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Abstract

Functionalization strategies for the development
of innovative biochips

A plethora of biologically relevant processes depends directly on the effective secretion of
biomolecules, from regulatory molecules to structural components. Thus, the analysis of
complex biological processes requires the development of novel biosensing tools. There-
fore, the aim of this thesis is to provide versatile strategies for the generation of innovative
biosensors and biochips based on Surface Plasmon Resonance (SPR). As a result from
this research, an indirect photofunctionalization method was developed. This procedure
allowed the generation of protein microarrays in fully aqueous conditions while preserv-
ing the functionality of the grafted proteins. Furthermore, we created and evaluated a
novel microstructured SPR biochip for real-time monitoring of cellular secretions. This
microstructured biochip presents two different optical phenomena which could be used
for cell detection and the monitoring of their secretions. Finally, multiple functionaliza-
tion strategies were evaluated for the conception of a nanostructured fiber-bundle SPR
biochip. Among the approaches, the generation of photoreactive self-assembled monolay-
ers was the most adapted to this system and are currently being optimized. Once achieved,
this nanostructured biochip could pave the way for further development of promising in
vivo biosensing systems.

Keywords: Surface Plasmon Resonance; surface chemistry; microarray; biosensing.
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Résumé

Stratégies de fonctionnalisation pour le développement
de biopuces innovantes

Une pléthore de processus biologiquement pertinents dépend directement de la sécrétion
de biomolécules dans le milieu extracellulaire, aux fonctions régulatrices ou composants
structurels. L’analyse de processus biologiques complexes nécessite ainsi la mise au point
de nouveaux outils de biodétection. Par conséquent, le but de cette these est de fournir
des stratégies polyvalentes pour la génération de biocapteurs et de biopuces innovants
basés sur la Résonance des Plasmons de Surface (SPR). A lissue de ces travaux, une
méthode de photofonctionnalisation indirecte a été mise au point. Ce procédé a permis
de générer des micro-réseaux de protéines dans des conditions entierement aqueuses, et
ainsi de préserver la fonctionnalité des protéines greffées. De plus, nous avons créé et
évalué une nouvelle biopuce SPR microstructurée pour le suivi en temps réel des sécrétions
cellulaires. Cette biopuce microstructurée présente deux phénomenes optiques différents
qui peuvent étre utilisés pour la détection cellulaire et le suivi de leurs sécrétions. Enfin, de
multiples stratégies de fonctionnalisation ont été évaluées pour la conception d’une biopuce
SPR nanostructurée a faisceau de fibres optiques. Parmi ces approches, la génération de
monocouches photoréactives auto-assemblées a été la plus adaptée a ce systeme et est en
cours d’optimisation. Une fois réalisée, cette biopuce nanostructurée pourrait ouvrir la
voie a la poursuite du développement de systémes prometteurs de biodétection in vivo.

Mots clés: Résonance Plasmons de Surface; chimie de surface; biopuce; biodétection.
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Chapter 1: General introduction

1.1 Biosensors and biochips

Evolution has doted living organisms with a multitude of sensing strategies which allows
them to perceive, interact and adapt to their surroundings. Among such organisms,
humans have successfully used their highly developed cognitive capabilities to expand
their natural senses. By using artificial tools to overcome our limitations, we have been
able to observe previously unknown phenomena, leading to a better understanding of
the structure and inner workings of the universe and even ourselves. Specifically, when
used for detecting biomolecule interactions (biosensing), these sensing technologies have
become of paramount relevance in biomedicine (e.g. drug discovery, disease diagnosis
and monitoring), food safety and environmental monitoring, just to cite a few examples.
On the other hand, the ever increasing complexity of the systems to be studied drives a
constant development of innovative biosensing devices. Considering this need, the aim
of this doctoral thesis consists in providing different platforms for the creation of novel
biosensing systems. However, before expanding on this subject, a proper description
regarding what are these biosensing systems and how they can be produced is required.

1.1.1 Definitions

To start, we can define a biosensor as a device that employs biological components for
sensing a specie of interest (either biological or not)!. This device consists of a biological
recognition system (called bioreceptor) that interacts with the analyte and a transducer
which converts this biochemical interaction into a quantifiable and processable signal®?
(Figure 1.1).
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Figure 1.1 — Schematic representation of the elements of a biosensor. Inspired from Vidotti
et al.* and Chambers et al.5.

The first biosensor was created by Leland Clark as a natural progression from his work
on electrodes for sensing oxygen®. By immobilizing an enzyme, a glucose oxidase, on
platinum electrodes, Clark and Lyons? created the first prototype of a electrochemical
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glucose sensor. Thanks to this simple yet revolutionary device, Clark is acknowledged as
the “father of biosensors”® paving the way for an explosive growth in the field?2.

The widespread use of biosensors has had a profound impact in our society, spanning over
as diverse array of fields such as drug discovery, disease diagnosis, food safety, environ-
mental monitoring, forensics and military applications®. Nevertheless, this also created
new needs such as the simultaneous monitoring of multiple analytes. As a solution for this
necessity, more complex sensing systems, namely biochips, have been developed. These
systems consist of arrays of individual biosensors (with varying specificity) that can be
monitored individually, generally, using the same transducer?.

1.1.2 Overview of biosensing methods

An ever increasing variety of biosensing strategies is constantly being developed. A simple
way to classify biosensors consists in separating them into two general groups, namely
label-based and label-free methods?. Label-based approaches require the coupling of the
analyte with a label that induces a unique response on the transducer, whereas in label-
free technologies the signal is directly generated via in situ interaction of the analyte with
the transducer?.

Although they are usually more sensitive, label-based assays present major drawbacks
such as: (a) They do not provide information related to binding kinetics as the mea-
surements are endpoint read-outs and (b) they require numerous washing stages which
are time consuming, may lead to human errors, reduce effective throughput, complicates
sample preparation and increases the costs!?. Therefore, there has been an enormous
drive to develop label-free methods as they offer an important reduction in cost, ex-
perimental artifacts and complexity of the assays while providing quantitative real-time
information%1°.

So far, most label-free sensing devices are developed using either electrochemical®' or
optical 1214 transduction methods, which we can briefly describe as follows:

1.1.2.a Electrochemical-based transduction

These systems use electrodes as a transduction element providing quantitative or semi-
quantitative information regarding analyte detection!®. When biomolecular interactions
occur in the sensing regions, measurable fluctuations in the electric properties between
a series of electrodes are observed!® (Figure 1.2). Based on which type of property is
measured, we can subgroup electrochemical systems into: amperometric/voltammetric,

potentiometric, conductometric, Field-Effect Transistor (FET) and impedance systems!!.

In the case of amperometric/voltammetric systems, they are based on measuring current
fluctuations caused by oxidation/reduction of electroactive species'®. Such redox pro-
cesses occur due to a biochemical reaction that can be related to the concentration of
the analyte in the solution'®. Potentiometric biosensors measure charge accumulation or
electric potential between electrodes at near zero current during the biorecognition pro-
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Figure 1.2 — Schematic display of a voltammetric nucleic acid-based biosensor. Hybridiza-
tion with target DNA causes a conformation change which alters the amount of redox-
active molecules near the surface. Adapted by Campuzano et al.'” from Wu et al. '8,

cess>'1%  On the other hand, alterations in the conductive properties of the medium

between electrodes are the foundation of conductometric biosensors®. Impedance systems
are based, as its name implies, on impedance (electric resistance and reactance) alter-
ations®!!. Finally, FET biosensors provide an electric current caused by potentiometric
effects at a gate electrode®?°.

Electrochemical systems are relatively simple to operate, able to measure optically turbid
samples and they employ readily available equipment which allows the development of low
cost instrumentation and further miniaturization!®. Nevertheless, they also present some
inconveniences such as being susceptible to external electromagnetic interference and are
usually harder to multiplex!®.

1.1.2.b Optical-based transduction

This type of sensors offers the largest number of possible labeled and label-free strate-
gies since optical biosensing can be performed by many different spectroscopic techniques
(absorption, fluorescence, phosphorescence, chemiluminescence, Raman, refraction, dis-
persion spectrometry, among many others)?. Furthermore, by monitoring distinct prop-
erties of the light (such as amplitude, energy, polarization, wavelength, decay-time and/or
phase) it is possible to develop a myriad of biosensing methods?.

Some of the most widely used optical label-free biosensing methods are: ellipsometry,
Surface-Enhanced Raman Scattering (SERS) and Surface Plasmon Resonance (SPR)®.
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Among them, SPR has become the most popular strategy?, as the data generated are
simple to analyze?!, does not require complicated surface nanofabrication processes??,
allows high levels of multiplexing 2, is compatible with real-time analysis of biointeractions
as the sensing speed is not a limiting factor?® and multiple SPR-based sensing devices
have been already commercialized?!.

1.2 Surface plasmon resonance sensors

1.2.1 Principle of surface plasmon resonance

In this section, I will provide just an overview of the Surface Plasmon Resonance (SPR)
phenomena. For a detailed physical description refer to Homola 2.

However, before talking about SPR, I will like to briefly introduce the formation of
evanescent waves via total internal reflection in media of distinct Refractive Indexes (RI).
When light travels from a dielectric with higher RI (Dielectric,), to another of lower RI
(Dielectricy), it can undergo a phenomena called Total Internal Reflection (TIR) if the
angle of incidence (6;) is larger than the critical angle (6., defined as the angle whose
refraction is 90°) as described by Snell’s law in Equation 1.1.

0; > 0. = arcsin <ndaddmg) (1.1)

ncore

Under TIR, the reflection process comes along with the generation of an evanescent field
which corresponds to the penetration of the electromagnetic field of the incident light
into dielectric,?®. The intensity of this evanescent field is present at its maximum at the
interface between the media and decays exponentially as it penetrates the dielectric,?®
(Figure 1.3a). Fluctuation in the RI inside the penetration range of the TIR evanescent
field can induce in shifts in the intensity of the reflected light. However, those shifts
usually are very weak and so amplification strategies such as SPR have been developed?”.

For SPR to occur, a thin metallic layer (commonly gold) is deposited on the surface
of the dielectric,. At the metal-dielectric interface ), natural occurring charge-density
oscillations (Surface Plasmon Polaritons, SPPs) are present?*2®, Then, at a specific com-
bination of wavelength and incidence angle (which varies based on the refractive indexes
of the media, thickness and nature of the metal layer), the TIR evanescent field can excite
the SPPs which in turn form an electric evanescent field, a SPP evanescent field, which
couples with the TIR evanescent field enhancing it?® (Figure 1.3b). Since this coupling
phenomena is highly sensitive to RI fluctuations (inside the few hundred nanometers pen-
etrated by the SPP evanescent field), monitoring of the metal surface can be performed
with high sensitivity (in the range of 10~ - 107® Refractive Index Units, RIU)? 30,

(1). This occurs for both interfaces: Dielectric,-metal and Dielectricy-metal. However, we will focus
on the boundary between Dielectricy,-metal.
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Figure 1.3 — Schematic representation of the SPR phenomena. (a) Formation of a TIR
evanescent field and (b) Coupling of surface plasmons with the TIR evanescent wave.

1.2.2 Types of SPR sensors

Different types of configurations for exciting SPPs by incident light are possible. Based
on how the SPR coupling conditions are performed, one can classify SPR sensors into: (a)
prism-based; (b) diffraction grating and (c) based on optical waveguides?* (Figure 1.4).
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Figure 1.4 — Schematic representation of different SPR configurations based on the method
used for excitation of the surface plasmons. (a) Prism coupling method (Otto’s configura-

tion to the left and Kretschmann’s on the right); (b) Grating coupling and (c¢) Waveguide
coupling. Images based on artwork by Homola ?*.
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1.2.2.a Prism coupling

The most popular system for exciting surface plasmons is the use of prisms?*. In this
case, a prism guides the light into the metallic layer at an angle at which the incident
light experiences TIR and so, generates an evanescent wave (Ezrrr)?**!. Coupling of both
evanescent waves (Ep;g produced via TIR and Egpp generated by excitation of SPPs)
occurs as previously described.

Two different configurations have been developed to exploit this process, namely Otto’s3?
and Kretschmann’s®® geometries (Figure 1.4a).

In case of Otto’s geometry, TIR occurs at the interface between the prism and the dielectric
medium while the metallic layer is positioned a few micrometers away from the prism.
As the gold layer is inside the penetration depth Ep;g, excitation of SPPs and coupling
of the evanescent fields can occur?3%,

In Kretschmann’s configuration, the sensing system employs a high refractive index prism
in direct contact with a thin metal film (< 100 nm of thickness) which, in turn, is exposed
to the dielectric medium (mostly aqueous solutions)?!. The evanescent wave penetrates
through the metal film and couples with the surface plasmons in the interface of the
sensing medium and the metal?*3!. This configuration has become the most popular
one as it does not require precise control on the distance between the gold layer and the
prisms.

1.2.2.b Grating coupling

In this method, incident light traverses the dielectric medium and interacts with a grated
metal layer (with a defined pattern periodicity and depth), light gets diffracted from the
pattern and then it can generate SPR phenomena over different zones of the grating
when the coupling conditions are achieved®® (Figure 1.4)b. One of the main drawbacks
of this method is the fact that light traverses the dielectric medium, which can modify
the signal independently of the RI at the surface®!. Yet, this method is attractive as the
grating replaces the need for expensive glass prisms. Furthermore, disposable gratings
can easily be mass produced and, since the optical configuration required is similar than
for ellipsometry instruments, this method is considered to be relatively affordable*.

1.2.2.c Waveguide coupling

Another type of coupling system involves the use of single or multi-mode optical waveg-
uides (such as optical fibers as it is further discussed in Chapter 4). Briefly, light propa-
gates through a waveguide via TIR until it enters a region where a thin metallic layer has
been deposited (Figure 1.4c). At such point, if the coupling conditions are achieved, SPR
is generated allowing to monitor RI changes in the surroundings of the metal coating?®.
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1.3 Surface functionalization approaches

Controlled grafting of the biorecognition molecules over the sensing layer is one of the most
crucial parameters in biosensor development. As novel biosensing systems are developed,
there is a constant drive towards the creation of compatible functionalization methods.
Among the numerous strategies, one can clearly observe two main categories: direct and
indirect immobilization methods.

Direct functionalization methods involve the immobilization of the biorecognition element
directly on the transducer. Whereas, indirect approaches are based on a multi-step process
at which a intermediate layer is formed on the transducer (usually a polymeric layer such
as carboxymethyl dextran®® or a Self-Assembled Monolayer, SAM, of a specific compound)
and then the probes of interest are chemically attached to this layer.

Considering that the formation of SAMs is a fundamental part of the strategies developed
in this thesis, I will mainly focus in introducing biofunctionalization strategies based on
this method.

SAMs can be defined as assemblies of organic molecules whose spontaneous arrangement
on a substrate, under specific conditions, leads to semi-crystalline and even crystalline 2D
structures®”. They can be created over numerous substrates but silane-based SAMs are
possibly the most frequently used®®. In the specific case of SPR sensors, gold is the most
common substrate as this metal provides a convenient range of angles and wavelengths
combinations for generating the SPR phenomena as well as being stable in most solutions
used for biological assays>’

Regarding SAM formation on gold surfaces, since its discovery by Nuzzo and Allara®
1983, the use of sulfur-containing molecules have become the dominant method*!. Gold
acts as a soft electron-pair acceptor allowing the formation of dative bonds ® with some
soft electro-pair donors as is the case of sulfur containing molecules*?, phosphines*® and
primary** amines (both of which form weaker SAMs) and, recently, carbenes®'. Then,
the formation of SAMs can be described as a subtle energetic interplay between gold-
sulfur (or other electro-pair donor) and inter-molecular lateral forces*®. These later forces
define the crystallinity of the SAM as the molecules try to maximize their lateral attractive
interactions (van der Waals and hydrogen bonding for example)® (Figure 1.5).

O Moiety with affinity
to the substrate
Substrate Substrate Substrate

(c) Rearrangement and
densification

(a) Adsorption (b) Island formation

Figure 1.5 — Graphical representation of SAM formation stages: (a) Initial adsorption on
surface, (b) reorientation and island formation and (c) rearrangement and densification.

(2). Also known as coordinate covalent bonds in which a single atom provides both electrons instead
of each atom sharing one electron.
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1.4 Direct functionalization for SPR biosensing

Among the direct functionalization approaches, we can mention adsorptive immobilization
and electropolymerization.

1.4.1 Direct immobilization via adsorption

These are the simplest and most popular methods in solid-phase assays*?4%. They usually
rely on the spontaneous immobilization of biomolecules to low-energy surfaces (plastics for
example) via hydrophobic effects (as in ELISA coatings)*? but can also occur on metallic
surfaces.

In terms of kinetics, the adsorbing molecule suffers three distinct phases*™:

1. Displacement to the surface via convection and diffusion
2. Reversible and labile attachment at contact; and

3. Spreading and conformational rearrangement.

For physisorption, water molecules play an important role as they compete with the probe
for potential attachment sites on the surface*?. Conformational changes after protein
adsorption are a product of an entropic phenomenon caused by the degree of organization
of the water molecules??. The cohesion (high internal energy) of water promotes exclusion
of low-energy sites (as are hydrophobic domains) which agglomerate via hydrophobic
effects*?. This phenomena does not only apply to proteins adsorbed via hydrophobic
effects, but also to any protein attached to poorly hydrated surfaces*?. Moreover, it may
cause irreversible modifications that may affect their functionality and promote clustering
of proteins (in case they have some degree of lateral mobility)*>84° An example of this
was observed on antibodies adsorbed over polysterene surfaces, extensive denaturing was
reported resulting in >90% of inactive binding sites.

In the case of chemisorption, chemical interaction of the surface affinity group with the
metal occurs after the second phase. A common example of a chemisorption process are
gold-thiol interactions as was previously introduced. This reaction is caused by the fact
that gold can act as soft electron-pair acceptor (a weak Lewis acid) with strong affinity
to soft electro-pair donnors (weak Lewis bases) such as thiols (R-SH), disulfides (RS-SR)
and thioethers (R-S-R)*%. Therefore, direct immobilization of the biomolecules can be
performed via naturally /artificially present thiol /disulfide moieties*?.

As direct adsorption processes are prone to induce important conformational changes in
proteins, this process is more suited to biomolecules whose activity does not depend on
their tertiary structure, such as is the case of oligonucleotides®*? and peptides®?.

1.4.2 Electropolymerization of pyrrole

Another direct patterning method is the electropolymerization of polypyrrole. This poly-
mer presents exceptional stability, conductivity and biocompatibility®. Furthermore, it
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forms uniform films with easily tunable thickness for which this method has been exten-
sively used by our research team for surface functionalization with biosensing applica-
tions® %Y. By applying a potential difference, a solution of pyrrole monomers undergoes
electropolymerization (Figure 1.6). Schweiger et al.® describes this process as an anodic
oxidation on the working electrode where the first step is the formation of pyrrole rad-
ical cations leading to the formation of cationic dimers (which turn into neutral dimers
by proton elimination). Rather than coupling with monomeric radical cations, the oxi-
dized dimers couple with each other rapidly increasing the molecule size until forming an
insoluble polypyrrole polymer on the gold surface®
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Figure 1.6 — Electropolymerization of pyrrole monomers. (a) Formation of pyrrole radical
cations; (b) Formation of cationic dimers, and then, neutral pyrrole dimers and (c) Poly-
merization based on either dimer, tetramer or n-mer (where n represents an even number)

interaction. Modified from Schweiger et al.®°.
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1.5 Indirect functionalization for SPR biosensing

Indirect methods are multi-step procedures where the gold surface is first functionalized
with one or multiple layers of a molecule. Then, the probes can be attached either via
non-covalent methods (electrostatic interactions or hydrophobic effects), covalent linking
or by bioaffinity-coupling*?4°.

10
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1.5.1 Non-covalent immobilization

Non-covalent immobilization of biomolecules can be performed via hydrophobic effects or
electrostatic interactions?® (Figure 1.7). A typical example of protein immobilization on
hydrophobic SAMs is the grafting of azurin over alkanethiols®? 4.

Positively charged
proteins

® ;
@J éL\ R _‘..-v'"')"
28

Negatively charged
surface

Figure 1.7 — Scheme of electrostatic immobilization of charged proteins.

Electrostatic immobilization can be performed on SAMs or hydrogels that present either
positively charged amines (R—NH;") or negatively charged carboxyl (R—COO ) moieties
exposed on the surface®®. Grafting of the biomolecules is performed by adjusting the pH
of the buffer based on the isoelectric point @ of the biomolecule in order to assure that
the probe is adequately charged®. However, if this process is not accompanied by an
irreversible secondary attachment (such as hydrophobic effects or covalent linking), this
adsorption is fully reversible with high ionic strength buffers as the counter-ions will mask
the surface charges*?.

However, it is important to highlight that, even if there have been successful examples
of non-covalent immobilization, this method could induce drastic conformational changes
and protein denaturation on some sensitive samples, reducing their activity%. Moreover,
these interactions lack intrinsic selectivity making them prone to non-specific adsorp-
tion 2.

1.5.2 Covalent immobilization

This is the most frequently used method as it forms stable covalent bonds between the
probe and the sensor’s coating. As an incredibly vast amount of strategies have been
developed (and reviewed 245:66) in this manuscript we will only comment on some of the
most frequent approaches.

(3). The isoelectric point (pI) corresponds to the pH at which a molecule presents no net charge. It
is calculated as the average of the acid dissociation constants (pK,) of the acidic/basic moieties, amino
and carboxyl functionalities, of the molecule

11
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1.5.2.a Amine coupling via reactive esters

This has been the most frequent immobilization technique due to its versatility, simplicity
and high coupling yields*?%¢. This method has been extensively studied and optimized
allowing an effective coupling between primary amines and carboxylated surfaces®-67.

During this reaction, exposed carboxyl moieties are activated by a carbodiimide, 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) being the most common, forming
an O-acylisourea®? (Figure 1.8). The activated isourea is highly reactive to nucleophiles
(e.g. primary and secondary amines, hydrazides, primary alcohols, etc) including water
molecules?%¢. Therefore, the O-acylisourea intermediate can suffer from hydrolysis in
seconds unless it is converted into an active ester by addition of N-hydroxysuccinimide
(NHS)4%%5. While the half-life of the isourea intermediate was in the order of seconds,
NHS-esters can last minutes at pH between 8-9 to hours at pH 4-542.

\/
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Figure 1.8 — Coupling of primary amines to carboxyl exposed moieties of a thiol-based
SAM on a gold substrate. Image inspired from Hermanson .

1.5.2.b Amine coupling via reductive amination

Amines can readily interact with carbonyl moieties (e.g. aldehydes: RC(=0O)H and ke-
tones: RC(=O)R’) forming labile Schiff bases which can be stabilized into secondary
amines by a reducing agent?*% (Figure 1.9). Common reducing agents include sodium
borohydride (NaBH,) and sodium cyanoborohydride (NaBH3CN)%. The main advantage
of NaBH3CN lies in being a milder reducing agent compared to NaBH,, this allows specific
reduction of the Schiff bases while not affecting the free aldehyde moieties on the rest of
the surface, allowing multi-step processes??:66:68,

12
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Figure 1.9 — Coupling of primary amines to aldehyde exposed moieties of a thiol-based

SAM on a gold substrate. Image inspired from Hermanson %¢.

1.5.2.c Thiol coupling via maleimides

Another way of grafting biomolecules is the coupling of sulfhydryl functionalities (R-SH,
thiols) with maleimide moieties (Figure 1.10). Thiols irreversibly react with the double
bond of the maleimides which undergo an alkylation reaction resulting into a thioether
bond 4266,

Q 0
|:|~S-R-N; /7 + (Probe)-SH i HS_R_N)b/s
0 0

Maleimi%iﬁntaining Thiolated probe Thioether bonded probe

Figure 1.10 — Coupling of thiols by maleimide exposed moieties on a thiol-based SAM

over a gold substrate. Image inspired from Hermanson .

When performed at a pH between 6.5 - 7.5, this reaction is specific for thiols (at pH 7.0
the reaction kinetics for thiols is 3 orders of magnitude faster than for amines)*2:66.69-72,
Other compounds can be used for thiol coupling via alkylation reactions such as haloacetyl
compounds, acryloyl compounds, arylating agents ® and aziridines®. However, these
are not as popular as maleimide moieties due to low specificity, rapid hydrolysis or for
presenting low solubility in aqueous buffers®.

1.5.2.d Thiol coupling by disulfide exchange

Continuing with the use of thiols for biomolecule grafting, another coupling strategy
involves disulfide exchange. For this, the most common approach involves the use of
pyridyl dithiols**%

As shown in Figure 1.11, this compound can undergo an exchange reaction with free thiols
yielding only one disulfide product as the leaving group is transformed into a non-thiolated
molecule (pyridine-2-thione)*2:%.

(4). These are aromatic compounds with an element on the ring that can undergo nucleophilic substi-
tution

13
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Figure 1.11 — Coupling of thiols via disulfide exchange on a thiol-based SAM over a
gold substrate. DTT is used to restore initial state of the surface. Image inspired from
Hermanson % and Gedig 2.

Aqueous solubility of pyridyl dithiols can be enhanced by using PEG and several of these
PEGylated derivatives are commercially available®. In general, disulfide coupling reac-
tions provide some interesting advantages as they can be performed in a broad range of pH
and buffers (including those compatible with physiological conditions) and the surface can
be fully regenerated by using reducing agents such as: dithiothreitol (DTT) or dithioery-
thritol (DTE), 2-mercaptoacetic acid, 2-mercaptoethanol or 2-mercaptoethylamine 2673,

1.5.2.e Immobilization approaches based on click chemistry

Click chemistry is an abstract concept covering a whole set of reactions that allow the
formation of carbon-heteroatom (mostly N, O, and S) bonds™. However, to be considered

14
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as a “click reaction”, they have to fit a stringent set of criteria which involves: a modular
nature of the reaction (process based on building blocks), high yields, inoffensive byprod-
ucts (and easily removed by non-chromatographic methods), must be highly specific for
one product, ideally insensitive to oxygen and water, relatively simple product isolation
and, finally, the solvent used (if any) must be water-based or easily removable ™.

Based on their chemical mechanism, it is possible to classify click chemistry reactions into
four main groups™7:

— Cycloadditions of unsaturated compounds,

— Nucleophilic substitution, most of which are based on ring-opening reactions of
epoxides, aziridines, aziridinium ions, and episulfonium ions;

— Non-aldol carbonylation which forms ureas, thioureas, aromatic heterocycles, oxime
ethers, hydrazones and amides; and

— Additions to carbon-carbon multiple bonds.

However, another approach consists of classifying them based on their biocompatibility.
The coupling of biomolecules via click reactions requires even stricter criteria involving
processes performed under physiological conditions (neutral pH, in aqueous solutions and
at a very limited temperature range), with low reactant concentrations, extremely high
selectivity and performed in acceptable time scales (in the range of minutes) while also
preserving the biological function of the species™7.

Among the numerous “click reactions” described so far, we can highlight three methods
that have been widely studied and present readily commercial reagents’’ for its use in
biomolecule coupling and surface functionalization (as seen in Figure 1.12):

— Copper (I) catalyzed Azide - Alkyne Click Chemistry reaction (CuAAC):
The typical example of click chemistry based on the reaction of azides with alkynes
via the formation of a triazole moiety . This reaction depends on the presence of
a metal catalyst (such as cooper) since terminal alkynes are normally unreactive
to azides™™. Moreover, these reactions can be further accelerated by the use of
microwaves or ultrasound®’.

— Strain-promoted Azide - Alkyne Click Chemistry reaction (SPAAC):
This is a copper-free method using strained-alkynes, which have a much lower ac-
tivation energy compared to terminal alkynes and thus, do not require a metal
catalyst %%l By removing the metal catalyst, which presents certain levels of tox-
icity as well as can affect the structural conformation of some proteins, SPAAC
can be used for a variety of applications including the conjugation of biomolecules
on living organisms (cultured cells)®?%. Numerous cyclooctyne-derivatives have
been developed and employed in this method such as difluorinated cyclooctynes 48
(DIFO), dimethoxy-azacyclooctyne® (DIMAC), dibenzocyclooctyne®” (DIBO), bi-
cyclononyne® (BCN), dibenzo - aza- cyclooctyne®® (DIBAC, also called ADIBO®
or aza-DBCO?), among several others®.

— Tetrazine - Alkene Ligation: Tetrazine is a water soluble molecule able to react
irreversibly with the alkenes forming stable dihydropyrazine products and molecu-
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lar nitrogen®?. This reaction is highly selective®, occurs several hundred-fold faster

in aqueous media than in organic solvents® and can be performed with isolated
biomolecules or even in vivo®3. Beside its selectivity and high yields, tetrazine reac-
tions present very fast kinetics compared to the alternatives mentioned so far?49.
Specifically, when interacting with trans-cyclooctene (TCO) it presents the fastest
reaction rate of all click reactions (in the order of 2.8 x106 M~1.s71)97,

(a) Cu*catalyzed Azide - Alkyne Click Chemistry reactions (CuAAC)
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compound X 9 gompound Y 9 Compounds X and Y linked by

a triazole moiety

(b) Strain-promoted Azide - Alkyne Click Chemistry reaction (SPAAC)
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Figure 1.12 — Biocompatible click chemistry pairs. In this case, compound X or Y can be
the probe of interest or a surface-bonded molecule. Reactions based on schemes provided
by Jena Bioscience®”.
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1.5.2.f Coupling via photofunctionalization approaches

Another possibility consists in the use of photoactivable functionalities for probe immobi-
lization. This approach is discussed with more details in Chapter 2 subsection 2.1.2. But
in summary, two main strategies can be used, namely direct or indirect photofunctional-
ization (Figure 1.13).

(a) uv
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e e
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Au Iayer Au layer

Substrate Substrate
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)
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Au layer Au layer Au Iayer
Substrate Substrate Substrate

Figure 1.13 — Schematic representation of photofunctionalization methods. (a) Direct
photofunctionalization where irradiation and immobilization occur simultaneously and
(b) Indirect photofunctionalization where the processes are performed sequentially.

In direct photofunctionalization, light sensitive surfaces are prepared by SAMs containing
photolabile moieties such as benzophenone, diazirine or nitrobenzy®. Upon irradiation
at specific wavelengths, highly reactive intermediates are generated which can interact
(non-specifically) with the biomolecules of interest.

For indirect photofunctionalization, the immobilization and the photoreaction steps occur
at different moments avoiding direct irradiation of the biomolecules of interest. Photopat-
terning of surfaces and subsequent functionalization of unprotected zones is one of the
most common strategies for this approach.

1.5.3 Bioaffinity-based immobilization of probes

Finally, indirect immobilization of probes can also be performed by using bioaffinity meth-
ods. In this case, biomolecules with site-specific activity to the probes (or to a compound
coupled to the probes) are grafted on the gold surface. Then, different arraying methods
(see Chapter 2 Section 2.1.1) can be employed to expose the grafted capturing molecules
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to the probes/conjugated-probes of interest. Some examples include: streptavidin-biotin
interactions, immobilization of His-tagged probes, capture of probes by grafted antibodies,
capture of antibodies by grafted Protein A /G ®) and oligo-directed protein immobilization
(some of which are illustrated in Figure 1.14)4266.

(a) (b)
‘4
) = S e S 9 Moiety with affinity
S § e to the substrate
Substrate [ Substrate | Protein A/G grafted
@ to the substrate
D Biotin
Streptavidin grafted
Cy to the surface

o Link between oligo
and antibody

Substrate Substrate

Figure 1.14 — Scheme representing some bioaffinity grafting strategies. (a) Biomolecule
immobilization via streptavidin-biotin interaction; (b) Protein grafting via antibodies; (c)
Antibody grafting via Protein A/G and (d) Oligo-assisted protein grafting.

1.6 Aim of this thesis

As it has been described, a vast amount of different chemical strategies can be used for
the immobilization of desired probes over gold surface for the generation of SPR biochips.
The selection of the appropriate method is directly linked to the nature of the probes to
be grafted, the arraying procedure and the type SPR biochip to be produced.

During my PhD research, I explored multiple functionalization techniques for their imple-
mentation on three distinct SPR-based systems. Each one of these models presented an
unique set of challenges, since the substrate showed either a planar, microstructured or
nanostructured morphology composed of one or two different materials. Functionalization
of such varied surfaces required the adaptation of different chemical approaches such as
thiol and silane-based SAMs, pyrrole electropolymerization, photo-assisted functionaliza-
tion, among others.

In this thesis, the main chapters are dedicated to a different SPR system, presenting
an overview of the biosensing strategy, encountered challenges and the strategies used
for their functionalization. The next chapter, Chapter 2, is dedicated to the formation of
protein microarrays on standard non-structured (flat) gold surfaces via UV photo-assisted

(5). Recombinant bacterial protein created by combining four binding domains from Protein A and two
binding domains from Protein G. It is able to bind to human IgG, IgA, IgE and IgM antibodies. 9919
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indirect functionalization. Then, the following chapter, Chapter 3, focuses on the devel-
opment and functionalization of a microstructured SPR biosensing device for real-time
monitoring of cellular secretions. The fourth chapter explores the feasibility of multiplexed
functionalization, via contact and non-contact methods, on nanostructured optical fibers
with potential in vivo applications. Finally, Chapter 5 presents a general overview of
the results obtained for each type of system while delving more into the advantages,
limitations and future perspectives of the techniques developed in this manuscript.
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2.1 Scientific context

2.1.1 Protein microarrays - production and challenges

Protein microarray technology is a versatile and powerful high-throughput tool that has
been exploited for applications as diverse as clinical diagnosis of diseases and search
for new biomarkers'™®, drug screening?®7, analysis of protein-biomolecule interactions®?,

mapping of metabolic pathways?, vaccine development!® and immunoprofiling*!12.

This technology can be classified on three main categories based on their intended appli-
cation:

— Functional microarrays: These are employed to screen protein-molecule interac-
tions (accounting for drug analysis, study of metabolic pathways, post-translational
modifications, etc);

— Analytical microarrays: These systems graft proteins, with a known affinity to
an analyte (such as antibodies) or the analyte of interest, on a substrate!3. Assays
are performed in order to quantify the amount of analyte/antibodies on a sample,
evaluate specificity and affinity of antibodies, characterize protein activity, among
others;

— Reverse phase microarrays: Conceived in 2001 by Paweletz et al. !, in these

systems the exact composition of the proteins grafted is unknown as it correspond
to lysates (either from either tissues, cells or bodily fluids). These lysates are
grafted on a the same array and then exposed to a single highly specific antibody
allowing the comparison of relative protein expression on all samples®®.

By engineering the properties of the microarray, it is possible to optimize their sensitiv-
ity /specificity, perform high-throughput analysis and minimize sample consumption 6:11:16:17,
However, for achieving this, special attention has to be put into selection and implemen-
tation of the arraying method.

Compared with the initial stages of protein microarraying (based on physisorption of pro-
teins deposited by manual'® or automatic systems!?), modern fabrication methods have
significantly evolved becoming more complex and robust. Nevertheless, they still face
multiple major challenges such as: (a) Microspot heterogeneity and inconsistent signal
quantification, (b) low signal-to-noise ratio (caused by factors as complex as surface prop-
erties, cross-contamination, mass transport, etc), (¢) poor control of the local and global
conditions during fabrication (pH, temperature, drying effects), (d) low-yield and/or ran-
dom grafting of the proteins and (e) damage of the probes (denaturation, reduced activity)
during grafting and/or storage!!. Since none of the available technologies can address all
these issues, the selection of the fabrication method depends entirely on which parameters
are the most critical for the application.

Traditionally, microarray fabrication methods can be categorized into two big groups,
contact and non-contact approaches. Rather than providing an extensive review on each
approach (which can already be found in the literature%11:16:20.21) “ 5 hrief overview of
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the most popular fabrication methods will be presented (Figure 2.1).

(a) Contact microarraying techniques

Pin printing Microstamps Dip-Pen Nanolithography

(b) Non-contact microarraying techniques

Inkjet-based Photolithography

s

Figure 2.1 — Summary of existing protein arraying technologies. (a) Exemplifies some
methods based on contact of the microarraying system with the substrate while (b) shows
some non-contact technologies.

2.1.1.a Contact-based microarraying technologies

Pin printing: This technique uses different pin types (solid, split, quill, etc) to deliver
droplets of proteins in aqueous solution on the desired surfaces!!?>22, Controlled droplet
deposition relies on the regulating the surface energetics between of the solution, the
substrate and the pin?’. Hollow pin systems allow the spotting of numerous features
before the need of re-immersion in the protein solution (recharging of the pins/sample
loading), however, the spot size and deposited volume tend to decrease over subsequent
prints. Moreover, the use of high viscosity additives (required to reduce evaporation
rate) such as sugars, glycerol or polymers may cause clogging and also a greater risk
of cross-contamination®®. These issues can be solved by using solid pins which allow
spotting of solutions with different viscosity, but require rinsing and recharging after
each deposition!'. Furthermore, due to its simple design (movement of the pin between
deposition site, source reservoir and cleaning site), arraying in complex patterns usually
requires long time of operation!!.

Microstamping: This technique employs the same fundamental basis as pin print-
ing. It is a serial deposition method where stamps are loaded with the protein solution,
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cleaned and re-loaded for new cycles. However, it differs with the previous technique
in the fact that, this method is envisioned for parallel generation of many spots with
the same protein!!. These stamps are generally made of cross-linked elastomers, for ex-
ample Polydimethylsiloxane (PDMS) with specific patterns defined by a mold fabricated
by lithographic methods. It has the advantage that can be mass produced at very low
costs, allowing stamps to be used just a single time eliminating cross-contamination is-
sues?’. Furthermore, it allows high throughput microarray production in short fabrication
times?*. However, alignment of the features, when using multiple stamps, can cause se-
vere issues. Moreover, even if the creation of the stamps is very inexpensive, preparation
of the molds in clean-room conditions results in elevated fees?*. Also, although it is usu-
ally not the case for PDMS stamps, contamination of the substrate with surface-active
components of the stamp and swelling of the elastomer can induce severe problems?°26,

Dip-Pen Nanolithograpy (DPN): This technology employs a cantilever tip of Atomic
Force Microscopy (AFM) to deliver drops of a protein solution to a substrate via a solvent
meniscus?’. The principle is similar to pin-printing, but it achieves lateral resolution in the
nanometer range (up to 15 nm depending of the system?®). In this sense, DPN has been
broadly used for academic purposes but its clinical applications are still very limited??.
Throughput issues (difficulties to pattern multiple proteins over “large” areas), fragility
of the cantilevers and elevated costs and the fact that most optical detection devices are
adapted for micrometric readings are some obstacles that limit further the translation of
this technology into clinical usage!3.

A shared issue of all contact printing techniques is the risk of surface damage during the
grafting. The following techniques avoid such problem since no contact exist between the
arraying tool and the surface of the microarray.

2.1.1.b Non-contact microarraying technologies

Most non-contact printing techniques are based on the ejection of a protein solution as
a droplet or stream through an orifice at a specific distance into the substrate surface®!.
This allows microarraying with high precision, in very short times and flexible in terms
of patterns that can be created?.

The sample ejection from the reservoir can be performed by inkjet (either piezoelectric or
thermal-based), electrostatic or acoustic mechanisms®?. However, inkjet systems are the
most common.

Inkjet system: In this case, a change in the volume of the reservoir causes a rapid
pressure change which in turn leads to the ejection of a droplet'*3334  The change of
pressure in the chamber causes shear rates in the order of 10 to 10° s~! which can lead, in
some cases, to protein unfolding and denaturation in the case of sensitive samples32. This
technology often employs either a piezoelectric material or a resistor, however, the use of a
resistor constitutes a simpler and more robust approach3?. Thermal inkjet (resistor-based
system) induces a fast heating of the liquid which generates a vapor bubble which pushes
the protein solution through an orifice!!. Initially there were some concerns regarding
the effect of this fast heating over biomolecules, surprisingly, there is little evidence that
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the molecules of the droplet are damaged by the heating pulse?. In general, both inkjet-
based systems cover several of the deficiencies of contact techniques by having faster
arraying times, facilitates multiplexing, are more versatile as its possible to create more
complex arrays, minimizes cross-contamination and the reservoir volume is no longer an
issue for this method. Nevertheless, inkjet systems are highly susceptible to viscosity
changes. Re-calibration of ejection parameters has to be performed for different solutions
with significant differences in their viscosity. Otherwise, spot quality, size, uniformity and
volume will be dramatically affected. Furthermore, it is crucial to control the humidity
of the environment to avoid evaporation of the small volumes deposited on the substrate.

Besides inkjet systems, non-contact lithography methods can be employed to create fea-
tures where the proteins of interest can bind.

Electron-beam lithography: This is a maskless technique that allow generation of
nanoscale features for patterning!!. It can be applied to either cause cross-linking or
reducing solubility of molecules previously added to the substrate (negative resist) or
by degrading/increasing their solubility (positive resist)®. After rinsing, the surface is
exposed to the protein solution in order to graft them in the desired patterns. It has ad-
vantages such as its remarkable lateral resolution (10! to 10° nm) and formation patterns
in arbitrary shapes3®. However, it requires clean-room facilities, expensive instrumen-
tation, long operational times, multi-step processes and the process has to be done in
vacuum which limits iterative patterning once proteins have been arrayed on the surface.

Photolithography/photoactivation: Similar to the previously described method, this
one requires the addition of a layer of molecules on the surface of the substrate (either
with photo-activable moieties or susceptible to degradation). The irradiation of the sur-
face is usually done by exposure to ultraviolet light (UV) through a mask with the desired
pattern!!. It has the advantage that can be performed with relatively inexpensive devices,
under biomolecule-friendly conditions allowing iterative cycles, can create numerous fea-
tures per cycle and with high lateral resolutions®°.

As it has been previously mentioned, in contrast to other biomolecules (nucleic acids,
peptides or sugars) proteins require a permanent hydrated environment to ensure their
structural integrity and functionality. An ideal grafting procedure should be performed
fully in an aqueous environment, however, this proves challenging if not impossible for
most techniques. This reason makes photo-mediated strategies an highly attractive alter-
native for protein immobilization.

2.1.2 State of the art on photo-assisted protein arraying

Photochemistry has proven an extremely powerful tool specially since it can be performed
either in dry or wet environments. For the latter, a varied array of organic solvents or
aqueous solutions can be employed. Moreover, it has other desirable properties such as
high selectivity, fast kinetics and versatility which have been exploited in fields as diverse
as organic synthesis3”, polymer conjugation®®3° and surface functionalization 04!,
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Research in photo-assisted functionalization of surfaces has focused on two main strategies:
direct and indirect approaches. These mainly differ on whether or not the biomolecules to
be grafted are irradiated during the process and directly depends on the chemistry used
for the grafting. Among the mechanisms by which the process can occur, we can mention:
grafting via radical reactions between a photosensitive surface and the biomolecules to
be arrayed??** (Figure 2.2a), destruction or removal of molecules on the irradiated zones
revealing the bare substrate? 6 (Figure 2.2b) and surfaces containing reactive function-
alities protected by photocleavable groups**4"4® (Figure 2.2c).

(a) Direct photo-functionalization

Addition of proteins Irradiation

Y==£

@ Inactive - photosensitive moiety

@ Reactive moiety (unstable)

(b) Indirect photo-functionalization

b Inactive - caged by photocleavable moiety

© Reactive moiety (stable)
Irradiation Addition of proteins

||| Y=

»OOOOP® DOOOOP®
—) —) —_—
| Substrate | | Substrate | __Substrate |

Substrate

OR

© Moiety with affinity Photolithography Addition of modified proteins

o T d==

Figure 2.2 — Scheme describing main photo-functionalization approaches. (a) Shows di-
rect functionalization where proteins and the surface are simultaneously irradiated and
(b) demonstrates two examples of indirect photo-functionalization, the first one based
on reactive moeities caged by photocleavable functionalities and the second one on pho-
tolithography:.
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2.1.2.a Direct photo-functionalization

Direct exposure of proteins to UV light can cause irreversible modifications, such as
their cleavage into smaller polypeptides or cross-liking*®. Even if this is not desirable,
it is required when using compounds that form unstable intermediaries (for example,
photogenerated radical species) on the substrate. Still, this type of systems are attractive
since they do not require complex organic synthesis, they are straight-forward and they
allow to capture unmodified proteins via covalent binding.

In their review, Delaittre et al. 4! describe numerous strategies that are employed for the
generation of unstable moieties over surfaces. Although, these approaches focus on the
grafting of polymers due to their inherent resistance to the irradiation conditions. Signif-
icant efforts have been made to perform such reactions in milder conditions (wavelengths
>350 nm), but this typically requires the use of complex optical set-ups or additional
reagents (i.e. metal complexes as catalysts)*°

Photo-generation of carbon radicals became popular due to their high reaction rates and
their ease of use*'. They can be generated by photoinitiators® or photoredox cata-
lysts®2 however their use can limit the resolution of the system due to radical diffusion.
Another alternative is to incorporate photoreactive moieties on the surface. These groups
are commonly found in protein crosslinking or labeling products and can be adapted
for surface grafting. The most common photo-reactive groups® include benzophenone
(Figure 2.3a), diazirine derivatives (Figure 2.3b) and phenyl azides (Figure 2.3c). Other
methods, although less commonly used, are based on thiol-alkene (Figure 2.3d) and thiol-
alkyne (Figure 2.3e) reactions®
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Figure 2.3 — Reaction schemes for several compounds used in direct functionalization. (a)
Reaction of a benzophenone with R-H compounds via generation of a carbon-centered rad-
ical, (b) Reaction of a diazirine with a R-XH compound, formation of a diazo compound
as a subproduct, (c¢) Multiple pathways of reactions with phenyl azide, after production
of singlet nitrene (!N) there can be: direct reaction with R-XH compounds, ring expan-
sion and further reaction with R-XH compounds or intersystem crossing (ISC) to for
triplet state (3N) causing dimerization, (d) Thiol-alkene radical polymerization process
and (e) Thiol-alkyne radical polymerization process. Schemes inspired from Preston and
Wilson®*, Lowe et al.?®, Zuo et al. %

Benzophenones have reversible activation at ~350 nm, are selective for insertion into C-H
o bonds due to the formation of a triplet carbonyl state, chemically stable (inert to most
solvents) but are relatively bulky in size3*57. Besides their bulk, they require long irradi-
ation times in order to be effective which can risk non-specific interactions®®. Balakirev
et al. % functionalized the inner wall of fused-silica capillaries with either oligonucleotides
or a recombinant protein G via benzophenone derivatives while Delamarche et al.® per-
formed the immobilization of antibodies on gold surfaces using another benzophenone
derivative.

Diagzirine derivatives form highly reactive carbenes when exposed to UV light in the range
of 330-370 nm %92 are more stable than phenyl azides and have a relative small size (alkyl
diazirines) avo1d1ng steric issues®s.

Finally, phenyl azides are one of the most popular groups. They form a highly reactive
nitrene intermediate when exposed to UV light (250-350 nm) which interacts with double
bounds, inserts into C-H or N-H sites or reacts with a nucleophilic functionality after
undergoing a ring expansion 62,

Other types of phototriggered radical coupling reactions are thiol-ene and thiol-yne radical
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additions*!'. Both reactions rely on the generation of a carbon radical which, by hydrogen
abstraction, creates a thiyl radical that can react with alkenes®%. Examples of this
methodology have been reported for grafting of organic compounds*! while this technique
has also used for protein modification in solution®*.

The team of Waldmann%-% reported the use of a photochemical coupling of olefins to
thiols forming thioether bonds. This thiol-ene reaction was performed in buffered aqueous
solution under mild UV conditions (365-405 nm). They performed numerous tests based
either on direct grafting of proteins with olefin moeities or indirect arraying of streptavidin-
modified proteins (by initial grafting biotinylated-olefins).

Another interesting reaction was presented by Lim and Lin%" which developed a new
bioorthogonal pair based on a photoinduced azirine-alkene cycloaddition. This reaction
was highly specific, performed at neutral pH, room temperature, in ~2 min and using bi-
ological friendly buffers. This reaction was performed in solution for biomolecule coupling
but it could be adapted for protein grafting on surfaces. Unfortunately, the wavelength
used in their work (302 nm) could cause damage to the biomolecules. Nevertheless, they
suggest modifications such as placing auxochromic groups in the phenyl rings to tune the
wavelength to 365 nm or even using two-photon 700 nm photoactivable azirines.

The group of Neves-Petersen® ™ performed oriented grafting of immunoglobulins, en-

zymes and Bovine Serum Albumin (BSA) over thiol-reactive surfaces. This process was
mediated by reduction of specific disulfide bridges by excitation of aromatic amino acids
at 280 nm. In their work, the authors created an array of spots (25 pm in diameter)
under aqueous conditions. However, more sensitive samples could suffer important loss
of functionality under such harsh irradiation conditions (high energy wavelengths).

In a different approach, Yodmongkol et al.™ described a process based on radical medi-
ated cross-linking. Anti-human a-fetoprotein (AFP) was mixed with dimethylacrylamide
(DMAA), methacryloyloxy benzophenone (MaBP), and Na-4-styrenesulfonate (SSNa)
and droplets of 1.6 nl were deposited over a unmodified Poly-methyl methacrylate (PMMA)
substrate. Irradiation by UV light (254 nm) caused the crosslinking of the solution trap-
ping the antibody in the matrix. Fluorescence evaluation of the biochip showed that it
was sensible to AFP in the range of 5 to 100 ng.ml™*.

2.1.2.b Indirect photo-functionalization

In indirect photo-functionalization approaches the grafting step is decoupled from the
photoreaction which is particularly advantageous when working with sensitive proteins.
This can be performed by deprotecting caged reactive moeities or locally removing self-
assembled monolayers from a surface allowing specific grafting on the deprotected areas
(photolithography). Preparation of compounds with caged-photoreactive motifs usually
results in tedious synthetic routes with low yields*!.

An interesting work was presented by Lee et al. ", who grafted biologically active ligands
(peptides in this case) by photodeprotection of a caged group. They made a SAM with an
hydroquinone containing alkanethiol which was protected with a photolabile group (nitro-
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veratryloxycarbonyl - NVOC). UV light (365 nm) was used through a photomask to gen-
erate patterns of the desired geometry, then, the hidroquinone was converted to quinone
by mild electrochemical oxidation. These quinones could then react with oxyamine mod-
ified ligands. This conjugate could be reversed by applying a mild reductive potential,
regenerating them to hydroquinones. This whole process did not affect the capture and
release of cells, however, the long exposure times limits its applicability for other type
of systems that require multiplexing. Similarly, Alonso et al.** created photosensitive
silanes aimed for protein immobilization. These molecules contained tetraethylene glycol
triethoxysilane with a terminal amino group which was protected by NVOC. Unfornately,
in their method further modification steps with organic solvents had to be performed in
order for the amino terminated surfaces to be adaptable for protein grafting which limits
serial patterning of different proteins.

Leggett and his team performed a photodeprotection technique in order to remove protein-
resistant moieties from the surface™. They synthesized nitrophenyl ethoxycarbonyl-
protected amino propyl triethoxysilane (NPEOC-APTES). Exposure to UV light would
remove the NPEOC component (which was conjugated with oligo ethylene glycol giving it
protein resistant properties) allowing adsorption of fluorescent proteins on the deprotected
surfaces.

Some examples of this photolithographic approach include the work by Lee et al. " which
performed the arraying of extracellular matrix over glass surfaces. Silanized glass slides
were spin coated with a positive photoresist and UV-irradiated in a specific pattern.
Afterwards, the surface was exposed to solutions of common Extra Cellular Matrix (ECM)
proteins (collagens I, I, and IV as well as laminin) allowing the attachment of hepatocytes
in the desired patterns.

In another work, Mir et al.3¢ created a DNA sensor, an immunosensor and an enzymatic

sensor by UV photolithography. Their photoresist was based on a methacrylate copoly-
mer with a photoacid generator sensitive at A >300 nm. Specific irradiation using a mask
allowed patterning of the biomolecules of interest. Multiple cycles were performed on dis-
tinct zones allowing multiplex arraying. Removal of the whole photoresists was performed
via brief UV exposure to the whole system. They found that the conditions for removal
of the photoresist did not denatured the immobilized biomolecules.

Finally, Weber et al. ™ described the UV-mediated deterioration of polyethylene glycol
terminated SAMs in an aqueous environment. This allowed them to tune the anti-fouling
properties of the surface and thus increase the adhesion of BSA on the exposed areas.
Nevertheless, such approach was not evaluated for immobilization of functional proteins.
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2.2 Indirect photofunctionalization of non-structured
gold surfaces

2.2.1 Proposed strategy

As for a vast number of biosensing devices, gold surfaces have become a standard substrate
due to the relatively inert nature of gold in biological conditions as well as the fact that it
supports a wide range of functionalization strategies (section 1.4 and section 1.5). Among

them, thiol-gold interactions have become one of the most popular strategies™.

This particular chemistry allows the formation of self assembled monolayers (SAMs) which
have been reported to be easily modified by UV irradiation®®3. This feature can be
further exploited for the production of protein microarrays. Nonetheless, most of the
research done on photopatterning of thiol-based SAMs have been done on a gas phase®’ 83
or direct exposure of proteins to the source of irradiation-%. However, such processes
significantly limit the use of this method due to the rapid loss of biological functionality
under such harsh conditions.

Therefore, we developed an arraying procedure that could be performed under a fully
liquid environment and that also avoids direct exposure of the proteins to UV light. Such
method avoids protein denaturing due to drying effects as well as degradation caused by
UV light (photolysis). This approach is based on the photochemical deprotection of gold
surfaces (previously covered by thiol-based SAMs) prior to the spontaneous adsorption of
thiolated proteins, all carried out in a microfluidic chamber (Figure 2.4). Such method
gives access to a high spatio-temporal control of the patterns as well as a multiplex and
serialized functionalization of the surface.

Pattern controlling system

(a) Scheme of the set-up for UV irradiation (b) Three step method for protein microarraying
(e.g. Mask, micromirrors)
/. Surface
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Figure 2.4 — Photodeprotection of gold surfaces in aqueous environment. (a) Scheme of
the set-up used for the photopatterning of SAMs. (b) Formation of a protective layer
using a thiol-based SAM, UV-assisted localized deprotection and protein patterning by
spontaneous adsorption on gold.
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2.2.2 Desorption of thiol-based SAMs using UV light

For the selection of the protective layer, we carried out a series of experiments using
hydrophobic and hydrophilic thiolated compounds for forming SAMs. Afterwards we
monitored their UV-mediated desorption kinetics via SPR.

Gold-coated SPR prisms were covered with one of two Poly Ethylene Glycol (PEG)
derivatives: a long chain thiolated-PEG (PEGgo0oSH, MW= 2000 Da), a short chain
thiolated-PEG (PEG35,SH, MW= 350 Da); or one of three alkanethiols: 1-dodecanethiol
(CH3(CHz)11SH, MW= 202.4 Da), 2-methyl-2-propanethiol (C(CH3)3SH, MW= 90.2 Da)
or 6-mercapto-1-hexanol (HO(CH,)sSH, MW= 134.2 Da) (refer to Annex A.1.1 for a de-
tailed experimental procedure).

A homemade optical device was used during the Surface Plasmon Resonance Imaging
(SPRi) assays (Figure 2.5). This hybrid set-up combined a SPR device with a commercial
optical microscope allowing exposure of the samples to UV light while monitoring the SPR
signal over time. The experimental conditions as well as information regarding the fluidic
device used are in these assays are further detailed in Annex A.1.2.

(a) Scheme of hybrid SPRi + UV irradiation set-up (b) Picture of real optical system
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Figure 2.5 — Hybrid optical set-up for simultaneous UV irradiation and SPRi monitoring.
(a) Basic explanatory scheme showing the main components of the system and (b) a
picture of the device used during the assays.

During UV irradiation (performed with a high-pressure mercury lamp with an Olympus
filter 330-385 nm), we observed a decrease in the signal intensity (which is a signature
of loss of material under our setup conditions) only on PEG-based SAMs. Whereas, non
PEG-based SAMs did not suffered a significant shift in their SPR signal (Figure 2.6). The
difference in the magnitude of these signals (regarding the two PEG derivatives) could
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be explained by an effect of the molecular weight and surface density. Since shifts in
the SPR signal are caused by changes in the refractive index near the monitored surface,
desorption of higher amounts of material would lead to a larger impact on the signal.
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Figure 2.6 — SPR monitoring during UV irradiation of different SAMs: Polyethylene glycol
(PEGa200SH and PEG350SH), 1-dodecanethiol (CH3(CHs);1SH), 2-methyl-2-propanethiol
(C(CHg3)3SH) and 6-mercapto-1-hexanol (HO(CHz)sSH).

Under our experimental conditions, contrary to what has been reported on alkanethiols
using more energetic wavelengths and on air®®3, there is no rupture of Au-S or C-S bonds
of the thiolated molecules. Taking into account that only the compounds containing ether
bonds (R-O-R’) were affected by UV irradiation, we considered this phenomena might be
a photodegradation process based on C-O cleavage.

2.2.3 Monitoring of adsorption/desorption kinetics via SPR

We explored further the desorption kinetics of PEG-based SAMs using SPR by performing
multiple cycles of adsorption and UV-induced desorption. Each cycle consisted in the
injection of the respective PEG solution (20 1M) to form a new SAM, then a stabilization
time with Phosphate Buffered Saline (PBS) as running buffer and finally UV-irradiation
of the SAM.

The results were surprising. We observed that the SPR signal, after UV irradiation, of
PEG350SH SAMs did not return to the baseline level (Figure 2.7). This fact suggests that
some material was left on the surface after each cycle. Furthermore, new injections of
PEG350SH did not succeed to restore the SPR signal to its previous maximum level. A
steady increase in the basal level with a constant decrease in the maximum value could
be explained by partial degradation of the SAM.
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Figure 2.7 — Adsorption and UV-induced desorption kinetics of PEG-based SAMs followed
by SPR. (a,b) SAM formation and UV-mediated desorption of (a) PEGs50SH and (b)
PEGa000SH ; (¢,d) overlap of each UV-mediated desorption process for (¢) PEG35SH and
(d) PEG2g00SH SAMs respectively. Data was normalized from 0% (reflectivity before first
injection) to 100% coverage (reflectivity shift after first adsorption process).

To explain our results we hypothesized that the initial plateau during SAM formation
was caused due to steric hindrance of the attached molecules and not due to complete
saturation of binding sites to the gold surface. This is a valid assumption the maximum
density of thiol-based SAMs require long incubation times, varying from minutes to hours
up to days® 87 even if the formation of the Au-S covalent bond occurs after ~3 seconds®”.

Partial degradation of PEG350SH caused accumulation of mass on the surface (seen as a
increment of the baseline) while simultaneously reducing the number of available sites for
the attachment of new molecules (reducing the maximum obtainable number of molecules
after each new adsorption cycle), as it is represented graphically on Figure 2.8a.

In case of PEGogSH SAM, such phenomena were not observed on the performed cy-
cles. Continuing with our previous explanation, compounds with larger hydrodynamic
volume would cause higher steric effects leading to SAMs with fewer molecules per sur-
face area. Degradation of such SAMs would reveal larger zones of gold previously blocked
by steric effects. Since the amount of material left on the surface is significantly lower
than for PEG350SH SAMs, adsorption of new PEGygSH molecules would not be signifi-
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cantly affected, at least not after only two cycles of SAM formation/removal as shown in
Figure 2.8b.
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Figure 2.8 — Scheme of PEG adsorption/desorption cycles. For both PEG derivatives:
(I) Initial stage of a bare gold surface, (II) Surface after SAM formation, (III) Surface
after UV irradiation and (IV) Surface after injection of new thiolated molecules. In the
case of PEGg350SH, the refractive index on the irradiated surface is higher on III than
I, since fragments of PEG are left on the surface after irradiation. On the other hand,
after SAM regeneration the refractive index is lower on IV than II due to a reduction in
the net amount of material on the surface. This is not the case for PEGggooSH since the
differences in refractive index are not as significant (I compared to IIT and IT compared
with IV).

Furthermore, our data are coherent with results reported by Legett and Zharnikov who
performed experiments with similar compounds in air® ! and aqueous™ environments.
In their work, they explained a dependence on the wavelength with the rate of degrada-
tion of ethylene glycol chains while the alkanethiol part was primarily unaffected (as we
observed while irradiating alkanethiols). Moreover, they noted the formation of sulfonates
during UV irradiation (at a very small scale), indicating rupture of some Au-S bonds but
at a considerably slower rate.

2.2.4 Goniometry experiments
Since SPR assays showed partial (PEG35SH) and seemingly complete removal (PEGag0oSH)

of the PEG-based SAMs during UV irradiation, we further characterize the system by
performed contact angle measurements. If the PEG-based SAM is being degraded or
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removed, we expected to observe a drastic change on the hydrophilicity of the irradiated
surfaces.

In the case of PEGygoSH SAMs, if our previous explanation was correct, the contact
angle with water should be similar (after UV irradiation) to that of a bare gold surface.
Whereas, for PEG350SH SAMs, the surface would change its hydrophilicity based on the
nature of the exposed moeities (either by becoming more hydrophobic or hydrophilic).
To evaluate this, we measured the contact angles of water on the functionalized surfaces
exposed to UV irradiation as well as those used as control (Figure 2.9).
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Figure 2.9 — Contact angle of water on functionalized surfaces. (a) Boxplot of measured
contact angles for each SAM before and after UV irradiation. Lines inside the box repre-
sent that median value in the distribution. (b) Schematic representation of contact angles
of water relative to hydrophilicity of a surface.

We noticed a significant shift in the contact angle of PEGgg0oSH SAMs after UV exposure
(from 30°to 61°) which are very close to those of bare gold (63-65°). For PEGg350SH SAMs,
there was a less radical increase in the contact angle (from 26°to 38°). These new results
were coherent with our previous hypothesis (Figure 2.8). Degradation of PEGgSH
unblocks large areas of unoccupied gold while PEG350SH SAM leaves a denser layer of
material with unknown moieties which are relatively hydrophilic.

Interestingly, previous research by Weber et al.”® and Ducker et al.?? described the gen-
eration of hydrophilic moieties (C=0) upon UV irradiation of PEGylated surfaces. In
their work, they used Infrared Reflection Absorption (IRRA) and X-ray Photoelectron
Spectrometry (XPS) on PEG based SAMs before and after UV irradiation, observing an
increase of C=0 signal which can be ascribed to aldehyde moieties.

2.2.5 Action mechanism of the desorption process

UV desorption of thiol-based SAMs over gold have been extensively studied, yet most
of the research has been done conducted on air®*#39394 The action mechanism for this
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photo-oxidation process can be described as follows (Equation 2.1)%3

X(CHg)nS—AU + ;) 02 +e — X(CHQ)TLSO?,i + Au (21)

Equation 2.1 is based on the conversion of thiols to sulfonates (R-SO3 ), which are easily
removed or replaced. Rieley et al.®? suggested two mechanisms for this process which are
depicted graphically in Figure 2.10.
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Figure 2.10 — Reported mechanisms for photooxidation of thiol-based SAMs. (a) UV
excitation of “hot” electrons (electrons with sufficient kinetic energy to overcome the
potential barrier required to break an interface state) from the metal to the adsorbate
thiol or to a co-adsorbed oxygen in the surface forming superoxide radical (-O3); and (b)
A mechanism similar to what has been observed in silver which involves a rupture of the
R-S bond and then the oxidation of the chemisorbed sulfur to sulfate.

However, our results suggest that these mechanisms do not occur, at least when exposed
to 365 nm, since we did not observed desorption in other thiol-based SAMs (as was shown
in Figure 2.7).

Considering only dissociation energy (estimated from Luo and Luo%), the weaker bonds
on the thiolated molecules grafted on gold would be Au-SH (253.6 kJ.mol™!, corresponding
to wavelengths <472 nm) and HS-R (307.9 kJ.mol™!, corresponding to wavelengths <389

m). However, we did not observed significant desorption/degradation in alkanethiols and
just partial desorption on PEG which discards this process. The same applies for direct
interaction of “hot electrons” with the adsorbate thiol, leaving generation of Reactive
Oxygen Species (ROS) as a plausible explanation.

In the literature, very few research have been conducted regarding PEG-SH photo-irradiation
in liquid phase. The most remarkable would be that of Weber et al. ™ which studied the
degradation of oligoethylene glycol (OEG) in aqueous media. Strikingly, they reported
that this phenomena can happen in absence of molecular oxygen. Nonetheless, under their
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experimental conditions, it is extremely challenging to ensure total absence of chemisorbed
oxygen on the surfaces or even in solution and due the use of highly energetic wavelengths
(254 nm), direct photolysis of water HoO —— H- 4+ HO- could occur. Unfortunately, an
in-depth mechanism of the process was not presented in this work.

To tackle such mystery, we decided to evaluate the literature regarding degradation of
PEG in solution. Won et al.?® described a radical mediated process for the degradation
of PEG in aqueous solutions Figure 2.11.
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Figure 2.11 — Degradation of PEG via hydrogen abstraction. Mechanism adapted from
Won et al.

This mechanism is triggered by the removal of an hydrogen from a carbon atom in the
ethylene glycol subunits. This generates an internal carbon centered radical which leads
to a C-O homolysis leaving aldehyde ends such as the ones described by Weber et al. ™
and Ducker et al.%.

Since ROS are known for causing hydrogen abstractions and can be generated by UV
irradiation in aqueous media, we used Electron Paramagnetic Resonance (EPR) spec-
troscopy?” to track the radical species produced during our procedure.
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2.2.6 Evaluation of ROS on the desorption kinetics

Electron Paramagnetic Resonance (EPR), known as well as Electro Spin Resonance
(ESR), shares the same fundamental principle as Nuclear Magnetic Resonance (NMR)
since both techniques monitor the interaction of magnetic dipoles with an external mag-
netic field and electromagnetic radiation at a specific wavelength®. However, rather than
the monitoring of nuclear state spins as NMR does, EPR (as its name implies) concerns
with the electronic spin states caused by one or more unpaired electrons making it a
suitable technique to explore radicalar mechanisms.

Yet, we had multiple concerns regarding the lower detection limit (LOD) of the EPR
equipment as well as the stability of the radical species formed during the process. To
solve the first issue, we compared the EPR spectra of a series of dilutions of a stable
radical to determine the minimum concentration we could reliably detect under standard
experimental conditions (Annex A.1.3)(Figure 2.12).
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Figure 2.12 — EPR spectra of different concentrations of 4-Hydroxy-TEMPO: (A) 1 nM,
(B) 10 uM, (C) 100 pM, (D) 1mM and (E) 10 mM.
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A series of dilutions of the stable radical 4-Hydroxy-TEMPO (4 - Hydroxy - 2, 2, 6, 6
-tetramethyl piperidine 1-oxyl, also know as TEMPOL) were prepared in PBS at 10 mM,
1 mM, 100 pM, 10nM and 1uM. We were able to observe clear signals up to 10pM using
1 Gauss of modulation without additional accumulation cycles, below this concentration
the signal:noise ratio was extremely low. Assuming a experimental limit in the range
of 10 pM and a working volume of 30 nL, we calculated that about 1.8x10' radicals
were required for a detection. Such amount of “EPR active” molecules (compounds
that contain unpaired electrons) represented a new challenge. Under our UV irradiation
set-up, we could only irradiate small surfaces at a time and the process of collecting
the sample without diluting it and measure it in a short period of time was extremely
challenging. Therefore, we redesigned completely our assay. The new test involved the use
of a concentrated solution (~4.9x10' particles.L.™!) of 20 nm gold nanoparticles (AuNP).

Considering a surface density of PEGyypSH around 3.42 molecules.nm™2 (approximated
from Xia et al.%), the use of AuNP dramatically increased the irradiated surface per
volume of sample. Furthermore, this new study model allowed direct deposition of the
sample on a quartz tube that could be irradiated immediately before the EPR measure-
ments. This step significantly reduced the time for between the putative generation of
radicals via UV irradiation and their potential detection.

Due to the short half-life of most radicals under aqueous conditions, we used the spin
trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) which reacts covalently with radical prod-
ucts'%. This reaction generates stable adducts that can be detected via EPR. We mixed
the nanoparticle solution with DMPO and performed irradiation of the tube in a controlled
environment for 1.75 min using a UV diode (365 nm). After irradiation, we recorded the
EPR spectra and made a simulation with four possible radical species (Figure 2.13a),
namely: a carbon centered radical (as suggested in Figure 2.11), degradation products
of DMPO, hydroxyl radicals (main ROS expected from this type of process) and thiyl
radicals (created by radicalization of the thiol moieties).
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Figure 2.13 — EPR spectra of UV-irradiated PEGylated gold nanoparticles (AuNP). (a)
PEG-AuNP in a DMPO solution and after UV-irradiation. (b) Spectra of the blank
solution (PBS with DMPO solution but without AuNP). Solid black line corresponds to
experimental spectrum while the red segmented line to the simulation of radicals (DMPO
degradation products™®, hydroxyl 1 and carbon centered radicals ).
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The hyperfine couplings used for the first species were ANy = 16.3 G and AH;= 23.5
G, closely resembling those observed for carbon centered radicals (R-)'°!. In the case of
the second species, we used ANg= 14.6 G, AH;=1.13 G and AH,=0.5 G which can be
ascribed to oxidative degradation products of DMPO!'%. Hydroxyl radicals (OH-) were
observed as a third species!'?, presenting the hyperfine couplings AN = 14.5 G and AH;
= 14.6 G. As for thiyl radicals (RS-)1*19 we used AN = 15.7 and AH1 = 16.4.

The EPR signals from the simulated HO- and RS- were too weak and close to each
other, preventing their proper identification. In the blank experiment (EPR spectra of an
irradiated sample without nanoparticles, Figure 2.13b), we observed signals of hydroxyl
radicals of similar magnitude excited at the same magnetic field intensities which suggests
that the signals observed in Figure 2.13a correspond to hydroxyl radicals formed via UV
irradiation of the solution.

2.2.7 Exploration of a possible photo-Fenton reaction

PEG degradation by hydroxyl radicals (in the presence of iron ions) has been reported via
a photo-Fenton reaction!®. As it was possible that unexpected traces of iron ions were
present in our experimental conditions, we performed SPR assays to evaluate the effect
of such process in PEG UV-mediated desorption kinetics.

We dissolved iron salts (either FeSO,4 or FeCl3) and mixed them with our running buffer.
The solutions were flowed on a microfluidic device during UV irradiation of a PEGylated
gold surface. Instead of increasing the desorption rate, as it would be expected from a
photo-Fenton process, the desorption was actually slower than in PBS (Figure 2.14).
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Figure 2.14 — Irradiation of PEGgg0SH SAM exposed to UV light under (a) FeSO, flow
compared to PBS and (b) FeCl; flow compared to PBS and EDTA.

This unexpected result could be ascribed to the formation of UV-absorbing complexes
between iron ions and the dissolved oxygen!?®. Such complexes could have reduced the
irradiation efficiency and/or decreasing the availability of oxygen accounting for the re-
sults. Nonetheless, Weber et al. ™ described that oxygen is not required for UV-mediated
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PEG degradation in aqueous media. Even if that is the case and oxygen it is not required
for degradation of the ethylene glycol units, its presence allows spontaneous desorption
of SAMs due to oxidation of the thiol moieties which normally accelerates the desorption
process.

In order to completely discard the hypothesis of a possible photo-Fenton effect, we per-
formed a test using ethylene diamine tetra acetic acid (EDTA) as a cation chelating agent.
Addition of EDTA solution did not affect the kinetics in any significant way compared
to PBS suggesting that a photo-Fenton process does not need to be involved for the
degradation to occur under our conditions.

2.2.8 Evaluation of ROS scavengers

Preliminary assays using hydrogen peroxide (0.25% v/v, which produces hydroxyl radi-
cals when irradiated with UV light) showed a significant increase in the desorption rate
of PEGggo0SH SAMs (see Annex A.2.1). As ROS seemed to be able to mediate this pro-
cess, we continued to explore their involvement. For such experiments, mannitol % (100
mM, reported to scavenge hydroxyl radicals) and sodium pyruvate!?”1% (10 mM, which
prevents formation of hydrogen peroxide) were flowed during the UV irradiation process.

However, none of the scavengers had any significant effect on the desorption kinetics
(Figure 2.15).
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Figure 2.15 — Desorption kinetics of PEGggooSH when exposed to ROS scavengers. (a)
Flow of a 100 mM mannitol solution and (b) flow of 10 mM Pyruvate solution.

These results suggest that, even if ROS may be involved in the PEG degradation mech-

anism, prevention of their formation in the bulk solution do not affect the desorption
process.
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2.2.9 Final remarks on the potential action mechanism

From EPR tests, we observed production of hydroxyl radicals but when we added ROS
scavengers during the irradiation, there was no real effect on the desorption kinetics. It
is possible that such radicals are generated in the environment nearby the SAM, reacting
first with the PEG instead of the scavengers in solution. Another possibility is the direct
photolysis of the R-O bonds which have a dissociation energy of 338.9 kJ.mol™! (energy
from wavelengths < 353 nm, not so different from the ones used)%. Even if we could
not find an in-depth explanation for the degradation mechanism, we obtained numerous
clues about this phenomena. Namely, that the process most probably involves hydrogen
abstraction and C-O homolysis. This statement would explain the presence of aldehyde
moieties described in the literature™%? while also the partial degradation process we
explained before based on SPR, EPR and goniometry assays.

2.3 Validation of the functionalization method

Considering the desorption kinetics assays, SAM regeneration experiments and goniom-
etry results, we concluded that PEGyg0SH SAMs were suitable as protective layers of
gold surfaces. The next stage then consisted on evaluating the feasibility to generate
microarrays using this method.

2.3.1 Detection of small molecules on a photopatterned micro-
array

Previous SPR experiments showed that it was possible to remove and regenerate PEGggoSH
SAMs so we extended this surface chemistry method to similar biomolecules. In order
to achieve this, a previous master student (Thanh Nguyen) created a mask by specific
removal of the metallic surface on gold coated (50 nm thickness) glass slides.

This method required the use of a micro-controller system to direct the movement of a
metallic needle into specific patterns while applying a bias voltage (15 V) between the
gold layer and the needle. Once the needle was located in the desired location, it was
lowered until contact resulting in a short circuit causing thermal bursting of the gold
layer. This method created a grid of apertures with a pitch of 150 pm with an average
aperture diameter of 40 pm (Figure 2.16a).
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Figure 2.16 — Photopatterning of fluorescent molecules on a gold surface. (a) Grid created
over a gold surface as a mask for UV irradiation. (b) Fluorescence image (20x objective)
of photopatterned features functionalized with biotin-PEG-SH and revealed with SAPE.

We functionalized a gold surface with PEGagooSH SAM, which was then irradiated using
previously described mask allowing selective photodegradation the SAM. The deprotected
areas were then functionalized with a solution of biotinylated PEG-SH.

Afterwards, the surface was rinsed with PBS to remove unbounded and then incubated
in a solution of a fluorescent protein (StreptAvidin-PhycoErythrin, SAPE). Thanks to
the specific interaction between streptavidin and biotin moieties, fluorescent microscopy
imaging of the surface showed labeling closely matching the pattern used for the UV
irradiation (Figure 2.16b).

By image analysis we estimated a lateral resolution around 5 pm (width at half maximum)
(Figure 2.17). We believe that this limit is caused mainly by optical imperfections in the
illumination setup, but chemical diffusion processes may be involved as well.
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Figure 2.17 — Analysis of the lateral resolution of photo-assisted functionalization process.
(a) Fluorescent image of features functionalized with thiolated Biotin-PEG after exposure
to SAPE. (b) Mean gray value of selected regions corresponding to functionalized and
non-functionalized areas.

49



Chapter 2: Protein patterning via photo-assisted functionalization

2.3.2 Capture of individual cells on a photopatterned micro-
array

After the successful fabrication of a pattern with fluorescent molecules, we repeated the
previous experiment but replacing the biotinylated-PEG-SH by thiolated antibodies (anti-
human CD3-SH), specific to antigens anchored on the membrane of human T cells (Fig-
ure 2.18).
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Figure 2.18 — Biological validation of indirect photo-assisted functionalization.

Once the photopatterning was performed, a solution with anti-human CD3-SH was in-
jected in the microfluidic cell for 20 min. The surface was rinsed with PBS and then
exposed to a suspension of Peripheral Blood Mononuclear Cells (PBMCs) previously ob-
tained via density gradient separation from blood samples!'?’. The surface was in contact
with the solution of cells (2x10° cells.mL ") for 20 minutes, afterwards unbounded cells
were gently washed away with PBS. Visualization via optical microscopy confirmed the
efficient capture of multiple cells on each anti-CD3 micrometric motif (Figure 2.19a).

The feature size was easily adjusted by selecting an objective lens with higher magnifica-
tion on the illuminating setup, giving access to motifs in the same size range of human
lymphocytes (12-14 pm in diameter) (as shown in Figure 2.19b). Additional experiments
were performed with thiolated rabbit immunoglobulins as a negative control. In this case,
specific cell capture was not observed (Figure 2.19¢).
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Figure 2.19 — UV-assisted protein patterning in aqueous conditions. (a) Patterns per-
formed through a 10x objective and functionalized with anti-human CD3 had an average
size around 50 pm allowing capture of multiple cells per feature; (b)Pattern performed
through a 20x objective lens and functionalized with anti-human CD3 had an average size
around 15-20 pm, allowing capture of individual cells on the protein array; (c¢) Negative
control were grafting was performed using thiolated rabbit IgG instead of anti-human
CD3, there was no specific capture of cells in this case.

Heterogeneity in the optical apertures of the mask affected directly the spot size. This led
to variance in the number of captured cells per feature (as shown in Figure 2.20). Multiple
cells were captured in a pattern matching the defects caused by improper alignment
of the needle during mask fabrication. The variability in morphology and size of the
apertures can be considerably improved by using a different fabrication method for the
mask. A typical example is the use of photolithography which has been widely exploited
for photomask microfabrication in the production of integrated circuits*°.
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Figure 2.20 — Heterogeneity in photolithography mask account for multiple cells captured
per spot on the protein array. (a) Grid created over a gold surface as a mask for UV
irradiation; (b) cells captured on the same pattern made through the mask shown in (a);
(c) Histogram of frequencies of cells per spot in the protein array. More than 50% of the
spots contained a single cell, while near 35% contained two. Only 5% of the features were
vacant after cell incubation.
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2.4 Conclusions

We developed a UV photolithography process that is fully compatible with surface pat-
terning of proteins. This strategy is based on degradation of PEG SAMs used as a
protective layer. We analyzed the influence of numerous parameters in order to better
understand the mechanics by which the process takes place. Even though an in-depth
action mechanism was not found, we discovered relevant clues that demonstrate a process
potentially mediated by C-O homolysis that is not triggered by a photo-Fenton reaction
but could be caused by ROS generation and/or direct photolysis. Also, we observed a
strong dependence on the surface density of the SAM (related to the molecular weight of
the PEG derivative used). After selection of the adequate protective layer (PEGago0SH),
we fabricated protein microarrays that allowed the capture of individual cells.

The speed of the desorption process can be further improved by increasing the light inten-
sity. However, the desorption step is not the limiting step for making highly multiplexed
arrays. The slowest process is the formation of new thiol-gold SAMs which takes consid-
erable time (dozens of minutes) to achieve low-surface density SAMs. Nevertheless, it is
important to highlight that this process can be used to pattern any protein of interest
over gold surfaces. By keeping a continuously liquid medium while avoiding direct expo-
sure of proteins to UV light, it is possible to preserve the native functionality of delicate
samples. Although it was not evaluated, this technique could be employed by sequential
multiplexed functionalization of the surface. Such process would overcome limitations
that are present in technologies based on micro-contact printing or micro-cantilevers such
as low throughput, difficult operation and dryness!'! while allowing simple tuning of the
feature size.

Finally, the method herein described is compatible with cell culture conditions, making
it suitable for the development of biosensors for in vitro detection of cell secretions.
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3.1 Scientific context

A plethora of biologically relevant processes depend directly on the effective secretion of
biomolecules. Such compounds are critical in the adaptation and survival of uni- and
multicellular organisms and can exert a wide range of functions, ranging from regula-
tory/communication purposes (quorum sensing molecules, neurotransmitters, cytokines,
hormones, etc) to structural functions (extracellular matrix, collagen, polysaccharides,
etc).

An in-depth knowledge of the mechanisms by which these processes take place would
lead to major advances in medicine (e.g. novel biomarkers and therapeutic targets), food
industry (avoiding biofilm formation®) and basic research (e.g. plant-to-plant communi-
cation??, developmental biology*, study of immune response?).

Specifically, a great amount of effort has been focused on the study of cytokines and
chemokines. These are soluble proteins that are secreted by a wide variety of cells to
modulate the body’s response to injuries and infection®. This group of proteins vary in
their function as well as in their molecular weight which ranges from 6 to 70 kDa”.

They act in a highly localized way as mediators and modulators of immunological re-
sponses, cell-to-cell communication, inflammatory stimuli, hematopoietic development,
among others®. The physiological effects of cytokines commonly rely on their relative
concentration? as well as in their sequential release!’. Furthermore, some cytokines are
pleiotropic which relates to their ability to address several target causing different re-
sponses!t. This creates extremely complex interactions with additive, synergistic and
even antagonistic effects as well as induced secretion of cytokines by another”.

Due to this fact, it is important to recognize that the physiological responses caused by
them are related to a network of interactions!'®!? (as represented by Figure 3.1).

However, the ephemeral nature of cytokines as well as their presence in very low con-
centrations (femto to picomolar levels)!® makes their detection very challenging. Drastic
increases in their concentration has been related to inflammation and ailment progression,
for which they are widely used as biomarkers to monitor the effects of treatments as well
as to predict progression of diseases!6:17.

In their comprehensive review, Stenken and Poschenrieder” provided an overview of
some relevant diseases and the role that cytokines display on them as is the case for:
Alzheimer 819 asthma?®2! alloreactivity??, colon cancer?®?* lung cancer?®, atheroscle-
rosis?%27, cardiovascular diseases?®2?, depression®"?!, infection by Human Immunodefi-
ciency Virus (HIV)3233 sepsis3435, Parkinson’s disease®0”, rheumatoid arthritis®® and
autoimmune diseases3%4.

The widespread involvement of cytokines in such diseases make particularly interesting
their real-time monitoring, which in turn would lead to earlier diagnosis as well as more
effective treatments*42. However, analysis of such intricate systems requires the creation
of novel sensing technologies.
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Figure 3.1 — Simplified scheme for cell-to-cell interactions during immune response. Differ-
ent colors represent the main functions performed by each cell type while the paths indi-
cate their direct interactions via cytokines/chemokines secretion. Modified from Dettmer
et al. 1

3.1.1 Biosensing cytokine secretion

Among the traditional methods for cytokine analysis one can mention: Enzyme Linked
ImmunoAssays (ELISA)*3, ELISPOT* and indirect methods for cytokine expression such
as Polymerase Chain Reaction (PCR)*.

ELISA is considered as the standard method for cytokine measurements being widely
used for biomedical research as well as in clinical laboratories*®. The typical assay in-
volves an antibody sandwich strategy. Specific antibodies are grafted on the bottom of
a well where they capture the antigen of interest, then a secondary antibody linked with
an enzyme is used for the detection. This system is commercially provided by numerous
vendors for a large number of cytokines. Nevertheless, ELISA has numerous weaknesses
such as a huge dependence on the quality of the antibodies and skills/experience of the
user 346, Furthermore, it only allows quantification of one cytokine at a time (from the
same aliquot), it is common to find discrepancies in results from different ELISA tests, it
analyzes the secretions of whole cell populations (this assumes that there is an uniform
response when that is not necessarily the case) and has a relatively narrow dynamic range
(which refers to the range where there is a linear relationship between analyte concentra-
tion and observed signal) compared with other technologies (for traditional ELISAs, it is
in the order of 2 to 3-logs) 434748,

ELISPOT has a similar principle to ELISA, but in this case, single cell suspensions, rather
than cell lysates, are added to wells with a membrane that has been previously coated with
cytokine capturing antibodies®®. When the cells are stimulated, the secreted cytokines
are captured by surrounding antibodies and accumulate locally. Then, cell lysis is induced
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and the surface of the wells is exposed to secondary antibodies coupled with an alkaline
phosphatase that produces a colored precipitate in presence of a specific substrates such
as BCIP/NBT (5-Bromo-4-Chloro-3-Indolyl Phosphate in conjunction with Nitro Blue
Tetrazolium)?”. Estimation of the amount of active cells in a population can be performed
by correlating the amount of purple/blue dots with the total number of cells deposited on
the surface, allowing the study of functional heterogeneity®®. Modification of ELISPOT
by using fluorophores on the secondary antibody allows simultaneous detection of a few
cytokines® . However, the maximum number of cytokines that can be evaluated is limited
to the overlapping in the spectra of the fluorophores.

Methods based on PCR have the advantage of having a wide linear dynamic range, sen-
sitive at very low level of abundance of the target mRNA and can be used for a vari-
ety of different applications®*%3. However, even if there is, often, a correlation between
the amount of mRNA produced and the levels of secreted active cytokines, this indi-
rect method does not provide accurate estimations of the cytokines in the samples (e.g.
over-expression required due to short-life of a cytokine, slow secretion rate, etc).

Recently, other technologies including flow cytometric bead assays and micropatterned
arrays have been gaining popularity. Flow cytometric multiplex arrays (known as bead-
based multiplex assays) is currently one of the most commonly used formats?3. Com-
mercial solutions from BD Bioscience (Cytometric Bead Array - CBA) and Luminex
(Multi-Analyte Profiling - xMAP) use sets of micrometric beads that are discriminated
by flow cytometry?3. Multiple sets of beads can be used and each coated with specific
capture antibodies. By using a sandwich strategy, the addition of secondary antibodies
tagged with fluorophores/chromophores allows detection of multiple analytes in the same
sample. Based on the chromogenic/fluorogenic emission and the size of the beads, it is
possible to discriminate up to 25 analytes for some commercial systems to nearly 100 for
customized systems®®. Furthermore, these platforms require microliter volume samples
and have a wide dynamic range in their sensitivity 4354,

As with bead-based immunoassays, a great amount of effort was focused on the devel-
opment of antibody microarrays?. As described in Chapter 2, protein microarrays of-
fer excellent high-throughput analysis requiring low sample volumes, thus making them
suitable for multiplex cytokine analysis. An interesting example of commercial protein
microarrays for cytokine detection is presented by Pawlak et al.®®. Different sets of an-
tibodies were spotted on their proprietary substrate via ink-jet microarraying. By using
a sandwich strategy with biotinylated secondary antibodies and streptavidin/Cy-5, si-
multaneous detection of human IL-173, 1L-2, 1L-4, IL-6, IL-12, IL-13, TNF-a and IFN-vy
was achieved. Similar examples are described by Mustafa et al.®® in their review regard-
ing antibody microarrays for secretome profiling. While they found vast discrepancies
among the performance of different systems, they show that this approach surpasses by
far standard assays, such as ELISA, in terms of throughput and cost.
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3.1.2 Biosensors/biochips for multiplex detection of cytokines

ELISA, the standard system for cytokine measurement, usually requires very long incu-
bation times as well as extensive workflows”. Due to the biological relevance of cytokines,
a vast amount of transduction platforms for their detection can be found in the literature.
Those devices employ either electrochemical, magnetic, mechanical, acoustic or optical
transduction systems. Nevertheless, multiplex detection of cytokines has been mainly de-
scribed using electrochemical and optical approaches, being the use of optical techniques
the most common strategy. In this manuscript, an overview of some remarkable examples
will be provided. For a more extensive review please refer to Chen et al.?”.

3.1.2.a Common approaches for multiplex detection of cytokines

In the case of electrochemical biosensing, signal generation occurs due to changes in poten-
tial, impedance or current between a series of electrodes®. An example of electrochemical
biochips used for cytokine detection include the work of Baraket et al.?®. They created an
impedance-based sensor by grafting monoclonal anti-human IL-10 and IL-18 on the elec-
trodes and detected both cytokines at low concentrations (ranging from 1 to 15 pg.mL™,
corresponding to femtomolar levels). Another interesting example was presented by Kong-
suphol et al.®. They were able to measure the concentration of 4 cytokines (IL-6, IFN-v,
TNF-« and IL-8) from only 10 pL of sample. This was achieved by creating Miniaturized
Electrophoresis Electrochemical Protein Sensor (MEEPS) with a dynamic range for de-
tection between 10 ng.mL™! to 20 pg.mL~! (around 0.5 nM to 1 uM) (Figure 3.2). The
use of Field-Effect Transistors (FETS) is also common for cytokine, it has been reported
the detection for IL-6, IL-8 and TNF-« at femtomolar concentrations®:62 .
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Figure 3.2 - MEEPS for multiplexed protein detections developed by Kongsuphol et al. 9.
(a) Scheme comprising an electrophoresis separation system and an electrochemical sen-
sor; (b) Proteins flow through a separating matrix and are transferred into an array of
side channels leading to the sensors and (c¢) Sandwich immunoassay: (i) capture anti-
body, (ii) target, (iii) Antibody-biotin, (iv) streptavidin-alkaline phosphatase (ALP), (v)
AminoPhenyl Phosphate (APP) and (vi) aminophenol (AP). AP is oxidized on the sur-
face of the electrode to quinoeimine (QI), which can be measured via Differential Pulse
Voltammetry (DPV).
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In the case of optical based methods, a variety of solutions have been developed based
on either fluorescence, chemiluminiscence, use of optical resonators or plasmonic effects.
Among the available literature, Zhu et al.% presented one of the first examples of a
microdevice able to capture specific subsets of T-cells from small volumes of human blood
and directly determine their secretion profile. Features containing either anti-human CD3
or anti-human CD8 where positioned near areas with antibodies specific to IL-2 and IFN-
~v. After cell activation, evaluation of the secretions was performed using a sandwich
strategy with fluorescent labeled secondary antibodies.

Lu et al.% took a different approach by creating a relatively simple platform consisting
of an array of subnanoliter microchambers. Such micro-chambers were able to confine
single cells and, when coupled with high-density antibody barcode microarrays, allowed
highly multiplex protein detection over a thousand of single cells in parallel. A few
years later, the same team® improved their system allowing the simultaneous detection
of 42 immune effector proteins secreted from single cells. This study represented at the
moment the highest record for a multiplex cytokine detection on single-cells (Figure 3.3).
Furthermore, this study also demonstrated that cell populations, with seemingly identical
phenotypes, can present relevant heterogeneity at functional and cell behavior levels.
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Figure 3.3 — Fluorescence assay developed by Lu et al.® for the function profiling of
42 immune effectors on single cells. (a) Workflow of high-throughput profiling of single
cells and (b) Representative heat maps (basal vs. stimulated) showing single-cell protein
profiles measured on macrophages, in which each row represents a complete protein profile
from a single cell and each column a protein of interest.

Another interesting example of fluorescent-based systems is presented by Cohen et al. 5,
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they reached femtomolar limits of detection for seven rat cytokines in serum. Their system
was based on Single Molecule Arrays (SiMoA) allowing detection in serum below the limit
of detection of conventional immunoassays.

Regarding the use of optical microresonators, Luchansky and Bailey %" achieved picomo-
lar sensitivity of IL-2 and IL-8 secreted by Jurkat cells using a sandwich immunoassay
on silicon photonic microring resonators. Later, the same group optimized the system
for simultaneous analysis of IL-2, 1.-4, IL-5, and TNF-« from primary ThO, Th1l and
Th2 susbsets of CD4" T cells with picomolar sensitivity and in just 5 min of analysis
(of exposure to a secondary antibody)® (Figure 3.4). Although the use of a sandwich
strategy to increase the sensitivity turned this approach into an end-point method, opti-
cal microresonators have the potential of being used for real-time measurements%" but
their implementation into biochip-like systems remains challenging as they usually require
complex microfabrication methods™

/ema%:ﬂ'*

Figure 3.4 — Microring resonator arrays developed by Luchansky and Bailey % for multi-
plexed sandwich immunoassays. (a) SEM images depicting a silicon photonic microring
resonator chip with an array of 64 rings and (b) Arrays of microrings functionalized with
capture antibodies for various cytokines. Secondary antibodies are used to enhance the
signal.

In the case of Surface Enhanced Raman Scattering (SERS), picomolar sensitivity in blood
samples was achieved for IL-6, IL-8 and IL-18 by Kaminska et al.”?. Kaminska et al.”
used two approaches, named parallel and simultaneous, based on a sandwich SERS im-
munoassay which is shown in Figure 3.5. One main disadvantage of SERS consists in
the difficulty in interpreting the results as the signal enhancement can cause non-relevant
Raman bands™. Moreover, this approach is limited by the amount of different Raman
reporters that can be simultaneously used without overlapping in their SERS signal.
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Figure 3.5 — SERS-based multiplex immunoassays for cytokine analysis developed by
Kamitiska et al. ™. (A-C) Parallel approach based on use of specific zones for recognizing
each cytokine, where in (A) addition of antibodies to the substrate, (B) Injection of the
sample and (C) Addition of the nanoshells for sandwich SERS immunoassay. (D) Simulta-
neous cytokine detection by functionalizing the same substrate with different antibodies.
Identification is achieved by employing nanoshells with different Raman reporters, hence
obtaining specific SERS spectra based on the cytokines present in the sample.

Yet, all the previously described approaches to multiplex cytokine detection share a major
drawback. These techniques consist on end-point measurements, requiring the repetition
of the assays with different samples for each time point of interest in order to estimate the
secretion kinetics. Besides the ability of simultaneously measure multiple cytokines, real-
time information is extremely valuable for a variety of physiological conditions™. Since
the immune response acts as a networked system, fluctuations in the concentration of one
cytokine can, often, induce changes in the presence of multiple others for which multiplex
and real-time sensing systems are required .

3.1.2.b SPR-based approaches for multiplex sensing of cytokines

In this sense, Surface Plasmon Resonance (SPR) is a powerful tool for cytokine detection.
As explained in Chapter 1 section 1.2, SPR is a versatile, label-free, real-time technique for
analysis of biomolecular interactions. Conventional systems (ELISA, ELISPOT), as well
as most of the methods described before, rely on end-point quantification of cytokines.
While this approach may be desired for some applications, it is not suitable for the
continuous monitoring of cell secretions. Nevertheless, the use of SPR for cytokine analysis
is less common than fluorescence-based assays, due to sensitivity issues”™. The sensitivity
for conventional SPR systems is usually in the range of 1077 - 107 refractive index units
(RIU) corresponding to detection limits in nanomolar range while many clinical settings
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require cytokine detection at femto- to picomolar concentrations®”7.

Battaglia et al.”" were one of the first to report the use of a SPR device for multiplex
cytokine detection in physiologically-relevant samples. Using a fiber-optic SPR system,
they achieved measurements of IL-13, IL-6 and TNF-a in culture media. Other teams
have focused on increasing the sensitivity of their SPR systems via sandwich strategies
with nanoparticles or other structures ™, surface nanostructuring for Localized Surface
Plasmon Resonance (LSPR)57, multi-domain aptamers® and using engineered proteins
for optimizing immobilization of the probes®!. Another possibility is the trapping of the
cells on zones surrounded by the probes of interest. Milgram et al.®? demonstrated that,
by this approach, it is possible to detect cell secretions in minutes thanks to a high local
protein concentration nearby the cells, before their dilution in the bulk medium.

This approach also suffers from an important drawback, the lack of intrinsic selectivity.
The penetration depth of the SPR evanescent field is much larger than the size of the target
biomolecules, causing the system to be susceptible to any fluctuations in the Refractive
Index (RI) of the bulk®"®. Regarding in vitro culture of cells, these fluctuations may
be caused by the attachment of the cells, local modifications in the chemical composition
of the culture media (due to nutrient consumption and waste release), secretion of other
molecules (e.g. extracellular matrix components) and cell debris. Such events would cause
a larger RI shift than the capturing of the targeted secretions, leading to extremely low
signal-to-noise ratios (Figure 3.6).

Cell Pseudopod ECM Cytokines
Cytokines . 5 N
AT A
0® & L% ¢ Je o
¢ © ~ ¢ ¢ @ o
oY - (%) czné
(%
9 cf S8
3 ~+
YN Y 3%
3
Cell ca.pture Target specific
antibody antibody

+==: Observed SPR signal

= Signal contribution from cells

- == Signal contribution from cytokines
-==- Control

Log(signal)

Time
Figure 3.6 — Low signal-to-noise ratio during SPR monitoring of cells and their secretions.
RI fluctuations caused by cells are several orders of magnitude higher than that those
coming from their secretions, masking detection of the latter. In this case, the observed
SPR signal of a secreting cell would be almost identical to that of a non-secreting cell as
cytokine’s contribution to the SPR is almost negligible.

To address this issue, our group, Chimie pour la Reconnaissance et I’'Etude d’Assemblages
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Biologists (CREAB), have developed several strategies to reduce the non-specific SPR
signals caused by the cells. These strategies are based on applying different structures
over the gold layer to separate the cells from sensing surface while still allowing diffusion
of their secretions. Once outside the range of the evanescent field, cell-derive SPR signals
would be suppressed while their secretions can still be captured by the probes grafted on
the gold layer.

3.1.3 Modified SPR biochips for in vitro assays

In order to achieve simultaneous SPR detection of cells and their secretions, our team
has evaluated different approaches such as the formation of hydrogels on the gold layer,
generation of micropillars and the use of monolayers of microspheres (microbeads) over
the sensing surface.

3.1.3.a Hydrogel-based systems:

Hydrogels were evaluated as a simple method to create an environment of controlled
thickness over the gold surface, setting the cells outside the evanescent field. Due to their
reticulated nature, small molecules (such as cytokines) can diffuse through the pores of
the network reaching the sensing surface where they can be captured by specific probes
(Figure 3.7).
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Figure 3.7 — Basic scheme of an hydrogel used as a spacer system for in vitro culture of
cells over a SPR prisms.

Hydrogels based on sodium alginate, agarose 1% and poly(allylamine) were evaluated.
Besides having a simple fabrication process, hydrogels provide an anti-fouling surface re-
ducing non-specific attachment of proteins, the pore size can be easily regulated depending
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on the crosslinking parameters and they provide an hydrated environment compatible with
in vitro cell culture.

However, this strategy led to important levels of SPR-noise caused by the swelling of the
hydrogels. Furthermore, localized functionalization of the hydrogel in order to capture
specific subsets of a mixed cell population would prove to be challenging.

3.1.3.b Micropillars

Another approach was the production of micropillars by using Focused Ion Beam (FIB)
lithography of a resin, SU-8, over silicon substrates. Similar to the hydrogel, the principle
consisted in using the resin-based micropillars as spacers between the sensing zone and
the cells (Figure 3.8). The surface was etched leaving pillars of 300 nm of height and ~50
nm diameter with a pitch of 400 nm among them.

(a)

Eukaryotic cell
(~10-20 pm)

Figure 3.8 — Micropillars as a spacer system for in vitro culture of cells.

This strategy presented numerous liabilities that undermined their use on a sensing sys-
tem. Among them, the main issues consisted on low mechanical resistance of the micropil-
lars (which are easily damaged by cells or handling of the system) as well as in extremely
long fabrication times. As the patterning time of millimetric areas is in the order of hours
(1-10 mm%.h~1), the surface covered by the micropillars on each biochip was extremely
small, limiting the utility of this approach.

3.2 Microbead-based microarrays for biosensing

3.2.1 Micrometric spheres as a spacing system

A highly promising alternative to micropillars and hydrogels consisted in the use of a
monolayer of silica microspheres. Their spherical morphology is of particular interest as
it minimizes the contact area with the gold surface and with neighboring beads. As they
occupy a relatively small area of the sensing surface, large gold regions are available for
functionalization with the probes of interest. Moreover, the microbeads are organized on
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the surface in such a way that creates small “pore-like” structures among neighboring
microbeads, allowing diffusion of molecules through the monolayer.

As an example, in the case of @: 1 pm spheres, the microbeads constitute a spacing
system that keeps the cells outside the evanescent field (typically in the range of a few
hundreds of nanometers depending of the wavelength used). The “pores” in the resulting
compact arrangement of the monolayer would have an estimated area of 0.04 pm?, which
should be small enough to avoid cell access to the gold layer and large enough to not
hinder diffusion of small molecules to the sensing surface (Figure 3.9a).
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Figure 3.9 — Microbeads as a spacer system for in vitro culture of cells over a SPR biochip.
(a) Pore-like structures formed due to the arrangement of the microbeads on the gold
surface and (b) Schematic representation of the microbead-based SPR system under cell
culture conditions.

Furthermore, silica microbeads are a relatively cheap and mass-produced material with
well known chemical properties®. On their surface, the microbeads present silanol moi-
eties that can be easily exploited for further chemical functionalization. Additionally,
one of our partners, Olivier Dellea (LITEN-CEA Grenoble), has a strong expertise in
the deposition of these materials over large surfaces and on a multitude of substrates.
Therefore, in terms of fabrication times, the production of this type of microstructuring
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of the surface was drastically faster than the micropillar approach.

Bead deposition over the different gold coated substrates was performed by our partner,
Olivier Dellea, via the Boostream® process® (Figure 3.10). This method employs a liquid
phase on a slope where the particles are dispensed, causing the hydrodynamic forces to
arrange the particles as a film on the liquid. Then, the substrate of interest is set in
contact with the monolayer of particles and withdraw from the liquid causing capillary
bridges that transfer the particles into the substrate®.
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Figure 3.10 — Basic configuration of the Boostream® process. Uniform size particles form
a Hexagonal Close-Packed (HCP) monolayer on the surface. Modified from Dellea et al. .

Preliminary assays performed by a previous post-doctoral researcher (Cyril Herrier) showed
that cells could be deposited over the microbead monolayer as it can be seen in the SEM
images (Figure 3.11).
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Figure 3.11 — Jurkat cells over microbeads covered surface. (a) Scheme illustrating cap-
turing of cells over the monolayer of microspheres and (b) SEM images done by Cyril
Herrier of Jurkat cells captured on the microbead surface.
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3.2.2 Stability of silica microbead on the sensing device
3.2.2.a Mechanical stability of microbead-based system

However, deposition of the beads without chemical bonding to the surface limited their
mechanical stability during handling and processing of the substrates. To reduce issues
related to bead displacement /removal, Cyril Herrier developed a chemical method to en-
sure the stability of the monolayer. Briefly, the gold surfaces are plasma treated and then
immersed in a solution of 3-mercapto-propyl-trimethoxy silane forming a SAM (further
details can be found in Annex A.1.6).

The SAM left a surface with exposed alkoxy silane functionalities which are able to react
with silanol moieties on the microbead’s outer layer, forming a covalent bond after a
dehydration stage (Figure 3.12).
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Figure 3.12 — Silane functionalization of gold surfaces for improving mechanical stability
of the microbead layer.

3.2.2.b Chemical stability of silica microbeads in aqueous media

The chemical linkage to the gold surface improved the mechanical stability of the mono-
layers, thus facilitating their manipulation and operation as biosensors. However, soon
after we faced a considerably direr problem related to the dissolution of the microbeads
in biologically relevant media. Preliminary SPR assays, done by Cyril Herrier, showed a
persistent negative drift while using PBS on the prisms modified with microbeads.

To evaluate the chemical stability of the system, we exposed the silica microbeads to
common aqueous media used in biological experiments, namely PBS and a standard
culture media for mammalian cells (Roswell Park Memorial Institute medium, RPMI
1640).

For the assays, the microbeads were deposited over of silicon substrate by the Boostream®
process. We proceeded to disinfect the surface by rinsing them gently with ethanol 70%
to reduce the risk of bacteria/yeast contamination (which would induce changes in the
chemical composition of the medium). Afterwards, the substrates were dried under sterile
conditions and immersed in either PBS or RPMI 1640 (supplemented with PeniStrepto
and 10% Fetal Bovine Serum). To mimic standard cell culture conditions, all the sub-
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strates were incubated at 37 °C in a 5% CO, atmosphere for varying time periods.
Finally, the samples were gently rinsed with distilled water and coated with platinum via
Precise Etching Coating System (PECS) before their visualization on Scanning Electron
Microscopy (SEM) (Figure 3.13).

Figure 3.13 — Degradation of silica microbeads (1 pm diameter) after exposure to: (a) No
aqueous media (control); (b) PBS for 24h; (¢) PBS for 48h; (d) RPMI 1640 for 24h and
(e) RPMI 1640 for 48h. In the case of image (c), no microbeads were observed (only the
silicon substrate). To show that it was not a localized phenomenon, a larger field of view
was used demonstrating the lack of microbeads in this area.

The size of the silica particles decreased by ~40% after 24h of exposure to either solution
while after 48h there was no observable beads on the sample immersed in PBS suggesting
their complete dissolution. To understand these results, we took a look at the theory
behind the degradation of silica-based structures. In aqueous solutions, the hydrolysis of
silanes as well as the condensation of siloxane bonds are directly dependent of the pH?3486,
Either acidic or basic conditions can catalyze the hydrolysis of Si-OR bonds but at near
neutral pH (as in our conditions, pH buffered to 7.4) the hydrolysis rate(Equation 3.1) is at
its lowest while condensation (Equation 3.2) is favored® and so, during our experimental
conditions, the silica structures should not suffer any significant degradation.

HO™ + HO-Si(OR); = H,0 + —O—Si(OR)3 (3.1)

Si(OR)3—0O~ + HO—Si(OR)3 = Si(OR)3—0—-Si(OR)3 + HO™ (3.2)

When immersed in pure water, it has been reported®” that mesoporous silica dissolves
extremely slowly, at rates between 7 to 120 nm.year—!. However, degradation of silica films
in PBS at neutral pH has been previously observed®. PBS is composed of NaCl (137 mM),

KCl (2.7 mM), Na,HPO, (10 mM) and KH,PO,4 (1.8 mM). Marshall and Warakomski %
evaluated the solubility of amorphous silica in water in presence of 10 different salts
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at varying concentrations, including NaCl and KCIl. They observed a decrease in the
solubility of the silica in presence of all the evaluated salts and thus, we could ascribe the
dissolution of silica to the presence of phosphate ions.

Surprisingly, Bass et al.®® suggest in their work that the silica dissolution was caused

by the pH (which was neutral in this case) and not the presence of phosphates at rela-
tively high concentrations. They support this claim by presenting experiments using a
phosphate-free buffer (1 M tris-(hydroxy-methyl)-amino-methane, known as Tris buffer) at
pH 7.3 obtaining similar results to those of PBS. Nevertheless, they omitted an extremely
important fact, that is, the effect of amino-containing compounds such as Tris. Due to the
basicity of amino functionalities (pK, ~10 )%, these moieties are able to remove a proton
from water molecules®*. Such event promotes the formation of Zwitterion-like molecules
on the silica surface enabling a nucleophilic attack from water molecules to the silicon
atom 3491,

Furthermore, Neofotistou and Demadis?? suggest that amino-rich compounds can sta-
bilize monomeric silica units and slow silicic acid polycondensation, promoting further
hydrolysis?!. Considering this mechanism, silica dissolution in aqueous media can be pro-
moted by weak bases at neutral pH, which is the case for Tris and also for phosphate ions
(which act as weak bases since with pK, of 12.67 for HPO,? and 7.21 for HyPO4 ) as
described in Figure 3.14.

H &
\0/H< ..... X
R-Q RO 2 R-0
R-O—/Si—OH + X = R-0—Si—OH =—> R-O—/Si—OH + ROH + X
R-0 R-0D HO

Figure 3.14 — Proposed general base-catalyzed mechanism for silica hydrolysis where X is
a base. Modified from Abou-El-Sherbini et al. 4.

He et al.?® described the degradation behavior of mesoporous silica in presence of Simu-
lated Body Fluid (SBF), which is a salt solution usually buffered by Tris. In their work,
they proposed a three stage degradation procedure consisting in:

— A fast degradation stage during the first 2 h of exposure caused by “strong ionic
corrosion” of the SBF. Although, rather than the “corrosion” process suggested by
them, silica is dissolved by the effect of phosphate ions and Tris buffer as described
in Figure 3.14;

— A constant degradation phase at a much slower rate due to the deposition of
calcium/magnesium ions adsorbed on the inner surface of the pore channels of
the beads (as first seen by Marshall and Warakomski®). Interaction between
these cations allows the formation of insoluble calcium/magnesium silicates which
effectively passivate the surface slowing down the dissolution of the silica;

— A day-scale degradation due to incomplete coverage of the calcium/magnesium
silicate layer and a constant dissolution via diffusion of silicon species across the
passivating layer.
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Coherently with their results, when we exposed the microbeads to RPMI (which is a cell
culture media rich in amino-containing compounds but also in calcium and magnesium
salts) we noticed the appearance of interconnecting structures between the degraded beads
(Figure 3.13d-e). Such structures can be ascribed to the formation of insoluble silicate
layer that passivated the surface slowing down the hydrolysis process.

However, when the beads were exposed to PBS (which do not contain neither calcium
nor magnesium salts), no passivating layer is formed. A direct consequence of this was
that the beads were stuck in the first stage of fast degradation. In fact, as the siloxane
network is hydrolyzed, the outer layer becomes more porous (Figure 3.13b) leading to an
increase in the surface area and thus, of the hydrolysis rate until complete dissolution
(Figure 3.13c).

To prevent /reduce silica degradation in biological media, several strategies could be ap-
plied: (a) functionalization of the microbeads with PEG or organosilanes which would
reduce the amount of free silanol groups and thus the hydrolysis rate®%; (b) forma-
tion of a passivating layer by immersion of the beads on concentrated solutions of cal-
cium/magnesium salts8%97; (c) selection of another material (polystyrene, poly-methyl-
methacrylate, alginate, etc) or (d) thermal treatment of the beads reducing pore size and
amount of free silanol groups by their condensation into siloxanes®%.

In the case of the first two strategies, such extensive surface modification could hinder our
ability to couple biomolecules of interest on the surface of the beads. While a whole new
approach for microbead attachment and functionalization would have to be envisioned if
another material was selected (added to potential immunoreactivity of the materials!90-193
limiting its in wvitro applications).

Due to the limitations of the other strategies, thermal treatment of the microbeads was
selected as the most promising stabilization method. This approach is based in the fact
that calcination of silica promotes the formation of siloxanes (Equation 3.3) via conden-
sation of the exposed silanol groups. Furthermore, this process leads to a reduction of the
pore size, and therefore the surface area, limiting the hydrolysis rates.

Si(OR)3—OH + HO—Si(OR)5 -2 Si(OR)3—0—Si(OR)3 + H,0 (3.3)

Since hydrolysis reactions are inhibited in pure silica due to the high connectivity of the
glass network?, we expected that a reduction in the silanol groups, as well as in the total
surface area, would drastically decrease the degradation rate. With this goal in mind,
we evaluated two different thermal treatment procedures for thermal stabilization of the
microbeads: classical sintering and a Fluidized Bed Reactor (FBR).

FBR employs a porous system to support the solid substrates inside a chamber!®*. A
fluid (either gas or liquid) is then passed through this support system. By regulating
the flow rate, fluidization of the substrates (which refers to a state when the force of
the flow balances out the weight of the substrate) can be achieved. This allows the
generation of a uniform temperature gradients allowing an homogeneous treatment of the
silica microbeads (Figure 3.15).
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Figure 3.15 — Scheme of a fluidized bed reactor. Illustration based on a image with a
Creative Commons License in Wikimedia Commons.

Sintering of silica microbeads has been widely studied?*191%  Furthermore, this process
has also been used for improving the optical properties of silica microspheres®®. On the
other hand, the use of a FBR with silica microspheres has been reported for a variety of
purposes 7109 but so far not for reducing their hydrolysis rate in aqueous media.

3.2.2.c Evaluation of thermally stabilized microbeads

In collaboration with our partner, we performed both thermal treatments as well as the
bead deposition over silicon substrates. For FBR-approach, the beads were treated for
2 h at 800 °C before their deposition. In the case of sintering, the microspheres were
first deposited on the substrate and then calcinated in an oven for 1 h at 800 °C. Both
treatments were carried out under an atmosphere of normal (environmental) air.

The samples were then tested for their stability, as previously described (page 75), by
their incubation into conic tubes with either sterile PBS or culture media. Based on SEM
visualization, for both thermal treatments, the microbeads showed no sign of degradation
even after 48 h of immersion in culture media (as shown in Figure 3.16).
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Figure 3.16 — SEM images of thermally treated 1 pm silica beads after exposure to: (a,f)
No aqueous media (control); (b,g) 24h in PBS; (c¢,h) 48h in PBS; (d,i) 24h in RPMI and
(e,j) 48h in RPMI. (a-e) Correspond to sintered beads while (f-j) to those treated by FBR.

Based on the SEM images, both thermal stabilization methods seemed suitable for the
stabilization of the microbeads. However, we selected FBR since direct sintering of the
microbeads on the prisms would negatively impact the gold layer. Then, a new batch of
FBR-treated beads was deposited over Horiba gold-coated prisms and evaluated as before.
For our liquid phase, we employed RPMI 1640 as it is a multipurpose and widely used
medium for the culture of numerous cell types. In this case, the medium was supplemented
with 10% Fetal Bovine Serum, PeniStrepto and HEPES. The latter was added as to
regulate the pH of the medium as it was not possible to control the CO5 concentration
in our SPR system. For RPMI (as well as many other culture media), the pH strongly
depends of the amount of CO, in the atmosphere as it contains a sodium bicarbonate
(NaHCOs3) buffer (as illustrated in Figure 3.17.
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Figure 3.17 — Graphical representation of pH regulation by a bicarbonate buffer in aqueous
media. COy dissolves freely reacting with water to form carbonic acid while sodium
bicarbonate dissociates into sodium and bicarbonate ions. By increasing the concentration
of bicarbonate ions, the equilibrium is driven to the left avoiding acidification of the
media 10,

Strikingly, SEM imaging showed heterogeneous degradation of the microbeads in the
prism (Figure 3.18). Around a third of all the microbeads showed signs of hydrolysis
while others were seemingly stable. It is possible that during the FBR treatment of the
new batch of microbeads, the material experienced non-uniform thermal gradients leading
to a mixture of stable with unstable microspheres.

Figure 3.18 — SEM images of FBR treated microbeads exposed to culture media. (a)
Sample used as a control (not exposed to culture media) and (b) sample immersed in
culture media for 36h.

We no longer had access to the FBR to prepare a new batch of samples. Therefore, our
partner prepared another set of microbeads but stabilized via sintering under different
parameters (12 h at 800 °C) and then deposited over gold prisms. The microbeads were
further functionalized with MPTS which provided a platform for biomolecule coupling as
it will be explain in Section 3.2.4.

SPR monitoring of these microbeads was performed in presence of supplemented RPMI
1640 at 37 °C. This time, no degradation was observed contrary to a similar tests per-
formed on microbeads stabilized by FBR (Figure 3.19). In the case of the sintered mi-
crobeads, there was a positive drift in the order of 3% of reflectivity over 50 h of incubation
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probably due to protein attachment on the surfaces.
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Figure 3.19 — SPR monitoring of stabilized microbeads by FBR or sintering (12 h at 800°C
+ MPTS treatment), exposed to culture media RPMI 1640.

From our evaluations, we can conclude that sintering for 12 h at 800 °C was the most
efficient treatment to avoid silica degradation. By increasing the reticulation in the silica
network (due to condensation of silanols into siloxanes), the microbeads became resistant
to hydrolysis even after 50 h of incubation in culture media.

3.2.3 Optical properties of microbead-based system

Once we obtained a stable system, we characterized the optical properties of the mi-
crobead layer using the hybrid SPRi set-up described in the previous chapter (Chapter
2, Figure 2.5). For microbeads presenting a monodisperse diameter, deposition via the
Boostream® process resulted in the formation of crystalline domains on the gold surfaces
generating an iridescence phenomenon as observed in Figure 3.20a. This light scattering
effect caused problems related to signal heterogeneity over the surface during SPR imag-
ing. However, after the thermal treatment, the microbeads experienced small changes in
their surface morphology and size disrupting the iridescence effect but also giving a more
homogeneous SPR signal (Figure 3.20b).
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Figure 3.20 — Silica microspheres (2: 1 pm) deposited over Horiba gold coated prisms
illuminated with non-collimated white light. (a) Non-thermal treated microbeads showing
an iridescence effect on the surface (image taken by Cyril Herrier) and (b) thermal treated
microbeads.

Mechanical removal of the microbead layer in some areas allowed us to obtain a reference
surface (“bare gold”). We used a microfluidic device to regulate the input of culture
media and then, we made reflectivity measurements employing a 735 nm LED as SPR
light source. The surface with microbeads exhibited two valleys in the signal instead of
the typical single valley corresponding to the SPR phenomena (Figure 3.21).
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Figure 3.21 — Plasmon curves of surfaces with and without microbeads in culture media
(RPMI 1640). The SPR angle on gold (surface without microbeads) was set as 0°. In
case of the WGM phenomena, the valley associated to this optical effect are marked with
an asterisk (*).

This new valley, represented by an asterisk (*) in Figure 3.21, might correspond to the
generation of a resonance mode on the silica microspheres, namely Whispering Gallery
Mode (WGM). WGM is a process exploited by optical microresonators and it is tradi-
tionally produced by using prisms to couple light into microspheres!' 14 Moreover,
generation of WGM has been described as a result of surface plasmons!'®. On silica
microspheres, this phenomena presents a modal field intensity distribution concentrated
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near the dielectric-air interface!!® (as illustrated in Figure 3.22).
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Figure 3.22 — Scheme illustrating the WGM in silica microspheres. (a) Near-field intensity
portraits of WGM on silica microspheres. Redrawn from Benson et al.'''; (b) Scheme of
WGM and SPR sensing on the surface of the prism.

WGM phenomena is able to probe the surroundings of the microbeads (>1 pm from the
metal) while SPR can be used for monitoring the surface of the metal (~ 200 nm from
the metal layer). Therefore, the use of these two phenomena operating at different modes
can be applied for simultaneous detection of cells and their secretions.

In our hybrid SPRi set-up, it is already possible to perform dual monitoring of cells (via
conventional microscopy) while performing SPR for detecting their secretions. However,
cell sensing by WGM offers new benefits as it shows only the cells in direct contact with the
surface (which can be difficult to distinguish via optical microscopy during the first stages
of cell adhesion/capture). Furthermore, it might be able to detect some cell secretions
imperceptible by conventional microscopy (e.g. extracellular matrix in adherent cells) and
could also help future miniaturization of the system. This last aspect is relevant as optical
microscopy is used to correlate the position of the cells with the SPR responses and it
requires addition of a set of lenses, mirrors and another CDD camera whereas WGM could
provide similar information by just adding an additional diode to the system.

In its simplest form, dual WMG/SPR monitoring requires the use of two light sources
which, under our experimental setup, would need to fulfill two conditions: (a) the incident
angles of both sources must be positioned in the sensitive range for each phenomena and
(b) the light reflected on the prism from both light sources have to be inside the field
of view of the detector device (CCD camera). Both conditions could be easily achieved
if the desired incident angles for each phenomena overlap or are relatively close to each
other (in our setup that would be a difference <10° for example) for a specific pair of
wavelengths (Figure 3.23).
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Figure 3.23 — Theoretical scheme of an optical setup for dual WMG/SPR monitoring.
Two diodes of “compatible wavelengths” are used for exciting the WGM and the SPR
phenomena simultaneously. The incidence angles for both diodes are <10° apart from
each other and set to the optimal sensitivity for each phenomena. The scheme also shows
a simplified diagram of the elements used during optical microscopy. On the right, a
zoom on the sensing region shows excitation of surface plasmons in the gold layer and
generation of the whispering gallery mode on the microbeads.

In order to select a pair of “compatible wavelengths”, we performed reflectivity measure-
ments at distinct angles of incidence for several wavelengths (Figure 3.24). While doing so
we observed some interesting facts: (a) by increasing the wavelength the distance between
the WGM and SPR angles decreased and (b) while the SPR angle was very dependent
of the wavelength, the WGM angle was considerably less affected by it (the shift in angle
per nanometer was one order of magnitude inferior for WGM than for SPR). Based on
such observations, a dual device should include a 850 nm light source for SPR imaging
while one inferior or equal to 625 nm for WGM.
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Figure 3.24 — Angle interrogation of the microstructured prisms at different wavelengths
in RPMI 1640.
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Afterwards, we evaluated the efficiency of the microbead monolayer to supress the cell-
derived SPR response of individual cells as well as the possibility of detecting those cells
using WGM. On new microbead-modified prisms, a microfluidic device with thermoreg-
ulation (set at 25 °C) allowed flowing different media into the system. After addition
of culture media (supplemented RPMI 1640), SPR and WGM images were taken at dif-
ferent wavelengths (625 nm, 735 nm and 850 nm). Then, adherent cells (pancreatic rat
insulinoma cell line RIN-m, described in detail on subsubsection 3.2.5.a) were added at a
concentration of 1.6x10° cells.mL~! and incubated for 24 h in culture media. At the end
of the incubation period, new images were recorded at the same angles and wavelengths
employed at the beginning of the assay (Figure 3.25).
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Figure 3.25 — Visualization of RIN-m cells after 24h of incubation by SPR, WGM and con-
ventional microscopy. (a) Image taken by conventional microscopy; (b-d) SPR differential
images at different wavelengths; (f-h) WGM differential images at different wavelengths.
ImageJ 117118 was used for the analysis of the images.

The pictures captured by conventional optical microscopy were used as a template for
the alignment of the SPR and WGM images. Afterwards, a differential image for each
phenomena at different wavelengths was generated. The alignment of all the images
allowed to estimate the corresponding position of the cells (seen by optical microscopy) on
the SPR and WGM differential images. These results indicate that the microbead system
was effectively separating the cells from the sensing region as mostly no cell-induced SPR
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response was observed. On the other hand, the WGM differential images showed signals
in the position corresponding to cells suggesting that WGM can be effectively used for
cell detection on our setup.

3.2.4 Orthogonal chemistry functionalization of surfaces

Afterwards, the next step consisted on the development of orthogonal functionalization
methods allowing the capture of the target cells on the microbeads and detection of cell
secretions on the gold surface. With this goal in mind, we employed two different strate-
gies: (a) Electropolymerization to functionalize the gold surface with bioreceptors specific
to cell secretions and (b) Thiol-maleimide reaction for the indirect functionalization of the
silica microspheres.

3.2.4.a Functionalization of gold surfaces by electropolymerization

In this case, the biomolecules of interest (with available primary amines) are conjugated
with pyrrole via N-hydroxysuccinimide (NHS)/amino reaction (procedure described in
Annex A.1.5). After their purification, the pyrrole-coupled biomolecules are mixed with
free pyrrole in electropolymerization buffer (solution with a high content of electrolytes).
Deposition of the mixture is done by a micropipette whose movement is regulated by a
microcontroller'*?. By using a platinum wire inside the micropipette’s tip, and making
electrical contact with the gold surface, it is possible to apply electric potential difference
in a localized way. This generates co-polymerization of the pyrrole-conjugated molecules
with the free pyrrole attaching them on defined positions at the gold surface (Figure 3.26)
via the mechanism described in Chapter 1 section 1.4.2.

It is important to highlight that the gold surface was already functionalized with MPTS
via thiol-gold chemistry (page 74). However, this does not affect the formation of a
polypyrrole film as the S-Au bonds, in the spotted area, are cleaved via a reductive
voltammetric desorption!?® during the electropolymerization process.

When applying a difference in the electric potential, the desorption of the thiols as well
as the polymerization of the pyrrole moieties occur at a much faster rate than the re-
adsorption of the thiolated compounds on the gold surface!?. Therefore, the MPTS-
SAM is effectively removed while grafting pyrrole-containing biomolecules. Additionally,
the microbead layer in the electropolymerized zones does not show evident perturbations
to its mechanical stability. This fact may be explained by a stabilizing effect caused by
lateral forces with neighboring beads and/or some level of fixation in the polypyrrole film.

Considering that our research team has extensive experience in electropolymerization of
pyrrole over gold surfaces!?'"124 we focused our effort on evaluating the possibility to
perform a two step reaction (silanol-silane and thiol-maleimide reactions) for grafting
proteins over silica surfaces.
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Figure 3.26 — Functionalization of gold surface by electropolymerization. (a) Antibodies
are coupled with pyrrole via a NHS-amino reaction; (b) A mixture of 20 molar equivalents
of free-pyrrole per pyrrole-conjugated antibody is prepared. A difference in potential in-
duces polymerization of the free-pyrrole molecules with the pyrrole containing antibodies,
creating a thin film on the gold layer; (c¢) Scheme depicting the electropolymerization
system and (d) Picture of the actual electropolymerization system.

3.2.4.b Two-step functionalization of silica surfaces via silane-silanol and
thiol-maleimide reactions

Biofunctionalization on silica surfaces was performed via a two-step procedure. This
method consisted on the initial formation of a SAM over the silica by the heterobifunc-
tional compound MPTS. In this case, the silica surface is exposed overnight at room
temperature to a 30 mM MPTS solution prepared in toluene. The SAM is produced by a
condensation reaction between the silanol (HO-Si- on the bead surface) and silane (R-O-
Si- in MPTS) moieties as described in Equation 3.2 (in this case, the equilibrium is driven
towards the formation of siloxanes (-Si-O-Si-) as the inverse reaction is much slower®®
and hydrolysis does not occur due to the lack of water molecules in the media). The for-
mation of a MPTS-SAM via formation of siloxanes leaves a surface rich with sulthydryl
functionalities (-SH).

Separately, maleimide moieties are introduced into the biomolecules of interest via a
NHS/amino reaction (Chapter 1 section 1.5.2.a). Finally, grafting of the biomolecules
on the MPTS-functionalized silica surfaces occurs thanks to an alkylation reaction be-
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tween the maleimide (on the biomolecules) and thiol (on the surface) functionalities (as
described in Chapter 1 section 1.5.2.c). Similar to the electropolymerization procedure,
we can employ a semi-automatic arraying method for a controlled deposition of solution
containing the maleimide-coupled biomolecules over the surface of interest (Figure 3.27).
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Figure 3.27 — Functionalization of silica surface by silane-silanol and thiol-maleimide re-
actions. (a) Maleimide moieties are introduced into antibodies via NHS-amino chemistry;
(b) A MPTS-based SAM is created on the surface of the microbeads by silane-silanol
interaction, then the modified antibodies are grafted on the thiol-exposed surface via a
thiol-maleimide reaction which forms a thioether bond; (c¢) Localized deposition using a
microcontroller system of droplets containing the maleimide-conjugated antibodies.

To assess this method, we produced maleimide-coupled antibodies (Ab-Mal) by reacting
anti-human CD3 (mouse origin) with NHS-maleimide (biocoupling procedures are detailed
in Annex A.1.5). Ab-mal were then spotted at 1 uM over a glass slide previously function-
alized with MPTS (immersion overnight in a 30 mM MPTS/toluene solution). The slide
was incubated for 30 min at r.t. in a humid chamber (relative humidity ~85%) before
rinsing with PBS. Then, free thiol moieties were blocked by immersion on a maleimido-
hexanoic acid solution (5 mM for 15 min) and rinsed with PBS-T (PBS + Tween20®
0.02%).

Finally, fluorescence imaging was performed after exposure to anti-mouse IgG antibodies
coupled with biotin (13 nM for 15 min) followed by SAPE 10% (v/v). Fluorescence spots
were observed only in the regions exposed to maleimide-conjugated antibodies (as seen in
Figure 3.28), validating the functionalization approach.
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Figure 3.28 — Fluorescence control of the two-step biofunctionalization over a glass slide.
Fluorescent spots correspond to grafted anti-human CD3 mouse-produced antibodies vi-
sualized by biotinylated anti-mouse IgG + SAPE.

3.2.4.c Dual functionalization of microstructured prisms

We performed dual functionalization in two stages. First, pyrrole-conjugated antibodies
(Rabbit IgG-pyr) were spotted via electropolymerization on the gold surface. Then, as
before, we used Ab-mal (anti-human CD3 from mice) for the grafting on the microbeads
as illustrated in Figure 3.29 (experimental procedure is described in Annex A.1.6).

(a)

Lateral view
(zoomed)

Upper
view

Figure 3.29 — Fluorescence evaluation of orthogonal functionalization strategies. (a)
Scheme showing localized functionalization of the microbeads and the gold surface; (b)
On the of silica microbeads, Ab-mal (maleimide conjugated anti-human CD3 antibodies,
produced in mice) were immobilized via thiol-maleimide chemistry. Biotinylated anti-
mouse [gG and SAPE were used for their visualization; (c¢) At the gold surface, Ab-pyr
(pyrrolated IgG antibodies, produced in rabbit) were arrayed via electropolymerization.
visualization was done by biotinylated anti-rabbit IgG and SAPE; (d) Fluorescence reve-
lation of Ab-mal over the microstructured surface and (e) Fluorescence revelation of both,
Ab-mal and Ab-pyr, in the same microstructured prism.
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Evaluation of the functionalization on the microbeads was performed by covering the sur-
face with biotinylated anti-mouse IgG followed by SAPE 10% (v/v). Fluorescense was
observed only in the spots exposed to the maleimide-coupled antibodies (Figure 3.29d).
Afterwards, the effective electropolymerization of pyrrole containing antibodies on the
gold surface was evaluated by adding biotinylated anti-Rabbit IgG and SAPE. Strong
fluorescence was observed on the areas where electropolymerization was performed (Fig-
ure 3.29¢), while spots from the previous step could also be seen confirming specific protein
grafting on both surfaces.

For our next step we evaluated the functionality of the grafted proteins. On a microbead-
modified prism, spots of Ab-mal, either mouse produced anti-human CD3 or anti-human
CD8, were arrayed on the microbeads. Then we grafted rabbit IgG by electropolymeriza-
tion on the gold surface. As in Chapter 2, Peripheral Blood Mononuclear Cells (PBMCs)
were used for evaluating cell capturing.

PBMCs are constituted by 70% to 90% lymphocytes, of which around 70-85 % are CD3*
and roughly the 33.3% of CD3* cells are CD8" 2. This would translate in considerable
less cells attached to anti-CD8T spots on the biochip compared to anti-CD3". PBMCs
were concentrated to 3x10° cells.mL™! in sterile PBS. During 1 h, each 15 min 100
nL of the cell solution was added to the biochip and left at room temperature in a
humid chamber. Afterwards, gently washes with PBS were performed until non-specific
adsorption of cells was no longer observed (Figure 3.30).

Spots
@ : anti-CD3 spot
©): anti-CD8 spot

Figure 3.30 — Optical microscopy images of CD3" cells captured on the surface of the
biochip. Images taken with a 10x objective. (a) Cells captured in a single anti-human
CD3 spot and (b) Cells captured in two anti-human CD3 spots while no cells are observed
on the anti-human CDS8 spot.

Only CD3 spots showed signs of specific cell capture which was not unexpected as the
amount of CD8+ cells is considerably inferior in normal PBMC populations. Interestingly,
we observed that the cells, rather than being uniformly distributed on each feature, were
predominantly located at the borders of each spot (Figure 3.30).

Considering that the spotting solution for the Ab-mal did not contained glycerol, this
peculiarity could be caused by a gradual drying of the deposited droplets. These ring
patterns are commonly observed when drops of colloidal suspensions or solutions of non-
volatile compounds evaporate and are commonly referred as “coffee stains”1267129. Eral
et al. '?® described that this phenomenon is caused when the three-phase contact line (the
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boundary of the droplet at the solid, vapor and liquid phases) does not recedes during
evaporation but gets pinned at defects on the surface (Figure 3.31).
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Figure 3.31 — Schematic of the drop evaporation process. Image modified from Eral
et al. 128,

As the drop tries to maintain its shape while having a pinned contact line, an outward
flow within the droplet is generated!?®. This flow transports more solute at the con-
tact line, increasing its concentration at the margins while decreasing it in the center!2®.
This phenomenon has been reported during microarraying of biochips¥%!3!. In our case,
the higher concentrations of Ab-mal at the droplet border increased the frequency of in-
teractions between the maleimide moieties and the available thiols, leading to a radial
gradient in the amount of immobilized antibodies. Optimization for the spotting of Ab-
mal should be performed by evaluating the cell capture uniformity on features made at
varying antibody and glycerol concentrations.

Besides evaluating the functionality of the grafted anti-human CD3, we performed fluo-
rescence revelation of the features made by the two spotting methods. Firstly, detection
of the electropolymerized rabbit IgG (Ab-pyr) was performed by exposing the surface to
biotinylated anti-rabbit IgG (a 13 nM solution for 15 min) and then SAPE 10% (v/v) for
20 min (Figure 3.32). After rinsing the surface, fluorescence imaging confirmed the pres-
ence of rabbit IgG on the gold surface (Figure 3.32d). However, the spots presented an
atypical morphology (much larger than expected and not clearly defined). Such irregular-
ities could be ascribed to long contact times (in the order of > 3 seconds) of the spotting
solution with the microstructured surface before applying a voltage. Due to capillarity,
the liquid can expand among the microbeads incurring in variations of the spot size. Such
issue can be easily overcome by applying a voltage as soon as the drop enters in contact
with the gold surface.

Finally, fluorescence revelation of Ab-mal (via biotinylated anti-mouse IgG + SAPE 10%
under similar conditions at those previously employed) confirmed the presence of the
grafted antibodies. Fluorescence results added to cell capture experiments showed the
effectiveness of our two-step method for silica biofunctionalization as the proteins could
be immobilized while retaining their biological functionality.
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Figure 3.32 — Validation of orthogonal functionalization over silica and gold surfaces.
First, PBMCs were captured by the anti-human CD3 antibodies grafted on the microbead
surface as seen in the (a) schematic illustration and (b) optical microscopy image. After-
wards, confirmation of the grafting via electropolymerization of rabbit IgG was performed
by exposing the surface to anti-rabbit IgG and SAPE 10%. In this case, the spots corre-
sponding to (c.i) functionalization on the microbeads did not show specific fluorescence
while the ((c.ii, d) electropolymerized regions were fluorescent. Finally, the surface was
exposed to anti-mouse IgG and SAPE allowing detection of the (e.i, f) Ab-mal antibodies
on the silica surfaces.

3.2.4.d SPR monitoring of cells on the microstructured biochip
After fluorescent validation of the grafting methods, we evaluated our microstructured

biochip using SPR. For the assays we used the hybrid SPR setup described earlier in
Chapter 2 with the same microfluidic chamber. Tests consisted in manually injecting a
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Figure 3.33 — SPRi differential images of the microstructured biochip showing one spot
functionalized with Ab-mal (anti-human CD3) after (a) 10 min and (b) 90 min of cell
sedimentation. Bright spots correspond to PBMCs sedimented on the surface.

solution of PMBCs (~3x10°¢cells.mL~" in PBS) into the microfluidic chamber, then the
system was left in static conditions to allow cell sedimentation while constant monitoring
was done via SPR at room temperature (625 nm as a SPR light source).

Contrary to the results obtained in the previous test with non-functionalized beads and
using a different type of cells, we observed clear SPR responses derived from cell attach-
ment on the surface after 10 minutes of sedimentation (Figure 3.33). This difference
might be caused by some destabilizing effect of the functionalization/washing steps over
the microbead monolayer or caused by difference behavior of the evaluated cells. PBMCs
can exhibit some levels of phagocytic activity'®? which could disrupt the monolayer of
microspheres leading to shifts in the SPR signal.

For further analysis, we selected ~100 regions of interest (ROIs) corresponding to zones
with and without cells. Monitoring of these zones showed that the microbeads not func-
tionalized with Ab-mal (just passivated with maleimidohexanoic acid) were more suscep-
tible to bulk and localized changes in the refractive index (Figure 3.34). This was not
surprising as the interrogation angle selected was optimized for sensitivity of the non-
functionalized beads (although all the ROIs shared almost identically plasmonic profiles).
The bulk shift in the refractive index, caused by flowing the cell-containing solution, in-
duced a generalized increase of ~4% in the reflectivity. Using this as a baseline, we can
observe that the attachment of the cells on the microbead layer induced an average (n=50)
reflectivity shift of just ~2%. This was very encouraging as previous tests using conven-
tional Horiba prisms (without microstructuration) showed that the SPR response caused
by the attachment of the cells directly on the gold was in the order of +10-15% reflectivity
shift. This result proves a >5-7 fold reduction in the “unwanted” SPR response caused
by the cells which was the main objective of the microstructuration of the biochip.
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Figure 3.34 — Average cell-derived (N=50) SPR response of the microstructured system

on (a) zones without Ab-mal coupling and (b) on Ab-mal spots.

On the other hand, an interesting fact is that we did not observed specific capture of
CD3" cells. Once the cells sedimented on the surface it was not possible to effectively
remove non-specifically attached cells by just manually flowing buffer into the system,
this resulted in a relatively homogeneous distribution of cells over the whole surface of
the biochip. Such issue might be related to the geometry of the fluidic sytem, the liquid
chamber consisted in an oval reservoir of ~ 3 mm height x 2 cm length x 0.8 cm width.
As the liquid input/output had a 0.75 mm inner diameter, there would be a relatively
large (possibly a few dozen micrometers in height) “static layer” on the surface. This
“static layer” is not directly affected by perturbations in the flow rate on the “flowing
layer” of the liquid and so, once the cells passed the threshold from one layer to the other,
modifications in the flow rate would not succeed to remove the attached cells.

3.2.4.e SPR detection of biomolecules on the microstructured biochip

Successful SPR detection of molecules released in the media was observed when either
anti-rat or anti-rabbit IgG were added on the microfluidics (Figure 3.35), reaching similar
levels to the expected signal of non-modified prisms (bare gold surfaces).
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Figure 3.35 — Average SPR response of the multiple grafted features during the assay.

Arrows indicate the injection of different solutions containing either cells, rabbit IgG or
rat IgG to the liquid chamber of the system.

3.2.5 Cellular models for in vitro assays

Once we assessed the feasibility of performing SPR biomolecule detection on the mi-
crostructured biochip and have an estimation of the cell-derived noise, we characterized
the secretion levels of several cellular models for their potential SPR analysis of their
secretions.

3.2.5.a Description of the cellular models to be used

During our assays, we employed different types of cells which can be classified into two
main subgroups, namely adherent and non-adherent cells. Adherent cells, or anchorage
dependent cells, are those who require a attachment to a substrate for their growth, pro-
liferation and general survival!33. Whereas, non-adherent cells (anchorage independent)
can perform all their functions in suspension 3. Most cell types are normally anchorage
dependent (e.g. hepatocytes, endo- and epithelial cells, neurons, etc) while hematopoietic,
sexual cells and some tumoral cells are examples of non-adherent cells!3.

Another relevant classification of the cellular models is based on their immediate origin.
This creates two subgroups known as: primary cells and cell lines. The concept of “pri-
mary cells” refers to cells extracted from the donor organism and that have not being
previously cultured in vitro'33. They are more sensitive to environmental conditions, re-
quiring specific culture media, and have a limited life span (which greatly varies among
cell types as well as from donor to donor)!'33. Once a primary culture is subcultured (or
passaged), it becomes a “cell line” 33,

Cell lines can be subgrouped into finite or continuous lines, which differ in the maximum
amount of population doublings that the cell line can sustain before senescence (which
refers to cellular aging/deterioration)!3. For finite cell lines, this number oscillates be-
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tween 20 to 80 doublings while continuous lines, which have become immortal, can escape
from this senescence control!®3. The possibility of subculturing and characterizing spe-
cific cell lines is highly appealing, nevertheless, serial passage induces important genotypic
and phenotypic variations which leads to poor representation of the behavior of primary
cells 134,

We characterized the secretion profile of different types of cells (either primary cells or
cell lines, adherent or non-adherent). This in order to determine the feasibility of using
them as cellular models for in vitro detection of their secretions by our microstructured
SPR biochip. With this aim, we evaluated:

RIN-m cell line: Rat insulinoma-derived cell line (RIN-m ATCC®CRL-2057™) was
used as a model for adherent cells. Normal cell function of adherent cells is linked to their
attachment on a surface via secretion of extracellular matrix proteins (ECM proteins).
Previously, we evaluated the cell-induced SPR response using non-adherent cells. How-
ever, the secretion of ECM proteins added to potential mobility on the surface makes this
cell line an interesting model for evaluating the microstructured system. Furthermore,
this cell line constitutively secretes insulin'*® which could be used as a standard analyte
on our SPR system.

PBMCs: Human Peripheral Blood Mononuclear Cells, known as PBMCs, are primary
cells isolated from human peripheral blood samples by a density gradient centrifugation
using Ficoll-Histopaque. PBMCs include lymphocytes, monocytes and dendritic cells!?5.
Typically, they are constituted by 1-2% dendritic cells, 10-20% monocytes and between
70-90% lymphocytes!'?>. From which, 5-10% are B-cells, 5-20% Natural Killer cells (NK
cells) and 70-85% T-cells (which express the co-receptor CD3 in their membranes). CD37"
cells can be further divided into two subsets: roughly a 66.6% of CD4" and ~33.3%
CDS8™ cells!?. Contrary to RIN-m cells, PBMCs lack anchorage dependence, reducing
the risks to alter the microstructures on the surface of our biochip. Furthermore, secre-
tion of different cytokines (e.g. IL-2, IFN-y and TNF-« ) can be chemically stimulated by
supplementing their culture media with: plant lectins, LipoPolySaccharides (LPS), Phor-
bol 12-Myristate 13-Acetate (PMA)/Ionomycin, Purified Protein Derivative of Tuberculin
(PPD) and/or anti-CD3, anti-CD28 antibodies!3°.

THP-1 cell line: Derived from a human leukemic monocyte cell line (ATCC®TIB-
202™) these cells are another non-adherent model that we evaluated. THP-1 cells do
not present any surface nor cytoplasmatic immunoglobulins (making their capture on
the biochip challenging) and can be differentiated into macrophages by stimulation with
PMA 137138 Further stimulation (with LPS for example) promotes the secretion of mul-
tiple cytokines and chemokines including IL-6, TNF-a and Macrophage Inflammatory
Proteins (MIP) !38:139,

96



Chapter 3: Microstructured surfaces for in vitro detection of cell secretions

Table 3.1 — Summary of the main characteristics displayed by the evaluated cellular
models.

Name Type Adherent Specie Secretions Requires activation
RIN-m  Cell line Yes Rat  Insulin and somastostatin No
Multiple cytokines including;:
PBMC Primary No Human IFN-v, IL (from 1 to 10), Yes. Typically PMA /Tonomycin
TNF-q, etc.

Multiple cytokines including:
THP-1 Cell line No Human TNF-q, IFN-y,

MIP-1a, MIP-13, etc.

Yes. Differentiation with PMA
Activation with LPS + R848

3.2.5.b Determination of secretion profiles for each cell-line

RIN-m cell line: Evaluation of insulin secretion by RIN-m cells was based on the
method designed by Miiller 14°. A more detailed procedure is described in Annex A.1.8.
Briefly, cells were seeded into multiwell plates, until their attachment. Then, the metabolic
activity of the cells was reset by incubating them in a glucose-free buffer for 30 min.
Then, the supernatants are replaced by a buffer with high glucose concentration (25 mM)
and then, the cells are incubated at 37 °C 5% relative humidity. The supernatants were
collected at different intervals and stored at -20 °C until analyzed by ELISA (Figure 3.36).
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Figure 3.36 — ELISA analysis of insulin secretions by RIN-m cells on high glucose media.
(a) Calibration curve with insulin standard; (b) Estimated concentrations of secreted
insulin of 1x10° cells in 1 mL of culture media at different incubation times.

Secretion of insulin by RIN-m cells has been reported to reach concentrations between
1-1.7 nM for 109 cells after 24h of culture'!. Yet, the same authors indicate that these
levels can vary greatly from clone to clone. Our experiments showed a concentration
of 0.6 nM for similar culture conditions (culture media, number of cells and incubation
time). This level of insulin secretion is considerably low compared to other insulinoma
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cell lines such as RINm5F (10 nM of insulin under the same conditions)!4? and INS-1
(15-200 nM) 143:144 " The relatively low insulin secretion by RIN-M cells may be caused by
somastostatin which is a potent inhibitor of insulin secretion and it is also secreted by
this cell line!45.

PBMCs: We proceeded then to evaluate the secretion profile of PBMCs after been
activated by PMA / Tonomycin (Annex A.1.9). Specifically, we focused on IL-2 and
IFN-v secretion. IL-2 role on the immune response is mainly related to its effects on
lymphocytes where it promotes T-cell growth, increase NK cytolytic activity, induces
differentiation of T-cells and mediates activation-induced cell death'46:147,

On the other hand, IFN-v is involved in numerous processes for tumor control as well
as in the defense against intracellular pathogens (specially viruses)!*®. Some of its func-
tions, as described by Schroder et al. '4? in their review, include: up-regulation of pathogen
recognition, antigen processing and presentation, antiviral response, inhibition of cell pro-
liferation, induction of apoptosis, immunomodulation, leukocyte trafficking and activation
of antimicrobial effector functions.

Briefly, cells were pre-cultured and then activated in PMA /Tonomycin (100 ng.mL~" and
500 ng.mL ™! respectively) supplemented AIM-V media (fully-defined serum-free media for
immunological studies). Cells were seeded into 96-multiwell plates (200 pL, 4.8x10° cells
per well). After incubation at 37 °C on a 5% CO5 atmosphere with 85% relative humidity,
supernatants were collected at specific times and frozen until ELISAs were performed for
quantification of IL-2 and IFN-v (Figure 3.37).
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Figure 3.37 — ELISA quantification at different times of intra and extracellular of IL-
2 and IFN-v of 4.8x107 cells.well™!. Error bars correspond to one standard deviation.
Calibration reference curves for (a) IL-2 and (c¢) IFN-vy. Quantification of (b) IL-2 and
(d) IFN-7 on the samples.

Activation of PBMC is traditionally performed at cell concentrations ranging from 0.5-
2x10° cells per milliliter '°°. In our tests, we employed the lower limit and observed similar
results to those of the literature regarding the secretion levels of PBMC (with cultures of
1x10° cells per well)'®'. The fact that we obtain the same bulk cytokine concentration
while using about half the amount of cells may be produced by some sort of regulation
mechanism for cytokine release. Such mechanism would not be limited by the amount of
secreting cells but rather by the bulk cytokine concentration. Such hypothesis is plausible
as it was stated in section 3.1 that the relative cytokine concentration in the medium is
able to regulate the production of others.

A comparison of the different cytokine levels from activated PBMC (PMA /Tonomycin,
10 cells mL~! and after 20h) is presented in Table 3.2.

Based on the results reported by Collins ' as well as on our experiments, we expected that
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Table 3.2 — Secretion levels of different cytokines before and after PMA /Tonomycin stim-
ulation of PBMC. Adapted from Collins 5.

Stimulated Basal

Cytokine ~ MW (g.mol™') Conc. (pg.mL™') Conc. (pM) Conc. (pg.mL™) Conc. (pM)
IFN-~ 1.7x10% 5243 308 <2 0.12
IL-1a 1.8x10% <2.0 <0.1 17.9 1.0
IL-2 1.5x10% 12500 833 <0.5 0.03
IL-3 1.7x10% 134 8 <2.0 <0.1
IL-4 1.x10% 85 5.6 <0.5 <0.03
IL-6 2.5%x10* 375 15 6.4 0.26
IL-8 1.1x10% 1440 130 730 66.36
IL-10 1.8x10% 127 7.0 8.0 0.4
TNF-« 1.7x10% 5100 300.00 14 0.08
GM-CSF  1.5x10* 2310 158 33.7 2.3

PBMC would secreted IL-2 and IFN-v at concentrations ranging from pico to nanomolar
levels after 48h of activation.

THP-1 cell line Finally, we activated THP-1 cells to determine their secretion pro-
file, specifically, TNF-a release. This cytokine has a vast amount of homeostatic and
pathogenic functions including: organogenesis and tissue regeneration, induction of necro-
sis in tumors, inflammation, recruitment of inflammatory cells, activation of vascular
endothelium, tissue degeneration among many others!2,

For the assays, cells were differentiated into macrophages by exposing them to RPMI +
PMA (10 ng.mL™1), then seeded into multiwell plates and activated with AIM-V + LPS
(0.1 pg.mL™! ) + R848 (0.2 pg.mL™!), detailed process in Annex A.1.10. As in previous
assays, the culture media was recollected at specific incubation times and frozen until
their quantification via ELISA (Figure 3.38).
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Figure 3.38 — TNF-« quantification on THP-1 cells via ELISA. (a,c) Calibration curve
for activated and non-activated sample respectively; (b) Quantification of TNF-« present
in culture media of activated cells at different incubation times and (d) Quantification of
TNF-a on culture media of non-activated cells.

On non-activated cells, TNF-« levels were negligible while activated cells produced rela-
tively high concentrations (higher amount of the secreted molecule compared with PBMCs
and RIN-m cells) after just 3 h of incubation (Figure 3.38) decaying after 24 h. There-
fore, it is possible that the maximum TNF-a concentration in the media might have been
reached between 6-24 h of incubation. Considering the ephemeral nature of cytokines,
this concentration profile was not unexpected. As mentioned before, TNF-a mediates
numerous processes in macrophages, being consumed/degraded in the process while its
secretion rate decreases over time.

After the profiling of our cellular models, we observed the highest secretion levels on
THP-1 cells where release of TNF-a (MW: ~17 kDa) reached > 6 nM in just 6 h after
activation. Followed by PBMCs whose IFN-y (MW: ~17 kDa) and IL-2 (MW: ~15
kDa) secretion levels after 48 h were in the range of 0.2 nM and 1 nM respectively.
Lastly, RIN-m cells showed insulin (MW: ~5.8 kDa) release levels of 0.6 nM after 24 h of
culture. Considering that SPR is a technique based on fluctuations of the refractive index
near the sensing surface, nano and subnanomolar concentrations of low-molecular mass
molecules would cause very slight shifts in the refractive index, making their detection
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quite challenging. For this reason, we proceeded to evaluate the lower limit of detection
(LOD) for the different secretions using SPR.

3.2.5.c SPR detection of insulin, IFN-v and IL-2 using antibodies

To determine the LOD of our SPR system, we monitored the SPR response after ex-
posing a conventional SPR biochip to increasing concentrations of reference solutions of
insulin, IFN-y and IL-2, in a range from 100 pM to 10 nM. For this, Horiba prisms were

electrospotted with pyrrole-conjugated antibodies (anti-human IFN-v, anti-human I1-2,
anti-rat insulin and anti-human CD28).

The prisms were set into SPR set-up (diode 680 nm as light source) with a microfluidic
system fed by a pump. Experiments were set at 25 °C with a continuous flow of PBS at
2.5 nL.s™! with a 500 pL injection loop. First, the prisms were passivated by injection of
a 1% (m/v) solution of Bovine Serum Albumin (BSA). Then, injections of the respective
analytes (prepared by dissolving lyophilized ELISA standards for IFN-y and IL-2 or di-
lution of a concentrated mother solution in the case of insulin) were flowed through the
system at increasing concentrations (Figure 3.39).
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Figure 3.39 — Average SPR responses at different concentrations of (a) IFN-v, (b) IL-2
and (c) insulin on protein microarrays.

In the case of IFN-v, the standard solution had a carrier protein, BSA, at very high
concentrations (1% m/v) which caused the big reflectivity shifts observed in Figure 3.39a.
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However, as it was the case for the rest of analytes, no specific signal was observed at the
evaluated concentrations.

Considering the lack of specificity, we used ELISA as a quality control method to validate
that the pyrrolated antibodies employed for cytokine detection were biologically active.
Multiwell plates were coated with anti-mouse CD45 (which was going to substitute CD28
as negative control), anti-human IL-2 and IFN-vy antibodies (unmodified and pyrrole-
conjugated).

Functionality of the antibodies was confirmed as seen in Figure 3.40. Coupling with
pyrrole did not alter their performance and all showed to be highly specific by no reacting
with a mismatched cytokine.
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Figure 3.40 — ELISA evaluation of pyrrole-conjugated and unmodified anti-human IFN-~,
anti-human IL-2 and anti-mouse CD45. Curves correspond to: (a) anti [IFN-y exposed to
IFN-v; (b) anti IFN-v exposed to IL-2; (c¢) anti IL-2 exposed to I[FN-vy and (d) anti IL-2
exposed to IL-2. In all cases, anti-mouse CD45 was used as negative control.

From these control experiments we can conclude that the functionality of the antibodies
was not compromised during pyrrole-coupling, and the grafting procedure should not have
affected them considerably (as described by Grosjean et al.11?). Therefore, the detection
issues to the LOD of our setup requiring the use of more concentrated standards. With our
sensing system, voluminous and massive molecules (IgG antibodies with MW ~150 kDa)
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are used for the capture of small proteins (5-17 kDa in these cases). Due to the large size
of these probes, antibodies have low grafting densities leading to the attachment of just a
few molecules of the analyte per unit area, translating into to negligible SPR responses.
By using smaller probes, higher surface densities can be achieved. This translates into the
capture of more analytes per surface unit, hence increasing the sensitivity of the system.

Based on this, we decided to evaluate the use smaller probes for cytokine detection (Fig-
ure 3.41). Several molecules could be used for this purpose such as antigen-binding frag-
ments (Fab)!®3 nanobodies!™ and aptamers!®. More precisely, we selected the latter
due to their intrinsic stability, chemical versatility and ease of production. By switching
from an antibody (~150 kDa) to an aptamer (~10 kDa) model, we would expect consid-
erably higher grafting densities leading to an increment in the number of target molecules
captured on the biochip surface.

(a) Analyte ) (b) o

Analyte
04- Low mZ:s

Low concentration

Low mass
O Low concentration

Figure 3.41 — Graphical representation of the size effect of the probes in the grafting
density.

3.2.5.d SPR detection of IFN-y and TNF-«a using aptamers

Aptamers are oligonucleotide sequences that, similarly to antibodies, are able to bind to
specific targets. They can be selected by a process called SELEX (Systemic Evolution
of Ligands by EXponential enrichment)!®. This process is based on cycles of selection
and amplification using large pools of different oligonucleotides (> trillion of distinct
sequences) which bind with different affinities to a target under specific parameters!®.
The molecules are submitted to mild denaturing to select the ones with higher affinity
which are then modified and amplified repeating the cycle until the desired level of affinity
is achieved.

Compared to antibodies, aptamers have numerous advantages such as simpler and cheaper
production, low inter-batch variability, reversible denaturing and chemical simplicity
which facilitates their use in numerous applications!®®. Furthermore, their use to de-
velop aptasensors (sensors which employes aptamers as probes) for cytokine detection
have been steadily growing3%:157163,

We selected two DNA-based aptamers, from the literature, for the detection of IFN-
A 198:159,164 and TNF-a'%°. These oligonucleotides were synthesized with a terminal amino
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moiety which allowed further chemical modifications (e.g. biotinylation, coupling with
thiol or with pyrrole).

Some of the properties of these aptamers are described in Table 3.3.

Table 3.3 — Description of the oligonucleotides used during the assays.

Oligonucleotide Sequence Length T,. (°C) M'W'l
(bp) (g-mol™")
TNF-a apt. 5'-NHy-Cs-TGGTGGATGGCGCAGTCGGCGACAA-3 25 68.6 7788.1
IFN-v apt. 5-GGGGTTGGTTGTGTTGGGTGTTGTGTCCAACCCC-Cy-NHy-3 34 69.2 10558.8
Zip6e (control) 5-GACCGGTATGCGACCTGGTATGCG-Cs-NHo-3' 24 57.4 7606.1

First, we added thiol moieties to the aptamers via NHS/NH; chemistry. Then, solutions
of the thiolated aptamers were prepared in KoHPO, 1 M buffer with PEGgq00SH to form
mixed SAMs avoiding potential steric hindrance between the aptamers. These spotting
conditions were inspired from the work!%® of Camille Daniel, a former doctoral student
in our lab. To select the optimal ratio oligo:PEGggSH, three different solutions were
prepared: 20 pM oligo / 10 pM PEG (2:1), 10 uM oligo / 10 utM PEG (1:1) and 10 pM
oligo / 20 pM PEG (1:2). Biochips were produced by functionalizing Horiba SPR. prisms
with the different solutions using the spotting robot sciFLEXARRAYER from SCIENION
(procedure in Annex A.1.1).

The same SPR system was employed (light source 680 nm) with a fluidic system fed by a
pump (200 pL injection loop, constant flow of 2.5 pL.s™!) and temperature set at 25 °C.
PBS-T (PBS 4 Tween20 0.05% v/v) was used as running buffer.

Correct grafting of the oligos was verified by injection of their corresponding complemen-
tary strands (cDNA). Once this was confirmed, the cDNA were removed by addition of
NaOH 50 mM. The surface was then passivated with an injection of BSA 1% (m/v).
Standard solutions of carrier-free TNF-« in the range of 5-250 nM were added followed
by the IFN-v standards, from 50-1000 nM, as seen in Figure 3.42.
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Figure 3.42 — SPR responses for each probe corresponding to thiolated aptamers or Zip6

grafted at different concentrations. The graphs correspond to Oligo:PEG molar ratios of:
(a) 2:1, (b) 1:1 and (c) 1:2.

No detection of TNF-a was observed on any of the grafted probes, whereas, all the probes
showed significant SPR responses when exposed to IFN-v at 50 nM and above. This was
unexpected as analysis of the IFN-vy peptidic sequence using ScanProsite!%” showed no
potential DNA binding sites that might explain such behavior. In their work!58159:164
the team directed by Revzin did not evaluate the affinity of IFN-vy towards different DNA
sequences grafted on their sensor. As their sensors were based on fluctuations in the redox
potential, possible attachment of IFN-v to the probes would not affect their system as
long as IFN-v binding does not alter significantly the distance between the redox label
and the surface.

As it was unclear if the lack of specific SPR response was caused by the LOD of our
system or biological inactivity of our probes (aptamers), we evaluated the affinity of the
aptamers to their corresponding cytokines by an ELISA-like procedure. For this Aptamer-
Based ELISA (ABELISA), we modified the aptamers with either maleimide or biotin
functionalities in order to employ multiple detection approaches. Then we proceeded to
the grafting of the antigens (either TNF-a or IFN-v) by incubation with a basic buffer (pH
~9.6). Such conditions allow hydrophobic interactions between the plastic surface and
hydrophobic pockets of the proteins, incurring in a passive adsorption process as described
in Chapter 1 section 1.4.1. Further addition of the corresponding biotinylated aptamer (or
biotinylated antibody to verify proper antigen grafting) was performed followed by avidin-
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conjugated horseradish peroxidase (HRP-avidin). Lastly, the use of TetraMethylBenzidine
(TMB) as substrate for the peroxidase allowed us to confirm recognition of the cytokines

by our probes (Figure 3.43).

Direct strategy
(validation)

Grafting
evaluation

Figure 3.43 — Different approaches performed for an Aptamer-Based ELISA (ABELISA).
(a) Direct detection with HRP-conjugated antibodies; (b) Direct detection with HRP-
conjugated aptamers; (c) Traditional ELISA sandwich assay (Ab-Ab); (d) Antibody-
Aptamer sandwich (Ab-Apt); (e) Aptamer-Antibody (Apt-Ab) sandwich, grafting
via maleimide-thiol; (f) Aptamer-Antibody (Apt-Ab) sandwich, grafting via biotin-
extravidin; (g-h) Hybridization with DNAcs. In all the cases, the grafting of the first
layer of proteins occurs via hydrophobic interactions with the plastic surface.
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Coherently with the previous SPR results, the TNF-a aptamer did not react with TNF-
«. This was surprising as Orava et al. 1% showed effective SPR detection of TNF-« in
solution using this aptamer. A possible explanation for might be provided by the work
of Niibel et al.'®8. They highlight that aptamers designed against TNF-a tend to have
little affinity for the protein in vitro as the binding of the aptamers is strongly correlated
to the equilibrium between the monomeric and homotrimeric forms of TNF-«, which can
be easily perturbed. Due to this reason, we dropped the use of this oligo and focused on
the study of the IFN-vy aptamer as this one showed a strong signal when used for direct
detection of IFN-v (Figure 3.44).

(a)

—T

Absorbance
05 1.0 1.5 20 25 3.0

| | — —
Ab-Ab IFNy-Ab IFNy-Apt Blank

0

(b)

Antibody - Antibody  Cytokine - Antibody Cytokine - Aptamer
(Ab-Ab) (IFNy-Ab) (IFNy-Apt)
Figure 3.44 — Validation of aptamers via ABELISA. (a) Absorbance measurements of
traditional indirect (sandwich) ELISA as well as of direct method using antibodies or
aptamers for the detection of IFN-y and (b) Graphical illustration of the approaches used
in (a).

We then evaluated the feasibility of a sandwich assay using aptamers and antibodies via
another ABELISA as illustrated in Figure 3.43d-f. The ability to use antibodies at the
end of the SPR experiments would aid to confirm cytokine capturing by amplifying the
SPR signal. However, we were unsure if the antibody recognition site would be blocked
by the aptamer or if the binding with the antibody would cause cytokine release by the
aptamer. To answer this questions, we performed the grafting of either antibodies or ap-
tamers on the plastic surface of ELISA plates. The immobilization of the antibodies was
performed via hydropobic interactions, as previously stated, yet, this method was not fea-
sible for immobilizing the oligonucleotides. To circumvent this, we evaluated two different
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strategies for grafted the aptamers on the ELISA plates. First, we coated the microplate
wells, via hydrophobic interactions, with either thiolated Bovine Serum Albumin (BSA-
SH) or Extravidin® (which is a highly stable modified version of avidin which presents
elevated affinity for biotin). Via NHS reactions (Chapter 1 section 1.5.2.a), we introduced
either maleimide or biotin moieties on the aptamer allowing their immobilization on the
BSA-SH or Extravidin coated surfaces via an alkylation reaction of maleimides with thiols
(Chapter 1 section 1.5.2.c) or Biotin-extravidin affinity (Chapter 1 section 1.5.3). Once
the surface was functionalized with the probes of interest, we follow the steps of a conven-
tional ELISA by adding serial dilutions of IFN-v and then incubation with the detection
biomolecule (either a biotinylated aptamer or antibody) which resulted in the data shown
in Figure 3.45.
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Figure 3.45 — ABELISA evaluation of sandwich strategies for IFN-v detection. (a) Col-
orimetric results obtained from the different strategies and (b) Graphical representation
of the coating methods employed for each measurement.

The sandwich strategy where antibodies were grafted on the surface and aptamers were
used as the detection molecule (Ab-Apt approach, Figure 3.43d) was no different than
the blank even when exposed to the highest concentration (2 nM) of IFN-vy (Figure 3.45).
This strategy cause a masking of the aptamer binding site to the IFN-v after the later is
captured by the antibodies. However, in the reverse approach (BSA-SH mediated grafting
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of aptamers while using detection antibodies, Apt-Ab method as shown in Figure 3.43e)
we observed higher colorimetric signals as the concentration of IFN-~ increased, demon-
strating that this approach can be used for sandwich detection of this cytokine.

To compare the grafting method of the oligos (either by BSA-SH or Extravidin), we
substituted IFN-+ by biotinylated-cDNA. In this case, oligonucleotide immobilization
mediated by Extravidin-biotin interactions was considerably superior as the colorimetric
signal obtained was 1 order of magnitude higher than for the thiol-maleimide strategy.

Theoretically, BSA contains 59 lysine residues from which 30-35 primary amines are ster-
ically available for reacting with a crosslinker!%’. After conjugation with NHS-thiol, we
expected to have numerous available binding sites compared to Extravidin, which has only
4 biotin binding sites. Several hypothesis were made to explain such a marked difference.
The first one is based on the reaction kinetics of thiol-maleimide versus avidin-biotin.
Even though the thiol-maleimide reaction occurs relatively fast in solution!™, solid-liquid
phase reactions take considerably longer times for which the low oligo-maleimide concen-
trations (0.1 pM) would require more than 60 min of incubation for binding efficiently to
BSA-SH. Another explanation could be that the thiol moieties from BSA became steri-
cally unaccessible after immobilization of the protein on the plastic surface. As it has been
extensively reported, some biomolecules suffer extensive conformational changes during
hydrophobic-based adsorption (Chapter 1 section 1.4.1). If that was the case for BSA it
is possible that a smaller than expected amount of thiols is available for interacting with
the maleimide-conjugated oligos.

In any case, as Extravidin-mediated grafting of oligos proved to be extremely efficient, we
could employ this strategy for the biding of the aptamer on the SPR biochips. Neverthe-
less, due to time constraints, such experiments were not performed.

3.3 Conclusions

To summarize, in this chapter we focused on the development and functionalization of a
SPR biochip for in wvitro study of cells and their secretions. This biochip was based on a
monolayer of silica microspheres that created a physical barrier between the cells and the
sensing region of the SPR.

We faced numerous challenges including the degradation of the microstructures under
aqueous media used for biological assays. We overcame this issue by a thermal treatment
of the silica microbeads which reduced the pore size and the amount of free silanol moieties
in the surface, decreasing significantly the hydrolysis rate. These microspheres conferred
our biochips a new optical property, namely the appearance of whispering gallery waves.
We successfully used of this optical mode for the detection of cells deposited on the
monolayer, yet, further evaluations and instrument optimization should be performed in
order to exploit it. More importantly, we observed either total or partial suppression of
cell-derived SPR noise in the system with microbeads. In the case of partial suppression,
when employing PBMCs, cell attachment induced a reflectivity shift between 1-3% in
the system with microbeads which considerably lower than the typical 10-15% when cells
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attach directly on the gold surface.

Moreover, we successfully employed two orthogonal approaches for the functionalization
of the silica microbeads and the gold surface. Coupling of cell capturing antibodies was
performed over the silica surfaces using maleimide-thiol interactions. Fluorescence vali-
dation followed by capturing of PBMCs showed that the method is efficient and it could
be further optimized by regulating concentrations and incubation times. The gold surface
was functionalized via electropolymerization. As with the functionalization of the mi-
crobeads, the effective arraying of proteins was evaluated via fluorescence. SPR imaging
was used afterwards demonstrating the possibility to perform SPR measurements on this
microstructured system.

Finally, we characterized multiple cellular models (RIN-m, THP-1 and PBMCs) in terms
of their secretion profile. One of our biological models, the RIN-m cell line, produced
subnanomolar amounts of insulin (a 5.8 kDa protein even smaller than cytokines) after 24
h of incubation. Such levels of secretion for a low-molecular weight species made this cell
line a complex model for the study of cell secretions via SPR. Among the other models,
the THP-1 cell line was the most promising as it secreted ~ 6 nM of TNF-« (a ~15 kDa
cytokine) in less than 6 h after its activation. As the expected bulk concentrations of
the secreted biomolecules were in the pico to nanomolar range, we evaluated the lower
limit of detection of our SPR system. This proved to be considerably more complex
than expected. During our first assays, we monitored the SPR response over immuno-
microarrays while flowing different standard solutions of the analytes. However, we did
not observed any specific response. Yet, the aptamers were not as efficient as it was
reported in the literature.

We developed different ELISA-like assays to evaluate the functionality of the selected
aptamers. We found that the TNF-a aptamer was not reacting at all while the INF-v
presented a strong interaction with its cytokine. Furthermore, we found that Extravidin-
mediated grafting of oligos could be an interesting approach for our system.

In overall, we developed a microstructured SPR biochip which is able to reduce the cell-
derive signals while also detects biomolecule interactions via SPR. Orthogonal function-
alization methods were evaluated and validated. However, sensitivity of the system may
be a major issue. For this, optimization of the grafting method (either direct electropoly-
merization of pyrrole-conjugated aptamers or Extravidin-mediated immobilization) have
to be performed as well as new SELEX in order to obtain more efficient aptamers.

Finally, even if this approach still requires a significant amount of work to achieve ideal
in vitro detection of cell secretions, we consider this strategy as a viable option worth
exploring for the development of novel biosensing technologies.
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Chapter 4: Nanostructured optical fibers as potential in vivo sensing systems

4.1 Scientific context

Even before their widespread use for data communications, optical fibers have been exten-
sively exploited in medicine!2. This is specially the case for endoscopy, where they provide
a suitable platform for minimally invasive procedures as they are non-toxic, very thin and
flexible, chemically inert under physiological conditions and can be easily sterilized by
standard methods?™.

However, their clinical uses are not limited only to their use as illuminating devices. By
employing lasers with higher output power, it is possible to cut or ablate tissues in an
extremely localized manner?. Moreover, their immunity to high intensity electromagnetic
fields, radiofrequences and microwave signals, permits their use for real-time monitoring
of patients during Magnetic Resonance Imaging (MRI), Computed Tomography (CT) or
Positron Emission Tomography (PET) scans without risks of an electric shock, contrary
to conventional electronic devices?®.

Other features such as their excellent light propagation and relatively low costs, make op-
tical fibers a suitable transduction element for biosensing® (Figure 4.1). On this regard,
sensors based on optical fibers (known as Fiber-Optic Sensors or FOS) have already been
developed as researching tools for in vivo and ez vivo studies involving pathogen detec-
tion™?, protein kinetics %! biofilm formation*!3, diagnosis/monitoring of diseases %415,

Sick individual Healthy individual

Optical fiber
inside a cathether

Optical fiber
inside a cathether

Light input and
signal processing

Light input and
signal processing

Signal
Signal

Time Time

Figure 4.1 — Illustration of fiber-optic biosensors for point-of-care testing of two individuals
(one of which presents a medical condition).
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4.1.1 Light transmission in optical fibers

Before we continue talking about the use of optical fibers as sensors, we should introduce
some basic functional aspects of optical fibers. However, as an in-depth explanation
regarding the physics of light propagation inside the optical fibers is out of the scope of this
PhD thesis, we will only present a brief overview of its main principles. For further details,
please refer to Hasegawa !9 (whose review describes the basis of information transfer in
optical fibers), Senior !” (specifically Chapter 2, regarding the basis of light propagation)
and Leung et al.'® (review focused on the principles behind fiber-optic sensors).

Briefly, optical fibers are a type of waveguide (a structure that guides electromagnetic
waves by limiting its propagation to 1-2 dimensions). They are typically composed by
two elements: a core and a cladding. In its simplest form, the core consists of a high optical
index material located at the center of the optical fiber, surrounding it is the cladding
which presents a slightly lower optical index. Following Snell’s law (Equation 1.1), as
described in Chapter 1 section 1.2.1, if light enters in the core at an incident angle (6;)
larger than the critical angle (6., defined as the angle whose refraction is 90°), it will
experience the phenomenon of Total Internal Reflection (TIR) allowing its propagation
through the fiber!8.

If 0,50,

——Cross-section |

Figure 4.2 — Graphical representation of the phenomenon of Total Internal Reflection
(TIR) through an optical fiber.

The way that light propagates vastly depends on the type of fiber that is being used. As

there is an enormous amount of different optical fibers, we will limit our discussion to
three types which have been designed for light transmission (passive fibers) and not for
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signal amplification (active fibers).

In the case of passive fibers (illustrated in Figure 4.3), we can mention'®:

— Step-index fibers: These fibers are characterized by a constant refractive index
in the core (and the cladding)!®. Their fabrication is relatively simple and these
fibers are commonly used on most commercial applications.

— Graded-index fibers: These exhibit a gradual decrease in the RI from the center
axis outwards'®. This structure results in a reduced attenuation (which is the loss
of intensity over the transmitted distance) but with a more complex and costly
fabrication compared to step-index fibers.

— Photonic crystal fibers (PCF): In this case, the cladding is composed by air
holes arrayed into a photonic crystal'®. Photonic crystals are periodic structures
able to control the transmission of light. By controlling the separation between the
air holes and their diameter, it is possible to strictly regulate which wavelengths
can: propagate into the crystal structure, be transmitted via reflection inside the
core or being trapped?’. Furthermore, the core can be composed either by a solid
material (solid-core PCFs) or an air hole (hollow-core PCFs) in the center of the
photonic crystal’®. Theoretically, the PCFs present the lower attenuation from the
three types of fibers!'?, but, due to their complexity, their use of PCFs for sensing
applications has not been widely explored.

Based on parameters such as the diameter of the cores, the wavelength of the propagated
light and the refractive index of the core-cladding system, light can be transmitted in
single or multiple ways!®. These ways or paths of propagation are called modes. In the
case of Single-Mode Fibers (SMF), the small diameter of the cores allow only one mode
of propagation of the light making them efficient for high frequency data transmission
as they present lower attenuation (as there is no real reflection since light follows an
almost linear trajectory)'®. In contrast, in Multi-Mode Fibers (MMF) light can travel in
many possible ways through the cores'® for which they are used for illumination purposes
or short-distance transmission of light at high intensity (such as in laser-based cutting
devices).
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Figure 4.3 — Schematic representation of (a) Step-index, (b) graded-index and (c) photonic
crystal optical fibers.

4.1.2 Fiber-Optic Sensors (FOS)

So far, the descriptions and applications that we have mentioned about optical fibers are
based on the fact that they have been designed for efficient transmission of light. However,
in order to be efficiently transmitted, the light has to avoid external interference and so,
the cores are relatively isolated from the environment except at their end-faces which
work as input/output points.

Considering that the light propagating through the core of a fiber is isolated from the
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environment, the use of optical fibers as sensing devices can seem a little bit paradoxical
as such application requires interaction of the light with the surroundings. Nonetheless,
the development of sensors based on optical fibers can be achieved by different strategies,
one of which, evanescent field-based sensors, consists in exploiting an interesting feature
of the light under TIR.

Light propagating via TIR is composed by two different components: a guided wave and
an evanescent wave (Figure 4.4). The guided wave corresponds to the light reflected back
into the core by TIR while the evanescent wave is the result of the penetration, outside
the boundary of the core, of the electric and magnetic fields of the reflected light'®. This
evanescent wave (called evanescent field as well) exponentially decays as it penetrates the
media outside the core. Since the evanescent wave is a product from the electromagnetic
fields of the incident light, fluctuations in the refractive index inside the evanescent field
will shift the critical angle for TIR and so, the intensity of the light reflected to the core.

Evanescent
wave

| Outer media
(e.g. cladding)

<— Boundary

— Core

6

Incident Reflected
light light
X P
N 7
Guided wave

Figure 4.4 — Evanescent field at the core-cladding interface as light undergoes TIR.

Sensors based on optical fibers (commonly referred as Fiber-Optic Sensors, FOS) can be
produced by using this phenomena either directly or with a signal amplification method.

4.1.2.a Non-amplified sensitivity

In case of non-amplified FOS, the sensing can be performed either at the end-face or in
the lateral face of the fiber.

In the case of sensing at the end-face, intensity shifts in the retroreflected light are mon-
itored based on fluctuations in the refractive index of the environment nearby one of the
terminal faces. However, this method is rarely used without an amplification strategy as
the changes in retroreflected light intensity are very slight.

On the other hand, lateral sensing can be performed by removing (totally or partially)
the cladding of the fiber. Under such conditions, the external media (either air or a liquid
solution) will act as a cladding and fluctuations in its RI will affect the propagation of
the light. This method provides a larger surface of interaction as it depends only on the
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unclad zone while the end-face approach is limited by the diameter of the core (usually
in micrometric range). Unfortunately, the cladding provides mechanical resistance to the
fiber and so, unclad fibers are extremely fragile and prone to breakage.

4.1.2.b Amplified sensitivity

Thin film coatings have become a widely used method for improving the sensitivity and
even providing some range of selectivity to FOS?2!. Some of these functional coatings can
interact with specific analytes providing a measurable signal such as the evanescent-field
FOS created by Matsuo et al.?2. In their work, they deposited a thin layer of an organic
dye, TetraBromo Phenol Blue (TBPB), over the core of optical fibers. When the analyte
(albumin) combines with TBPB, the optical absortion spectrum of this dye changes. As
the film is inside the penetration range of the evanescent field, a measurable shift in the
propagation of the guided wave occurs.

Other examples of functional films allows the monitoring of hydrogen??, oxygen?4%°, hu-
midity 26?7, among several others?®. However, we will focus on metallic films as they allow
the use of Surface Plasmon Resonance (SPR) which is an extensively used technique in
our research team.

As explained in Chapter 1 section 1.2, this phenomenon occurs due to the excitation of Sur-
face Plasmon Polaritons (SPPs) at the metal-liquid/air interface by the evanescent wave
created at the core-metal interface due to TIR of incident light (Chapter 1 Figure 1.3).
For this excitation to occur, specific coupling conditions (related to the wavelength, type
of metal, thickness of the metal layer, refractive index of the air/liquid medium, etc)
have to be achieved. These coupling conditions are highly sensitive to fluctuations in the
refractive index of the medium probed by the SPP’s evanescent field, causing sharp dips
in the light intensity 2.

4.1.3 Configurations of SPR-based FOS

Diverse configurations for SPR-based FOS have been designed and described in the lit-
erature. Each system has different properties focused either on improving the sensitiv-
ity, accuracy, repeatability and/or the limit of detection (LOD)?°. As for non-amplified
sensing methods, SPR-based FOS can also be used for either lateral or end-face sens-
ing. Based on this, we can categorize them as: (a) geometry-modified lateral sensing, (b)
grating-assisted lateral sensing and (c¢) end-face sensing. In Figure 4.5 some representative
examples are graphically depicted.
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(I) Geometry-modified lateral sensing
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Figure 4.5 — Different SPR-based FOS configurations. (I) Geometry-modified lateral
sensing: (a) unclad/etched fibers, (b) side-polished/D-shaped fiber, (c) tapered fiber,
(d) U-shaped fiber; (II) Grating-assisted lateral sensing: (e) LPFGs, (f) TFBGs; and
(III) End-face sensing: (g) arrayed face, (h) micro/nanostructured face. Modified from
Caucheteur et al.3°

4.1.3.a Geometry-modified lateral sensing

The simplest configuration of this category is based on the removal of the cladding (partial
or complete) via chemical etching or side-polishing (Figure 4.5a,b). Since cladding removal
drastically reduces the mechanical resistance of the fibers, this technique is usually done
on cores with rather large diameters (200-600 11m)3%32. A variant of this approach consists
in the localized removal of the cladding using a laser source, this treatment exposes only
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a narrow strip of the core where the metal can be deposited®’. In this case, even when
using multimode fibers, only a narrow range of incidence angles are able to generate SPR
phenomena. However, the use of such small detection areas makes these sensors highly
susceptible to background noise.

Another configuration is that of tapered fibers (Figure 4.5¢). These can be produced by
gently stretching the fiber during intense heating. Such process makes the fibers thinner on
some regions which can be unclad and metallized°. In the tapered zones, the magnitude

of the evanescent field is increased making the system more sensitive®.

A different way to increase the evanescent field can be done through the bending of
the optical fiber3®3*. Commonly this is done by creating a U-shaped probe as shown
in Figure 4.5d. These fibers present an evanescent field with greater penetration depth
and the great advantage of having the input and output almost at the same location,
facilitating the monitoring'®34.

Finally, other configurations, such as hetero-core structures, are possible as well but less
commonly employed?’.

4.1.3.b Grating-assisted lateral sensing

Contrary to the previous examples, grating-assisted FOS do not require the fibers to be
unclad and so, preserve the mechanical integrity of the fiber. For the generation of the
SPR phenomena, these fibers contain photo-patterned gratings on the core which are
able to diffract part of the light directly into the cladding where it can interact with the
metallic layer’. In Figure 4.5, two different types of these fibers are shown: (e) Tilted
Fiber Bragg Gratings (TFBGs) and (f) Long Period Fiber Gratings (LPFGs). Both types
present distinct characteristics that have been reviewed elsewhere3°:3.

4.1.3.c End-face sensing

In contrast to most of the previous configurations (except for U-shaped fibers), end-face
sensing provides an attractive advantage for in vivo monitoring. By using one terminal
face for probing while the other serves as input/output of the light, the sampling becomes
considerably more practical. Furthermore, by reducing the contact zone to only the end-
face, the sensing procedure is assured to be minimally invasive while the risk of breakage
or cleavage of the fiber inside the organism is negligible.

Some strategies for end-face monitoring consist in the use of nano-patterning technolo-
gies?. These methods create an array of metallic structures in the FOS terminal face
generating a Localized Surface Plasmon Resonance (LSPR) phenomenon. These struc-
tures can be either nanoparticles®, nanodots3”, apertures on a metallic films®® or hybrid

metallo-dielectric structures®.

Another approach is the use of tapered tips. These structures can be formed either by
mechanical stretching or chemical etching. In case of mechanical stretching, the process
is similar to the tapered fibers described before. However, instead of gradually stretching
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until reaching a constant thickness, these fibers are stretched until the end becomes a
peak 18,

4.2 Conception of a nanostructured fiber-bundle SPR-
based biochip

The previous compilation of configurations are just some examples of the most common
FOS systems, however, in the literature there are numerous variations and completely
different approaches to those presented so far4%-4°,

All these systems can be used as Fiber-Optic BioSensors (FOBS) by immobilizing a
bioreceptor into the metallic layer. Nevertheless, as described in Chapter 3.1, many
relevant clinical conditions require the simultaneous analysis of multiple targets, a feature
that the configurations described so far are unable to perform.

Regarding this problematic, the use of multi-core fiber bundles is a highly promising so-
lution. These fiber bundles combine several independent fibers into a single one with
multiple cores. Then, each core can act as an individual end-face based sensor and,
by multiplexed functionalization, Fiber-Optic BioChips (FOBC) can be developed (Fig-
ure 4.6).

Capture of target
molecules

S = —Metallized cores
=

Light input / reflected
SPR signal output

Figure 4.6 — Representation of SPR FOBS on a metallized multicore fiber-bundle.
Using this principle, our research team, in collaboration with several partners at Insti-
tut des Sciences Moléculaires (ISM, Bordeaux), Laboratoire d’analyse et d’architecture

des systemes (LAAS, Toulouse) and Institute for Advanced Biosciences (IAB, Grenoble),
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decided to develop an optical platform for multiplexed analysis via an ANR (Agence Na-
tionale de la Recherche) project called MOLY (MOLecular endoscopY for remote in vivo
diagnosis) and constituted the thesis*® of a former doctoral student from our laboratory,
Karim Vindas.

4.2.1 Characteristics of the optical fiber-bundles

The optical fibers used for this project consisted in a bundle of SUMITOMO graded-
index fibers which contained 6000 individual cores (Figure 4.7a). As there was some level
of heterogeneity in the core size, some cores presented a single propagation mode while
others allowed 2-3 modes.

TJ_Sheath SiO, doped
®:®-®-® i
®%®%®%@% o with F
S T CO=OSO=® . :
®®®®®@®@Q | Core SiO, doped with GeO,
@%@%@%G)@@ (graded-index)
@@®®®@@@®
Q@ED@@@?)@@
Silica

Protective polymer

Figure 4.7 — Scheme of a SUMITOMO fiber-bundle before nanostructuration.

Since each core had the capability of acting as an independent sensor, this approach easily
surpassed the, theoretical, multiplexing capabilities of the other configurations.

4.2.2 Nanostructuration via chemical etching

However, in order to increase the sensitivity of the system as mentioned in Section 4.1.3.c,
the terminal face of the cores required to be modified. For this structuring, our partners
exposed the terminal face of the fiber to buffered oxide etch (an etching buffer using a
40% solution of ammonium fluoride (NH4F), hydrofluoric acid at 48% (HF) and water
in a 5:1:1 volume ratio) which dissolves the siloxanes as well as the germanium oxides as

described by the next set of reactions*™.
Si0, + 6 HF — HySiFs + 2 H0 (4.1)
H,SiFs + 2NH; — (NH,),SiFs (4.2)
GeO, + 6 HF — HyGeFg + 2 H,0 (4.3)
HyGeFs + 2NH; — (NH,)2GeFy (4.4)

Reactions 4.1 and 4.2 describe the overall attack to silica (SiO2) by the hydrofluoric acid
followed by the ammonia (NHj). Whereas, reactions 4.1 and 4.2 describe the attack to the
germanium oxide. However, the mechanisms underlying these reactions involve several
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steps and intermediate species*®. The first of which is the dissociation of HF in aqueous

solution.
HF — HT + F~ (4.5)

Then, F anions can interact with un-dissociated acid HF molecules (reaction 4.6) forming
bifluoride anions (HF?~) which are considered as the main species responsible for the
attack to the silica matrix“® as described by reaction 4.7 .

HF + F~ — HF,~ (4.6)
SiOy + 3HFy™ + H" —— SiF¢*™ + 2H,0 (4.7)

The etching solution contains high concentration of ammonium fluoride. At low concen-
trations it speeds up the etching rate since its dissociation in water (reaction 4.8) generates
abundant F~ anions which can react with un-dissociated HF'.

NH,F — NH*" + F~ (4.8)

Nevertheless, at elevated molar ratios, it slows down the dissolution process by two mecha-
nisms. First, the NH, 1 cations interact with the HF,~ avoiding the attack on the silica by
this specie®® and secondly by increasing the pH, which makes the attack by the remaining
HF considerably slower®!. Interesting, due to solubility differences between (NH,),SiFg
and (NHy4)2GeFg (on reactions 4.2 and 4.4), a faster dissolution rate of the cladding oc-
curs leading to different micro- and nanostructures by adapting the concentration of the
reagents as well as the etching time®* % (Figure 4.8).

SRR

Figure 4.8 — SEM images of optical fibers presenting different core morphologies based
on the etching parameters. (a-c) Etching solution in proportions 1:3:1 of NH4F : HF :
H,O, fibers were exposed for: (a) 20 s, (b) 2 min and (c) 5 min. (d-f) Etching solution
in proportions 5:1:1 of NH4F : HF : HyO, fibers were exposed for: (d) 2 min, (e) 14 min
and (f) 25 min. Images adapted from Deiss?.

Exploiting this process, Vindas* performed the evaluation of multiple tip morphologies
for the development of SPR-based FOBS. From his work, it was concluded that truncated
cone-like structures were the most suitable for the expected applications (Figure 4.8f).
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4.2.3 Metallization of the nanostructures

As SPR was our amplification method of choice, we performed deposition of a thin layer
of gold over the nanostructured fibers via Electron Beam Physical Vapor Deposition
(EBPVD). This process was performed in the clean room facilities of the “Plateforme
Technologique Amont” (PTA) at CEA Grenoble, using a MEB550 electron beam evapo-
rator (Plassys, France) with a beam power of 10 kW. The conditions employed for the
metallization have been previously optimized*® and correspond to:

— Etching of the surface for 24 s using Art ions, removing any organic compounds
from the surface that might affect the metal deposition process.

— Deposition of a thin titanium layer (3-4 nm) which served as an adhesion layer due
to the poor attachment of gold directly on silica. This layer was performed at 10~°

mbar at a speed of 0.1 nm.s~!.

— Deposition of a second layer of gold (~50 nm at the lateral faces of the cones)

performed at 10~° mbar at a speed of 0.25 nm.s~!.

The whole process was performed on a rotating holder which revolved at a speed of 5
rpm while the amount of deposited material was monitored in real-time by a quartz
microbalance system. Due to the geometry of the nanostructures, the gold layer on the
flat regions of the truncated cone presented a thickness of ~150 nm. This region acts
as a mirror ensuring the return of the light to the detecting system. Whereas, the layer
formed at the sides of the cones (~50 nm) allowed the generation of plasmonic phenomena
(Figure 4.9).
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Figure 4.9 — Scheme of metallized nanostructures on the end-face of the fiber-bundle.
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4.2.4 Optical setup and optical characterization

After obtaining the metallized fiber-bundles, we performed an optical characterization
using the setup developed by Vindas?® illustrated in Figure 4.10:
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Figure 4.10 — Experimental setup used during characterization of the optical fiber bundles.

As depicted in the previous scheme, this setup consisted in:

— A system of exchangeable electroluminiscent diodes at 8 different wavelengths (455,
530, 590, 625, 660, 740, 780 and 850 nm) whose emission power is easily modulated.

— An optical fiber with a 1 mm @ and numerical aperture (NA): 0.4, that delivers
the light from the LED to the set-up.

— A holder for the FOBS which can be adjusted in z, y and z axis for aligning the
sensor with the lens.

— A polarizer on a rotary holder .
— A semi-transparent mirror that sends 50% of the light to the imaging lens.

— A 20x Olympus microscope objective as imaging lens (NA: 0.4, long working dis-
tance), focused to the cleaved face of the fiber working simultaneously for light
injection on the fiber as well as for recollecting the reflected light from the FOBS.

— To improve the signal to noise ratio, an analyzer is positioned in front of the camera
to filter light that undergoes specular reflection on the input face of the fiber. This
light is reflected back from the non-sensing part of the fiber and thus contributes
to the noise.

— Lens with a focal point of 30 cm allowing to focus the image of the fiber on the
CMOS device.

— A CMOS cooled camera for rapid image acquisition.
As our final goal consisted in performing SPR measurements in biological fluids, we needed

our sensor to be sensitive in the range of refractive indexes at which most biological pro-

136



Chapter 4: Nanostructured optical fibers as potential in vivo sensing systems

cesses occur, which is approximately between 1.34 to 1.37%7. For the optical characteriza-
tion of our sensor, we prepared aqueous solutions of varying refractive index (from 1.333
to 1.474) by increasing the concentration of glycerol (refractive index 1.474) in milliQ
water (refractive index 1.333). The refractive index of the sample solutions was measured
by a digital refractometer (Hanna HI96801).

Then, we measured the SPR response of our fiber-bundle sensor by immersion in the
solutions. As the wavelength of the incident light affects the coupling conditions for the
SPR phenomena, we performed the experiment using diodes of 590, 660, 740 and 780 nm
(Figure 4.11).
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Figure 4.11 — Average SPR response of ~6000 nanostructured cores exposed to solutions
of varying refractive index at different wavelengths: (a) 590, (b) 660, (c¢) 740 and (d)
780 nm. The refractive index of two common buffers used during biological assays (PBS
and the culture media Dulbecco’s Modified Eagle’s medium, DMEM) are marked in the
graphs.

Optical characterization of the fibers showed an adequate response in all the used wave-
lengths. However, incident light at 660 nm showed the maximum sensitivity in the ex-
pected range for biological interactions and so, this wavelength was selected as a candidate
for future biosensing assays.

4.2.5 From a sensor to a biochip - Challenges of multiplexed
functionalization of optical fiber bundles

As it can be seen from the previous optical characterizations, these fiber-bundles can
be effectively used as a SPR-based FOS. In his thesis, Vindas*® showed the potential of
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this system as a biosensor of biological interactions. This was done by using thiol-gold
chemistry to immobilize short thiolated oligonucleotides. Then, SPR monitoring allowed
the follow-up of the hybridization process with complementary strands of DNA.

Yet, our aim was to develop an optical fiber biochip and thus, multiplexed functionaliza-
tion of the sensing area had to be performed. We focused on applying different strategies
for the arraying of different biomolecules on the nanostructured surface. Nonetheless,
some of the properties of the optical fiber-bundle made extremely challenging to perform
localized and multiplexed functionalization. Among the main issues that we encountered,
we can highlight:

— Mechanical fragility: Due to their small diameter (total diameter of ~350 pm),
the fibers can break during normal handling. Moreover, the nanostructured face is
also sensitive to mechanical stress, limiting functionalization approaches based on
contact printing.

— Small surface: The arraying had to be performed in a very small area (~ 0.08
mm?). This required micrometric precision for the alignment of the fiber, as well
as the device used for functionalization, in all the axis, thus turning this into a
laborious and delicate task. Furthermore, to avoid cross-contamination between
the patterned features, either high resolution methods for surface modification or
the use of picoliter volumes (incurring in evaporation issues) have been employed.

— Surface effects: Finally, micro/nanostructuring could create either super hy-
drophilic or hydrophobic surfaces®. This parameter is of utmost relevance specially
when using contact-printing approaches. Highly hydrophilic surfaces would expand
the deposited droplets of the spotting solution (which contains the biomolecules to
be grafted) causing large features (reducing the level of multiplexing) and risking
cross-contamination of the bioreceptors. On the other hand, hydrophobic surfaces
would not allow the deposition of the spotting solution as the pin difference in
wettability of the pin and the surface would inhibit liquid deposition.

To deal with these challenges, we evaluated multiple strategies based on two approaches:
microcantilever- and photo-based functionalization techniques.

4.3 Functionalization based on microcontact printing
(uCP)

4.3.1 uCP - immobilization via pyrrole electropolymerization

As described before in Chapter 1 section 1.4.2 and Chapter 3 Section 3.2.4.a, electropoly-
merization of pyrrole-coupled biomolecules over gold surfaces is a powerful and versatile
tool to perform localized functionalization® %3, This allows the generation of a thin layer
of polypyrrole (with a thickness of just a few nanometers®%) keeping the arrayed probes
inside the penetration depth of the evanescent field and thus, allowing SPR responses
when a biological interactions occurs.
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In contrast with the process used on flat gold surfaces, a microcantilever-based approach
was implemented for functionalizing the optical fibers. These cantilevers were microfab-
ricated by photolithography at LAAS in Toulouse, with a microfluidic channel and a gold
electrode (Figure 4.12a).

Electrochemical functionalization could then be performed by filling the reservoir of the
microcantilevers with a spotting solution (electrolytic buffer + free pyrrole + pyrrole-
conjugated biomolecules). Then, via direct contact, deposition of picoliter droplets over
the nanostructured face of the fiber was performed“®. During the whole process, a constant
difference of potential of 2 V was applied on the system, however, the circuit is closed
only during 100 ms at the location of each feature at which the microcantilever (auxiliary
electrode) comes in contact with the gold layer (anode) (Figure 4.12b).
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Figure 4.12 — Device used for electropolymerization over the nanostructured face of the
fibers. (a) Scheme of a electrode-containing microcantilever, modified from Deiss®® and
(b) droplet deposition and grafting by electropolymerization on the optical fiber.
This approach has been evaluated on nanostructured optical fibers by Descamps et al. 4
as it can be observed in Figure 4.13. They successfully electrodeposited up to 400 mi-
crofeatures containing pyrrole-conjugated DNA over the nanostructured face of a similar
fiber-bundle.
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Figure 4.13 — Electrofunctionalization of a nanostructured optical fiber bundle. (a) Mi-
crocantilever electrochemically depositing spots over the gold-coated face of an optical
fiber bundle; (b) SEM image of microcantilever; (c-d) SEM images of the nanostructured
face of the fiber at different magnifications and (e) Nanostructured face with a matrix of
400 spots (pitch of 15 pm). Images taken from Descamps et al. 5.

However, the fibers used by Descamps et al. % presented a considerably thicker gold layer

since (exact thickness is not specified in their article but), instead of a SPR-based biosen-
sor, they developed an evanescent wave fluorescence-biosensor. This process was repeated
and evaluated by Vindas Yassine“®. Indeed, the method allows correct functionalization
of the surface. Nonetheless, as the gold layer in our fibers was considerably thinner, we
had to exert a higher pressure over the surface in order to ensure effective contact be-
tween the electrodes. By increasing the mechanical stress over the nanostructures, this
functionalization procedure caused considerable structural damage on the contact sites,
drastically reducing the sensing capabilities of the system (Figure 4.14).

Figure 4.14 — Mechanical damage caused by the microcantilever to the nanostructures on
the optical fiber. (a) SEM image showing broken cones in the contact areas and (b) Retro-
reflection image evidencing the reduction in reflective properties of 4 areas corresponding
to the zones of mechanical contact with the microcantilever.
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Moreover, the fact that this approach requires electrical contact with the gold layer is in
itself a challenging issue. Considering that our metallization system performs a directional
deposition of the gold, it results necessary to tilt the fiber in order to obtain a gold film
on the side of the fiber. Such tilting produces heterogeneity in the thickness of the
gold film at the sides of the truncated cones altering their SPR properties. As using
electropolymerization for biomolecule immobilization led to extensive structural damage
and modifications to the gold layer, we decided to evaluate a different approach. namely
the formation of self-assembled monolayers via thiol-gold interaction.

4.3.2 pCP - immobilization via thiol adsorption

Silicon microcantilevers provided by the LAAS were used as well for this approach. How-
ever, contrary to the previous method no voltage was applied (Figure 4.15).

(a)

:

Figure 4.15 — Contact printing with flexible microcantilevers. (a) Scheme of microcan-
tilevers flexing on its internal arc when it applies pressure to a surface, reducing the
mechanical stress the cantilever exerts over it; (b) Droplet deposition on using the micro-
cantilevers on flat surfaces and (c) Droplet deposition on using the microcantilevers on
nanostructured optical fibers.

Droplet deposition occurred as described for the pin printing method (Chapter 2 Section
2.1.1.a). Briefly, direct contact of the microcantilever with the surface transfers a fraction
of the spotting solution into the substrate forming a droplet. The volume of such droplets
is determined by the wettability of both surfaces (the tip and the substrate), the viscosity
of spotting solution as well as the angle and duration of contact between the tip and the
substrate (usually being in the range of nanoliters).

In this case, the functionalization is mediated by interaction of thiol-containing biomolecules
with the gold surface, forming Self-Assembled Monolayers (SAMs) as previously described
in Chapter 1 Section 1.4. This interaction requires clean gold substrates and so, before
each assay we immersed the fibers into piranha solution (HySO4:H305 in a 3:1 ratio) for
5 min followed by dipping in milli-Q) water to remove all potential organic contamination.
Piranha solution was used instead of plasma treatment as the latter has been reported to
cause significant damage to the gold layer on nanostructured fibers?.
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Characterization assays evaluated the feasibility of performing controlled-size droplets
over the gold coated face of the fibers. We used the same optical setup as before but with
the nanostructured face of the fibers fixed facing upwards Figure 4.16a. By aid of a set of
lenses and a sub-millimetric precision manual controller (Figure 4.16b,c), we aligned the
microcantilever with the optical fiber and made contact with the surface in two different
regions with a standard buffer solution (PBS + 5% glycerol).

Since the viscosity of the solution affects the efficiency of hollow-pin printing (Chapter
2 Section 2.1.1.a), we added glycerol to simulate the usual spotting buffers; in which
this compound slows down the evaporation rate by reducing the vapor pressure of the
solution®. We monitored the whole process by using a 660 nm diode as light source
while recording the retro-reflected light on a CMOS camera. Deposition of the glycerol-
containing droplets was confirmed as we observed a strong increase in the intensity of the
retro-reflected light on the spotted areas, due to a shift in the SPR angle (Figure 4.16d).
However, after 45 min of incubation the droplets fused together which resulted in cross-
contamination (Figure 4.16e).
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Figure 4.16 — Deposition of a spotting solution (PBS + 5% glycerol) on the nanostruc-
tured face of the optical fibers. (a) Experimental setup for SPR monitoring during the
droplet deposition; (b,c) Photographies of the pcantilever and the mounting set-up during
spotting over the fiber; (d-e) SPRi differential images obtained by the retro-reflected light
at (d) 0 min and (e) 45 min after deposition.

Besides the fusion of the spots, we experienced other inconveniences with this approach
such as: a big heterogeneity in the deposited volume, imprecision in the contact angle
among experiments, clogging issues, great fragility of the microcantilevers and, in some

143



Chapter 4: Nanostructured optical fibers as potential in vivo sensing systems

cases, even splitting of the tip during contact with the nanostructured surface as illustrated
in Figure 4.17.

Direction of
microcantilever

Figure 4.17 — Schematic representation of tip splitting on the cantilevers during contact
with nanostructured surface.

Even though pin-based contact printing has been successfully used for functionalizing
of flat surfaces, this technique does not seem to be a suited strategy for our system.
The nanostructures present on the end-face of the fiber led to non-reproducible results
when using this approach and so, we decided to evaluate an indirect contact printing
method. In this case, droplets containing the biomolecules of interest can be arrayed on
a flat substrate and used as a stamp for the patterning of the terminal face of the fibers
(Figure 4.18).
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Figure 4.18 — Indirect contact printing on the optical fibers using flexible microcantilevers.

An assay was made as a proof of concept, in this case a gold coated glass slide was
used as a flat substrate. In order to reduce the size of each spotted feature, the gold
surface was turned hydrophobic by generating a dodecanethiol, CH3(CHz);;SH, SAM.
A solution of the fluorescent molecule fluorescein (1 mg.mL~! in PBS with 5% glycerol)
was manually arrayed on the surface and then, with the aid of a sub-millimeter precision
manual controller, the nanostructured face of the optical fiber was put in contact with
the array (Figure 4.19).

144



Chapter 4: Nanostructured optical fibers as potential in vivo sensing systems

@
=
COOH

Excitation peak
480 nm

Emission peak
525 nm

Energy

400 500 600 700
Wavelength (nm)

Figure 4.19 — Indirect transfer of a fluorescein-containing solution on the optical fibers.
(a-b) Fluorescence imaging of the nanostructured face of the fiber (a) before and (b)
after arraying with fluorescein droplets. Exposed germanium-doped cores, zones without
a gold layer, emit blue light when irradiated with UV light (340-380 nm). Diameter of the
fiber delimited by the white segmented line. (c) Chemical structure of fluorescein with
its excitation and emission spectra.

The presence of individual fluorescent spots on the fiber indicates that this approach is
feasible, yet highly impractical. This method required a precise parallel alignment of the
substrate and the fiber. Under our experimental conditions, the fiber was slightly tilted (at
micrometric level) which induced a distortion in the stamped pattern (Figure 4.19b). Such
alignment mismatches can generate widespread mechanical damage on the nanostructures
as illustrated by Figure 4.20, while limiting multiplexed functionalization as the printed
pattern does not correspond to the original array.
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Figure 4.20 — Scheme representing mechanical damage to nanostructures due to improper
alignment during stamp-based patterning.

All the contact printing strategies evaluated so far presented numerous drawbacks includ-
ing as mechanical damage on the nanostructure surface, lack of reproducibility during
spotting, as well as impractical operational conditions. Therefore, we decided to focus on
non-contact functionalization strategies.
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4.4 Laser-assisted thermal micropatterning

4.4.1 General principle

Laser-assisted thermal micropatterning was one of the non-contact functionalization meth-
ods that we evaluated. Similarly to the UV-mediated degradation process described in
Chapter 2, this approach consisted in the desorption of a protective layer leaving bare
regions that can be functionalized via thiol-gold chemistry. However, instead of using
UV light, this method employed a focused laser beam inducing localized photo-thermal
desorption of the SAM.

Successful photo-thermal micro/nanopatterning of SAMs have been described in numer-
ous cases® . This method provides some benefits such as very fast kinetics (as the
desorption time has been reported in the range of microseconds to seconds, depending
power intensity of the laser)®®™ and the fact that light transmission can be performed
through the fiber which translates into a good control on the size and position of the

irradiated areas.

Initially, photo-thermal induced desorption of alkanethiols on gold surfaces was thought to
occur via oxidation®”". However, it seems that the process starts with a direct cleavage
of the S-Au bond followed to the formation of disulfides that are easily removed from the
surface during the irradiation process® %770 (Figure 4.21). Further thermal oxidation
of the compounds can happen depending on the availability of oxygen and the local
temperature.

Figure 4.21 — Schematic representation of the thermal desorption of alkanethiols on gold.
(a) Formation of a SAM; (b) Localized heating; (c¢) Formation of disulfide bonds and
cleavage from surface and (d) Surface functionalization with different thiolated molecules.
Scheme inspired from Shon and Lee ™.

4.4.2 Experimental setup
Transmission of the light through the fiber required the modification of the current optical

setup. For such modifications, Vindas®® proposed the system illustrated in Figure 4.22. In
this setup, in front of the semi-transparent mirror, there is a dichroic mirror that allowed
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simultaneous SPR monitoring of the system while also redirecting the laser to the optical
fiber. A system with a 2-axis mirror galvanometer, controlled by a LabView program,
regulated the angle of incidence and therefore, allowed the selection of which regions were
exposed to the laser. After the desorption process, functionalization of deprotected zones
can be performed as described for the UV-based method.
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Figure 4.22 — Diagram of the experimental setup used for thermal desorption of SAMs on
the optical fibers.

4.4.3 Validation of photo-thermal desorption on flat and nanos-
tructured surfaces

A proof of concept was developed by Cloé Desmet and Loic Leroy using laser-induced
photo-thermal desorption over flat surfaces. For this, gold-coated glass slides were plasma
treated (by the same procedure as described in Chapter 2) and immersed in a PEGggoSH
1 mM solution for 1 h. After rinsing with distilled water, the slides were positioned in the
setup illustrated by Figure 4.22. A pattern was digitally designed and used as template
for directing the irradiation. The SAM ablation process was performed using an argon
ion laser (Omnichrome model 532-MA-A04) with a power of 50 mW at a writing speed
of 2x107° s.pixel™! (each pixel corresponds to ~1 pm).

Afterwards, the surface was incubated with a thiolated oligonucleotide (Zip6-SH, 20 pM)
for 20 min and thoroughly rinsed with distilled water to remove unbounded molecules.
Then, the surface was exposed to the biotinylated complementary strand of the oligo (1
pM for 20 min) and incubated with the a fluorescent protein conjugated with streptavidin
(SAPE 10% v/v) for 20 min. After rinsing with PBS-Tween20 (0.05% v/v), a fluorescent
pattern matching the digital design was observed (Figure 4.23).
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Figure 4.23 — Fluorescence validation of laser micropatterning on flat gold surfaces. (a)
Fluorescence image after hybridization with a biotinylated complementary oligonucleotide
and incubation in SAPE 10% (v/v) and (b) Image analysis performed on ImageJ "™
corresponding to the mean gray values on the segmented line shown in (a).

Analysis of Figure 4.23a resulted in the intensity curve shown in Figure 4.23b. By mea-
suring the full width at half maximum of this curve, we estimated a resolution in the order
of 10 pm. This limit might be related not only to the lenses used for focusing the laser
beam but mainly to the high thermal conductivity of metals. As the temperature of the
irradiated region increases, heat transfer to the surrounding area allows the latter to reach
the temperature required for the desorption process. The level of heat diffusion might be
regulated by optimizing the irradiation parameters (e.g. exposure time and power).

As this method seemed promising for fast and localized surface patterning, we conducted
a similar test but on an optical fiber. Contrary to gold-coated glass slides, immersion in
Piranha solution was used to clean the optical fibers (as described in page 141). Then, the
terminal face was functionalized with a PEGyg00SH protective layer by the same procedure
used before. A new digital design was employed, this template consisted in squares of
100x 100 pixels (50x50 pm) which were irradiated at 50%, 20% and 10% of the maximum
power of the laser (50 mW). The writing speed was in the order of 1x1075 s.pixel ™! with
a total exposure time of 60 s.

During illumination of the fiber (back-illumination is traditionally performed using the
SPR light source), the irradiated regions showed an important increase in the transmitted
light suggesting defects in the gold layer. SEM imaging was used for analyzing the state
of the nanostructures (Figure 4.24) which denoted extensive damage to the gold surface
even in the zones irradiated at the lowest power.
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Figure 4.24 — Thermal damage to the gold layer of the nanostructured fibers. (a) SEM
image showing the laser-irradiated zones which exposed to: 1. 50%, 2. 20% and 3. 10%
of the maximum power; (b) Zoom of a SEM image corresponding to a zone irradiated
at 10% of the maximum power, small droplets of gold can be observed on the tip of the
nanostructure; and (c) graphical representation of the localized heating phenomena.

Damage to the gold layer is a common drawback in laser-assisted SAM patterning®. The
substrate temperature can rapidly reach a threshold at which there is gold ablation®.
This ablation may be caused by metal evaporation and/or surface melting”®™8°. In our
case, the main process seems to be macroscopic melting of the gold layer. Curiously,
the gold ablation was not homogeneous over the gold surface and instead it focused on
the tips of the nanostructures, forming micro- to nanometric droplets. Such phenomena
might be caused by the effect illustrated in Figure 4.24c. Propagation of the laser through
the fiber occurs via reflection until it reaches the cone-like structures. At this point, a
portion of the light is absorbed by the gold layer generating localized heating while most
of the light is reflected back. However, due to the geometry of the nanostructures, the
light is guided until the tip where it cannot propagate and is mainly absorbed leading to
an intense heating of the area melting the surrounding gold.

Such large modification of the gold layer would negatively affect its optical properties
for the generation of SPR. After numerous efforts to optimize the ablation parameters,
we could not overcome the heterogeneous heating and so, this approach was no further
explored.
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4.5 Indirect photo-assisted functionalization

4.5.1 General principle

Another non-contact printing method we evaluated consisted in the process extensively
described in Chapter 2. As in the previous method, desorption of a protective layer is
perform but in this case the process is mediated by UV-induced degradation of the SAM
rather than by photo-thermal desorption. An advantage of this approach is the fact that
UV-irradiation does not induce heating of the substrate. As the process does not depend
on localized heating, there is no heat-transfer limited resolution of the system neither
thermal ablation of the gold layer.

The precise chemical mechanism of this process is, currently, not completely understood.
However it may be triggered either by ROS formation or direct photolysis of the PEG
molecules as it is proposed in Figure 4.25.
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Figure 4.25 — Proposed mechanism for UV-mediated PEG degradation.

Such process would be triggered by generation of a carbon centered radical (caused by
direct photolysis or hydrogen abstraction by a reactive oxygen species, which is expected
to be the main process in aqueous solutions). Then, a carbon-oxygen homolysis may lead
to the cleavage of the molecule leaving a surface with aldehyde ends as it was found by
Weber et al.8! and Ducker et al.®2. In Chapter 2, this SAM degradation method allowed
effective functionalization of flat gold surfaces. Therefore, we performed some adaptations
in order to assess its feasibility for multiplexed functionalization of the nanostructured
optical-fiber bundles.

4.5.2 Experimental setup
Since UV light cannot cross the gold layer®® nor be transmitted through the cores of

our fibers, we had to adapt the optical setup in order to perform the UV irradiation
directly at the nanostructured face of the fiber. We fixed the end-face of the fibers in
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an upward position similar to the procedure done for contact printing while UV-exposure
was performed using the same illumination system used in Chapter 2 as can be seen in
Figure 4.26.
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Figure 4.26 — Scheme representing the UV irradiation setup for functionalization of the
optical fibers. (a) First stage consisting in the formation of a protective PEGggooSH
SAM; (b) UV irradiation on the areas of interest allow localized deprotection of the gold
substrate and (c) functionalization of unprotected zones with thiolated molecules.

As there was no microfluidic system adapted for the optical fibers, we performed the irra-
diation in air and manually immersed the fiber into the different solutions of interest. The
extensive handling required for rinsing and functionalizing procedures was incompatible
with continuous SPR monitoring and so, we carried out a proof of concept by detecting
fluorescent markers rather than by using SPR.

4.5.3 Validation of UV-mediated desorption on optical fibers

For this experiment, the optical fiber was exposed to Piranha solution (5 min, r.t.),
rinsed with milli-Q water and then immersed in a 1 mM PEGggSH for 15 min at room
temperature. After forming a protective layer, we exposed a specific area to UV irradiation
for 30 min by adjusting the field diaphragm of the irradiating system. Then, the fiber
was immersed multiple times in milli-QQ water and exposed to a 100 pM solution of a
thiolated oligonucleotide Zip6-SH (described in Chapter 3 Section 3.2.5.d) for 15 min.
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After rinsing, the fiber was exposed to the biotinylated complementary oligo (Zip6c-Bio,
1 microM) for 15 min. A new rinsing step in PBS allowed removal of non-hybridized
strands while fluorescent revelation was performed after incubation of the fiber in SAPE
10% (v/v in PBS) for 20 min (Figure 4.27).

Figure 4.27 — Indirect photo-functionalization via UV-degradation of a protective SAM.
All images correspond to the nanostructured face of the optical fiber. (a) Optical mi-
croscopy image showing the fiber before UV irradiation, observed with white light on a
bright field filter; (b) Fluorescence revelation of the fiber after: UV-irradiation, function-
alization with thiolated DNA, hybridization with the biotinylated complementary strand
and exposure to SAPE 10% v/v.

The results obtained in Figure 4.27 are promising as functionalization on the fibers was
observed. However, experiments performed by Cloé Desmet, a postdoctoral researcher in
our team, showed that exposure times between 20-30 min (under our experimental condi-
tions) were required for effectively deprotect the surface, which was considerably higher
than for flat gold surfaces. Considering that the presence of cone-like nanostructures
considerably increases the surface area of the tips (compared to a non-structure surface
with the same perimeter), the energy delivered per surface area unit (J.cm™!) was much
lower on the fibers than on gold flat surfaces. As the energy per area unit decreases, a
reduction in the degradation efficiency can be expected. Nevertheless, this can be easily
addressed by employing a higher power light source.

Another fact to considerate is that the irradiation was performed in air instead of in
aqueous media. Previously, we discussed that ROS formation (mainly hydroxyl radicals)
in aqueous media can trigger the degradation of PEG when using a 365 nm light source.
However, during the irradiation in air, ROS generation from water molecules becomes a
secondary process (limited by the water molecules adsorbed at the surface) and PEG-
degradation via direct photolysis may become predominant, resulting in a variation of
the reaction kinetics.

From all these experiments, we can conclude that indirect photo-functionalization was
effective for the grafting of biomolecules on the end-face of the optical fibers without
damaging their structural integrity. A drawback of this technique was that the irradi-
ation had to be performed in air which would lead to partial denaturation of proteins.
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Yet, this issue can be approached by the development of a dedicated microfluidic system
or the grafting of thiolated oligonucleotides allowing specific functionalization with com-
plementary oligo-conjugated proteins. Even if this method is a promising approach for
multiplexed functionalization on the fibers, the fact that it is based on thiol-gold chem-
istry limits its applicability as formation of even low-surface density SAMs requires several
minutes and up to hours. Hence, a strategy with faster immobilization rates was needed.

4.6 Direct photo-assisted functionalization

4.6.1 Diazirine as a photoreactive moiety

In contrast with the previous method, direct photo-functionalization, as described in
Chapter 2 Section 2.1.2, is a one-step process in which the grafting is performed at the
same time as the irradiation. This is possible as the unstable species, formed during UV
exposure, present very fast reaction kinetics leading to a significant reduction in the time
required for multi-probe immobilization.

Among the possible direct photo-functionalization strategies, such as the use of photoini-
tiators®? or catalysts®® we decided to create a photo-activable SAM. From the available

photoreactive moieties®”® we selected diazirine-derivatives since®’:

— They present great stability (to nucleophiles such as thiols, to pH and temperature);

— Their activation wavelength range is compatible with biomolecules (330-370 nm,
which causes relatively low damage to biomolecules during direct exposure);

— The formed carbenes are highly reactive;
— Diazirines are the smallest photoreactive functionalities

This latest aspect, the small size, is critical since coupling with bulky photoreactive moi-
eties can dramatically alter the biological activity of the biomolecules of interest®.

4.6.2 Action mechanism

Diazirines are molecules with a carbon atom bonded to a diazo moiety”’. Upon exposure
to UV light, diazirine enters a photogenerated excited state in which the two o bonds
connecting the sp? carbon atom to the azo moieties are cleaved causing a redistribution
of the bonding electrons between the nitrogen molecule and a divalent carbon atom two
non-bonding orbitals, namely a carbene 2.

Once formed, carbenes bind covalently to the nearest molecule via insertions of the type:
C-C, C-H, O-H or X-H (with X being any atom except C or H in an organic com-
pound)®. Nevertheless, the formation of carbenes is not the only viable pathway for
this reaction. UV irradiation of diazirines can also generate diazo compounds as well as
diazonium salts?. Diazo compounds can further react with UV light forming carbenes,
yet, it is considered as an undesirable by-product since it can form diazonium ions and,
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subsequently, carbocations®. These carbocations suffer from light-independent loss of

molecular nitrogen leading to unwanted reactions?»% (Figure 4.28).
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4.6.3 Diazirine-derivatives for surface functionalization

Diazirine-containing compounds have been widely exploited for photo-affinity labeling of
biomolecules®®, yet, their use for surface grafting has not been extensively explored®%.
Before applying this method to nanostructured optical fibers, we evaluated the feasibility
of using diazirine-based photoreactive surfaces for biomolecule arraying over flat surfaces.
For this goal, we used plasma-treated (3 min, 75%:25% Os:Ar, 0.6 mbar and at 80% of
power) gold-coated glass slides which were then immersed for 1h in 1 mM solutions of
either: (a) 11-Amino-undecane-1-thiol (HS—Cy;-NHy); (b) an alkyl oligoethylene gly-
col thiol (HS—Cy; —(H4C20)3—NHs, called HS-OEG-NH;) and (c) thiolated polyethylene
glycol (CH30(CH,CH0)44CH,CH,SH, called PEGogpoSH) as illustrated in Figure 4.29.
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Figure 4.29 — Diazirine-based photoreactive surfaces for immobilization of biomolecules.
Three different SAMs where used in the assays including: (a) an amino thiolated alkyl
(HS-C11NHs), (b) an alkyl oligoethylene glycol thiol (HS-OEG-NHy) and (¢) PEGago0SH

as negative control.

Afterwards, the slides were rinsed 3 times with 10 mL of ethanol 96% and then 3 times
with distilled water (same volume). All the slides were covered with a NHS-Diazirine 3.3
mM solution in PBS pH 8.0 for 1 h at r.t. in a humid chamber (~85% relative humidity)
followed by the same rinsing cycle described before. Once the slides were dried, 100 pL of
a 1 uM solution of a biotinylated oligo (IFN-v aptamer, see subsubsection 3.2.5.d) were
deposited on the surface and covered by a glass cover slip.

The irradiation area was arbitrary reduced by adjusting the field diaphragm and then
pre-determined areas were exposed to UV light (~365 nm) for 10 s. Immediately, the
surface was rinsed 3 times with a PBS-T solution (PBS + Tween20 0.05% v/v) and then
incubated with SAPE 10% v/v for 15 min at r.t. and, once more, washed with PBS-T.
Fluorescence imaging showed fluorescence only on the irradiated zones of the diazirine
slides and not on the negative control (PEGgg0SH) as observed in Figure 4.30.
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Figure 4.30 — Fluorescence validation of diazirine-based photoreactive surfaces. Images
correspond to (a) HS—Cy; —NHy SAM, (b) HS—Cy; - (EG)3;—NHy SAM and (c) Negative
control, (PEGa0SH) SAM. On HS—Cy; —NH; SAM (a), a much larger area was irradiated
compared to that of the other SAMs (b and c).

This approach seemed very promising as the patterning could be performed in matter of
seconds and without any modification of the probe (insertion of moieties such as thiol,
biotin, pyrrole, etc). Cloé Desmet continued the evaluation of this approach by grafting
oligonucleotides and proteins (biotinylated IgG antibodies) on similar surfaces. Although,
the method was reproducible for oligonucleotides, it showed a poor grafting efficiency of
proteins.

Photo-coupling of proteins in solution via diazirine has been reported to have low yields
since the carbenes rapidly react with water molecules®%. Since the coupling kinetics in
solution are faster than for solid-liquid systems, we expected that the coupling of proteins
to the surface would have a much lower yield than in solution. Such effect is attributed
that, at relatively low target concentrations, mass transport plays a major role on the
encounter rate” between the proteins and the carbenes at the surface. Therefore, the
rate-limiting process is that of diffusion of the target biomolecules (vertical and lateral)
to the active regions of the surfaces.

Yet, effective grafting of oligos on solid-liquid system was achieved when using similar
concentrations (1 pM). We hypothesize that this might be caused by a faster diffusion of
the oligonucleotides to the active surface, allowing reaction of the biomolecules with the
carbenes before their interaction with water molecules. However, Lukacs et al.®® reported
a diffusion coefficient of 53 pm2.s™! for oligonucleotides of similar length while Jossang
et al.? reported a value of 39 pm?2.s~! for a human IgG. Such slight difference might not
be able to explain the observed results.

4.7 Conclusions

We evaluated multiple contact and non-contact printing approaches for surface function-
alization of gold coated nanostructured optical fiber-bundles. Based on our results, we can
conclude that microcantilever-based functionalization is definitively not adapted for our
fiber-bundle system. When performing pyrrole electropolymerization, we experienced nu-
merous difficulties to establish a proper electrical contact, leading to extensive damage of
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the nanostructures. While droplet deposition for thiol-based SAM formation suffered from
lack of reproducibility, difficult manual alignment of the system and cross-contamination
issues.

Among the photo-assisted functionalization methods, photo-thermal SAM desorption lead
to heterogeneous heating of the nanostructures resulting in gold ablation of the tips.
Such modification drastically altered the SPR capabilities of the system for which this
approach was discarded. However, by modifying the setup to perform the irradiation on
the nanostructured surface and not through the fiber, uniform heating of the surface could
be achieved without damaging to the gold layer. This approach is yet to be tested but
could be a feasible alternative.

In the case of UV-induced SAM desorption, this process allowed effective functionaliza-
tion of the surface without damage to the gold layer. However, this method suffered from
slow desorption times. This combined with the fact that thiol-gold SAMs require consid-
erable amounts of time to form effectively, limited the applicability of this approach for
multiplexed functionalization (as it could take hours to array more than 4 probes).

Finally, the use of photoreactive SAMs proved to be the most promising method. This
method offered the simplest and fastest way to perform multiplexed functionalization
on the optical fibers without any structural damage. However, it has been elusive to
optimize and lacks reproducibility at the moment. These challenges could be overcome
by using a pre-concentration strategy. Such strategy could be based either on drying
effect (reducing or removing water from the droplet increasing the chances of interaction
between the desired molecule and the carbenes) or by modifying the pH of the solution, as
performed during ELISA, to favor protein adsorption on the surface (protein interaction
with charged or slightly hydrophobic surfaces can be favored by adjusting the pH of
the buffer based on the isoelectric point of the protein and the nature of the surface).
Although it has yet to be optimized, this method will be continue to be explored for the
creation of a fiber-optic biochips.
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Conclusions and perspectives

During my PhD research project, I was involved in the development of novel SPR-based
systems which showed promising in vitro and in vivo biosensing capabilities. One of the
critical steps for the creation of such systems relies on effective multiplexed functionaliza-
tion strategies which was the main focus of this doctoral thesis.

A common challenge for the efficient generation of biochips, specifically protein microar-
rays, is to preserve the biological activity of the proteins during their grafting. One of the
main factors causing a decrease in protein functionality is the dehydration of the probes
on the surface, which eventually affects the adequate folding of the protein. Therefore,
our first approach addressed this issue by the development of a multiplexable arraying
method that could be totally performed in aqueous media. This method, which was thor-
oughly described in Chapter 2, consisted in UV-assisted degradation of thiolated PEG
SAMs over gold surfaces. PEG SAMs are used as protective layers avoiding further func-
tionalization of the gold surface. Degradation of these SAMs in specific patterns allowed
the grafting of the molecules of interest while maintaining a fully liquid environment in
the whole process, ensuring the integrity of the proteins. We discovered some insights
of the chemical mechanisms involved on this process and validated this approach by the
creation of a protein microarray able to capture individual cells.

As this method relies on the degradation of the PEG chains, it should be possible to extend
it for any PEG-derived SAM (either thiol or silane based). Furthermore, by varying the
exposure time, gradient surface functionalization can be achieved. Such versatility makes
this approach highly interesting for a wide range of substrates and applications that
require biomolecule immobilization with micrometric resolution. However, this technique
also presented several drawbacks.

While some minor issues, such as imperfections in the generated patterns, could be easily
corrected by employing a microfabricated photomask, or a system of digitally regulated
micro-mirrors, the major limitation of this procedure laid on the time required for mul-
tiplexed surface functionalization. Under our current procedure, each feature was gener-
ated by an UV irradiation step followed by incubation with a thiolated probe. While the
degradation process could be accelerated by employing a high-power UV light source, the
formation of an uniform SAM at functional surface densities required incubation times
varying from minutes to hours. Such waiting times would made this method impractical
for more than 4-5 multi-step functionalization processes on a single biochip.

Nonetheless, for some applications, the formation of thiol/silane-based SAMs might not
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be required and so, the functionalization times can be greatly reduced. UV irradiation
of PEG SAMs significantly decreased their anti-fouling properties allowing direct protein
adsorption over the generated patterns. This adsorption may be based on the formation
of reversible Schiff bases between the aldehydes on the surface and the amino moieties of
the proteins in solution. For example, this technique could be applied as a fast and simple
methodology for creating cell binding patterns. The functionalization of irradiated zones
with extracellular matrix proteins (e.g. collagen, fibrinogen) would lead to preferential
cell adhesion on such areas which can be used for the study of cell behavior (attachment,
mobility, replication, etc.) on different substrates.

After developing a versatile surface functionalization technique that could be employed
on a variety of substrates, we focused our efforts into the creation of novel SPR systems
for biosensing. In this sense, as explained in Chapter 3, one of the main limitations for
the dynamic SPR monitoring of cell cultures derived from the fact that the cells often
induced a much larger signal than the target biomolecules. To address this problem,
our laboratory has worked on multiple microstructurated platforms that could provide
SPR monitoring of the target molecules while suppressing this cell-derived SPR signal.
Among the evaluated microstructuration methods, the deposition of a monolayer of silica
microbeads was the most promising alternative. However, we observed that the silica
microspheres dissolved in the aqueous buffers used for the biological assays. We evaluated
multiple stabilization methods and developed a thermal treatment that is able to provide
long term stabilization of the microbeads in presence of several aqueous buffers. This
thermal treatment is independent of the surface where the microbeads are deposited and
so, can be useful for other applications, besides SPR sensing, that require a separating
layer between cells and the substrate.

Interestingly, when we deposited a monolayer of the microbeads over SPR prisms we
observed an additional optical phenomenon (possibly Whispering Gallery Mode, WGM)
under a specific set of conditions. We performed some preliminary optical characteri-
zations on this phenomenon and demonstrated its potential for sensing the microbead
surface. The immediate application for WGM in our system consisted in the detection
of cells over the microbead monolayer. Our results showed that this is feasible but fur-
ther exploitation of WGM would require the development of a different optical setup.
Such setup would employ two light sources for the excitation of both phenomena: WGM
and SPR, to simultaneously monitor the microbead environment and the gold surface
respectively.

SPR monitoring of this microstructured system in presence of different types of cells
showed that we successfully achieved our initial goal: the microbead monolayer was able
to suppress either totally or partially, depending of the type of cells evaluated, the cell-
derived SPR signals. Even in the worst case evaluated, the microbeads achieved a 5-10 fold
reduction of the SPR signal observed on bare gold surfaces which constituted a remarkable
level of suppression. Future modification on the microbead size and an in-depth study
of the cell behavior over the microstructured surface might allow total suppression of the
cell-derived SPR signal.

As it was previously explained, multiplexed functionalization is a crucial step for the

165



Chapter 5: Conclusions and perspectives

development of novel SPR biochips. We implemented two orthogonal strategies which
allowed the selective functionalization of either the microbeads or gold surfaces in pre-
defined patterns. In the case of microbeads functionalization, we performed a two-step
method consisting in a silanization with MPTS followed by protein grafting via thiol-
maleimide reactions. We validated this approach by the arraying of antibodies that led us
to selectively capture PBMCs. However, we observed that the microbead surface was not
uniformly functionalized, possibly due to droplet evaporation behavior over the porous
monolayer. A potential solution for this problem could be the use of higher protein and
glycerol concentration in the spotting solution as well as longer incubation times. Re-
garding functionalization of the gold surface, grafting of biomolecules was performed by
electropolymerization of pyrrole. We also faced some challenges during this step as some
spots presented considerable variations in morphology and size. A potential solution
would require to optimize the contact time between the tip and the surface (to avoid ex-
cess droplet expansion due to capillarity between the microbeads) and automatizing the
electropolymerization process to ensure reproducible spotting. We performed dual func-
tionalization of SPR biochips and evaluated them for the capture cells and the detection
of biomolecules (IgG antibodies). Satisfyingly, our results showed that our biochips were
able to capture cells while simultaneously performing biomolecule detection.

Nonetheless, the main limitation for the use of these biochips for the detection of cell
secretions seems to be related to the sensitivity of our SPR system. After profiling the
secretion kinetics of our cellular models as well as performing sensitivity assays on our SPR
system, we concluded that the expected levels of cytokine secretion were below the limit
of detection of our current system. Although, the sensitivity assays were performed using
spots created by thiol-based SAMs and thus, cannot fully represent systems employing
different grafting strategies. Evaluation using electropolymerization of pyrrole-conjugated
aptamers, as well as employing the discussed extravidin method, could prove more effective
for cytokine detection. Moreover, selection of aptamers with higher affinity by new cycles
of SELEX could greatly enhance cytokine capture on the biochips.

It is important to highlight, that even though we focused our efforts on cytokine detection,
the microstructured biochips we developed could be used for other targets which would
also require suppression of cell-derived noise. Some potential applications involve the
monitoring of viral infection in cell cultures, study of the quorum sensing process in
bacteria as well as the different stages of biofilm formation.

While such microstructured systems offer a promising approach for cell, and biomolecule,
dynamic monitoring in vitro, there is currently a strong drive for the development of point-
of-care diagnostic tools. To address the need for innovative in vivo biosensing devices, our
research team developed a nanostructured fiber-optic SPR sensor (which was described
in Chapter 4). In order to transform this system into a biochip, we invested our efforts
in the implementation of multiplexed functionalization methods.

Our initial approaches consisted in contact printing strategies, which showed either struc-
tural damage to the sensing surface or lack of reproducibility. Afterwards, we evaluated
photo-thermal desorption which had the advantage, compared to contact printing strate-
gies, of being faster, the irradiation can be directed through the fiber and the patterning
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can be performed with high precision/resolution. Nonetheless, the photo-thermal ap-
proach led to heterogeneous surface heating and gold ablation even at the lowest laser
intensities. We evaluated the indirect UV functionalization method described earlier
which allowed effective grafting of the irradiated areas with thiolated oligonucleotides.
Yet, difficulties related to the manual operation as well as the required functionalization
time (involving UV irradiation and incubation with the probe) limited this method.

Finally, we evaluated the use of photo-reactive surfaces based on diazirine moieties which
showed the most promising results. Preliminary results, using diazirine-containing SAMs,
showed rapid functionalization (in the range of seconds) of flat surfaces using oligonu-
cleotides. Before applying this method on the nanostructured system, the grafting pro-
tocol has to be optimized as it currently presents reproducibility issues. As the carbenes
formed in this process are easily quenched by water molecules, a pre-concentration method
(either by drying or pH dependent adsorption) could be evaluated.

Once multiplexed functionalization will be achieved, the sensitivity of this biochip to
different targets in increasingly complex media has to be evaluated. Such media can vary
from simple aqueous buffers to cell pellets, eventually paving the way for performing in
vivo assays. Regarding the potential targets, cytokine detection is highly desirable but
extremely challenging as these proteins are present at femto- to picomolar concentrations
in the blood stream. A more plausible target could be the monitoring of antibodies as well
as C-reactive protein (which is a biomarker of inflammation with high clinical significance)
whose concentrations may vary drastically from nanomolar to micromolar range based
on the clinical condition. Detection of whole cells (bacterial species or eukaryotic cell
subtypes) is another possibility for this type of sensors. On the other hand, fiber-optic
biochips are not limited only to biomedical applications. Their small size and flexibility
are also attractive for food industry (specifically, for the monitoring of packed products)
as well as in situ environmental monitoring.

The research developed through this doctoral thesis required a multidisciplinary approach
ranging from physics and chemistry to biology. Hopefully, my work based on the charac-
terization and functionalization of these SPR systems will contribute to the development
of innovative biosensing tools for a multitude of in vitro and in vivo applications.
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A.1 Experimental procedures

A.1.1 SAM formation based on thiol-gold interaction

Initial cleaning is based on rinsing the surface 3 times with ethanol 96% followed by 3
rinses with distilled water. If the surface requires further cleaning, use the ultrasound
bath for 10 min in absolute ethanol. After water, dry the surface with an air gun. Surface
activation can be prepared by plasma treatment (3 min with an atmosphere 75% 04:25%
Ar, 0.6 mbar and at 80% of maximum power) or exposure to piranha solution (3 min
immersion on a 1:3 v/v Hy09:H5SO,). Surface is highly reactive after activation, to
ensure repeatability of results, the substrates are usually left at room temperature in
clean containers overnight before their use.

PEG-based SAMs: After cleaning, the gold surface is immersed or covered (with an
abundant volume) of a 1 mM solution of the PEG-SH derivative of interest in PBS for 10-
60 min depending of the desired SAM surface density. The incubation time is performed
in a humid chamber (in a sealed recipient with a KNOj3 saturated solution, at 25°C the
relative humidity corresponds to ~85%). The surface is then rinsed 3 times with distilled
water, dried and stored at 4°C (preferably in an Ar atmosphere) until use.

Alkanethiol-based SAMs: Similar to PEG-based SAMs, the gold surface is immersed
into a 1 mM solution of the alkanethiol of interest dissolved in DMSO or absolute ethanol
for 10-60 min in a humid chamber. Afterwards, the surface is rinsed 3 times with abso-
lute ethanol, 3 times with distilled water, dried and stored at 4°C (preferably in an Ar
atmosphere) until use.

Oligonucleotide-based SAMs: After plasma treatment of the gold surface (and an
overnight resting phase), functionalization with thiolated oligonucleotides was performed.
For this, spotting solutions containing different ratios of the thiolated oligos with PEGyg00SH
were made (the ratios ranged from 20pM:10pM, 10pM:10pM and 10pM:20pM respec-
tively) in a KoHPO4 1 M solution (pH 9.25). Spotting was performed with a robot
followed by incubation in a humid chamber (85% relative humidity at 25°C) for 1h. Af-
terwards, the surfaces were rinsed 8x with distilled water (~5 mL each time) and stored
at 4°C until used. Before their use, the surfaces were exposed to PEGggoSH 100 pM for
10 min and rinsed 5x with distilled water.

A.1.2 UV photodeprotection of SAMs

A homemade optical device was used during the Surface Plasmon Resonance Imaging
(SPRi) assays. This hybrid set-up combined a SPR device with a commercial optical
microscope (Olympus BX-URA2) allowing exposure of the samples to UV light while
monitoring the SPR signal over time. For the UV irradiation, a high pressure mercury
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lamp was used as a light source, an Olympus filter (A 330-380 nm, peak at 365 nm) and
either a 10x or 20x lens (Olympus UPlanF) were used on the device. SPRi was performed
using a A 625 nm diode as light source.

A fluidic device with a temperature regulation module was made (315 pL inner volume,
2.5 mm internal height and covered by a 3 mm thick glass) using PDMS and PEEK tubes.
A resistance and a sensor inside the device allow the monitoring and regulation of the
temperature which was set to 25°C. A Cavro pump was used to regulate the flow rate
of the liquid which passed through a degassing system before entering the fluidic device.
However, the amount of dissolved oxygen could not be regulated as the PDMS and PEEK
tubes are permeable to gasses.

For evaluating the UV-mediated desorption kinetics of the different SAMs, functional-
ization of the gold surface was done before setting the prism in the fluidic device. SAM
formation was performed by direct exposure of the plasma treated prisms to 1 mM so-
lutions of either PEGgs50-SH, PEGog0-SH or 6-mercapto-1-hexanol for 1 h followed by 5
rinses with distilled water. In the case of 1-dodecanethiol and 2-methyl-2-propanethiol,
the prisms were exposed to 1 mM solutions of the respective compound for 2h at room
temperature, then followed by three washes with 10 mL of 96% ethanol and other three
washes with 10 mL of distilled water. Then, SPRi was performed using a A 625 nm diode
as light source. During UV irradiation, samples had a constant flow of PBS (0.5 uL.s™1).

Regarding the multi-cycle adsorption/desorption of PEG derivatives, SAMs were formed
via injection of 20 pM solutions of either PEGs50-SH or PEGoggo-SH at 0.1 pL.s™! with
1h of exposure followed by a 1.7 pL.s™! flow of PBS for 10 min. Similarly to previous
tests, during UV irradiation the samples had a constant PBS flow of 0.5 pL.s™*.

A.1.3 Determination of lower detection limit of EPR

A series of dilutions of the stable radical 4-Hydroxy-TEMPO ) were prepared in PBS (?)
at the followed concentrations: 10 mM, 1 mM, 100 pM, 10pM, 1M, 100nM, 1nM.

Borosilicate glass capillars (VITREX Cat. no 1272, inner diameter ~1mm) were used for
storing the samples. 100 uL of each solution were taken into capillars which, afterwards,
were sealed on one side. All the dilutions were kept in dark and stored at 4°C until used

(<24h).

For the EPR experiment, the capillars were deposited into an RPE tube using the following
parameters for its analysis:

— Modulation: 1 Gauss (measurements at 0.3 Gauss were performed for the highest
and lowest dilution were a signal was observed)

— Accumulation time per point: 82 ms

— Gain: a gain of 10° was used for the concentrations ranging from 10 nM to 100pM,

(1). 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl, also know as TEMPOL
(2). Phosphate Buffered Saline. An aqueous buffer with 1M KHsPO4,1M KoHPO,4 and 5M NaCl
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a gain of 10* for 1 mM and 103 in the case of 10 mM

— Cavity working volume: 2/3 of cavity were used, equivalent to ~30 L

A.1.4 Functionalization of gold nanoparticles for EPR experi-
ments

Citrate stabilized commercial gold nanoparticles were treated with a BSPP solution (to
a final concentration of 3 mg.mL™!) and incubated overnight at room temperature. Af-
terwards, samples were centrifuged at 16750 G for 15 min, the supernatant was discarded
and suspended in 1 mL per sample of saline buffer (1 mg.mL~! BSPP with 5 mg.mL™}
NaCl) was added prior to a new centrifugation. Each sample was suspended in 100 pL
of PBS buffer containing 1 mg.mL~! of BSPP and 10 pM of PEGg0oSH. Samples were
incubated overnight at 4°C, and centrifuged and suspended in 200 nL. of PBS. This step
was repeated twice.

A.1.5 Amine NHS-mediated conjugation

For proteins, 200 pL of a 3.3 pM solution (previously purified from any sodium azide
traces) were mixed with 34 pL of a 200 pM solution of the NHS-containing molecule of
interest and 166 pL of PBS pH 8.3. After 2h incubation at room temperature the proteins
were purified using Vivaspin columns (30 kDa).

For oligonucleotides, 20 nL of a 100 nM solution of oligos were mixed with 8 pL of a 40
mM NHS-containing molecule + 172 pL. of PBS pH 8.3. After a 2 h incubation at room
temperature, the oligos were purified with Sephadex NAP25 columns.

A.1.6 Functionalization of microbead-based biochips

Silane-based SAM on the gold surface: Plasma treated prisms (3 min, 75% O,
25% Ar, 0.6 mbar and 80% of maximum power) are incubated overnight into a 30 mM
solution of MPTS in toluene at room temperature. Afterwards, the prisms are rinsed with
toluene, then ethanol absolute and finally distilled water (3 times per solvent, ~10 mL of
solvent each wash). Finally, the prisms are dried and stored in an Argon atmosphere at
4 °C until deposition of microbeads via the Boostream process.

Silane-based SAM on the microbead surface: After microbead deposition, the
prisms are rinsed in absolute ethanol and dried. The prisms were stored in an glass
container with an inert atmosphere (argon) and then incubated at 110 °C for 3 h. Then,
the prisms were immersed into a 30 mM MPTS solution overnight at room temperature
and rinsed as described before.

171



Annex

Grafting of antibodies on the gold surface via electropolymerization: Elec-
topolymerization was performed by applying a 2V differential in the electric potential for
100 ms during the contact of the spotting solution and the gold surface. After spotting,
the surface was rinsed 3 times with 10 mL of non-saline PBS (10 mM, NaH,PO, is pro-
gressively added to a NagHPO, solution until reaching a pH: 7.4, does not contain NaCl
nor KCl) and softly dried.

Grafting of antibodies on the microbead surface via thiol-maleimide interac-
tions: Maleimide conjugated antibodies (1 pM) are deposited on the surface for 30 min
in a humid chamber. Afterwards, the prism is deposited into a container with 15 mL of a
5 mM solution of maleimido-hexanoic acid in order to block the free thiol moieties on the
microbead surface. Finally, the prism is rinsed via immersion for 15 min in a non-saline
PBS + Tween20 0.02% solution, rinsed 3 times with 10 mL of non-saline PBS and stored
in non-saline PBS at 4 °C until use.

A.1.7 Chemical composition of solutions used during microbead-
based assays
A.1.7.a Phosphate Buffered Saline (PBS):

Composition of the culture media described by Sigma-Aldrich, pH 7.4 at 25 °C.:

Compound Concentration (mM) Concentration (g.L™)

Na(Cl 137 8.0
KCl1 2.7 0.2
Na,HPO4 10 1.44
KH,PO, 2 0.24

A.1.7.b Roswell Park Memorial Institute (RPMI 1640):

Composition of the culture media described by Sigma-Aldrich:

Inorganic salts (g.L'): Ca(NOj3); - 4H,0 0.1; MgSO,4 (anhyd) 0.04884; KCl1 0.4;
NaHCOj; 2.0; NaCl 6.0; NaoHPO,4 (Anhyd) 0.8.

Amino acids (g.L'):  L-Arginine (free base) 0.2; L-Asparagine (anhyd) 0.05; L-
Aspartic Acid 0.02; L-Cystine-2HCI 0.0652; L-Glutamic Acid 0.02; L-Glutamine 0.3;
Glycine 0.01; L-Histidine (free base) 0.015; Hydroxy-L-Proline 0.02; L-Isoleucine 0.05;
L-Leucine 0.05; L-Lysine-HCI 0.04; L-Methionine 0.015; L-Phenylalanine 0.015; L-Proline
0.02; L-Serine 0.03; L-Threonine 0.02; L-Tryptophan 0.005; L-Tyrosine-2Na-2 H,O 0.02883;
L-Valine 0.02.
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Vitamins (g.L™'): D-Biotin 0.0002; Choline Chloride 0.003; Folic Acid 0.001; myo-
Inositol 0.035; Niacinamide 0.001; p-Amino Benzoic Acid 0.001; D-Pantothenic Acid-%Ca
0.00025; Pyridoxine-HCI 0.001; Riboflavin 0.0002; Thiamine-HCI 0.001; Vitamin B-12
0.000005;

Other (g.L™'): D-Glucose 2.0; Glutathione (reduced) 0.001; Phenol Red-Na 0.0053

The above medium was supplemented with Fetal Bovine Serum (FBS) to a final concentra-
tion of 10% (v/v) and Penicillin-Streptomycin (100 U penicillin and 100 pg streptomycin).
A.1.8 Quantification of insulin secretion

Insulin secretion test based on glucose concentration was designed for RIN-m cells based
on the information provided by G.Miiller (DOI: 10.1007/978-3-319-05392-9 158).

Table A.1 — Preparation of 300 mL of KRBH buffer

Compound MW Concentration (mM) Mass required
(g.mol ™) for 300 mL (mg)
NaCl 58.44 118.5 2077.5
CaCly- 2H,0 147.02 2.54 102
KHyPO, 136.09 1.14 48.6
KCl 74.55 4.74 106.0
NaHCOg3 84.01 ) 126.0
MgSO, 120.37 1.19 43.0
HEPES 238.3 10 714.9
BSA — 0.5% (m/v) 1500

Add water type 1 to reach 300 mL, mix and sterilize it (using 0.22 pm filters).

Insulin secretion assay: RIN-m cells are seeded into 12 well multiwell plates at 1.0x10°
cells.well ™. After 24h of being incubated in standard conditions, medium is removed and
substitute with KRBH pre-warmed buffer. The cells are incubated in the buffer for 30
min at 37°C to reset their metabolic activity. Buffer is removed and the respective media
is added to each well high glucose (25 mm) or no glucose (buffer) media.

After predetermined intervals, media is collected from the respective wells and stored at
-20°C (secreted material). Cells are washed with 0.5 mL of DPBS and then exposed to
NaOH 100 mM (0.5 mL) to induce their lysis. After overnight incubation at 37°C, the
intracellular contents are collected and stored at -20°C.
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A.1.9 Activation of PBMC

PBMC cells are thawed and cultured for 18h in a T-25 flask with AIM V Serum Free
Medium at 5% CO, and 37 °C for 18h (2.5x10° cells.mL—1). Afterwards, cells were
concentrated and resuspended in the respective culture media (Activation media: AIM-
V + Tonomycin (500 ng.mL™') + PMA (100 ng.mL™'); Normal media: AIM-V) to a
concentration of 2.4x10° cells per mL.

Cells were seeded in a 96 multiwell plate with (200 nL. per well of the respective culture
equivalent to 4.8 x 10° cells). Samples were cultured in duplicated for each treatment
(Activated or Non-activated) and sampling hour (Oh, 2h, 4h, 6h, 24h, 30h and 48h of
incubation). To avoid border effect, only the wells in the middle were seeded with cells
while the bordering empty wells were filled with PBS to diminish dehydration. Samples
were taken at the previously described times and frozen at -20°C until use. For the
ELISA test, samples were diluted 1:100 using ELISA diluent (2% w/v BSA in PBS +
0.05%Tween20).

A.1.10 THP-1 differenciation and activation

These protocols are derived from Nanobiose with small modifications. The media used
were prepared as follow:

- Culture media (RPMIc): RPMI 1640 with 2mM of L-glutamine, 10% fetal bovine serum
(FBS), PeniStrepto, 4.5 g/L glucose, 1 mM sodium pyruvate.

- Thawing media: The same as RPMIc but with 20% FBS

- Cryopreservation media: 90% FBS + 10% DMSO

- Differentiation media: RPMIc + PMA (10 ng.mL~! final concentration)

- Activation media: AIM-V + LPS (0.1 pg.mL™') + R848 (0.2 pg.mL~!) + 10 mM HEPES

Differentiation: After removing the supernatant via centrifugation for 5 min (1500
rpm), cells are resuspended into differentiation media at a concentration of 2x10° cells.mL ™.
Then, 500 pL of the cell solution are seeded on each well of a 24-multiwell plate. The
plate is incubated at 37 °C (5% CO5 atmosphere and 85% relative humidity) for 72 h.
Then, new media is added the plate is incubated for additional 24h. After this step, the
cells are ready for activation.

Activation: Culture media is removed from each well while traces of Fetal Bovine Serum
are removed by washing each well with 0.5-1 mL of DPBS. Then, 0.5 mL of trypsin 0.05%
+ 0.001% EDTA is added to each well. After incubation at 37 °C for 5-7 min, 0.5 mL of
RPMI, are added to inactivate the trypsin. All the wells were merged and centrifuged 5
min at 1500 rpm. Afterwards, the cells are resuspended into AIM-V media to a 2.0x10°
cells.mL~!. In a 96 multi-well plate, 150 pL of the cell suspension are deposited per well.
After 2-4 h incubation at 37 °C, the culture media is removed and substituted either by
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150 nL of activation media (1.996 mL AIM-V, 2 uL, LPS (0.1 mg.mL™!) + 2 nL. R848
(0.2 mg.mL™!)) or control media ((1.996 mL AIM-V, 2 pL. DMSO and 2 uL PBS).

A.2 Additional experiments

A.2.1 Effect of ROS inducers in UV-assisted desorption of PEG-
SAMs

A PEG-based SAM was prepared over a SPR prism by exposing the surface for 30 min
before copious rinsing with distilled water. Using a microfluidic device, a constant flow of
2.5 uL.s! either PBS or HyO, was performed while simultaneously irradiate the surface

with UV-light.

Figure A.1 — Desorption kinetics of PEGog0oSH when exposed to 0.25% of HyO4 during

UV irradiation.
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Introduction

L’évolution a doté les organismes vivants d’une multitude de stratégies de détection qui
leur permettent de percevoir, d’interagir et de s’adapter a leur environnement. Parmi ces
organismes, les humains ont utilisé avec succes leurs capacités cognitives pour augmenter
leurs sens naturels. En utilisant des outils artificiels pour surmonter nos limites, nous
avons pu observer des phénomenes jusqu’alors inconnus, ce qui nous a permis de mieux
comprendre la structure et le fonctionnement de nous-mémes et également de notre uni-
vers.

Plus précisément, lorsqu’elles sont utilisées pour explorer les interactions biomoléculaires
(biodétection), ces technologies de détection sont devenues d’une importance capitale dans
le domaine médical (découverte de médicaments, diagnostic et surveillance des maladies),
en sécurité alimentaire et en surveillance environnementale, pour ne citer que quelques
exemples. D’autre part, le besoin de comprendre toujours plus finement les systémes étu-
diés requiert le constant développement d’outils de biodétection innovants. L’objectif de
cette these de doctorat est de participer a cet élan d’innovations en élaborant de nou-
veaux systemes de biodétection et les stratégies pour les mettre en ceuvre. En particulier,
j’ai exploré de multiples techniques de fonctionnalisation et leurs mises en place sur trois
systemes de détection sans marquage basés sur la plasmonique (SPR).

Chacun de ces systemes de détection présente un ensemble unique de défis, puisque le
substrat présente soit une morphologie plane, microstructurée ou nanostructurée com-
posée d'un ou deux matériaux différents. La fonctionnalisation de surfaces aussi variées
a nécessité l'adaptation de différentes approches chimiques telles que les monocouches
auto-assemblées (SAMs pour Self-Assembled Monolayers) a base de thiol et de silane,
I’électropolymérisation du pyrrole, la fonctionnalisation photo-assistée, etc.

Dans cette these, les principaux chapitres sont consacrés a la présentation des stratégies
mises en places sur les différents systemes SPR et les défis relevés pour leur fonctionnali-
sation.
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Chapitre 1

Dans ce chapitre, un apergu des principales stratégies de biodétection sans marquage est
présenté, avec notamment un accent sur la résonance des plasmons de surface (SPR pour
Surface Plasmon Resonance). Une bréve introduction du principe physique du SPR ainsi
que les configurations existantes sont ensuite décrites. Enfin, un état de I'art est dressé
et une liste non exhaustive des méthodes de fonctionnalisation les plus courantes pour les
systemes de biodétection SPR est présentée.

Chapitre 2

Le greffage des protéines est utilisée dans un large éventail d’applications, allant de I'ana-
lyse des microarrays de protéines a l'organisation des cellules en 2D. Toutefois, des limites
se présentent en raison de la nature tres sensible des protéines, qui nécessitent une ma-
nipulation soigneuse pour assurer leur intégrité structurelle et fonctionnelle pendant le
processus de greffe.

Dans ce chapitre, nous décrivons un protocole de fonctionnalisation qui maintient les pro-
téines dans un environnement aqueux pendant leur immobilisation, évitant ainsi la perte
de leur activité biologique. Le procédé est basé sur I’élimination par UV des monocouches
auto-assemblées de polyéthyléne glycol (PEG) dans une chambre microfluidique transpa-
rente, donnant acces a des motifs micrométriques de géométries prédéfinies. Ensuite, des
protéines modifiées peuvent étre greffées sur les motifs définis par la précédente exposition
UV. Nous avons également étudié I'influence des especes réactives de l'oxygene pour mieux
comprendre les mécanismes chimiques impliqués dans ce processus. Enfin, comme preuve
de concept, un microréseau de protéines a été créé en greffant des anticorps capturant des
cellules sanguines humaines. Confirmant ainsi la fiabilité de notre procédé pour assurer
la production de dépdts structurés a 1’echelle de quelques micrometres de protéines ayant
conservé leur fonctionnalité.

Chapitre 3

Beaucoup d’efforts ont été consacrés a la détection des cytokines et des chimiokines. Ce
sont des protéines solubles qui sont sécrétées par une grande variété de cellules pour modu-
ler dynamiquement la réponse de I'organisme aux blessures et aux infections. Cependant,
la nature éphémere des cytokines ainsi que leur présence en tres faibles concentrations
(du femto au picomolaire) rendent leur détection en temps réel tres difficile. En ce sens, la
SPR peut étre un outil puissant pour la détection des cytokines. Cependant, elle présente
plusieurs points critiques: la limite de détection sans marquage est proche de la concentra-
tion des cytokines a détecter et il présente des problemes d’adsorption non-spécifique avec
des échantillons “complexes”, en particulier ceux causés par les cellules. Dans ce chapitre,
nous décrivons la conception d’une nouvelle biopuce SPR incorporant une couche micro-
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structurée qui sépare les cellules de la région de détection, supprimant ainsi efficacement
leur signal SPR faisant office d’espaceur.

Pour le développement de ces biopuces SPR, nous avons réalisé différents traitements de
surface pour la stabilisation mécanique et chimique des microstructures, des caractéri-
sations optiques et la mise en ceuvre de stratégies de fonctionnalisation orthogonale. La
stabilisation chimique des microbilles a été réalisée par un traitement thermique. Leur
immobilisation chimique sur les surfaces en or a été basée sur la formation de SAM hété-
robifonctionnelles. La caractérisation optique de ces biopuces microstructurées a montré
la présence d’un autre phénomene de résonance, en plus de la SPR, que nous avons
attribué aux Whispering Gallery Modes (WGM). Comme indiqué précédemment, notre
objectif était de supprimer les signaux SPR provoqués par les cellules car ils masque-
raient la détection de leurs sécrétions. En éliminant la signature SPR des cellules, il était
a craindre que l'ajout d’un systéme d’observation microscopique soit réquis pour corréler
les signaux de sécretions aux positions des cellules. Cependant, la présence de ce nouveau
mode optique nous permettrait de visualiser les cellules via WGM tout en effectuant si-
multanément la détection SPR de leurs sécrétions. Nos résultats ont montré que le WGM
peut étre utilisé efficacement pour la détection cellulaire tandis que la détection SPR a
I’aide de ce systeme microstructuré en présence de différents types de cellules a montré
une suppression efficace des signaux SPR produit par les cellules.

De plus, nous avons appliqué deux stratégies de fonctionnalisation qui ont permis I'immo-
bilisation sélective sur des surfaces de microbilles ou sur des surfaces d’or selon des modeles
prédéfinis. Les résultats expérimentaux ont validé ces approches puisque nos biopuces ont
permis de capturer des cellules sanguines humaines tout en effectuant simultanément la
détection des protéines. Cependant, 'optimisation de ces processus reste nécessaire pour
converger vers 'application détection de sécrétion de cytokines.

Chapitre 4

Bien que de tels systemes microstructurés offrent une approche prometteuse pour la sur-
veillance dynamique des cellules et des biomolécules in wvitro, il existe actuellement une
forte demande pour le développement d’outils de diagnostic au chevet du patient. Pour
répondre au besoin d’appareils de biodétection innovants in vivo, notre équipe de re-
cherche a mis au point un capteur SPR a fibre optique nanostructurée. Afin d’exploiter
ce systeme comme une biopuce, nous avons dii effectuer un processus de fonctionnali-
sation multiplexé. Or, les dimensions tres reduites (300 pm de diametre) et le caractere
microstructuré /nanostructuré du dispositif en font un veritable défi pour le greffage de
biomolécules. Nous avons mis en ceuvre et comparé différentes stratégies de fonctionnali-
sation des surfaces.

Nos approches initiales ont consisté en des stratégies d’impression par contact, qui on mon-
tré soit des dommages structurels a la surface de détection de la fibre, soit un manque
de reproductibilité. Ensuite, nous avons évalué la désorption photo-thermique qui avait
I’avantage, par rapport aux stratégies d’impression par contact, d’étre plus rapide. L’irra-
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diation peut étre réalisée a travers la fibre et le motif peut étre reproduit avec une haute
résolution. Néanmoins, I'approche photo-thermique a conduit a un chauffage hétérogene
de la surface et a une ablation de I'or méme aux intensités laser les plus faibles. Nous
avons alors évalué la méthode de fonctionnalisation UV indirecte décrite au chapitre 2, ce
qui a permis de greffer efficacement les zones illuminées avec des oligonucléotides thiolés.
Cependant, les difficultés liées a 'opération manuelle ainsi que le temps de fonctionnalisa-
tion requis (impliquant l'irradiation UV et I'incubation avec la sonde) ont limité la portée
de cette méthode.

Enfin, nous avons évalué I'utilisation de surfaces photoréactives a base de fragments de
diazirine qui ont donné les résultats les plus prometteurs. Les résultats préliminaires,
utilisant des SAMs contenant de la diazirine, ont montré une fonctionnalisation rapide
(de T'ordre de quelques secondes) des surfaces planes a l'aide d’oligonucléotides. Avant
d’appliquer cette méthode au systéme nanostructuré, le protocole de greffage doit étre
optimisé car il présente actuellement des probléemes de reproductibilité.

Conclusions

Au cours de mon projet de recherche de doctorat, j’ai participé au développement de
nouveaux biocapteurs basés sur une transduction optique par SPR. Ces travaux ont dé-
montré des capacités prometteuses de biodétection in wvitro et in vivo par ces approches.
L’une des étapes critiques pour la création de tels systemes repose sur des stratégies de
fonctionnalisation multiplexées efficaces, ce qui était I'objectif principal de ce travail.

Tout d’abord, nous avons développé une technique polyvalente de fonctionnalisation de
surface qui peut étre utilisée sur une grande variété de substrats. Comme cette méthode
repose sur la dégradation de PEG, il devrait étre possible de I’étendre a toute SAM
contenant des motifs du PEG (a base de thiol ou de silane). De plus, en variant le temps
d’exposition, il est possible d’obtenir un gradient de fonctionnalisation de la surface. Cette
polyvalence rend cette approche tres intéressante pour une large gamme de substrats et
d’applications qui nécessitent 'immobilisation de biomolécules avec une résolution micro-
métrique. Toutefois, cette technique présente aussi plusieurs inconvénients, dont le plus
important est lié au temps nécessaire a la formation d’'une SAM uniforme a des densités
de surface fonctionnelles. Néanmoins, pour certaines applications, la formation de SAM
a base de thiol/silane peut ne pas étre nécessaire et ainsi, les temps de fonctionnalisation
peuvent étre considérablement réduits.

Ensuite, nous avons concentré nos efforts sur la création d’une biopuce SPR microstruc-
turée pour la surveillance simultanée des cellules et de leurs sécrétions. Nous avons réussi
a créer une biopuce qui supprime de facon significative les signaux SPR dérivés des cel-
lules tout en effectuant une détection biomoléculaire des protéines par SPR. Cependant,
la sensibilité de notre systéme ne nous a pas permis de mesurer directement la sécrétion
de cytokines. Les technologies employées pour la conception de ce systeme ainsi que la
biopuce pourraient étre néanmoins adaptées a de nombreuses applications qui nécessitent
la séparation de cellules d'un substrat particulier. Par exemple, 'analyse du processus de
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quorum sensing ou la formation des biofilms.

Par la suite, nous avons évalué de différentes stratégies de fonctionnalisation multiplexée
d’une biopuce nanostructurée prometteuse de SPR composée de faisceau de fibres op-
tiques. Parmi toutes les approches évaluées, I'utilisation de surfaces photoréactives (SAM
contenant de la diazirine) a donné les meilleurs résultats. Cependant, le protocole de
greffage nécessite une phase d’optimisation supplémentaire avant son utilisation comme
stratégie de fonctionnalisation universelle.

La recherche développée dans le cadre de cette these de doctorat a nécessité une ap-
proche multidisciplinaire allant de la Physique a la Biologie en passant par la Chimie.
J’espére que mon travail basé sur la caractérisation et la fonctionnalisation de ces sys-
temes SPR contribuera au développement d’outils de biodétection innovants pour une
multitude d’applications in vitro et in vivo.
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