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“Hold yourself responsible for a higher standard than
anybody else expects of you. Never excuse yourself.
Never pity yourself. Be a hard master to yourself and be
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General Introduction

General Introduction

Biosensors are analytical devices able to specifically detect and quantify targets of interest in
complex media. Rapid and sensitive detection of molecules of interest is crucial in
nowadays’ society, as illustrated with the recent development of SARS-Cov2-related
biosensors. Regardless of the envisioned application, biosensor composition remains
unchanged and comprises the species of interest, i.e. the analyte, a bioreceptor able to detect it
specifically and sensitively through molecular recognition, and a transducer that will translate
the recognition phenomenon into a measurable signal.

Since a universal approach for biosensor engineering does not exist, sensing layer elaboration
is crucial to achieve highly specific and sensitive detection platforms. Therefore, mastering the
immobilization of the bioreceptor as well as its density and accessibility are imperative.

Thus, it is often necessary to confer a functionality to the surface to allow the grafting of the
bioreceptor while avoiding non-specific adsorptions onto the sensor surface.

Immunosensors, i.e. biosensors using antibodies as bioreceptors, are one of the most popular
classes of biosensors as antibodies offer great affinity toward an analyte with high specificity
and selectivity. Yet, antibody adsorption on surfaces raises many challenges to tackle, such as
mastering antibody grafting, surface coverage, antibody orientation, and conserved recognition
ability. Antibody immobilization to planar surfaces can be addressed using various strategies.
Adsorption can simply rely on the physisorption of the antibody on the surface or adopt more
elaborated routes via antibody chemisorption. The latter is often preferred since it offers higher
antibody grafting with conserved detection ability and allows enhanced biorecognition ability
and sensor performances. Chemisorption strategies involved antibody chemisorption via
modification of its functional groups or surface modifications with covalent or affinity-based

approaches.

Self-assembled monolayers (SAMs) are one of the most investigated strategies since they offer
tremendous versatility related to the nature of the anchoring organic molecules or substrates
composing the SAMs. Ranging from alkanethiols on metallic surfaces (e.g. gold) to
organosilicon on hydroxylated surfaces (e.g. Si0/Si) and carboxylic acids and alkyl phosphates
on oxide substrates, SAMs can be employed to tether functional groups and provide robust

anchorage points for antibody immobilization.
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Therefore, this thesis manuscript is composed of five chapters addressing objectives ranging
from fundamental aspects to more applied research works.

Fundamental understanding of the organic-inorganic interface during the adsorption of
functional molecules at the solid-liquid interface is first tackled and is followed by applicative
research projects related to the development of immunosensors using piezoelectric and optical

transduction methods for the detection of various analytes.

The first chapter is a literature review tackling surface functionalization strategies to design
label-free immunosensors on planar gold and silica surfaces. We review general aspects related
to immunosensors as well as a historical perspective on antibodies and key milestones
appertained to their applications. Label-free detection configurations are presented with the
challenges to overcome when designing immunosensors, i.e. antibody density, conserved
activity, and orientation, to develop sensitive and reliable biosensing platforms.

Hence, we present various immobilization strategies on planar gold and silica substrates as
physisorption and chemisorption. The latter comprised various approaches based on covalent
immobilization onto self-assembled monolayers (SAMs) or polymers, as well as affinity-based
procedures with avidin-biotin and Fc-binding proteins. In addition, comparative perspective of
various immobilization scenarios is also presented. The last section of this review is dedicated
to specific features in surface functionalization for immunosensor applications such as mixed
SAMs to increase IgG density and sensing ability as well as blocking strategies to avoid non-

specific adsorption to provide selective platform detection.

The second chapter of this thesis deals with the effect of chain length and terminal group on the
organization of thiolate SAMs on gold surfaces. Both order and coordination mode of sulfur
atoms to gold surfaces of alkyl (CH3) and carboxylic (COOH) terminated SAMs of increasing
chain length were investigated. In addition, we also study the influence of the pH of
functionalization of ethanolic solution in the formation of COOH SAMs.

Investigations relied on complementary surface characterization techniques, i.e. Water Contact
Angle (WCA), Polarization Modulation InfraRed Reflection Absorption Spectroscopy
(PM-IRRAS) and X-Ray Photoelectron Spectroscopy (XPS).

The third chapter is a short presentation of the effect of chain length on surface charge of

COOH-terminated thiolate SAMs on gold surfaces. Electrokinetic measurements allowed us to
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determine the surface isoelectric point (IEP) of functionalized substrates which is suggested to

differ from the pK. of free molecules in the bulk phase and to evolve with chain length.

The fourth chapter is dedicated to the development of a label-free piezoelectric immunosensor
for the quantification of diclofenac (DCF) in river water samples and the related content was
published in the journal ACS Sensors in August 2021 (Impact Factor: 7.7).

Indeed, DCF is a non-steroidal anti-inflammatory drug (NSAID) and one of the most consumed
pain killers worldwide. Because of inefficient wastewater treatment, DCF is considered as an
emerging water pollutant and is often monitored using chromatographic methods. Although
these methods are selective and sensitive, they are not easily amenable to on-site detection. In
this context, various biosensing setups have been implemented with the only possible assay
format being of the competitive type. In this work, the sensing layer was carefully constructed
at the surface of silica-coated quartz crystal microbalance with dissipation (QCM-D) sensors
with a slight modification regarding DCF immobilization thanks to an optimized activation
process. The binding of a monoclonal highly affine anti-DCF antibody was mainly studied
using QCM-D measurement. The competitive QCM-D immunosensing device was built and
tested in buffer media to determine the analytical performances of the biosensor and employed

to quantify DCF in river water samples collected in the Seine and Marne rivers in France.

The last chapter of this manuscript is dedicated to the design of a label-free immunosensor to
detect extracellular vesicles (EV) in buffer media using piezoelectric and optical transduction
methods, namely with QCM-D and NanoPlasmonic Sensing (NPS). Extracellular vesicles
(EVs) are nano-sized secreted particles surrounded by a double-layer lipid membrane and have
emerged as key modulators of a wide range of biological processes in normal and disease
conditions. As such, EVs are considered as promising circulating biomarkers with strong
diagnostic potential to distinguish disease-associated states from normal conditions. In addition,
we probed changes in the physico-chemical properties, i.e. viscoelastic properties, of small EVs
that may occur between normal and disease conditions. Thus, this label-free approach was
employed to characterize CD63- and CD81-positive small EVs isolated from mouse striatal
cells that are homozygous for normal or mutated Huntingtin (Htt), a protein involved in

Huntington’s disease.

Ultimately, this thesis manuscript ends with conclusions and perspectives appertained to the

work presented herein, ranging from surface functionalization to immunosensors engineering.
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Chapter 1. Strategies for label-free immunosensors engineering on gold and silica surfaces

1.1 Introduction

Rapid and sensitive detection of molecules of interest is crucial in nowadays’ society, as
eloquently exemplified by the recent development of SARS-Cov2-related biosensors! and
wearable biosensing platforms.** Biosensors, first introduced by Clark and Lyons in the

1960s%7, are analytical devices designed to specifically detect and quantify an analyte in

8-10

complex media® " and have been implemented for a large number of applications ranging from

healthcare!!"!3 to food quality control'*'® and environmental monitoring.!”"! Regardless of the
envisioned application, a biosensor involves the following components (Figure 1. 1): the

species of interest, i.e. the analyte, a bioreceptor able to detect it specifically and sensitively

20,21 22-24 25-28

through molecular recognition, e.g. antibodies™""", aptamers , enzymes or molecular

)29,30

imprinted polymers (MIP , and a transducer that will translate the recognition phenomenon

into a measurable signal.*!-*2

O ANALYTE 7 ® BIORECEPTOR | ~ © TRANSDUCER
J
FEnA Antibody Enzyme Aptamer Mo:f:;ﬁ:ﬁ:::;“ Optical
DNA
el \ r, _, Electrochemical
Thermal
Virus
Q {J Piezoelectric

Small molecule )

Figure 1. 1. Schematic representation of biosensor setup. @ Analytes may vary from small
molecules®>**, to DNA*® or even more complex targets like proteins®® and viruses.?”-
@® Bioreceptor nature is often dependent on the target and the envisioned application with for
instance the use of antibody®*?!, enzyme®>?, cell*’, aptamer’?* or Molecular Imprinted
Polymer (MIP).?*? @ Transduction techniques are as well related to the application and assay
condition, with most widespread techniques being optical***!, electrochemical*** and
piezoelectric**! ones.

Immunosensors, i.e. biosensors using antibody as bioreceptor, are one of the most popular
classes of biosensors as antibodies offer great affinity toward an analyte with high specificity
and selectivity.'%?° These features are also harnessed in the design of immunoassays*’ such as
in enzyme-linked immunosorbent assay (ELISA)** and lateral flow immunoassay
(LFIA) tests.*** Nevertheless, these techniques often require expensive reagents and various

steps, e.g. fixation, detection and revelation stages.
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Furthermore, immunosensors gather the previous advantages of immunoassays while offering
possible rapid and on-site detection. Yet, antibody adsorption on surfaces raises many
challenges to tackle such as mastering antibody grafting, surface coverage, antibody orientation
and conserved recognition ability. This review aims at giving an overview of the methods for
antibody grafting onto planar surfaces in order to develop sensitive immunosensors, with focus
on planar gold and metal oxide surfaces. Since biosensing platforms are not restricted to planar
surfaces, we refer to the following relevant references for adsorption of antibodies on spherical
and anisotropic nanoparticles for biosensor engineering.’% 3

In what follows, we review general aspects related to immunosensors with notably the
presentation of antibody (IgG) and its fragments structures as well as a historical perspective
on antibody and key milestones appertained to its applications. Subsequently, immunosensor
and the label free detection configurations are presented with regards to the challenges to
overcome when designing immunosensor. Indeed, antibody density, conserved activity and
orientation have to be mastered in order to develop sensitive and reliable biosensing platforms.
Hence, the following section presents various immobilization strategies on planar gold and
silica substrates as physisorption or chemisorption. The latter comprised various approaches
based on covalent immobilization onto self-assembled monolayers (SAMs) or polymers, as
well as affinity-based procedures with avidin-biotin and Fc-binding proteins. In addition,
comparative perspective of various immobilization scenarios is also presented. The last section
of this review is dedicated to specific features in surface functionalization for immunosensor
applications such as mixed SAMs to increase IgG density and sensing ability as well as blocking

strategies to avoid non-specific adsorption in order to provide selective detection.

1.2 Overview on immunosensors

1.2.1 Antibody and its fragments

Antibodies or immunoglobulins (Ig) are glycoproteins produced by the immune system in
response to exogenous species called antigens.* They offer high affinity toward a specific
antigen, similarly to the lock-and-key complex formation introduced by Fisher in 1894°>¢, and
are classified into five main types: namely IgA, IgD, IgE, IgM and IgG which is the most
abundant type in human serum accounting for ~70%. IgG are Y-shaped proteins with
dimensions of 14 X 12 x 4 nm and are composed of four polypeptide chains with two heavy

chains (~ 50 kDa) and two light chains (~ 25 kDa) linked to one another through non-covalent
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and disulfide bridges, notably in the hinge region (Figure 1. 2).°” The IgG tail is known as the
fragment crystallizable domain (Fc) and the double-ended parts of the antibody as the
antigen-binding fragments (Fab). The Fab domain displays a hypervariable region forming the
antigen-binding site, i.e. paratope, responsible for the target specific binding via non-covalent
interactions, e.g. hydrogen bonding, electrostatic forces, hydrophobic interactions and Van der
Waals forces. In contrast, the antibody-binding sites present on an antigen are called epitopes.
Generally, a protein antigen comprises more than one epitope. Furthermore, research works
were also devoted to the engineering of antibody fragments in order to reduce the size of the
biorecognition element using various strategies, with notably the development of monovalent

fragment antigen binding (Fab) and single chain fragment variable (scFv).>3

1.2.2 Brief history on antibody and its applications in biology and medicine

61,62

Key milestones related to antibodies and their applications in therapy”*, e.g. antibody-drug

63,64 20,21

conjugates’™**, and immunosensors™“" since the 1900s are presented in Figure 1. 2.

The first reference to antibody use in medicine dates from the 1900s with notably work from
Behring et al. on animals’ immunization from diphtheria and tetanus® which awarded him later
the first Nobel prize in Physiology or Medicine in 1901.%

Forty years later, Albert H. Coons developed a pioneering method consisting in labeling
antibodies with a fluorescent dye to identify antigens present in biological tissues, this work
was the birth of immunofluorescence.®’” Few decades later, the general structure of antibody
was introduced by Gerald Edelman and Rodney Porter (1959)% for which they received the
Nobel prize in Physiology or Medicine in 1972.%

After digestion of rabbit antibodies with papain, Porter showed that one antibody fragment was
found to crystallize, which was later called F. fragment for Fragment crystallizable. Thus, it is
worth mentioning that within 50 years’’, thanks to progress in characterization techniques, it
was possible to finely decipher antibody structures, e.g. works from Harris et al. on the structure
of mouse IgG (PDB ID: 1IGT, 1IGY)’"""? and the first resolved structure of a human IgG
(PDB ID: 1HZH) in 2001.7 In the 1960s, a tremendous breakthrough was achieved with the
development of immunoassays* thanks to the contribution from Solomon Berson and Rosalyn
Yalow with the first radioimmunoassay to measure endogenous plasma insulin’, which led
Rosalyn Yalow to conjointly receive the Nobel prize in Physiology or Medicine’, as well as

the development of enzyme-linked immunosorbent assays (ELISA) in the 1970s.7678



IgG general structure )

I1gG fragments

Fab Fragment
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e et EEEEE TP L PP RS
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Key milestones for antibody
and its applications

1901
First Nobel prize in Physioloygy or
Medicine awarded to Emil von Behring

1900
Paul Elrich’s model for antibody
structure carrying multiple binding sites

1890

1941

Coons et al. introduced the first labeled
First referenced use to antibody for antibodies with a fluorescent dye, i.e.
therapeutic treatment by Behring et al. immunofluorescence
1500 1940)

Half IgG

1960

S
S

F(ab’),

(with pepsin)

ScFv

Fab

(with papain)

Figure 1. 2. Top panel: General structure of IgG-type antibody and its fragments obtained through reduction for half-IgG or enzymatic cleavages
for F(ab’), and Fab fragments. Bottom panel: Key milestones for antibody related discoveries and its applications.
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Furthermore, another major breakthrough in the immunology field was the development of the
hybridoma technique by Koéhler and Milstein in 1975 which allowed the large-scale production
of monoclonal antibodies’, i.e. antibodies with monovalent affinity toward a single epitope.
This discovery revolutionized antibody applications since it offered higher affine IgG and
production of immunoreagents with constant properties, in contrast to polyclonal antibodies,
and led them to receive the Nobel Prize in 1984.%

Therefore, new improvements were possible in the following decades such as immunogold

labeling of biological samples for Transmission Electron Microscopy (TEM) imaging® -4,

immunosensors®> 7 and commercialized therapeutic antibodies as a result of the approval by

the United States Food and Drug Administration (FDA).®
1.2.3 Immunosensors and detection strategies

Immunosensor exploits the same features as immunoassays that is high selectivity and affinity
toward a target antigen while being user friendly, amenable to on-site detection and often
requiring less expensive reagents. Its engineering relies either on the immobilization of an
antibody, i.e. the biorecognition element, or an analog of the analyte depending on the detection
format. Indeed, the antibody molecule and its fragments carry chemical functions such as
amine, carboxylic acid and thiol groups allowing grafting onto surfaces.*

This immobilization relies either on antibody chemical modification or surface
functionalization and will be discussed later in this review. Besides, immunosensor format often

depends on the envisioned application, targeted analyte and transducing technique.

Thus, several configurations exist as presented in Figure 1. 3.

-
Direct detection Sandwich detection Competitive detection Binding inhibition detection

|| Antibody ' Large sized analyte Q Small sized analyte ‘ Small sized analyte-analog

Figure 1. 3. Schematic representation of immunosensor detection formats with from left to
right: direct, sandwich, competitive and binding inhibition detection assays.
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One of the most investigated strategies relies on the direct immobilization of antibody on the
surface of the transducer which will allow to detect an antigen present in the sample thus
creating an exploitable signal measured by the transducer. Consequently, in the sandwich
format, a second antibody directed toward another epitope can be used to generate an additional
detectable signal and enhance the assay sensitivity.”® Yet, the latter may not be applicable for
the detection of small sized analytes since they often carry only one epitope.’!

Alternatively, small sized analytes can be detected by competitive or binding inhibition assays.
In the competitive assay, the antibody is immobilized on the transducer’s surface and will be
able to interact competitively with the analyte and its analog, i.e. an analyte conjugated to a
larger molecule. On the other hand, in the binding inhibition assay, antibody is first incubated
with the sample containing the analyte. Subsequently, the mixture is flown over the sensor
surface covered with an analog of the analyte to which the antibody can competitively bind. In

both assays, the binding response is inversely related to the analyte concentration.
1.2.4 Challenges with antibody immobilization in immunosensor engineering

An ideal label-free immunosensor should answer specifications related to biosensor
performances such as sensitivity, specificity and offer reliable quantitative detection.
Furthermore, antibody immobilization raises many challenges to tackle. Besides the
conservation of the biological activity of the antibody over ranges of temperature, pH and ionic
strengths, mastering its grafting in terms of surface coverage and orientation is crucial.

Indeed, surface coverage should be addressed to reach the optimal density of antibody onto the
surface to achieve higher recognition capacity as well as to prevent non-specific adsorption
from other biomolecules. Conjointly, antibody adsorption might also lead to random orientation
on the surface, therefore antibody orientation is a key factor to be addressed in immunosensor
engineering. A controlled antibody orientation will maximize paratopes’ accessibility to the
analyte and lead to enhanced analytical performances. Therefore, this review aims to give an
overview of methods for antibody grafting onto planar surfaces in order to develop sensitive
immunosensors, with focus on gold and metal oxide (e.g. silica) surfaces which are the most
investigated surfaces in this field. These surfaces are considered as model substrates and have
been historically used for their known surface properties, commercial availability and can be
probed with number of surface analytical techniques. Furthermore, these surfaces are well
suited to various transduction techniques such as Surface Plasmon Resonance (SPR) and Quartz

Crystal Microbalance (QCM).



Chapter 1. Strategies for label-free immunosensors engineering on gold and silica surfaces

1.3 General functionalization strategies for antibody immebilization

Antibody immobilization to planar surfaces can be addressed using various strategies
(Figure 1. 4). Adsorption can simply rely on the physisorption of the antibody on the surface
or adopt more elaborated routes via antibody chemisorption.”>

The latter is often preferred since it offers higher antibody grafting with conserved detection
ability and allows enhanced biorecognition ability and sensor performances.

Chemisorption strategies involved antibody chemisorption via modification of its functional

groups or surface modifications with covalent or affinity-based approaches.

Surface functionalization strategies |
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Figure 1. 4. Strategies for antibody immobilization onto planar surfaces: via physisorption or
chemisorption via antibody modification, surface functionalization using Self-Assembled
monolayers (SAMs) or polymers and affinity-based immobilization via Avidin-Biotin and
Fc-binding protein strategies.
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1.3.1 Physisorption

Direct antibody physisorption onto non-coated or functionalized surfaces is the most
straightforward strategy since it does not require modifications of either the antibody or the
substrate surface. Antibody residues will loosely interact with the surface through hydrogen
bonding, electrostatic, hydrophobic and Van der Waals interactions.

Nevertheless, this strategy does not allow to control antibody orientation and might lead to
random adsorption configurations and reduced sensing ability, i.e. end-on, head-on, side-on and

flat-on orientations (Figure 1. 5).%*

YA <

End-on Head-on Side-on Flat-on

Figure 1. 5. Possible orientations of antibody during random adsorption with end-on, head-on,
side-on and flat-on orientations.

Chen et al. investigated antibodies adsorption onto functionalized gold surfaces bearing various
chemical groups, i.e. amine (NH>) and carboxylic acid (COOH) groups.

The highest antigen/antibody ratio was obtained for the NH» surface chemistry, indicating that
the pH of immobilization and related surface charge affect the antibody binding ability as well
as its orientation as probed by Surface Plasmon Resonance (SPR) and Atomic Force
Microscopy (AFM).?® Indeed, antibody adsorption was performed in a low ionic strength buffer
at pH close to the isoelectric point (pI) of antibody (pH 6.8), comprised between the ones of its
F(ab’); and Fc fragments (Figure 1. 6).

Therefore, antibody can interact less randomly with either positively or negatively charged
surfaces. Subsequently, time-of-flight secondary ion mass spectrometry (ToF-SIMS) and AFM
were employed to investigate antibody orientation onto functionalized gold and silicon
surfaces.”™”’ Wang et al. suggested that antibody possessing a dipolar moment preferentially
adopt a “head-on” orientation onto COOH-terminated surface and an “end-on” configuration
onto NHy-terminated one, which are respectively negatively and positively charged at

neutral pH (Figure 1. 6).°



Chapter 1. Strategies for label-free immunosensors engineering on gold and silica surfaces

N7 sp _ YRY AL

pl~8.5

Fab Fragment

£ Physisorption i“ W \‘\ \\\" v\\'\ w\\" (.00 Loo Loo (-oo (-oo (,00000
S
¥
o = Electric dipole J J

i Favored end-on orientation Favored head-on orientation

® Lysine amino group
‘r N Carbohydrate Carboxylate pK,=9.3-9.5 Nucleotide Binding
il -S-S- Disulfide bond . N
Antibody moities ® group (COO") Q N-terminus amino group Site (NBS)
pK, =7.6-8.0

Figure 1. 6. Main functional groups present on immunoglobulin G (IgG). Isoelectric point (pI)
for IgG and its Fab and Fc domains. At neutral pH, IgG presents an electric dipole and its
physisorption can be electrostatically oriented on amine (NHz) and carboxylic acid (COOH)
terminated surfaces, respectively positively and negatively charged. Adapted from %>~

Moreover, antibodies are also known to adsorb non-specifically on hydrophobic surfaces as
shown by Wiseman et al. on alkane-terminated gold substrate.’® In this work, anti-streptavidin
IgG adsorption was monitored in-situ using quartz crystal microbalance with dissipation
(QCM-D) and its orientation was probed using streptavidin and protein G, referred as
orientation probes, which bind respectively the Fab and Fc domains.

Thus, preadsorbing streptavidin and protein G prior to IgG immobilization led respectively to
head-on and side-on orientations. Moreover, the authors showed that IgG adsorption on bare
hydrophobic substrate led to sub-monolayer formation at low IgG coverage with limited
binding of streptavidin and protein G. At higher concentration, orientations probes bound to
adsorbed IgG and saturated at values of 0.45 streptavidin/IgG and 0.95 Protein G/IgG. These
results suggested a favored flat-on orientation at low coverage which linearly evolved with IgG
concentration leading to end-on or side-on orientations.

Therefore, the physisorption approach leads to random antibody immobilization but can be
somehow controlled via electrostatic and/or hydrophobic interactions.

Yet, this strategy relies on weak individual interactions which can lead to antibody desorption
and is limited by working conditions, e.g. pH, ionic forces, therefore chemisorption via antibody

or surface modification is often preferred.
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1.3.2 Chemisorption via antibody modification

Antibody chemisorption offers higher stability since it involves covalent bonding and can be
addressed through (i) modification of antibody functional groups and/or (ii) surface
functionalization. The former has mainly been studied in the literature on planar gold surfaces
and gold nanoparticles.’? Indeed, antibodies carry various functional groups related to its amino
acid composition that can be used for surface immobilization.

Among the large variety of reactive groups, e.g. hydroxyl from serine and threonine, phenol
from tyrosine or imidazole from histidine, more investigations have been dedicated to antibody
chemisorption using amine groups from N-terminus and lysines, carboxylic acid from
C-terminus, glutamic acid and aspartic acid residues and also to thiol group from cysteine
residues.

For direct immobilization on gold surfaces, chemisorption exploits the strong affinity between
sulfur and gold to form a strong covalent bond.

Nevertheless, no free sulthydryl (R-SH) group is present on IgG, so its introduction can be
conducted either via modification of (i) amine groups from lysine residues, (ii) carbohydrates
groups or (iii) nucleotide binding sites or reduction of disulfide (S-S) bridges in the hinge
region.”” For instance, the photochemical immobilization technique (PIT) is an effective
strategy to immobilize antibodies onto gold surfaces while preserving its structural and function
integrities under UV irradiation.”

Under UV light (~ 250 nm), aromatic amino acids, e.g. tryptophan residues, first absorb UV
radiation and release it through relaxation to nearby disulfide bridges leading to their cleavage
and ultimately to free reactive thiol groups.

PIT is known to be selective to some cysteine-cysteine/tryptophan (Cys-Cys/Trp) residues
triads.!?®!%! Della Ventura et al. demonstrated that PIT was able to generate 8 reduced thiols
groups in order to immobilize antibody in an oriented manner, i.e. end-on orientation.”
Authors also showed that PIT treated anti-IgG antibody can be immobilized on gold-coated
quartz crystal microbalance (QCM) substrate and exhibited better sensitivity than non-activated

antibodies.'??

Furthermore, selective reduction of endogenous disulfide bonds of intact IgG or F(ab’)> using
2-mercaptoethylamine (2-MEA) is another strategy to respectively create half-antibody bearing
reactive sulthydryl groups in the hinge region (Figure 1. 7).
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Figure 1. 7. Disulfide bridges reduction in the hinge region using 2-mercaptoethylamine
(2-MEA) from intact IgG and (Fab’), to produce antibody fragments carrying reactive thiol
functions.

1.3.3 Antibody immobilization on modified surfaces

1.3.3.1 Covalent-based strategies

Surface functionalization is a common approach to tailor the interface properties for protein
adsorption like for instance strategies in anti-biofilm and antibacterial coatings'® or on the other
hand for immunosensor engineering. While the former mainly aims at preventing protein
adsorption on surfaces, the latter focuses on increasing antibody density to improve sensing

performances.

1.3.3.1.1 Self-assembled monolayers (SAMs)

Self-assembled monolayers (SAMs) are one of the most investigated strategies since they offer
tremendous versatility related to the nature of the anchoring organic molecules or substrates
composing the SAMs. Ranging from alkanethiols on metallic surfaces (e.g. gold) to
organosilicon on hydroxylated surfaces (e.g. SiO2/Si) and carboxylic acids and alkyl phosphates
on oxide substrates'® 1% SAMs can be employed to tether functional groups and provide
robust anchorage points for antibody immobilization. In this section, we review the most
investigated substrates used for immunosensor design, namely gold and oxides, and therefore

we addressed the corresponding surface functionalization.
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SAMs formed from alkylthiol molecules on gold surface, are one the most investigated systems

on metallic surfaces since they are commercially available and are used in number of

110-112 113,114

applications including biomolecules adsorption and biosensors.
Experimental conditions and characterization of thiolate SAMs on gold were extensively
reviewed in the literature.!%!!>11¢ Briefly, thiolate SAMs are commonly formed from an
ethanolic solution of thiol / disulfide in the mM range in which a gold substrate is immersed for
a controlled time.

After chemisorption of the thiolate headgroup to the surface thanks to the strong coordination
of sulfur to noble metal surfaces, the SAMs’ alkyl chains reorganize to form a dense layer
exhibiting terminal groups at the solid / air or liquid interface.

These surface functions can be used directly or undergo further modifications with crosslinking
agents for antibody immobilization. Moreover, terminal groups and chain length of such
molecules can be tuned in order to control surface properties such as wettability!!>!'® for protein
grafting.!1-12!
Modifications of hydroxyl and oxide substrates can be achieved using a wide range of organic
molecules, e.g. catechol, carboxylate or phosphonate, yet alkyl alkoxysilanes chemisorption
remains the most investigated strategy.!’® Organosilanes adsorption onto surfaces bearing
hydroxyl groups (OH) relies on hydrolysis and condensation reactions at the liquid-solid
interface to form covalent bonds with the substrate.

In contrast to thiolate SAMs on gold, organosilanes SAMs formation involves more complex
reactions and requires more stringent experimental conditions. Indeed, anhydrous organic
solvents, e.g. toluene, are often preferred to carry out the functionalization since water content
influences the reaction mechanism and therefore affects the surface topography and quality of
the silane layer.!??

Yet similarly to thiolate SAMs, functional groups carried by organosilane molecules are useful
for further biomolecules grafting with for instance the use of 3-aminopropyltriethoxysilane
(APTES).!#

Antibody immobilization onto functionalized surfaces carrying reactive groups often relies on
crosslinking agents depending on the chosen immobilization strategy, e.g. surfaces covered
with amine, carboxylic acid or epoxy groups. On the other hand, PIT does not require such a
multi-step process and has successfully been implemented for spatially oriented antibody

grafting onto thiol-terminated silicon or silica surfaces.'?*
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1.3.3.1.2 Polymers

Similarly, strategies using polymers were investigated to introduce reactive functional groups
onto surfaces with dextran and polyethylene glycol (PEG) which are polymers composed of
glucose and ethylene oxide repeating units, respectively.!?>!26 Polymers can adopt linear or
more complex structures such as branched three-dimensional (3D) arrangements, offering a
higher number of anchoring points for antibody grafting. These commercial polymers are
mostly hydrophilic, known to prevent non-specific adsorption of biomolecules and to provide
a great variety of functional groups according to the nature of the polymer nature'?’,
e.g. Dextran!?®132 and PEG.!3-13°

One of the most successful examples relying on the use of dextran over a SAM composed of
16-mercaptohexadecanol on gold chips was developed by the Biacore company for SPR chips
elaboration. Briefly, the hydroxyl terminated SAMs is treated with epichlohydrin in basic
medium to generate epoxy groups which are used to covalently attach Dextran via its hydroxyl
groups. After treatment with bromoacetic acid, the Dextran hydrogel carries in average one
carboxyl group per glucose unit, used to conjugate antibody via its amine groups after activation

(Figure 1. 8).!%8
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Figure 1. 8. Schematic representation of surface functionalization strategy using thiolate SAMs
on gold and carboxymethylated dextran hydrogel for IgG immobilization. Adapted from '?8

Tabasi et al. investigated immobilization of IgG1l on carboxyl (COOH) and amine (NH>)
modified dextran for SPR chips design under external vertical electric field (EVEF) assisted

technique.'*



Chapter 1. Strategies for label-free immunosensors engineering on gold and silica surfaces

Enhanced antibody orientation and toxin detection were obtained on NH>-terminated dextran
compared to its COOH-terminated analog attributed to interaction with carboxylic groups from
Fc domain. Moreover, other strategies involve molecular imprinting of polymer to form
cryogels for antibody immobilization. These cryogels have been used to specifically bind IgG

137,138

from human plasma and for oriented immobilization antibody via its Fc domain using a

poly(hydroxyethyl methacrylate), PHEMA cryogel.!*

1.3.3.1.3 Crosslinking strategies

As introduced earlier in this review, strategies have been developed to introduce reactive
functional groups onto surfaces to achieve antibody immobilization with the most common
being carboxylic acid, amine, epoxy and sulfyhydryl functional groups. In this section we will
discuss crosslinking strategies employed for surface reactive groups. Of course, the same
approach is applicable to antibody functional groups, yet depending on the experimental
conditions, e.g. solvent, temperature, the antibody structure and its activity can be altered,
making surface modifications the preferred approach. The most widely investigated

crosslinking approaches for carboxyl and amine surface groups are presented in this section.

Alternative strategies involving other chemical groups, e.g. hydroxyl and thiol functions are not
discussed in this section and we refer to the relevant literature and references therein.®%140

Carboxyl (COOH) terminated surfaces are often crosslinked to amine groups carried by
antibody using zero-length crosslinker which mediate amide bond formation without any
additional atoms. The most widespread approach uses carbodiimide to form this amide bond
with for instance 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) coupled with

N-hydroxysuccinimide (NHS) or its water-soluble derivative sulfo-NHS (Figure 1. 9).
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Figure 1. 9. Antibody immobilization through its amine functional groups (NH2) on carboxylic
(COOH)-terminated surface using EDC/NHS strategy.

In the strategy using only EDC, the carbodiimide crosslinker can react with the carboxylic
function to form a reactive o-acylurea intermediate which will react with the primary amine

carried by the antibody to form amide bond and urea by-product.
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Nevertheless, the reactive intermediate can undergo hydrolysis leading to deactivation and was
also shown to react slowly with amine groups. Therefore, combination with NHS or sulfo-NHS
allows to increase the yield in amide bond formation. Other carbodiimide species can be used
to achieve the same goal, i.e. formation of strong amide bond with 1-cyclohexyl-3-(2-
morpholinoethyl) carbodiimide (CMC) or in organic solvent with N,N’-dicyclohexyl
carbodiimide (DCC) and diisopropyl carbodiimide (DIC) (Figure 1. 10). The nature of the
carbodiimide crosslinking agent, its concentration and experimental conditions (solvent) are
known to influence activation rate and efficiency.!*!*? In addition, other strategies involving
Woodward’s reagent K, N,N’-carbonyldiimidazole (CDI), N,N,N’,N’-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU) or benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) can also be of use for COOH

crosslinking and antibody immobilization via its amine groups.
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Figure 1. 10. Main crosslinking agents used on COOH-terminated surface
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Lebec et al. compared IgG adsorption onto alkyl (CH3), carboxyl (COOH) and crosslinked
carboxylic (COOH — EDC/NHS) terminated thiolate SAMs on gold and demonstrated that IgG
orientation and sensing ability vary depending on the chosen method (Figure 1. 11).!!
Analyses with combined ToF-SIMs and Principal Component Analysis (PCA) showed a
preferential head-on orientation on the CHj3 layer, on the other hand IgG displayed end-on
orientation on the COOH and crosslinked layer leading to accessible recognition sites
(paratopes). In addition, QCM-D and infrared (IR) spectroscopy proved that a higher amount
of antibodies was adsorbed on the CH3-terminated SAMs through hydrophobic interactions yet
leading to nil target detection, in agreement with the determined antibody orientation.

In contrast, on the COOH-terminated SAMs, IgG adsorbed similarly but showed greater sensing
ability with a 2.6-fold increased detection for IgG immobilized on crosslinked layer as

determined with QCM-D and IR.
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Figure 1. 11. Schematic representation of IgG immobilization strategies on alkane
(CH3)-terminated, COOH-terminated and crosslinked (with EDC/NHS) COOH-terminated
thiolate SAMs on gold. Adapted from '*!

Amine (NH>) terminated surfaces are also widely used for antibody immobilization and can be
crosslinked to antibody NH», or COOH functional groups as discussed earlier.

Several strategies exist using a variety of homobifunctional crosslinkers containing
amine-reactive NHS ester, imidoester or isothiocyanate groups as presented in Figure 1. 12,
e.g. disuccinimidyl suberate (DSS), dimethyl adipimidate (DMA) and 1,4-phenylene
diisothiocyanate (PDITC).

Heterobifunctional crosslinkers and photoreactive crosslinkers are not discussed here for sake

of clarity but offer other ways to couple antibodies onto planar surfaces.
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Figure 1. 12. Main homobifunctional crosslinking agents used on NH»-terminated surface.

(*: Sulfo analogs)

Glutaraldehyde (GA) is also a well-known crosslinker used for biomolecules immobilization
onto NHo-terminated surfaces.!*'* In its simplest form, GA can react with amine groups to
form a Schiff base which can be further reduced with sodium cyanoborohydride (NaCNBH3)
to form secondary amine linkage, leading GA to bear reactive aldehyde group on its other end
(Figure 1. 13). Yet, the latter can also react with another amine groups from the surface,

offering no free reactive groups for antibody immobilization.
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Figure 1. 13. Polymerization of glutaraldehyde (GA) in aqueous solutions in (A) acidic pH and
(B) basic pH. Antibody immobilization through its amine groups (NHz) on NHz-terminated
surface using GA (C) in its simplest linear form via amination reaction and via (D) Michael-type
and amination reactions on polymerized GA.
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Nevertheless, this bis-aldehyde polymer can polymerize in aqueous solution depending on the
pH condition. In acidic pH, GA will tend to form polycyclic hemiacetal while in basic pH
a,f-unsaturated aldehyde polymer is formed leading to difference in crosslinking yield and to
more complex structures. Indeed, amine functional groups can either interact with the aldehyde
end-part or either react at points of unsaturation through Michael-type addition

(Figure 1. 13D).!46
1.3.3.2 Affinity-based strategies

Affinity-based strategies show great advantage for antibody immobilization since they allow to
orientally adsorb antibody onto surfaces. Several strategies were developed throughout the last

147-149

decades for site-directed immobilization of antibody using for instance Fc-binding

150,151 152,153

proteins and aptamers as well as DNA-directed immobilization.

1.3.3.2.1 Avidin-biotin strategy

One of the most investigated strategy relies on the use of (strept)avidin or neutravidin that all
exhibit high affinity for biotin with a dissociation constant (Ka) of about 10714-1071% M.!5*
Avidin is a tetrameric glycoprotein found in egg white (66 kDa) which possesses four binding
sites for biotin and which is highly basic with a pI ~ 10. Despite its high affinity, avidin was
shown to bind nonspecifically to other proteins via electrostatic interactions. Streptavidin and
neutravidin (~ 60 kDa) are structural deglycosylated analogs of avidin, with lower pI around
5-6 allowing to overcome non-specific binding. For antibody immobilization via this affinity
approach, avidin or one of its analogs is often immobilized onto surfaces using crosslinking
strategies or biotin-terminated surfaces and then interacts with biotinylated antibody,
i.e. antibody modified with a biotin tag without alteration of its structure and
properties (Figure 1. 14).
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Figure 1. 14. Amine-reactive biotinylation agents. Other biotinylation agents directed towards
aldehyde or thiol antibody functional groups are not depicted herein. (*: Sulfo analogs)
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Maglio et al. developed a cost-effective piezoelectric immunosensor for the detection and
isolation of CD34(+) stem cells using biotinylated anti-CD34 antibody (Figure 1. 15).

Briefly, the authors constructed mixed thiolate SAMs onto gold substrate carrying biotin
end-groups, followed by avidin grafting acting as a crosslinker for biotinylated antibody
immobilization.!*®> Subsequently, the authors successfully detected CD34(+) stem cell in

heterogenous cellular sample using QCM.
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Figure 1. 15. Schematic representation of the functionalization strategy for CD34(+) stem cell
immunosensing using avidin/biotin strategy. Adapted from '>°

1.3.3.2.2 Fc-binding Protein A/G

Affinity-based strategy also involves Fc-binding proteins, i.e. Protein A (56 kDa) and Protein G
(65 kDa), respectively produced in the cell wall of Staphylococcus aureus and Streptococcal
bacteria. These proteins have been extensively used for immunosensor design with enhanced
antibody orientation compared to random adsorption via physisorption or chemisorption using
crosslinked surface.!36-160

Fc-binding proteins first need to be grafted onto planar surfaces in order to achieve oriented
antibody immobilization. Introduction of thiol groups using thiolation agents can be conducted
in order to form self-assembled Protein A/G onto gold surfaces (Figure 1. 16A).

Thiolation of Protein A/G can be conducted wusing N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP) and dithiothreitol (DTT)!'®! or through modification of amine
groups using Traut’s reagent (2-iminothiolane) for covalent immobilization onto gold

surfaces. 02163
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Figure 1. 16. Immobilization strategies for Fc-binding Protein A/G via (A) thiolated Protein
A/G, (B) adsorption on non-activated and (C) crosslinked SAMs. Adapted from !37:160-162

Nevertheless, this approach is only applicable to gold surface, hence other strategies based on
the use of crosslinked SAMs on gold and oxide surfaces were developed (Figure 1. 16A).
Briand et al. investigated Protein A grafting onto two thiolate mixed SAMs formed on gold
surface comprising 11-mercaptoundecanoic acid (MUA) with either decanethiol (CoCH3) or
mercaptohexanol (CcOH).!64

They demonstrated that the nature of the SAM influenced the amount of immobilized Protein A,
its affinity for IgG and in turn on the immunosensor sensing ability. Crosslinked MUA using
EDC/NHS approach allowed Protein A immobilization with greater amount found on the
MUA/CyCH3 SAMs which was attributed to higher crystallinity of the SAMs with higher
anchoring points as well as to additional physisorption through hydrophobic interaction.!®*
Tajima et al. also investigated immobilization of Protein A with an enzymatic coupling
approach onto phospholipid polymer-coated silicon substrate via three strategies: (i) random
physisorption of antibody on the polymer layer, (ii) partially oriented IgG on physiosorbed
Protein A and (iii) oriented IgG on chemisorbed Protein A using an enzymatic approach with
tyrosinase. Higher orientation was obtained with the latter system, exhibiting 100-fold

increased binding capacity with lower dissociation constant (Kq) in the nM range.'*
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Tsekenis ef al. also showed that IgG immobilization via Protein A/G allowed greater IgG
loading on silicon nitrate (Si3N4) surface and enhanced sensing ability in comparison to random
adsorption on an epoxysilane layer or using an affinity method using boronate ester
chemistry.'%

In the latter approach, aminophenyl-boronic-acid (APBA) reacted with epoxysilane to create
reactive boronate ester groups directed towards oligosaccharide moieties of IgG’s Fc domains,
providing oriented IgG immobilization.

Furthermore, immunosensor development raises some fulfillment related to the biosensor field
and assay conditions such as regeneration of the sensing layer for reusability purpose.!7168
Makaraviciute et al. developed a SPR immunosensor for repeated detection of human growth
hormone in real samples using random covalent antibody immobilization and crosslinked

Protein G for oriented antibody immobilization. The latter allowed repeated assays with a

3.5-fold increase in measured signal in comparison to random antibody immobilization.'¢’
1.3.4 Conclusion of the section: comparison of immobilization strategies

As stated throughout this review, immunosensor design in an efficient way relies on three main
features which are (i) conserved biological activity upon antibody immobilization, (ii) optimal
antibody density and (iii) proper orientation. Thus, the chosen immobilization strategy is crucial
to achieve the best sensing ability possible.?4!48:169-171

Optimized orientation will ensure a better accessibility to the antibody paratopes for the antigen
in solution or vice versa depending on the immunosensor format. Baniukevic et al. studied
oriented and random antibody immobilization methods to detect bovine leukemia virus antigen
(gp51) by SPR, with random chemisorption on thiolate SAMs, physisorption and oriented

immobilization with antibody fragment (Fab’) as presented in Figure 1. 17.!7?
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Figure 1. 17. Schematic representation of SPR-based immunosensor design with antibody
immobilization (A) directly on gold surface, (B) adsorbed on COOH-terminated SAMs and
(C) using half-antibody obtained via 2-MEA or DTT reduction directly on gold surface.
Adapted from '7?
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The best configuration was found with half-IgG obtained via DTT reduction which allowed
orientation of the paratopes and enhanced detection.

This method displayed good analytical performances, i.e. limit of detection (LoD) of about
0.01 mg/mL while being fully regenerable and was subsequently applied for rapid gp51
detection in blood serum.

Similarly, Bonroy et al. also investigated differences in sensing ability between intact IgG,
F(ab’); and Fab’ antibody fragments once adsorbed onto crosslinked mixed thiolate SAMs
bearing COOH and OH moieties. Their results suggested a 2-fold increase of antigen binding
for oriented immobilization of Fab’ fragments compared to random covalent immobilization of
intact IgG.!”3 In addition, investigation of four immobilization strategies comprising this time
carboxymethylated dextran was also conducted in order to decipher the impact of the chosen
immobilization on the binding capacity of immunosensor.!”* SPR sensors were modified with
random immobilization of IgG on (i) crosslinked COOH-SAMs, (ii) crosslinked
carboxymethylated dextran layer, (iii) oriented immobilization of IgG on Protein G and
(iv) oriented immobilization of antibody Fab’ fragment directly on gold surface.

The highest IgG loading was obtained using crosslinked dextran hydrogel and maximal binding
ability for human growth hormone (HGH) with intact IgG immobilized onto
Protein G/COOH-SAMs. The former might be related to the higher anchoring COOH points
within the 3D structure of the hydrogel. Despite the density of adsorbed IgG, this strategy
remains random as opposed to Protein G approach which provides a better orientation of the
IgG paratopes and therefore higher binding capacity.

Boujday et al. investigated three strategies for model rabbit IgG immobilization mediated by
(1) Protein A, mouse monoclonal anti-IgG antibody (SAb) and neutravidin (NAV) on gold
surfaces using a multi-technique approach with Polarization Modulation Reflection-Absorption
Infrared Spectroscopy (PM-IRRAS) and QCM-D to study specificity, IgG accessibility and
binding ability.!” In addition to the already mentioned density and accessibility of adsorbed
IgG, the authors provided insightful information about the impact of the sensing layer
flexibility. Indeed, Protein A offered a partially covered surface onto SAMs while SAD led to
monolayer formation and NAV to dense layer. Authors explained that Protein A was found to
be the most efficient strategy with the highest amount of immobilized IgG and better
accessibility as probed by anti-IgG antibody. All in all, several strategies offering more or less
control over antibody orientation once adsorbed onto planar surfaces have been developed,
e.g. based on (i) physisorption, (ii) antibody modification, (iii) SAMs, (iv) Polymers,
(v) Avidin-biotin interactions and (vi) Fc-binding proteins (Table 1. 1).



Table 1. 1. Main characteristics of IgG immobilization strategies for immunosensor design

Immobilization strategies

Advantages

Drawbacks

Physisorption Poor binding to the surface and desorption
. . Random and weak attachment
v Simple one-step adsorption . 1
) . Nonspecific binding
v No IgG modification i ; .
. oL Possible change in conformation and
4 v" No surface functionalization . .
) denaturation upon adsorption
Potential loss of activity
Antibody modification
v" Commercial thiolation agents IgG modification
v" Design of IgG fragments Potential loss of activity
v" Well-documented modification protocols Random orientation of intact IgG
v" Oriented immobilization with IgG fragments (Fab’) Mainly investigated on gold surface
v" No IgG modification Random orientation
v" Easiness of use Additional crosslinking steps
v Application on various nature of substrates Crosslinked SAMs might deactivate over time
v Commercial availability of organic molecules (hydrolysis)
. v’ Tunability of functional groups Free functional groups can lead to non-specific
v
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Commercial crosslinking agents

adsorption




Polymers

v" No IgG modification Crosslinked polymer chains might deactivate
v’ Easiness over time
ﬂ v" Commercial polymers with various functional groups Additional crosslinking steps
. + v Application on various substrates Free functional groups can lead to non-specific

o g o e v" Higher anchoring points compared to SAMs adsorption

- J

Avidin-biotin interaction
v Oriented IgG immobilization Not §gltable for §andvylch assay

o 2 . Additional functionalization step
v" Immobilization onto various SAMs . . .
v High IgG density Not suitable for transduction methods with
O « limited sensing depth
x m IgG modification with biotinylating agents
J
Fc-binding proteins ) ) o
v’ Oriented IgG immobilization
v Improved sensitivity compared to random Not suitable for sandwich assay
immobilization Additional functionalization step
v" No IgG modification Not suitable for transduction methods with
“ v" Direct binding to gold surface after thiolation limited sensing depth

v" Immobilization onto SAMs of various nature
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1.4 Specificity in functionalization to immunesensor design

When designing immunosensors, in addition to maximizing antibody loading and its
accessibility upon adsorption onto planar surfaces, non-specific adsorption and specificity of

the assay are crucial features to be addressed.
1.4.1 Mixed SAMs

Starting from the functionalization strategies, mixed SAMs can be produced by co-adsorption
from solutions of mixtures of organic molecules carrying different terminal groups,
e.g. COOH/CH3, COOH/OH, and were shown to control surface properties such as order and
wettability according to molar ratio and in turn protein adsorption.'>”!3%164 Mixed thiolate
SAMs formed from a mixture of organic molecules of different chain lengths and terminal
groups was shown to prevent protein denaturation and to improve its bioactivity in comparison
to pure SAMs.!7¢!"7 Furthermore, mixed SAMs approach was shown to increase the yield in
crosslinking with EDC/NHS due to reduced steric hindrance from NHS groups and in turn
affecting the efficiency of antibody immobilization.'”®

Taheri et al. compared four methods to immobilize antibody for SPR immunosensing of Vibrio

).179

cholerae bacteria (Figure 1. 18 Amount of adsorbed IgG was found to vary with highest

amount on gold surface and pure COOH-terminated SAMs.
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Figure 1. 18.Schematic representation of IgG immobilization strategies on (A) gold surface,
(B) COOH-terminated SAM, (C) mixed COOH/OH SAMs and on (D) Fc-binding Protein G.
With IgG surface density and bacteria detection response in culture and spiked water media
determined from SPR shifts. Adapted from'”
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Nevertheless, these strategies do not ensure antibody orientation and actually the best
sensitivities  for  bacteria were found with mixed SAMs composed of
11-mercaptoundecanol/9-mercapto-1-nonanol (20/80) and Protein G strategies, the latter

offering control over orientation and hence efficient detection.
1.4.2 Strategies to prevent non-specific adsorption in immunosensor

When designing immunosensor, one crucial parameter to be fulfilled is specificity, this can be
achieved by using highly specific biorecognition elements such as (monoclonal) antibodies but
also by preventing non-specific adsorption directly on the surface.'® Strategies involving the
use of PEG directly as part of the sensing layer, deactivation agents for reactive functional

groups and blocking proteins like Bovine Serum Albumin (BSA) are discussed.
1.4.2.1 Polyethylene glycol (PEG) to prevent non-specific interactions

Polyethylene glycol (PEG) (also referred as polyethylene oxide (PEO)) functionalization is
known to prevent protein non-specific interaction which often occurs through hydrophobic and
electrostatic interaction.'®"!82 Thus, being a hydrophilic neutral polymer and due to its tunable
length, PEG can prevent adsorption on the substrate through steric repulsion. Densely packed
PEG layer has been employed in immunoassays design'*>!83184 to prevent non-specific binding
and ensure assay specificity. PEGylation of the sensor can be achieved directly by integrating

a PEG component to pure or mixed SAMs layer by the dint of thiolated or silanized PEG!8>-188

or can be done by further adsorption of a functional PEG layer onto SAMs.!89-191

In addition, Mehne ef al. demonstrated that pure or mixed self-assembled PEG monolayers onto
glass substrate impact ovalbumin non-specific adsorption as well as antibody
immobilization.!”?> Yoshimoto et al. also showed an increase in binding ability when mixed-
PEG of different lengths are immediately co-immobilized with Fab’ fragment antibody onto
the surface as opposed to deactivation of the paratope over time with no PEGylation.'*?

In addition to prevent non-specific adsorption, Haustein ef al. co-immobilized PEG and thiol
SAMs and observed an enhancement of the sensing ability in transistor-based immunosensor
which measured potential shift of thyroid-stimulating hormone (TSH) detection using F(ab’)>
fragments.!'**

Combination of experimental results and analytical modeling showed that PEGylation of the

sensor surface allowed to increase 3-fold the measured potential upon analyte detection.
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The potential in nearby surface consisting of PEG layer was considered as constant, making
detection of the analyte the only input in potential variation compared to sensing layer without
PEGylation. Weimer et al. immobilized antibodies either directly onto glass surface or on a
PEG layer via EDC chemistry.!”

PEG strategy was shown to produce higher sensing ability than antibodies adsorbed directly
onto glass substrates. Indeed, PEG provides a flexible spacer arm to extend antibody from the

surface facilitating antigen detection.
1.4.2.2 Blocking functional groups to prevent non-specific adsorption

Upon antibody immobilization onto functionalized surface with or without crosslinking, free
functional groups may remain unreacted. Hence, strategies have been developed to block free
functional groups prior to sensing step using blocking agents.

Sulfo-NHS acetate and acetic or citraconic or anhydride can be used to react with free amine
groups and block non-specific adsorption.

Quenching of NHS function is often performed with amine-containing blocking agents such as

Tris or Ethanolamine,!37-164:166

1.4.2.3 Adsorption of Bovine Serum Albumin (BSA) to prevent non-specific interaction

Bovine Serum Albumin (BSA) is a 66 kDa protein that is often used as a blocking agent in

immunosensor development as it is known to spontaneously adsorb onto surfaces!'?!%

occupying free remaining sites prior to target detection,'%%161:197-199

Allegedly, BSA can also adsorbed on functionalized substrate in order to react with remaining
functional groups.

Nevertheless, in spite of being a conventional blocking agent, BSA can also induce non-specific
adsorption due to its positive charge (pI = 4.7) and might suffer from inconsistencies from

commercial sources from batch-to-batch leading to irreproducibility in blocking strategy.
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1.5 Conclusion

Throughout this work, we have reviewed general features related to IgG type antibody structure
and historical perspective of its applications in medicine and sensing fields.

We addressed immunosensors engineering and detection configurations available on planar
gold and silica substrates. Indeed, an ideal label-free immunosensor should offer sensitive,
specific and reliable detection.

Thus, IgG surface density and orientation are crucial to achieve the best sensing efficiency.
Therefore, the first step towards immunosensor development relies on antibody immobilization
which can be achieved via antibody modification or surface functionalization.

Hence, the second part of this review comprehensively covered the most investigated
methodologies for antibody immobilization on planar gold and silica surfaces via physisorption
and chemisorption. The latter involved covalent-based approaches using self-assembled
monolayers (SAMs) or polymer surface functionalization and affinity-based strategies with
avidin-biotin interactions and Fc-binding proteins with focus on the advantages and drawbacks
of each strategy.

Chemisorption with affinity-based strategies appear as the best immobilization route as it allows
oriented IgG immobilization with high surface density and often display improved sensitivity
compared to random physisorption or covalent-based approaches.

The last part of this review aims to give specific features related to immunosensor development
such as mixed SAMs and blocking strategies to avoid non-specific interaction and ensure high
specificity of the biosensing platform.

These strategies developed on gold and silica surfaces have successfully been implemented
within the last decades for label-free immunosensors using various transduction techniques
such as Surface Plasmon Resonance (SPR), quartz crystal microbalance (QCM) and

electrochemical methods.
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2.1 Intreduction

Self-assembled monolayers (SAMs) are more or less ordered assemblies of organic molecules
that form spontaneously on surfaces.! One of the most studied system relies on the adsorption
of alkylthiols molecules on gold metallic surfaces with several literature reviews dedicated to
its features.>™*

Alkylthiol molecules exhibits a large variety of functional groups allowing to tailor the surface
properties in agreement to the envisioned applications, notably for electronics™®, corrosion

10-12 and biosensors.!>!* Furthermore, terminal groups

protection’”, biomolecules adsorption,
and chain length have been shown to influence surface properties such as wettability!>!® and
protein grafting.'”'” Bhadra er al. investigated effects of chain length (n¢cy, =2, 3, 6, 11, 16)
in COOH-terminated thiolate SAMs on gold and their impact on antibody-antigen binding
efficiency. They found that packing density influence antibody density and orientation with the

lowest response for “flat-on” antibody on poorly ordered SAMs (n¢y, < 3) in contrast to
“side-on” antibody on denser packed SAMs (n¢y, = 11).%% In addition, Bao et al. showed that
chain length also influences the kinetics of immunoreaction using an in-situ approach with
Attenuated Total Reflection Surface-Enhanced Infrared Absorption Spectroscopy (ATR-

SEIRAS), with faster reaction obtained for longer chains (n¢y, = 11).*!

Furthermore in the past decades more investigations have been devoted to deeply understand
the alkylthiol formation on gold, with a focus on the nature of the thiol-gold interface using
theoretical and experimental strategies.?>2°> Adsorption of short (ncw, =2) and long (n¢y, = 11)
chains aminothiol on gold surface demonstrated theoretically and experimentally that a surface
reconstruction related to molecular adsorption occurs for shorter chain while for longer chain
length backbone interaction are sufficient to obtain better organized system with higher
crystallinity.?

In this context, we investigated the formation of alkylthiol self-assembled monolayers on gold
surface while studying the contributions of both chain length and terminal group on the order
of the SAM and on the coordination mode of sulfur to gold. Thus, functionalization was
performed using thiol molecules of increasing chain length, i.e. number of methylene groups in

the backbone, exhibiting alkane (CH3) and carboxylic acid (COOH) terminal groups.
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Furthermore, we also study the influence of the pH of functionalization of ethanolic solution
and found that all investigated features influence the SAMs crystallinity as well as the S-Au
interface. Investigations relied on complementary surface characterization techniques,
i.e. Water Contact Angle (WCA), Polarization Modulation InfraRed Reflection Absorption
Spectroscopy (PM-IRRAS) and X-Ray Photoelectron Spectroscopy (XPS). WCA results
showed that hydrophobic CH3-SAMs were formed in contrast to hydrophilic COOH-SAMs and
that wettability evolved with chain length.

Furthermore, terminal groups and chain length were shown to influence the order of the SAMs
as well as the coordination mode of sulfur to gold with for instance the presence of multi-

coordinated sulfur at low binding energy in XPS.

2.2 Experimental procedure

Experiments were carried out under ambient conditions on glass substrates (11 mm x 11 mm)
successively coated with a 2.5 £ 1.5 nm thick layer of chromium and a 250 = 50 nm thick layer
of gold (Arrandee, Germany). Prior to functionalization, the gold-coated substrates were rinsed
in absolute ethanol for 15 min, dried with a nitrogen flow, cleaned with UV/ozone for 30 min
and annealed in a butane/propane flame to ensure good crystallinity of the gold topmost layers.
Gold-coated substrates were immersed in thiol solutions in ethanol (1 mM) and left-covered for
24 hours under gentle agitation. The substrates were then washed once with ethanol for 5 min,
ultrasonicated for 1 min in ethanol and washed twice for 5 min with ethanol. Functionalization
and rinsing in ethanol at pH 2 were conducted using concentrated HCI. Functionalization and
the two first rinsing steps in ethanol at pH 11 were performed using TMAOH, a third rinsing
step was performed with an aqueous NaOH solution (1 mM).

All substrates were dried with a gentle nitrogen flow prior to further surface characterizations.
Experiments were conducted in triplicate at least and data presented herein were selected as

representative of the study.

More detailed information concerning materials and methods is given in the Supplementary

Information at the end of this chapter.
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2.3 Results and discussion

In this work, we studied alkylthiol self-assembled monolayers (SAMs) on gold surface and
investigated the influence of (1) chain length, (2) functional group and (3) pH of
functionalization on the order of the prepared SAM and on the coordination mode of sulfur to
gold surface (Figure 2. 1). The SAMs were analyzed with appropriate characterization
techniques, namely Polarization Modulation Infrared Reflection Absorption Spectroscopy

(PM-IRRAS), Water Contact Angle (WCA) and X-ray Photoelectron Spectroscopy (XPS).

(A)

Alkylthiol self-assembled Chain length
monolayers (SAMs) (CH,),:n 2
._,—OTerminaI functional group (R)
. / I Functional group
/ {
Head group : Sulfur (S) . =1__, Methylene (CH,) backbone R = CH, and COOH
/ 2
COOH terminated SAM : pH 2, 5 and 11
(B)
SURFACE CHARACTERIZATION
® ® 0 o { ® O
W
: RS
”e"‘% \“eﬁ“ oo
\ PLY O R
PM-IRRAS XPS

Figure 2. 1. (A) Overview of experimental strategy for the formation of alkylthiol SAMs on
gold with investigated features: ¢ chain length, ® functional group and © functionalization
pH. (B) The prepared SAMs were analyzed using the following surface characterization
techniques Polarization Modulation Infrared Reflection Absorption Spectroscopy
(PM-IRRAS), Water contact angle (WCA) and X-ray photoelectron spectroscopy (XPS).

2.3.1 Effect of chain length

First and foremost, alkanethiol (CH3) SAMs formation on gold was investigated in order to
evaluate chain length influence on the order of the SAM by PM-IRRAS and WCA, as well as
on the coordination mode of sulfur atoms to gold by XPS (Figure 2. 2). CH3-SAMs of
increasing chain length were studied, with short chain (HS-C;-CH3), mid chain (HS-C7-CH3)
and long chain HS-C1o-CHj3 molecules. Independently of the chain length, bands located at 1470
and 1380 cm™! assigned to CH, scissors and CH3 symmetric vibrations were spotted on IR
spectra. A broad band also observed on non-functionalized substrate was spotted at 1635 cm’!

and was attributed to possible adsorbed water onto the surface (Table S2. 1).
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Figure 2. 2. (A) Baseline corrected PM-IRRAS spectra with corresponding water contact angle
results and (B) background subtracted high-resolution XPS Sy, spectra of CH3-SAM of
increasing chain length.

Characteristic bands of alkyl chains were also observed at higher wavenumber with notably the
presence of asymmetric and symmetric CH3 stretching vibrations centered at 2960 and
2880 cm™!, respectively. Bands in the region of 2920-2850 cm! attributed to asymmetric and
symmetric CHa stretching vibrations, were found to switch with increasing chain length with
values at 2922 cm! for HS-C1/10-CH3 and 2927 cm’! for HS-C7-CHj (Table S2. 2).

Several studies showed that while increasing chain length, interactions between methylene
(CH2) groups in the backbone are more important and translate into higher intensities and

smaller vg :132, ™ values, the latter being related to a more ordered SAMs with better crystallinity

with for instance a value of 2918 cm™! for solid-like SAM.%7-?8:26

The position of vg,, " band for the shorter chain was found to be lower than the one expected

for non-ordered layer. Porter et al. suggested, that short chains SAM (n¢y, < 5) may adopt a

more tilted configuration leading to smaller value of the asymmetric CH> band despite its poor

crystallinity.?’
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In addition, smaller intensity of the CHj3 stretching band (~2960 cm™) for shorter chain was
also observed and attributed to smaller surface coverage leading to less intense signal in IR
spectra and to difference in chain orientation.

WCA analysis was also conducted in order to confirm functionalization of the gold substrate
and to investigate effect of chain length on surface wettability (Figure 2. 2A).

Starting from a hydrophilic surface for cleaned gold substrate (32.1 + 2.6 °), SAMs adsorption
led to less hydrophilic (60.3 + 3.7 ©) to hydrophobic surfaces (98.8 + 2.8 ), for the shorter and
longer CH3-SAMs, respectively. Indeed, increasing chain length (i.e. number of CH» groups in
the backbone) results in higher proportion of nonpolar groups and consequently to hydrophobic
behavior.’*3! Recent work from Amara et al. dedicated to the impacts of chain length

(ncw,= 6 - 19) and odd-even effects on the formation of CH3-SAM on gold showed a similar

behavior.’? In addition to a better organization while increasing chain length, SAMs of nodd
exhibit more gauche defects than SAMs of neven leading to variation in surface hydrophobicity.
Moreover, CH3-SAM were found to undergo phase transition on gold surface based on
wettability and Atomic Force Microscopy (AFM) experiments with regimes ranging from

pseudo-forming to solid-like phases, respectively from short (n¢y, < 3) to longer chain length

(ncu, = 14) SAMs.* For more detailed discussion on odd-even effects in organic SAMs we

refer to a review from Tao ef al. **

Table 2. 1. XPS atomic percentages and Sz, photopeak decompositions corrected by Scofield
factors for CH3-SAMs on gold.

HS-Ci-CH3;  HS-C7-CH3 HS-C10-CH3

Augr 60.98 55.94 45.79
O1s 10.49 5.77 6.41
Cis 25.73 35.09 45.34
Sap 2.80 3.21 2.46

S2p photopeak decomposition: Relative S% (absolute S%)
S-H 15.06 (0.44) 11.67 (0.38) 13.8 (0.34)

S-Auie2 69.41 (1.94) 83.14 (2.67) 86.2 (2.12)
S-Auiel 15.53 (0.42)  5.19(0.16) -
S-Au/nm? 26+0.2 29+0.5 34+0.5
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XPS measurements on CH3-SAM showed the presence of gold, oxygen, carbon and sulfur
atoms (Table 2. 1). The presence of carbon and oxygen in excess on the SAMs was
systematically observed and is often attributed to contamination from the deposition method at
the solid-liquid interface. Work conducted on amine-terminated alkanethiols SAMs showed
that oxygen content was most likely coming from co-adsorbates such as bound water
molecules.*

As presented in Table 2. 1, with increasing chain length we observed a decrease of the Auar
signal which is consistent with the increased backbone length and to an attenuation from the
substrate signal.**7 The high-resolution XPS S, spectra from the alkanethiol SAMs on gold
presented in Figure 2. 2B showed different contributions for the sulfur atoms.

Two main Sy, /2 contributions attributed to sulfur bound to gold (S-Auie2) and free thiol (S-H),

respectively at 162.3 and 163.8 eV, were observed independently of the chain length. In spite
of the washing and sonication steps during the experimental procedure, free thiol molecules
remained on the surface. In addition, the proportion of free thiol molecules for short chain was
found to be higher (22 + 6 %) in comparison to mid and longer chain lengths (~ 12+ 2 %)),
showing that increasing the lateral chain stabilization between thiols backbones leads to a
decrease of free molecules on the surface (Table S2. 3).

Another contribution of chemisorbed thiol molecules at lower binding energy (S-Auisi) was
observed for short and mid chain length CH3-SAM. Bedford et al. attributed this coordination
mode to molecular adsorption of thiol molecules on the surface with a multi-coordinated sulfur
atom on the surface for short amine thiol SAM.?¢

Furthermore, according to Table S2. 3, this S-Auie contribution decrease from 15.2 + 4.7 to
7.4 +2.4 % while increasing chain length and is not observed for longer chain length, suggesting
that chain length contribution influence the coordination mode of the sulfur to gold. Therefore,

contrary to what IR results suggested, based on the vg,_s,i' ™M values, a difference in SAMs

organization was observed with respect to its chain length.

Indeed, while IR showed the same degree of organization for the shorter and longer chains,
XPS demonstrated that shorter chain SAMs adopt a different mode of coordination to gold
substrate with the presence of multi-coordinated sulfur (S-Auisi) and also lower surface
coverage (S-Au/nm?) in contrast to longer SAMs. Hence, XPS results illustrate in a more

accurate way the effect of chain length on CH3; SAMs formation.
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Furthermore, we observed the presence of oxidized sulfur (SOx) at higher binding energy
(~170 eV) for shorter thiol molecules (HS-Ci-CH3) as presented in Figure S2. 1, in that way
the value presented herein are corrected from this contribution. Oxidized sulfur contribution in
XPS is occasionally observed in the literature and was attributed to the deposition method at
the liquid-solid interface and related to penetration of atmospheric oxygen to the gold
interface.>® Furthermore, work from Willey et al. investigated the degradation of alkanethiol
SAMs on gold under ambient laboratory conditions.*® They showed that exposure to air led to
the appearance of oxidized sulfur, increased content in oxygen as well as a decrease in carbon
and sulfur bound to gold contributions, which were related to thiol desorption. Hence in this
work, the timeframe between the end of functionalization and surface characterizations was
reduced to the minimum.

The number of sulfur atoms bound to gold surface (S-Au/nm?), comprising S-Auis1 and S-Auie>
contributions, for CH3-SAMSs of increasing chain length is presented in Table 2. 1 (detailed
calculation is presented in Supplementary Information). We noticed that increasing chain length
led to a slight increase in the number of sulfur atoms bound to gold with values ranging from
2.6 £0.2 to 3.4 £ 0.5 S-Au/nm?, respectively for HS-Ci-CHj3 and HS-Co-CH3.

Increasing stabilization from methylene groups through Van der Waals forces leads to more
intermolecular interactions and to increased packing and denser SAMs on the surface with value
closer to a complete monolayer (4.5 S-Au/nm?).>*° Furthermore, we noticed that the surface
coverage calculated for the shorter chain is mainly attributed to sulfur atoms bound to gold for
ordered molecules (S-Auis2/nm? = 2.1) rather than multi-coordinated sulfur atoms related to

molecular adsorption on the surface (S-Auiei/nm? = 0.5).
2.3.2 Effect of terminal group and pH of functionalization

Subsequently, in order to investigate both chain length and terminal groups contributions we
studied the formation of carboxylic acid terminated (COOH) SAMs of increasing chain length
(Figure 2. 3). Previous works showed that rinsing COOH-SAMs with aqueous solutions of
different pH influence the protonation states of surface moieties and the order of the
monolayer.'>*" Nevertheless, to our knowledge no work has been conducted on the influence
of the pH of functionalization on the order of SAMs and on the nature of the S-Au interface.

The main difference between CHz and COOH terminated SAMs is the presence of characteristic
bands from the carbonyl (C=0) and carboxylates (COO") moieties, respectively at 1715 and

1620/1415 cm’! (asymmetric and symmetric vibrations, respectively).
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At pH 5, both protonated and deprotonated species should coexist on the surface since the pKa
of the carboxylic acid group is close to the working pH conditions, i.e. with theoretical pKa
values ranging from 4.2 to 5.05. Note that the pK, of such molecules was shown to evolve with
regards to several parameters: (1) with chain length and surface coverage*'**?, (2) once adsorbed

43-45

on a gold surface compared to free molecules in solution and (3) depending on surface’s

curvature if immobilized on gold nanoparticle (AuNP).*®

IR spectra show a small shoulder around 1715 cm™ most likely coming from carbonyl function
on the surface as well as more intense bands at 1415 cm™ attributed to the symmetric stretching
of carboxylates functions, suggesting indeed that both C=0O and COO" moieties are present on
the surface. These observations are consistent with previous work from Méthivier et al.
demonstrating that terminal group of a HS-C1o-COOH SAMs undergo deprotonation while
immersed in ethanolic solution.*’ The observation of a band around 1620 cm™! corresponding
to the asymmetric stretching of carboxylates functions was made difficult due to the presence
of a large band possibly coming from adsorbed water (~1635 cm™).

At acidic pH, we observed a stronger signal for the carbonyl function with two contributions
from the free C=0 and H-bonded carboxylic acid stretching vibrations, respectively at 1740
and 1715 cm™'. Bands at higher wavenumbers (3150-3050 cm™) were only encountered at acidic
pH and were attributed to OH vibrations (Table S2. 1).

After functionalization in TMAOH and washing with an aqueous NaOH solution, the IR spectra
showed intense signal at lower wavenumbers making assignment difficult in this region, thus
we focused on the higher wavenumber region. In order to check if some residual salts remained
on the surface, which would interfere with further surface characterizations, the surface was
immersed in milli-Q water for 5 minutes.

We observed a drastic decrease of these IR bands (Figure S2. 2), indicating removal of

adsorbed salts onto the surface, as well as a shift of the vgfle ™™ band with increased intensity,

suggesting SAM reorganization on the surface.
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Figure 2. 3. Baseline corrected PM-IRRAS spectra and corresponding WCA results of
COOH-SAMs of increasing chain lengths on gold at different pH of
functionalization: (A) pH 2, (B) pH 5 and (C) pH 11.
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The position of the asymmetric CHa stretching (v¢y, ) band was plotted for all chain length

and pH of functionalization and is given in Figure 2. 4.
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Figure 2. 4. Position of the asymmetric CHx stretching (vg,, ) vibration band from

PM-IRRAS results for the COOH-SAMs of different chain length at pH of functionalization
of 2,5and 11.

Globally for all pH values, increasing the chain length led to a decrease in the position of the

vgfg ™™ band. Moreover, we observed that the presence of the carboxylic acid terminal group,

able to interact with the neighboring molecules through H-bonding, does not necessarily
conduct to a more ordered layer as compared to CH3-SAMs. Techane et al. found that most
alkanethiol SAMs tend to form slightly more ordered layers than the corresponding carboxylic
acid terminated SAMs and attributed it to steric hindrance from the COOH group as well as
H-bonding leading to more disordered SAMs.3¢

AtpH 5, increasing the chain length led to slightly more ordered SAMs as shown in Figure 2. 4
and Table S2. 4. However, the COOH-SAMs appear to be less ordered than the CH3-SAMs for
short and mid chain length adsorbates, in spite of the ability of terminal groups interactions via
H-bonding. For longer chain length, a value of 2925.7 + 0.6 cm™' was obtained and suggest the

formation of an ordered layer on the gold surface.
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We did not observe any improvement for the short and mid chain length SAMs at pH 2 neither
with a highest degree of disorder for the shorter chain. Nevertheless, for the long chain SAM a

position of 2923.5 + 0.5 cm™ was found for the vgf,zy ™ band. Hence, at acidic pH we observed

the contributions from both chain length and terminal group on the order of the SAMs.

At basic pH, the surface moieties should predominantly be COO™ groups leading to electrostatic
repulsion from the terminal groups during functionalization and therefrom to less ordered
SAMs. Surprisingly, we obtained similar results to the ones at pH 5 with slightly improved
order while increasing chain length (Figure 2. 4) despite of the expected disorder for such
system as previously reported in the literature.'>?’

Results of WCA at pH values of 2 and 5 were similar as shown in Figure 2. 3 and the surface
remained hydrophilic even for increased chain length, as opposed to what was observed for
CH;3-SAMs. Therefore, terminal groups do influence the surface wettability due to the polar
nature of its surface moieties, i.e. COOH and COO" groups.*’*8

We also noticed a less significative influence of the chain length on the wettability of those
surface in comparison to the CH3-SAMs as not so much change is observed while increasing
chain length, suggesting that terminal group contribution overweight the one of chain length
for COOH-SAMs.

For SAMs prepared at basic pH the water droplet immediately spread on the surface after
deposition making WCA analysis impossible. However, we do not attribute this to a
superhydrophilic behavior but rather to the presence of some remaining salts, as suggested
earlier in the discussion.

High-resolution XPS Sz, spectra for COOH-SAMSs of increasing chain length at different pH of
functionalization are presented in Figure 2. 5 and corresponding elemental composition is
provided in Table S2. 5.

For functionalization conducted at pH values of 2 and 5, both chain length and terminal groups
appeared to influence the coordination behavior of sulfur to gold since we did not observe the
S-Auis1 contribution for the mid chain length SAMs (HS-C7-COOH), in opposition to what was
obtained for CH3-SAMs. As presented in Figure 2. 5C, conducting the functionalization at
pH 11 led to less ordered SAMs even for those of longer chain length.

Without stabilization from H-bonding and considering electrostatic repulsion from the terminal

groups, molecular adsorption (S-Auie1) was observed independently of the chain length.
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Figure 2. 5. Background subtracted high-resolution XPS Sy, spectra of COOH-SAMs of
increasing chain length adsorbed on gold at different pH of functionalization: (A) pH 2,
(B)pH 5 and (C) pH 11.

As presented in Figure 2. 6, the number of sulfur atoms bound to gold (S-Au/nm?) for
COOH-SAMs was determined following the same procedure presented in Supporting
Information and the number of free thiol molecules (SH/nm?) was calculated from the relative
percentages presented in Table S2. 6.

Globally, chemisorption on gold was higher at pH values of 2 and 5 showing that terminal group
interaction, typically H-bonding, allow to form denser monolayer on the surface
(~4 S-Au/nm?). At basic pH, i.e beyond pK. value, most surface moieties are COO™ groups,
thus electrostatic repulsion between terminal groups led to smaller molecules adsorption.
Nevertheless, we acknowledge that functionalization in such complex media, e.g. presence of
more species than just the solvent and the thiol molecules, might lead to adsorption of

contaminants and ultimately to less dense monolayers.
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pH 2 pH5 pH11 pH 2 pH5 pH11 pH 2 pH5 pH11

Ney, =1 ney, =7 ey, =10

Figure 2. 6. Total amount of sulfur molecules adsorbed onto gold (S/nm?) during the formation
of COOH-SAMs of increasing chain length at different pH of functionalization: i.e. 2, 5 and 11.
With the number of S atoms bound to gold (S-Au/nm?) and free thiol molecules (S-H/nm?)
determined from XPS analysis. With S-Auie and S-Auis1 corresponding to sulfur atoms bound
to gold and to multi-coordinated sulfur atoms, respectively.

At pH 5, the proportion of free thiol molecules (S-H) was greater than the one of CH3-SAMs
(Table S2. 3 and Table S2. 6) and increased moderately with chain length, thus this can be
attributed to more physisorbed molecules on the surface through electrostatic interaction
and H-bonding. At acidic pH, chain length appeared to influence the presence of free molecules
onto the surface. Indeed, shorter chain SAM exhibited the highest number of free molecules
and while increasing chain length this contribution decreased from 2.4 to ~0.8 S-H/nm?
respectively (Figure 2. 6). As stated from IR results, lateral stabilization from CHz groups
through Van der Waals interactions, might not be sufficient to counterweight H-bonding for
shorter chain and to obtained ordered layer.

Independently of the chain length, conducting the functionalization at basic pH led to less free
thiol as expected from the presence of COO" groups with values of ~0.5 S-H/nm?. Furthermore,
these values were found to be similar to the one obtained for CH3-SAMs indicating that
preventing H-bonding between terminal groups led the same behavior as the one observed for
CH3-SAMs. Multi-coordinated sulfur to gold atoms (S-Auisi) was observed for the shorter
COOH-SAM (HS-C1-COOH) at all pH values.
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As presented in Figure 2. 6, this contribution increased with pH, thus less H-binding led to
more molecular adsorption, i.e. SAM disorder (Table S2. S).

In addition, conducting the functionalization at basic pH led to molecular adsorption for all
chain length, illustrating the influence of terminal group on the coordination mode of S to gold
surface.To investigate if washing at basic pH led to a modification of the coordination mode of
sulfur to gold, the following control experiment was conducted.

Functionalization of HS-C;-COOH was performed at pH 5, followed by washing steps in
ethanolic TMAOH and aqueous NaOH solutions. Similar result to the one for functionalization
at pH 5 was obtained with no molecular adsorption of thiol molecules (Figure S2. 3), indicating
that rinsing at basic pH did not modify the S-Au interface.

Furthermore, we investigated the formation of alternatives short chain length COOH-SAMs
(ncw,= 2,3,5) on gold at pH values of 5 and 11, whom characterizations are presented in
Figure S2. 4 and Figure S2. 5. Complementary IR results did not provide more insightful
information but no multi-coordinated sulfur to gold contribution was observed at pH 5 for XPS
results (Figure S2. 5 and Table S2. 7), suggesting that two carbon atoms in the backbone are
sufficient to avoid molecular adsorption for COOH-SAMs on gold.

In addition, the presence of multi-coordinated sulfur to gold was observed on all chain length
at pH 11 (Figure S2. 5B), confirming that deprotonation of the carboxylic acid groups leads to
less ordered monolayers. Furthermore, compiled results of WCA illustrate the progressive
decrease of surface hydrophilicity with increasing chain length and above all the presence of
three regimes for (i) ncy, = 1, (i) ney, =2 — 7 and (iii) n¢y, = 10 (Figure S2. 6).

Previous investigation related to the engineering of CH3-SAMs on gold showed a similar
evolution with SAMs ranging from pseudo-forming for ncy, < 3, to liquid-like for

Ney, =4 -8/9, to wax-like for ney, = 9/10 — 13 and finally to solid-like for n¢y, > 14.”
Hence, we attributed a similar behavior to what we observed on COOH-SAMs yet a slight
decrease of WCA was observed for n¢y, = 10 and was not observed for CH3-SAMs.

This would suggest a supplementary effect from COOH/COO™ terminal groups that drive the
system to increased hydrophilicity after a certain chain length threshold, in order to confirm

this observation more work on longer SAMs could be envisioned.
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2.4 Conclusion

Alkylthiol self-assembled monolayers (SAMs) bearing alkane (CH3z) and carboxylic acid
(COOH) functions with increasing chain length were formed on gold substrate and
characterized using Polarization Modulation Infrared Reflection Absorption Spectroscopy
(PM-IRRAS), Water Contact Angle (WCA) and X-ray Photoelectron Spectroscopy (XPS).
Main results on CH3-SAMs showed that increasing chain length led to the formation of
hydrophobic SAMs and to a modification of the coordination mode of sulfur to gold substrate
while IR results were quite similar between all investigated samples based on the position of

the vgféy ™ band. Indeed, XPS outcome for short and mid chain length CH3-SAMs (new, = 1,7)

revealed the presence of multi-coordinated sulfur at low binding energy (S-Auiei) related to
molecular adsorption of molecules on the surfaces and to less ordered monolayers, yet this
feature was not observed for longer SAMs.

Furthermore, COOH-SAMs of increasing chain length were also investigated to illustrate
effect of terminal groups in comparison to CH3-SAMs. SAMs bearing COOH terminal groups
are able to interact with neighboring molecules through H-bonding and led hydrophilic
monolayers with overall better organization as suggested from IR analysis and also to the
absence of molecular adsorption for mid length COOH-SAMs (ncy, = 7).

In addition, effect of the pH of functionalization, i.e. protonation states of the terminal groups,
was investigated. Our study suggests that deprotonation of the terminal groups (COO-) leads to
less ordered SAMs with the appearance of multi-coordinated even for longer chain length

assym

SAMs (n¢y, =7, 10) in spite of the low position for the Ven, band in IR results.

In that way, we acknowledged that IR analysis is not sufficient to deeply describe SAMs order
and XPS appeared to give a more insightful probing of SAMs features such as number of
adsorbed species and environment of the chemisorbed thiols molecules with contribution from

self-assembly (S-Auis2) and molecular adsorption (S-Auier).

Further investigations will focus on the understanding of the evolution of the surface charge of

COOH-SAMs, and other terminal groups, and its impacts on protein adsorption.
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2.5 Suppeorting Information

2.5.1 Experimental section

2.5.1.1 Materials

Ethanethiol (HS-C;-CH3s), 1-octanethiol (HS-C7-CH3), 1-undecanethiol (HS-Cio-CH3),
3-mercaptopropionic acid (HS-C,-COOH), 4-mercaptobutyric acid (HS-C3-COOH),
6-mercaptohexanoic acid (HS-Cs-COOH), 8-mercaptooctanoic acid (HS-C7-COOH),
11-mercaptoundecanoic acid (HS-Ci1o-COOH), hydrochloric acid (HCI, 37%), sodium
hydroxide (NaOH) pellets and tetramethylammonium hydroxide (TMAOH, 25 wt.% in water)
were purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Thioglycolic acid
(HS-Ci-COOH) was purchased from Fluka. The pH of the ethanolic solutions for
functionalization was adjusted to pH 2 with concentrated HCI and to pH 11 by adding TMAOH
and monitored using pH papers (Lyphan). All solvents and reagents were used without any

further purification.
2.5.1.2 Techniques

2.5.1.2.1 PM-IRRAS (Polarization Modulation InfraRed Reflection Absorption
Spectroscopy)

PM-IRRAS spectra were recorded on a commercial Thermo-scientifc Nicolet Nexus 5700
spectrometer. The external beam was focused on the sample with a mirror, at an optical incident
angle of 85°. A ZnSe grid polarizer and a ZnSe photoelastic modulator, modulating the incident
beam between p- and s- polarizations (HINDS Instruments, PEM 90, modulation frequency of
37 kHz), were placed prior to the sample. The light reflected at the sample was then focused
onto a liquid nitrogen-cooled MCT detector. The PM-IRRAS signal is given by the differential
reflectivity AR/R = (R, — Rs)/(Rp, + Rs). The presented infrared (IR) spectra result from the
acquisition of 1024 scans recorded at 8 cm! resolution. Position for the asymmetric methylene

stretching vibration was fitted on baseline corrected spectra using Origin Software.
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2.5.1.2.2 WCA (Water Contact Angle)

Static water contact angles were measured at room temperature using the sessile drop method
and image analysis of the drop profile. The instrument, which uses a CCD camera and an image
analysis processor, was purchased from Kriiss (Germany). The water (Milli-Q) droplet volume
was 1 puL and the contact angle (6) was measured 5 s after the drop was deposited on the sample.
Experiments were conducted in triplicate and the reported values are the average of three

droplets at different locations of each sample’s surface.

2.5.1.2.3 XPS (X-Ray Photoelectron Spectroscopy)

XPS analysis were performed on a Scienta Omicron Argus X-ray photoelectron spectrometer,
using a monochromated AlKa (hv =1486.6 eV) radiation source having a 280 W electron beam
power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 45°
under ultra-high vacuum conditions (1 x 10” Pa).

XPS spectra were collected at pass energy of 100 eV for the survey scan and 20 eV for the Cis,
O1s, Nis, Clop, Nais, Auag, Sop core XPS levels. The energy resolution for Sy, acquisition was
adjusted from 0.1 to 0.05 eV. The peak areas were determined after subtraction of a Shirley
background, except for Sz, contribution for which a linear background was applied.

The spectra were fitted using Casa XPS software and applying a Gaussian/ Lorentzian ratio

(G/L) equal to 70/30 and binding energies were calibrated against the Au,y, At 84 eV.
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2.5.1.3 Results and discussion

Table S2. 1. Characteristic Infrared vibrational modes of alkane (CH3) and carboxylic acid
(COOH) terminated thiol SAMs. 7

Vibrational assignment

3150 - 3050 OH O-H stretching vibration, intermolecular H-bonded
2960 vgi,{mm Asymmetric CH3 stretching
2930 - 2920 vgﬁ,ﬁ i Asymmetric CH stretching
2880 vé{,’s""‘ Symmetric CH3 stretching
2855 - 2850 V?,;an Symmetric CHa stretching
1740-1780 Ve=o free C=0 stretching
1715 Ve=o0 H-bonded carboxylic acid stretching
1620 Voo™ Asymmetric COO" stretching
1635 H->O Adsorbed water
1470 - 1440 Ocn, CH2 scissors bending
1415 Vogoo Symmetric COO" stretching
1380 55%7:"1 Symmetric CH3 bending

Table S2. 2. Position of the asymmetric CH: stretching bands (in cm™) for CH3-SAMs of
increasing chain length on gold for experiments performed at least in triplicate.

HS-C1-CH3 HS-C7-CHs  HS-C10-CH3

2921.6 29253 2922.8
2920.0 2925.2 2921.8
2919.8 2923.8 2920.9
2920.2 2926.7 29229

29204+0.8 29253+1.2 2921.7+1.2
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Estimation of the number of sulfur atoms bound to gold

The number of sulfur atoms bound to gold per unit area (S-Au/nm?) was determined using the

following equation with the ratio between the area of sulfur (Is) and the raw area of gold (Iau):

I Oy AL
ngd = cos(8) * s Pauaulau  qg-21 N,
gy Mgy 05

In this equation, nsd is the number of sulfur atoms bound to gold surface (S-Au/nm?), 0 is the
photoelectron collection angle (45°), p4y, is the volumic mass of gold (19.3 g/cm?), May is the
molar mass of gold (197 g/mol) and Na is the Avogadro number (6.022*10% mol™). The
Scofield photoionization cross sections o are 14.34 for Ausr and 1.67 for Sz,.% The electron
inelastic mean free paths A were calculated using the Quases program based on the TPP2M

u

formula, with A4% = 1.6 nm.’



Table S2. 3. S2p photopeak decompositions and corresponding surface coverage calculated from XPS measurements for CH3-SAMs of increasing
chain length. Binding energies (B.E.) were calibrated against the Au,f, S2at 84 eV. Experiments were conducted in triplicate at least.

S-Auiei S-Auie2 S-H

B.E. (eV) %S-Auie1 B.E. (eV) %S-Auie B.E. (eV) %S-H S-Au/nm?
161.0 15.5 162.0 69.4 163.5 15.1 2.51
HS-C1-CH 161.1 10.4 162.0 63.8 163.8 25.9 2.88
161.2 19.8 162.1 55.7 163.5 245 242

161.1 0.1 152+47 162.0+0.1 62.9+6.9 163.6 £0.2 21.8+5.9 2.60 +0.24
161.0 7.1 162.0 82.2 163.6 10.7 2.37
HS-Cy-CHa 161.0 52 162.0 83.1 163.7 11.7 3.21
161.2 9.9 162.3 75.5 163.8 14.6 3.12

161.1 £0.1 74+24 162.1£0.2 80.3+4.2 163.7+0.1 12.31+£2.02 29+0.5

- - 162.0 86.2 163.5 13.8 2.97
- - 162.0 86.5 163.6 13.5 3.00
HS-C10-CH3 - - 161.6 90.4 163.2 9.6 3.89
- - 161.9 89.6 163.3 10.4 3.55

161.9+£0.2 88.2+2.1 163.4+0.2 11.8£2.1 3.35+0.45
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Figure S2. 1. High-resolution XPS S, spectra of CH3-SAMs of increasing chain length on gold
surface showing the presence of oxidized sulfur (SOx ~ 170 eV) for shorter chain length

(HS-C:.CH3).
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Figure S2. 2. Baseline corrected PM-IRRAS spectra of mid chain length COOH-SAM
(HS-C7-COOH) on gold obtained at pH 11 (top curve) and after rinsing in milli-Q water
(bottom curve).
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Table S2. 4. Position of the asymmetric CH> stretching band (in cm™) for COOH-SAMs of
increasing chain length on gold at different pH of functionalization. Experiments were

conducted in triplicate at least.

HS-Ci-COOH HS-C7-COOH  HS-C10-COOH

2930.1 2927.2 2923.9
pH 2 29314 2927.7 2922.9
2928.5 2927.2 2923.7

2930.0+ 1.5 2927.3+0.3 2923.5+0.5
2928.2 2927.1 2925.1
pHS 29284 2927.9 2926.3
2929.6 2927.9 2925.7

2928.7+0.7 2927.7+0.5 2925.7+0.6
2927.6 2924.7 29253
pH 11 2925.5 2925.5 2925.8
2925.7 2926.9 2925.8

2926.6 + 1.5 29257+ 1.2 2925.6+0.3

Table S2. 5. XPS atomic percentages and Sz, photopeak decompositions corrected by Scofield
factors for COOH-SAMs of increasing chain length on gold at different pH of functionalization
corresponding to the results presented in Figure 2. 5. The number of sulfur atoms bound to gold
per surface area in nm? includes contributions from both S-Auis1 and S-Auieo.

pH 2 HS-Ci-COOH HS-C7-COOH  HS-C10-COOH

Auyr 52.57 49.20 40.15

O1s 11.99 10.23 10.15

Cis 29.97 37.43 46.90

Sap 5.46 3.14 2.80

S2p photopeak decomposition: Relative S% (absolute S%)

S-H 42.40 (2.32) 26.25 (0.82) 23.93 (0.67)
S-Auie2 53.01 (2.89) 73.75 (2.32) 76.07 (2.13)
S-Auiel 4.59 (0.25) - -

S-Au/nm? 3.73+0.02 3.01 £0.12 3.20 £ 0.40
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Table S2.5. (continued)

pH 5 HS-Ci-COOH HS-C7-COOH  HS-C10-COOH

Auyr 47.31 32.41 25.47

O1s 18.14 18.94 19.41

Cis 31.62 45.79 52.87

Sap 2.93 2.86 2.24

S2p photopeak decomposition: Relative S% (absolute S%)

S-H 18.32 (0.54) 29.64 (0.85) 37.67 (0.84)
S-Auie2 66.53 (1.95) 70.36 (2.01) 62.33 (1.40)
S-Auisi 15.15 (0.44) - -

S-Au/nm? 3.76 £ 1.36 3.61£0.72 3.54+0.43
pH 11 HS-Ci-COOH HS-C7-COOH  HS-C10-COOH

Auyr 32.69 32.24 25.54

O1s 20.76 14.15 21.23

Cis 40.30 49.62 47.64

Sap 1.93 1.58 1.05

Nis - - -

Nais 4.32 241 4.53

S2p photopeak decomposition: Relative S% (absolute S%)

S-H 13.31 (0.26) 11.74 (0.19) 13.63 (0.14)
S-Auies 76.13 (1.47) 73.84 (1.17) 57.82 (0.61)
S-Auisi 10.56 (0.20) 14.42 (0.22) 28.55(0.3)

S-Au/nm? 3.46 £ 0.59 2.54+£0.63 2.27+0.24




Table S2. 6. Sz, photopeak decompositions and corresponding surface coverage calculated from XPS measurements for COOH-SAMs of
increasing chain length at different pH of functionalization. Binding energies (B.E.) were calibrated against the Au,y, Spat 84 eV. Experiments were

conducted in triplicate at least.

HS-Ci-COOH
pH 2

HS-C7-COOH
pH 2

HS-C10-COOH
pH 2

S-Auie S-Auie2

B.E. (eV) %S-Auie1 B.E. (eV) %S-Auie B.E. (eV) %S-H S-Au/nm?

160.9 5.8 162.1 48.2 163.4 45.9 3.72

161 4.6 162.1 53.0 164.5 42.4 3.72

161.2 10.9 162.2 60.1 163.6 28.9 3.76
161.0+0.2 7.1+3.4 162.1 +0.1 53.8+£6.0 163.6 £0.2 39.1+9.0 3.73£0.02

- - 161.9 76.6 163.3 23.4 3.15

- - 161.8 73.8 163.1 26.3 2.93

- - 162.0 86.2 163.6 13.8 2.94
161.9+0.1 78.9+6.5 163.3+0.2 21.2+6.5 3.01+£0.12

- - 161.9 81.4 163.3 18.6 3.39

- - 161.9 76.1 163.3 239 3.47

- 162.1 82.3 163.5 17.8 3.63

- - 162.0 84.6 163.7 15.4 2.74
161.9+0.2 80.7+4.3 163.4+0.3 193+43 3.20+0.40




Table S2. 6. (continued)

HS-Ci-COOH
pHS

HS-C7-COOH
pH S

HS-C10-COOH
pHS

160.8 15.2 161.8 66.5 163.3 18.3 3.23

160.7 17.3 161.7 62.2 163.6 20.5 2.75

161.2 12.4 162.2 50.2 163.9 37.5 5.31
160.9+£0.3 149+25 162.1 £0.1 59.6 £8.5 163.6 +£0.3 25.4+10.5 3.76 £ 1.36

- - 162.1 70.4 163.7 29.6 3.93

- - 162.1 64.5 163.8 35.5 4.47

- - 160.8 59.4 162.4 40.7 2.96

- - 161.9 72.5 163.4 27.5 3.06
161.7+ 0.6 69.1 £4.1 163.3+0.7 309+4.1 3.61+£0.72

- - 162.0 63.7 163.8 36.3 3.64

- - 162.1 62.3 164.0 37.7 3.07

- - 162.0 66.9 163.5 33.1 3.92
162.0 £0.1 64.3+2.4 163.8+£0.3 357+24 3.54+£0.43




Table S2. 6. (continued)

HS-C1-COOH
pH 11

HS-C7-COOH
pH 11

HS-C10-COOH
pH 11

161.5 15.1 162.6 72.7 163.9 12.1 3.15
160.9 12.4 162.1 76.1 163.7 13.3 3.08
161.2 14.6 162.2 66.9 163.7 18.5 4.14
161.2+0.3 140+ 1.5 162.3+0.3 71.3+£4.7 163.6+0.3 147+34 3.46 +0.59
160.3 14.4 161.3 73.8 162.7 11.7 2.76
161.1 18.6 161.9 66.1 163.1 15.3 1.83
161.0 8.3 162.0 77.5 163.6 14.3 3.04
160.8 + 0.4 13.8+5.2 161.7+0.4 72.4+5.8 163.2+0.5 13.8+1.8 2.54 +0.63
161.0 13.9 162.1 68.2 163.3 17.8 2.50
160.9 28.6 162.0 57.8 164.0 13.6 2.10
161.2 26.8 162.0 55.5 163.4 17.8 2.53
161.1 £0.1 23.1+8.0 162.0+0.1 60.5+6.8 163.6 £0.4 16.4+2.4 2.27+0.24
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Figure S2. 3. Background subtracted high-resolution Sz, XPS photopeak for mid chain length
COOH-SAM on gold (HS-C7-COOH). Functionalization was performed at pH 5 and followed
with rinsing at basic pH using TMAOH and NaOH solutions.
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Figure S2. 4. Baseline corrected PM-IRRAS spectra and corresponding WCA (only at pH 5)
results of COOH-SAMs of increasing chain lengths on gold at different pH of functionalization:

(A)pH 5 and (B) pH 11.
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Figure S2. 5. Background subtracted high-resolution XPS S;, spectra of COOH-SAMs of
increasing chain length adsorbed on gold at different pH of functionalization: (A) pH 5
and (B) pH 11.
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Figure S2. 6. Water contact angle (WCA) values for COOH-SAMs of increasing chain length
adsorbed on gold surfaces at pH 5.



Table S2. 7. S2p photopeak decompositions and corresponding surface coverage calculated from XPS measurements for COOH-SAMs of

increasing chain length at different pH of functionalization. Binding energies (B.E.) were calibrated against the Au,y, Spat 84 eV.

HS-C:-COOH
pH S

HS-C3-COOH
pHS

HS-Cs-COOH
pHS

S-Auie2
B.E. (eV) %S-Auie1 B.E. (eV) %S-Auie2 B.E. (eV) %S-H S-Au/nm?
- - 161.7 71.2 163.2 28.8 4.1
- - 161.7 85.8 163.1 14.2 2.6
- - 161.9 83.1 163.5 16.8 3.8
161.8+0.2 80.0+ 7.8 163.3+0.2 199+7.8 35+0.8
- - 161.9 62.4 163.5 37.6 4.4
- - 161.9 68.5 163.5 31.5 3.1
- - 162.0 77.6 163.6 22.4 3.8
161.9+0.1 69.5+7.7 163.6 0.1 30.5+7.7 3.7+£0.7
- - 161.9 68.4 163.6 31.6 3.9
- - 161.9 76.0 163.4 24 3.0
- - 161.9 79.5 163.5 20.5 2.7
161.9+0.1 74.6 £5.6 163.5+0.1 254+£5.6 32+0.6




Table S2. 7. (continued)

HS-C-COOH
pH 11

HS-C3-COOH
pH 11

HS-Cs-COOH
pH 11

161.0 9.9 162.4 74.3 164.1 15.8 2.8
161.2 5.9 162.1 77.8 164.8 16.3 3.8
161.1 £0.1 79+29 162.3+0.2 76.1£2.5 164.5+0.5 16.0+0.3 33+£0.7
161.2 25.0 162.1 64.9 163.8 9.9 1.9
160.9 17.0 162.1 63.9 162.5 19.1 1.8
161.1+£0.1 21.0+5.6 162.1 £0.1 64.5+0.8 163.2+0.9 145+6.4 1.8+0.1
160.9 12.8 162.1 66.8 163.6 20.4 2.8
161.1 8.6 162.0 75.2 163.7 16.2 2.8
161.1+0.2 10.7+3.0 162.0+0.1 71.0£5.9 163.7+0.1 183+2.9 2.8+£0.0
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3.1 Intreduction

At the fundamental level, all interactions can be seen as electrostatic ones, ranging from matter
cohesion to molecules formation. This consideration is now greatly examined when adsorbing
small molecules at oxide surfaces as exemplified when studying transition metal complexes
adsorption on oxide surfaces, that proved to be mainly governed by electrostatic interaction at least
during the first stages.!> When the substrate is a functionalized metallic surface, the impact of the
solvent, and particularly the surface charge of the functionalized material, is often forgotten
including when investigating proteins adsorption onto these surfaces in aqueous media. Indeed,
proteins interactions with planar surfaces have been investigated throughout decades for numerous
applications including anti-biofilm strategies®, protein adsorption*> and immunosensor design.®®
Proteins are three-dimensional (3D) arrangements of polypeptide chains composed themselves of
amino acids sequences that fold according to their nature through electrostatic, Van der Waals,
ionic or covalent interactions.’ Furthermore, depending on their structure and composition, proteins
possess a global net charge, often simplified to their isoelectric point (IP), while still displaying
charged domains which can interact with a functionalized material surface. Self-assembled
monolayers (SAMs) formation is one of the most widespread strategies for surface
functionalization and allow to tether surfaces features thanks to great variety of organic molecules
with various chain length and functional groups, most commonly amine (NH>2) and carboxylic
(COOH) ones.!*!? Moreover, chain length and surface terminal groups have proved to modulate
surface wettability and in turn protein adsorption.!3!°

However, in most papers dealing with protein adsorption, the latter is performed in PBS buffer
without any further consideration towards the impact of this solvent. PBS is a rightful contributor
as much as the adsorbate and the adsorbent on both surfaces charges of the proteins and the
functionalized material. Indeed, very few studies consider the surface charge of the functionalized
surface and often assume that it is driven solely by the pK., of the assembled molecules.

Yet, the surface charge of molecules was shown to change once adsorbed onto a substrate compared

to free molecules in solution'®'®

and also depending on the surface’s curvature if immobilized on
gold nanoparticles.!” For a same terminal group, the surface charge was also dependent from the
chain length and surface coverage of adsorbed species.?’2? Strategies involving mixed SAMs were

also employed to modulate the surface charge of planar surfaces with for instance mixed
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COOH/NH; thiolate SAMs on gold'®?*2* or NHa/thiol (SH) silane SAMs on silica®’ substrates. As
expected when assembling mixed NH>/COOH and OH/CH3 thiolate SAMs, increasing COOH
amount led to a general decrease in surface wettability and increase in surface isoelectric point
(IEP).2% The resulting SAMs were applied to osteopontin adsorption and cell adhesion studies, and
the amount of adsorbed osteopontin was found to depend on surface wettability with poor binding
on OH/CH3 mixed layer in comparison to the NH2/COOH one and also on surface charge with the
greater density on the mixed SAMs displaying the highest IEP.

Beyond the pH influence on the assembly, we previously demonstrated, when investigating Bovine
Serum Albumin (BSA) adsorption onto COOH-terminated thiolate SAMs that the pH used to wash
the functionalized substrate had a considerable influence on BSA adsorption, even if this adsorption
is carried out in ultrapure water without any further control of the local pH during the interaction.?’
Rinsing at three pH values, i.e. 2, 5.5 and 11, had indeed impacted the SAM order and
hydrophilicity, and the surfaces immersed in ultrapure water showed to exhibit a memory effect
during the interaction with the negatively charged BSA. All these finding highlight the crucial

effect of the pH on the various steps included in protein/functionalized surface interaction.

In the work presented herein, we investigated the impact of chain length on surface charges by
forming COOH-terminated thiolate SAMs of increasing chain length (n¢y, =1,7,10) on gold
surfaces. These surfaces were analyzed using Water Contact Angle (WCA), Polarization
Modulation InfraRed Reflection Absorption Spectroscopy (PM-IRRAS), X-Ray Photoelectron
Spectroscopy (XPS) and electrokinetic measurements. The electrokinetic measurements suggest
that adsorption could affect the pKa values of COOH-terminated thiols in contrast to the ones of
free molecules in the bulk phase. In addition, chain length was shown to influence the measured

zeta potential and resultant surface IEP of COOH-terminated thiolate SAMs on gold.

3.2 Experimental procedure

We applied the same surface functionalization procedure presented in our previous paper to form
COOH-terminated SAMs on gold surfaces. Briefly, gold-coated substrates were immersed in thiol

solutions in ethanol (1 mM) and left-covered for 24 hours under gentle agitation.
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The substrates were then washed once with ethanol for 5 min, ultrasonicated for 1 min in ethanol
and washed twice for 5 min with ethanol. All substrates were dried with a gentle nitrogen flow

prior to further surface characterizations.

3.3 Results and discussion

3.3.1 Surface characterization

Similar PM-IRRAS and WCA results to those presented in our previous investigation were
obtained (Figure 3. 1). Briefly, the same infrared (IR) signatures were observed with typical bands
attributed to carbonyl (C=0) and carboxylates (COO") groups respectively at 1715 and
1620/1415 cm™! and methylene (CHz) bands of in the 2930-2850 cm™ region.
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Figure 3. 1. Baseline corrected PM-IRRAS spectra with corresponding water contact angle results
of COOH-SAMs of increasing chain length (n¢y,= 1,7,10).

The position of the asymmetric bands (vgffz’ ™M) is characteristic of the order of the SAMs with

values typically ranging from 2930 to 2918 cm™', with the latter being attributed to a solid-like

monolayer.”?®

Furthermore, chain length have been shown to influence the overall order through increased Van

der Waals interactions between methylene groups of the backbone.?’ %
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Nevertheless, v, ,‘:’,2 ™ values reported herein exhibited a different behavior than the one described

in our previous study. Indeed, chain length moderately influenced the position of this band, with

values around 2928 cm™! (Table 3. 1).

Table 3. 1. Position of the asymmetric CHx stretching bands (in cm™) for COOH-SAMs of
increasing chain length on gold for experiments performed in duplicate.

HS-Ci-COOH HS-C7-COOH  HS-C10-COOH

29274 2928.3 2928.5
2927.4 2928.0 2928.3
29274 2928.2+0.2 29284+ 0.1

Moreover, WCA results suggested less hydrophilic SAMs in comparison to those prepared on
commercial gold substrates in our previous study which might correlate with less ordered SAMs,
with respectively values of 46.3+£2.5 °, 72.0 + 4.2 ° and 83.0 + 1.2 ° for HS-C;-COOH,
HS-C7-COOH and HS-C1o-COOH. Indeed, experiments were carried out using prepared in-house
substrates that could not withstand the same experimental conditions, i.e. annealing procedure.
Specific dimensions for the gold substrates were mandatory to carry out the electrokinetic
experiments. Thus, we expect differences in the gold layer such as lower crystallinity of the
substrates, that could affect the thiolate SAMSs formation and lead to overall more disordered SAMs
and higher WCA values. Furthermore, XPS results showed the presence of gold, oxygen, carbon
and sulfur atoms as expected in the formation of thiolate SAMs on gold (Table 3. 1) and confirmed

functionalization with notably the presence of chemisorbed thiolate molecules (Figure 3. 2).

Table 3. 2. XPS atomic percentages for COOH-SAMs of increasing chain length on gold.

HS-Ci-COOH HS-C7-COOH  HS-C10-COOH
Ois 56.12 51.88 48.07
Cis 41.0 45.82 49.78
Sap 2.88 2.31 2.15
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Figure 3. 2. Representative background subtracted high-resolution XPS Sy, spectra of
COOH-SAMs of increasing chain length on gold. Experiments were performed in duplicate.

3.3.2 Electrokinetic measurements

Subsequently, we measured the surface zeta potential through electrokinetic measurements using
a cell with an adjustable gap. Streaming current measurements allowed to determine the zeta
potential and isolectric point (IEP) of the functionalized substrate by using the

Helmholtz-Smoluchowski equation:

_dlgy Ui L

¢= dp *E*EO*Z

,where ( is the zeta potential, dI, /dp is the slope of the streaming current versus pressure, 7 is the
electrolyte viscosity, € is the dieelectric constant of the electrolyte, &, is the vacuum permittivity,

L and A are respectively the length and cross-section of the streaming channel.

Titration curves for COOH-terminated SAMs of increasing chain length on gold are presented in
Figure 3. 3. Titrations were conducted in a NaCl electrolyte solution (1 M) using HCI1 (0.1 M) and
NaOH (0.1 M) aqueous solutions to respectively acidic (~ 3) and basic (~ 10) pH values.

The isoelectric points (IEP) of functionalized sensors, i.e. pH values at which zeta potential is zero,
were also determined in duplicate at least and representative data are given in

Figure 3. 3 and Table 3. 3.
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Figure 3. 3. Zeta potential measurements obtained on functionalized COOH-terminated thiolate
SAMs of increasing length (n¢y,= 1,7,10) on gold surfaces.

The presented zeta potential values are the sum of four individual measurements and the titration
curves were constructed along titration process by adding either acid or base to the electrolyte
solution. At the IEP value, the surface charge is globally neutral with equilibrium of the protonated
and deprotonated surface moieties concentrations. Below the IEP, the surface is positively charged
with zeta potential value up to 40 mV and inversely beyond this value the surface is negatively
charged with values around — 80 mV. Furthermore, we observed at extreme pH value for the
HS-C10-COOH sample, i.e. pH < 3.5, a drop in zeta potential values that was previously attributed
to high conductivity of the electrolyte.?’

Table 3. 3. Theoretical pKa values and experimental IEP determined through electrokinetic
measurements for COOH-terminated SAMs of increasing chain length on gold. Theoretical values
were determined with the ChemAxon software. '3

HS-Ci-COOH HS-C7-COOH HS-Ci0-COOH

Theoretical pK, 4.20 5.05 4.95
Experimental IEP 4.0 4.2 4.8
4.2 3.8 4.9
3.9 - 4.9

4.1+0.1 4.0+0.2 49+0.1

* Calculated using the ChemAxon software. 33
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Furthermore, chain length of COOH-terminated thiolate molecules is known to influence the pKa
value of its functional groups. Theoretical values presented in Table 3. 3 were calculated using the
ChemAxon software which calculates pK, values based on partial charge distribution.?%!
Measured IEP of functionalized substrates also showed an influence of chain length over the
surface charge, i.e. zeta potential and IEP values. Indeed, almost identical IEP values were obtained
for the short and long chain length SAMs while a higher one was measured for the mid SAMs with
a difference of one pH unit (Table 3. 3).

In contrast, we observed discrepancies between the surface IEP and the pKa value of free molecules
for the mid chain length SAMs, i.e. HS-C7-COOH, as previously observed in the literature.!32°
Shimazu et al. carried out a surface mass titration of COOH-terminated thiolate SAMs on gold
using quartz crystal microbalance (QCM) and measured the difference in frequency shift upon
titrations.'

This shift was attributed to deprotonation of the surface moieties to carboxylate groups associated
with sodium cation and linked to the number of adsorbed functional groups and surface pKa which
were higher than the ones of free molecules in solution.

Accordingly, work from Dai et al. on increasing chain length thiolate SAMs on gold

(ncw, = 1,2,10,15) determined higher pKa values using electrochemical titration. >
The authors found that the surface pKa evolved with chain length when ngy,> 2, increasing chain

length led to denser SAMs through Van der Waals interactions and to higher electron-donating
ability from the methylene groups. The given pKa values were higher than these from the bulk
phase and explained it by the ability to form hydrogen bonding between carbonyl and carboxylate
groups once adsorbed on a substrate.

Furthermore, Vezenov et al. used chemical force microscopy (CFM) and adhesion force titrations
on COOH-terminated surface and determined a surface pKa of 5.5, close to the one of free
molecules in the bulk phase.*

All in all, there exists discrepancies in the determined pK, for adsorbed thiolate molecules in
contrast to the one from the solution phase which could originate from the different ionic strength

and determination methods employed in the literature.
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3.4 Conclusion

In this study, we studied the adsorption of COOH-terminated thiols onto gold surfaces and
measured the impact of chain length on the surface charge, i.e. isoelectric point (IEP).

We have shown that the nature of the gold substrate appeared to influence the order of the SAMs
and wettability of the designed monolayers with overall less ordered monolayers with decreased
hydrophilicity. Furthermore, electrokinetic measurements were carried out on COOH-terminated
thiolate SAMs on gold of increasing chain length.

Results suggested that chain length influenced the measured zeta potential as well as the IEP values
for these SAMs. Finally, discrepancies between the surface IEP versus the pKa of the free molecule

in the bulk phase were observed and previously documented in the literature.
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3.5 Supplementary Information

3.5.1 Experimental section

3.5.1.1 Materials

8-mercaptooctanoic acid (HS-C7-COOH) and 11-mercaptoundecanoic acid (HS-C1o-COOH) were
purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). Thioglycolic acid
(HS-Ci-COOH) was purchased from Fluka. All solvents and reagents were used without any
further purification. Experiments were carried out under ambient conditions on glass substrates
(9 mm x 9 mm) successively coated with a 5-6 nm thick layer of chromium and a 210-220 nm thick
layer of gold. Prior to functionalization, the gold-coated substrates were rinsed in absolute ethanol
for 15 min, dried with a nitrogen flow, cleaned with UV/ozone for 30 min and annealed in a

butane/propane flame to ensure good crystallinity of the gold topmost layers.
3.5.1.2 Techniques

3.5.1.2.1 PM-IRRAS (Polarization Modulation InfraRed Reflection Absorption
Spectroscopy)

PM-IRRAS spectra were recorded on a commercial Thermo-scientifc Nicolet Nexus 5700
spectrometer. The external beam was focused on the sample with a mirror, at an optical incident
angle of 85°. A ZnSe grid polarizer and a ZnSe photoelastic modulator, modulating the incident
beam between p- and s- polarizations (HINDS Instruments, PEM 90, modulation frequency of
37 kHz), were placed prior to the sample. The light reflected at the sample was then focused onto
a liquid nitrogen-cooled MCT detector. The PM-IRRAS signal is given by the differential
reflectivity AR/R = (R, — Rs)/(Rp + Rs). The presented infrared (IR) spectra result from the
acquisition of 1024 scans recorded at 8 cm™! resolution. Position for the asymmetric methylene

stretching vibration was fitted on baseline corrected spectra using Origin Software.
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3.5.1.2.2 WCA (Water Contact Angle)

Static water contact angles were measured at room temperature using the sessile drop method and
image analysis of the drop profile. The instrument, which uses a CCD camera and an image analysis
processor, was purchased from Kriiss (Germany). The water (Milli-Q) droplet volume was 1 uL.
and the contact angle (0) was measured 5 s after the drop was deposited on the sample. Experiments
were conducted in duplicate and the reported values are the average of three droplets at different

locations of each sample’s surface.

3.5.1.2.3 XPS (X-Ray Photoelectron Spectroscopy)

XPS analysis were performed on a Scienta Omicron Argus X-ray photoelectron spectrometer,
using a monochromated AlKa (hv = 1486.6 eV) radiation source having a 280 W electron beam
power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 45°
under ultra-high vacuum conditions (1 x 10" Pa). XPS spectra were collected at pass energy of
100 eV for the survey scan and 20 eV for the Cis, O1s, Nis, Clap, Nais, Auas, Szp core XPS levels.
The energy resolution for Szp acquisition was adjusted from 0.1 to 0.05 eV. The peak areas were
determined after subtraction of a Shirley background. The spectra were fitted using Casa XPS

software and applying a Gaussian/ Lorentzian ratio (G/L) equal to 70/30.

3.5.1.2.4 Electrokinetic measurements

The zeta ({) potential of functionalized gold substrates were determined by measuring the
streaming current between two planar substrates using a cell with an adjustable gap, comprised
between 100-150 um, using an electrokinetic analyzer (SurPass, Anton Paar GmbH, Austria).
The measurements were carried out by flowing a 1 mM NaCl electrolyte solution through the
micro-channel with syringe pumps under a pressure ramp of 0 to 200 mbar. The aqueous solutions
were immediately purged with nitrogen after preparation to avoid dissolution of atmospheric
carbon dioxide (CO»). Surface titrations were conducted to acidic pH (~3) and basic pH (~11)
using 0.1 M HCI or NaOH aqueous solutions, respectively.

The Helmholtz—Smoluchowski equation was used to convert measured streaming currents to zeta
potential values with as well determination of the isoelectric point (IEP) which is the pH for which

the zeta potential is nil.
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4.1 Introduction

Diclofenac (DCF), a non-steroidal anti-inflammatory drug (NSAID), is one of the most
consumed pain killers worldwide with, for instance, 80 to 100 tons/year consumed in Germany
and 40 to 60 ton/year in France.! As a result, and because of inefficient waste water treatment
processes, DCF is considered as an emerging water pollutant and was listed in the first watch
list of ten organic molecules to be monitored and reported.>* DCF is suspected to be hazardous
to the aquatic environment* and in turn to human health. In 2019, the French agency for food
safety and environment (ANSES) published a notice on the possible sanitary consequences of
the presence of DCF in surface water and edited a guide value of 0.4 pg/L.’

Chromatographic methods are routinely used to quantify DCF residues in surface and ground
water.®” Alternatively, label-based immunochemical assays allow to quantify DCF in water
samples with sensitivities from the pg/L down to the sub ng/L range, depending on the detection
method.®'” Although these methods are selective and sensitive, they are not easily amenable to

on-site detection. In this context, various biosensing set ups have been implemented using

19,20 21-23

antibodies,'® aptamers or even whole cells as bioreceptors coupled to

1 24-26 127,28

electrochemica or optica signal transduction. With such set ups, DCF could be
quantified in various matrices with variable sensitivities.

DCF being a small molecule, the only possible assay format is of the competitive type, thus
requiring to build up a sensing platform at the surface of the transducer comprising an analog
of the analyte that will compete with the analyte in solution to bind the antibody.

Previously, we had introduced a reliable strategy to generate a sensing layer comprising DCF
molecules at the surface of planar and nanostructured gold and silica substrates and its ability
to bind a polyclonal anti-DCF antibody.>-*

This led to the implementation of an automated, flow-through, enzyme-based competitive
immunoassay of DCF using chemiluminescence readout with good analytical performances and

shelf-life.?’

In this work, we rely on this strategy to develop a label-free and fully regenerable piezoelectric

immunosensor for the quantification of DCF in water samples.
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The sensing layer was carefully constructed at the surface of silica-coated QCM-D sensors with
a slight modification regarding DCF immobilization thanks to an optimized activation process.
Binding of a monoclonal highly affine anti-DCF antibody (mAb) developed by some of us'> to
silica-coated quartz sensors functionalized by DCF was monitored in real time by quartz crystal
microbalance with dissipation (QCM-D) measurement and by an original simultaneous
combination of QCM-D and Localized Surface Plasmon Resonance (LSPR). This allowed to
estimate the coverage and the hydration level of the formed monolayer; mAb appeared to form
a highly hydrated monolayer.

The competitive QCM-D immunosensing device to which we aspired in our previous studies,
was built and tested in buffer media. For this sensor, the response is expressed as frequency
shift, AF, inversely related to the concentration of DCF in solution. We determined the
analytical performances of our QCM-D immunosensor in terms of dynamic range (DR), limit
of detection (LoD) and limit of quantification (LoQ). Eventually, this biosensor was employed
to quantify DCF in river water samples collected at different spots in the Seine and Marne rivers

in France.

4.2 Experimental procedure

Materials, surface functionalization protocols and characterization techniques are presented in

Supporting Information (Figure S4. 1-2 and Table S4. 1).
4.2.1 Anti-diclofenac antibody binding test and regeneration

Functionalized sensors were mounted in the QCM-D chambers and the following measurement
cycle was applied. After signal stabilization in running buffer (0), mAb solution (1) was flown
over the sensor substrate for approximatively 120 min.

Then, the sensor was rinsed with running buffer to remove unbound antibody. For reuse
purpose, the regeneration buffer (2) was injected for 15 min prior to re-equilibration in running
buffer for another 15 min. Antibody concentration optimization was conducted by injecting
increasing solutions ranging from 0.05 to 5 mg/L at a flow rate of 50 uL/min. Flow rate impact
on antibody binding was investigated by injecting anti-DCF antibody (1 mg/L) at 25 and
50 pL/min.



Chapter 4. Design and analytical performances of a diclofenac

biosensor for water resources monitoring

4.2.2 Combined QCM-D and LSPR measurements

For combined QCM-D and Localized Surface Plasmon Resonance (LSPR) measurements, the
same experimental protocol was followed, except that mAb solution (5 mg/L) was injected for

approximatively 110 min and the flow rate was set to 25 pL/min.

4.2.3 Competitive assay for diclofenac detection in buffer

For diclofenac immunosensing, the competitive format was employed with DCF covalently
immobilized onto the sensor surface via the PyBOP procedure. Samples containing known
concentrations of DCF ranging from 0 to 333.2 nM were pre-incubated with mAb (5 mg/L)
during 60 min at 37 °C in either PBS or PBS/EtOH 9:1. The preincubated samples were flown
over the substrate surface for 60 min at a flow rate of 25 pL/min and rinsed with running buffer

for 15 min.

4.2.4 Quantification of diclofenac in surface water samples

Surface water samples (500 mL) were filtered through a 0.22 um cellulose ester membrane
filter (Millipore) to remove suspended matter and were kept in the dark at 4 °C until solid phase
extraction (SPE). DCF were extracted following a modified procedure using Oasis HLB 3cc
cartridge (Waters) without pH adjustment.!® The cartridge was preconditioned with 1 mL of
methanol followed by 1 mL of ultrapure water. The surface water sample was loaded onto the
cartridge followed by washing with 1 mL of water/MeOH 95/5 (v/v). The cartridge was dried
for 10 min under vacuum, and DCF was eluted with 1 mL of methanol and kept in the dark at
4 °C. Prior to QCM-D measurement, the extracts were dried under vacuum and the residues
reconstituted with 5 mL of PBS. A 100-fold concentration factor was therefore obtained,
assuming total recovery during SPE procedure. The water samples were preincubated with mAb
(5 mg/L) during 60 min at 37 °C and then were flown over the substrate surface for 60 min at
a flow rate of 25 uL/min and rinsed with running buffer for 15 min. Considering sample
preconcentration, antibody incubation and frequency readout, the total assay time is close to
3 hours. The frequency readout step can be reduced to 10 min, thus lowering the total assay

time to ca. 2h.
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4.3 Results and discussion

4.3.1 Surface functionalization.

A sensing layer comprising a PEG layer bearing terminal amine functions, was built up on
planar and nanostructured silica-coated quartz sensors as schematized in Figure 4. 1, following

a previously reported surface functionalization protocol.?’
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Figure 4. 1. Formation of diclofenac sensing layer by step-by-step functionalization of silica /
silicon surfaces and schematic representation of competitive assay format.

Experimental details and surface characterizations by ATR-IR, WCA and XPS are given in the
supplementary information. Conjugation of DCF to the primary amine group of DAPEG
requires preliminary activation of its carboxylic acid function.

This was performed with three activation reagents, namely EDC/NHS, TSTU or PyBOP
(Figure S4. 3) with the objective of comparing the coupling efficiency and optimizing the
number of analytes on the surface and, therefore, the sensing efficiency.

The presence of DCF at the surface of the sensors was investigated by XPS, taking advantage
of the two chlorine atoms of DCF, possibly resulting in a chlorine Clz, photopeak at 200 eV.
The resulting spectra and the corresponding atomic compositions are shown in Figure 4. 2 and

Table S4. 2, respectively.
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Figure 4. 2. N5, Cis and Clyp XPS spectra of Si substrates sequentially treated by (a) GOPTS
and DAPEG:; then by DCF activated via (b) EDC/NHS, (¢) TSTU and (d) PyBOP.

For the three methods Nis showed a change in contribution balance previously assigned to
amide bonds formation.?’ Clp, and Cs photopeaks showed differences between the activation
reagents. First, the Clo, photopeak was barely detectable for EDC/NHS and TSTU but not for
the PyBOP activation strategy, possibly due to a DCF surface concentration under the limit of
detection of XPS in the two first cases. Second, the Cis photopeak for PyBOP strategy was
strongly modified: PEG contribution at 286.9 eV was attenuated while the aliphatic contribution
at 285.2 eV increased in agreement with DCF grafting.

The PyBOP strategy was further explored by analyzing the XPS peak intensities (Figure S4. 4).
The surface density in DCF was estimated to 2.3 molecules/nm? (detailed calculation is
presented in Supporting Information).

This value is slightly high and may result from excess physisorbed DAPEG and DCF.

Indeed we followed by XPS analysis the removal of DCF when adding a sonication step and
observed significant decrease of the Clz, signal (Figure S4. 5). We further investigated the
efficiency of the three activation reagents by comparing, by QCM-D, the binding of mAb to
DCF-coated quartz sensors (Figure S4. 6). We observed that regardless of the chosen activation
reagent, mAb binding led to similar frequency shifts. This result and the observation of Chlorine

XPS signal led us to select PyBOP for the following studies.
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4.3.2 Biosensor design and regeneration.

First, the ability of the DCF-coated quartz sensor via PyBOP strategy to bind a monoclonal
anti-DCF antibody (mAb) was investigated by QCM-D in flow-through mode (Figure 4. 3A).
Prior to antibody injection, stabilization was performed by flowing degassed PBS/EtOH 9:1.
Then, mAb solution (5 mg/L) was injected at 50 pL/min for ca. 120 min after which the running
buffer was flown again. Within this time frame, signal saturation was reached and the frequency
and dissipation energy values shifted by -77 Hz and ~1 x 107 respectively. The frequency shift
was much higher in comparison to previous experiments conducted with a polyclonal anti-DCF
antiserum for which a AF of -12 Hz shift was observed.?’ After flowing regeneration and rinsing
buffers, the frequency and dissipation returned to their initial values. This shows the complete

removal of bound antibody from the DCF sensing layer and a successful surface regeneration

process.
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Figure 4. 3. (A) QCM-D frequency and dissipation shifts upon injection of mAb solution
(5 mg/L) to DCF modified quartz sensor at 50 uL/min and (B) the corresponding D-F plot.
(0) running buffer, (1) mAb adsorption, (2)regeneration. (C) QCM-D frequency and
dissipation shifts upon injection of mAb solution (0.05 - 5 mg/L) at 50 pL/min and (D) the
corresponding saturation curve. QCM data used for the fit were added as an inset.
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One way to represent QCM-D data is by plotting the dissipation versus frequency, also referred
as D-F plot (Figure 4. 3B). This representation removes time as an explicit parameter and
reveals AD-AF relationship since it shows how much dissipation is induced by a frequency
change. Antibody binding (step 1 in Figure 4. 3B) was characterized by a linear relationship
between dissipation and frequency shifts with a small slope of ~30 x 10° Hz'! indicative of the
formation of a rigid antibody layer.?! Upon flowing buffer and regeneration solutions, large
variations in both dissipation and frequency shifts can be observed.

Through this data representation, full regeneration is illustrated by a loop going back to its
starting point. This experiment was repeated with mAb solutions ranging from 0.05 to 5 mg/L
in running buffer as shown in Figure 4. 3C.

These solutions were flowed at 50 uL/min for ~120 min, followed by a washing step for
15 min. The absolute value of frequency shits were plotted as a function of mAb concentration
(Figure 4. 3D). We have chosen to work at constant time rather than waiting for equilibrium
which was reached at different times, depending on antibody concentrations. This allows us to

be more rigorous in the evaluation of the analytical performances.

The determination of the kinetic parameters, i.e. association (kon) and dissociation (kofr) rate
constants and the dissociation constant (Kp), was performed by curve fitting according to the

following equation during the antibody association phase (inset in Figure 4. 3D).>

AF(t) _ AFp g X[Antibody] (1 1 )

Kp+[Antibody] - o (Konx[Antibodyl+ko £ £)t

The detailed fit parameters are summarized in Table S4. 3. From the data fit, kon and kofr rate
constants were obtained, and a Kp of 0.23 nM was calculated. This latter value is close to the
one determined by Surface Plasmon Resonance (SPR) measurement in a previous work
although the surface chemistry used for DCF immobilization was different in this experiment
(0.15 nM).!'> With a flowrate of 25 uL/min, the frequency shift measured after 120 min of
antibody injection at 1 mg/L was of -74 Hz (Figure S4. 7). The following QCM-D experiments

were conducted at this flowrate, also allowing to reduce mAb consumption.
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4.3.3 Combined QCM-D & LSPR measurements

Binding of mAb to the sensing layer was also investigated on nanostructured sensors, allowing
combined piezoelectric and optical transduction of the binding event by QCM-D and LSPR,
respectively. This simultaneous real-time measurement, under the same experimental
conditions and on the same surface, provides complementary information as both changes in
acoustic (mgcy—p) and optical mass (myspr) uptakes. The nanostructured sensors consist in
silica-coated QCM-D sensors comprising, beneath the silica layer, randomly distributed gold
nanodisks, thus allowing to use the same surface chemistry than above. The resulting combined
measurement data for QCM-D (frequency and dissipation shifts) and LSPR (LSPR peak
position shift) are shown in Figure 4. 4. Before mAb injection, stabilization was performed by
flowing running buffer at 25 pL/min. Injection of mAb (5 mg/L) led to a decrease in the
frequency and a slight increase in dissipation energy values, respectively -62 Hz and 0.9 x 10
after 120 min (Figure 4. 4A). Simultaneous LSPR measurement led to a AAmax red-shift of

around 1.40 nm upon antibody recognition (Figure 4. 4C).
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Figure 4. 4. Adsorption of mAb (5 mg/L) by DCF-modified nanostructured quartz sensor at
25 uL/min: (A) QCM-D frequency and dissipation shifts and (B) the corresponding acoustic
mass obtained from the Sauerbrey equation. (C) LSPR peak shift AAmax simultaneously
recorded on the same substrate and (D) the corresponding optical mass calculated from LSPR
measurement. (0) running buffer, (1) mAb adsorption, (2) regeneration.
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The acoustic mass uptake (mAb and coupled solvent) was estimated from QCM-D data by
applying the Sauerbrey equation, which reached ca. 1120 ng/cm? after 120 min (Figure 4. 4B).
On the other hand, the optical mass uptake was calculated from LSPR signal shift, and plateaued
around 260 ng/cm? as shown in Figure 4. 4D (detailed calculation is presented in Supporting
Information). The optical mass uptake is considered as more representative of the real surface
coverage as it only considers the antibody mass without interference from solvent molecules
trapped with the protein layer. This experimental surface coverage value is consistent with the
formation of a monolayer of antibodies with a head-on orientation.’>** Performing the
measurement on the same surface and in identical experimental conditions allows an accurate
comparison of both acoustic and optical mass uptakes.

Hence, the percentage of coupled water to the antibody layer was calculated, giving a hydration
value of ~ 77% from data presented in Figure 5. This result is consistent with values found in

3336 or colloidal systems.>’

m
LSPR> «100
Mocm-p

the literature for proteins adsorption onto planar surfaces

Mocm-bp

%coupled water = <

Unlike the previous systems, nanostructured sensors regeneration could not be achieved
(the frequency did not return to its initial value and stabilized around -10 Hz while LSPR signal
returned to its baseline level), see Figure 4. 4. Several attempts were conducted by flowing
successively the regeneration and running buffers onto a DCF-functionalized nanostructured
substrate (Figure S4. 8). No return to the baseline level was observed after the first, second and
third cycles of regeneration which might be attributed to a reorganization of the PEG layer on
the nanostructured surface. Consequently, at this stage combined QCM-D and LSPR

measurements could not be used for DCF biosensing and we focus in what follows on QCM-D.
4.3.4 DCF Biosensing in buffers

The principle of detection of DCF relies on a competitive assay for which binding of high
affinity mAb to the DCF-containing sensing layer is inhibited by DCF in solution. To this
purpose, standard solutions of DCF (0 — 333.2 nM) in running buffer were mixed with mAb
(5 mg/L), incubated during one hour and then flowed over the DCF functionalized sensor for
60 min followed by a 15 min washing step with running buffer (Figure 4. SA). Upon injection
of the mixtures of DCF and mAb, the free antibodies interacted with the immobilized DCF and

generated a frequency decrease inversely related to the concentration of DCF in solution.
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Figure 4. 5. Competitive immunoassay established from frequency shifts measured during
injection of mixtures of mAb (5 mg/L) and DCF (0 -333.2 nM) at flow rate of 25 puL/min
(A) in PBS/EtOH with (B) corresponding calibration curve; (C) in PBS with (D) corresponding
calibration curve. QCM-D values are summarized in Table S4. 6 and fitting parameters are
detailed in Table S4. 4.

Indeed, when the concentration was small, there was no significant impact on the frequency
shift. Conversely, injection of mixture of anti-DCF and a high concentration of DCF (333.2 nM)
did not result in any change of frequency, indicating complete inhibition of antibody binding to
the surface and absence of non-specific response. A calibration curve for which the frequency
shift measured between 0 and 60 min is plotted as a function of the DCF concentration in
logarithmic scale is shown in Figure 4. 5B. Non-linear regression of data was performed with
a four-parameter logistic curve according to the following equation:
(T - B)

1+Q§¥Pm

F=B+

, where F is the signal response at DCF concentration [DCF], and B (bottom) and T (top) are

the asymptotic ends corresponding to the signal at nil and infinite DCF concentrations.
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The inflection point of the sigmoid curve (ICso) defined as the DCF concentration yielding a
50% signal decrease was 40 + 2.4 nM (12 + 0.7 pg/L). Other fitting parameters are summed in
Table S4. 4. The limit of detection (LoD), the limit of quantitation (LoQ) and dynamic range
(DR) of the assay were calculated from the calibration curve presented in Figure S4. 9.

This calibration curve was produced by normalizing the QCM-D data to blank sample response
(AF,). The LoD and LoQ values respectively represent the 1Coo and ICgo, which are the DCF
concentrations for which the QCM-D signal is 90 and 80 % of the one obtained for the blank
sample in a competitive assay. The dynamic range (DR) is defined as the DCF concentration
values for which the sensor signal is 20 and 80 % (ICso and 1C»0) of AF /AF (0).

This experiment was also conducted with standard solutions of DCF in PBS (0 — 330 nM) with
each sample analyzed in triplicate (i.e. three different sensor chips). QCM-D data and the
resulting calibration curve from average AF values are respectively presented
in Figure 4. SC-D. The individual calibration curves and fitting parameters are presented in
Figure S4. 10A and Table S4. 4, respectively. An ICso of 28.22 + 0.49 nM (8.36 = 0.15 ng/L)
was determined by fitting the data with the four-parameter logistic curve. The determined
analytical parameters for both assays performed in PBS/EtOH and PBS are summarized in
Table 4. 1. The LoD was lower in PBS/EtOH while in PBS we obtained a lower LoQ and a DR
centered on lower DCF concentrations. Therefore, in what follows PBS will be preferred as

buffer for water resources analysis.

Table 4. 1. Limit of detection (LoD), limit of quantification (LoQ) and dynamic range (DR)
for the competitive assay of DCF in PBS/EtOH and PBS.

PBS/EtOH  PBS

LoD (nM) 6.9 9.5
LoD (png/L) 2.0 2.8
LoQ (nM) 24.4 15.3
LoQ (ng/L) 7.2 4.5

DR (nM) 24.4-56.1 15.3 —46.1
DR (ug/l) 7.2-16.6 4.5-13.6

The LoD obtained here are in the same range, even slightly lower, that those obtained by

advanced chromatographic methods, HPLC-MS (3 pg/L).°
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In addition, the analytical performances of the piezoelectric immunosensor compare favorably
with previously reported label-free immunoassays. Steinke et al. developed an optical
immunoassay, using the same mAb, which presented a detection range in the pg/L window.'®

Rau et al. proposed another optical immunoassay for DCF with a LoD of 0.2842 pg/L and a
LoQ of 0.4933 pg/L in buffer.?’ This better sensitivity might be due to the use of aceclofenac
instead of DCF as a less competitive immobilized ligand. More detailed information on the
analytical performances of biosensors already reported for diclofenac quantification in various

media are gathered in Table S4. 8.
4.3.5 DCF quantification in surface water samples.

The competitive immunoassay was applied to the quantification of DCF in surface water
samples collected in the Seine river at two locations (Paris and Vexin, France) and the Marne

river in Paris as presented in Figure 4. 6.

Location of sampling sites

= Seine in Vexin : 49.079949 , 1.634338
* Seinein Paris: 48.793319 , 2.422944
* Marnein Paris : 48.8152397 , 2.4312532

Marne river

Marne in Paris (Alfortville)

2017 2018

[DCF] (ug/L)

0.023 £ 0.014 pg/L

2018 2019 2018 2019

Figure 4. 6. Sampling sites of surface water collected in the Marne river in Paris and the Seine
river in Paris and Vexin; and corresponding DCF concentrations determined by eaufrance
agency® with average values.

Prior to the analysis, the collected samples were concentrated 100-fold by solid phase extraction

(SPE) following a procedure described in the experimental section.
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All samples were analyzed in triplicate (i.e. three different sensor chips) and the corresponding
sensorgrams are presented in Figure 4. 7 and summarized in Table 4. 2 with average values.
Upon analysis of surface water samples and using the individual calibration curves established
from DCF standards in PBS (Figure S10), DCF concentrations 0f23.2+1.5nM (6.9 + 0.5 pg/L)
and 14.4 + 0.2 nM (4.27 + 0.06 pg/L) were calculated for the Seine river in Vexin and Paris,
respectively. DCF concentration in Marne water was found below the calculated LoD of the

analytical system.

(A’ = Seinein Vexin
e, Seine in Paris
= Marnein Paris

AF, (Hz)

) * T " L

0 T 20 40 60
Time (min)

Figure 4. 7. QCM-D frequency shifts for the competitive immunoassay of DCF in surface water
samples performed by flowing mAb (5 mg/L) in PBS buffer at 25 pL/min for (A) sensor 1,
(B) sensor 2 and (C) sensor 3. QCM-D data are summarized in Table S4. 8.
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Considering the pre-concentration by 100-fold and assuming no loss during SPE procedure, the
DCF concentration in the Seine water would be of 0.0687 + 0.0049 pnpg/L and
0.0427 £ 0.0006 pg/L for the Seine river in Vexin and Paris, respectively. These values are
consistent with data provided by eaufrance agency*® (Figure 4. 6) and are also lower than the
guide value given by ANSES (0.4 pg/L).> Attempts to assay the same pre-concentrated river
samples by RP-HPLC were unsuccessful (Figure S4. 11).

Table 4. 2. DCF concentration in three different surface water samples as calculated from the
calibration curve established in PBS and shown in Figure S10.

Seine in Vexin

Seine in Paris

Marne in Paris

[DCF] (aM)  [DCF] (ng/L) [DCF] (nM) [DCF] (ng/L) [DCF] (nM) [DCF] (ug/L)
Sensor 1 23.8 7.1 14.2 4.2 < LoD < LoD
Sensor 2 214 6.3 14.5 4.3 <LoD <LoD
Sensor 3 243 7.2 14.6 4.3 <LoD <LoD
Average values 23.2+15 69+05 144+02 4.27+0.06
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4.4 Conclusion

In this work, we designed a competitive piezoelectric immunosensor to assay diclofenac in
water resources. A sensing layer comprising diclofenac as competitor was built up
layer-by-layer by a wet chemistry process on silica-coated quartz sensor chips.

Diclofenac immobilization to the amine-terminated PEG layer was investigated using three
different activation strategies and the PyBOP chemistry was selected for further experiments.
Binding of a highly affine monoclonal antibody to immobilized diclofenac was investigated by
combining, in real time, QCM-D and LSPR.

These measurements allowed to calculate a dissociation constant Kp of 0.24 nM and an optical
mass uptake of 260 ng/cm? upon antibody binding, in excellent agreement with the formation
of a monolayer of antibodies in a head-on orientation. A hydration percentage of ca. 75% was
determined for the antibody layer.

A competitive QCM-D assay was then set up for the detection of diclofenac for which binding
of antibody to the DCF-containing sensing layer is inhibited by DCF in solution.

The sensor response expressed as frequency shift AF was inversely related to the concentration
of DCF in solution with a dynamic range of 15 —46 nM and a limit of detection of 9.5 nM
(2.8 ng/L) in PBS.

Finally, this piezoelectric immunosensor was applied to the analysis of surface water samples
taken at three locations in the rivers Seine and Marne.

The calculated concentration of DCF in these samples was in good agreement with data
published by eaufrance agency which collection requires extremely heavy protocols. These

finding pave the way for a rapid and easy to implement assay of small pollutants in river water.
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4.5 Supporting Information

4.5.1 Experimental section

4.5.1.1 Materials

3-Glycidyloxypropyltrimethoxysilane (GOPTS), Poly(ethylene glycol) bis (amine) (DAPEG)
with a molecular mass of 2000 g/mol, Diclofenac sodium salt (DCF), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP),
N,N,N',N'-Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate =~ (TSTU),  N,N-
Diisopropylethylamine (DIEA) and Phosphate-buffered saline (PBS) tablets were purchased
from Sigma-Aldrich (France). Sodium dodecyl sulfate (SDS) was purchased from Thermo
Fischer Scientific (France). Hellmanex II was purchased from Hellma Analytics (Miilheim,
Germany). All solvents were reagent-grade and were used without any further purification. The
monoclonal anti-DCF antibody mAb12G5 was prepared in-house. !

Silicon wafers <111> were purchased from Sigma-Aldrich (France) and cut into 1x1 cm?
substrates. For QCM-D measurements, AT-cut quartz crystals coated with a thin SiO; film
(thickness ~ 50 nm) were purchased from Quantum Design (Les Ulis, France).

For combined QCM-D and LSPR measurements, gold nanostructured AT-cut quartz coated
with a thin SiO> layer (thickness ~ 5-10 nm) were purchased from Insplorion AB (Gothenburg,
Sweden). All solutions were prepared using purified Milli-Q water (18 MQ, Millipore, France).

4.5.1.2 Surface functionalization

4.5.1.2.1 Cleaning and oxidation

First, all substrates were prepared following a revised procedure.? Silicon wafers and quartz
sensors were cleaned in a 2% Hellmanex solution during one hour with sonication, then under
mild shaking for 12 h and finally during one hour with sonication. After rinsing with Milli-Q
water, the substrates were dried under nitrogen flow. Etching step was performed for 1 h in a
mixture of 37% hydrochloric acid and methanol (v/v = 1), followed with concentrated sulfuric

acid treatment for 4 x 15 min.
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Then, the substrates were extensively rinsed with Milli-Q water and kept in Milli-Q water for
at least 72 h. Note that sonication is prohibited during the whole functionalization process for

nanostructured sensors in order to preserve nanostructures integrity.

4.5.1.2.2 Silanization with GOPTS

GOPTS (20 puL) was spread on a dry oxidized substrate and covered with another substrate in
a “sandwich” format. This sandwich was incubated for 3 h. Afterwards, substrates were
separated and rinsed successively in ethanol, methanol and ethanol for 5 min with sonication.

The surfaces were then dried under nitrogen flow for 5 min, then at 85 °C for 7 min.

4.5.1.2.3 DAPEG functionalization

DAPEG (20 mg) was weighted in a 1.5 mL Eppendorf tube which was then placed in a water
bath at 75 °C for 15 min. In parallel, substrates to be functionalized were heated to 98 °C.
Molten DAPEG (20 pL) was spotted on one substrate onto which another substrate was placed
to form a sandwich which was heated to 98 °C for 12 h. The sandwich was separated by dipping
in water, then the substrates were thoroughly rinsed twice under sonication in water during

15 min and dried under nitrogen flow.

4.5.1.2.4 Grafting of diclofenac

A solution of diclofenac sodium salt (10 mM) was activated in dry dimethylformamide (DMF)
during 75 min under mild shaking at room temperature using three different coupling reagents,
by adding either: (i) 1.2 eq. EDC and 2.4 eq. NHS, (i1) 1 eq. TSTU and 1 eq. DIEA, (ii1) 1 eq.
PyBOP and 1 eq. DIEA. Then, the substrates were immersed into the activated diclofenac
solution. They were shaken over night at room temperature and washed in Milli-Q water for

3 x 15 min prior to drying under nitrogen flow and storage in a desiccator.
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4.5.1.3 Techniques

4.5.1.3.1 Quartz Crystal Microbalance with dissipation (QCM-D)

Piezoelectric measurements were performed on AT-cut quartz silica-coated crystals with
nominal frequency of 5 MHz (Quantum Design, France). The QCM-D (E4 model, Biolin
Scientific, Sweden) was operated in the flow-through mode at 20 °C. The flow rate was adjusted
to 25 or 50 pL/min by using a peristaltic pump. Signal stabilization was carried out with PBS
or degassed PBS/EtOH 9:1 (v/v). The regeneration buffer was a solution of 2 wt% SDS in
water/EtOH 9:1 (v/v) adjusted to pH=2 (HCl). For the QCM-D data interpretation, the
dissipation should be considered. Provided that no dissipation by energy exchange occurs with
the liquid, the adsorbed layer can be considered as rigid. According to Sauerbrey equation, the

measured frequency shifts are proportional to mass uptake:
N * Am
Cr

AF =

,with the mass sensitivity constant (Cr = 17.7 ng/cm? Hz'! at f=5 MHz) and the overtone
number (N=7).

4.5.1.3.2 Combined QCM-D & NanoPlasmonic (NPS)

The combined QCM-D and NPS measurements were carried out using the Q-Sense E1 module
with Q-Sense sapphire window module (Biolin Scientific, Sweden) coupled with the Insplorion
Acoulyte module (Insplorion AB, Sweden). In this setup, an optical fiber connected to the
Insplorion X-Nano optics unit (Insplorion AB, Sweden) is placed on top of QCM-D module
which enables illumination in reflection mode. Measurements were performed on Acoulyte
quartz crystal sensors which are QCM-D sensors on which silica-coated gold nanodisks
(100 nm in diameter and 20 nm in height) are randomly distributed. Light interaction with gold
nanodisks leads to a collective oscillation of conduction electrons known as LSPR resulting in
an intense absorption band (Amax) around 700 nm. At the surface vicinity, refractive index
changes will lead to LSPR peak position shifts, referred herein as AAmax, allowing to monitor
biomolecular interactions in real time. Analysis of frequency and dissipation shifts was carried
out using the QTools software, version 3.1.33.567 (Biolin Scientific, Sweden). Analysis of

LSPR signals was performed using Insplorer software, version 1.3.1 (Insplorion AB, Sweden).
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4.5.1.3.3 Attenuated Total Reflection Infrared (ATR-IR)

ATR-IR spectra were recorded on a Tensor 27 FT-IR spectrometer (Bruker) equipped with a
VariGATR™ grazing angle accessory (Harrick scientific). Each spectrum results from the

accumulation of 64 scans at 4 cm™! spectral resolution.

4.5.1.3.4 Water Contact Angle (WCA)

Static water contact angles (WCA) were measured at room temperature using the sessile drop
method and image analysis of the drop profile. The instrument, which uses a CCD camera and
an image analysis processor, was purchased from Kriiss (Germany). The water (Milli-Q) droplet
volume was 1 pL and the contact angle (0) was measured 5 sec after the drop was deposited on
the sample. For each sample, the reported value is the average of the results obtained on three

droplets and the overall accuracy in the measurements was better than + 3°.

4.5.1.3.5 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis were performed on a Scienta Omicron Argus X-ray photoelectron spectrometer,
using a monochromated AlKa (hv=1486.6 eV) radiation source having a 280 W electron beam
power. The emission of photoelectrons from the sample was analyzed at a take-off angle of 45°
under ultra-high vacuum conditions (1 x 10 Pa). XPS spectra were collected at pass energy of
100 eV for the survey scan and 20 eV for the Cis, O1s, Nis, Clap, Sizp core XPS levels. The peak
areas were determined after subtraction of a Shirley background. The spectra were fitted using
Casa XPS software and applying a Gaussian/Lorentzian ratio (G/L) equal to 70:30 and binding

energies were calibrated against the Sizp32 at 99.4 eV.
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4.5.1.4 Results and discussion
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Figure S4. 1. Baseline corrected ATR-IR spectra of Si substrates before and after cleaning and
oxidation (left panel) and after each functionalization steps (right panel)

Table S4. 1. ATR-IR bands and assignments for each functionalization step. Corresponding
baseline corrected ATR-IR spectra are presented in Figure S4. 1.

ATR-IR peaks (cm™) Assignment
Cleaned Si Oxidized Si GOPTS DAPEG DCF

1650 1650 1650 1650 1650 H>O/NH: (DAPEG)
- - 1450 1450 1450 CH:
- - 1260 - - Epoxy

1220 1220 1220 1220 1220 Si-O-Si
- - 1110 1110 1110 C-0-C

1110 1110 1110 1110 1110 Si-O-Si

1060 1060 1060 1060 1060 Si-O-Si

900 900 900 900 900 Si-OH
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Figure S4. 2. Water contact angle (WCA) values and images for the different cleaning,
oxidation and functionalization steps.
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Figure S4. 3. Coupling mechanisms of DCF to the DAPEG surface via (A) EDC/NHS,
(B) TSTU and (C) PyBOP chemistries. DIEA, diisopropylethylamine



Chapter 4. Design and analytical performances of a diclofenac

biosensor for water resources monitoring

Table S4. 2. XPS atomic composition of the Si substrates after DAPEG functionalization and
DCF grafting via EDC/NHS, TSTU and PyBOP strategies

Binding Energy Assignment Peak Area (At. %)
(eV) DAPEG DCF via EDC/NHS ~ DCF via TSTU  DCF via PyBOP
532.9 O1s 16.64 16.19 16.90 9.38
N 1s 0.27 0.45 0.46 0.50
400.1 NH/NH,  0.14 0.35 0.38 0.31
402.5 NH;* 0.13 0.10 0.08 0.13
404.6 N-O - - - 0.06
C1s 60.48 61.56 59.25 77.76
288.4 Cls 2.75 2.48 2.67 0.91
286.9 C-O/ICN 3862 50.61 47.79 28.71
285.2 C-C/IC-H  19.11 8.47 8.79 48.14
Cl2p - ; ; 0.48
201.4 Cl 2p3» 0.30
203 Cl 2p12 0.18
Si 2p 22.61 21.80 23.39 11.88
103.3 Si0; 8.60 7.09 7.47 8.62
100 Si2pia  5.40 5.59 5.63 1.23
99.4 Si2psn 8.6l 9.12 10.29 2.03
s Cas N Clap /f‘.\
A A / \ N
" / ;J i\ . / :‘ :“‘ \ g /
z A ¢ /. -

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Figure S4. 4. Siy,, Cis and Clo, XPS spectra of Si substrates after DCF immobilization using

PyBOP strategy.
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Thicknesses of the oxide and organic layers were estimated by means of the XPS peak
intensities of the spectra presented in Figure S4. In this approach, the oxide layer thickness

(doxide) Was first determined using the following equation:

Si
Si0, ISiOZMSiOZ,DSiASin

Aoxide = Aeircos0.In| 1 + :
Si2p 1M /15102
siMsiPsio, Asizp

Subsequently, the organic layer thickness was determined from the ratio of intensities between
the Cis and Sizp signals. The input in thickness from the organic layer was approximated to be

the one of DAPEG due to its size in comparison to those of GOPTS and DCF.

d
441611)‘4&0615/123 [1 — exp (— ﬁ)l

Ic1s(287 ev) _ DAPEG o7 sind
I¢; _
SlZP(lOO eV) pSl 0_5.2 /'{Sl exp . dOTg exp _ dSlOz
M. 9sizp/sizp oTg : Si0, -
St AgizpSind AsigaSing

Then, the number of chlorines was determined, considering the attenuation of its signal through
the substrate, oxide and organic layers. Note that, because the DCF molecule carries two
chlorine atoms, the chlorine coverage should be divided by a factor two in order to calculate

surface coverage.

. d de:
Si . org 510,
Ici2pPsi 05i2p/15izp5 ind.exp <— 1079 oing exp\ — _/151'02_. P
si2p sizpSth

Ny(nm™2) =

¢ Isizp100 evyMsiOcizp
In these equations, d is the layer thickness of either the oxide layer (doxide) or the organic layer
(dorg) and 8 is the photoelectron collection angle (45°). The Scofield photoionization cross
sections o are 1 for Cis, 0.682 for Sizp and 1.98 for Clap.* The electron inelastic mean free paths

A were calculated using the Quases program based on the TPP2M formula, with g7 =3.3 nm,

Agirzgp =3.7 nm and A§§2p= 3.1nm.*
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Figure S4. 5. Cly, XPS spectra of Si substrates after DCF functionalization via PyBOP
strategy, before (left) and after (right) sonication.
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Figure S4. 6. QCM-D frequency and dissipation shifts upon injection of mAb solution (5 mg/L)
at 25 pL/min on DCF-modified quartz sensor using (A) PyBOP, (B) EDC/NHS and (C) TSTU
strategies. (0) running buffer, (1) mAb adsorption.

Table S4. 3. Fitting parameters obtained with GraphPad Prism software for the determination
of the dissociation constant (Kp) between DCF and mAb presented in Figure 4. 3D.

Kott x 107 (min™)

3.5+0.35

Kon x 10®(M™.min™)
1.541 £0.003

AFmax (HZ)
75.17 £0.08

Kp (nM)
0.23

R2
0.994
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Figure S4. 7. QCM-D frequency and dissipation shifts for mAb binding (1 mg/L) to
DCF-modified quartz sensor at flow rates of (A) 25 uL/min and (B) 50 pL/min. (0) running
buffer, (1) mAb adsorption (2) regeneration.

The optical mass mispr was calculated using the following equation adapted from the

literature>-°:

. _g AAyps
LSPR 'So(e2di-1/L: — e=2(di-1+d)/L:)dn, /d,

where AAyps is the measured LSPR shift, dni/d. is the refractive index increment for proteins,
So the sensitivity of the substrate and d; the thickness of the sample layer determined from
QCM-D data and di, is the thickness of the starting layer, i.e. organic layer, and was
approximated to nil. The refractive index of the flowing solution (PBS/EtOH 9/1) was
approximated to be the one of an aqueous PBS solution (n = 1.33)” and the refractive index
increment was taken as an average value for protein (0.185 cm?/g)®”°.

The gold nanostructured sensors are coated with a Si3Ny4 layer, which is subsequently oxidized
and displays a LSPR sensitivity (So) of 60 nm/RIU and an evanescent field decay length (L,) of

30 nm (data from the sensor manufacturer).
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Figure S4. 8. Impact of the regeneration buffer on a DCF-DAPEG modified nanostructured
quartz sensor at a flow rate of 25 uL/min: (A) QCM-D frequency and dissipation shifts and (B)
LSPR peak shift, simultaneously recorded on the same substrate. (0) running buffer and

(2) regeneration.
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Figure S4. 9. Calibration curve for the competitive immunoassay of DCF in PBS/EtOH with
QCM-D data normalized to blank sample (AFg), corresponding to data presented

in Figure 4. 5B.
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Figure S4. 10. (A) QCM-D calibration curves for the competitive immunoassay of DCF in PBS
at 25 pL/min and (B) the corresponding data normalized to blank sample (AF).

Table S4. 4. Fitting parameters obtained with GraphPad Prism software for the indirect
competitive assay of DCF in PBS/EtOH and PBS respectively presented in Figure 4. 5B and
Figure S4. 9A.

PBS/EtOH

Bottom (Hz) Top (Hz) ICs0 (nM) Hill slope (Hz.M™) R?

0.04243 64.85 40+2.4 -4.005 0.969
PBS

Sensor  Bottom (Hz) Top (Hz) ICs0 (nM) Hill slope (Hz.M™) R?
1 0.510 47.21 28.53 -2.965 0.985
2 0.468 52.57 27.66 -2.460 0.971
3 -0.5449 55.55 28.48 -2.880 0.957

Average 28.22+0.49




Table S4. 5. 1C90 or limit of detection (LoD), IC80 or limit of quantification (LoQ) and IC20 obtained for the indirect competitive assay of DCF
in PBS/EtOH and in PBS. Corresponding calibration curves are respectively presented in Figure S4. 8 and Figure S4. 9B.

PBS/EtOH
LoD (nM) LoD (pg/L) LoQ (nM) LoQ (ug/L) 1C20 (nM) ICy (ng/L) -AFy (Hz)
6.86 2.03 24.44 7.24 56.10 16.61 72.0
PBS
Sensor LoD (nM) LoD (ung/L) LoQ (nM) LoQ (ug/L) I1C20 (nM) IC (ng/L) -AFq (Hz)
1 9.73 2.88 15.79 4.68 45.07 13.35 50.4
2 10.64 3.15 15.36 4.55 49.24 14.58 53.4
3 8.10 2.40 14.86 4.40 43.84 12.98 60.1
Average 9.49+1.29 281+£038 1534+046 454+0.14 46.05+2.83 13.64+0.84
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Table S4. 6. Summarized QCM-D data for the competitive immunoassay of DCF in PBS/EtOH
and PBS. Mass uptakes were calculated using the Sauerbrey equation.

PBS / EtOH
[DCF] (nM) (?{'; ; AD 76)(10 Am (ng/cm?)
0 72 1.3 1274
0.33 71.5 0.7 1266
0.66 69.5 0.8 1230
3.33 68.5 0.7 1213
4.2 65 0.5 1151
6.6 61 0.4 1080
16.6 54 0.4 956
33.3 46 1.3 814
40 38 1.3 673
433 28 1.3 496
50 17 0.5 301
66.6 12 0.4 212
333.2 1 <0.1 17.7
PBS
0 50.4 1.7 892
0.33 46.4 1.2 821
3.3 46 1.5 814
6.6 49.9 1.4 883
16.6 37.7 1.1 667
33.3 225 1.5 398
40 11.1 0.8 197
50 6.1 0.9 108
330 1.5 0.4 27.6
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Table S4. 7. Summarized QCM-D data for the competitive immunoassay of DCF in Seine river
in Paris and Vexin and for the Marne river in Paris. Mass uptakes were calculated using the

Sauerbrey equation.

Seine in Vexin

Sensor -AF; (Hz) AD5(10°)  Am (ng/cm?)
1 30.0 1.8 531
2 34.5 4.5 611
3 33.8 2.4 598
Seine in Paris
Sensor  -AF, (Hz) AD,(10%  Am (ng/cm?)
1 42.0 2.6 743
2 43.8 2.7 775
3 48.4 3.2 857
Marne in Paris
Sensor  -AF, (Hz) AD,(10%  Am (ng/cm?)
1 47.1 2.1 834
2 58.3 5.5 1032
3 58.7 3.2 1039




Table S4. 8. Analytical performances of label-free biosensors for determination of DCF in environmental and food samples

Transducer Bioreceptor Detection Sample type Sample preparation Dynamic range LoD Ref.
Electrochemical pAb! Square wave voltammetry tap water no 0.025-25ng/L  0.006 ng/L 10
Electrochemical pADb Electrochemiluminescence tap water, lake membrane filtration  0.001-1000 ug/L. 0.3 ng/L 11-13

water, wastewater
) Reflectometric interference . " .
Optical pADb spectroscopy (RIfS) milk dilution with buffer =~ 0.4-22pug/LL  0.112 pg/L 14
Optical mAb? plasmonic resonance buffer no 1-10 pg/l - 15
genetically
Optical engineered yeast green fluorescent protein buffer no 2.96 — 14.8 ng/L - 16
cells
membrane filtration
. . quartz crystal microbalance followed by solid 3 .

Piezoelectric mAb (QCM-D) surface water phase extraction and 4.4—-13.6 ug/L 2.8 ug/L this work

dilution with buffer

!polyclonal anti-diclofenac antibody; monoclonal anti-diclofenac antibody.
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Figure S4. 11. RP-HPLC analysis of river water sample extracts. Analysis conditions:
Macherey-Nagel Nucleodur C18 HD column (4.6 x 150 mm, 5 um). Mobile phase: A: 0.1%
TFA in H20; B: 0.08% TFA in MeCN; flowrate = 1 mL/min; Elution conditions: 30 to 90% B
in 30 min then 90% B for 5 min then back to initial conditions for 5 min. Injection volume:
20 pL. Detection: 254 nm.
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5.1 Intreduction

Extracellular vesicles (EVs) are nano-sized secreted particles that are surrounded by a
double-layer lipid membrane and that have emerged as key modulators of a wide range of
biological processes in normal and disease conditions.!™ As such, EVs are considered as
promising circulating biomarkers with strong diagnostic potential to distinguish disease-
associated states from normal conditions,* predict disease progression rates and clinical
response to treatment.” However, EVs show highly heterogeneous features (size, density,
surface proteins, cargo composition, the latter feature encompassing RNAs, DNAs, proteins
and organelles), which may root in their origin in the cell (e.g. endosomal origin, or membrane
budding) and the stage (e.g. differentiating or mature cells), status (e.g. healthy versus diseased)
and type of secreting cells.®® In spite of the methodological progress achieved in isolating EV
subpopulations, the fast and accurate characterization of EV subpopulations remains a
challenging task, regardless of secreting cells or tissues.’ This task is complicated by the
macromolecular structures that, in the extracellular milieu or biological fluids, have size,
density and physicochemical surface properties similar to those of EVs. In addition, proteins
(or protein complexes) that are part of EV membranes may also circulate in the extracellular
milieu or biological fluids. The now well established usefulness of exosomes as valuable
biomarkers in the context of numerous pathologies, e.g. cancer and neurodegenerative diseases,
has prompted the development of a plethora of biosensors to quantify exosomes in biofluids as
minimally invasive diagnostic tools.!®'* Discrimination between EVs generated from normal
physiological and pathological states or between EV subpopulations is typically achieved by
screening the differences in membrane proteins composition, i.e. by molecular profiling.

This can be achieved by multiplex (nano)plasmonic biosensors including arrays of antibody
probes targeting specific antigens.!>'?Alternatively, EVs produced at two different stages of
myeloma have been efficiently profiled according to their difference of affinity for heparin-
coated SPR sensors.?’ Also, exosomes were discriminated from multivesicular vesicles via their
difference of affinity for bare gold nanoislands.?! Methods to access other physico-chemical
properties of EVs such as size, mass/density and viscoelasticity, each parameter being
complementary to establish a specific signature of EV subpopulations, are still scarce with
biosensing platforms. For instance, combination of SPR immunosensing and plasmonic
microscopy recently enabled simultaneous access to size distribution, concentration and

binding affinity of EVs produced by cancer cells.?? However, these methods require the design
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of sophisticated sensing arrays and surface functionalization. Here, we designed a label-free
immunosensor to probe at high precision differences in the physicochemical properties of small
EVs that may occur between normal and disease conditions. As a proof-of-concept, we used
our label-free immunosensor to characterize the mass and viscoelasticity of CD63- and CD81-
positive small EVs isolated from mouse striatal cells that are homozygous for normal or mutated
Huntingtin (Htt), The Huntington’s disease (HD) gene, namely 7Q/7Q (wild-type) and
109Q/109Q (mutated) striatal cells derived from HdhQI111 knock-in mice.”> Small EVs
(enriched in the 100,000g fraction) were isolated from these cells using differential ultra-
centrifugation (DUC). As transduction methods, we selected quartz crystal microbalance with
dissipation monitoring (QCM-D) coupled to nanoplasmonic sensing (NPS). QCM-D provides
information about the mass changes and the viscoelastic properties of thin films at the surface
of piezoelectric quartz sensors. QCM-D is also able to characterize the interfacial structure and
the binding kinetics of the adsorbed biomolecules.?* The advantage of QCM-D is its ability to
distinguish between the binding of EVs and artifactual phenomena from other components
present in the media (proteins or other contaminants) as well as an excellent match between EV
size and its sensing depth.?> NPS is a label-free optical transduction method that relies on the
Localized Surface Plasmon Resonance (LSPR) phenomenon. LSPR results from the
confinement of collective electron charge oscillations in metallic nanostructures, here gold,
induced by electromagnetic field of incident light, leading to light absorption/scattering in the
visible spectral range. Biorecognition results in the LSPR band shift induced by the change of
local refractive index close to the gold nanostructures.?® Although NPS!'>?7 and QCM-D? have
already been used separately to monitor EVs adsorption on surfaces, their combination has yet
to be exploited, and even more, their application to the sensing of different subtypes of EVs has
never been demonstrated. Here, we coupled QCM-D and NPS to enable real-time simultaneous
detection occurring at the same sensor surface.”® Additionally, coupling QCM-D and NPS
informs about the molecular dry mass and the solvation degree of molecular layers, which is
not accessible by solely using QCM-D or NPS.? Finally, NPS exhibits a decay length of tens
of nanometers®®*! (30 nm here) while QCM-D is sensitive to a much larger sensing depth, up
to several hundred nanometers (~250 nm).*>** Thus, given the average size of small EVs which
is about 110 nm (and ranging from 50 to 250 nm, as inferred using nanoparticle tracking
analysis (NTA), another advantage of coupling QCM-D and NPS is to broaden the window size
for in-depth sensing of EV while obtaining complementary information from the two label-free

transduction techniques.?®** In what follows we precisely design and test a surface-based
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immunosensor for the detection and the differentiation of EV subtypes isolated by differential
ultracentrifugation from knock-in mouse striatal cells expressing a mutated allele of huntingtin
(Htt), the Huntington’s disease gene, referred to as “mutated” versus those expressing the wild-
type Htt allele referred to as “normal”. Our approach has the ambition at a long-time objective

to allow for the rapid and early biosensing of neurodegenerative diseases.

5.2 Results and discussion

To assess whether combined QCM-D and NPS may be able to precisely characterize the
mechanical features of EV subtypes in normal and disease conditions, we isolated small EVs
secreted by 7Q/7Q or 109Q/109Q mouse striatal cells using DUC followed by nanoparticle
tracking of the 100,000g pellet (100K), the fraction enriched in small EVs with size centered
around 100 nm (Figure S5. 1). Next, we used information on the particles concentration in the

samples to detect 100K EV samples (Figure 5. 1).
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Figure 5. 1. Overview of experimental strategies for EV sensing. The physical characterization
of EV subtypes, i.e. 7Q/7Q and 109Q/109Q small EVs that may be of endosomal origin
(i.e. EVs positive for CD63 and CDS81), were performed using piezoelectric and optical
transduction methods to study adsorption uptakes and viscoelastic of the adsorbed material,
namely NPS, a method based on localized surface plasmon resonance (LSPR) phenomena and
QCM-D, a method based on piezoelectric effect.
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As a preliminary experiment, interaction of the EV samples with antibody-free
amine-terminated silane layer on silica-coated nanostructured sensors was investigated,
whereas, in another set of experiments, we used sensors coated with anti-CD81 and anti-CD63
antibodies for immunosensing of small EVs of endosomal origin. Adsorption uptakes and
investigation of the viscoelastic properties of adsorbed EVs were conducted with NPS and
QCM-D as transduction methods. Surface functionalization characterizations are presented in

Supplementary Information (Figure S5. 2, Table SS. 1 and Table S5. 2).

5.2.1 EVs physisorption on antibody-free substrates

As a preliminary study, we first injected a solution of EVs on antibody-free silica-coated gold
nanostructured quartz sensors (Figure 5. 2). This study was conducted on APTES-coated
substrates and not directly on bare silica surface in order to avoid the rupture of vesicles and

formation of supported lipid bilayer (SLB).?8-33-3

20

(A) 0 1 ___,__/,___0_____ 10 2 12 1.0 0 1 0
——— ~
o= ° g
T\ 10 Kuc = (123.94 0.3)*107Hz* 0.8
\
8 -
= 25 & E 0.6
x = —r
- Ze i
0 g 5 04
-50 4 < a E ¢
" 0.2+
75
3 Kic = (86.240.2)*10° Hr? 0.0
T T T T T T T T T T
0 30 60 90 120 150 0 -26 -50 -76 0 30 60 90 120 150
Time (min) AF; (Hz) Time (min)
20 =
(B) 0 1 = o 12 1040 1 0
| _— 0 91\ K = (147.9% 0.2)*10° Hz*
04— 10 v 08
8 -
— 254\ T E o5
= \ Ce 3 /
-50 4 < /
2 0.2
-754 .
0 o K =(95.410.2)*10° Hz* 0.0 44—/
T T T T T T T T T T T ¥ T T T
0 30 60 90 120 150 180 210 240 0 -26 AF -5: -76 0 30 60 9 120 150 180 210 240
Time (min) 7(Hz) Time (min)

Figure 5. 2. Representative physisorption of (A) 7Q/7Q-EVs and (B) 109Q/109Q-EVs on
APTES layer on nanostructured quartz sensor with from left to right: QCM-D sensorgrams,
D-F plot and NPS sensorgrams. Experiment was performed at a flow rate of 10 uL/min at 20 °C
and [EV]= 40 mg/L. (0) DPBS, (1) EV adsorption. One independent experiment was
performed for each EVs subtypes.

Real-time monitoring of EVs physisorption was performed by the combined QCM-D and NPS

approach to compare their respective ability to sense EVs.
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The resulting data for QCM-D (frequency AF and dissipation AD shifts), D-F plots and LSPR
peak position shift (AAmax) are presented in Figure 5. 2A and Figure 5. 2B, respectively for the
7Q/7Q-EV and 109Q/109Q-EV. After stabilization in DPBS, flowing of EV samples having
the same protein concentration over the sensor substrates led to similar QCM-D responses over
the same injection time (100 min) with values of frequency shifts of -76.4 Hz and dissipation
shifts of 9 x 10° (Table S5. 3).

These large variations in dissipation as well as splitting of the frequency shifts at different
overtones, nocm-n, (Figure S5. 3 and Table SS. 4) illustrate the viscoelastic properties of the
EV layers. In addition to the high dissipation value, the monotonous variation of QCM-D

2835 rather

response upon vesicle adsorption ruled out vesicle rupture and SLB formation,
suggesting that the vesicles remained intact all along their adsorption on the APTES layer.
Data analysis of the QCM-D signals was done using the Voigt-Voinova viscoelastic model.?”-*
A film thickness of ~40 nm was determined after EV adsorption over 100 min (Figure SS. 4
and Table S5. 5). The calculated thickness is smaller than the expected size of EV in solution
(~100 nm), which is consistent with vesicles’ flattening once adsorbed on surface as previously
described in the literature.’® Furthermore, corresponding acoustic mass uptakes of 4230 and
4430 ng/cm? were determined.

One way to compare experiments and to obtain time-independent QCM-D curves is to plot the
dissipation variation as a function of the frequency shift. This representation allows
investigating AD — AF relationship as it shows how much dissipation is caused by a frequency
input. Besides, the slope of the linear portion, referred herein as K, gives information on the
mechanical properties of the adsorbed layer: a small K value is observed for rigid protein layers
while a greater value is related to the formation of viscoelastic ones.***!

The corresponding D-F plots (Figure 5. 2 - middle panel) show two linear portions with an
inflection point around - 40 Hz, suggesting two EV adsorption regimes. The first portion at low
coverage (LC) is characterized by a smaller value of Kic (86.2 and 95.4 x 10° Hz'!, respectively
for 7Q/7Q-EVs and 109Q/109Q-EVs), whereas the second one at high coverage (HC) exhibits
a greater value of Kuc (123.9 and 147.9 x 10 Hz"!, respectively for the 7Q/7Q-EV and
109Q/109Q-EV). These results suggest that the layer resulting from physisorption of both EVs
subtypes became less rigid with a positive deviation from linearity at higher coverage.

This might be attributed to vesicles deformation upon packing onto the surface, ultimately

leading to a more viscoelastic layer on the surface.*
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Furthermore, we observed that the layer of 7Q/7Q-EVs seems to be more rigid than the one
formed from the physisorption of 109Q/109Q-EVs, with differences of 10.7% and 19.4%
detected for LC and HC between the two populations.

Simultaneously, the position of the LSPR band red-shifted by 0.97 nm and 0.75 nm upon
flowing of 7Q/7Q-EV and 109Q/109Q-EV solutions, respectively. Since the AAmax iS not
sensitive to the solvent, this difference suggests that more material is adsorbed on the surface
in the case of the 7Q/7Q-EV within the sensing volume of LSPR or that more contact points
are established between the 7Q/7Q-EV and the surface. In the latter case, the layer of 7Q/7Q-EV
should be more rigid than that of 109Q/109Q-EV, in agreement with the lower K calculated
above. Furthermore, optical mass uptakes of 431 and 364 ng/cm? respectively for the 7Q/7Q-EV
and 109Q/109Q-EV were determined (detailed calculation is given in Supplementary
Information). This difference between both acoustic and optical mass uptakes illustrates the
high hydration and viscoelastic properties of EV (Figure SS. 4). In addition, we observed a
15.5% difference in the optical mass inputs determined from the respective Admax shifts between

7Q/7Q-EV and 109Q/109Q-EV.
5.2.2 Immunosensing of 7Q/7Q EVs with QCM-D

With the purpose of analyzing complex EV samples and to meet the need for a specific
biorecognition element, sensors were functionalized with monoclonal antibodies against the
transmembrane proteins CD63 or CDS81, the combination of which is considered to be a
biomarker of exosomes (EVs of endosomal origin).** For antibody immobilization, we chose
not to use an oriented approach using protein A or G*** as, owing to the limited sensing depth
of NPS, the antibody needs to be as close as possible to the surface.’**! Rather, we chose to
generate the sensing layer using covalent coupling of antibodies via silanization with APTES
to generate surface amine groups, followed by reaction with the homobifunctional crosslinker
PDITC to create amine-reactive isothiocyanate functions.* The sensing layer was characterized
throughout all functionalization steps and results are presented in Supplementary Information.
Immobilization of anti-CD81 and anti-CD63 capture antibodies onto flat silica-coated quartz
sensors was monitored in real time by QCM-D (Figure 5. 3). Prior to antibody injection,
stabilization was performed by flowing DPBS over the sensors surface at a flow rate of

10 pL/min.
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Then, anti-CD81 (Figure 5. 3A) and anti-CD63 (Figure 5. 3B) antibody solutions at a
concentration of 20 mg/L in DPBS were injected until signal saturation and led to similar
frequency and low dissipation shifts after rinsing (Table SS. 6).

A blocking step with DPBS-BSA (0.1%) was next performed in order to prevent non-specific
interactions. Next, the same sample of 7Q/7Q EVs in DPBS-BSA (1.8 x 10'° particles/mL as
assayed by NTA) was flown over the two surfaces, resulting in large variations in both
frequency and dissipation. These values were about -114 Hz and 25 x 107 with anti-CD63 as
capture antibody and about -118 Hz and 26 x 10° with anti-CD81 as capture antibody
(Table SS. 6). Covalent immobilization of anti-CD81 or anti-CD63 antibodies led to similar K

values of 30 x 10® Hz'! (Figure 5. 3), indicating the formation of a rigid antibody layer.
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Figure 5. 3. Representative adsorption of 7Q/7Q EV on planar surface using (A) anti-CD81
and (B) anti-CD63 as capture antibodies with from left to right: QCM-D sensorgrams and
corresponding D-F plots. Experiment was performed at a flow rate of 10 pL/min and
[EV]= 1.8 x 10'° particles/mL. (0): running buffer, (1) and (1°): anti-CD81 and anti-CD63
capture antibodies, (2): DPBS-BSA (0.1%), (3) EV adsorption. One independent experiment
was performed for each detection strategy.
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Upon adsorption of 7Q/7Q EVs, an inflection point was observed and led to a second linear
portion with a much higher slope, which indicates that a second adsorption process took place.
In the low surface coverage regime, a K value of 270 x 10 Hz! was calculated by linear
regression. This high value illustrates the high viscoelasticity of the 7Q/7Q EV layers formed
at the sensors surface. Interestingly, K appeared to be independent of the capture antibody but
rather characteristic of the 7Q/7Q-EV layers formed by affinity binding.

Slightly negative deviation from the linear trend was observed at higher surface coverage,
indicative of an increased rigidity likely due to close packing of the vesicles.

Additional evidence that the variation of frequency and high dissipation resulted from the
specific capture of EV by immobilized anti-CD81 was demonstrated by further injection of
anti-CD63 revelation antibody in a sandwich format. A shift of the resonance frequency
of -8.2 Hz was measured, indicating that the previously captured species carry both CD81 and

CD63 protein markers on their membrane (Figure SS. 5).
5.2.3 Immunosensing of EVs subtypes with combined QCM-D and NPS methods

Based on the presented sets of experiments, we wondered whether it could be possible to
discriminate 7Q/7Q-EVs from 109Q/109Q-EVs samples by their distinct mechanical
properties. Thus, we combined QCM-D and NPS using silica-coated gold nanostructured
substrates functionalized with anti-CD81 as capture antibody. Frequency, dissipation and LSPR
peak position shifts from three independent experiments are presented in Figure 5. 4 and in
Supplementary Information (Figure SS. 5 and Figure SS5. 6).

After stabilization in DPBS running buffer, anti-CD81 solution (20 mg/L) was flown at
10 uL/min over the sensor until signal saturation. It led to a decrease of resonance frequency
together with a slight increase of dissipation, indicating that a rigid organic film was formed at
the surface of the sensor.

Simultaneously, the LSPR band was shown to progressively shift to the red by 0.5 - 0.7 nm
(Table SS. 7). After a blocking step with DPBS-BSA (0.1%), injection of 7Q/7Q-EVs in
DPBS-BSA led to a large decrease of frequency (-31.3 — -136.7 Hz) while the dissipation
increased (6.2 —-24.9x 10°), suggesting successful capture of EVs (Figure5.4A).
Simultaneously, binding of EVs translated in Amax shifts to the red (0.17 - 1.18 nm).
Furthermore, although the sensing depth of NPS is much shorter than the size of the vesicles,

we noticed that both QCM-D and NPS signals saturated at around the same time.
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Figure 5. 4. (A) Representative QCM-D sensorgrams, (B) Representative NPS sensorgrams
and (C) Representative D-F plots for immunosensing of 7Q/7Q-EVs (in blue) and
109Q/109Q-EVs (in red) on nanostructured sensor. (D) Summarized K values at different
QCM-D overtones for immunosensing of 7Q/7-EVs and 109Q/109Q-EVs using an anti-CDS§1
antibody as the capture antibody. The values obtained for the 7Q/7-EVs and 109Q/109Q-EV
samples were compared using QCM-D overtones 5,7 and 9. Statistical significance was
analyzed by the Mann-Whitney U test (**p < 0.05). Three independent experiments were
performed. Experiments were conducted at a flow rate of 10 uL/min.

Combined QCM-D and NPS immunosensing was also conducted with the 109Q/109Q-EV
population (Figure 5. 4B). Similarly, to 7Q/7Q-EVs, injection of 109Q/109Q-EVs in
DPBS-BSA led to a large decrease of frequency while the dissipation simultaneously increased
and the position of the LSPR band shifted to the red (Table S5. 7).

To compare experiments carried out with different injection times and EVs concentrations,
dissipation shift AD was again plotted as a function of frequency shift AF for both EV
populations. The plots followed a linear trend over nearly the whole range of frequencies from
which the K factor was determined by linear regression analysis.

The fitted slope K obtained for the 7Q/7Q-EV was lower than the one of 109Q/109Q-EV,
(206.7 £ 4.9) x 10° Hz ' and (243.3 + 5.8) x 10 Hz"' respectively (7" harmonic, 3 independent
experiments). These results suggest that the layer formed by binding of 7Q/7Q-EVs to
anti-CD81 is slightly more rigid than the one formed by 109Q/109Q-EVs with a 17.7 %

difference detected between the two populations.
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Statistical tests were conducted from three independent experiments and for the two EV
populations using three different QCM-D overtones (nqocm-p = 5, 7, 9) to increase the number
of replicates and the results are presented in Figure 4D.

We observed a statistical difference of 16.5% between 7Q/7Q-EVs and 109Q/109Q-EVs
(n=9,p=0.0012, Mann-Whitney U test), suggesting that the layer of 7Q/7Q-EVs is more rigid
compared to that of 109Q/109Q-EVs (Table S5. 8).

Thus, the QCM-D technique allows to discriminate between the two populations of EVs
according to the viscoelastic properties (K value) of the films of EVs formed by interaction
between the membrane CD81 biomarker and anti-CD81 immobilized at the sensor surface.
Furthermore, we observed that the EV layers formed on antibody-free sensors were more rigid
(compare K values) than those resulting from immunocapture, regardless of EV subtype.
During physisorption, EVs might be more prone to deformation due to multiple anchoring
points to the surface, revealing a different adsorption process.

The NPS signals measured upon immunocapture of EVs appeared to be less exploitable for
discriminating EVs based on their respective LSPR responses. In addition, we also observed
that AF and AAdmax were linearly correlated, regardless of the EVs subtype (Figure SS. 8).

This shows that the signals generated by both techniques are representative of the number of

adsorbed vesicles on the surface.?®
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5.3 Conclusion

In summary, we devised an immunosensor and method based on coupling QCM-D and NPS to
precisely characterize EV subtypes across conditions based on their viscoelastic properties, as
suggested herein by the comparison of small EVs that are isolated from normal (7Q/7Q) and
mutated (109Q/109Q) mouse striatal cells and that are positive for CD81 and CD63.

A sensing layer comprising an antibody directed against the generic exosomal marker CD81
was built up on silica-coated gold nanostructured quartz sensors, allowing label-free,
simultaneous optical and gravimetric detection of binding events. Injection of EV led to a large
shift of both the frequency and dissipation, as a result of the specific capture of the EV.

The 0D/0F slope (K value) representing the viscoelastic properties of the layer of EV was found
to discriminate small EVs that are secreted by normal or mutated mouse striatal cells. 7Q/7Q
EVs were found to form a more rigid layer upon physisorption and immunosensing using an
anti-CD81 capture antibody in comparison to 109Q/109Q EV.

In the case of physisorption, the higher rigidity of the 7Q-EV layer was interpreted thanks to
NPS data as particles possibly creating more anchoring points with the silica surface.

Our data unveil the potential of label-free immunosensing using QCM-D and NPS as a fast and
accurate approach to detect changes in the mechanical properties, i.e. viscoelastic properties, of
EV subtypes across physiological conditions and paves the way for an early diagnosis of

neurodegenerative diseases.
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5.4 Supplementary Information

Culture of mouse striatal cell lines, isolation of extracellular vesicles by differential
ultracentrifugation and measurements of particles sizes were performed by the Brain C-lab

(Institut de Biologie de Paris Seine, IPBS) with which we collaborate.
5.4.1 Culture of mouse striatal cell lines

Low passage (< 10) 7Q/7Q and 109Q/109Q cells established from HdhQ111 knock-in mice'
were cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum, Pen-Strep
(10,000 U/ml, 10,000 pg/ml), and 1 mm l-glutamine and grown at 33°C with 5% CO..

5.4.2 Isolation of extracellular vesicles by differential ultracentrifugation

We used homozygous striatal cells expressing normal (7Q/7Q) and mutant (109Q/109Q) Htt
derived from HdhQ111 knock-in mice and handled them as previously described.! For
extracellular vesicles (EV) isolation, low-passage (P9-P11) cells were cultured in 150 mm?
dishes. After 48h, cells were washed in DPBS (Life technologies) and further cultured in 20 ml
of medium supplemented with 10% EV-depleted fetal bovine serum (FBS) (Life technologies).
To obtain FBS EV-depleted medium, DMEM medium supplemented with 20% FBS was
centrifugated 18 hours at 100 000 x g (31 200 rpm) in a Type 70Ti rotor (Beckman) and
subsequently filtered through at 0.2 um aPES bottle filter (Thermo Fisher Nalgene filter unit).
EVs were isolated from conditioned medium 48h after media exchange, when cells had reached
90% confluence (around 12-15 x 10° cells per 150 mm? dish). EVs were isolated by differential
ultracentrifugation (dUC). Briefly, conditioned medium was centrifuged at 300 x g for 10 min
at 4 °C to remove dead cells and cellular debris. Supernatant was centrifuged at 2,000 x g for
20 min at 4 °C (2K pellet), transferred to new tubes, and centrifuged in a Type 70Ti rotor
(Beckman) for 50 min at 10 000 x g (10K pellet). Finally, the supernatant was centrifuged for
100 min at 100,000 x g (100K pellet). The 2K, 10K and 100K pellets were washed in 20 mL of
PBS and re-centrifuged at the same speed before being suspended in 50 pL of sterile DPBS and
kept at -80°C for further analysis. Cells were recovered from dishes using 0.25%
Trypsin-EDTA (Life technologies) and counted using light microscopy.
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5.4.3 Particle concentration and size distribution

EVs concentration and size distribution were determined using Zetaview PMX 120 particle
tracking analyzer (Particle Metrix, Germany) equipped with CMOS camera. The 100K
fractions were diluted 1:10 000 or 1:20 000 in 0.2 pm-filtered DPBS to achieve a concentration
of 150-200 particles per frame. All the measurements were carried out at 20°C using the
following camera settings: sensitivity 75 and shutter of 75. For each measurement, 11 cell
positions were scanned (5 cycles per position) capturing 30 frames per position. After capture,
the videos were analyzed by the ZetaView Software 8.04.02 with the following parameters:
Maximum particle size 500, Minimum particle size 5, Minimum particle brightness: 20. Before
each session, a calibration of instrument is performed using size standard beads (Polystyrene
latex (PSL) beads, 102 nm). Size distribution data are presented as mean + SEM. Statistical
analyses (Two-way ANOVA) were performed with GraphPad Prism 7 (CA, USA).

5.4.4 Materials for sensing EVs

(3-Aminopropyl)triethoxysilane (APTES), p-Phenylenediisothiocyanate (PDITC) were
purchased from Sigma-Aldrich (France). Purified anti-mouse/rat CD81 and purified anti-mouse
CD63 antibodies were purchased Biolegend (ref 104902 and 143902). BSA was purchased
from Euromedex (ref 04-100-812-C).

Silicon wafers <111> were purchased from Sigma-Aldrich (France) and cut into 1x1 cm?
substrates. For QCM-D measurements, AT-cut quartz crystals coated with a thin SiO; film
(thickness ~ 50 nm) were purchased from Quantum Design (Les Ulis, France).

Combined QCM-D and LSPR measurements were performed with gold nanostructured AT-cut
quartz sensors coated with a thin SiO» layer (thickness ~ 5-10 nm) purchased from Insplorion
AB (Gothenburg, Sweden). All solutions were prepared using purified Milli-Q
water (18 MQ, Millipore, France).
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5.4.5 Surface functionalization

5.4.5.1 Cleaning and oxidation

Silicon wafers and silica coated quartz sensors were prepared following an previously
optimized protocol.? Briefly, they were cleaned in a 2% Hellmanex solution under mild shaking
for 15 h. After rinsing with Milli-Q water, the substrates were dried under nitrogen flow for
5 min. Note that sonication must be avoided to preserve the nanostructures’ integrity for
combined QCM-D and NPS experiments.

Oxidation was performed for 1 h in a mixture of 37% hydrochloric acid and methanol (v/v = 1),
followed with concentrated sulfuric acid treatment for 4 x 15 min.

Then, the substrates were extensively rinsed with Milli-Q water and kept in Milli-Q water for
at least 72 h. Prior to further functionalization steps, the substrates were dried under nitrogen

flow for 5 min.
5.4.5.2 Silanization with APTES

Amine-terminated surfaces were prepared by the following protocol.® Oxidized substrates were
immersed in APTES solution (2% v/v in anhydrous toluene) at 90°C for 1 h under argon
atmosphere. After the silanization step, the samples were washed with anhydrous toluene twice,

dried under nitrogen and heated at 100°C for 1 h.
5.4.5.3 PDITC crosslinking

PDTIC crosslinking was performed immediately after APTES functionalization on Si
substrates. The sensors were immersed in a freshly prepared solution of PDITC (200 mg/L) in
a 9:1 mixture of dimethylformamide (DMF) and pyridine.>* After 1 h, the sensors were
removed from the solution and washed once in DMF, twice in ethanol and dried under nitrogen

flow. The substrates were kept in a desiccator prior to further experiments.
5.4.5.4 Immunosensor construction

Antibody immobilization was first investigated ex-situ using ATR-IR: a 150 pL droplet of a
solution of antibody (20 mg/L in DPBS) was deposited on an activated silicon wafer for 90 min,

washed with DPBS twice and washed with milli-Q water prior to analysis.
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For in-situ antibody immobilization, an activated sensor was mounted in the QCM-D module
and a solution of antibody (20 mg/L in DPBS) was flowed for 40-60 min at 10 uL/min. After a
washing step with DPBS, non-specific binding was blocked with a solution of DPBS-BSA
(0.1%).

5.4.5.5 Extracellular vesicle biosensing

Activated sensors were mounted in the QCM-D chambers and the following measurement cycle
was applied. After signal stabilization in DPBS buffer (0), anti-CDS81 (1) (or anti-CD63 (1°))
antibody was flown over the sensor surface for ~ 45 min. After rinsing with running buffer for
30 min, DPBS-BSA (2) at 0.1% w/v was injected for 30 min to block remaining free adsorption
sites. Sensing of EV in DPBS-BSA (3) was performed for 30 to 60 min until reaching signal
stabilization, followed by a rinsing step with DPBS-BSA for 30 min.

5.4.5.6 Techniques
5.4.5.7 Quartz Crystal Microbalance with dissipation (QCM-D)

Piezoelectric measurements were performed on AT-cut quartz silica-coated crystals with
nominal frequency of 5 MHz (Quantum Design, France). The QCM-D (E4 model, Biolin
Scientific, Sweden) was operated in the flow-through mode at 20 °C. The flow rate was adjusted

to 10 uL/min by using a peristaltic pump. Signal stabilization was carried out with DPBS.

5.4.5.8 Combined Quartz Crystal Microbalance with dissipation (QCM-D) and
NanoPlasmonic Sensing (NPS)

The combined QCM-D and NPS measurements were carried out using the Q-Sense E1 module
with Q-Sense sapphire window module (Biolin Scientific, Sweden) coupled with the Insplorion
Acoulyte module (Insplorion AB, Sweden). In this setup, an optical fiber connected to the
Insplorion X-Nano optics unit (Insplorion AB, Sweden) is placed on top of QCM-D module
which enables illumination in reflection mode. Measurements were performed on Acoulyte
quartz crystal sensors which are QCM-D sensors on which silica-coated gold nanodisks

(100 nm in diameter and 20 nm in high) are randomly distributed.
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Light interaction with gold nanodisks leads to a collective oscillation of conduction electrons
known as Localized Surface Plasmon Resonance (LSPR) resulting in an intense absorption
band (Amax) localized around 700 nm. At the surface vicinity, refractive index changes will lead
to LSPR peak position shifts, referred herein as AAmax, allowing to monitor biomolecular
interactions in real time. Analysis of frequency and dissipation shifts was carried out using the
QTools software, version 3.1.33.567 (Biolin Scientific, Sweden). Analysis of LSPR signals was

performed using Insplorer software, version 1.3.1 (Insplorion AB, Sweden).
5.4.5.9 Attenuated Total Reflection-InfraRed (ATR-IR)

ATR-IR spectra were recorded on a Tensor 27 FT-IR spectrometer (Bruker) equipped with a
VariGATR™ grazing angle accessory (Harrick scientific). Each spectrum results from the

1

accumulation of 64 scans at 4 cm™ spectral resolution with baseline correction and CO»

correction performed with OPUS software.
5.4.5.10 Water Contact Angle (WCA)

Static water contact angles were measured at room temperature using the sessile drop method
and image analysis of the drop profile using Drop Shap Analysis software. The instrument,
which uses a CCD camera and an image analysis processor, was purchased from Kriiss
(Germany). The water (Milli-Q) droplet volume was 1 pL and the contact angle (8) was
measured 5 sec after the drop was deposited on the substrate. For each sample, the reported

value is the average of the results obtained on three droplets.
5.4.5.11 X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis were performed on a Scienta Omicron Argus X-ray photoelectron spectrometer,
using a monochromated AlKa (hv = 1486.6 eV) radiation source having a 280 W electron beam
power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 45°
under ultra-high vacuum conditions (1 x 10 Pa). XPS spectra were collected at pass energy of
100 eV for the survey scan and 20 eV for the Cls, Ols, N1s, Si 2p core XPS levels. The peak
areas were determined after subtraction of a Shirley background. The spectra were fitted using
Casa XPS software and applying a Gaussian/ Lorentzian ratio (G/L) equal to 70:30 and binding

energies were calibrated against the Si2ps at 99.4 eV.
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5.4.6 Results and discussion

5.4.6.1 EV related results

1x108- - 7Q/7Q

— 109Q/109Q
8x107
6x1074
4%107-

2x107+

Particles/10° cells

0 100 200 300 400
size (nm)

Figure S5. 1. (A) Representative size distribution of EVs isolated from 7Q/7Q and 109Q/109Q
mouse striatal cells in the 100,000 g fraction upon differential ultracentrifugation and
nanoparticle tracking analysis (NTA).

5.4.6.2 Surface functionalization

The sensing layer was obtained by sequential treatment of silicon surfaces with
(3-aminopropyl)triethoxysilane (APTES) and 1,4-phenylenediisothiocyanate (PDITC) to
generate amine-reactive functions for antibody immobilization. Capture layer construction
steps were performed ex-situ and monitored by ATR-IR, water contact angle and XPS
techniques (Figure SS. 2).
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Figure S5. 2. (A) Baseline-corrected ATR-IR spectra of (a) oxidized Si substrate sequentially
treated with (b) APTES, (¢) PDITC and (d) antibody and corresponding (B) water contact angle
results. (C) Nis, Cisand Si2, XPS spectra of bare Si substrate, sequentially treated with APTES
and PDITC.
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In Table S5. 1 are summarized the ATR-IR bands and assignments for each functionalization
step, the corresponding baseline-corrected ATR-IR spectra are presented in Figure S5. 2. After
cleaning and oxidation procedures, the bands at 1110 and 1060 cm™ were assigned to a
continuous layer of Si-O-Si and the band at 880 cm™! was attributed to silanol groups. The Si
substrates were kept in water in order to increase the number of silanol groups, hence the broad
band at 1650 cm™! was assigned to water adsorbed at the surface. Upon functionalization with
APTES, bands were spotted at 1640, 1545 and 1450 cm™ and were assigned to the terminal
amine group, besides a decrease in the silanol band at 880 cm™ was observed indicating
consumption of the surface hydroxyl groups. After crosslinking with PDITC, bands
corresponding to the imine group (-C=N) and to the isothiocyanate function (-N=C=S) were
not observed. Antibody immobilization was evidenced by the presence of bands at 1660 cm’!

and 1550 cm’!, attributed to amide I and amide II modes, respectively.

Table SS. 1. ATR-IR peaks and assignments for each functionalization step. Corresponding
baseline corrected ATR-IR are presented in Figure SS. 2.

ATR-IR peaks (cm™) Assignment
Oxidized Si APTES PDITC Antibody

1650 - - - H.O
1650-1550 Amide [ & II

- 1640 NH:2

- 1545 - - NH>

- 1450 - - NH>

- 1190 - - CHz
1110 1110 1110 1110 Si-O-Si
1060 1060 1060 1060 Si-O-Si
880 880 880 880 Si-OH
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Water contact angle measurement was used to follow changes in surface wettability and
properties after each functionalization step, results are shown in Figure S5. 2. After cleaning
and oxidation, the value for water contact angle was less than 5 © indicating a highly hydrophilic
surface. Subsequently, grafting of APTES led to an increase in the contact angle value from
less than 5 © to 98.2 + 2.2 °, attributed to the formation of APTES layer on the surface.’> After
crosslinking with PDITC to generate reactive imine function the water contact angle value was
found to be slightly more hydrophilic (94.6 £+ 1.6 °). Antibody grafting on the surface led to a

more hydrophilic surface with decrease in water contact angle with a value of 78.9 + 2.0 °.

XPS spectra of the subsequent functionalization steps are presented in Figure S5. 2 and the
corresponding atomic compositions are given in Table S5. 2 with notably the presence of

carbon, oxygen, nitrogen and silicon elements.

Table SS. 2. XPS atomic percentages on bare Si substrate and sequentially functionalized with
APTES and PDITC.

Peak Area (At. %)

Binding energy (eV Assignement
g energy (V) 8 Si  APTES PDITC

532.8 0 1s 31.9 20.6 23.1
N Is 0.3 6.8 4.6

400.6 NH/NH, - 5.5 3.1
402.3 NH,’ - 1.3 1.5
Cls 10.1 52.3 36.3

288.4 . - 5.3 2.4
286.9 CN 1.7 12.8 8.2
285.4 C-C/C-H 8.4 34.2 25.7
Si 2p 57.7 20.3 36.0

103.3 8i0, 19.5 16.1 18.5
100 Si2p,, 12.8 1.6 5.8

99.4 Si 2p,,, 25.4 3.2 11.7
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Table SS. 3. Values for non-specific adsorption of 7Q/7Q-EVs and 109Q/109Q-EVs (40 mg/L)
on APTES-coated nanostructured quartz sensors monitored by QCM-D and NPS.
Corresponding sensorgrams are presented inFigure 5. 2. K values were determined by linear
regression of the D-F plots using Origin software.

7Q/7Q-EVs 109Q/109Q-EVs
AF; (Hz) * -76.5 -76.3
AD7(10°6) * 8.9 9.1
Admax (Nnm)* 0.97 0.75
Krc(10°Hz ™) 86.2+0.2 95.4+0.2
R2 0.992 0.992
Knc (10° Hz™) 123.9+0.3 147.9+0.2
R2 0.987 0.992

*: values were taken after 100 min of injection

20 20

(A) 0 1 0 10 ¢ (B) 0 1 ] 10

AD, (10¢)

AD, (10°%)

-50 -

AF; (Hz)
AF, (Hz)

754

-100 4
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Figure S5. 3. QCM-D sensorgrams at multiple overtones (nocm-p = 5, 7 and 9) for the
physisorption of (A) 7Q/7Q EVs and (B) 109Q/109Q EVs on APTES-coated sensor at a flow
rate of 10 uL/min. (0) : DPBS, (1) EV at 40 mg/L in DPBS.



Chapter 5. A rapid and efficient method for label-free

immunosensing of extracellular vesicle subtypes

Table S5. 4. Frequency and dissipation shifts at different overtones (ngcm-p = 5, 7 and 9)
measured during physisorption of 7Q/7Q EVs and 109Q/109Q EVs (40 mg/L) on
APTES-coated sensors. Corresponding sensorgrams are presented in Figure S5. 3.

7Q/7Q EVs 109Q/109Q EVs

AFs (Hz) * -81.4 -81.1
ADs (10°6) * 9.1 9.3
AF; (Hz) * -76.5 -76.3
AD7 (10°°) * 8.9 9.1
AFo (Hz) * -73.6 -73.6
ADo (10°6) * 8.8 8.6

*: values were taken after 100 min of injection

QCM-D data modeling was performed using the Voigt-Voinova model®’ included in the
Q-Tools software (Biolin Scientific). For the model fitting, the thickness and acoustic mass
(mqcm-p) of the adsorbed vesicle layer were calculated using values for the film density of

1000 kg/m?* and the viscosity of the bulk aqueous solution of 0.001 kg/ms.®

The optical mass (mrspr) was calculated using the following equation adapted from the

literature®?:

. _g AAyps
LSPR 'So(e2di-1/L: — e=2(di-1+d)/L:)dn, /d,

where AAyps is the measured LSPR shift, dni/d. is the refractive index increment for proteins,
So the sensitivity of the substrate, d; the thickness of the sample layer determined from QCM-D
data and di.; is the thickness of the starting layer, i.e. APTES layer, and was approximated to
nil. The refractive index of the flowing solution (DPBS) was approximated to be the one of an
aqueous solution (n = 1.33) and the refractive index increment was taken as an average value

for lipid vesicles (0.16 cm?/g).!%!!
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The gold nanostructured sensors are coated with a Si3N4 layer, which is subsequently oxidized
and displays a LSPR sensitivity (So) of 60 nm/RIU and an evanescent field decay length (L,) of

30 nm (data provided by the sensor manufacturer).

(A) (B)
50004 t=100min 5000
e ~ 4430 ng/cm?
4000 + Mo ~ 4230 ng/cm® 7«; 4000 oy o
&~ = 5
£ ?n g8
S £ 3000 33
o0 = g2
£ G S
2 i g gt
& 2000 3 ES 2000 -
) /
1000
/ My5pp ~ 430 ng/cm* 1000 4 / Mg 365 ng/
b |
04
T T T T T T T T T T T T
30 60 90 120 150 180 30 60 20 120 150 180 210
Time (min) Time (min)

Figure S5. 4. Acoustic mass (mocm-p) from QCM-D measurement, as determined by
Voigt-Voinova modeling and optical mass (mvspr) calculated from NPS measurement obtained

for the adsorption of (A) 7Q/7Q-EVs and (B) 109Q/109Q-EVs on an APTES layer on silica-
coated gold nanostructured sensor.

Table SS. 5. Values of thicknesses and acoustic masses from QCM-D measurement, as determined by
Voigt-Voinova modeling and LSPR peak shifts and corresponding optical masses from NPS

measurement for 7Q/7Q-EVs and 109Q/109Q-EVs at 100 min and saturation point for adsorptions of
7Q/7Q-EVs and 109Q/109Q-EVs.

7Q/7Q-EV 109Q/109Q-EV
t=100min Saturation t=100min Saturation
Thickness (nm) 36.9 42.7 44.2 51.1
mqcm-p (ng/cm?) 4230 4267 4430 5105
AA (nm) 0.97 1.00 0.75 0.82
mrspr (ng/cm?) 431 472 364 451
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Table S5. 6. Piezoelectric immunosensing of 7Q/7Q-EVs (1.8 x 10'° particles/mL) on anti-
CD81 and anti-CD63-coated quartz sensors. Corresponding data are presented in Figure 5. 3.
K values were determined by linear regression of the D-F plots using Origin software.

. . 7Q-EV
Anti-CD81  Anti-CD63 - -
on anti-CD81 on anti-CD63
AF (Hz) -15.5 -13.9 -118.3 -113.6
AD (10'6) 0.5 0.5 25.7 25.3
K (x 107 Hz'l) 31.5+0.3 322+04 270.7+04 270.1+£0.3
R? 0.867 0.773 0.999 0.999

*: calculated by the Sauerbrey equation (rigid layer)

30

10 1 0 2 3 2071 03

AD, (10°%)
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-50 -
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! T J T ' T ! T v T J T ! T :
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Figure S5. 5. Representative QCM-D sensorgram for the adsorption of 7Q/7Q EVs on planar
surface using anti-CD81 as the capture antibody and anti-CD63 as the revelation antibody.
Experiment was performed at a flow rate of 10 uL/min and [EV] = 1.8 x 10'° particles/mL.
(0): running buffer, (1): anti-CD81, (1°): anti-CD63 antibodies, (2): DPBS-BSA (0.1%) and (3)
EV adsorption.
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Figure S5. 6. Test 2: (A) 7Q/7Q-EV and (B) 109Q/109Q-EV immunosensing on
nanostructured sensor with from left to right: QCM-D sensorgram, D-F plot and NPS
sensorgram. Experiments were conducted at a flow rate of 10 pL/min.

(A) 0 0 1 0 2 3 2 0F 2 K=(209.32 0.2)x 10° Hr' 2.0 0 1 o 2 3 -
m" 25
25 =
1.6
-50 *
s N E 12
= ] 3 .
g~ i :
% 100 a8 £ 0.8
“ i
3 1 ~
<
1254
. 0.4
-150 4
A754 0 0.0+
o 30 e s 120 1% 180 210 B N N 0 30 60 9 120 150 180 210
Time (min) AF, (Hz) Time (min)
(8) T
0 1 0 2 - 0 1 0 2 3 2 0
¢ B K =(240.60.3)x 10° Hr'
04 3 2 0|35 s id )
15
25 -
= g E 0s
™~ 10 -1
T 2 =
= .50 = g /
= H
S Q 3 /
<, 3 /
-75 0.4
100 o /
0.0/
r - r : - T T - —————————— - - - - - T - T
0 30 60 90 120 150 180 210 240 L 0 30 60 90 120 150 180 210 240
Time (min) AF, (He) Time (min)

Figure S5. 7. Test 3: (A) 7Q/7Q-EV and (B) 109Q/109Q-EV immunosensing on
nanostructured sensor with from left to right: QCM-D sensorgram, D-F plot and NPS
sensorgram. Experiments were conducted at a flow rate of 10 pL/min.
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Table S5. 7. Immunosensing of 7Q/7Q-EVs and 109Q/109Q-EVs on anti-CD81-coated
nanostructured quartz sensors by QCM-D and NPS. Corresponding sensorgrams are presented

in Figure 5. 4 and Figure SS. 4-5.

Anti-CD81 7Q-EV 109Q-EV
Test 1
AF (Hz) -29.1+3.1 -54.0 -64.3
AD (10°) 0.7+0.1 10.7 14.6
K (x 10 Hz'") 27.0+10.5 201.2+0.5 249.7+09
R2 0.805 0.997 0.996
AAmax (nm) 0.7+0.3 0.43 0.51
Test 2
AF (Hz) -31.7+04 -31.3 -22.1
AD (10°) 1.1 6.2 5.1
K (x 10° Hz'") 253+6.6 2104+0.7 240.6+1.1
R2 0.797 0.991 0.967
AAmax (nm) 0.9+0.1 0.17 0.14
Test 3
AF (Hz) -25.1+7.1 -136.7 -78.4
AD (10°) 0.7+0.2 24.9 17.2
K (x 10° Hz) 25.1+2.8 2093+£0.2 240.6+0.3
R2 0.763 0.998 0.997
AAmax (nm) 0.5+0.2 1.18 0.71
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Figure SS. 8. Linear correlations in (A) frequency change (AF7) to LSPR shift (A1 max) and
(B) dissipation change (AD7) to LSPR shift (A1 max) for the immunosensing of 7Q (A) and
109Q (e) EVs using anti-CD81 antibody on nanostructured sensor. Linear regression was
performed using Origin software.

Table S5. 8. K values used for statistical tests presented in Figure 5. 4D for the immunosensing
of 7Q/7Q-EV and 109Q/109Q-EV on nanostructured quartz sensors. K values were obtained
by linear regression of the D-F plots using Origin software and statistical tests were performed
using GraphPad Prism 8 software.

7Q/7Q-EV 109Q/109Q-EV
Test 1
Ks(x 107 Hz ) 185.4+0.2 2249+04
R? 0.997 0.995
K7 (x 10° Hz ) 201.2+0.5 249.7+0.9
R? 0.997 0.996
Ko (x 10° Hz') 222.6+0.3 273.7£0.5
R? 0.997 0.995
Test 2
Ks(x 10° Hzh) 193.2+04 221.0£0.7
R? 0.992 0.981
K7 (x 10° Hz) 2104+ 0.7 240.6 £ 1.1
R? 0.991 0.967
Ko (x 10° Hz) 220.8+0.3 261.7£0.5
R? 0.996 0.992
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Table S5.8. (continued)

Test 3

Ks(x 10° Hz )
R2
K7 (x 10° Hz')
R2
Ko (x 10 Hz )
RZ
Ks.7.9 (X 10'9 HZ'l)

192.2+0.3
0.998
209.3+£0.2
0.998
228.7+0.2
0.999
207.1 £15.1

218.6 0.3
0.998
240.6 £0.3
0.997
252.8+£0.2
0.999
242.6 £ 18.9
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General conclusions and perspectives

The objectives of this thesis were multiple, with both fundamental aspects regarding surface
functionalization and more applied research projects with the design of label-free

1IMMmunosensors.

In the first literature review chapter, we highlighted the general features related to IgG type
antibody and historical perspective of its applications.

We addressed immunosensors engineering and detection configurations available on planar
gold and silica substrates. Indeed, an ideal label-free immunosensor should offer sensitive,
specific and reliable detection: IgG surface density and orientation are crucial to achieve the
best sensing efficiency. Therefore, the first step towards immunosensor development relies on
antibody immobilization which can be achieved via antibody modification or surface
functionalization.

Hence, the second part of this review chapter comprehensively covered the most investigated
methodologies for antibody immobilization on planar gold and silica surfaces via physisorption
and chemisorption. Chemisorption with affinity-based strategies appear as the best
immobilization route as it allows oriented IgG immobilization with high surface density and
often display improved sensitivity compared to random physisorption or covalent-based
approaches. The last part of this review presented specific features related to immunosensor
development such as mixed SAMs and blocking strategies to avoid non-specific interaction and
ensure high specificity of the biosensing platform.

These strategies developed on gold and silica surfaces have successfully been implemented
within the last decades for label-free immunosensors using various transduction techniques
such as Surface Plasmon Resonance (SPR), quartz crystal microbalance (QCM) and

electrochemical methods.

In the second and third Chapters, surface functionalization using thiolate Self-Assembled

Monolayers (SAMs) on gold surfaces were presented.
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In Chapter 2, alkylthiol SAMs bearing alkane (CH3) and carboxylic acid (COOH) functions
with increasing chain length were formed on gold substrate and characterized using Polarization
Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS), Water Contact Angle
(WCA) and X-ray Photoelectron Spectroscopy (XPS). Main results on CH3-SAMs showed that
increasing chain length led to the formation of hydrophobic SAMs and to a modification of the
coordination mode of sulfur to gold substrate while IR results were quite similar between all

investigated samples based on the position of the v;™ band.

XPS outcome for short and mid chain length CH3-SAMs (n¢y, = 1,7) revealed the presence of
multi-coordinated sulfur at low binding energy (S-Auis1) related to molecular adsorption of
molecules on the surfaces and to less ordered monolayers, indicating an effect of chain length
on the nature of the sulfur-gold interface. SAMs bearing COOH terminal groups were able to
interact with neighboring molecules through H-bonding and led to hydrophilic monolayers with
overall better organization and also to the absence of molecular adsorption for mid length
COOH-SAMs (n¢y, = 7). In addition, effect of the pH of functionalization, i.e. protonation
states of the terminal groups, was investigated.

Our study suggested that deprotonation of the terminal groups (COO") led to less ordered SAMs

with the appearance of multi-coordinated even for longer chain length SAMs (n¢y, =7, 10) in

assym

spite of the low position for the Ven, band in IR results. Therefore, we acknowledged that IR

analysis was not sufficient to deeply describe SAMs order and XPS appeared to give a more
insightful probing of SAMs features such as number of adsorbed species and environment of
the chemisorbed thiols molecules with contribution from self-assembly (S-Auis2) and

molecular adsorption (S-Auie1).

Further investigations presented in Chapter 3, were devoted to the evolution of the surface
charge of COOH-SAMs of increasing chain length. Electrokinetic measurements suggested
that chain length influenced the measured zeta potential as well as the IEP values for these
SAMs. Furthermore, discrepancies between the surface isoelectric point (IEP) versus the pKa
of the free molecule in the bulk phase were observed and previously documented in the
literature. In future works, we envisioned to investigate the impact of chain length and surface
charge on protein uptake with regards to the nature of the protein, i.e. size and isoelectric point.
In Chapters 4 and 5 were presented two label-free immunosensors respectively for the detection
of diclofenac (DCF), i.e. a water pollutant, and Extracellular Vesicles (EVs), i.e. key mediators

in intercellular communication and disease biomarkers.
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In Chapter 4, we designed a competitive piezoelectric immunosensor to assay diclofenac in
water resources. A sensing layer comprising diclofenac as competitor was built up
layer-by-layer on silica-coated quartz sensor chips. Diclofenac immobilization to the amine-
terminated PEG layer was investigated using three different activation strategies and the PyBOP
chemistry was selected for further experiments. Binding of a highly affine monoclonal antibody
to immobilized diclofenac was investigated by combining, in real time, QCM-D and
NanoPlasmonic Sensing (NPS).

These measurements allowed to calculate a dissociation constant Kp of 0.24 nM and an optical
mass uptake of 260 ng/cm? upon antibody binding, in agreement with the formation of a
monolayer of antibodies in a head-on orientation. A hydration percentage of ca. 75% was
determined for the antibody layer.

A competitive QCM-D assay was then set up for the detection of diclofenac for which binding
of antibody to the DCF-containing sensing layer is inhibited by DCF in solution. After
determination of the analytical features of this piezoelectric immunosensor, we conducted the
analysis of surface water samples taken at three locations in the rivers Seine and Marne.

The calculated concentrations of DCF in these samples were in good agreement with data
published by eaufrance agency. These finding pave the way for a rapid and easy to implement
assay of small pollutants in river water.

Future works might use the developed strategy for the detection of other analytes of interest
and by using other transduction techniques such as Surface Plasmon Resonance imaging (SPR1)
which is a label-free optical method allowing to follow molecular interaction in real time and

to work in a multiplex format, e.g. different types of ligands and assay parameters.

In Chapter 5, we devised an immunosensor and method based on coupling QCM-D and NPS
to precisely characterize EV subtypes across conditions based on their viscoelastic properties,
as suggested herein by the comparison of small EVs that are isolated from normal (7Q/7Q) and
mutated (109Q/109Q) mouse striatal cells and that are positive for CD81 and CD63.

A sensing layer comprising an antibody directed against the generic exosomal marker CD81
was built up on silica-coated gold nanostructured quartz sensors allowing label-free,
simultaneous optical and piezoelectric detection of binding events.

Injection of EV led to a large shift of both the frequency and dissipation, as a result of the
specific capture of the EV. The 0D/0F slope (K value) representing the viscoelastic properties
of the layer of EV was found to discriminate small EVs that are secreted by normal or mutated

mouse striatal cells.
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All in all, 7Q/7Q EVs were found to form a more rigid layer upon physisorption and
immunosensing using an anti-CD81 capture antibody in comparison to 109Q/109Q EV.

Our data unveil the potential of label-free immunosensing using QCM-D and NPS to detect
changes in viscoelastic properties of EVs subtypes across physiological conditions.

Future investigations regarding the optimization of the sensor with determination of the
analytical performances is envisioned, as well as the study of human-derived EVs.
Furthermore, future works related to the investigation of EVs using liquid Atomic Force
Microscopy (AFM) is intended to image EV once adsorbed onto the sensor substrate and to

determine the mechanical properties of such object.

In conclusion, this thesis manuscript highlighted the experimental strategies employed for the
development of immunosensors, ranging from surface functionalization to analyte detection via

piezoelectric and optical methods.
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Thesis’ synopsis (French)

La détection rapide et sensible d’analytes est cruciale dans la société actuelle, comme l'illustre
le développement récent de biocapteurs liés au SARS-Cov?2.

Les biocapteurs sont des dispositifs analytiques capables de détecter et de quantifier
spécifiquement des cibles d'intérét dans des milieux complexes.

Quelle que soit I'application envisagée, la composition du biocapteur comprend généralement :
un biorécepteur capable de la détecter de maniére spécifique et sensible par reconnaissance
moléculaire, et un transducteur qui traduira le phénoméne de reconnaissance en un signal

mesurable par I’expérimentateur.
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Figure 1. Représentation schématique de la composition d’un biocapteur

Comme il n'existe pas d'approche universelle pour l'ingénierie des biocapteurs, 1'élaboration
d'une couche de détection est cruciale pour obtenir des plateformes de détection hautement
spécifiques et sensibles. Il est donc impératif de maitriser I'immobilisation du biorécepteur ainsi
que sa densité et son accessibilité. Ainsi, il est souvent nécessaire de conférer une fonctionnalité
a la surface pour permettre le greffage du biorécepteur tout en évitant les adsorptions non

spécifiques sur la surface du capteur qui induiraient de faux positifs.

Les immunocapteurs, i.e. les biocapteurs qui utilisent des anticorps comme biorécepteurs, sont
l'une des classes de biocapteurs les plus populaires, car les anticorps offrent une grande affinité
envers un analyte donné avec de grandes spécificité et sélectivité. Cependant, 1'adsorption
d'anticorps sur des surfaces implique de nombreux défis a relever, tels que la maitrise du
greffage, la densité et I'orientation des anticorps avec une capacité de reconnaissance conservée.
L'immobilisation des anticorps sur des surfaces planes peut étre abordée a 'aide de diverses

stratégies.
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L'adsorption peut simplement reposer sur la physisorption de l'anticorps sur la surface ou
adopter des voies plus €élaborées via la chimisorption de 1'anticorps. Cette derniére est souvent
préférée, car elle offre un meilleur greffage de 'anticorps et une capacité de bio-reconnaissance
accrue. Les stratégies de chimisorption impliquent la modification de groupes fonctionnels de
I’anticorps ou la modification de la surface par des approches covalentes ou basées sur l'affinité.
Les monocouches auto-assemblées, de 1’anglais self-assembled monolayers (SAMs), sont I'une
des stratégies les plus étudiées pour fonctionnaliser des surfaces, car elles offrent une grande
polyvalence liée a la nature des molécules organiques d'ancrage ou des substrats qui composent
les SAMs. Allant des alcanethiols sur des surfaces métalliques (e.g. or) aux organosilanes sur
des surfaces hydroxylées (e.g. Si02/Si) et aux acides carboxyliques et phosphates d'alkyle sur
des substrats d'oxyde, les SAMs peuvent étre employées pour attacher des groupes fonctionnels

et fournir des points d'ancrage robustes pour I'immobilisation des anticorps.

Ce manuscrit de thése est composé de cinq chapitres abordant des objectifs qui vont des aspects
fondamentaux aux travaux de recherche plus appliqués. La compréhension fondamentale de
l'interface organique-inorganique lors de I'adsorption de molécules fonctionnelles a l'interface
solide-liquide est d'abord abordée, puis suivie par des travaux de recherche applicatifs liés au
développement d'immunocapteurs utilisant des méthodes de transduction piézoélectrique et

optique pour la détection de divers analytes.

Dans le premier chapitre consacré a la revue de la littérature, nous avons souligné les
caractéristiques générales liées aux anticorps de type immunoglobuline G (IgG) et la
perspective historique de leurs applications. Nous avons abordé l'ingénierie des
immunocapteurs et les configurations de détection disponibles sur des substrats plans en or et
en silice. En effet, un immunocapteur idéal sans marqueur, dit label-free, doit offrir une
détection sensible, spécifique et fiable. La densité et 'orientation a la surface des IgG sont
cruciales pour obtenir la meilleure efficacité de détection. Par conséquent, la premiere étape du
développement d'un immunocapteur repose sur l'immobilisation des anticorps, qui peut étre
réalisée par la modification de l'anticorps ou en employant la fonctionnalisation de surface.
La deuxieme partie de ce chapitre couvre les méthodologies les plus étudiées pour
lI'immobilisation d'anticorps sur des surfaces planes d'or et de silice par physisorption et

chimisorption.

La chimisorption avec des stratégies basées sur l'affinité apparait comme la meilleure voie

d'immobilisation, car elle permet une immobilisation orientée des IgG avec une densité de



Appendixes

surface ¢levée et présente souvent une meilleure sensibilité par rapport a la physisorption
aléatoire ou aux approches covalentes. La derni¢re partie de cette revue présente les
caractéristiques spécifiques liées au développement d'immunocapteurs telles que les SAMs
mixtes et les stratégies de blocage pour éviter les interactions non spécifiques et assurer une
haute spécificité de la plateforme de biodétection. Ces stratégies développées sur des surfaces
d'or et de silice ont été mises en ceuvre avec succes au cours des derniéres décennies pour des
immunocapteurs sans marqueurs en utilisant diverses techniques de transduction telles que la
résonance plasmonique de surface (SPR), la microbalance a cristal de quartz (QCM) et les

méthodes ¢électrochimiques.

Dans les deuxiéme et troisiéme chapitres, la fonctionnalisation de surface a l'aide de
monocouches auto-assemblées (SAMs) de thiols sur des surfaces d'or est présentée.

Dans le chapitre 2, des SAMs d'alkylthiol portant des fonctions alcane (CH3) et acide
carboxylique (COOH) avec une longueur de chaine croissante ont été formées sur des substrats
d'or et caractérisées en utilisant la spectroscopie d'absorption par réflexion infrarouge a
modulation de polarisation (PM-IRRAS), la mesure de I’angle de contact (WCA) et la
spectroscopie de photoélectrons-X (XPS).
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Figure 2. (A) Stratégie expérimentale pour la formation de monocouches auto-assemblées de
thiol sur or, avec 1’étude des effets de : ¢ la longueur de chaine, ® les groupements fonctionnels
et du ® pH de fonctionnalisation. (B) Caractérisations de surface des SAMs par PM-IRRAS,
WCA et XPS.
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Les principaux résultats sur les CH3-SAMs ont montré que I'augmentation de la longueur de la
chaine a conduit a la formation de SAMs hydrophobes et & une modification du mode de
coordination du soufre au substrat d'or tandis que les résultats infrarouges (IR) étaient assez
similaires entre tous les échantillons étudiés basés sur la position de la bande infrarouge li¢e a

la vibration asymétrique des groupements méthyléne (vgfg i)

Les résultats XPS pour les CH3-SAMs a chaine courte et moyenne (n¢y,= 1,7) ont rével€ la
présence de soufre multi-coordonné a faible énergie de liaison (S-Auisi) liée a 'adsorption
moléculaire des molécules sur les surfaces et a des monocouches moins ordonnées, indiquant
un effet de la longueur de la chaine sur la nature de l'interface soufre-or.

Les SAMs portant des groupes terminaux COOH étaient capables d'interagir avec les molécules
voisines par des liaisons H et ont conduit & des monocouches hydrophiles avec une meilleure
organisation globale et également a l'absence d'adsorption moléculaire pour les COOH-SAMs
de longueur moyenne (n¢y,= 7).

De plus, l'effet du pH lors de 1’étape de fonctionnalisation, i.e. les états de protonation des
groupements terminaux, a été étudié. Notre étude a suggéré que la déprotonation des groupes
terminaux (COQO") conduit a des SAMs moins ordonnées avec l'apparition de soufre multi-

coordonné, méme pour les SAMs de plus grande longueur de chaine (n¢y,= 7, 10) malgré la

y

position basse de la bande vgflzm en IR montrant ’apport des liaisons H en bout de chaine dans

I’organisation des SAMs. Cela montre également que 1'analyse IR n’est pas suffisante pour
décrire en profondeur 1'ordre des SAMs et que la spectroscopie XPS donnerait un apercu plus
représentatif des caractéristiques des SAMs telles que le nombre d'especes adsorbées et
I'environnement des molécules de thiols chimisorbées en discriminant la contribution de
l'auto-assemblage (S-Auie2) de celle de I'adsorption moléculaire (S-Auiei). Les résultats de ce

chapitre sont soumis pour publication au Journal of Physical Chemistry.

D'autres recherches, présentées dans le chapitre 3, ont été consacrées a 1’étude de 1'évolution de
la charge de surface de COOH-SAMs de longueur de chaine croissante. Les mesures
¢lectrocinétiques suggerent que la longueur de la chaine influence le potentiel zéta mesuré ainsi
que les valeurs du point isoelectrique (IEP) pour ces SAMs. De plus, des divergences entre
I’IEP et le pKa de la molécule libre en solution ont été observées. Dans des travaux futurs, nous
envisageons d'étudier I'impact de la longueur de la chaine et de la charge de surface sur

l'adsorption des protéines.
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Les chapitres 4 et 5 présentent deux immunocapteurs « label-free » pour la détection du
diclofénac (DCF), un polluant de 1'eau, et des vésicules extracellulaires (EVs), des médiateurs

clés de la communication intercellulaire et des biomarqueurs de maladies.

Dans le chapitre 4, nous avons congu un immunocapteur pi€zoélectrique compétitif pour
quantifier le DCF dans les eaux de rivieres. Une couche de détection comprenant du diclofénac
comme compétiteur a été construite couche par couche sur des puces de détection en quartz

recouvertes de silice.
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Figure 3. Stratégie générale pour la quantification du DCF dans les eaux de rivicres.

L'immobilisation du DCF sur la couche de PEG a terminaison amine a été étudiée en utilisant
trois stratégies d'activation différentes et la chimie utilisant le benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) a été sélectionnée pour les
expériences suivantes. En effet pour améliorer le greffage du DCF sur la surface portant des
groupements amines, 1’activation des groupements acides carboxyliques est généralement
¢tudiée en utilisant des agents « crosslinker ». La liaison d'un anticorps monoclonal au DCF
préalablement immobilisé a été étudiée en combinant, en temps réel, la QCM-D et la détection
NanoPlasmonic (NPS). Ces mesures ont permis de calculer une constante de dissociation Kp
de 0,24 nM et une masse optique de masse de 260 ng/cm? lors de la reconnaissance
anticorps-DCF, en accord avec la formation d'une monocouche d'anticorps avec une
orientation « head-on ». De plus, un pourcentage d'hydratation d'environ 75 % a été
déterminé pour la couche d'anticorps, en accord avec des travaux préalablement menés dans

la littérature.
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Apres avoir déterminé les caractéristiques analytiques de cet immunocapteur piézoélectrique,
nous avons procédé a l'analyse d'échantillons d'eau de surface prélevés a trois endroits dans les
eaux de riviéres, i.e. Seine et Marne.

Les concentrations calculées de DCF dans ces échantillons étaient en bon accord avec les
données publiées par l'agence eaufrance. Ces résultats ouvrent la voie a un dosage rapide et
facile a mettre en ceuvre pour la détection de polluants. Les travaux futurs pourraient utiliser la
stratégie développée pour la détection d'autres analytes d'intérét et en utilisant d'autres
techniques de transduction telles que 1'imagerie par résonance plasmonique de surface (SPRi)
qui est une méthode optique sans marqueur permettant de suivre l'interaction moléculaire en
temps réel et de travailler dans un format multiplex, i.e. différents types de ligands et de
Ces travaux ont été publiés dans le journal ACS Sensors

parametres expérimentaux.

(ACS Sens. 2021, 6, 9, 3485-3493)

Dans le chapitre 5, nous avons congu un immunocapteur et une méthode basés sur le couplage
de la QCM-D et de la NPS pour caractériser précisément les sous populations d’EVs selon leurs
propriétés viscoélastiques, comme le suggere la comparaison de petites EVs isolés de cellules
striatales de souris normales (7Q/7Q) et mutées (109Q/109Q) et positifs pour les marqueurs
transmembranaires CD81 et CD63.

STRATEGIES EXPERIMENTALES

Stratégie n°1 : Physisorption des EVs
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Figure 4. Stratégies expérimentales pour 1’étude des EV's par physisorption et immunodétection

en utilisant une approche combinée employant QCM-D et NPS.
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Une couche de détection comprenant un anticorps dirigé contre le marqueur exosomal
générique CD81 a été construite sur des capteurs en quartz nanostructurés en or recouverts de
silice permettant une détection optique et piézoélectrique simultanée, sans marqueur, des
événements de reconnaissance biomoléculaire.

L'injection d'EVs a conduit a un important décalage a la fois de la fréquence et de la dissipation,
en raison de la capture spécifique des EVs. La pente 0D/OF (valeur K) qui représente les
propriétés viscoélastiques de la couche d'EV a permis de discriminer les petites EV qui sont
sécrétés par les cellules striatales normales ou mutées de la souris. Dans 1'ensemble, on a
constat¢ que les EVs 7Q/7Q formaient une couche plus rigide aprés physisorption et
immunodétection a l'aide d'un anticorps de capture anti-CD81, par rapport aux EVs
109Q/109Q. Nos données dévoilent le potentiel de I'immunodétection « label-free » en utilisant
le QCM-D et le NPS pour détecter les changements des propriétés viscoélastiques des sous-
types d'EVs dans des conditions physiologiques. Les résultats de ce chapitre sont soumis pour
publication dans le journal Chemical Communication.

Des recherches futures concernant I'optimisation du capteur avec la détermination des
performances analytiques sont envisagées, ainsi que I'é¢tude des EVs d'origine humaine.

En outre, des travaux futurs concernant 1'étude des EVs a l'aide de la microscopie a force
atomique (AFM) liquide sont prévus afin d'imager les EVs une fois adsorbés sur le substrat du

capteur et de déterminer les propriétés mécaniques de cet objet.

En conclusion, ce manuscrit de thése met en évidence les stratégies expérimentales employées
pour le développement d’immunocapteurs, allant de la fonctionnalisation de surface a la

détection d’analyte via des méthodes piézoélectrique et optique.



“When in doubt, go to the library.”

Ron Weasley






Développement d’immunocapteurs “label-free” : de la fonctionnalisation a la détection

d’analyte

Résumeé :

La détection rapide d’analytes est cruciale dans la société actuelle, comme 1'illustre le développement
récent de biocapteurs liés au SARS-Cov2. La conception d’un biocapteur débute par la
fonctionnalisation de la surface du transducteur, suivie par la maitrise de 1I’immobilisation du
biorécepteur et enfin la mesure des performances analytique du dispositif final. Dans ce travail, la
compréhension fondamentale de l'interface organique-inorganique lors de la premiére étape de
I’élaboration, i.e. : l'adsorption de molécules fonctionnelles a l'interface solide-liquide est d'abord
abordée, puis la continuité de I’approche incluant I’immobilisation du biorécepteur et la biodétection est
effectuée au travers de travaux de recherche applicatifs liés au développement d'immunocapteurs
d’analytes d’intérét répondant a des enjeux environnementaux et de santé publique. Dans la premicre
partie, nous avons démontré que la longueur de la chaine et les groupes terminaux (i.e. méthyle et
carboxylique) de thiols fonctionnels sur surface d’or influencaient l'ordre et la nature de l'interface
soufre-or, comme le montrent I'IR de surface, les mesures d’angle de contact (WCA) et la spectroscopie
de photoélectrons X (XPS). De plus, des mesures électrocinétiques ont démontrées que la longueur de
la chaine des SAMs carboxyliques influencait le point isoélectrique de surface (IEP). En outre, nous
avons développé des immunocapteurs label-free en utilisant des méthodes de transduction
piézoélectrique et optique, a savoir la microbalance a cristal de quartz avec dissipation (QCM-D) et la
détection nanoplasmonique (NPS). Nous présentons d'abord un immunocapteur piézoélectrique
compétitif qui a été utilisé avec succeés pour quantifier le diclofénac, un polluant pharmaceutique, dans
les eaux de surface de la Seine. Enfin, nous présentons une approche simultanée employant les méthodes
QCM-D et NPS pour la détection de vésicules extracellulaires (EV). Nos données dévoilent le potentiel
de cette méthode d'immunodétection pour détecter les changements dans les propriétés viscoélastiques

des sous-types d'EVs dans des conditions physiologiques.

Mots clés : Fonctionnalisation de surface, biocapteur, immunocapteur, or, monocouches

auto-assemblées, diclofénac, vésicules extracellulaires



Design of label-free immunosensors: from surface functionalization to analyte detection

Abstract:

Rapid detection of analytes is crucial in today's society, as illustrated by the recent development
of SARS-Cov2-related biosensors. The design of a biosensor begins with the functionalization
of the transducer surface, followed by the controlled immobilization of the bioreceptor and
finally the measurement of the analytical performances of the final device.

In this work, the fundamental understanding of the organic-inorganic interface during the first
step of the elaboration, i.e. the adsorption of functional molecules at the solid-liquid interface
is first addressed, then the continuity of the approach, including the immobilization of the
bioreceptor and the biosensing, is carried out through applied research works related to the
development of immunosensors for analytes of interest addressing environmental and public
health issues. Firstly, we demonstrated that the chain length and the terminal groups (i.e. methyl
and carboxylic) of functional thiols on gold surface influenced the order and nature of the
sulfur-gold interface, as shown by surface IR, contact angle measurements (WCA) and X-ray
photoelectron spectroscopy (XPS). In addition, electrokinetic measurements demonstrated that
the chain length of carboxylic SAMs influenced the surface isoelectric point (IEP).
Furthermore, we have developed label-free immunosensors using piezoelectric and optical
transduction methods, namely quartz crystal microbalance with dissipation (QCM-D) and
nanoplasmonic detection (NPS). We first present a competitive piezoelectric immunosensor
that has been successfully used to quantify the pharmaceutical pollutant diclofenac in surface
waters of the Seine River. Finally, we present a simultaneous approach employing QCM-D and
NPS methods for the detection of extracellular vesicles (EV). Our data unveil the potential of
this immunodetection method to detect changes in the viscoelastic properties of EVs subtypes

under physiological conditions.

Key words: Surface functionalization, biosensor, immunosensor, gold, self-assembled

monolayers, diclofenac, extracellular vesicles








