3’-diazidopivalic acid (1) to obtain amide
linker multi-azides; (ii) reduction of the multi-azide structure to obtain the multi-amines, which

then will be the reactive groups for the next generation of dendrimer. The strategy was repeated

123



Chapter 5

two times, in such a way that generation 2 (G2) dendrimers were obtained, having 8 amine
groups in the outer shell. Then, with the aim of obtaining the dendrimeric-antigen functionalized
with the allergenic determinant responsible of the allergic reaction to amoxicillin, this epitope
was covalently bound to the periphery of the dendrimer. D-BAPADG2 was reacted with
amoxicillin at high pH, to ensure that the amine groups at its periphery were unprotonated,
acting as nucleophilic positions that efficiently attack the electrophilic carbonyl group of the B-
lactam antibiotic. Reaction conditions were optimized to obtain d-BAPADG2-AXO with amoxicillin
in all the reactive positions (8 antigenic determinants per structure) (Figure 5.4). The structure of
the amoxicillin-conjugated dendrimer d-BAPADG2-AXO was designed for the detection of IgE
antibodies specific for this antibody. The AX was coupled via the B-lactam ring opening, in such a
way that the rest of the structure particular to this penicillin (the thiazolidine ring and the variable

side chain characteristic for AX) would remain exposed.

Cystamine

(1) Condensation with 3,3'-diazidopivalic
(2) Reduction of azide groups
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Figure 5.6 D-BAPADG?2 synthetic pathway and coupling of amoxicillin.
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Ideally, in order to develop the assay (i.e. generate and optimize a calibration curve) the
appropriate target should be IgEs obtained from patients, or alternatively, IgE obtained after an
external intended production process. However, the standard antibody production protocols are
usually directed towards the mechanisms based on IgG generation, which are the most abundant
type in serum. Given the difficulty of having specific IgE antibodies for amoxicillin, the evaluation
and optimization of our biosensor approach was carried out with commercial anti-penicillin IgG
antibodies. Although not exclusively specific for amoxicillin, but also for other B-lactam penicillins,
these generic 1gG antibodies are very useful to evaluate the behavior of the d-BAPADG2-AXO

coated surface and the viability of our proposed approach for detecting IgEs in serum.

To evaluate the BAPAD-based biosensor strategy, we first carried out an optimization of the
biofunctionalization procedure of gold nanodisks surfaces. We employed the nanoplasmonic
biosensor with an angle of incidence of 80°. The reduction procedure of the disulfide bond of the
dendrimer must provide maximum amount of thiol-functional d-BAPADG2-AXO dendrons able to
be immobilized onto the gold nanodisks. Among the large variety of reducing agents,
dithiothreitol (DTT) is one of the most commonly employed in biochemistry for cleavage of
disulfide bridges. This reagent is usually used in high excess over the number of cystamines,
showing an optimum pH working range between 7 and 8. A 10 mM DTT concentration was
selected to reduce the BAPADG2-AXO dendrimers, which represents between 20 and 200-fold
molar excess with respect to the different dendrimer concentrations tested (0.05 — 0.5 mM). The
immobilization of the several concentration of d-BAPADG2-AXO onto the gold nanodisks surfaces

was monitored (Figure 5.7).
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Figure 5.7 d-BAPADG2-AXO immobilization onto the gold nanodisks: (a) Sensorgrams of the
immobilization step at different dendron concentration (0.05, 0.1, 0.25, 0.5 mM), and (b)
Immobilization signals of the different concentrations (average signal for 4 replicates).
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As can be observed, the immobilization step was concentration dependent and showed high
reproducibility (CV = 5-6 %) (Table 5.2).

Table 5.2 d-BAPADG2-AXO immobilization signals measured with the
nanoplasmonic biosensor.

Concentration (mM) AA (nm) ? % CV
0.05 3.07+£0.17 5.53
0.1 453+0.21 473
0.25 5.61+0.37 6.65
0.5 7.47 £0.40 5.33

® Mean value * standard deviation for 4 replicates

Selection of the optimum concentration of receptor must assure maximum surface coverage
without affecting antigen accessibility by steric hindrance. Figure 5.8a shows the antibody
detection curves performed over the d-BAPADG2-AXO functionalized surfaces at different
concentrations. Higher sensitivity was reached at a concentration of 0.25 mM, which resulted in a
limit of detection (LoD) of 4 ng/mL. Specificity studies done with other IgGs and control proteins
(such as BSA) resulted in negligible binding onto the d-BAPADG2-AXO layer (Figure 5.8b),

indicating a high degree of selectivity of the active surface.
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Figure 5.8 (a) Calibration curves for anti-penicillin detection at different d-BAPADG2-AXO
concentrations (0.05 — 0.5 mM) performed with the nanoplasmonic biosensor; (b) Specificity
study for the d-BAPADG2-AXO based strategy: sensorgrams for the detection of specific anti-
penicillin antibody (black), nonspecific IgG antibody (purple) and bovine serum albumin (green) at
1 pg/mL; red dashed line indicates reference (background signal).

The direct chemisorption of thiol-functional dendrons onto the gold nanodisks surface offers

strong attachment and highly reproducible surface modification. However, the functionalization
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strategy may provide long-term stability to assure reproducibility and robustness of the assay.
Regeneration of the d-BAPADG2-AXO layer with basic conditions (NaOH 20 mM) led to complete
removal of the recognized antibodies after each assay while retaining the integrity of the receptor

with good repeatability for more than 40 cycles (Figure 5.9).
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Figure 5.9 Detection cycles consisting of antibody injection (0.2 pg/mL) and subsequent
regeneration with NaOH 20 mM using PBST 0.5% as running buffer.

The reproducibility was further evaluated by calculating the variability of the measurements
within the same functionalized surface (intra-assay CV) and the measurements performed with
distinct sensor chips (inter-assay CV). Table 5.3 lists the CV values determined for the LoD and the
maximum signal (Smax) obtained with different analysis. The great reproducibility of the assay

(CVintra-assay = 1.83% and CVinter-assay = 9.36%) proves the reliability of the methodology.

Table 5.3 Intra- and inter-assay variability of the LoD for the
d-BAPADG2-AXO strategy

Intra-assay Inter-assay

Mean £ SD % CV Mean £ SD % CV

LOD (ng/mL) 4.02 +£0.07 1.74 3.98+0.13 3.17

Smax (nm) 1.67 +£0.03 1.83 1.66+0.16 9.36

*Mean value and standard deviation for 3 replicates

As previously mentioned, this work was carried out using a nanoplasmonic biosensor with an

angle of incidence of 80°. According to our previous studies, the best performance in terms of
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sensitivity for our nanostructures would be at incidence angles approaching 90°.%’ In fact bulk

sensitivity studies performed for both 70° and 80°- setups proved this better outcome at higher
angles of incidence (see 2.1.4 section in Materials and Methods). In order to confirm this, we
compared the performance of the BAPAD-based assay obtained with the 80°-setup (6, = 80°) with
the analogous platform at 70° angle of incidence (8, = 70°, previously used in Chapter 3 and 4).
We also compared both nanoplasmonic configurations with conventional SPR biosensor (70°-
setup working with TE polarization) (Figure 5.10). Calibration curves were carried out with the
three setups under the same assay conditions ([d-BAPADG2-AXO] = 0.25 mM). As expected, the
sensitivity achieved with either the SPR and the 70° scheme were lower than the one determined
for the 80° nanoplasmonic biosensor (LoDspr = 10 ng/mL, LoD ;- = 7 ng/mL and LoDgg = 4 ng/mL).
The better performance achieved with the 80°-setup can be explained on the basis of the
nanoplasmonic sensing principle. lllumination at higher angles of incidence leads to lower energy
LSPR wavelengths (Aspr is displaced to the right in the spectra) and the light confinement is
smaller and the evanescent wave is larger. For the particular angle of 80°, the Apr is found
approximately at 750 nm. As a consequence, at these wavelengths, the sensitivity to Rl changes is
higher and, more importantly, also the signal-to-noise ratio is higher, overall enabling the

detection of lower concentrations and improving the performance of the analysis.
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Figure 5.10 Calibration curves of d-BAPADG2-AXO / anti-Penicillin (IgG) based assay performed
with 3 different biosensing schemes: conventional SPR (golden), nanoplasmonic biosensing with
an angle of incidence 6 = 70° (pink) and nanoplasmonic biosensing with an angle of incidence 6 =
80° (blue).
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5.3. Comparison to Conventional PAMAM Conjugated Dendrimers

PAMAM dendrimers have been widely employed in biomedicine due to their exceptional
biomimetic properties along with the precision and stability of the dendritic structure. Especially
in optical biosensors, PAMAM dendrimers have been used as functionalization scaffolds with the
idea of increasing the immobilization capacity and enhancing the efficiency and stability of the

modified surface.’*?

Therefore, the results obtained with the novel BAPAD-dendron approach were compared with
those obtained using a conventional PAMAM dendrimer. In particular, we performed a
comparison using a PAMAMG2 peripherally decorated with AX hapten, leading to a conjugate
with 16 AXO molecules on the amine ends (100% amine modification) (Figure 5.11). This
conjugate was also synthesized by the collaborator research group following a similar mechanism
(i.e. same coupling to amoxicillin through B-lactam ring opening by the —NH, groups) to the one

used for BAPAD-AXO synthesis described before.

AXO WIS, Nﬂ 0

Figure 5.11 Structure of PAMAMG2-AXO dendrimer.

According to this structure, in order to create the receptor layer over the gold nanodisks, a more

elaborate coupling strategy had to be used. A covalent immobilization strategy to a SAM was
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selected in order to obtain highly stable and reproducible surface as well as maximum
detectability of IgE antibodies. PAMAMG2-AXO was covalently coupled to a mixed alkanethiol-
based SAM (carboxylic/hydroxyl groups) by using the free primary amine present in the AX
molecules (see Figure 5.1 for AX structure) (Figure 5.12). A MHDA/MUOH SAM with a molar ratio
of 1:20 was chosen (total SH concentration 250 uM), taking into account the size and structure of
the conjugated dendrimers. PAMAMG2 dendrimers have an average diameter of approximately 3
nm presenting AX groups evenly distributed around the globular periphery. This relatively large
spacing between immobilized receptors may benefit the accessibility of IgE antibodies and can

minimize steric hindrance effects.

A\

_—
e . 2 e - / £ )
S °0° ) 9. o °.° f °
- gl - Ml gl
MHDA/MUOH 1) EDC/NHS IgE
(1:20) 2) PAMAMG2-AXO

3) Ethanolamine

Figure 5.12 PAMAM-based biosensing strategy: (i) mixed MHDA/MUOH SAM formation, (ii)
EDC/NHS activation, PAMAMG2-AXO covalent coupling and ethanolamine deactivation, (iii) IgE
antibody detection.

First, several PAMAMG2-AXO concentrations were immobilized (0.05, 0.1 and 0.25 mM) obtaining
similar response to d-BAPADG2-AXO (Table 5.4). However, PAMAMG2-AXO is a bigger structure
than d-BAPADG2-AXO (MWopamamea-axo = 8854 Da vs MWy gapanca-axo = 3936 Da). This reveals an
overall lower efficiency in the immobilization process as compared with the thiol binding one. The
variability was also significantly higher with PAMAMG2-AXO conjugates (CV > 13% compared with
CV = 5-6%).

Table 5.4 d-BAPADG2-AXO and PAMAMG2-AXO immobilization signals
measured with the nanoplasmonic biosensor.

. d-BAPADG2-AXO PAMAMG2-AXO
Concentration
(mM) AX (nm) ® % CV AA (nm) ° % CV
0.05 3.07+£0.17 5.53 3.02+0.44 14.49
0.1 4.53+0.21 4.73 4,60 +0.62 13.43
0.25 5.61+0.37 6.65 5.21+1.20 15.99
0.5 7.47 £ 0.40 5.33 -- --

® Mean value + standard deviation for 4 replicates
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A calibration curve using anti-penicillin 1gG antibodies was performed with PAMAMG2-AXO (at a
fixed immobilization concentration of 0.25 mM) and compared with the one obtained for the d-
BAPADG2-AXO under the same experimental conditions (Figure 5.13). A significant worse
sensitivity was observed for the PAMAMG2-AXO strategy (almost 6 times higher LoD). This result
can be attributed to structural differences between the dendrimeric molecules. Although
PAMAMG2-AXO dendrimer contain 4 times more AX receptor groups in its structure (i.e. 4 AXO
per d-BAPADG2-AXO vs 16 AXO per PAMAMG2-AX0), the accessibility of the antigens may be
hindered due to an excessive number of AX coupled to the carboxylic-modified surface, leading to
a deformation, flattening or collapse of the dendrimer structure. In the case of d-BAPADG2-AXO
dendron, the thiol-directed and oriented attachment allows site-directed immobilization leaving

exposed the AX groups and hence maximizing the antibody binding.
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Figure 5.13 Calibration curves for anti-Penicillin (IgG) detection performed with PAMAM-AXO
functionalized surface (purple) and d-BAPAD-AXO functionalized surface (blue) using the 80°
nanoplasmonic setup.

Conclusively, the design of the dendron structure represents a substantial step forward compared
with the strategies used so far based on conventional dendrimers. In those cases, whole PAMAM
dendrimers require extra steps to be coupled to the transducer surface (i.e. surface modification
with a SAM and subsequent covalent attachment of the dendrimers) which considerably
stretches on the whole process and can in turn affect the overall reproducibility of the assay. The
d-BAPADG2-AXO conjugate offers a much simpler and more robust functionalization approach,
which at the same time facilitates a good exposure of the recognizing element (AX), enhancing its

accessibility and improving the overall sensitivity for the specific antibodies.
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5.4. Analysis of Anti-Amoxicillin Antibodies in Serum

The main goal of any biosensor is the demonstration of its applicability for the detection of a
substance of interest in real samples, and if the intended use is in the clinical field, the purpose
would be the direct analysis of human fluids. Blood serum is a valuable analytical fluid since it
contains many disease biomarkers extremely useful for diagnosis or therapy monitoring.
However, the 90% of the protein content (60 — 80 mg/mL) is composed of a few highly abundant
proteins of scarce clinical interest which hinders the proteomic analysis. As already commented,
in the case of label-free optical biosensors where the signal comes indirectly from the mass
adsorbed on the surface, the main challenge is to avoid nonspecific adsorption that can lead to

false positive signals.

The use of PEGylated compounds together with the addition of surfactants to the buffer have

proven to reduce the adsorption of protein on different substrates.?'®

In this work, our goal was
the analysis of serum samples from patients with allergy. We combined the use of PLL-PEG, that
selectively binds to the glass and creates a hydrophilic layer which passivates the non-sensitive
areas of the nanostructured sensors,'® with the use of an antifouling running solution that

minimizes the nonspecific surface fouling.

Most common additives in antifouling cocktails are non-ionic detergents (e.g. Tween 20), due to
their ability to disrupt ionic and hydrophilic biomolecule-surface bonds, or blocking agents such as
BSA, non-fat dry milk, fish gelatin or whole serum. We performed a study of different buffer
formulations in order to minimize the background signal produced by undiluted human serum,
testing several concentrations of Tween 20 and different additives (BSA and common control
serum). Best results were obtained when combining PLL-PEG coated surfaces and an antifouling
cocktail consisting of PBS with 2% of Tween 20 and 2% of commercial serum as running fluid
(Figure 5.14). The background signal observed under these conditions was low enough and highly
reproducible (standard deviation below 0.01 nm) to permit reliable detection of antibodies in

whole serum, assuming a constant background for all measurements.
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Figure 5.14 Background signal of whole serum onto the sensor surface blocked with PLL-PEG at
different composition of running buffer: PBS + Tween 20 (0.5 — 2%) + serum (0.5% - 2%). Inset
graph shows the influence of the PLL-PEG on the background signal by representing the
nonspecific adsorption for the best running buffer conditions (PBS 2% Tween 20 and 2% serum)
on surfaces lacking PLL-PEG.

The calibration curve was obtained by injecting undiluted commercial serum spiked with anti-
penicillin IgG antibodies at different concentration (0.025 — 2 pg/mL) (Figure 5.15). A LoD of 8
ng/mL was achieved, while the limit of quantitation (LoQ) was set at 16 ng/mL. The LoD was
slightly higher than for standard buffer conditions due to the contribution of the constant
background. However, the profile of the curve was analogous, proving that serum matrix does
not significantly affect the analysis performance as long as the background nonspecific signal is

kept constant.
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Figure 5.15 Anti-penicillin IgG calibration curves in PBST (blue) and whole serum (black).
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5.5. Analysis of Clinical Serum Samples

With the optimal conditions previously selected for the evaluation of whole serum, direct
detection of real samples from patients was attempted. Due to inherent differences between the
IgGs used in the optimization study and the real target to measure (i.e. human specific Igk
produced by the organism towards amoxicillin) we decided to perform a calibration curve directly
with a serum sample from a patient, whose specific IgE concentration was known ([IgE] = 47.19

ng/mL determined with the ImmunoCAP assay).

The sample was serially diluted with commercial serum and the curve was obtained using the
optimized conditions for nonspecific adsorption minimization (Figure 5.16). Using IgEs as
standard, a LoD of 0.6 ng/mL was achieved (more than one order of magnitude lower) and the
LoQ resulted in 2.2 ng/mL. This enhancement of the analytical sensitivity as compared to the
previous values obtained with the anti-pencillin 1gG (Figure 5.15) can be due to: (i) structural
differences between IgG and IgE. IgE antibodies have a molecular weight that is approximately 1.3
times higher than 1gGs (i.e. MW, = 200 kDa, MW/, = 150 kDa), and since in plasmonic biosensors
the mass plays a determinant role in the response, the output signal may be different; and (ii) a
higher affinity for the antibodies produced by the human body against amoxicillin would be
expected, as compared to the IgGs produced in mouse. Moreover, the IgG used as standard has a
broad specificity towards the thiazolidine ring and, therefore, for several penicillins (i.e. it was
produced using a conjugate of benzylpenicillin, presumably through B-lactam ring opening).
Therefore, a lower affinity compared to the IgEs directly generated against amoxicillin would
probably lead to lower signals at the same concentration. Overall, the improvement of the
sensitivity when using the appropriate target clearly confirmed the higher natural affinity of the

IgE against amoxicillin than the one of commercially produced IgG.

Figure 5.16 Amoxicillin-specific IgE calibration curve in serum samples
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The viability of the proposed biosensor methodology for allergy diagnosis was then assessed by
evaluating clinical samples from allergic patients and quantified them using the IgE calibration
curve. Clinical samples were provided by the Hospital of Malaga (Spain). Non-pretreated and
undiluted serum samples from amoxicillin allergic patients (S1, S3 and S5) and healthy donors (S2,
S4 and S6) were directly flowed over the functionalized sensor surface by duplicate. Quantitation
of the specific IgE antibodies was carried out by interpolating the values of the signals in the
calibration curve (Figure 5.16). Table 5.5 lists and compares the results of the analysis obtained
with the nanoplasmonic biosensor (mean + SD) and with the ImmunoCAP test done at the

hospital.

Table 5.5 Clinical serum samples analysis determined by ImmunoCAP assay and the
nanoplasmonic biosensor.

anti-AX IgE Concentration

Sample % Recovery

ImmunoCAP ImmunoCAP Nanobiosensor
(kUyge/L)° (ng/mL)’ (ng/mL)
S1 215F11 14.5 35.09 40.39+1.3 115
S2  768F10 NDP ND (< 0.84) 0.95+0.35 113
S3 1103F09 3.53 8.54 9.00 +0.58 105
S4 1732F09 ND ND (< 0.84) 0.69+0.16 100
S5 29F04 3.4 8.23 7.87 £0.27 96
S6  2F06 ND ND (< 0.84) ND (< 0.6) 100

1 kUge/L = 2.42 ng/mL>*
® ND: not detected (below detection limit of the assay of 0.35 kU/L)
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Figure 5.17 Accuracy studies performed with the nanoplasmonic biosensor. The graph shows the
correlation between the values obtained with the sensing platform and the ImmunoCAP assay.
Data shown correspond to the average of 2 replicates. Dotted line corresponds to a perfect
correlation (slope = 1).
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All recoveries ranged between 96 — 115% evidencing a good correlation between both diagnostic
techniques. The concentration values obtained for each samples were also plotted and fitted to a
linear regression function (Figure 5.17). As it can be observed, the excellent linearity (R* = 0.9988)
and correlation between both approaches (slope = 1.173) corroborate the accuracy of dendrimer-

based nanoplasmonic biosensor to quantify IgE antibodies in whole serum.

5.6. Conclusions

We have presented an innovative methodology for drug allergy diagnosis by direct quantification
of amoxicillin specific IgE antibodies in serum using a novel nanoplasmonic biosensor device. We
have designed and developed a complete biosensing strategy by combining specifically
synthesized dendron-based amoxicillin conjugates with gold nanostructured sensor surfaces

leading to a fast, reliable, highly sensitive and label-free analysis.

The thiol functional dendron (d-BAPADG2) allows simple and robust gold functionalization
creating a regular and reproducible recognition layer. The d-BAPADG2-AXO dendron shows
improved analytical features as compared to PAMAM dendrimers in terms of sensitivity and
surface reproducibility, achieving 6 times lower limits of detection. Moreover, the use of PLL-PEG
to block the inert areas provides an antifouling coating that reduces the nonspecific adsorptions
and minimizes the background signal when evaluating whole serum. The selectivity and reliability
have been demonstrated by performing a calibration curve with undiluted serum samples spiked
with anti-penicillin IgG antibodies. Results showed that the serum components did not interfere

in the antibody recognition process as a similar sensitivity was achieved.

To validate the proposed methodology a calibration curve was carried out with human specific
amoxicillin IgE antibodies, revealing a notable increase of the sensitivity associated to the
extremely high affinity of IgEs for the specific allergen. LoD was set at 0.6 ng/mL in whole serum.
Finally, clinical samples from allergic patients and negative control samples were tested with the
nanoplasmonic biosensor and the results were compared to those determined with the
ImmunoCAP assay. An excellent accuracy was observed after obtaining recoveries in the range 96

—115%, with an exceptional linear correlation with the conventional immunoassay.

The outstanding levels of sensitivity of the nanoplamonic biosensor (specially the setup at 80° of
angle of incidence of the light) open the door to the direct measurement of human samples
without any kind of pretreatment or preconcentration of the sample with a total analysis time of

15 min. The excellent features of the nanoplasmonic biosensor and the dendron-based
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conjugates represent an attractive alternative as a fast and user-friendly diagnostic tool for
clinical analysis and for obtaining quantitative data of amoxicillin allergy. Moreover, the overall
strategy can be virtually adapted to detect other clinical biomarkers or any kind of target, simply
by conjugating them to the dendron structure. The presented methodology holds great promise
to improve biomarkers detection directly in human samples and constitutes a potentially useful

tool for clinical diagnosis practice and for the development of point-of-care devices.
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Chapter 6

ANALYSIS OF TAA
AUTOANTIBODIES IN SERUM
FOR EARLY DIAGNOSIS OF
COLORECTAL CANCER

In this chapter, a label-free nanoplasmonic-based biosensor methodology for the determination of
tumor-associate antibodies in serum is addressed. The strategy has been optimized and evaluated
for two main specific autoantibodies expressed at early stages of colorectal cancer development,
allowing their direct and rapid quantification. Besides, analysis in serum and plasma samples has
been possible after introducing a necessary dilution step, achieving good sensitivity and selectivity.
Finally, accuracy and reliability of the methodology has also been demonstrated evaluating clinical
serum samples.
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6. Analysis of TAA Autoantibodies in Serum for Early Diagnosis of Colorectal Cancer
6.1. Introduction

Colorectal cancer (CRC) is a worldwide health problem with an incidence over 1 million annual
cases and being a major cause of morbidity and mortality in developed countries.?’ It is the third
most common cancer and the fourth most common cause of death around the world. Despite
that the exact cause for CRC is not known, several risk factors have been established, including

genetic and epigenetic parameters.”®

Family history of colon cancer or inflammatory diseases,
age, lifestyle and environmental conditions are strongly associated to CRC development. Thereby,
prevention and regular screening play crucial roles in the fight against this type of cancer.
Certainly, during the last years advances in screening and diagnostic techniques and the

introduction of novel therapies have substantially increased patient survival rates.**’

Colorectal cancer results from the abnormal growth of epithelial cells in the inner lining of colon
or rectum, often generating polyps (Figure 6.1). Although most polyps found in the bowel are
virtually benign (small hyperplastic or inflammatory polyps) and do not carry risk of developing

cancer, large sized polyps or adenomas are considered highly precancerous.?*

Stage | Stage Il Stage Il

Figure 6.1 Representation of tumor polyps formed in the human colon or rectum and adenoma
progression in different stages of colorectal cancer.
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Adenomatous polyps generally arise from a failure in one or more steps of the normal cell
proliferation and cell maturation process. Accumulation of many genetic alterations or
inactivated tumor suppressor genes can cause adenoma progression to carcinoma. Fortunately,
CRC is highly treatable when discovered early. At present, polyps surgery and complementary
radiation therapy or chemotherapy show successful elimination of CRC when treated at beginning

stages.”*®

However, CRC diagnosis is particularly challenging. Most reliable diagnosis technique is via
sampling of colon areas suspicious for possible tumor development, which is typically done

21 However, these

during colonoscopy, or sigmoidoscopy for the distal colon and rectum.
procedures are highly invasive and present important limitations in terms of costs, available
resources or low compliance. On the other hand, established noninvasive tests such as the
guaiac-based fecal occult blood test (gFOBT) suffer from low sensitivity and inaccurate diagnosis

results.’*

Therefore, there is an evident need for novel noninvasive screening tools, ideally,
analytical techniques based on blood analysis, which permit the early and reliable identification
and diagnosis of CRC. Development of blood biomarker assays that could indicate that a
cancerous processes is triggered would be a great benefit. However, despite a few serum proteins
have been described as biomarkers in CRC (carcinoembryonic antigen (CEA), CA19.9 or CA125),
none of them are recommended for early clinical diagnosis but for advanced stages and for

monitoring of the recurrence of the disease.”*

Over the past decade, cancer research has made major advances in understanding the causes of

> 1t has been

developing CRC as well as the molecular mechanisms involved in the disease.
demonstrated that many solid tumors such as breast, lung or colon cancer are immunogenic.
These tumors express aberrant levels of mutated or modified proteins associated with the
malignant growth, known as tumor-associate antigens (TAA). Such proteins can stimulate cellular
and humoral immune response, triggering specific autoantibody production (Figure 6.2).2% 2%
The role of autoantibodies in cancer is still unclear. It is unknown if they play a cancer-promoting
role, an anti-tumor effect or they are an epiphenomenon associated to inflammation and tumor
progression.””’ However, autoantibody responses to TAAs hold promising characteristics to be
used as blood biomarkers for cancer detection and they are currently being investigated as

potential diagnostic tools in multiple cancer types.
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Figure 6.2 Schematics of the immunopathological mechanism of colorectal cancer representing
the dysregulation, mutation or modification of tumor-associate antigens (TAA) and subsequent
production of anti-TAA autoantibodies.

The utility of autoantibodies for early detection of cancer has been questioned for a long time, as
the access to preclinical collection of serum is difficult. Sample collection from the same patient
before and after tumor development and during all tumor stages is not generally available,
making almost impossible to determine the exact moment when the autoantibodies appear and
their correlation with tumor progression. However, some reports have described the use of
autoantibodies for early and preclinical detection of cancer. Autoantibodies to annexin |, 14-3-3
Theta and LAMR1 were detected in prediagnostic lung cancer, using serum collected 1 year
before the diagnosis of the lung cancer.”®® ** Also, antibodies to p53, c-myc and MUC1 were
detected in women between 7 and 27 months before breast cancer was diagnosed.”® The
analysis of autoantibodies offers significant benefits when compared to the direct determination
of protein autoantigens associated to the tumor. Whereas detection of directly tumor-shed
proteins in serum may be challenging due to their low abundance or to the difficulty of identifying
simple mutations or structural modifications, serum autoantibodies are highly stable
biomolecules and are produced in large amount even after stimulation by a minimal amount of
tumor antigen. As a result, TAA-specific serum autoantibodies could constitute an excellent

circulating reporters for early and preclinical cancer diagnosis.”"

In the particular case of colorectal cancer, over 100 individual TAAs have been identified as target
for autoantibody production, including full-length proteins, peptides, phage-peptides or glyco-

252

peptides.”” Although none of these TAAs are exclusively expressed in CRC, the humoral response
profiling of CRC patients can enable the definition of specific autoantibody detection panels with

potential value for prognosis and diagnosis of the cancer.””

Currently, increasing efforts in CRC research are directed not only to define specific TAA panels

but also to develop efficient and highly sensitive analytical methods capable of detecting the TAA
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autoantibodies in serum with optimum accuracy and reliability. Multiplexed biosensing strategies
could offer a valuable alternative for diagnosis of colorectal cancer. Particularly optical biosensors
have shown great promise for the development of high-throughput and miniaturized lab-on-a-
chip platforms capable to carry out label-free and highly sensitive analysis of biomarkers in
biological fluids. Thereby, here we aimed to design and optimize a nanoplasmonic biosensor for
the direct detection and quantification of specific CRC-related TAA autoantibodies. Rapid and
simple analysis of these biomarkers could provide a unique and innovative tool for CRC diagnosis.
Besides, the possibility of quantifying autoantibody concentration in serum samples may allow
further comprehension of the humoral response triggered by the tumor and harness the basis for

the improvement of prognosis of the disease.

6.2. Design and Optimization of the Biosensor Methodology

Among the numerous defined TAAs for colorectal cancer, we selected two specific proteins
because of their particular characteristics for the early and preclinical diagnosis: the general
transcription factor 11B (GTF2b) and the EGF-Like Repeats and Discoidin I-Like Domains 3 protein
(EDIL3).

GTF2b is one of the several factors required by RNA polymerase Il for transcription initiation, that
is, for promoting the transcription of genetic information from DNA to messenger RNA.
Transcription factors play a crucial role in development, intercellular signaling and cell cycle,
thereby aberrant regulation or mutation of these proteins are usually associated to specific

diseases like cancer.”*%**°

On the other hand, EDIL3 is an extracellular matrix protein acting as
integrin ligand. It plays an important role mediating angiogenesis and influences significantly in
endothelial cell behavior and in vessel wall remodeling and development. A large percentage of
endothelial cells in primary breast carcinomas, melanomas or colon cancer in humans have

reported dysregulation of EDIL3 expression.”’*®!

These two proteins have been evaluated as possible TAA targets for autoantibody production in
colorectal cancer. Recently, a study in murine models has provided evidences of immediate
production of anti-GTF2b and anti-EDIL3, among other autoantibodies, in cancer-induced

. 262
animals.?®

The presence of autoantibodies was detectable at a very early stage in tumor
development, even before adenoma formation. Particularly, GTF2b could be detected at day 21
after cellular neoplastic transformation. Furthermore, the analysis of TAAs at protein and mRNA
level showed a clear overexpression for EDIL3 as expected, but almost no alterations in the

expression of GTF2b, suggesting that GTF2b autoantibody response might be triggered by
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possible mutations, wrong conformations or other post-translational modifications. This confirms
the exquisite sensitivity of the immune system and proves the potential value of GTF2b and EDIL3

autoantibodies as serum biomarkers for the early diagnosis of CRC.

To develop our methodology, we took advantage of the previously demonstrated benefits offered
by the nanoplasmonic-based biosensor in terms of sensitivity and selectivity (especially at the
highest angle of 80°). The material-selective biofunctionalization of gold nanodisks surfaces has
shown exceptional sensitivities and significant minimization of nonspecific adsorptions for a label-
free and accurate detection of biomarkers in serum (see Chapter 5). Nanoplasmonic sensor chips
were independently biofunctionalized with recombinant human GTF2b and EDIL3 proteins to
detect the specific human anti-GTF2b and anti-EDIL3 autoantibodies. Both GTF2b and EDIL3
proteins possess a relatively high MW (35 kDa and 52 kDa, respectively), which makes less
relevant the use of a carrier that help space them out on the surface. An ultimate goal of the
study is the development of a multiplexed biosensor platform for the simultaneous detection of a
panel of CRC specific autoantibodies. Therefore, although each TAA is inherently different in
structure and conformation, similar biofunctionalization conditions should ideally provide
efficient immobilization for both of them (or eventually to additional TAAs). A covalent binding
between amine terminal groups of the Lys residues in the proteins to a carboxyl-terminated SAM
was selected as functionalization technique due to its simplicity and elevated stability and
reproducibility (Figure 6.3). The overall methodology was optimized and assessed for the analysis

of autoantibodies in serum and plasma.
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Figure 6.3 Schematic representation of the biosensing strategy for TAA autoantibodies detection:
(i) mixed MHDA/MUOH SAM formation, (ii) EDC/NHS activation, GTF2b (blue protein) and EDIL3
(red protein) covalent coupling and ethanolamine deactivation, (iii) anti-GTF2b and anti-EDIL3
detection, respectively.
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In order to create optimum layer of bioreceptors onto the gold nanodisks sensors, several
immobilization conditions were studied. Different molar ratios of mixed alkanethiol SAM
(MHDA/MUOH 1:0, 1:1, 1:10, total SH concentration of 250 uM) were tested since, as previously
described, a control of the grafting density can a priori modulate possible steric hindrance effects,
improving the ability to detect the autoantibodies. In addition, TAAs immobilization procedure
was performed either in situ, by flowing the protein solution over the sensor chip and monitoring
the covalent coupling process, and ex situ, by performing the reaction in three consecutive steps
(EDC/NHS incubation for 20 min, covalent coupling of protein overnight at 4°C, and deactivation
of unreacted carboxylic groups for 10 min). In all cases, the non-sensing glass areas were

subsequently coated with PLL-PEG (0.5 mg/mL) to prevent nonspecific adsorptions.

Figure 6.4 shows the TAA immobilization signals (concentration 50 pg/mL) for the in situ
procedure carried out over alkanethiol SAMs at different molar ratios using the 80°

nanoplasmonic biosensor setup.
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Figure 6.4 Immobilization signals performed in situ over alkanethiol SAMs at different molar
ratios (MHDA:MUOH 1:0, 1:1, 1:10) for 50 pug/mL of (a) GTF2b protein and (b) EDIL3 protein. LSPR
sensorgrams showing covalent immobilization procedure of (c) GTF2b and (d) EDIL3 over a mixed
SAM (MHDA:MUOH 1:0).
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As can be observed, in both cases maximum amount of protein was attached to the sensor
surface when maximum carboxylic density was used, inducing wavelengths displacements of
around 3 nm. Introduction of spacer molecules (MUOH) to the SAM resulted in lower signals,

thereby, lower amount of protein immobilized.

However, optimum TAA layer not only depends of a sufficient amount of immobilized proteins
but also of the grafting density and the subsequent accessibility of the antibodies. To evaluate the
efficiency of the immobilization, we did a comparison of the responses for a constant
concentration of specific antibody (1 pug/mL) over the corresponding GTF2b and EDIL3-coated
surface prepared with the different conditions (Figure 6.5). No steric hindrance effects were
observed as maximum detection was achieved in all cases when maximum carboxylic density was
used. This suggests that immobilization of TAAs on alkanethiol SAMs formed exclusively with
MHDA actually provides high efficient bioactive layer. Furthermore, it can be seen that ex situ
immobilization resulted in significant higher antibody signals for the same concentration of
immunoreagents. This can be attributed to longer reaction times (protein coupling overnight vs.
30 min when it is performed in situ) that may improve coupling yield and probably the protein
arrangement on the surface. From the above results, overnight immobilization of TAA over a

100% MHDA SAM was selected as the optimum biofunctionalization strategy.
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Figure 6.5 Resonance shifts obtained for the detection of (a) anti-GTF2b and (b) anti-EDIL3
antibody under different conditions for the protein immobilization. Blue columns: in situ
immobilization onto alkanethiol SAM with different MHDA:MUOH molar ratios (1:0, 1:1, 1:10);
red columns: ex situ immobilization onto alkanethiol SAM with different MHDA:MUOH molar
ratios (1:0, 1:1, 1:10).

Regeneration and potential reutilization of the TAAs functionalized surfaces were also evaluated.
In this case, regeneration of both surfaces - GTF2b and EDIL3 — was achieved by flowing a 20 mM

NaOH solution (Figure 6.6). Basic conditions allowed to disrupt TAA-antibody interaction without
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altering or modifying the immobilized proteins, in such a way that it was possible to reuse both
functionalized surfaces. Good repeatability was observed up to 50 cycles and working for 3 days

before progressive decrease of the antibody detection signals were observed
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Figure 6.6 Sensorgrams showing (a) anti-GTF2b and (b) anti-EDIL3 detection at 1 pg/mL and
subsequent regeneration with NaOH 20 mM.

Calibration curves for the detection of anti-GTF2b and anti-EDIL3 were then performed (Figure
6.7) in standard buffer conditions (PBST). Furthermore, nonspecific antibodies were used as
control to ensure the specificity of the assays. Measurement of anti-GTF2b over an EDIL3-
functionalized surface and vice versa led to negligible signals, which confirms that signal
contribution solely comes from the specific antibody recognition. Analytical parameters were
calculated for each calibration curve: LoDs were determined as 10 ng/mL for GTF2b and 5 ng/mL

for EDIL3, while LoQs resulted in 34 ng/mL and 19 ng/mL for GTF2b and EDIL3, respectively.
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Figure 6.7 (a) Calibration curve for anti-GTF2b detection performed over GTF2b-biofunctionalized
nanodisks (black). Red dashed line indicates nonspecific adsorption of an antibody control (anti-
EDIL3); (b) Calibration curve for anti-EDIL detection performed over GTF2b-biofunctionalized
nanodisks (black). Red dashed line indicates nonspecific adsorption of an antibody control (anti-
GTF2b).
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To assess the reproducibility and accuracy of the overall methodology, the variability of the
measurements was calculated for the same functionalized surfaces (intra-assay CV) and for
measurements done with distinct nanoplasmonic chips (inter-assay CV). Table 6.1 lists the CV
values determined for the LoD and the maximum signal (Smax at [Ab] = 1 pg/mL) obtained for the
analysis of both GTF2b and EDIL3 antibodies. These results confirm the excellent stability and
reproducibility of the biofunctionalization strategy as well as the good accuracy and robustness of

the biosensor assays.

Table 6.1 Inter and intra-assay features for GTF2b and EDIL3 antibodies detection with the
nanoplasmonic biosensor.

GTF2b antibody EDIL3 antibody

Mean = SD % CV Mean + SD % CV

LOD (ng/mL) 9.7+0.5 5.15 52+0.2 3.77

Intra-assay
Smax (nm) 0.937 £ 0.0015 1.63 0.733+0.016 2.08
LOD (ng/mL) 10.1+1.2 11.9 4904 8.16

Inter-assay

Smax (nm) 0.917 £ 0.07 8.19 0.743 £ 0.04 5.60

® Mean and standard deviation of 3 replicates

6.3. Analysis of TAA Antibodies in Serum and Plasma

Serum and plasma are the most usually employed biological fluids for clinical biomarker analysis
since they content practically all the circulating proteins of the body. In this dissertation we
previously demonstrated the exceptional properties of nanoplasmonic biosensor surfaces to
minimize undesired nonspecific protein adsorptions. Combination of the PLL-PEG blocking with
the use of dilution buffers with elevated percentage of surfactant (Tween 20) showed
considerable minimization of the background signal enabling the evaluation of biomarkers in
serum with high accuracy and reliability (see Chapter 5). In our previous work the receptor layer
over the nanodisks consisted of a conjugate (dendrimers structure) incorporating small molecule
to be recognized (amoxicillin). But here, the nanodisks surface is completely covered with
proteins (to be recognized at a whole). Therefore the different nature of both layers might lead to

different outcome when dealing with serum and plasma (i.e. hydrophilic behavior, antifouling
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resistance or possible hampering of antibody-TAA interaction due to the biological matrix

components).

PLL-PEG modified nanoplasmonic surfaces biofunctionalized with TAA proteins were evaluated in
terms of nonspecific adsorptions by flowing either commercial serum (undiluted, diluted 1:1 and
1:10 in PBST 0.5%) (Figure 6.8a) or commercial plasma (undiluted, diluted 1:1 and 1:10 in PBST
0.5%) (Figure 6.8b). As can be seen in the sensorgrams, in both cases a significant background
signal was observed with undiluted fluid, being slightly higher for plasma (it contains fibrinogen).
A 1:1 dilution in PBST was not enough to remove being necessary a 1:10 dilution to achieve
complete reduction of nonspecific adsorptions for both cases, resulting in virtually null
background signals. We decided to apply these optimized conditions (PLL-PEG blocking and
dilution 1:10 in PBST) for subsequent evaluations. It is worth mentioning the different behavior
observed in comparison with the results obtained in Chapter 5, with the dendrimer-based
immobilization strategy, where we were able to directly measure undiluted serum with very low
nonspecific binding. Again, a highly plausible explanation for this different outcome might related

to the more hydrophobic nature of the protein-coated surface.
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Figure 6.8 (a) Background signal corresponding to matrix nonspecific adsorption of undiluted
serum (black), serum diluted 1:1 in PBST 0.5% (purple) and serum diluted 1:10 in PBST 0.5%
(green); (b) Background signal corresponding to matrix nonspecific adsorption of undiluted
plasma (blue), plasma diluted 1:1 in PBST 0.5% (orange) and plasma diluted 1:10 in PBST 0.5%
(pink).

Calibration curves for both GTF2b and EDIL3 were carried out by spiking serum or plasma with
several concentrations of antibodies and then diluting it in PBST (1:10) (Figure 6.9). The LoDs for
the GTF2b antibody detection was 16 ng/mL in diluted serum and 15 ng/mL in diluted plasma. In

the case of EDIL3 antibody detection, LoDs were 12 ng/mL in diluted serum and 11 ng/mL in
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diluted plasma. These differences with buffer conditions (LoD of 5 and 10 ng/mL for GTF2b and
EDIL3 respectively) might be attributed to matrix effects in the antibody/antigen interaction even
after diluting the sample. However, besides this, the effective sensitivity has essentially gotten
worse up to one order of magnitude (with detectabilities around 150-160 ng/mL for GTF2b and
around 110-120 ng/mL for EDIL3, depending on the fluid). Despite this unavoidable dilution, the
obtained calibration curves in both diluted serum and plasma could still offer a highly reliable
analysis method to quantify these specific TAA autoantibodies with elevated selectivity and

reproducibility.
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Figure 6.9 (a) Calibration curves for anti-GTF2b antibody detection in PBST buffer (black), serum
diluted 1:10 in PBST (green) and plasma diluted 1:10 in PBST (pink); (b) Calibration curves for anti-
EDIL3 antibody detection in PBST buffer (black), serum diluted 1:10 in PBST (green) and plasma
diluted 1:10 in PBST (pink).

6.4. Analysis of Clinical Serum Samples

To our knowledge, not a single study has so far reported specific quantification of autoantibody
concentration levels in human serum from CRC patients, as most research articles in the field
focus on the identification and assessment of these novel biomarkers. A diagnostic cut-off value
of 30 ng/mL was proposed by Lu et al.”®® based on semi-quantitative ELISA assays carried out for
several CRC associated autoantibodies. Although first results achieved with the nanoplasmonic

biosensor are still far from this cut-off limit, we attempted the analysis of real samples.

Clinical serum samples of CRC patients were analyzed as a preliminary evaluation of the viability
of our biosensor approach . Serum samples collected from patients from the Hospital of Gijéon
(Spain) with diagnosed CRC together with samples from healthy individuals were evaluated

employing the optimal conditions selected before. All samples had been previously analyzed for
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the presence of GTF2b autoantibodies using semi-quantitative ELISA, so the exact concentration
of the target biomarker was unknown. Thus, only a qualitative validation of the biosensor
methodology was possible. In Table 6.2 we list and compare the concentration values obtained
from interpolation of the acquired LSPR signal (in pg/mL) to absorbance measurements from
ELISA (in optical density, OD, units). Interpolation of the biosensor signals was carried out in the
calibration curve obtained for GTF2b spiked serum (Figure 6.9a, green curve) and applying the 10-

fold dilution factor to extract the final concentration value in the sample.

Table 6.2 Clinical serum samples analysis determined by ELISA and by the
nanoplasmonic biosensor.

GTF2b Analysis Results

Sample
ELISA (OD) Nanobiosensor (ug/mL)*
G30 Negative 0.18 ND?
G42 Positive 0.48 0.175 + 0.008
G56 Positive 0.56 0.254 +0.010
G101 Negative 0.13 ND?

* Mean % SD for 3 replicates
®ND: No Detected (below limit of detection: 160 ng/mL)

High concentration of autoantibodies was found in this case, which made possible its
quantification given the detection limit of the assay. Although we cannot validate these results so
far, we can observe a good correlation in terms of relative signals. Concentration values obtained
for GTF2b autoantibodies qualitatively correlate with the absorbance measurements of the same
serum samples. Signals obtained for negative samples from healthy subjects resulted below the
limit of detection established for our biosensor technique (160 ng/mL), while positive samples

lead to relatively high signals and, therefore, elevated concentration of GTF2b antibodies.

These results highlight the unique potential of the nanoplasmonic-based technology and
corroborate the value of TAA autoantibodies detection for CRC diagnosis. However, further
studies are pending mainly addressing two aspects: 1) to improve assay conditions in order to
achieve better sensitivities, basically minimizing as far as possible the dilution ratio. If that is not
possible we will contemplate other immobilization strategies that help both improving
detectability and avoiding dilution of samples. And 2) to perform a clinical validation of the

methodology.
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6.5. Conclusions and Future Perspectives

We have proposed a new analytical methodology for the early diagnosis of colorectal cancer. The
strategy is based on the direct and label-free determination of TAA autoantibodies using our
innovative nanoplasmonic biosensor. The overall performance of the biosensing assay has been
optimized and evaluated for the detection of two CRC specific autoantibodies: GTF2b and EDIL3,

whose high value for pre-clinical diagnosis of cancer has been previously evidenced.

The use of nanoplasmonic biosensors offers rapid and reliable quantification of TAA antibodies
with excellent selectivity and robustness. The biosensing strategy allows performing more than
100 measurements with good reproducibility. We have also demonstrated the feasibility to
detect both GTF2b and EDIL3 antibodies in blood serum and plasma in a label-free manner,
although a dilution step is necessary. Further optimization of the methodology will be required to
enhance the analytical sensitivity in biological fluids. In this regard, on-going work focuses on the
improvement of biofunctionalization strategies and the use of antifouling agents that permit
direct measurements of undiluted serum and plasma. Besides, higher sensitivity could be
achieved in case of being necessary by using amplification techniques, such as secondary

antibodies.

This biosensor methodology is a first approach for the future development of a highly sensitive
multiplexed biosensor platform, capable of simultaneously detecting a specific panel of CRC
autoantibodies. The direct and label-free detection of CRC-related blood-circulating biomarkers
could become a valuable tool for rapid and efficient population screening and early diagnosis of
cancer. Besides, the use of biosensors in clinical research might provide further understanding of
the immunopathological mechanisms involved in cancer disease and enable the establishment of

accurate correlations between autoantibody levels and tumor progression and disease prognosis.
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General Conclusions

The work described in this PhD Thesis demonstrates the potential value of plasmonic and
nanoplasmonic biosensors for their application in the clinical and biomedical field.
Multidisciplinary combination of surface chemistry, biochemistry and immunology with the
recent advances in nanotechnology and biosensor research has enabled the development of

efficient analytical methodologies as novel solutions for diagnosis and therapy.

Main goals proposed in this dissertation involved the design of several biosensing strategies for
specific clinical applications, employing both the well-known SPR biosensor and a recently
developed nanoplasmonic biosensor based on the LSPR phenomenon occurring on gold nanodisks
surfaces. These biosensor platforms, which offer simple, label-free and fast detection of
biomarkers, have been profiled as promising candidates for point-of-care analysis. Furthermore,
the in-depth optimization and assessment of the sensor surface biofunctionalization has allowed
an overall improvement of the bioanalytical performances, leading to direct and reliable

quantitation of protein biomarkers with elevated sensitivity, selectivity and reproducibility.

The main general conclusions that can be drawn from the work done during this Thesis are the

following:

e The use of antifouling PEGylated compounds as blocking agents, particularly the
copolymer PLL-PEG, has demonstrated to extremely reduce protein adsorptions from
biological fluids, such as urine, serum or plasma. Nanoplasmonic surfaces showed
significant advantages compared to the conventional SPR biosensor. Material-selective
functionalization of gold nanodisks sensors guarantees the specific biorecognition
interactions to take place solely on the sensor hotspots (i.e. gold nanodisks) while the
antifouling coverage of inert areas (i.e. glass substrate) provides exceptional resistance to

nonspecific adsorptions in comparison to conventional gold films.

e Two innovative methodologies for the oriented immobilization of antibodies have been
studied and optimized, in order to develop direct immunoassay of protein biomarkers in
biological fluids. They are based on: (i) host-guest interactions with a calixarene-
derivative linker (ProLinker™ B) and (ii) site-specific conjugation to a poly-Adenine

oligonucleotide, which presents high adsorption affinity for gold substrates. Both
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strategies turned out to be highly efficient in terms of sensitivity and robustness,
providing optimum coverage of the sensor surface with a remarkable stability in a simple
procedure. The calixarene-based methodology has been further optimized for the direct
evaluation in biological fluids (urine and serum) showing encouraging results to reduce
nonspecific adsorptions while retaining the biological activity of antibodies. Besides, the
implementation of this novel approach in gold nanodisks sensors has demonstrated
efficient reduction of nonspecific adsorptions and slight sensitivity improvements, which
highlights the exceptional potential of nanoplasmonic biosensors for the development of

clinical PoC devices.

e A novel immunosensing strategy has been proposed for the detection of gluten peptides
in urine as an alternative approach for the dietary control and celiac disease therapy
monitoring. The methodology, based on a competitive immunoassay approach, allows
simple and reliable quantification of the main immunotoxic gluten peptide (33-mer
gliadin peptide) directly in diluted urine, without requiring any purification or extraction
procedure. The limit of detection achieved is 1.72 ng/mL, which can be currently
considered as an excellent sensitivity for the direct and label-free detection of small
peptides in biological fluids. Although further studies are necessary to attempt reliable
quantification, the robustness and reproducibility achieved for the analysis of clinical
samples represents a step forward in the achievement of a PoC device for celiac disease
follow-up. The methodology has also been transferred to the nanoplasmonic biosensor,
showing considerable improvements in prevention and minimization of nonspecific

adsorptions that might enhance the reliability of the analysis.

e An innovative methodology for drug allergy diagnosis by direct quantification of
amoxicillin specific IgE antibodies in serum using the nanoplasmonic biosensor has been
developed. The biosensing strategy combined a specifically synthesized dendron-based
amoxicillin conjugate (d-BAPADG2-AXO) with the exceptional features of nanostructured
sensors for highly sensitive and reliable analysis. The novel dendritic conjugate permits
simple and robust gold functionalization, showing improved analytical features in terms
of sensitivity and surface reproducibility when compared to more conventional
dendrimers. Besides, the use of PLL-PEG blocking has provided an efficient antifouling
coating for the direct detection of IgE antibodies in whole serum samples, resulting in an

exceptional limit of detection set at 0.6 ng/mL. The methodology has been clinically
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validated obtaining recoveries in the range 96 — 115% and an excellent correlation with

conventional immunoassay results.

e The nanoplasmonic biosensor has been finally applied for the development of a new and
highly demanded early diagnostics technique of colorectal cancer. In this study we have
designed a rapid and label-free methodology for the detection of blood circulating CRC-
specific autoantibodies. Calibration curves in diluted serum and plasma allowed the direct
quantification of these autoantibodies with good sensitivity and selectivity, with
detectabilities around 110 - 160 ng/mL depending on the protein. Although it requires
improvements, the methodology could serve as a first efficient approach both to assist in
the understanding of the immunological mechanisms involved in cancer and to develop a
multiplexed PoC biosensor for efficient population screening and early diagnosis of

colorectal cancer.

Future perspectives may be focused towards implementing the analytical methodologies
developed in this work in innovative biosensor platforms that offer rapid and multiplexed
detection and also in miniaturized and integrated PoC systems. On-going advances in photonic
technology and microfluidics are further facilitating the achievement of truly lab-on-a-chip
systems with enormous potential for highly efficient and decentralized diagnosis in the near

future.

This doctoral work has involved a close collaboration with several SMEs companies (as Biomedal
S.L. or ProAlt S.L.) and public Hospitals, which open a direct route for the commercialization of
our PoC optical biosensors for therapy and diagnostic applications, such as the dietary control of

celiac patients or the early detection of colorectal cancer, among others.

This PhD Thesis represents a significant contribution to the progress in Nanomedicine in general
and in Nanodiagnostics in particular, for the accomplishment of improved diagnostics solutions

that can help in the near future to open the door to a global health access.
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Annex

ANALYSIS OF T CELL ACTIVITY
FOR CANCER IMMUNOTHERAPY

The work described in this annex was carried out during a PhD stay in the Ecole Polytechnique
Fédérale de Lausanne (EPFL) (Switzerland). Here, a novel analytical technique for the identification
of specific antitumor T cells is proposed. The strategy consists of the detection of the major
histocompatibility complex peptide (pMHC) released by living T lymphocytes using a high-
throughput nanoplasmonic biosensor based on nanohole arrays. Both the biofunctionalization
strategy of the nanohole structured substrates and the cell immobilization into a microfluidic
chamber have been assessed and optimized. The highly sensitive and selective detection of pMHC
achieved for the analysis of living cells represents a promising proof of principle of the proposed
technique for its application in cancer immunotherapy.






Analysis of T Cell Activity for Cancer Immunotherapy

A. Analysis of T Cell Activity for Cancer Immunotherapy
A.1. Introduction

Cancer immunotherapy has emerged in last decades as the most promising treatment for cancer,

264 265 |mmunotherapy is based on the use or

especially for metastatic and advanced stages.
stimulation of the own immune system to eradicate tumors and restrain/contain cancer
progression, taking advantage of the high specificity and efficacy of immunological agents and
therefore reducing side-effect toxicities. Different immunotherapeutic treatments include the use
of monoclonal antibodies for targeting tumor cells or their microenvironment,?®® *¢’ the

28 or the

development of cancer vaccines that stimulate the immune response in the body
adoptive transfer of antitumor T cells.”®® Among them, the adoptive T cell transfer (ACT)
immunotherapy stands out due to the extraordinary effectiveness showed recently in clinical

trials for patients with metastatic cancer.?”®

Adoptive cell transfer therapy involves extraction and isolation of tumor-reactive T lymphocytes
and posterior reinfusion into patients. Although ACT-based immunotherapy was first described 60
years ago,”’! the decisive improvement in efficacy came in the last decade facilitated by the depth
understanding of T cell biology, including the mechanisms for T cell activation and target
recognition, as well as the advances in cell culture techniques that enabled the ex vivo cloning of

large number of T cells.”’?

The efficiency of ACT therapy relies on the exceptional ability of T cells to target and kill cancer
cells, especially CD8" cytotoxic T lymphocytes. These T cells move through tissues, scanning and
sensing a variety of signals that can alert them from the presence of foreign pathogens or
malignant cells. Activation generally occur when their T cell receptor (TCR) specifically interact
with the peptide major histocompatibility complex (pMHC) of antigen-presenting cells (APC),
including dendritic cells (DC). MHC is a set of cell surface peptides that are able to bind
internalized peptide fractions derived from pathogens or other antigens, and then expose them
on the surface of the cells for TCR recognition. Tumor-specific T cells are probably activated
through encounters with the tumor-associate antigens (TAA) expressed by cancer cells and
presented via pMHC complexes. The TAA-specific T lymphocytes migration is rapidly arrested
after interaction with their cognate antigens, leading to tumor-infiltrating lymphocyte (TIL)

273

populations.””” TILs can be extracted either from tumor tissues by biopsy or from peripheral blood

and they are usually expanded ex vivo using cell culture techniques based on the continued
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exposure to IL-2, a cytokine that is known to simultaneously promote T cell proliferation and
differentiation.”’* T lymphocytes presenting antitumoral activity are isolated, cloned and infused
back into patients, previously subjected to a preparative lymphodepletion (i.e. a temporary
ablation of the corrupted immune system of the cancer patient) (Figure A.1). Then, cancer-

reactive T cells readily trigger a potent immune response to mediate tumor destruction.
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Figure A.1 Schematic representation of adoptive cell transfer immunotherapy procedure.

Several studies have demonstrated that T cell activation critically depends on TCR-pMHC binding

275, 276

affinity. Since the great majority of TAAs are typically self-proteins, TAA-specific T
lymphocytes bearing high-avidity TCR are restricted to a relative central immune tolerance and
can be deleted by negative selection in the thymus. Even those T cells that escape central
tolerance and have potential to respond to the self-target antigens typically manifest suboptimal

277, 278

activation. In this regard, advances in biotechnology and cellular engineering have provided
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efficient solutions to overcome the consequences of immunosuppression and to improve the
specificity and activity of TILs. The use of transgenic TCR or chimeric antigen receptors (CAR)
composed of antibody binding domains are most commonly employed strategies to induce tumor

specificity to T cells and boost the immune response in cancer patients.”’®%

Additionally,
engineered T cells offer promising advantages such as the ability to insert genes that encode the

transduction of molecules involved in immune co-stimulation®® or T cell survival,?®* for example.

Nowadays, major challenges in ACT-based immunotherapy are related to both the need of
depleting the corrupt host microenvironment before T lymphocyte transfer and the difficulties to
isolate, identify and control the activity of highly functional TAA-specific T cells. Regarding the
former, immunodepletion with chemoradiotherapy has demonstrated to positively impact on the

285

efficacy of the ACT treatment.” However, in the future it will be important to explore methods

to improve the efficacy of immune ablation and to ensure the survival and proliferation of

286, 287

adoptively transferred T lymphocytes. On the other hand, an important obstacle for ACT

therapy is the limited efficiency of the current ex vivo TIL expansion and analysis protocols.?®®
Besides of the relatively low availability and expensive costs, cell culture techniques for T
lymphocytes growth, proliferation and analysis have shown to cause efficacy losses on antitumor
activity of T cells. In particular, emerging findings from both animal studies and clinical trials
indicate that intrinsic properties acquired during CD8" T cells differentiation under the effect of IL-
2 decline their reactivity to specific tumor antigens, which means that only young or naive T cells

present high efficacy in ACT for cancer.”’***

Recent approaches have been reported to speed up
the cloning process (often taking 4-5 weeks) and avoid terminal differentiation of T cells based on
a more immediate isolation of TILs from tumor by enzymatic digestion, rather than simply waiting

290, 291 This strategy led to more TILs

for them to migrate out from tumor fragments in culture.
being more immediately accessible for expansion. However, clinical trial results with this
approach did not show significant antitumor improvements over the previous long-term culture

290, 292

methods. Thus, additional factors or novel techniques should be developed to further

enhance ACT immunotherapy efficiency against cancer.

Herein, a novel and high-throughput biosensor technology has been proposed in order to identify
and isolate high avidity T cells in a rapid and efficient manner. The technique exploits the high
sensitivity and multiplexing capabilities of a powerful nanoplasmonic biosensor platform to
measure and evaluate TCR-pMHC interaction affinity and kinetics at clonal level simultaneously
on a vast number of TAA-specific CD8" T lymphocytes and subsequent recover of candidate cells.

This nanoplasmonic biosensor is based on the extraordinary optical transmission (EOT) effect in
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suspended plasmonic nanohole arrays (Figure A.2).”** ** EOT arises as consequence of
transmission of light through a subwavelength aperture in a metallic film patterned with a
regularly repeating periodic structure, as the nanohole arrays. The phenomenon is generally
attributed to the coupling of the EM field with plasmons generated on the surface of the

2% EOT is characterized by the appearance of sharp peaks and

periodically patterned metal film.
dips in the transmission spectrum, extremely sensitive to changes in the near-field refractive
index of the nanoholes. Therefore, biomolecular interactions taking place on the surface of the
nanoplasmonic sensor can be monitored by tracking the wavelength displacements of a particular
EOT peak.'" ** The possibility of real-time monitoring biochemical interactions enables the study
of affinity and kinetic parameters in a rapid and label-free manner. Additionally, the grating
configuration allows excitation light to be coupled to surface plasmon waves even at normal

1 This scheme is compatible for imaging configuration and makes it a competitive

incidence.
candidate for high-throughput sensing in clinical applications. The use of this powerful
nanoplasmonic biosensor offers promising opportunities to design and develop an innovative
methodology for the isolation and analysis of T lymphocytes for their application in cancer

immunotherapy.
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Figure A.2 SEM images of the nanohole array sensor surface (top) and EOT-wavelength
displacements due to a Rl change in the medium (bottom).
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A.2. Design and Optimization of the Biosensor Methodology

The main goal of the study was the identification of rare TAA-specific T lymphocytes presenting
high antitumor activity based on the functional avidity of the TCR for pMHC. For that purpose, we
focused on determining the kinetic parameters of TCR-pMHC binding, strongly related to the

protective capacity of CD8" T cells for adoptive transfer.””> 2%

Multimeric pMHC dissociation
experiments are nowadays considered a gold standard technique to assess the structural avidity
of antigen-specific T cells. However, pMHC multimer dissociation can be influenced by the nature
or concentration of blocking reagents used to prevent rebinding of dissociated MHC to TCR and
can lead to inaccurate results due to the variability in the degree of pMHC multimerization or low

correlation between pMHC detection and TCR binding avidity.

In this study, we employed a recently developed pMHC multimeric complex that can be attached

to surface-expressed TCRs leading to stably stained CD8" T cells.”®’

The pMHC multimers were
built on reversible chelate complexes (NTAmers) by affinity interaction between the MHC
oligohistidine chain with Ni**-nitrilotriacetic acid (NTA) moieties conjugated to a linear peptide
(PE) (Figure A.3a). CD8" T cells stained with NTAmers resulted highly stable in the absence of any
chelator, but upon addition of imidazole, it complexes the NTA releasing the pMHC monomers
(Figure A.3b) that will start natural dissociation in a diffusion controlled manner (Figure A.3c).”’
The use of NTAmers containing fluorescent labeled pMHC monomers was recently proved for the
assessment of TCR-pMHC monomer dissociation kinetics on living cells by flow cytometry.”®’
Using CD8" T lymphocytes expressing affinity engineered TCR they showed that within a wide

range, TCR-pMHC monomer dissociation rates correlate with cell activation.
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Figure A.3 Principle of TCR-pMHC monomer dissociation kinetic measurements: CD8+ are stained
with NTAmers containing biotinylated pMHC; upon addition of imidazole NTAmer disintegrates,
leaving TCR-associated pMHC monomers, which starts natural dissociation from cells.
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In this case, NTAmers containing biotinylated pMHC monomers were designed in order to be
detected over a streptavidin (SA) functionalized sensor surface. The analytical platform consisted
of a nanoplasmonic sensor that enables the label-free and real-time detection of the pMHC
monomers directly released from living T cells immobilized within an integrated microfluidic
chamber (Figure A.4). The whole system was composed of two main parts: (i) the nanoplasmonic
chip based on several nanohole array sensors (diameter = 200 nm and period = 600 nm)
functionalized with a SA layer that specifically detect/capture the released biotinylated-pMHC
monomers, and (ii) the cell chip, where living NTAmer stained CD8" T cells were immobilized.
With the addition of imidazole through integrated microfluidic connections, NTAmers disintegrate
and T cells release the pMHC monomers, being progressively captured onto the plasmonic
surface. Binding of biotinylated-pMHC monomers to SA surface could be monitored in real time
by tracking the EOT-wavelength displacements, which would allow the determination of the
kinetic parameters of the pMHC-TCR dissociation by simply mathematical relation. Furthermore,
the compact microfluidic chamber, by dramatically reducing the volume, would permit the direct

analysis from low number of cells (5 — 10 cells) or even reach single-cell measurements.
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Figure A.4 Schematic representation of the biosensor platform for the analysis of T cell activity.

In order to assess the biosensing strategy, we first carried out an optimization of the
nanoplasmonic surface biofunctionalization. SA modification of the sensor substrate might assure
maximum coverage of the nanohole array surfaces and optimum biotinylated-pMHC detection.
To that end, an additive assay of biotinylated-pMHC over the SA layer was proposed as analysis

methodology, which consists of successive detection of several dilutions of analyte without any
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regeneration step of the recognition layer. Additive assay was selected since biotin-streptavidin
interaction is extremely strong (Kp < 1x10™ M) being necessary really harsh conditions to disrupt

the binding.

Prior to attempt the functionalization of the nanoplasmonic surfaces, the feasibility to detect
biotinylated-pMHC was evaluated by employing a commercial SPR biosensor (Biacore X100).
Conventional thin gold film chips were functionalized to obtain a stable and robust SA layer, via
the covalent binding of amine groups in SA to the functional carboxylic acids of MHDA SAM
(Figure A.5a). In order to assure maximum coverage of SA, we selected a 500 uM MHDA SAM and
50 pg/mL of SA, carrying out the overall functionalization procedure ex situ (see Experimental

Details).
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Figure A.5 SPR biosensing strategies for detection of biotinylated pMHC monomers with different
streptavidin functionalization procedures: (a) amine-mediated covalent binding to a MHDA self-
assembled monolayer, and (b) pre-immobilized commercial chip based on SA coated to a CM-
dextran layer.

In parallel, a commercial SPR chip already coated with SA was used to compare the efficiency of
the designed biofunctionalization strategy for gold substrates. We employed a carboxymethyl-

dextran (CM-dextran) chips coated with SA (Sensor Chip SA) (Figure A.5b). CM-dextran chips are
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often considered standard SPR chips for immobilization of any type of molecules. Gold
functionalization with CM-dextran provides a hydrophylic polymeric layer containing carboxylic
moieties that can be readily employed for covalent binding to the biomolecules, similarly to

alkanethiol SAM procedure.

SPR assays were carried out by flowing successive biotinylated-pMHC monomer (containing 1
biotin per pMHC, MW = 60 kDa) samples (1 nM in PBS buffer) over both functionalized chips and
the resultant curves were plotted as the accumulated sensor signal as function of the
accumulated concentration of analyte onto the receptor layer (Figure A.6). As can be observed,
both curves resulted in analogous response signals leading to a similar detection capability. This
demonstrated the feasibility and efficiency of the SA functionalized layer to capture the
biotinylated-pMHC monomers. Furthermore, the ability to detect low concentration of pMHC
molecules (< 1 nM) with elevated reliability was encouraging for the transfer of the methodology

to the sensitive nanoplasmonic technology.
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Figure A.6 SPR detection curves for additive assay of repetitive biotinylated pMHC samples (1 nM)
performed with both MHDA-based (black) and CM-dextran-based (green) functionalized chips.

Nanostructured sensor chips were biofunctionalized similarly to conventional SPR gold surfaces.
Since nanohole arrays are fabricated through thin gold film substrates, surface chemistry
established for gold modification might lead to comparable biofunctionalization results. Thus, a
carboxylic-functional SAM (500 uM MHDA) was formed onto the nanoplasmonic substrates and
then SA (50 pg/mL) was immobilized by covalent binding via amine terminal groups of the

protein.
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In order to obtain a calibration curve, an additive assay was done but this time flowing successive
dilutions of increasing concentrations of biotinylated-pMHC (0.02, 0.1, 1, 2, 10, 50 and 100 nM).
Detection curve was obtained by plotting the accumulated response signals as function of
accumulated pMHC concentration (Figure A.7). A LoD of 4 pM and LoQ of 36 pM were achieved,
revealing the outstanding sensitivity provided by the nanoplasmonic biosensor. Moreover,
specificity controls were carried out by injecting several concentrations of non-biotinylated pMHC
monomers leading to negligible response of the biosensor. Results proved the excellent
selectivity and reliability of the biosensing strategy to detect the pMHC complexes with high

sensitivity and in a label-free manner.
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Figure A.7 Calibration curve for the detection of biotinylated pMHC monomers (black) and
specificity control performed with non-biotinylated pMHC monomers (blue). Inset graph shows
the nanoplasmonic sensorgrams for detection of biotinylated pMHC at 1 nM (blue), 0.1 nM
(green) and 0.02 nM (pink).

A.3. Analysis of the pMHC Complex Released by Living T Cells

For the detection of the pMHC complexes liberated from T lymphocytes it was necessary to
immobilize them in a cell cavity near the sensor arrays with integrated microfluidic channels that
allowed the injection of the imidazole. The cavities designed for the cell immobilization consisted
of transparent glass substrate surrounded by polymeric walls with volumes around 5 pL. The
microfluidic chamber was built with stack polyethylene (PE) sheets designed and fabricated using

a cutting plotter machine and assembled onto the glass substrate, as can be seen in Figure A.8.
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This is a rapid, simple and low-cost procedure, which allows the incorporation of microfluidic

tubes for in-flow measurements.
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Figure A.8 Schematic representation of the assembly mechanism of PE sheets for the fabrication
of the microfluidic cell onto a glass substrate.

In order to attach the cells to the microcavity, the glass substrate was covered with a poly-L-lysine
(PLL) layer. This polymer presents high amount of positive charges and therefore T lymphocytes,
with a negatively charged external surface, can be immobilized onto the substrate through
electrostatic forces. Figure A.9 shows T cells specifically attached on the PLL-modified substrate.
This immobilization strategy allowed the strong attachment of T cells to the chip without

requiring any structural modification or alteration of the cell surface.

Without Cells With Cells

1030 um

Figure A.9 Optical microscope images of a PLL-modified channel before and after T cell
immobilization.
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Finally, the study to assess the detection of the released biotinylated-pMHC monomers directly
by living T cells was carried out. CD8" T lymphocytes specific for a common TAA peptide (NY-ESO-
l157.165) Were obtained, expressing engineered TCR that allowed complete liberation of pMHC
monomers in 5 minutes upon injection of imidazole in the media. T lymphocytes were stained
with the NTAmers containing biotinylated-pMHC monomers by incubating them for 1 hour and
they were purified by centrifugation. Prior to place the cells into the PLL-modified microfluidic
chamber, a blocking solution containing 1% BSA was flowed over the cell chamber to prevent
nonspecific adsorptions ensuring the cell attachment specifically onto the PLL-modified glass
surface. Figure A.10a shows an image of the microcavity where stained T lymphocytes were
deposited. Once cells were immobilized, the nanoplasmonic chip previously functionalized with
streptavidin was integrated in the microfluidic system and the imidazole solution was injected
keeping a running flow of standard PBS buffer. As the imidazole reached the cell cavity, the
running flow was stopped in order to detect the released pMHC monomers by natural diffusion.
Figure A.10b represents the monitoring of the released biotinylated-pMHC monomers from the
cells during approximately 8 minutes. Besides, a control experiment was carried out with non-
stained T lymphocytes (i.e. without biotinylated-pMHC) to ensure the accuracy and reliability of
the analysis. The significant sensor response obtained for the labeled T cells compared to
unlabeled ones was attributed to the efficient in situ capture of the dissociated pMHC complexes

from living T cells.
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Figure A.10 (a) Optical microscope image of the inner part of the cell chamber with T
lymphocytes (diameter = 5 um) immobilized at the bottom; (b) Nanoplasmonic sensorgrams for
the detection of biotinylated pMHC monomers liberated by T lymphocytes (black) and selectivity
control performed with non-stained T lymphocytes (red).
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A.4. Conclusions and Future Perspectives

The main goal of this project involved the design and development of a novel biosensing
methodology for the ex vivo analysis of T lymphocytes avidity in order to be applied for adoptive
cell transfer immunotherapy. The strategy was based on the use of a highly sensitive
nanoplasmonic biosensor that allows the real-time monitoring of the pMHC-TCR dissociation in a
rapid and label-free manner. Optimization and assessment of the biofunctionalization procedure
of the nanostructured surface enabled the reliable detection of biotinylated-pMHC monomers
with outstanding sensitivity (LoD = 4 pM). On the other hand, a simple and efficient procedure
was tested for the immobilization of living T lymphocytes onto a glass substrate without inducing
or modifying any structural changes on the cell surface that would alter the TCR-pMHC
dissociation. Besides, an integrated microfluidic system containing a compact cell chamber and
the nanoplasmonic chip was designed and fabricated with an easy and low-cost technique. The
overall analytical platform was finally evaluated for the detection of biotinylated-pMHC
monomers directly released from living CD8+ T lymphocytes leading to promising results. On-
going experiments are directed to optimize the signal monitoring, since the ultimate goal is the

determination of the K values from the obtained signals.

The work carried out during the PhD stay represented a first proof of principle of a potential
alternative for the ex vivo cellular analysis. Future perspectives aim to develop a multiplexed
analytical platform able to perform simultaneous single-cell analysis for the rapid assessment and
identification of antitumor T lymphocytes. The proposed analytical platform represents an
interesting approach to improve efficiency of the adoptive cell transfer immunotherapy, being

nowadays the most promising treatment for cancer.

A.5. Experimental Details

Materials. CD8" T lymphocytes, biotinylated-pMHC multimers, imidazole, poly-L-lysine (PLL) and
streptavidin were provided by a collaborator research group (Dr. Luescher, Université de
Lausanne — UNIL, Switzerland). Mercaptohexadecanoic acid (MHDA), reagents for carboxylate
group activation and deactivation (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS) and ethanolamine 1M), standard 10 mM PBS buffer, MES buffer (0.1
M) and bovine serum albumin (BSA) were purchased to Sigma Aldrich (Germany). Commercial
SPR chip SA Sensor Chip was obtained from GE Healthcare (UK) and nanoplasmonic sensor chips
were fabricated in clean-room facilities of the EPFL following a reported procedure.”®
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Sensor chips functionalization. Prior to functionalization, both gold SPR chips and nanoplasmonic
surfaces were subjected to a standard cleaning procedure that basically consists of successive
rinse with acetone, ethanol and DI water and 20 min in a UV/O; generator. Rapidly, the chips
were coated with 500 uM MHDA in ethanol for 5 hours at RT. Then, the surface was rinsed with
ethanol and DI water and dried with a N, stream. For SA immobilization the chips were first
coated with an EDC 0.2 M/NHS 0.05 M solution in MES buffer for 20 min at RT, rinsed with water
and incubated with a 50 pg/mL solution of SA in PBS overnight at 4°C. Finally, the surface was
rinsed with PBS and water, and coated with ethanolamine 1M aqueous solution for 10 min to
deactivate unreacted carboxylic groups.

SPR measurements. SPR assays were carried out with a Biacore X100 (Ge Healthcare, UK)
following manufacturer’s instructions. The same assay protocol was applied for measurements
with the commercial SPR chip and the functionalized gold chip. After conditioning steps with PBS
buffer, solutions of 1 nM biotinylated-pMHC in PBS were successively injected at 15 pL/min flow
rate. PBS washing steps were performed after each pMHC injection.

Nanoplasmonic measurements. After functionalization of nanoholes structured substrates, the
chip was clamped in the microfluidic cell and placed on the microscope platform. The nanohole
arrays were illuminated with white light and transmission spectra were collected with a
spectrometer. Monitoring of the biochemical interactions was performed by tracking the EOT-
wavelengths displacements using MATLAB software. Measurements of biotinylated-pMHC
monomers were carried out similarly to SPR assays. After conditioning the microfluidic cell with
PBS buffer, solutions of biotinylated-pMHC at different concentrations (0.02, 0.1, 1, 2, 10, 50 and
100 nM) in PBS were injected at a constant flow rate of 15 pL/min.

T cell activity analysis. Cell cavities built on glass substrates were coated with a 0.01% PLL
solution for 1 hour at RT and then blocked against nonspecific adsorptions with 1% BSA in PBS. T
lymphocytes were stained with NTAmers containing biotinylated-pMHC by incubating them in
gentle agitation for 1 hour at 4°C. Purification of the stained cells was performed by
centrifugation (5 min, 10000 rpm). Then, cells were attached to the cavity by coating the well
with the cell solution for 20 min at 4°C and removal of non-attached cells was performed by
rinsing with PBS buffer. The microfluidic chamber containing the nanoplasmonic chip was
mounted onto the cell cavity and the system was placed on the microscope for measuring. A
solution of 10 mM imidazole was injected through the microfluidic system and the running flow
was stopped upon arrival of the imidazole to the chamber. The overall assay was continuously
monitored.
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