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For almost a century, the researchers have been making important efforts in order to bring new
properties to materials and nowadays surface modification of materials is more than ever a
very attractive research subject related to a variety of promising industrial applications. The
development of simple methodology to characterize biomolecular interactions has been, over
the years, an indispensable technology to support researches in the areas of biology and
microbiology due its high degree of sensitivity!. Various physical and chemical techniques were
developed depending on the type and the nature of the material support. Surface modification
by chemical coating is a promising solution to obtain well-defined properties such as optical
reflectivity, antibacterial, self-cleaning, friction resistance, biocompatibility, anticorrosion,

hydrophobicity etc... Thus, performant biosensor and membrane were developed.

That race against the time to develop that kind of device is due to the urgent necessity to
expedite diagnoses, performed through support of complementary methods, to prevent the
development of diseases. Specially disease resulting to the presence of opportunistic

pathogens, such as bacteria?.

In development since the beginning of 19902, biosensors are devices able to provide
quantitative analytical information based on a biological recognition between two elements
linked to a transduction system®. Biosensors are characterized by high selectivity and
sensitivity, fast reaction process associated to a low cost device®®. There is a wide range of
biosensors in the research and development fields, and they can be classified in function of
the transducer type®*. This present study is focused on optical biosensors development due to
its applicability in Surface Plasmon Resonance (SPR)%. That is a high-quality technique used
to measure biomolecular interactions in real time in a label free environment. The ligand is

covalently immobilized on the sensor surface and the analyte circulate in solution®. In few
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decades, numerous studies have been developed in SPR due its possibility to carry out kinetics
measurements of biomolecular interactions with a high degree of sensitivity?. The SPR analysis
are mandatory performed on a flat substrate or a microfluidic device covered with a thin layer
of gold. To be robust, an SPR chip should be sensitive, resistant to oxidation and experimental
conditions, compatible with biomolecules, protect from unwanted adsorption and suitable for

biomolecular grafting.

Until now, the development of robust SPR chip is still under investigation and in this thesis, |
proposed to modify the gold surface of the chip with organic layers in order to increase the
performance of the analytical tool. This organic layer shall facilitate the attachment of selected
biomolecules and limited the unwanted adsorption. Our strategy will study the feasibility of gold
solid surface functionalization using a chemistry based on aryldiazonium salts. These salts
could be electro- or chemically reduced to obtain a radical moiety which could then covalently
grafted to gold surface. This chemistry should be more stable than thiol adsorption used in

existing SPR biochip.

Since many years, industrial activities are responsible for a pollution of the atmospheric gas
concentration, the water and the soil pollution, drastically increasing the demand for
sustainable energy®’. Different methods such as gas adsorption on solid surface, bio sorbents
for water heavy metal and dyes removal and different kinds of soil remediation are available to
limit these pollutions. The presence some toxics gases in the atmosphere such as CO, COz,
H2S and hydrocarbons cause damage to the environment and public health®. Although different
greenhouse gases were involved in atmospheric pollution, CO: is still one of the most important
due its high concentrations in the atmosphere and due to its ability to induce serious health
disease. The CO2 capture on solid materials has become an interesting research topic for

governments and industries in order to minimize the CO:2 quantity in the atmosphere.
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Several studies in the literature have demonstrated that some adsorbents such as activated
carbons, basic functionalized silica sieves, zeolites, etc.® are commercial but still sophisticated
and expensive limiting their application. However, there is still a need to capture COz2 for

activities with limited operating cost.

The objective of this study is to promote the cocoa shell, an agrowaste resource ready to use
and easy to modify, as low-cost materials for CO2 adsorption, applying a chemical treatment
to modify its physic-chemical properties. Another possible application of this treatment is using
the cocoa shell to remove toxins from industrial waste in solution, such as heavy metals and

paint residues, which is now one of the major challenges in the textile industries.

In chapter | is presented the bibliography part. The chapter Il is mainly dedicated to surface
functionalization of gold for application in the Surface Plasmon Resonance (SPR) technique.
In the last chapter, | investigated the functionalization of two surfaces for different applications,
the first one is a polymer, i.e. cyclic olefin copolymer, and the second one is an agrowaste

material, i.e. cocoa shell.
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Surface properties are responsible for the behavior of any material at the solid-liquid, solid-
gas or solid-solid interface. The surface modification of the materials is the strategy that consist
in modifying the surface to obtain different optical, mechanical or electrical properties®, as for
example biocompatibility, adhesion, protection against corrosion,

hydrophobicity/hydrophilicity, wear resistance, etc. (Figure 1).

Weldability
. : Reactivity/
Antioxydation .
Stability

Electrical/

_ . Thermal
Biocompatibility conductivity
and
insulation

Chemical
and
mechanical
resistance

Adhesion

Optical
properties

Wettability

Figure 1: Properties obtained after surface modification.

The act of adding new characteristics to the preexisting properties of the material could help to

valorize a material for any application.
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There are many advantages of modifying a material (Figure 1) such as reduce corrosion impact
through passivation step. Today, the world suffers great economic losses due to the effects
caused by the corrosion of materials resulting from the pre-disposal of certain materials to the
oxidation, as is the case of metals. Due to so many losses, scientists are constantly studying
the development of techniques capable of reducing or avoiding corrosion, such as the use of

protective paints?, the production of stainless steel'?, galvanizing'?, etc.

One strategy for the surface modification is to functionalize it, which means adding new
chemical group suitable for different purposes. Thus, the way used for this purpose is to attach

molecular species with specific functionality, in a controlled way, to the surfaces.

Surface molecular functionalization combines many challenges: from synthetize a modified

material, characterize its properties, and validate its performance for the dedicated application.

The study of the surface properties of materials by organic coatings is of great interest from an
industrial point of view, and a wide range of techniques have been developed over the years??.
Among requirements for organic coatings, its stability under usage conditions is one of the
most important parameters. There are different organic coating available, that are usually
classified according to the type of interactions created between the substrate and the organic
film13, Gathered as physisorption, these technigues giving only physical interaction (such as
Van der Waals force) between the organic components and the substrate resulting in some
case in limited stability'?. On the contrary, chemisorption methods include grafting techniques
in which the organic layer is covalently bound to the surfaces!®. In this type of interaction we
have two approaches, the “grafting to” or the “grafting from”'°>. The “grafting to” consist in
adsorbing a polymer layer to form a covalent bond with a surface and the “grafting from”

involves a mechanism of polymerization coming from the surface®.

Surface studies are very important because chemical reactions with closed environment of the
21



material occurred at interfaces. Various materials such as polymers!’, gold!8, bio sources®29,
among others can be modified by chemical grafting and used as supports for different

applications.

The deposit of thin layers of molecular species on surfaces allows the formation of chemically
defined surfaces and the control of surface functionality*4. These types of modified surfaces
are considered useful for a wide range of applications, such as biotechnology®2t, sensor
development!®22, molecular electronics'®?! corrosion inhibition?324, among others. The use of

modified surfaces to several applications is becoming increasingly popular and indispensable.

This study focuses on:

- The functionalization of polymeric and metallic surface by diazonium salt to develop original

biochip dedicated to characterization of biomolecular interaction.

- The functionalization of biomass by diazonium salt and silane to capture pollutants from the

environment.

A biosensor is a device with a recognition mechanism designed to measure biological or
chemical reactions®. It must be able to transform molecular recognition into a measurable
physical signal through association between a biochemical component (antibodies, DNA,
protein, cell, bacteria...) and a transducer?®>. The intensity of the measured signal is
proportional to the concentration of the analyte®. This kind of devices are currently used in
various fields such as medical (as for example glucose biosensor for diabetes), environment
(as in pollutant measurements), food (as in safety control) and also in the military field (as in

detection of explosives)&.
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Biosensors play important roles in our daily processes, especially in health diagnostics,
biomedical engineering, pharmaceutical analysis?®. In the biomedical field, bio detection is a
very important element in the fight against the COVID-19. Based on the rapid increase in the
rate of human infection, the World Health Organization (WHO) has classified the COVID-19
outbreak as a pandemic?’. Because no specific drugs or vaccines for COVID-19 are yet
available at this date, early diagnosis and management are crucial for containing the
outbreak?®. Thinking about solving this problem, researchers of Korea developed a biosensor
field-effect transistor (FET)-based biosensing device for detecting SARS-CoV-2 in clinical
samples?®. The biosensor was produced by coating graphene sheets of the FET with a specific

antibody against SARS-CoV-2 spike protein.

The history of biosensors dates back to 1906, when M. Cremer studied the measurement of
the potential difference through a glass membrane separating the unknown solution from a

known reference solution, which is what we called nowadays of pH metro3.

Years later, in 1962, Leland C. Clark allowed the glucose level to be measured by oxidation
using an enzyme attached to an electrode. The signal obtained was therefore a measurement
of an electric current at the electrode®. However, only in 1975 the first commercial biosensor

was developed by a company called Yellow Spring Instruments (YSI)&.

This tool consists basically of three components, the output system (display), the transducer
part that provide measurable information, which will be chosen for its accuracy and
compatibility with the target to be detected and then the detection part of the target, a biological
detection system which will be chosen for its affinity with the target to be identified or detected
in the analyte®. The transduction signal must be simple, sensitive and reliable, and may be of
various nature. The selectivity and precision are two important features of a biosensor®. An

ideal biosensor should be easy to use, small and with a minimal cost for easy large scale
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development3.
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Figure 2. General Scheme of an optical biosensor 2°.

In the two distinct zones of the transducer, numerous combinations are possible, which will
make it possible to have biosensors that are more or less sensitive to a particular target or
even sensors that allow the simultaneous detection of several biological targets. To be
selective for a specific biological compound, the surface of the sensitive interface has to be
modified with the bioreceptor.

As described in Table 1, the transducer part of a biosensor can measure various

physicochemical parameters that can be classified by families.

Types of transducers Measured property

_ Potentiometric, Amperometric, Conductometric, Nanotechnology
Electrochemical _ _
and Bioelectronics

Electrical Surface conductivity, Electrolyte conductivity
_ Fluorescence, Adsorption & Reflection, Surface Plasmon
Optical
resonance
Mass sensitive Resonance frequency of piezocrystals
Light Bioluminescence

Table 1. Types of transducers used for biosensor applications 2°.
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Biosensors are devices used for the detection and quantification of various biomolecules.
Detections based on electrical transduction are generally based on conductometry and
potentiometry. Conductimetric biosensors measure variation in the electrical resistance or
impedance of the system due to the presence of the biomolecules, while potentiometric
biosensors measure the electrical potential difference between a working and reference

electrode in the presence of the analyte?.

Due the COVID-19 pandemic, the development of a highly sensitive and rapid biosensing
devices has become increasingly important. Recently, a sensor was produced by coating
graphene sheets of the FET with a specific antibody against SARS-CoV-2 spike protein?, The

Figure 3 below shows how the capture and the analysis are carried out through the biosensor.

SARS-CoV-2 spike antibody

SARS-CoV-2 virus

Response signal

\ E

N P
SARS-CoV-2 virus }

COVID-19 FET sensor

Figure 3. Schematic diagram of COVID-19 FET sensor operation procedure. Graphene as a sensing
material is selected, and SARS-CoV-2 spike antibody is conjugated onto the graphene sheet via 1-

pyrenebutyric acid N-hydroxysuccinimide ester, which is an interfacing molecule as a probe linker.

The performance of the sensor was determined using antigen protein, cultured virus, and

nasopharyngeal swab specimens from COVID-19 patients3C. Moreover, this technology of bio
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detection could be adapted for diagnosis of other emerging viral diseases for example.

Life is based on biomolecular interaction! DNA, RNA, proteins, sugar chain... need to interact
directly or indirectly to define complex answer (metabolism, immune defense...). To define
medicine, we need to understand how these different species communicate together and
identify if the signal is transferred through a direct interaction or mediated by another molecule.
Among the biosensors, immunoassays are based on the direct interaction between antigen
and antibody. These biosensors are sensitive, but both of the partners need to be known. DNA,
RNA or protein chips could be also used as biosensors. They are interesting because they can
be used for high-throughput screening of different targets in a complex solution (Serum, saliva,
urine). Unfortunately, these techniques required a reporter strategy (fluorescent dye for
instance) to see the interaction. In parallel of these biosensors, SPR biosensors are a
promising alternative for quantitative analysis of molecular binding. These biosensors had the

advantage of a label free technique, in real time, and ready for high-throughput screening.

In recent years, the potential of renewable sources to either produce energy or added value
materials is a challenge in all fields of research. Focusing on biomass waste, its conversion
into valuable products is particularly interesting, especially if the process allowing its

transformation can be classified into the so-called green chemistry3?,

The growth of science and technology over the world has led to the establishment of various
industries which has helped the industrial, technological, and agricultural development of many
nations. Environmental pollution from a variety of toxic derivatives, particularly heavy metals
and minerals, aromatic molecules and dyes in wastewater posed a great danger to human,
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plants, and aquatic creatures®?.

A common example of a case that pollutes the environment are the organic dyes which can
bring and firm color to other substances. Synthetic dyes usually have a complex aromatic
molecular structure which possibly comes from coal tar-based hydrocarbons such as benzene,
naphthalene, anthracene, toluene, xylene, etc. The complex aromatic molecular structures of
dyes make them more stable and more difficult to biodegrade®3. The conventional methods for
dye removal from wastewaters include coagulation and flocculation, oxidation or ozonation,
membrane separation and adsorption. Activated carbon is popular and effective dye sorbent,
but its relatively high price, high operating costs and problems with regeneration hamper its
large-scale application. Therefore, there is a growing need in finding low cost, renewable,

locally available materials as sorbent for the removal of dye colors.

70% of the Earth’s surface is covered with water and only a small fraction (2.5%) is freshwater

compatible with terrestrial life.

Sustainable water supply is an increasing demand in today’s word. In addition to water amounts

needed for agriculture, water quality is fundamental for human life and the whole earth ecology.

According to the European Environmental Agency Report, only around 40% of surface waters
(rivers, lakes, and transitional and coastal waters) are in good ecological status or potential,

and 38% are in good chemical status.

An intensive use of chemicals in everyday activities and unrestricted access to medicines has
resulted in increased waste production and an intense emission of typical as well as new

organic compounds into the surrounding environment3*. The impact of these chemicals on
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living organisms is generally unknown but the experiments have proved their negative

influence on vitality, life span, and reproductive success®®.

Water treatments are most often based on biological processes which are now conveniently
installed in all the developed countries. The main remaining problem concerns non-
biodegradable compounds most often coming from industrial or agricultural activities. Besides
very harmful dissolved heavy metal, most of these pollutants are organics, and may be very

dangerous for human health.

Adsorption on activated carbon for achieving high water purification is widely used, and is often
preferred as a post treatment as its cost would be excessive for concentrated pollution36:37:38:39,
The main drawback of activated carbon is its cost, its regeneration has to be improved to

become sustainable.

Various methods of preparation of activated carbon based on carbonization and post activation

are described in literature.

The energy demand from our industrial way of life result in a huge increase in carbon dioxide
emissions. Due to this, the capture of pollutants from the atmosphere has become an important

field of research.

The pollutants are classified in two classes, the first one are called primary pollutants*° that
resulting from changes in natural emissions from the biosphere and are introduced directly into
the atmosphere where many of them will react chemically, especially under the influence of
solar radiation, and give rise to new constituents or secondary pollutants*!, which are often

more aggressive to the environment than those where they came from. These secondary
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pollutants include strong acids, such as sulphuric acid and nitric acid, as well as strong oxidants
such as ozone (O3s). Thus, the atmosphere is the site of intense chemical activity, between

compounds that are mostly in trace amounts.

The pollutants interaction causes serious environmental problems, such as haze,
photochemical smog, acid rain etc., which can cause serious risks to human health and

environmental ecology®?.

According to World Health Organization (WHQO) economic cost of the health impact of air
pollution in Europe is the first assessment of the economic burden of deaths and diseases

resulting from outdoor and indoor air pollution in the 53 countries of the Region.

Currently there are many technologies for air pollution control and gaseous waste treatment

such as:

- The gas washing technology? that consists of transferring the gaseous pollution into a
washing solution, then the pollutant passes from the gas phase to liquid where it is

retreated.

- The treatment by recovery of solvents*3, a technology that allows the recovery of
solvents by adsorption-desorption on activated carbon, in this case the recovered

solvents can thus be reused.

- The thermal/catalytic oxidation technology** which is a treatment consisting in thermally

treating Volatile Organic Compounds (VOCSs) by catalytic or regenerative route.

- The biofiltration technology#®, where the gaseous compounds are degraded by bacteria

fixed on an organic or inorganic medium.
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- The adsorption technology, where we have the capturing polluting gases on an

adsorbent support (such as activated carbon)?.

Our study is based on this last technology, where the operating principle is based on the
adsorption of the pollutant on the surface of adsorbent. Thus, the polluted gas passes through
an adsorbent mass made up of activated carbon, zeolite, biomass... The pollutant developed
physical and chemical interaction with the surface of the adsorbent and then the cleaned gas
is rejected. When the adsorbent is saturated with pollutant, it was extracted to be unload before

next processing.

There are many different ways to activate or modify material surfaces to improve their
properties. To be efficient, a surface treatment has to increase the energy level of the surface
to facilitate chemical or physical interaction. The type of the interactions with the environment
is mainly dependent of the chemical groups available at the surface. In function of the material
used, surfaces could be physically activated using temperature, plasma or ozone treatment or

directly chemically modified.

Heat treatments (annealing, quenching, precipitation hardening, laser or electron tempering)
are processes where the material is alternatively heated and cooled in order to modify its
microstructure and significantly change its properties. Heat treatments are mainly applied with
metal and organic biomass. The most common reasons that metals undergo heat treatment

are to improve their strength, hardness, toughness, ductility, and corrosion resistance. In
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general, such treatments could be applied at the surface but also in the core of the material.
Heat treatment could be also combined with addition of other atoms which are allowed to
diffuse to the surface of the material to modify it (carbone, nitrure treatments of ferric sample

for instance).

Pyrolysis and carbonization of organic materials could be also identified as a heating treatment
because of the elevated temperature (600-900°C), inert atmosphere (nitrogen, argon) used
and the irreversibility. Pyrolysis are used to convert carbonaceous sample (bamboo, cocoa,
wood) in char residues with small pore and high surface area. In some cases, chemicals (such
as salt, strong acid or base) are added before, during or after the thermal treatment to bring
out new chemical group at the surface of the char. In this case, temperatures of carbonization
are used in the range of 400 to 900°C#’. Biochars could be also post-treated with chemicals to

obtain functionalized biochar.

Plasma treatment or corona discharge are used to clean and prepare surfaces prior to any
coating or bonding. They are obtained when gas is exposed to a high energy source (electricity
or microwave) and became a mixture of ions, electrons, radicals and other types of molecular
fragments. It should be noted that in low pressure plasma treatment, just a limited elevation of
temperature is required. When these molecules hit the surface material, they altered the
chemical organization and composition of the surface. In corona discharge, the power and the
density of the plasma is low could result in a short reactivity of the surface. Various material

such as polymers, glass and ceramics could be treated by plasma treatment.
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During coating, the attached molecules are simply held by physical forces such as Van der
Waals forces. In this case, the heat of adsorption is low, and the adsorption process is
reversible. The molecular coating could be achieved by a simple immersion in the
corresponding organic solution (molecule, polymer). The organic solution could be also
sprayed brushed or obtained by chemical reduction of ions to the surface. The thickness of the
coating could range from nm to hundreds of pm. Thus, steel alloy could be galvanized by zinc
in acidic bath. For aluminum foils, samples have to be immersed in a solution of chromium to
be oxidized and then protected from corrosion. In some cases, electrical potentials are applied
at the surface in addition to the acidic treatment to remove inorganic pollutant and obtain a
sample polishing. In this case, the contaminants are converted in ions and the surface is

cleaned.

Acidic and basic solutions are often used to treat lignocellulosic material in order to improve
their adsorption properties. Thus, sugarcane and agave bagasse, radish cake, eucalyptus
seed, carrot waste, leaves of Melia azedarach L*® and Aleppo pine have been pretreated with
acidic solutions (tartaric, nitric, sulfuric, citric or hydrochloric acid) to remove organic moiety

from the environment.

If we are looking for an enhancement of the surface roughness and exposure, it is
recommended to pretreat the natural fiber with basic solution (such as sodium hydroxide for
instance). To complete, this overview, it should be note that some works investigate the
performance of their fiber impregnated with small molecules (such as urea, EDTA
(ethylenediaminetetraacetic acid), benzene, ethanol, methanol, formaldehyde, acetone) or with

polymers (Polyethylene imine (PEI), k-carrageenan, polyaniline, polysiloxane triton X-100...)*.
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Glass surface could be also coated with polymers (Polyethylene oxide (PEO), polyvinyl alcohol
(PVA), PEI, polyacrylamide, polyamine) to limit unwanted molecular adsorption on capillary

wall or modulate its charge density®°51:52,

Different methods were developed to immobilize functional groups on the surface of inorganic
or organic substrates. For modification of metal, diazonium chemistry are well
described®35455:5  For gold substrates, functional thiols could be also applied for various
applications in biodevices (surface plasmon resonance (SPR), biochip, electrochemical
biosensor). For cellulosic sample and oxides (silicon, alumina, titania... oxides), the surface
reactivity is based on reaction with the hydroxyl groups present at the surface. So, the main
covalent strategy is the covalent grafting of silane derivates by silylation or silanization.
Nevertheless, it could be note that diazonium salts have been also successfully grafted on
cellulosic (cocoa shell, olive pit) and polymeric®’: 58 57.59. 17 (Cyclic olefin copolymer, Teflon,

polyethylenterephtalate, polymethylmethacrylate) surface.

Sulfur adsorption is suitable for modification of different noble metal such as gold, silver,
palladium. Thiol deposition has been used to link organic, and biological materials to planar
gold (Au) surfaces or gold nanoparticles (AuNPs). Indeed, alkanethiol are widely used on Au
surfaces as a building blocks for the fabrication of different type of devices. One of the
advantages of thiol adsorption is their organization at the solid-liquid or solid-gas interface. The
gold-sulfur interaction is so important that thiolated molecules are organized as a Self-
assembled monolayers (SAMs). In fact, SAM formation is a two- steps-process: Firstly, thiols
are chemically adsorbed on gold and the molecules are lying parallel to the substrate. Then,

when the surface coverage is increased, molecules stand up perpendicularly to the surface to
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form dense and stable thiol lattice. In function of the nature of thiol (aromatic, number of
carbon), the angle between gold substrate and molecules adsorbed could be different®. It is
generally considered that thiol sorption on gold followed a chemisorption process due to the
strength of interaction which is measured at 40-50 kcal.mol. In 2014, Xue et al. tried to
measure the strength of the gold thiol interaction by measuring its rupture force. They found
that the force was comparable to Au-Au bond at 1.4 nN 6. The suggested process of
chemisorption could be considered as an oxidative addition of the S-H bond to gold, followed

by reductive elimination of the hydrogen.

RSH+Au — RS —Au+H +e-

But this hypothesis of chemisorption has been recently challenged by Inkpen et al. who

estimate that gold-thiol is not a molecular junction but physisorption®2,

In all of cases, thiol sorption is the main method used to functionalize gold surfaces for SPR
applications®®. Unfortunately, thiol sorption on gold is sensitive to certain physicochemical
parameters such as temperature, solvent, etc?'. So, diazonium salts could be an alternative to
thiol-mediated immobilization because they are resistant to these physicochemical

parameters?! and graftable the metal surfaces®318.23,

Organosilane coupling agents were studied since few decades®4°. As they are studied since
a long time, there are many functionalized coupling agent commercially available with different
functional groups (amino, alkane, thiol, methacrylic, epoxy...)%. These molecules are based
on a silicon atom which is able to create 4 linkages (general formula: R-Si-(OR’)s). To be useful
the coupling agent should have different terminal groups at these ends. In general, the coupling
agent is connect through a hydrocarbon chain to a pendant terminal functional group “R”
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suitable for post-functionalization®”-68, At the other ends, the coupling agent should have some
alkoxy groups or halogen group R’. In presence of water or humidity, these groups are
hydrolysable to create silanol group which are crucial for chemical grafting on the material
surface. In presence of others hydroxyl groups from (organic or inorganic surface), a
condensation step will be developed, and a linkage O-Si-O will be created. So, silanization is
a two-step process where the leaving group depends on the initial composition of the linker (Cl,
CH2-CHs, CHz). The performance of the silanization depends on experimental conditions (gas
or liquid phase, concentration, pH, organic or aqueous phase, purity, temperature) and on the
nature of the coupling agent (mono, di or trialkoxysilane). There is also some alkoxysilane with
four alkoxylgroup but they are rarely used because not they are not suitable for orthogonal

post-functionalization. (Figure 4) presents a surface silanization using a trialkoxysilane.
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Figure 4: Modification of an hydroxyl surface by silanization: (a) a hydroxylated surface is immersed in a

solution containing n-propyl trimethoxysilane (nPTMS); (b) one of the methoxy groups of the nPTMS couples
with a hydroxyl group releasing methanol; (c) two of the methoxy groups on another molecule of the nPTMS
have reacted, one with a hydroxyl group and the other with a methoxy group from the first nPTMS molecule;
(d) a third nPTMS molecule has reacted only with a methoxy group. This molecule is tied into the silane film

network, but is not directly bound to the surface®®.
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When the intermediate structure (Figure 4b) is fully condensate, the reaction stops. The
reaction needs some pendant alkoxy or chlore group to continue and create some interaction
with closed silane. In the best conditions, researchers are able to create a single silane
monolayer at the surface of the material’®. However, if the amount of water, the concentration
of silane, the reaction time or the solvent are not well adapted a thicker silane layer can be
formed consisting of both Si—-O groups bonded to the surface, and silane units participating in

a “bulk” 3D polymerized network.

It is interesting to note that the reactivity of amino-terminated silane is weakly affected by the
experimental conditions and fully water-miscible. In this case, the amine group induced a self-

catalysis leading to a good condensation of the molecule on the substrate used’?.

One of the limitations of surface modified by silanization, is its weakness against hydrolysis
which could reverse the condensation and free the coupling agent. It is important for coupling

silane agents which are not miscible in water.

Even if, Gandini et al. showed that silane coupling agents that include an amino group at the
R group display a good affinity toward cellulosic substrate’"3, the interaction between silane
and hydroxyl group from cellulose is less evident and less described in literature than with
silica. As cellulosic fibers are unreactive to many chemicals, the OH groups of the fiber have
very low accessibility and weaker acidity’4, the reactivity between cellulose and silane is limited
even at high temperature. In general, researchers focused their works to ascertain the impact
of these modifications on the mechanical properties of the ensuing composites. The group of
Herrera is one of the first research group focusing his work to study the chemical reaction

between cellulose derivates and silane’>.

The strategy consists in activation of the alkoxysilane by hydrolyzing the alkoxy groups of the

surface to form more reactive silanol groups. Thus, the following mechanism is generally
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accepted to describe the chemical reaction. Some pre-hydrolyzed silanes (from diluted solution
of silane coupling agent) adsorbed on cellulose surfaces. At this stage, silane simply covered
the cellulose surfaces and it is only maintained by physical interactions. Hydrogen interactions
between hydroxyl groups of silanes and those of cellulose should be the main interaction. So,
if a cleaning step with ethanol is applied, all the silanes are removed from the surface. If the
first step is followed by heat treatment (120°C, inert atmosphere), the condensation occurred
between OH group from surface and from hydrolyzed silane giving Si—-O-C and Si—O-Si
couplings, respectively. These reactions ensured efficient and irreversible chemical bonding of

the silane onto the cellulose surface.

Although the tendency to modify surfaces using thiol compound, the low long term stability due
to the easy oxidation of thiol, the small electrochemical window (range -1 V to +1 V vs SCE) in
the case of electrochemical reduction, and the lower bonding energy of S-Au with respect to
the C-C bond has led to the use of diazonium as an alternative for the development of a stable
surface based on covalent bonding®. This system offers the advantage of facile preparation,

rapid reduction and the possibility of the introduction of different functional groups®.

In order to study all the advantages of this chemical compound, this present work is focused in

the gold surface functionalization from diazonium salts.

A diazonium salt is an aliphatic, aromatic or heterocyclic compound, in which a -N2* group is

covalently linked to a carbon atom (R-N*=N)’6.

As showed in the (Figure 4), the aromatic diazonium compound ArN2* X was developed by a
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German industrial chemist and an early pioneer of organic chemistry called Johann Peter

Griess at year of 1858 during the elaboration of a test for the detection of nitrite ions, by

assaying with an amine which led to the formation of a colored compound?**.

The conjugation of 1 electrons with the aromatic ring makes aryldiazonium ions much more
stable than their aliphatic counterparts rarely used in classical organic chemistry. The

diazonium group (N2*) is known as the most electron-withdrawing substitute!?.

The diazonium ions are most often formed by nitrosation of primary amines in an acidic
medium’8, however only the aromatic diazonium salts are stable in the medium term (several

hours)’®.

After its discovery the diazonium salts have been widely used for the preparation of azo dyes?'?,

an important commercially compound on the textile, leather and foods industry.

It was mainly due to this discovery that Griess is considered an important figure in the formation

of the modern dye industry.
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Figure 5: Brief history of the use of diazonium™”.

Subsequently to the discovering of diazonium salts, these highly reactive chemical functions

were used for the development of new synthesis of aromatic organic molecules (Figure 5)°.

The N2* is an excellent leaving group, it could be involved during various nucleophilic

substitution reactions, as showed at the (Figure 5), such as the Sandmeyer reaction'®
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(halogenation, 1884), the Gomberg-Bachmann reaction'® (benzyl coupling, 1924), the

Schiemann reaction® (fluoridation, 1927), the Meerwein reaction’® (arylation, 1939), among

others.
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Figure 6: Scheme of the uses of aryldiazonium in organic synthesis (R = Substitute group, e = Radical®°.

Usually, two synthetic routes are used for the synthesis of aryldiazonium. The first route uses
a counter-anion which stabilize diazonium and allow its isolation as a salt; the second route

consist in the synthesis and the in-situ use of the diazonium function.

Different anions could be used to stabilize and isolate aryldiazonium salts:
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1) The use of tetrafluoroboric acid in the presence of sodium nitrite allows to synthesize nitrous

acid in situ and to carry out the diazotization reaction in an agueous solution (Figure 7). This
reaction is generally carried out between -5 and 0°C81.828384 Then, the salts are stored at -
20°C. The HBF4 is known as a stabilizer to diazonium salts and as a catalyst for alkylations

and polymerizations.

R HBF, R
+ NaN02 J— \©\
BF,

Figure 7: Synthesis of aryldiazonium tetrafluoroborate with HBF4.

+

\\N

2) The second method is to use directly the nitrosonium ion, provided by NOBF4 in organic
medium to obtain the desired product (Figure 8). This reaction, making it possible to overcome
the presence of reaction by-products, but it required greater precaution because it is carried
out at -40°C8586,
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Figure 8: Synthesis of aryldiazonium tetrafluoroborate with NOBF4.
3) Another possible way to obtain stable salts is using the tosyl anion (p-TsO") by using a dry

mixture (p-TSOH/NaNOz2) on aniline, mixing manually in a mortar®”. According to these studies,

these diazonium salts remain stable after one month at room temperature in a desiccator.

p-TsOH, NaNO,

Ar-NH, ArN,*
in a water-paste form - -
116 P p-TsO
stable

Figure 9: Synthesis of aryl diazonium tosylate salts (color).

40



These different synthesis routes allow to obtain the salts, which can be isolated, preserved and

characterized.

But in the case where the diazonium function only serves as an intermediate for obtaining an
aryl radical, it is then possible to dispense with a stabilizing counter-anion such as a chloride
ion (introduced by the use of hydrochloric acid). This kind of synthesis is generally carried out
in an aqueous solvent by reacting an acid (often HCI) with sodium nitrite. The presence of
chloride ion, as counter-anion, is not sufficient to stabilize the diazonium cation, it will react
quickly®57_ In an organic solvent, the use of tert-butyl nitrite will be preferred to sodium nitrite
for better solubility for synthesis and in-situ use at room temperature®®. This route can be

considered when the aryldiazonium is poorly soluble in agueous solvents.

The position and the nature of the functional groups on the benzene ring carrying the diazonium
function influences both the synthesis of the aryldiazonium salts but also the formation of the
products due to the electronic delocalization of the N2* function. The mesomeric and inductive

effects affect the salt stability.

As showed in the Figure 10, the aryldiazonium salts can be also used for the grafting of
aromatic layers on surfaces. Steric hindrance must therefore be taken into account when the
aromatic ring is congested during a reaction between the molecule and a surface (S) that

completely prevents grafting®°.
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Figure 10: Influence of aromatic ring substitution on organic layer grafting on a surface®!.

There is the possibility of working without electric current, by spontaneous electroreduction,
particularly with metallic surfaces. In this case, the atoms of the metallic surface gave the

electrons required for the reduction of the diazonium salts and its grafting to the

surface85:92.93,94, 94,95,96,97,98

For non-conductive materials (as will be presented in the form of a scientific article in chapter
[l), electrons could not come from the surface, so some chemical reducing agent have to be

added in the solution.

For aryldiazonium salts bearing a redox potential close to 600mV, the chemical reducers must

have a lower standard potential (Figure 11)°°. Among the different possible chemical reducers,
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we use hypophosphorous acid (HzPO2) which has a standard potential (E°) of - 0.499 V/SHE®
providing two electrons during the reduction. It has been already described in literature to

reduce aryldiazoniums?100.101

Standard Potential

E° (V/SHE)
A
+ 0,600
Ar- —t— Ar: 4-NitrobenzeneDiazonium
H3PO3 —— HsPO2 - 0,499

Figure 11: Standard potential of the species used.

After a long period destined to be used almost exclusively as a dye, the electrochemistry of
diazonium salts was described by Elofson, using mercury electrodes?. So, after 1992 the azo

compounds began to be used to modify surfaces 12,

The electrochemistry, by the supply of electrons in the medium, allows us to obtain radicals
which are going to be formed by loss of a molecule of dinitrogen, and will thus react with the

conducting surface which is used as a working electrode (Figure 12).

. < > =N Reductior; - // \:.@i%‘
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R = Functional group

Figure 12: Electrodeposition of aryl nuclei on a surface.

The electrochemical reductions of aryldiazonium have been implemented with different

conductive or semiconductor materials such as:
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Metals: Electroreduction on gold is often used?*93.84.86,88,57,104,105,106,107,108 )t we

can also use it as a point of attachment to gold nanoparticles'®®. Other metals

are also used such as iron110,111,112,113,114,115’ Steel116’108’117’118’119’120, SilverlZO’

palladium?®?, platinum*?!, titanium*?2 or coppert?3124,

Carbon: We have at our disposal many forms of carbon such as vitreous carbon

(GC)84,125,108,126,127,109,128,103,129’ graphitel?:o’ in “printed” form131 or in hlghly

oriented pyrolytic form (HOPG)!*?8. We also have in the form of nanotubes,

directly or via the use of bulky paper (a kind of thin sheet composed of an

assembly of nanotubes)*3? or even on microelectrodes printed in graphite!s3,

Silicon, widely used in electronics, requires surface preparation, allowing the

transformation of the passivation layer (Si-O-Si and Si-OH bonds) present on

the surface into reactive Si-H functions®2:13493.13594,95,96,97,98,99,136, (Figure 13).
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Figure 13: Reaction between an aryl radical and a silicon surface'.
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e And other semiconductor materials, such as indium tin oxide (ITO)08137,
germanium3.139.93 titanium and its oxide (TiO2)!%, or SiGe*® and GaAs®

alloys.

The electrochemical functionalization can be done by oxidation on vitreous carbon, platinum
or gold140.141,142,.143 ‘However, the latter process is limited by the incompatibility of the surfaces

with electro-oxidation. It is for this reason that the electroreduction pathway is more developed

with vinyl compounds*® and mainly with aryldiazonium salts#4:

The main limitation of the electrochemical approach is the requirement of a conductive surface.

In this work, | will modify:

- Gold surface with diazonium salt to develop SPR biosensor (chapter 2);

- And organic surface with silane moieties and diazonium salts to develop CO2 and

organic sorbents (chapter 3).
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CHAPTER I

FUNCTIONALIZATION OF SURFACE APPLIED TO BIOCHEMISTRY

Methodology and results
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The chapter Il is mainly dedicated to surface functionalization of gold surface for application in
the Surface Plasmon Resonance (SPR) technique. Our strategy about this chapter was to

modify gold surface with diazonium salts and then use it for SPR applications.

After a short presentation of the SPR technology and the different surface modifications
involved for this application, | will present the 2 strategies of modification | applied: The
electroreduction and the chemical reduction of the aryldiazonium salt. | will present the
influence of different parameters (number of cycles in electrochemistry, diazonium
concentration...) on the plasmon sensitivity. Then, | will demonstrate the proof of concept using
a well-known antibodies/antigen couple. Finally, | will validate our strategy with an original
application based on CNP-AmiC interaction. To conclude, | will present an innovative approach

to develop a new biosensor suitable for the next generation of SPR instrument.
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Surface plasmon resonance (SPR) is a well-established technique for studying affinity between
biomolecules at the liquid/solid interface'#®. The sensitivity of this real time technique is due to
the gold sensing surface used. Thus, SPR succeeded in measuring the affinity constant

between protein-DNA, protein-protein or small molecule-proteint46.147,

The SPR physical process occur when a plane-polarized light hits a metal film under total
internal reflection conditions*. In the process, a glass interface located between two very
different refractive index media and a gold surface is illuminate with a polarized monochromatic
light. Then, these conditions make it possible to obtain a phenomenon of total internal reflection
due to the illumination of the surface with an angle of incidence greater than the limit angle
(from which all the light is reflected). Thus, no refraction was obtained but an evanescent wave
(electromagnetic component of the light) propagates perpendicularly to the interface over a
distance equal to its wavelength. The presence of a metal surface will make it possible to obtain
a resonance between the plasmons of gold and the evanescent wave by loss of light energy

at the level of the beam reflected at a particular angle called the resonance angle (Figure 14).

For being use on the SPR technique, the metal must have construction band electrons capable
of resonating with the incoming light at a suitable wavelength. Metals that satisfy to this
condition are silver, gold, copper, aluminum, sodium and indium. In addition, the metal on the
sensor surface must be free of oxides, sulphides and not react to other molecules on exposure
to the atmosphere or liquid. Of the metals, indium is too expensive, sodium too reactive, cooper
and aluminum too broad in their SPR response and silver too sensitive to oxidation. This leaves

the gold as the most practical metal.

This angle is sensitive to the refractive index of the medium in which the evanescent wave

propagates. So, any modification on the gold surface will influence the propagation of the
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evanescent wave. The use of the SPR technique for biosensor purposes has been proposed
by Liedberg et al. in 198314, The changes in mass on the surface of the sensor which take
place during the association or dissociation of the biomolecular complex in the detection zone

induce a modification of the angle of resonance of the incident light, see Figure 14.

Thus, to evaluate the interactions between two molecules, we have to immobilize a ligand into
a microfluidic or planar surface and inject the analyte in a liquid phase. These systems make
it possible to follow the mass changes on the gold surface, induced by the formation then the
dissociation of molecular complexes, that allows to go back to the association and dissociation

constant between ligand and analyte.

The SPR sensors can be coupled with image capture tools that allow observing in real time the
changes induced by the differences on the surface, which we call SPRi (i for image
generation)'#%, So, the advantages of the SPRi system is that analytical technique does not
require a labeling of the targets, it is very sensitive (detection of the interaction from

approximately 1 pg of protein), and the acquisition is done in real time.

The experimental analyzes were made on a SPRi-Plex Il device from the manufacturer Horiba-
Genoptics. We work with a bare crystal prism on which is placed a movable planar substrate
including the functionalized metallic layer (in our case, a gold layer). The contact between the
prism and the gold surface is ensured by a special optical oil with a refractive index equal to
that of the prism. Once the sample holder is inserted into the instrument, the system is locked
by the contact of a seal holding the system at its periphery, allowing the passage of the buffer
solution (containing or not the analytes studied) without any leakage. The running buffer
(Phosphate buffered saline (PBS buffer), 10 mmol L, pH 7.4) will go through the microfluidic
circuit under a constant flow of 50 puL / min to the gold surface and then be discarded. The

reflectivity measurement is carried out at a fixed angle after defining the optimal working
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angle®°.
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Figure 14: Principle of SPR measurement!5. a) with HORIBA system; b) with BIACORE system?*52,

A Surface Plasma Resonance system basically works as follows (Figure 14), the excitation ray
passes through a high density medium (a glass prism) which will modify the speed and the

vector of the incident light wave (kin) as we can see in the Equation 1.

2n
ki, = — sin 0 \/g

Equation 1: Equation of the incident light wave.

A is the wavelength of the excitation light, 0 is the angle of incidence and ¢p is the dielectric
constant of the prism1%3154 We can describe the wave vector (ksp) of the surface plasmon

propagating at the interface metal-prism by the following equation:
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Equation 2: Equation of the wave vector.

In the Equation 2 we have the angular frequency of the surface plasmon (wsp), the dielectric
constant of the metal film (em) and the speed of light c. So, that the plasmonic wave propagates
at the metal and the insulator interface, kin must correspond to ksp. So that part of the photon
energy is transferred to the surface. When a ligand is immobilized on gold surface, the dielectric
constant of the metal film is modified. So, this constant is sensitive to the thickness of the
molecular deposition and consequently to the interaction between ligand and analyte. During
the experiment, we recorded the reflective intensity. Thus, we are able to monitor different

event such as association/dissociation of the molecular complex (Figure 15).
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Figure 15: a) Kinetic of association and dissociation of the analyte/ligand complex. b) Variation of the SPR signal in function

of the concentration of injected analyte!®2,

As SPRis areal time method, it is possible to monitor the kinetic of association and dissociation
according to the modification of the dielectric constant of the surface (reflectance of the signal).
Thus, the equilibrium constant K could be determined by the Equation 3. The concentration of
the ligand-analyte complex (LA) is determined from the SPR signal, the concentration of the

analyte (A) is defined by the user, and the concentration of total ligand grafted to the surface
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(L) is obtained from the maximum SPR signal. This value is determined from Figure 15b when

the curve fraction of bound receptor in function of analyte concentration reached saturation.

=

, LA,

L D
kLA
Equation 3: Steady state equation.

The development of nanomaterials led to the appearance of the so-called localized SPR49:155,
The plasmonic properties of nanoparticles of metals such as gold or silver make the optical
signals obtained stronger and more controllable!®. For example, a metallic film that comprises
nano-orifices does not require an ATR to activate the SPR, a conventional light source and a
microscope are sufficient to analyze this surface®®’. All of the latest advances in SPR

biosensors have been reviewed recently by Singh et al*®8,

Different strategies were investigated in the literature to immobilize biomolecules on gold
surface such as physical adsorption, embedding in polymer, sol-gel entrapment, self-assembly
method and layer by layer deposition?®®. Indeed, Biacore sell a commercial SPR biochip
modified with carboxymethylated dextran hydrogel. Physical adsorption mediated by BSA and
self-assembly methods are the most used in SPR. The alkanethiol chemistry was extensively
studied because the sulfur-gold bond involved in the coating process formed spontaneously a
densyl self-assembled monolayer (SAM) on the gold surface!®. Even if, SAM helps to limit the
non-specific adsorption of the analyte to the surface, unwanted adsorption is still a problem.
To limit this interaction and enhance the S/N, the used of mixed SAM (with free and capped
group), polymer coating and post-functionalization using protein or amino acid coating have

been tested?6l,
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Horiba sell some SPRIi biochip pre-functionalized with SAM and dextran. Different free groups
(thiol, amine, acid, alcohol) are available for covalent immobilization of the ligand. In
comparison with other techniques, Thus, some carboxy-PEG based SAM were developed and
present an oriented immobilization of the ligand and a limited nonspecific adsorption'®?.
Despite its advantage, thiolated surfaces were still sensitive to experimental conditions
because the gold-sulfur interaction is labile, yielding the coating unstable under specific
condition. Thus, in 2002, Raitman et al. suggested to adsorb the electrografted-polyaniline

polymer on gold surface and applied it in SPR experiment6,

Commercial SPR biochips are really expensive and the chemistry available to immobilize
molecule on gold surface were limited. The main objective of this work was to develop a new
SPR biochip bearing a diazonium chemistry which is simple to produce and more stable than
conventional commercial chip. As a proof of concept, different devices will be developed with
carboxybenzene diazonium moieties in this thesis: Electrografted, chemically grafted, and strip
electrografted biochip and these chips will be compared to thiolated biochip. The best device
will be tested in collaboration with the Laboratory of Microbiology - Signals and
Microenvironment (LMSM), EA 4312 in Evreux with a test complex Ovalbumine/anti-

ovalbumine and an original complex AmiC/CNP.

On gold surface, the diazonium coating is promising as an alternative to the thiol coating
because the carbon-gold interaction is more stable, and the electro-reduction is a fast
process!64.165.166.23 - Although the diazonium salts being widely used to functionalize gold

surface for electrode application, they are still few studies in SPR.
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Aryldiazonium salts (Scheme 14) could be converted in an aryl radical by sonication,
photoinduction, chemical or electrochemical reduction. Then, this radical react with the narrow
surface incubated in the solution. In the literature, various surfaces have been modified by

aryldiazonium salts®7-167,

In this work, |1 would like to immobilize proteins, so | decide to functionalize the surface with a
diazonium salt bearing a carboxylic acid. Then, the carboxylic acid will interact with NH2 from
protein to create an amide function. The stability of the carboxybenzenediazonium salts is
limited so there are not commercially available. For this reason, | choose to synthetize my own

diazonium salt from the reduction of the carboxyaniline (scheme 1).

o)
o HBF,
/©/Y - > OH
o)

H N,
HoN NaNO, (aq) Z _ago
2 1 20 min, 0 °C BF, 2-84%

Schema 1: The 4-Carboxybenzene diazonium synthesis

| obtained the diazonium salt with a yield of 80%. It was characterized by IRTF, *H-NMR and

then stored in the freezer until use.

Gold is very resistant to oxidation and other atmospheric contaminants but is compatible with
many chemical modification systems. The thickness of the gold should be * 50 nm. The
thickness of the metal layers is of great importance. Above an optimum, the dip in reflective

light becomes shallow, bellow the optimum the dip becomes broader?.

The gold surfaces are purchased from Schott (Switzerland), Arrandee (Germany) and Horiba
(France). These surfaces consist of a glass slide covered with an adhesion layer of chrome

which then allows to deposit a layer of gold (Figure 16).
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Au (55 nm £ 3nm)
Cr (1,5 nm = 0,5 nm)
«+——Verre

Figure 16: Composition of the gold support available.

Previously, we indicated that the plasmon which are confined to the plane of the gold film were
parallel to the surface and sensitive to the liquid/solid interface*(Figure 17). To be efficient, an
SPR biochip should have a prism/liquid interface limited to 300 nm* to be sensitive. So, the
surface we developed should be relatively thin (around ~ 2 nm) to measure molecular binding.
The reflectivity should be as high as possible (at around 25%), the plasmon angle should be
as homogenous as possible and close to the optimal value at 60°. So, the developed biochip

should respect these conditions.

Evanescent
wave
plasmon I Detection area A
< b ﬂ._4-———
Gold film _» JA"AVAVAV/ (<5000m) | o 5
50 nm : 2=
Reflected g E Change of
: light 02 § ) Resonance
Incident £ ~§ o Angle (ARA)
light >
Prism Detector Angle of incident light(8)

Figure 17: Diagram presenting the use of a surface plasmon?,

The grafting of diazonium salts on surfaces is fast and can be carried out by two techniques:
chemical reduction'®%1° and electrochemical reduction®3. Both of them will be presented in the

next topics.
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During his PhD thesis Dr. F. Brisset!’ worked on polymeric and gold surfaces. He focused his
work on the chemical reduction of diazonium salt to modify these surfaces. He demonstrated
that a chemical reducer in acidic solution is enough to graft diazonium on gold while a UV
irradiation has to be added for polymeric surfaces. | applied his conditions to evaluate if these
conditions are suitable for the SPR analysis. The chemical reduction was realized as described
in the experimental part. We tested 3 different initial concentrations of carboxybenzene
diazonium (20, 50, 100 mmol L) and we fixed the other parameters (9 mL of HCI 0.5 mol L™,
1 mL of hypophosphorous acid (50% HsPO2 w/v) and 1 hour of reaction. During the
experimental, the chemical reduction could be observed with the formation of gas (N2) (Figure

18) and a color change of the solution.

0 O :
Gold Surface + HO HO ﬁ'
HsPO2/ HCL — ;]
—> 1 i
1h i
N2 Gold Surface

Figure 18: Chemical grafting of caboxybenzene diazonium on gold surface.

The conductivity is one of the characteristics of a metallic surface. Thus, we used cyclic
voltammetry with a ferrocene redox system to compare the electrical performance of modified
CBD biochip and unmodified gold biochip.

As we can see in Figure 19, the current intensity decreased when the concentration of CBD
increased indicating that the surface was passivated by the organic layer. The passivation was

maximum for 100 mmol L of CBD.
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Gold conductivity

CBD 20 mmol L-1

CBD 50 mmol L-1

Current (mA)

-0,2

CBD 100 mmol L-1

-0,8

Potential (V)/Ag/Ag*

Figure 19: Cyclic voltammograms of ferrocene from the unmodified (black curve) and the CBD gold surface (blue
curve = 20 mmol L%; pink curve = 50 mmol L%; green curve = 100 mmol L1). Electrolyte: NBusPFs 0.1 mol Lt in
CH3CN; scan rate of 0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode
and Ag/AgCl as reference electrode.

So, the chemical reduction and its grafting of the diazonium on the gold surface is efficient. To
become a SPR biochip, the CBD biochip should present a good plasmon signal (high
reflectivity, and plasmon angle close to the unmodified surface). The plasmon curves obtained
for the different biochips prepared with 100, 50, 20 mmol L of CBD are presented in Figures
20, 21, 22 respectively. The Figures 20a, 21a, 22a illustrate the surface of the biochip and we
saw that the grafting doesn’t seems to be homogenous with different traces and holes visible.
For the plasmon analysis, we tried to select different area with similar appearance. The tested
area is highlighted in Figure 20a, 21a, 22a. Despite this precaution, we observed in Figure 20b,
21b, 22b that the reflectivity and the plasmon angle are strongly modified. However, it could be
noted on Figure 20b, that the distribution of the plasmon angle was lower with biochip prepared
from 100 mmol L of CBD than the biochips prepared from 20 or 50 mmol L of CBD. It was
probably because a high initial concentration of diazonium could be associated to a large
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amount of aryl radical created and a fast adsorption and grafting. So, 100 mmol L of CBD
should be preferred for to obtain SPR biochip. Then, to obtain sensitive SPR biochip, the
intensity of the reflectivity is also important and has to be monitored. The 100 mmol Lt CBD-
biochip had a reflectivity at around 43% which is much weaker than the wanted value at around
25%. For this parameter, biochip prepared from 20 or 50 mmol L of CBD will be better.

Consequently, if we combined both of these parameters, the preparation of biochip by chemical
reduction didn’t seems to be adapted to develop efficient SPR biochip (at least in the tested
conditions). The distribution of the values of the plasmon angle confirmed that the coatings

were not homogenous all over the surface.
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Figure 20: Microscopic image a) and SPR Plasmon curves b) for the biochip prepared by chemical reduction of
CBD 100 mmol L.
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Figure 21: Microscopic image a) and SPR Plasmon curves b) for the biochip prepared by chemical reduction of CBD

50 mmol L1,
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Figure 22: Microscopic image a) and SPR Plasmon curves b) for the biochip prepared by chemical reduction of
CBD 20 mmol L.

3.2. Surface functionalization by electrografting

In this process, the surface to modify is used as the working electrode in a 3-electrode
assembly. So, only conductive surface could be modified by this technique. To limit
uncontrolled oxidation, the electrochemical reaction is mainly performed in organic solvents
(acetonitrile in our case) and a potentiostat is used to apply current'?. The details of the
electroreduction of diazonium salt is described in the experimental part (annex). Briefly, a
conventional three-electrode setup (Figure 23a) and a VersaSTAT3 potentiostat (Princeton

Applied Research) are used.

Current
Meter
+ Vceﬂ =
Solution » | Platinum
WE
Electrochemical cell o
va’r
&
N, i OOH, %
© GoldSurface + 2\©\/OL sl . Joon qoor - goor 3
: A1 Ougs
OH Gold Surface

Figure 23: a) Electrochemical cell. b) 4-Carboxybenzene diazonium (CBD) reduction on the gold surface.
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Platinum wires were used as auxiliary and reference electrodes whereas gold surface was
used as working electrode. As we can see at the Figure 24a, only half of the surface is modified
with aryldiazonium while the other half is kept intact. Thus, we have on the same device, a

control and a study zone.

CBD grafted surface

Evaluated

areas

. Netgfafted surface

Figure 24: a) SPR biosensor obtained by electrografting. The dark side is unmodified by CBD and

the bright part is modified by CBD. b) SPR biosensor observed by SPR camera.

The carboxybenzene diazonium salt is prepared at 5 mmol L? in an electrolyte solution of
100 mmol Lt of tetrabutylammonium hexafluorophosphate (acetonitrile solution). Then,
solution is degassed with N2 gas and cyclic voltammetry was performed at 0.1 V/s. For a
specific electrical potential, diazonium salt was converted in an aryl radical which could react

quickly with the electrode surface by a covalent bond??% 17 (Figure 23b).

Under optimized conditions, it is possible to reach a single monolayer of benzene moieties but
in the other cases, the aryl radicals will continue to attack the first layer formed and thus create
multilayers of different thicknesses (Figure 23b). So, we developed different biochips by

electroreduction of CBD.
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To evaluate the influence of the CBD concentrations (5-20 mmol L) and the number of cycles
during the electrochemical process (3-10 cycles) different experiments were driven. Figure 25
illustrated the reduction of CBD for different cyclic voltage. The broad peak starting at 0 V/Pt
corresponding to a one-electron transfer with a redox potential at -0.331 V/Pt was typical for

CBD reduction.
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Potential (V)/Pt

Figure 25: Electrodeposition of CBD 20 mmol L! by cyclic voltammetry. Au surface as WE, Pt as

CE and RE. Scan rate: 0.1 V/s vs. Pt from -0.6 to 0 V. Electrolyte: NBusPFs 0.1 mol L't in CH3CN.
To evaluate the influence of the number of cyclic voltages, we fixed the initial CBD
concentration at 10 mmol L* and we tuned the number of cycles from 3 to 5 and 10. The figure
26 illustrates that the higher is the number of cycles, lower is the current intensity. However,
the decrease was limited and not proportional from 3 to 10 cycles. So, for an initial
concentration of CBD 10 mmol L%, it appeared that the number of cycles had a limited influence
on the passivation of the electrode. Thus, the organic layer should be thin and mainly

influenced by the first cycle of voltage.
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Figure 26: Cyclic voltammograms of ferrocene for the unmodified (black curve) and the modified
gold surface from 3 (green curve) to 5 (purple curve) and 10 cycles (blue curve). The CBD
concentration was fixed at 10 mmol L. Electrolyte: NBusPFs 0.1 mol L? in CH3CN; scan rate of
0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode and
Ag/AgCI as reference electrode.

To evaluate the influence of the initial concentration of CBD, we fixed the number of cycles to
3 and we modulated the initial CBD concentration from 5 to 20 mmol L. Results could be
observed in Figure 27. It is clear that all the prepared biochips were correctly grafted because
their current intensity were lower than unmodified biochip. The reduction of the current intensity
was more important with the biochip prepared from 20 mmol L the other biochips. In fact, a
larger concentration of diazonium salt during the first electrochemical reduction, generate a
larger amount of aryl radical which react quickly with the molecules in their neighborhood. Thus,
the aryl radical could bond covalently with the gold surface but also with the 4-carboxybenzene

layer already attached forming a better coverage of the surface or a multilayer profile164.165,

This conclusion fit well with the fast reduction process observed in Figure 25.
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Figure 27: Cyclic voltammograms of ferrocene for the unmodified (black curve) and the diazonium
modified gold surface (from 5 (yellow curve) to 10 (green curve) and 20 mmol L (red curve)).
Electrolyte: NBusPFs 0.1 mol L* in CH3CN; scan rate of 0.1 V/s from -0.3 to 0.5 V. Gold surface as
work electrode, Platinum as counter electrode and Ag/AgCl as reference electrode.

To evaluate the influence of the previous parameters on the SPR signal, the plasmon signal
was measured for the different conditions. We observed in Figure 28 that the shape of the
reflectivity and the plasmon angle of the biochip surface was strongly modified when the initial
concentration of CBD is higher than 10 mmol L. So, the liquid/solid interface is highly modified
and measuring the biomolecular interaction at this interface in these conditions seems to be

impossible. So, the concentration of CBD before electrografting has to be lower than (or equal

to) 10 mmol L to keep a good reflectivity.
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Figure 28: SPR Plasmon curves presenting the influence of the CBD concentration on the surface

reflectivity at 3 cycles.

The influence of the number of cyclic voltages seems to be less important (Figure 29) than the
influence of the initial concentration. As previously, the CBD-biochips present a shift of the
plasmon angle to lower value as compared to the gold surface. For a low number of cycles,
this shift is limited indicating that the 4-carboxybenzene layer is closed to a monolayer coating.
When the concentration of CBD increased to 10 cycles, a multilayer coating was created

modifying drastically the plasmon angle.

65



90

80

70

60

50

Gold slide
40

Reflectivity (in %)

= « = CBD 10mM 3 cycles
30

CBD 10mM 5cycles
20

= = = CBD 10mM 10 cycles
10

52 54 56 58 60 62 64 66

Angle (in”)

Figure 29: SPR Plasmon curves presenting the influence of the number of cycles on the surface
reflectivity at CBD 10 mmol L.

Table 2 presents the different parameters important for SPR biochip. Clearly, the reflectivity
and the plasmon angle stay close to unmodified gold surface if the surface coverage stays
lower than 920 pg/mm2 corresponding to 5 cycles of cyclic voltammetry applied on a
5 mmol L't CBD solution. In these cases, the variation of reflectivity was limited to 0.5%. Then,
for higher values of surface coverage, the plasmon angle and the intensity of reflectivity were
strongly affected.

From all of these remarks and conclusions, | estimated that the best candidate biochip for SPR

analysis should be prepared with 3 cycles of cyclic voltammetry and an initial concentration of

5 mmol L of CBD.
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Concentra Gold 5 mmol 5 mmol 5 mmol 10 mmol 10 mmol 10 mmol 20 mmol 20 mmol 20 mmol
tion of : ; L L L Lt L Lt Lt Lt Lt
CBD surtace 3 cycles 5 cycles 10 cycles 3 cycles 5 cycles 10 cycles 3 cycles 5 cycles 10 cycles
59,9 59,7 59,6 59,6 59,5 59,5 59,3 57,7 57,4 53,8
Rez":f/t“"t 24 24,3 24,5 27,4 25,3 27,8 30 40,2 48,8 40,5
0
03 05 3,4 1,3 3,8 6 162 248 165
55 920 626 239 699 1104 2981 4563 3036

Table 2: Experimental parameters extracted from reflectivity curves for unmodified and modified

CBD biochip. ((AR: variation of reflectivity; I: molecules quantities per surface unit).

To characterize the biochip prepared with 3 cycles of cyclic voltammetry and an initial
concentration of 5 mmol L of CBD as a good candidate for SPR biochip, we studied the
surface properties by cyclic voltammetry, IRTF spectroscopy and SPR analysis for instance.

As previously, the biochip was prepared by electroreduction in a 3-electrode assembly (Figure

30).

1

; Potential (V)

¥
1

el - Gold Surface

Figure 30. Cyclic voltammetry of carboxybenzene diazonium salt on gold surface. (a) first and (b)
third cycle. Au surface as WE, Pt as CE and RE. Scan rate: 0.1 V/s vs. Pt from -0.6 to O V.

Electrolyte: NBusPFs 0.1 mol L in CH3CN.

To confirm the surface modification, the biochip was used as a cathode to analyze the
reference redox couple (Ferrocene/ferrocenium). The oxidation of this couple Fc*/Fc is

reversible and could be investigated by cyclic voltammetry at 0.1 V/s. As we can see on the
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voltammogram (Figure 31), Fc* is reduced at 0.1 V/Ag/AgCI for modified and unmodified
electrode. The intensity of the Fc*/Fc system is lower with the modified biochip than with the
gold surface indicating that the electron transfer is limited with the modified electrode. This
result confirmed that the gold surface is passivated by the organic aryl layer after the

electrografting of the diazonium salt.
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Figure 31. Cyclic voltammogram of 1 mmol L* Fc*/Fc system with unmodified (black curve) and modified
carboxybenzene (red curve) gold surface. Electrolyte: NBusPFs 0.1 mol L in CH3CN; scan rate of
0.1 V/s from -0.3 to 0.5 V. Gold surface as work electrode, Platinum as counter electrode and Ag/AgCI

as reference electrode.

IR is a physico-chemical analysis technique based on the absorption of infrared radiation by
interatomic bonds. Thus, IR spectroscopy is based on the excitation of vibrational and rotational
energy levels of molecular bonds but not all vibrations give rise to absorption, it will depend on
the geometry of the molecule and in particular on its symmetry. Spectrometers measure the

attenuation of the incident radiation energy corresponding to the energy absorbed by the
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molecule to change the vibrational or rotational state. Thus, it is possible to analyze the

chemical composition of a sample and determine its chemical structure.

There are different variants of infrared reflection spectroscopy, such as polarization modulation
infrared reflection-absorption spectroscopy (PM-IRRAS: Polarization modulation - infrared
reflection-adsorption spectroscopy). It required a polarized light which is focused on the
sample, a part of the signal is absorbed, and the other part is reflected and transmitted to the
detector. This technique is interesting to characterize thin layers deposition and observe the

orientation of these layers.

We used another variant of infrared spectroscopy, widely used for surface analysis, IR

spectroscopy by attenuated total reflection (ATR-IRTF).

The principle of this method is based on the total reflection of infrared radiation on the material
analyzed. The analysis beam propagates through a crystal with a high refractive index, which
is in contact with the sample to be analyzed. This beam is then fully reflected at the interface
between the crystal and the sample. An evanescent wave is created at this interface, which
will be absorbed by the surface of the sample. The attenuation of this wave will be transmitted

to the reflected IR ray and then collected by the detector at the output of the crystal (Figure 32)
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Figure 32 : Principle of multi-reflection IR-ATR spectroscopy°3,
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The contact between the sample and the crystal is very important because the evanescent
wave only extends over a few microns (0.5 pm - 5 um). This optimal contact between the crystal
and the sample is maintained by a press to allow the passage of the wave and therefore the
transmission of vibrational and rotational information of the chemical groups of the sample. IR
spectroscopy by ATR is therefore interesting for the analysis of flat surfaces and the monitoring
of their chemical modification, but also for the analysis of liquids or powders directly placed on

the crystal.

One of the limitations of this method is the penetration depth of the evanescent wave. Indeed,
as the wave penetration is only a few microns on the sample surface, we do not have

guantitative information on the whole of the substrate.

The measurements were carried out on a Tensor 27 spectrometer from Bruker-Daltonic
equipped with an ATR germanium (Ge) crystal and a DTGS detector at room temperature. The
spectra are acquired via the OPUS 6.5 software allowing spectra from 4000 to 650 cm™ to be
obtained with a resolution of 4 cm™ (20 Scans). For our measurements, air was selected as a
reference to remove CO2 and water contamination. To evaluate the surface modification, the
surface of the SPR biochip was compared to the raw gold surface. The main digital processing
is the automatic baseline correction, and in the case of very thin layers, an additional

subtraction of CO2 and water vapor could be required.

IRTF spectroscopy was not a destructive technique but ATR tool required a very close contact
between gold and crystal surface. So, the biochip has to be pressed and the physical contact
could damage the aryl layer. For this reason, the device tested in ATR-IRTF can’t be used for

further test. Figure 33 represents the intensity of the transmittance peaks referring to the gold
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surface before (green curve) and after (purple curve) the diazonium grafting.
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Figure 33: ATR-FTIR spectra for gold surface (green) and electrografted gold surface (purple).

We note the appearance of very intense bands on the surface (Figure 33) corresponding to:
« Large band between 3600 and 3200 cm* ‘ O-H stretching vibration (carboxylic acid)

« Band around 1600 cm™* ‘ C=C stretching vibrations (aromatics)

« Band around 1440 cm™ ‘ O-H bending vibrations (carboxylic acid)

 Band around 1070 cm™? ‘ C-O stretching vibrations (carboxylic acid)

We can also notice that the band corresponding to N2* usually observed at 2200 cm is not
present on the electrografted surface confirming that diazonium salt is not just adsorbed. Thus,

ATR-IRTF confirmed the grafting of the carboxybenzene moieties on the SPR biochip.
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Plasmon curves were used to evaluate the homogeneity of the aryl layer grafted on gold
surface. As only a part of the biochip was grafted with CBD, we were able to compare directly
in one analysis the reflectivity and the plasmon angle between unmodified (yellow curve) and
grafted surface (blue curve). It is important to note that these curves were a mean of different
measurement points. In figure 34, we can see that the aryl layer deposit is really homogenous
on the gold surface because there is no dispersion of the plasmon curves. The resonance
angle was measured at 59,8° for the control part and it was characteristic for a commercial
SPR biochip. This value was shifted to 59,7° for the CBD-treated surface confirming the
modification observed by ATR-IRTF and cyclic voltammetry. This difference in reflectivity was

associated to a surface coverage estimated at 55 pg/mm2.
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Figure 34: SPR Plasmon curves for the unmodified (yellow curve) and modified electrografted biochip (CBD 5 mmol L2,

3 cycles; blue curves).

The CBD-biochip were tested with different molecules to evaluate its performance in SPR

analysis. To obtain a real time analysis, we need to immobilize a partner on the solid surface

72



and the target biomolecules has to be injected in solution. As a proof of concept, we started
with a classical antibody/antigen interaction and then we tested an unknown protein/peptide

interaction.

SPR is a relevant technique to identify the presence of an antigen in a complex solution. So,
the antibody has to be immobilized at the biochip surface. In this experiment, we choose to
immobilize the anti-ovalbumin immunoglobulin G (anti-OVA) and we perfused the ovalbumin

(OVA) in a liquid phase.

The developed SPR biochip was prepared with a carboxybenzene surface, so different
chemical group such as (primary amine, hydroxyl or thiol group) could be aimed to immobilize
the anti-OVA by covalent linkage. In this work, we decided to aim the primary amine of the
antibody because it was presented at the N-terminal of the peptidic chain and at the end of the

lysin.

To increase the reactivity of the carboxylic surface, we have to activate the carboxylic acid to
obtain an activated ester. This intermediate could be easily replaced by primary amine through
nucleophilic attack. Thus, an amide bond (a kind of cross-link®4) is obtained between the
surface and anti-OVA. In our case, we choose to work with cabodiimide (EDC) as activating
agent but as the Acylisourea intermediate is unstable we also used sulfo-N-hydroxysuccinimide
(NHS) as a coupling agent. This second agent gave a NHS ester which is more stable.
Moreover, the presence of the SOz group improve the water solubility of EDC. The activation
was achieved after an incubation of 30 minutes in phosphate buffer (PBS) at pH 7.4 and at
room temperature. Then, anti-OVA was prepared at 200 pg/mL in NaAcetate buffer and
incubated at different spots for 30 minutes (Figure 35). In order to optimize this step, different

antibodies concentrations (50; 100; 200; 300 ug/mL) and pH (4; 4.5; 5; 6) were tested.
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Figure 35. SPR plasmon curves of anti-OVA (IgG) spots (red curve) and negative CBD surface (blue curve).

Antibodies were immobilized at 200 ug/ml in NaAcetate 10 mmol L pH 4.5.

To limit the antigen adsorption out of the defined spots, different active or passive strategies
were described in literature!’?. In our case, we choose to work with Bovine serum Albumin
(BSA) as a blocking protein. This protein was selected because it was accessible and
inexpensive. The blocking was achieved after 30 minutes of incubation with bovine serum
albumin (BSA) at 200 pg/mL in PBS 10 mmol L 173, We also deactivate the unreacted
carboxylic groups on the surface with ethanolamine.HCI (ETA) at 1 mol L* pH 8.5 during
30 minutes!’4. For this work, we decided to select the CBD-gold surface to use as a negative
control. It can be observed in Figure 35 that after anti-OVA incubation, the plasmon angle was

shifted to lower value confirming that anti-OVA was correctly immobilized on the defined area.®

When the preparation of the anti-OVA-CBD biochip was finished, we started the kinetic
experiment. As SPR imaging was a real time technique, it was possible to monitor the
association/dissociation between the immobilized anti-OVA and OVA. If there are no difference

in response on Figure 36 after OVA injection, it means no interactions were observed.
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Figure 36. (a) SPRi images of anti-OVA spot (200 pg/ml) on the CBD-Au grafted SPRi biochips at 5 mmol L, 3 cycles.
(b) Scheme of the anti-OVA grafted onto the CBD-surface in interaction with the circulating ovalbumin (OVA). (c) Kinetics

reflectivity for different concentrations of injected ovalbumin. (d) dose-response curve of different antigens concentrations.

The biomolecular interactions are performed under a flow rate of 50 pL/min. The running buffer
consisting in PBS 10 mmol L* pH 7.4. The injections are carried out with 200 puL sample loop
injection (240 s) containing ovalbumin from chicken egg white (OVA). Different concentrations
of OVA were injected and as we can see in Figure 36c, the reflectivity responses during the
association step increased with the injected concentration. It indicated that more molecules of
OVA were present at the solid/liquid interface when the concentration of OVA increased. The
dissociation part (after 400 s) is also informative because it indicates that some molecules of
OVA are still present at the interface after washing with the buffer. So, there is a direct
interaction between OVA and anti-OVA at the solid/liquid interface. From these SPR kinetics
(Figure 36c), it was possible to extract some important data such as the association rate
constant (ka) and the dissociation rate constant (kd). The reflectivity responses were expressed
in % of reflectivity, where 1% of reflectivity corresponding to 185 pg/mm? following Horiba

Scientific-Genoptics instructions'’®. So, it was possible to extract some information to estimate
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the dissociation constant (Kp) (Figure 36d) because the reflectivity responses were increased
with the concentration of OVA during the association and the dissociation steps. A Kp of
1.09 nmol L?! was obtained with our CBD-biochip. This value was comparable with the
previously reported by HORIBA and in literature with thiol biochip76-177.178  Antibody orientation
is important to obtain a correct binding to antigen (Figure 36b). Brogan et al. demonstrated that
the dissociation rate constant is more important on thiol biochip with randomly orientated
antibodies than orientated antibodies resulting in a poor binding efficiency. In this study, the kd
of 1.88 x 10 s was obtained with antibodies randomly attached to the diazonium surface.
This result was comparable to the 1.88 x 104 s described in literature for protein A immobilized

immunosurfacel’s,

In SPR, a biochip should be available for successive analysis, so, the complex OVA/ Anti-OVA
obtained from a previous experiment has to be displaced to obtain a ready to use anti-OVA
surface. For this regeneration, different solutions (Sodium Dodecyl Sulfate, Octyl-Glucoside,
Glycin) were tested!’?. SDS was recommended to remove hydrophobic interaction and Glycin
was advised for acidic interaction. The best regeneration solution should displace OVA without

damaged the surface chemistry and the anti-OVA immobilization.

As we can see in the Figure 37, three different zones were tested (anti-OVA spot; BSA

passivated area; CBD-Au surface).

76



BSA passivated zone

IgG Zone

Figure 37: Microscopic images for anti-OVA (green spot), BSA (red sport) and CBD areas (black spots).

The Figure 38 show the kinetics associated to the injected SDS and OG solutions. As we can
see the surface chemistry and also the antibodies immobilized on this surface did not changed
in function of the injections. It means that these solutions didn’t damage the CBD chemistry
surface and the BSA passivated surface. Unfortunately, these solutions were not strong

enough to displace OVA and regenerate the anti-OVA surface.
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Figure 38: Kinetics reflectivity variation of the three studied areas (Green curve: Zone of immobilized 1gG protein. Red curve:

Zone passivated with BSA. Black curve: Zone of the CBD-Au). Injections of different detergents and Ovalbumin.

Figure 39 present the surface regeneration with glycine?® 4 at 10 mmol Lt pH 2.5. As the

glycine solution is acide, the global charge of anti-OVA and OVA should change resulting in a

dissociation of the complex.

T

2] 1\

Gly 10 mmol L*
pH 2,5 (1 min)

“-Q

Reflectivity (%%)

!

|
|
|
\
|
-

=

SN/

_11_

I
0o IZIIZI oo 00:02:00 00:04:00 00:08:00

Tirne

00:06:00

Figure 39: Kinetics reflectivity on different areas after injection of Glycine 10 mmol Lt pH 2,5

during 1 min.
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Pseudomonas aeruginosa is an opportunistic pathogen involved in a large number of diseases
such as septicemia, urinary tract infections, pancreatitis, dermatitis, and keratitis mostly in
immunocompromised patients?. These bacteria had a high adaptability and became resistant
to antibiotherapy. So, new therapeutic approach has to be developed. The team of Pr. Olivier
Lesouhaitier from LMSM is strongly involved in the research of new strategies and they recently
focused their work on the role of the natriuretic peptide in the process of adaptation. Thus, they
demonstrated in 2015 that Pseudomonas aeruginosa are able to detect the presence of these
eukaryotic hormones and to adapt their virulence as an answer?. This detection could be
mediated by different interaction or induced by a direct interaction with a specific receptor. They
identified the bacterial receptor AmiC as a candidate. indeed, when the bacterial DNA was
mutated to block the production of this receptor, the bacteria was not sensitive to natriuretic
peptide. So, AmiC was a good candidate but they have to control if the interaction was direct
or mediated. So, we used our CBD-SPR biochip to measure this potential interaction between
the C-Type Natriuretic Peptide (CNP) and the bacterial protein AmiC. Our results will be

compared to datas obtained by Microscale Thermophoresis (MST).

In this study, we choose to immobilize the CNP to the surface and to inject the bacterial protein
AmiC prepared by LMSM team. As previously, CBD surface were activated with
EDC/SulfoNHS for 30 minutes and then CNP were incubated for 30 minutes. To evaluate the
influence of the pH, CNP solutions were prepared at pH 4 (green spots), 5 (blue spots) and 6
(red spots on Figure 40). Finally, the surface was blocked with BSA and deactivated with

ethanolamine.
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Spot of CNP

Figure 40. (a) SPRi images of the immobilized CNP prepared at pH 4 (green spots), 5 (blue spots) and 6 (red spots). Black
spots were used as negative control.
After immobilization, blocking and deactivation, the plasmon angle was evaluated to check the
sensibility of the sensor. The (Figure 41) below show the SPR Plasmon curves corresponding

to the spots of CNP and we can see a reflectivity next to 20% and an incident angle of 58,8°,

which are well adapted for a SPR analysis.
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Figure 41. SPR plasmon curves of immobilized CNP hormone spot at 100 pg/mL on the CBD-Au

grafted SPR biochip.
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The biomolecular interactions are performed under a flow rate of 50 pL/min with a running
buffer of PBS 10 mmol L* pH 7.4. The injections are carried out with a 200 puL sample loop

injection (240s) containing the bacterial protein (AmiC).
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Figure 42. Kinetics reflectivity of the studied couples (CNP/AmIC). Different concentration of AmiC were injected. CNP was

immobilized at 100 pg/mL. Injection volume: 200 pL, flow rate: 50 pL/min.

Kinetic constants were obtained with the AmiC concentration of 1 pmol L after background
subtraction of the signal from the CBD-Au surface. Responses were expressed in % of
reflectivity, where 1% of reflectivity corresponding to 185 pg/mm? following Horiba Scientific-
Genoptics instructions’>.

The CNP/AmIC capture was correct with a reflectivity of ~ 2% for all of the three different pHs

tested. The equilibrium dissociation constant (Ko ~ 2.0 umol L) obtained is compatible with

the Kp value of 2.0 + 0.3 umol L obtained by Rosay et al?> by MST technique.

One of the limitations of SPR technique came from the plasmon angle. Indeed, this angle has
to be correctly selected before any experiment to obtain a good sensitivity. Consequently, it

was impossible to work with different plasmon angles at the same time except if we selected
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one angle at the expense of the other or a mean value which is correct for no one. To solve
this problem, Horiba developed a new generation of SPR instrument called Xelplex. This
instrument is a multiplex platform allowing to work simultaneously with different plasmon angle.
So, it was possible to define a specific plasmon angle for each spot to obtain the best sensitivity
for each area. Therefore, this instrument is well adapted to work with diazonium chemistry. To
go further, we choose to define a new design for a SPR sensor. One of the limitations of
diazonium or thiol chemistry is the difficulty to graft different chemical groups in defined area.
So, we worked with Dr Rabah ZEGGARI from Femto engineering to design a new “Strip Gold
Surface” (SGS) (Figure 43). This biochip had two non-interconnected metal parts, that means,
separated by an insulating medium (glass). So, it was possible to electrograft different
diazonium salts on each gold surface or test two conditions of grafting in one analysis. This
SGS biochip is perfectly adapted for the Xelplex system. So, | contacted (with the help of Dr.
W. Boireau), Karen Mercier and Nathalie Volmer from the research center of Horiba to test our

SGS biochip.

Figure 43: Strip gold surface (SGS).

82



In this proof of concept, we tested two different conditions of CBD electrografting (Figure 44):

6 (Zone A) and 4 cycles (Zone B) of electroreduction of CBD by cyclic voltammetry.

Figure 44: Strip gold surface (SGS) grafted with CBD 5 mmol L-1 at 4 and 6 electrochemistry

cycles.
As previously, we used OVA and anti-OVA to evaluate the potential of SGS biochip for SPR
analysis. Here, as showed in the Figure 45 we tested simultaneously 2 different concentrations
of anti-OVA (100 pg/mL (spot IgG 2A and IgG 2B) and 200 pg/mL (spot IgG 1A and IgG 1B)
on two different surfaces (areas A: 4 cycles of reduction; areas B: 6 cycles of reduction). This

design was impossible to use with conventional SPR system.

Lgznene | SR | eos

BSA passivated BSA passivated

Not grafted Au >

Figure 45: SPRi images of immobilized anti-OVA spot at 100 (2A; 2B) and 200 pg/ml (1A; 1B) on

electrografted CBD surface prepared with 6 (Zone A) or 4 cycles (Zone B) of reduction.
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As it was presented in Figure 46a, the Xelplex instrument is able to monitor different plasmon

curves and kept the best angle for SPR kinetics (Figure 46b).

Reflectivity (%)
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- 59,60° | IgG1B
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- 59,93° [ IgG2A
5| 6030 M BsaPpassivated Zone A
- 60,57° - BSA Passivated Zone B

Figure 46: SPR Xelplex plasmon curves (a) and the selection of the studied angles (b).

Then, the kinetic are carried out under a flow rate of 50 pL/min in PBS 10 mmol L'* pH 7.4. The
injections are carried out with 200 uL sample loop injection (240s) containing OVA. Figure 47
present the multiplex Kinetics analysis where all the spots are evaluated separately but during
the same time. Thus, the SPR analysis became much faster and economic than conventional

technique. So, the SGS biochip is ready to use with this new technology.
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Figure 47: Kinetics reflectivity of the studied couples (anti-OVA/OVA) with the SGS biochip and the Xelplex system. Injection
volume: 200 pL, flow rate: 50 pL/min.
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Biosensors became essential analytical tools due to their higher performances compared with
currently available diagnostic devices. The refinement studies for this type of technology are
becoming necessary in today's world to answer the challenges of the medical and

pharmaceutical areas.

This project implements that the aryldiazonium chemistry was an efficient alternative to prepare
SPR biochip. | demonstrated that the use of diazonium salts for biosensors development is
convenient, simple, fast and low cost. Diazonium with different organic function could be
grafted and in this work, | demonstrate the proof of concept with carboxylic acid. | demonstrated
that the grafting could be achieved by chemical and electrochemical grafting on gold and that
only the electrochemical grafting was suitable for SPR experiment. After optimization of the
experimental conditions of electrografting, | was able to obtain a surface with optical
characteristics close to commercial biochip. Then, | demonstrated through two different
applications that my biochips were available to study antigen/antibody and protein/peptide
interaction. This diazonium approach was so promising that Horiba decided recently to

commercialize SPR biochip prepared by electro addressing of diazonium salt.

For biologist, SPR is interesting but complicated and too long because one of the partners has
to be immobilized onto the surface and some optimization step are requested. Recently, the
Microscale Thermophoresis (MST) technique gave some attention and we demonstrated in

this work that comparable result could be obtained by both of these techniques.

To develop SPR techniques, HORIBA developed a new multiplex platform. This platform
permits to test different conditions simultaneously reducing time and cost. The commercial
biochip available at this date are not adapted for this new technology so, we developed a new

SGS biochip and we demonstrate its potential for multiplex experiment.
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The perspective of this SPR biochip development will be:

To improve the regeneration step to emphasize to work with different injected solution

in one biochip.

We have also to evaluate our chemistry with more complex solution such as blood,

saliva, etc....

We have also to develop the potential of the SGS biochip. Different diazonium salts
could be grafted to obtain different chemical group at the surface to immobilize a protein
with different orientation. This approach could be also used to evaluate the affinity for

different antibody using orthogonal chemistry.
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Abstract

A general method to develop diazonium-based biochip for SPRi analysis is presented. The electrografting of
carboxybenzene diazonium sali is optimized in order to fit with the requirement of the SPR technology. The
influence of the surface preparation on plasmon quality is discussed and the performance of this original modified
biochip is investigated for determining the binding constants between circulating ovalbumin and spotied anti-
ovalbumin antibody. The kinetic constants are calculated and compared with literature and similar performances are
reached confirming that diazonium based biochip is a good complement to commercial SPRi sensor,

@ 2018 Elsevier Lid. All rights reserved.
Selection and/or Peer-review under responsibility o SURFOCAP 2017,

Keywords: Diazonium salt, Surface plasmon resonance, affinity constant, ovalbumin, electrochemistry, SPRi

1. Introduction

Surface plasmon resonance (SPR) is a well-established technique for studying affinity between biomolecules
whose interaction takes place in a liquid/solid interface [1]. The sensitivity of this real time technique is due to the
gold sensing surface used. Thus, SPR succeeded in measuring the affinity constant between protein-DNA, protein-
protein or small molecule-protein [2-4]. However, working with a solid surface has some drawbacks.
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Indeed, SPR is a technique based on a refractive index, so it is highly sensitive to biomolecular adsorption [5]. In
this context, different sirategies were investigaled for coating gold surface. Dexiran polymer and polyethylene glycol
chemistry were interesting for limiting the nonspecific adsorption from complex protein matrix but their utilizations
in SPR were limited by the need of acidic post-functionalization [6, 7]. In 2002, Raitman et «f. showed that the
electrogralted-polyaniline polymer could be adsorbed on gold surface and applied for SPR experiment [8]. Then,
alkanethiol chemistry was extensively studied because the sulfur-gold bond involved in the coating process formed
spontaneously a densyl sell-assembled monolayer (SAM) on the gold surface [1]. Despite its advantage, thiolated
surfaces were still highly sensitive to nonspecific adsorption and some post-functionalization using protein or amino
acid coating could be required [9]. Moreover, the gold-sulfur interaction is labile, yielding the coating unstable under
specilic condition. Aryldiazonium chemistry is a convenient method to modily conductive or polymeric surfaces by
electro-reduction or chemical reduction respectively. During the electrochemical process, the diazonium salt is
reduced to an aryl radical which interacts with sulfur to form a covalent bond. On gold surface, the diazonium
coating is promising as an alternative to the thiol coating because the carbon-gold interaction is more stable and the
electro-reduction is a fast process [10-13].

Two strategies are investigated for the protein immobilization through diazonium chemistry. In one case, surface
is firstly modified by aryl diazonium and then proteins are attached by peptide coupling [14]. In the other case, the
protein is firstly conjugated with the diazonium salt then immobilized onto the surface. In both case, the diazonium
coating presents a better antifouling activity than thiol SPR chip [13, 13].

In this paper, the use of an electrochemical diazonium grafling to obtain a SPR sensing layer is reported. The
influence of the cyclic voltammetry parameters and the initial concentration of diazonium salt on the quality of the
sensing layer are discussed. The potentialities ol diazonium sensing layer to characterize aflinity constant between
ovalbumin and its antibody (anti-OVA) are emphasized and compared to literature.

2. Material and methods
2. 1. Cyclic voltammeny
The electroreduction of the diazonium salts was performed as described elsewhere [13], using a conventional three-
electrodes cell setup and a VersaSTAT3 potentiostat (Princeton Applied Research). Platinum wires were used as
auxiliary and reference electrodes whereas gold surface (Schott) is used as working electrode.
2.2. SPR analysis

Following the diazonium grafting, acidic functions were activated by EDC/SulfoNHS (4:1 V/V) coupling during
10 minutes. Then, the antibodies were directly grafted inside the SPR apparatus at 20 uL/min. In order to limit
nonspecific interaction on antibodies free area. the surface was blocked with bovine serum albumin (BSA, 200
ugmL) and deactivated using ethanolamine/HCI (1M). All the SPRi Interactions were performed with circulating
ovalbumin on SPRi-Plex II (Horiba Scientific) in 10 mM phosphate buffered saline solution (PBS) under a flow rate
of 50 uL/min. A regeneration step was performed by injecting a chaotropic solution (10 mM glycine, pH 2.5).
3. Results and discussion

3.1 Surface modification by electrografting of diazonium salt

Gold substrates were modified by electroreduction ol 4-carboxybenzene diazonium (CBD) salt using cyclic
voltammetry. Figure la presents a broad peak starting at OV/Pt wire corresponding (o a one-electron transfer with a
redox potential at -0.331 V.
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Figure 1: (a) Electrografting of carboxybenzene diazonium salt in acctonitrile by 10 consecutive cycles. Scan rate: 100 mV.sec™. (b) Cyclic
voltammograms of ferrocene at bare gold clectrode (black curve) and diazonium modified electrode (red curve).

After the first cycle, the current voltage shows a decrement due to the passivation of the surface by the 4-
carboxybenzene layer (Figure 1a). After the electrochemical reduction of the diazonium salt, the modified gold
surfaces were rinsed to remove the adsorbed molecules and then ferrocene was used as a redox marker to evaluate
the conductivity barrier properties of the surface (Figure 1b). The reversible redox curves obtained with Fe/Fc¢'
present a lower conductivity on diazonium modified surface than on gold surface confirming the surface grafting
[11]. To determine the relationship between the blocking properties and the coating layer, the initial concentration of
aryldiazonium (from 5 to 20 mM) and the number of cycles (from 3 to 10 cycles) were modified. As expected, the
highest concentration of diazonium salt and number of cycles correspond to the worst case with an important
blocking effect. Indeed, the current voltage was decreased from 51 pA for 20 mM of CBD to 22 pA for 5 mM of
CBD. A large concentration of diazonium salt during the first electrochemical reduction, generates a large amount of
aryl radical which reacts quickly with the molecules in their neighborhood. Thus, the aryl radical could bond
covalently with the gold surface but also with the 4-carboxybenzene layer already attached forming a multilayer
surface [10].

For SPR analysis, a plasmon wave should propagates through the modified surface to reach the biomolecules at
the liquid/solid interface. The evanescent wave occurs at a regular angle through a thin diazonium layer whereas a
thicker diazonium layer passivates completely the surface that shift the resonant angle out of the range of the
apparatus. So, the shape and the thickness of the diazonium layer have to be controlled and we engaged this surface
characterization by AFM. Plasmon curves were further analyzed on different modified gold surfaces (Figure 2).
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Figure 2: Influence of the number of cycles (a) and initial concentration of diazonium salt (b) on the surface reflectivity.

Diazonium-modified-biochip presents a shift of the plasmon angle to lower value as compared to gold surface.
For a low concentration of CBD, this shift is limited indicating that the 4-carboxybenzene layer is closed to a
monolayer coating. When the concentration of CBD increased, a multilayer coating was created modifying
drastically the plasmon angle.
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It could be noted that the number of cycles during electrografting has a limited effect on the plasmon angle
except for the experimental condition of 20 mM CBD where no plasmon angle was detected afier 10 cycles of
electrografting. The diazonium layer was probably too thick to allow the optimal evanescent wave generation
conditions. This hypothesis was confirmed by the maximum reflectivity measured for 3 cycles and 5 mM of CBD
and its decrease to minimum value for 10 cycles and 20 mM of CBD. No linear relationship could be determined
between the reflectivity and the initial concentration of diazonium and the number of cycles probably due to the
multilayer profile of the coating. A performant SPR biochip shall present a reflectivity and a plasmon angle close to
those noted for a crude gold chip i.e. 24% and 59.9° respectively. According to Table 1, only the modified biochip
obtained with 5 mM of CBD and 3 cycles was able to fit with these values.

Tablel: Experimental data extracted from refleetivity curves for gold surface and diazonium modified surfaces.

concentrati Gold 5 mM 5 mM 5 mM 10 mM 10 mM 10 mM 200mM 20 mM 20 mM
on of CBD surface | 3 cycles 5 eyeles I0eyeles | Jeyeles | 5 eveles 10 cyeles | 3 eyeles 5 cveles 10 cyeles
Angle (1) 599 39.7 9.6 39.6 39.5 39.5 593 57.7 374 33.8
Reflectivity | 24 243 245 274 253 ' 278 30 40,2 48,8 40,5

{ %)

AR (%) 0.3 0.5 34 1.3 . KR 6 16,2 24.8 16,5

" 55 920 626 239 | 699 1104 2081 4503 3036
(pg/mm )

AR variation of reflectivity; "I': molecules quantities per surface unit
3.2. Biomolecular interaction analysis with SPR

To show and validate this concept, anti-OV A antibody was immobilized on diazonium moditied biochip by using
the fluidics of the SPRi instrumentation. Then, surface was blocked by BSA and deactivated by ethanolamine in
order to saturate the unreacted functions. Finally, SPR was utilized to monitor the binding kinetics with antigen
target (ovalbumin) in order to evaluate the global affinity constant. Different concentrations of ovalbumin from 5 to
50 nM were injected and the association/dissociation curves were monitored (Figure 3a). As expected, the
reflectivity responses increased with the amount of injected ovalbumin until a plateau corresponding to the steady
states of the biomolecular interactions.
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Figure 3: (a) SPR sensorgrams of anti-ovalbumin and cireulating ovalbumin (from 5 to 50 nM) at 50 pLimin. (b) AFM image of a 4-

carboxbyenzene modified gold surface after water rinsing.

From these curves, the variation of responses shall be extracted, according to the Langmuir 1:1 binding model, in
order to calculate the association rate constant (ka), the dissociation rate constant (kd) and the dissociation constant
(Kp). Ky of 1 nM obtained with the diazonium biochip was comparable with the constant value previously reported
in the literature [16-18].
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Antibody orientation is important to obtain a correct antigen binding. Brogan er al. demonstrated that the
dissociation rate constant is more important on biochip chemically functionalized with thiolated SAM when the
antibodies are randomly orientated than when they are orientated resulting in a poor binding efficiency. In this
study, the kd of 1.88 x 107 s was obtained with antibodies randomly attached to the diazonium surface. This result
was comparable to the 2.49 x 107 57" deseribed in literature for protein A immobilized immunosurface [16]. It could
be explained by the shape of the 4-carboxybenzene layer coated on gold. Indeed. AFM images of the modified
surfaces present a porous carboxybenzene layer with numerous hundred nanometer of diameter holes (Figure 3b).
We can emphasize that the ovalbumin diffusion close to the surface was slow down due to the surface organization
promoting the anti-OVA-ovalbumin interaction with a weaker dissociation,

4. Conclusion

Diazonium modified biochips were successfully fabricated by electrografiing of 4-carboxybenzene diazonium
salt. The optimization of the grafling process allows obtaining a grafted diazonium layer suitable for SPRi analysis.
The obtained covalent grafting presents a low non-specific binding of protein. This study demonstrates the
performance of the diazonium-biochip for studying the interaction between an immobilized antibody and a
circulating antigen and then for estimating the kinetic parameters associated to this interaction. Therefore,
diazonium-modified chip could be further used to evaluate the nonspecific adsorption of complex matrix, the protein
capture in this matrix and to study new biomolecular interactions.
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CHAPTER I

FUNCTIONALIZATION OF SURFACES APPLIED TO DEPOLLUTION OF THE

ENVIRONMENT
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Surface modifications are used to modify chemical, physical or biological properties of any
materials to protect them from corrosion® or to improve their chemical resistance,
biocompatibility, wettability, etc....18%. In parallel, surface modification of materials is frequently

used to develop sensors for environmental and medical applications®18,

In last chapter, | demonstrate that it was possible to graft diazonium salts on gold slide surface
for biological applications. Recently, some research works demonstrated that it is also possible
to graft diazonium salts on polymeric surface!’>">4, However, we observed that it could be
difficult to confirm a covalent grafting process on polymeric surfaces using ATR-IRTF
spectroscopy. Some expensive techniques such as XPS spectroscopy may help us to evaluate
the immobilization process but we do not have this equipment in the Normandy region. Massive
are the challenges of functionalizing a surface. The characterization, especially, is even more
difficult. In a few decades, numerous studies have been conducted in order to develop efficient

tools for the analysis of surfaces.

In my institute, the team of Pr. C. Alfonso was equipped with a new Mass spectroscopy
instrument which is hyphenated with ionic mobility and mass spectrometry (IM-MS). They
recently demonstrated that this technique is suitable to analyze liquid polymert®2183, This
equipment is highly sensitive, so maybe it could be used to characterize our grafted surface.
The strategy used to validate this hypothesis, called ASAP-IM-MS, is summarized in the first
following article, entitled “Atmospheric Solid Analysis Probe-lon Mobility Mass Spectrometry:
An Original Approach to Characterize Grafting on Cyclic Olefin Copolymer Surfaces”. In order
to validate the concept, the COC surface was modified covalently by different diazonium salts.
Then, ASAP-IM-MS experiments highlighted specific ions according to the aryl layer grafted

onto the COC surface. ASAP-IM-MS allow to work directly with COC sample without any further
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preparation. Chemical datas obtained from ATR-IRTF and ASAP-IM-MS were compared
depending on the nature of the aryl layer. In some cases, chemical grafting was difficult to
evidence by IRTF spectroscopy while it was easily detected by ASAP-IM-MS. Moreover, this
new technique appeared complementary information as compared to IRTF spectroscopy.
Indeed, ASAP-IM-MS give some information on the structure of the grafting layer highlighting

the multilayer shape of the aryl coating already described by Pinson et al®®.

In parallel, I investigated if diazonium salts could be grafted on natural materials such as
agrowastes. As we known, the use of modified natural materials is becoming a trend in modern
civilization'84, especially when it comes to environmental clean-up. Several technologies are
available to remove contamination from environment such as precipitation, membrane
separation, reverse osmosis'®:186.187 These strategies are effectives, but they are expensive
and difficult to transfer to a large scale. The use of agrowastes biomass (AWB) as adsorbents
has been studied as cost effective and efficient alternative materials for removal of diverse
types of pollutants from water and wastewaters'®8. Various AWB parts have been used
including straws, shells, leaves, seeds, stalks and husks. Therefore, during my PhD studies,
thinking about the possibility of reuse of these agrowastes, my team developed a partnership
with the team of Pr E. Djoufac Woumfo, of the Yaoundé University 1 (Cameroun), which are

experts in cocoa shell preparation.

The cocoa shell agrowaste is a lignocellulosic material which composes the outer portion of
the cocoa bean produced in large scale without any reuse. The strategy is to modify the surface
of this residue to add new chemical function to this natural material in order to valorize this

product through environmental application.

In order to promote this product, | suggested developing two strategy to modify the surface of

cocoa shell. One approach using diazonium salt and another using silylation. In the second
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article, entitled “Chemical modification of the cocoa shell surface using diazonium salts”, we
presented the grafting process and the characterization we used to demonstrate the covalent
grafting of diazonium salt on cocoa shell. The grafting process is made in HCI| solution and in
presence of a chemical reducer. Thus, diazonium salts are chemically reduced in aryl radical
which is able to graft spontaneously and covalently the cocoa shell surface. The surface
characterization has been investigated mainly by ATR-IRTF spectroscopy, SEM imaging and
its chemical resistance was also evaluated by causing a pH variation. All of the characterization

confirmed the surface modification and the chemical resistance of the modified material.

In article 3, entitled "Cobalt nanoparticles embedded into polydimethylsiloxane-grafted cocoa
shell: Functional material for CO2 capture”, we demonstrated that silylation and chemical post
modification are suitable to transform this agrowaste in a CO:2 sorbent. We incorporated some
metallic particles on cocoa shell to enhance the adsorption process. Each one of these
functionalization stages has been characterized to see the providing modifications. It was the
first time that the functionalization of the cocoa shell using APTES and PDMS with the insertion

of cobalt nanoparticles was studied.
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ABSTRACT: A cyclic olefin copolymer (COC) was grafted with aryl layers from
aryldiazonium salts, and then we combined infrared spectrometry, atomic force
microscopy (AFM), and ion mobility mass spectrometry with atmospheric solid
analysis probe ionization (ASAP-IM-MS) to characterize the aryl layers. ASAP is a
recent atmospheric ionization method dedicated to the direct analysis of solid
samples. We demonstrated that ASAP-IM-MS is complementary to other techniques
for characterizing bromine and sulfur derivatives of COC on surfaces. ASAP-IM-MS
was useful for optimizing experimental grafting conditions and to elucidate
hypotheses around aryl layer formation during the grafting process. Thus, ASAP-
IM-MS is a good candidate tool to characterize covalent grafting on COC surfaces.

B INTRODUCTION

Thermoplastic polymers are suitable for packaging, optical, or
biodevice applications.' " Cyclic olefin copolymers (COCs)
are of special interest because they are chemically resistant,
transparent, and easy to prototype.” The chemical composition
of a material’s surface is important because it defines chemical
or physical interactions of the surface with its environment.
Depending on the application of the material, it is interesting to
modulate the chemical composition of the outermost surface to
improve its wettability or interfacial bond strength,‘g’(‘_10 or to
reduce unwanted molecular adsorption and biofouling,'*™">
Different strategies aimed at modifying COC properties have
been developed. COCs have been coated with chromium,
graphite, or organosilicon layers'”'* to develop optoelectronic
or microfluidic devices, respectively. These coatings are
promising but they have to be processed in a clean room.
Polymer solutions (cellulose derivate, polyacrylamide polymer,
or triblock copolymer)®'*™"” have been physisorbed onto
COC surfaces to modulate adsorption, but such modifications
were not stable. Covalent grafting is a good alternative to
simple coating, yet in many cases, COCs have to be previously
activated by ozone oxidation, UV light illumination, electron
beam or plasma treatment.'*™>* Recently, we demonstrated
that COC surfaces could be covalently grafted with
aryldiazonium salt without any preliminary activation.”

To characterize COC surface modification, optical methods
(fluorescence and Raman microscopy, ATR-FTIR spectrosco-
py),*** scanning electronic microscopy (SEM),”?® X-ray

4 ACS Publications  © 2015 American Chemical Society

photoelectron spectroscopy (XPS),””** and a cantilever-based
method (AFM)"'*?**? have been used. Other methods such as
contact angle measurement'”*>*”** and differential scanning
calorimetry (DSC)* have also been employed, but they were
mainly dedicated to characterizing interactions between COC
and its environment. Among these methods, only IR, Raman,
and XPS spectroscopy provide information on the chemical
composition of the surface. To complete this overview, it is
important to note that Ooi et al. characterized a COC surface
by '*C NMR by dissolving the COC substrate in CDCl;.** T
our knowledge, COC has never been characterized by mass
spectrometry, although ToF-SIMS or MALDI-ToF-MS has
been used to characterize surface modification on various
plastics.”' =’

To characterize the grafting of a COC surface by
aryldiazonium salt reduction, we used mass spectrometry with
a recent atmospheric ionization method dedicated to the direct
analysis of solid samples, called atmospheric solid analysis
probe (ASAP) and coupled to ion mobility-mass spectrometry
(IM-MS). ASAP was introduced in 2005 by McEwen et al. for
rapid analysis without sample preparation.’® Solid or liquid
samples are deposited onto a glass capillary. A heated gas flow
of nitrogen thermally desorbs components, which are then
ionized with a nitrogen plasma generated by a corona discharge.
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Ton mobility is a post ionization separation method based on
the drift of ions in a gas-filled tube under the influence of an
electric field.* Drift time depends on ion charge and
collision-cross section (CCS: £2), which in turn depends on ion
size and shape.

Our group recently investigated the a[pplication of ASAP-IM-
MS to polymer analysis for polyolefin,*' for blends of polyester
and polyethylene™ or for low-solubility poly(ether ether
ketone).”™" ASAP yields mainly pyrolysis products except,
for instance, for PEEK polymers due to their high thermal
stability.

The present work focuses on the ASAP-IM-MS character-
ization of COC surfaces. A COC surface was modified using
aryldiazonium salts, and grafting efficiency was demonstrated
by ASAP-IM-MS and attenuated total reflection-FTIR (ATR-
FTIR). Chemical data obtained from ATR-FTIR and ASAP-
IM-MS were compared depending on the nature of the aryl
layer. We thus demonstrated that ASAP-IM-MS is a good
candidate tool to characterize thermoplastic surfaces such as
COC. ASAP-IM-MS could also be used to characterize an
organic layer on a polymeric surface and could be of interest in
determining the optimal conditions of the grafting process.

B MATERIALS AND METHODS

(1). Materials and Reagent. COC plates (MCS-TOPAS-03) were
purchased from Microfluidic Chip Shop, Jena, Germany, in 1 mm thick
microscopy slide format cut into 1 X 2 cm plates. The plates were
rinsed with acetone in an ultrasonic bath for 20 min and dried before
use. Hypophosphorous acid, sodium nitrite, and all the chemicals were
purchased from Sigma-Aldrich, Saint Quentin Fallavier (France).

Synthesis of Aryldiazonium Salts. 4-Bromobenzenediazonium
tetrafluoroborate (BBD) was used in its commercial form. 4-
Mercaptobenzenediazonium salt (MBD) and 4-carboxymethylbenze-
nediazonium salt (CBD) were synthesized from commercial aniline by
diazotization as described by Khosroo et al.** Briefly, the
corresponding para-aniline was dissolved in HBF,. The mixture was
cooled to 0 °C in an ice water bath. Then sodium nitrite aqueous
solution was slowly added. After 20 min, the mixture was cooled to
—20 °C to precipitate aryldiazonium salts. Then, the slurry was filtered
by suction, and washed with cold tetrafluoroboric acid and cold diethyl
ether. Aryldiazonium tetrafluoroborate salts were kept at —20 °C.

Synthesis of 4-(2-BromoEthyl) Aniline Hydrobromide. 4-(2-
Bromoethyl)aniline was not commercially available, so it was
synthesized from 4-(2-hydroxyethyl)aniline by reaction with hydro-
bromic acid, as described by Liang et Pilasd Briefly, the reactant was
dissolved in a 48%-aqueous solution of HBr and heated to reflux for 4
h. After cooling to room temperature, the mixture was kept at —20 °C
overnight to precipitate. The slurry was filtered by suction, washed
with cold diethyl ether, and then it was recrystallized with EtOH/H,0
(4:1) and dried before characterization by NMR and MS. Then, the 4-
(2-bromoethyl)benzenediazonium (BEBD) salt was synthesized and
isolated following the same procedure as the MBD salts.

Grafting of a COC Surface. The grafting protocol of aryl diazonium
salt on a COC surface is detailed elsewhere.”* Briefly, COC plates
were immersed in acidic aryldiazonium solution (0.1 M) with 10 mol
equiv of chemical reducer (HyPO,) for 1 h. The reactor was kept
under UV—visible irradiation throughout the grafting process. Then
the surface was rinsed and cleaned by ultrasonic treatment on acetone
and dried with nitrogen before characterization.

(2). Characterization Methods. iInfrared Spectroscopy (ATR-
FTIR). ATR-FTIR spectra were recorded with a Tensor 27 (Bruker)
spectrometer with a ZnSe ATR crystal. For each spectrum, 20 scans
were accumulated with a resolution of 4 cm™. Background spectra
were recorded on air before each analysis.

Atomic Force Microscopy (AFM). AFM mappings were performed
using a PICOSPM (Molecular Imaging, Scientec) in contact mode
equipped with silicon nitride cantilevers with a spring constant of 0.3

N/m. AFM imaging (20 X 20 pm®) was performed at room
temperature in contact mode for each sample before and after
chemical modification at a fixed scan rate of 1 line/s with a resolution
of 512 X 512 pixels. Arithmetical mean roughness (Ra) was derived
from AFM micrographs using SPIP (Scanning Probe Image Processor)
software.

ASAP- IM-MS. Data acquisition was performed using a SYNAPT G2
HDMS fitted with an ASAP source (Waters Corp., Manchester, UK).
This instrument is a hybrid quadrupole/time-of-flight mass spec-
trometer, which incorporates a traveling wave (T-Wave)-based
mobility separation device, The instrument and the T-Wave device
are detailed elsewhere.*” The ASAP source probe was heated at 650
°C for at least 1 h before experiments. A piece of around 2 mm* was
cut with a wire cutter, placed in a 1.5 mL glass bottle and heated at 350
°C with a sand bath. Then the ASAP capillary tube was dipped into the
melted polymer, fixed to the ASAP probe holder, and introduced into
the ionization source. For all experiments, ASAP mass spectra were
acquired in positive ion mode in the m/z 50—1200 range. A blank was
recorded for 1 min before introducing samples. A nitrogen flow of
1200 L-h™" heated at 650 °C was used for thermal desorption, The
corona discharge voltage was 4 kV, and sampling cone voltage was 40
V. TWIM traveling wave height and velocity were set, at 40 V and 700
ms™, respectively. Helium cell gas flow was set at 180 mL-min~", and
IMS gas flow (N,) was set at 70 mL-min" at a cell pressure of 3.0
mbar for IMS. For ASAP-MS/MS experiments, the precursor ions
were selected with the quadrupole and were collisionally activated in
the trap cell using argon as the target gas (flow 1.5 mL-min~"; collision
energy S0 V). Data acquisition and mass spectrum treatment were
provided by MassLynx (version 4.1). DriftScope (version 2.1) software
was used for m/z versus drift-time map treatments.

B RESULTS AND DISCUSSION

Characterization of a Pristine COC Surface by ASAP
IM-MS and IR Spectroscopy. The COC polymers were
prepared and analyzed with ASAP probe glass capillary. The
drift time versus m/z plot obtained from the ASAP-IM-MS
analysis of pristine cydic olefin copolymer is presented in
Figure la. Two ion series can be seen. The mass spectrum
extracted from the main ion series ranging between m/fz 150
and m/z 950 (Figure 1b) showed ions separated by 14 u

a)

Irganox 1010

Drift time (ms)

T T T T T
200 400 600 800 1000 miz

100 150 200 250 300 350 400 450 500 550 600 650 700 750

Figure 1. ASAP-IM-MS analysis on pristine COC. (a) Drift time vs m/
z plot; (b) mass spectrum extracted from the COC area.
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(CH,), that we attributed to pyrolysis products of polyolefin
polymers.“’42 The complexity of the ion distribution was likely
due to the formation of different pyrolysis products with
various numbers of unsaturation as shown by Lattimer with
polyolefins.*’

The ASAP spectrum of the second ion series (Figure S1)
showed ions separated by S6 u (C,Hy), characteristic of the t-
butyl group. The m/z 1176.78 ion was attributed to the
molecular ion (M) of a polyphenolic antioxidant, Irganox
1010, and the lower m/z values corresponded to its fragment
jons."! As previously shown,' this additive product was well
separated from the polymer by ion mobility because of its
compact structure.

Characterization of 4-Bromobenzenediazonium
Grafting on COC Surface by IR-ATR and ASAP IM-MS.
Aryl layers were grafted from aryldiazonium salts containing a
heteroatom such as a bromide derivate or thiol molecule. The
bromobenzene (BBD) grafted layer exhibited a carbon-bromide
bond absorbing at 735 cm™" (Figure 2).

100%

j -

96%

94%

j 100% [
I L 959 92%

3 . —1 90% 90%

1650 1150 650

et 88%
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm?)

Transmittance (%)

Figure 2. ATR-FTIR spectrum of a 4-bromobenzene grafted COC
surface (black curve) and a pristine COC (gray curve). The insert
focused on the 2000—650 cm ™" region.

The ATR-FTIR spectrum of pristine COC displayed alkyl
vibration at 2947 and 2868 cm™!. After grafting, the
transmittance of these peaks decreased, demonstrating that
the alkyl groups of the outstanding surface are not so easily
reached by the IR evanescent wave. Moreover, new peaks at
1582 and 735 cm™' appeared corresponding to aryl ring
vibration and C—Br stretch, respectively. As ATR-FITR is a
nondestructive method, the same plate was used for ASAP
analysis.

The drift time versus m/z plot from the ASAP-IM-MS
analysis of the COC sample grafted with bromobenzene
diazonium salt is presented in Figure 3a, and the corresponding
ASAP-MS spectrum in Figure 3b.

The spectrum of the main area between m/z 150 and m/z
950 (Figure 3b) presented several ions containing bromine
atoms, as evidenced by their characteristic isotopic pattern. The
m/z 309.90 ion was attributed to the molecular ion (M**) of
dibromo-biphenyl (B,P,). In the same way, the m/z 463.84 ion
and the m/z 617.78 ion were attributed to the molecular ions
(M**) of tribromo-triphenyl (B;P;) and tetrabromo-tetraphen-
yl (B,P,), respectively. As regards the surface, bromine
distribution may be explained by the growth of a multilayer
on the COC surface. In the literature, it is well described that
chemical grafting of diazonium salts generally results in
multilayer profiles on polymeric surfaces.""" Our ASAP-IM-

MS experiment suggests that up to four aryl layers were coated
onto the COC surface after redox reaction. Figure 3 shows that
more information on the film may be obtained with ASAP-IM-
MS as compared to current literature on aryl film formation.
The ions at m/z 539.87 and m/z 693.82 may be attributed to
tribromo-tetraphenyl (B;P,) and tetrabromo-pentaphenyl
(B,Ps), respectively. Such ion series can be either degradation
products formed during polymer pyrolysis, or fragment ions
produced during ion transfer inside the mass spectrometer ion
optics. We performed MS/MS experiments to verify this point.
The ASAP-MS? spectrum of the m/z 617.78 ion (tetrabromo-
tetraphenyl) is presented in Figure S2. The m/z 459.95 and
302.11 main product ions can be explained by the loss of one
and two molecules of Br,, respectively. These product ions
were not present in the ASAP mass spectrum. Conversely,
other ions such as the m/z 539.87 ion were present in the mass
spectrum but were not present in the MS/MS spectrum. Thus,
the m/z 593.87 ion and the m/z 693.82 ion correspond to
species produced in the ASAP source and related to the
molecules grafted onto the surface of the polymer; they do not
correspond to fragment ions produced in the gas phase through
collision-induced dissociation processes.

In the third layer, the coating appeared as mixed, including
phenyl rings substituted or not with bromine atoms. Such
heterogeneity in the upper layer may have caused important
surface roughness. This parameter was evaluated by atomic
force microscopy.

Analysis of the COC Surface by AFM. Pristine COC and
COC grafted by 4-bromobenzenediazonium salt were analyzed
by AFM in contact mode. COC grafted by chemical reduction
of 4-bromobenzenediazonium salt presented a different
structure from pristine COC (Figure S3). The black holes
observed in Figure S3b probably originated from some kind of
multilayer heterogeneity or from traces left by a nitrogen
bubble created during the chemical reduction process.
Although this second hypothesis is plausible, it should be
ruled out because these black holes were missing when other
aryldiazonium salts were grafted on COC.”* Mean roughness,
Ra, and peak-to-peak values, Rz, analyses were evaluated on
prisitine COC and 4-bromobenzenediazonium-grafted COC
(Figure S4). Ra and Rz values were higher in treated COC than
in native COC. According to the peak-to-peak analysis, the
black holes of the grafted COC had a maximum depth of 630
nm.

Discrimination between the 4-Bromobenzene Layer
and the 4-(2-Bromoethyl)benzene Layer on the COC
Surface. To immobilize proteins on COC through cysteine or
methionine,’” 4-(2-bromoethyl)benzene diazonium (BEBD)
salt was synthesized from an aniline precursor and grafted onto
a COC surface. As shown in the ATR-IR spectra (Figure S$),
bromoethylbenzenediazonium-grafted COC presented low
intensity IR peaks at 2947 and 2868 cm™' corresponding to
molecular vibration as compared with pristine COC. A new
peak at 735 cm™' corresponding to absorption by a C—Br bond
was detected. However, the IR spectra from bromobenzene-
diazonium-grafted COC (BBD) and 4-(2-bromoethyl)-
benzenediazonium-grafted COC (BEBD) were similar. So,
this technique is not specific enough to discriminate between
the two films, but to further investigate into the question,
BEBD-grafted COC was evaluated by ASAP-IM-MS. The
results are presented in Figure 4.

In the 2D ASAP-IM-MS plot obtained from the 4-(2-
bromoethyl)benzenediazonium-grafted COC sample, the area
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Figure 3. ASAP-IM-MS analysis of the COC grafted with 4-bromobenzenediazonium salt: Comparison between (a) the drift time versus m/z plot
and (b) the mass spectrum extracted from bromobenzene area. (the m/z values indicated on the mass spectrum correspond to the monoisotopic

peak and not to the most intense peak of the isotopic pattern).
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Figure 4. ASAP-IM-MS analysis of a 4-(2-bromoethyl)-
benzenediazonium-grafted COC (BEBD) sample. (a) Drift time
versus m/z plot, and (b) mass spectrum extracted from the BEBD
area. (The m/z values indicated on the mass spectrum correspond to
the monoisotopic peak and not to the most intense peak of the
isotopic pattern).

corresponding to COC pyrolysis products is clearly visible
(Figure 4a), whereas it is not visible in the plot from the 4-
bromobenzenediazonium grafted COC (Figure 3). Never-
theless, characteristic signals related to grafted molecules were
observed with lower drift time values. The extracted mass
spectrum of this ion series is presented in Figure 4b.

The m/z 365.96 ion is attributed to dibromoethyl-diphenyl
(BE,P,). The m/z 273.02 ion was a fragment ion obtained from
in-source decomposition of the m/z 365.96 molecular ion, as
shown by a tandem mass spectrometry experiment (data not
shown). Its isotopic pattern indicated the presence of one
bromine atom and probably came from the loss of a *CH,Br
radical through a conventional & cleavage (Figure S6). So, the
successful grafting of BEBD on the COC surface was confirmed
by ASAP-IM-MS. Peak attribution indicated that BEBD was
grafted with a bilayer profile, whereas BBD was grafted with a-
four layer profile (Figure 3). Therefore, we assumed that the
ethyl function hid the aryl group from the aryl radical limiting
the multilayer shape. To confirm that the detected ions were
related to grafted molecules, we analyzed 4-(2-bromoethyl)-
benzenediazonium tetrafluoroborate powder by ASAP-IM-MS.
The m/z 365.96 and m/z 273.02 ions identified in Figure 4
were missing when the diazonium salt was analyzed in the form
of a powder or once melted (data not shown). Thus, these ions
may be used as a fingerprint of the covalent grafting process. In
the same way, an aryl radical was physically adsorbed onto the
COC surface for 1 h, then the sample was analyzed by ASAP-
IM-MS. The specific m/z 365 and m/z 273 ions of the BEBD-
grafted layer were not recovered (data not shown). In a
previous work, we indirectly demonstrated that light had to be
added to the reaction to graft diazonium salt on COC.**
Characterization by ATR-FTIR was not sufficient to demon-
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strate this requirement unambiguously. So, we tried to graft the
4-(2-bromoethyl)benzenediazonium salt without any light, and
then directly analyzed the sample by ASAP-IM-MS. As
previously shown, the m/z 365.96 ion corresponding to the
dibromo-diphenyl product was not detected in the mass
spectrum (data not shown). We thus directly confirmed that
light is required to graft aryl radicals onto a COC surface.

To evaluate the versatility of ASAP-IM-MS to characterize
the modified COC surface, we grafted various aryldiazonium
salts. As ASAP probing occurs at atmospheric pressure, analysis
of surfaces coated with oxygenated groups may be difficult. So,
we grafted 4-carboxymethylbenzenediazonium salt (CBD) onto
the COC surface and then characterized it by ATR-FTIR
(Figure 5) and mass spectrometry.

100%
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Figure 5. ATR-FTIR spectrum of native COC (black curve) and of a
4-carboxymethylbenzenediazonium-grafted COC surface salt (gray
curve). The inset is focused on the 2000—650 cm™ region.

New peaks at 1715 and 1605 cm™ were detected,
respectively associated with carbonyl groups and to aromatic
rings. This indicates that COC was indeed covalently grafted by
CBD. However, no specific ions were detected by mass
spectrometry.

Biomolecules containing a sulfur group may be immobilized
on surfaces by substitution using 4-(2-bromoethyl)-
benzenediazonium (BEBD) or by disulfide bonds using 4-
mercaptobenzenediazonium salt (MBD). So, we grafted MBD
onto the COC surface. The S—H and C—S stretches presented
low intensity peaks in ATR-FTIR, so it was impossible to
validate the grafting process through this technique (data not
shown). However, mass spectrometry results were unambig-
uous (Figure 6).

The ASAP mass spectrum (Figure 6) presented several ions
consistent with a multilayer shape. The m/z 218.02 ion likely
corresponded to the molecular ions of dithio-diphenyl (T,P,)
and the m/z 326.03, 434.03, and 542.04 ions to trithio-

Figure 6. Mass spectrum extracted from the ASAP-IM-MS analysis of
the 4-mercaptobenzenediazonium-grafted COC.

triphenyl (T,P,); tetrathio-tetraphenyl (T,P,), and pentathio-
pentaphenyl (TP;), respectively. This result is consistent with
a film generated on the COC surface with up to five layers of
thickness. Ions were also detected in the mass spectrum at m/z
294.06 and m/z 402.06, they can be attributed to dithio-
triphenyl (T,P;) and trithio-tetraphenyl (T3P,), respectively.
These ions were presented in very low intensity in the MS/MS
spectra of T,P, and TP precursor ions, as demonstrated by
tandem mass spectrometry experiments (data not shown).
Thus, these ions correspond most likely to molecules grafted in
the surface of the polymer rather than fragment ions produced
in the gas phase. Thus, 4-mercaptobenzenediazonium-grafted
COC presented a multilayer profile comparable to 4-
bromobenzenediazonium-grafted COC. These results suggest
that the multilayer shape of the film was possible only when the
heteroatom was directly linked to the phenyl ring.

B CONCLUSION

This Article provides an original approach to characterize
surface grafting by mass spectrometry without sample
preparation. As a proof of concept, COC surfaces were
modified covalently by various diazonium salts. First, we
demonstrated that ASAP-IM-MS is a good candidate tool to
analyze COC surfaces. Then, ASAP-IM-MS experiments
highlighted specific ions according to the aryl layer grafted
onto the COC surface. Furthermore, functions such as carbon—
sulfur and carbon—halogen, that are difficult to evidence by IR
spectrometry, were easily detected by ASAP-IM-MS. So, ASAD-
IM-MS is complementary to classical characterization techni-
ques. We also characterized and identified different films by
mass spectrometry according to the chemical group on the
diazonium cation. Using ASAP-IM-MS, we validated that the
lateral group in the para position on the phenyl ring influenced
the film formation. When, a small lateral chain was on the
phenyl ring, a multilayer film could grow, whereas longer lateral
chains limited the multilayer growth. Therefore, ASAP-IM-MS
makes it posible to analyze and characterize the nature and the
growth profile of the diazonium film grafted onto a COC
surface.
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nyl layer.

The outer portion of the cocoa bean, also known as cocoa husk or cocoa shell (CS), is an agrowaste mate-
rial from the cocoa industry. Even though raw CS is used as food additive, garden mulch, and soil condi-
tioner or even burnt for fuel, this biomass material has hardly ever been investigated for further
modification. This article proposes a strategy of chemical modification of cocoa shell to add value to this
natural material. The study investigates the grafting of aryl diazonium salt on cocoa shell. Different dia-
zonium salts were grafted on the shell surface and characterized by infrared spectroscopy and scanning
electronic microscopy imaging. Strategies were developed to demonstrate the spontaneous grafting of
aryl diazonium salt on cocoa shell and to elucidate that lignin is mainly involved in immobilizing the phe-

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

The cocoa industry generates a large amount of waste bypro-
duct each year. The cocoa shell (CS), which is the nonfood part of
the cocoa pod represent the main part of these waste materials
that are devoid of any marketable value. Mainly employed as a
raw biomass material (as food additive, garden mulch and soil
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conditioner) or even burnt for fuel, few strategies have been also
investigated to further modify and increase its value. One way con-
sists in developing original composite biomaterials using the cocoa
shell and a thermoplastic polymer such as polypropylene [1,2].
However, the poor interfacial compatibility is frequently a limit
to produce good composites [3]. CS has also been investigated as
a biosorbent for the removal of metal ions. Cadmium, zinc and lead
ions have been successfully and quickly adsorbed onto cocoa shell
[4-6]. Dye molecules are difficult to remove from industrial
wastewater. Numerous methods are described in the literature,
and adsorption on lignocellulosic material is one of the finest tech-
niques [7]. In general, CS has to be modified to become an interest-
ing adsorbent. For example, Pua et al. treated cocoa husk with
sodium hydroxide to modify its porosity and surface roughness,
resulting in a good adsorption capacity [8]. Following the example
of coconut shells and other agrowastes, both physical and chemical
activations to generate CS-derived activated carbons have been the
most commonly used post-treatments to prepare efficient adsor-
bents for dye removal. Different dyes (methylene blue, crystal vio-
let...) have been successfully adsorbed onto activated cocoa shell
[9-13]. In some cases, some post-carbonization treatments are
required to complete the activation process. For example, CO,
increases porosity [14,15] whereas HCI [16] or KOH [17] impregna-
tion modulate the chemical composition of the activated carbon.
All of these strategies are efficient but the treatment is rather harsh
and costly and the selectivity is limited. In this publication, we sug-
gest another simple modification based on diazonium chemistry.
Aryl diazonium salts are bifunctional compounds frequently used
to modify the surface properties of different materials [18]. They
are easy to prepare, and a wide range of reactive functional groups
can be synthesized from aniline derivates or nitro precursors. Elec-
troreduction or chemical reduction of aryldiazonium generate an
aryl radical that bonds to the surface. Although, aryldiazonium
salts are frequently used to modify metallic surfaces, some poly-
meric surfaces have also been covalently grafted [19-22]. The pre-
sent work focuses on grafting a phenyl diazonium salt on CS, and
characterizing its morphology, chemical composition and porosity.
We thus demonstrate that grafting a diazonium salt is a convenient
method to selectively modulate the chemical properties of cocoa
shell.

2. Material and methods

Chemicals: All the chemicals were purchased from Sigma
Aldrich. All the solutions were prepared from double distilled
water (Millipore).

Materials preparation: Cocoa shell conditioning: The cocoa
shells were collected from a local farm managed by the IRAD (Insti-
tut de recherche Agricole pour le Développement) at Yaoundé,
Cameroon. The shells were cut, washed with acidic water (HCI,
1 M) to remove the organic impurity, sun-dried for 5 days, and
then heated at 70 °C overnight to remove moisture. The latter, they
were ground and sifted at 160 pm. The diazonium grafting process
wad carried according to a procedure described elsewhere [23].
Briefly, 4-nitrobenzenediazonium (NBD) and 4-bromobenzene dia-
zonium (BBD) salts were dissolved in acidic solution, and then stir-
red with hypophosphorous acid (H3PO;) (90:10 v/v) for 1 h. The
products (NBD-CS) or (BBD-CS) were filtered and washed with ace-
tone and double distilled water and then dried at 50 °C for 2 h.

Material characterizations: Infrared spectroscopy (ATR-FTIR):
ATR-FTIR spectra were recorded using a Tensor 27 (Bruker) spec-
trometer with a ZnSe ATR crystal. For each spectrum, 20 scans
were accumulated with a resolution of 4 cm~'. Cocoa shell samples
were drilled before IR analysis and background spectra were
recorded on air. The scanning electron microscopy (SEM) images

were acquired with a ZEISS EVO 15 electron microscope coupled
to an EDX detector for X-ray energy dispersion analysis. CS were
metallized by a gold layer at 18 mA for 360 s using a Biorad
E5200 device.

3. Results and discussion

To modify a non-conductive material such as CS, diazonium
salts have to be chemically reduced to obtain an aryl radical. There-
fore, cocoa shell was incubated with hypophosphorous acid and
NBD or BBD for one hour. When the experiment began the cocoa
shell powder rests on the bottom of the beaker. Herein, a few gas
bubbles were generated corresponding to N, elimination. As sub-
product kept forming, the color of the solution turned from trans-
parent to yellow-orange (Fig. S1).

Also, the cocoa shell powder moved from the bottom of the bea-
ker up to the liquid surface during the reaction, corresponding to
morphological modifications at the cocoa shell surface. In parallel,
no modification was observed when cocoa shell was incubated
with HCl and H3PO,. The above results are confirmed by ATR-
FTIR spectroscopy, which provides significant details about the
presence of all characteristics band assigning to the CS and NBD
group (Fig. 1).

To facilitate the FTIR analysis, the IR bands observed in Fig. 1 are
listed in Fig. S2. As expected, the cocoa shell exhibits distinguish-
able peak patterns which are in good agreement with literature
[8]. The bands observed at 1334 and 1517 cm™! were attributed
to nitro groups attached on the CS surface. Further cleaning by dis-
tilled water did not modify the infrared spectra confirming the
durable grafting of nitrophenyl layer. Furthermore, the NBD graft-
ing were evaluated by ultrasonic treatment in distilled water and
in acetone. As result, no modification was observed on infrared
spectroscopy. Chemical resistance was also evaluated by causing
the pH to vary from 2 to 9, no modification was observed either.

Fig. 2 showed the SEM images of natural and modified CS. It can
be seen that CS is an amorphous material with a smooth porous
structure (Fig.2a). Some components such as polysaccharides,
hemicellulose, and lignin are present on its surface. After grafting
of NBD, the surface morphology of NBD-CS is strongly modified
compared with the natural CS (Fig. 2b and c). Fig. 2d confirmed
that acidic solution had no effect on cocoa shell.

As seen, the CS-NBD surface was covered by some films, which
suggested that the NBD was grafted into the lattice of the CS and a
covalent bond may be formed between NBD and CS. In addition,
the chemical grafting provided small cell cavities in the micro-
graph, producing a developed porosity by activation agent. It is
important to note that the whole cocoa shell surface seemed to
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Fig. 1. ATR-FTIR spectra of natural (gray curve) and 4-nitrophenyl-modified cocoa
shell (black curve).
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Fig. 2. SEM images of (a) natural cocoa shell, (b) a thick layer of 4-nitrobenzene film, (c) a foliated layer of the 4-nitrobenzene film, (d) natural cocoa shell treated with acidic

solution.

be covered by the phenyl layer, illustrating many bonds between
the aryl radicals and the surface. In some areas, SEM images
showed a polymeric film spread over the surface that fitted to
the large pore of the surface. In other areas, diazonium grafting
had a foliated structure expected to increases the roughness of
the surface and the specific surface of the CS. Both films were vis-
ible for different samples of NBD-CS. The surface heterogeneity
probably resulted from different thickness of grafted phenyl layers
[19].

It is known that aryldiazonium salts are versatile, as numerous
substituent can be synthesized on the phenyl group. Fig. 3 shows
the ATR-FTIR spectra and the EDX imaging of CS modified by bro-
mide aryl layer (Fig. 3).
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Fig. 3. ATR-FTIR analysis of natural cocoa shell (gray curve) and 4-bromobenzene-
grafted cocoa shell (black curve).

According to Vieillard et al., the peaks observed at 1582 and
735 cm™! is attributed to aryl rings and C-Br stretches respectively
[24]. As the peak at 1582 cm™! was already present on natural
cocoa shell, it was not suitable for identification. The peak at
735 cm~! corresponding to C-Br is clearly visible in Fig. 3; its inten-
sity was not modified by ultrasonic cleaning, demonstrating the
grafting process. To confirm bromide immobilization on the sur-
face, BBD-CS was characterized by EDX analysis hyphenated with
SEM imaging (Fig. 4).

EDX analysis yielded a strong peak at 2.12 keV corresponding to
Au atoms resulting from the metallization process. The strong
peaks at 0.277 and 0.525 keV probably corresponded to carbon
and oxygen atoms from cellulose and lignin. The peak at
1.48 keV corresponded to Br atoms, whereas the peak at 2.4 and
1.74 keV probably corresponded to sulfur and silicon traces,
respectively. Elemental (Br) mapping on the grafted cocoa shell
(Fig. 4) illustrated the distribution of the 4-bromophenyl film over
the surface. Natural cocoa shell was also evaluated; no signal was
recorded for Br atoms.

The thickness of the grafted diazonium layer can be controlled
by changing the reaction time, the concentration of the reducing
agent and the diazonium salt concentration. We modulated the
reducing agent concentration from 0 to 9 M equivalent. NBD and
CS were incubated in acidic media for 1 h, filtered, dried and then
analyzed by ATR-FTIR. During these analyses, the intensity of the
NBD peak decrease as a function of the decrease in H3PO, concen-
tration. However, we also observed weak NBD peaks in the absence
of chemical reducer (Fig. 5).

The first part of the article provides observations about the
chemical reaction per se. The dinitrogen gas bubbles, the
movement of the cocoa shell from the bottom to the top of the
solution and the change in color also occurred in the absence of
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Fig. 4. (a) EDX analysis and (b) SEM image of 4-bromobenzene grafted cocoa shell
(BBD-CS). (c) Elemental mapping of BBD-CS.

the chemical reducer but the time-course of the reaction differed.
When NBD was incubated with a reducing agent, a few minutes
were sufficient to produce a visual effect in the solution, whereas
more than 30 min were required in the absence of H;PO,. We
can hypothesized that 4-nitrobenzenediazonium is simply
adsorbed on cocoa shell, but the absence of the stretching N3 mode
near 2280 cm ! invalidates this hypothesis and validates the graft-
ing on CS. Further washing steps failed to eliminate the nitro-
phenyl layer. We also incubated diazonium salt alone or with
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Fig. 5. ATR-FTIR analysis of NBD-CS in the presence (black curve) or in the absence
(gray curve) of a chemical reducer.

another polymer (a cyclic olefin copolymer surface) and no redox
reduction appeared, the stretching N3 mode near 2280 cm~! being
still present in the IR spectra. Such spontaneous processes have
been described in literature where diazonium ions are decomposed
in acidic media in the presence of a material surface with
nucleophilic moieties such as black carbon or metallic surfaces
[25-29], or natural fiber [30-33]. Therefore we confirmed that this
process may also occur with cocoa shell.

Previous articles detailed the grafting process of diazonium
molecules either on cellulose [31,34,35] or lignin [36]. In this
study, we employed raw lignocellulosic biomass, i.e. cocoa shell,
which contains 211 g/kg of lignin, 127 g/kg of hemicellulose and
261 g/kg of cellulose [37]. One may assume that NBD reacted both
with the cellulose and the lignin components of CS. To elucidate
this hypothesis, CS was treated with alkaline solution to remove
the lignin counterpart [8]. SEM images of sodium hydroxide trea-
ted cocoa shell (NaOH-CS) sample exhibited a large amount of
characteristic fibers of cellulose (Fig. 6a).

These observations were confirmed by ATR-FTIR spectroscopy:
the peaks at 1612 and 1232 cm ! corresponding to lignin were

<
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Fig. 6. SEM image (a) and ATR-FTIR spectra (b) of cocoa shell treated by sodium
hydroxide (NaOH-CS) (gray curve) vs natural cocoa shell (black curve).

110



96 F. Fioresi et al./Journal of Colloid and Interface Science 494 (2017) 92-97

significantly less intense (Fig.6b). After alkaline treatment, the
NaOH-CS sample was incubated with NBD as described in the
experimental part and analyzed by IR spectroscopy and SEM
imaging. Surprisingly, neither FTIR nor SEM could evidence the
presence of nitrophenyl layers after lignin removal. This feature
strongly suggests the selective grafting of NBD on the lignin com-
ponent of cocoa shell. Few recent works demonstrated that phenyl
diazonium salts could interact with kraft lignin via electrophilic
substitution under alkaline conditions, yielding covalent bonds
through azo groups [36,38,39]. In our case, we worked in the pres-
ence of a chemical reducer at acidic pH. Such conditions should
trigger the formation of covalent bonds through the reduction of
in-situ generated aryl radicals, as demonstrated in literature with
carbon surfaces. In our case, one may consider that aryl radicals
from diazonium salts could interact with the aromatic rings of
the lignin moieties through a similar mechanism. The absence of
azo groups suggested by FTIR and EDX analyses (absence of nitro-
gen atoms) together with the observation of gas bubbles during
chemical modification (corresponding to the elimination of N;)
support such mechanism. Following a similar experimental proce-
dure, the covalent grafting of NBD could be also demonstrated on
kraft lignin, supporting our hypothesis. To the best of our knowl-
edge, we showed the first proof of the radical grafting of diazonium
salts on the lignin moiety of raw natural materials, providing a new
chemical “tool” for the modification of lignin-based materials [40)].

4. Conclusion

In this article, we demonstrated the efficient grafting of two dif-
ferent diazonium salts on the surface of a raw agrowaste material,
i.e. cocoa shells, and its characterization by SEM-EDX and ATR-FTIR
analyses. The grafting process is fast, easy to implement and versa-
tile. Moreover, the process was shown to be chemically and
mechanically resistant, allowing harsh experimental conditions.
It may be triggered by a chemical reducer but also spontaneously,
which could be suitable for a low-cost and clean industrial process.
Modified cocoa shell may therefore be used as a low-cost adsor-
bent to entrap pollutants such as heavy metal ions, gases or indus-
trial dye. The versatility of the diazonium salts approach and the
variety of potential functional groups might also open perspectives
in catalysis [41], electrochemistry [42] and for the synthesis of
heteroatom-doped carbons for electrocatalysis [43]. Thus, Palacin
et al. reported on the use of 4-nitrobenzenediazonium salts as ini-
tiators for the radical polymerization of vinylic monomers from
various substrates [27,44]. This Graftfast process could be applied
to covalently graft polymer films from cocoa shell. Moreover, nitro
functional groups could be reduced into amine for the subsequent
immobilization of proteins. More recently, nitration of lignin was
employed to prepare nitrogen-doped carbons with excellent elec-
trocatalytic activity towards oxygen reduction reaction [43].
Nitrobenzene grafting may also enhance supercapacitor activity
[45]. To reach these objectives, we currently intend to convert
cocoa shell modified with 4-nitrobenzenediazonium into
nitrogen-doped porous carbons. Last but not least, we showed
some evidence of the selectivity towards lignin of our grafting pro-
cess. We are currently conducting additional experiments and
characterizations to further support this hypothesis. Further devel-
opments of this process are expected to functionalize other bio-
mass materials and even extracted/purified lignin.
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Abstract

This paper presents for the first time surface functionalization of cocoa shells (CS) through the covalent grafting of 3-amino-
propyltriethoxysilane (APTES) followed by the substitution of poly(dimethylsiloxane) (PDMS) and in situ generation/inser-
tion of cobalt nanoparticles (Co-NP). The immobilization and stability of APTES-PDMS on cocoa shell were confirmed by
Fourier transform infrared spectroscopy and differential scanning calorimetry. Morphological analyses by scanning electron
microscopy demonstrated that Co-NPs successfully grew on the surface of CS-APTES-PDMS. The CO,-adsorption capacity
of these new materials was examined at ambient conditions. Both CS—APTES-PDMS and CS-APTES-PDMS-Co showed
increased CO, adsorption capacities as compared to unmodified cocoa shell. This enhancement was explained by the syn-
ergetic behavior of the silane derivate, PDMS grafting, and Co-NP incorporation for CO, adsorption. This work represents
a new step toward using cocoa shell as an excellent low-cost candidate for a variety of environmental applications such as

CO, storage at ambient temperature.

1 Introduction

Anthropogenic carbon dioxide emissions and the whole
energy demand from populations and the industry have been
continuously increasing in recent years [1-3]. Thus, sustain-
able development involving energy storage and conversion,
catalysis, adsorption and chemical processing are required
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to meet this major global challenge. Amongst them, CO,
capture has become a significant field of research. In the
present article, we propose to employ a low-cost agro waste,
i.e. cocoa shell, as a starting material for preparing solid
sorbents for carbon capture.

Several materials like zeolites, silica, activated carbons,
and alumina have emerged as efficient sorbents for CO,
capture [4-10], owing to their easy and relatively low-cost
synthesis with a low energy request [11]. In order to improve
the textural and surface properties of these materials, doping
with metal nanoparticles has received considerable attention.
In particular, gadolinium currently prompts strong interest
in the field of sorbents and sensors because it is a hard and
thermally stable element [12—14]. In addition, numerous
attempts have been made to improve sorption properties by
adding organic fillers [15, 16], e.g. rice husk and polymers
[17].

Metal-organic matrices and nanoparticles have recently
been studied for CO, separation [18-21]. Modifications
by polymer grafting have also been investigated, but only
closed pores of adsorbent were produced [22]. Moreover,
these materials were not studied for CO, sorption at ambi-
ent conditions.

Biomass agro waste, in particular cocoa shell, are low-
cost and abundant primary and renewable energy sources.
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For example, their gasification to produce syngas has been
regarded as one of the most promising options for biomass
upgrading [23, 24]. The pore structure and size distribu-
tion have been investigated and compared between different
families of cocoa shell. Some of them had a major portion
of their pores in the micropore range, whereas others had a
significant amount of mesopores and macropores [25, 26].
We tested natural cocoa shells (CS), 3-aminopro-
pyltriethoxysilane (APTES)-modified (CS—APTES),
APTES-poly(dimethylsiloxane)(PDMS)-modified
(CS-APTES-PDMS), and microstructured cocoa shell
(CS-APTES-PDMS-Co) as low-cost materials for CO,
sorption, and investigated their surface morphology, stability
and composition. CO, adsorption was tested at ambient tem-
perature and normal pressure. To the best of our knowledge,
this article is the first report on the preparation of metal
nanoparticles embedded into amino-polymer-grafted cocoa
shell and their application as solid sorbents for CO, capture.

2 Experimental procedure
2.1 Chemicals

Cobalt nitrate hexahydrate (Co (NO,), 6H,0), polydi-
methylsiloxane (C¢H,40Si,), 3-aminopropyltriethoxysilane
(APTES), sodium borohydride (NaBH,), and pure ethanol
(CH,;CH,OH) were purchased from Sigma-Aldrich and used
as received. All the solutions were prepared from double-
distilled water (Merck, Millipore).

2.2 Material preparation and functionalization

The functional CS—APTES-PDMS-Co materials were syn-
thesized as follows:

Firstly, CS were collected from a local farm managed by
the IRAD (Institute de recherche agricole pour le développe-
ment) at Yaoundé, Cameroon. The shells were cut, washed
with acidic water (HCI, 1 M) to remove organic matter, and
then sun-dried for 5 days and heated at 70 °C overnight to
remove moisture. Finally, they were ground and sifted at
160 um.

Secondly, 3-aminopropyl-triethoxysilane was chemically
grafted using water/ethanol 1:3 (V/V) as a solvent, and a
mixture of CS/APTES 1:3 (W/W) at 80 °C for 5 h [27].
The synthesized product, named CS—-APTES, was washed,
filtered, and then dried at 75 °C overnight.

Thirdly, the siloxane-based polymer was immobilized by
areaction between the amine groups of the grafted APTES
and the epoxy groups of the siloxane polymer, as described
in the literature [28]. Briefly, 25 mM PDMS was dispersed
in 100 mL of isopropanol as a solvent, and then grafted
APTES was added. The mixture was placed under reflux and
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in contact with a nitrogen flow for 24 h at 75 °C. After that,
the resulting product (CS—APTES-PDMS) was filtrated,
washed with ethanol, and dried at 80 °C overnight.

Finally, cobalt nanoparticle (Co-NP) dispersion was
achieved using 0.3 wt.% of (Co (NO,),, 6H,0) as a precur-
sor in 40 mL of toluene (99.5%, d=0.865 g mL~") in the
presence of 0.03 wt.% of sodium borohydride as a reducing
agent. The resulting mixture was stirred at room temperature
for 5 h. The final product, named CS-APTES-PDMS—Co,
was dried at 70 °C overnight (Scheme 1).

2.3 Characterization of the materials

FTIR spectra were recorded using a Tensor 27 (Bruker)
spectrometer with a ZnSe ATR crystal. For each spec-
trum, 20 scans were accumulated with a resolution of
4 cm~', Samples were drilled before IR analysis, and back-
ground spectra were recorded on air. For scanning electron
microscopy (SEM), CS were metallized by a gold layer at
18 mA for360 s using a Biorad E5200 device. To obtain
SEM images, samples were previously metallized with an
evaporated gold layer. Then, SEM images were acquired
using a ZEISS EVO 15 electron microscope. Two types of
images were recorded: secondary ion images to observe
the morphology of the surface, and EDX images to analyze
the atomic composition. Differential scanning calorimetry
(DSC) of the samples was determined using DSC-92 Seta-
ram with a temperature range from room temperature to
500 °C and a heating rate of 10 °C min~'. Zeta potentials
were measured using a Malvern nanoZS zetasizer. Samples
were prepared by dispersing 0.1 g of sorbents in 10 mL of
distilled water.

2.4 CO, adsorption tests

The CO, adsorption tests were carried out according to a
procedure fully described elsewhere [29]. Typically, 0.1 g
of adsorbent was incubated at room temperature and normal
pressure with 3 mL of pure carbon dioxide (Air Liquide).
Before the incubation step, CO, was dried with pumice. The
amount of adsorbed CO, was measured in triplicate.

3 Results and discussion
3.1 Chemical grafting of APTES and PDMS

By successfully grafting APTES, we introduced anchoring
amine groups (NH,) on the cocoa shell surface. Firstly,
the chemical grafting strategy is based on the formation
of aminosilane layers on the hydroxyl groups naturally
present on cocoa shell. Subsequently, these amino groups
react with epoxy-terminated PDMS, resulting in PDMS
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Step (1)

= \/\ > (EtOH/H,0)
—

o
S (A 75 °C

(APTES)

Step (3)

Toluene
—pe

NaBH,
(Co-NPs)

Scheme 1 Procedures for the synthesis of CS (a), CS-APTES (b), CS-APTES-PDMS (¢), and CS-APTES-PDMS-Co (d)
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immobilization onto the cocoa shell surface through a
nucleophilic substitution reaction. The stabilization of
organo-cocoa shell remains a major challenge because
the particles tend to aggregate and lose their properties.
Metallic nanoparticle entrapment may favor stabilization
through a combination of electrostatic and steric factors
[30]. Therefore, Co-NP insertion is expected to provide a
convenient strategy to stabilize PDMS-cocoa shell.

Proper grafting and nanoparticle incorporation was first
confirmed by FTIR results (Fig. 1). The bands at 1,060
and 800 cm™" were attributed to the Si—O-Si or Si-O-C
stretching vibrations, indicating the successful grafting of
APTES on CS [31, 32]. The presence of amine functions
on CS-APTES and HC-APTES-PDMS was confirmed by
peaks detectable at 3,350 and 1,674 cm™', which can be
associated to the N-H stretching vibration and NH, bend-
ing vibration, respectively [33, 34]. On the other hand, due
to PDMS substitution, new peaks appeared between 3,000
and 2,800 cm™!, confirming the presence of (Si—CHj), and
CH, groups. In the 1500-800 cm™" region, more intense
bands associated to the vibration modes for methylene
groups and the scissoring mode for CH, were observed
[35]. Three new peaks at 1260-1300 cm™', 840 cm™' and
790 cm™! due to the symmetric bending of the methyl
groups connected to the silicon atom (8Si—CH;) were also
observed [36]. Interestingly, the chemical modification
that ensued from the reaction with the epoxy ring resulted
in the formation of a secondary amine, confirmed by FTIR
through the deformation mode of the N-H group at around
1570-1560 cm™! (Table S1).

0.95

€

8

[

S 0904

=

£

w

§ —CS

(= | ——CS-APTES

——CS-APTES-PDMS
——CS-APTES-PDMS,__ -Co

0.80

3500

T T T T T
4000 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 1 FTIR spectra of CS, CS-APTES, CS-APTES-PDMS, and
CS-APTES-PDMS-Co
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3.2 Immobilization of Co-NPs onto CS-APTES-
PDMS

Metallic nanoparticle formation resulted from a high disper-
sive capacity of the host matrices. This property entailed the
occurrence of a sufficiently high number of nanoparticle-sta-
bilizing sites. The shift recorded for the OH stretching band
from 3350 cm™! (for CS—~APTES-PDMS) to 3320 cm™"! (for
CS-APTES-PDMS—-Co) confirmed that hydroxyl groups
were involved in Co?* chelation. Such an IR shift associated
with metal cation chelation on cellulose was also observed
by Basta et al. [37]. The decrease in the intensity of the
IR band at around 750 cm~! confirmed that silicon atoms
were hidden by Co-NPs. Moreover, the shift of the Si—~O-Si
stretching vibration from 1060-1045 cm™" to lower frequen-
cies confirmed that Co-NP incorporation was stabilized by
the APTES-PDMS layer. These observations suggest that
APTES-PDMS aggregated around Co-NPs even in the form
of multilayer condensation via intermolecular H-bridges.
We can conclude from these IR data that the main epoxy
ending group of PDMS fully reacted with the amine group of
APTES via covalent bonding [35, 38], resulting in success-
ful grafting of PDMS on APTES-modified cocoa shell and
incorporation of Co-NPs on CS-APTES-PDMS.

3.3 Morphological properties

SEM images of CS, CS-APTES, CS-APTES-PDMS, and
CS-APTES-PDMS—Co are shown in Fig. 2. At the micro-
scopic scale, CS seemed relatively smooth, with many
agglomerated sub-micrometric particles (Fig. 2a). After
APTES and PDMS grafting, layers were observed at the
edges of the particles, which visibly brought evidence of
the existence of APTES-PDMS coating on cocoa shell
(Fig. 2b, ¢). After in situ generation of Co-NPs, a few nano-
particle aggregates were observed, confirming successful
impregnation (Fig. 2d). These agglomerates were accom-
panied by white spots, due to the presence of Co-NPs on
the surface of the adsorbent. A few Co-NP agglomerates
were also observed uniformly on the whole surface of
CS—-APTES-PDMS, and the surface morphology was clearly
changed (Fig. 2d). The size of the cobalt nanoparticles was
estimated to be 50-80 nm from TEM images (Figure S1).
This resulted from the displacement of polymer chains to
the edge of CS—~APTES-PDMS during Co** reduction and
in situ generation of metal nanoparticles.

For a detailed characterization, the synthesized samples
were analyzed by SEM-EDX spectroscopy. The Au, Cu, and
Pd heteroatoms identified in Fig. 3 came from the metalliza-
tion step required for EDX analysis. Specific peaks for cobalt
and silicon atoms were observed, confirming the incorpora-
tion of silicon from organosilane grafting and cobalt from
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Fig.2 SEM images of CS (a), CS-APTES (b), CS-APTES-PDMS, (¢) and CS-APTES-PDMS—Co (d)

nanoparticle incorporation, as showed in Fig. 3. SEM-EDX
(Fig. 4) mapping confirmed that the silicon layer and cobalt
nanoparticles covered the whole cocoa shell surface.

3.4 Thermal stability of CS-APTES-PDMS-Co

Figure 5 shows a typical DSC curve of cocoa shell before
and after treatments by APTES-PDMS coating and Co-NP
incorporation. Cocoa shell presented an endothermic peak
at around 100 °C corresponding to evaporation of free water
from the samples. This peak was missing from the curve
associated to the modified materials, probably because
they were slightly heated during the grafting process.
Two exothermic peaks were visible at 320 and 450 °C on
CS-APTES-PDMS—Co, corresponding to cobalt oxide and
metallic cobalt [39], respectively.

The maximum heat flow was higher for all the modi-
fied materials than for the unmodified material. Therefore,
increased thermal stability was observed after modification.

This supports that the two aminopropyl groups from ami-
nosilane layers and Co-NPs had a synergetic effect and
protected the cocoa shell surface, in good agreement
with SEM and FTIR analyses. These results confirm that
APTES-PDMS-Co was added on the CS sample, and
improved the thermal stability of CS-~APTES-PDMS and
CS-APTES-PDMS—Co.

3.5 Electrical behavior of CS derivates

The zeta potential may accurately reflect the electrostatic
behavior of solid particles for that a tiny change of electric
charge in Stern layer can cause the fluctuation of electric
potential. Zeta potential analysis provided also important
information about the surface charge density of the mate-
rial and the stability of the nanoparticles dispersion. The
average zeta potential for natural cocoa shell was —25 mV
(Fig. 6). This negative value may result from the charge con-
tribution of cellulose, lignin and hemicelluloses of CS. After
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Fig. 3 EDX spectra of CS— ST Au
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Fig.4 SEM image and EDX mapping of the synthesized CS-
APTES-PDMS—Co adsorbent
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Fig.5 DSC profiles of the CS (green), CS-APTES (red), CS—
APTES-PDMS (blue), and CS-APTES-PDMS-Co (black) samples.
(Color figure online)

APTES and PDMS coating, the increase of the zeta potential
revealed a modification of the electrical state of the surface
to reach —28 mV and — 33 mV respectively. These higher
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Fig.7 CO, uptake recorded for CS (a), CS-APTES (b), CS-APTES-
PDMS (C), and CS-APTES-PDMS—Co (d)

values of zeta potential confirmed that APTES and PDMS
coating participate to the stabilization of the colloid disper-
sion of CS particles. The zeta potential of Co nanoparticles
was evaluated to 12 mV. Thus, the modification of the zeta
potential from —33 mV to —22 mV confirmed the incorpo-
ration of Co nanoparticles into CS-PDMS-Co in accordance
with SEM and IR analysis.

3.6 CO, adsorption properties

Figure 7 shows that all samples displayed affinity towards car-
bon dioxide. Interestingly, CS-APTES, CS-APTES-PDMS
and CS-APTES-PDMS-Co demonstrated much better CO,
adsorption performances than unmodified cocoa shell. More
particularly, CS~APTES-PDMS-Co exhibited a CO, reten-
tion capacity of 0.1 mmol g~! at room temperature and nor-
mal pressure.

Additionally, the functionalized surface area of
CS-APTES-PDMS-Co considerably enhanced gas
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diffusion due to its larger exposure area and penetration
depth for CO, molecules. We also compared the CO,
adsorption properties of various natural unmodified or
chemically modified samples reported in the literature with
the CS-APTES-PDMS-Co samples prepared in this study
(Table 1). CS-APTES—-PDMS-Co demonstrated interest-
ing performances towards CO, gas capture, with a reten-
tion capacity eight-fold higher than bentonite and zeolites
(Tablel). The adsorption capacity described in this paper is
obviously lower than the adsorption capacity of activated
carbon, mesoporous silica or metal-organic frameworks
[40], but our aim was to develop a simple (requiring no spe-
cific equipment) and low-cost strategy to promote an abun-
dant agro waste resource without any physical activation.
This feature could not only be due to the synergetic effect
between CS matrices and the cobalt nanoparticles embedded
in APTES-PDMS coatings, but also to the well-dispersed
cobalt nanoparticles that increase the gas response by pro-
viding active CO,-capturing sites. We modified cocoa shell
step by step. To evaluate the influence of the building blocks,
PDMS was directly impregnated onto the cocoa shell sur-
face. In this case, CO, adsorption was 75% higher than on
cocoa shell but still limited (data not shown). Therefore,
silane layers are important to promote PDMS adhesion. The
amino groups present on modified matrices increase basicity
and thereby favor the chemical formation of carbamate from
CO, molecules [41, 42]. In parallel, the PDMS layer and
cobalt particles induced a modification of the surface prob-
ably via compaction of the structure. Thus, CO, molecules
could be entrapped around cobalt nanoparticles by physical
condensation.

3.7 Diffusivity and equilibrium adsorption of CO,
in CS-APTES-PDMS-Co

CO, molecules within the materials. Firstly, CO, reached
the boundary layer at the surface where APTES, PDMS
and Co-NPs were immobilized. Thus, CO, was quickly
adsorbed onto the active site generated by the loading of
APTES-PDMS—Co. Meanwhile, the other amounts of CO,
gas passed through the texture to fill the gaps inside the CS
microstructure. Besides diffusion, CO, transport was facili-
tated by the activity of APTES-PDMS-Co that enhanced
the adsorption properties of the materials. Afterwards, the
aminosilane groups and cobalt nanoparticles on the adsor-
bent surface were saturated with CO, and oxygen atoms,
which made the adsorption capacity constant. Thus, the dif-
fusion time was equilibrated, indicating saturation of these
materials. Interestingly, the equilibrium time recorded for
CS-APTES-PDMS-Co was shorter than the time recorded
for the other materials, indicating that cobalt incorpora-
tion enhanced gas diffusion into the adsorbent (Table 2).
We estimated that PDMS layers induced a compaction of
the CS particles facilitating the capture of a higher amount
of CO, molecules. Nevertheless, those molecules need
time to diffuse into the texture of the particles (equilib-
rium time =5.4 min). The surrounding of PDMS by cobalt
nanoparticles improve the capture of CO, molecules due
to specific physical condensation. In the same time, cobalt
nanoparticles improve the gas diffusion into the particle
which could limit the maximum amount of CO, molecules
captured. To conclude, cobalt catalyzed CO, conversion
and also increased the cocoa shell surface area [48]. Thus,
in situ reduction of metallic cobalt is an interesting field
of investigation to develop functional materials for fast gas
adsorption.

Table 2 Time needed for different adsorbents to reach equilibrium

The amount of adsorbed CO, increased as the contact time €5 CSAPTES g;;?: TS g;;fs’ff"

increased, until it reached a plateau indicating that the

samples were saturated with CO, gas (Fig. 7). This phe- ~ Equilibrium  4.10 4.40 5.30 4.00

nomenon can be explained in terms of the full diffusion of Sihe )

Table 1 Comp.ar ison be%vﬁleen Adsorbent CO,-retention capacity at room temperature and Reference

the COz-re.tcml.on capacities oAl pressure (mmol‘g")

measured in this study and

published results Bentonite 3.4x1073 [43]
Bentonite—PEI 1 [44]
Cu-organo-bentonite 2% 1073 [45]
NaMt-S-N(OH)2 0.283x 107 [27]
Montmorillonite 0.72x 1073 [43]
TETA-acrylamide—sugarcane bagasse 5 [46]
Metal-organoclay 1.5x1073 [47]
CS-APTES-Co 0.24 [41]
CS-APTES-PDMS-Co 10x1073 This work
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4 Conclusions

The purpose of the current study was to evaluate the perfor-
mance of natural and modified cocoa shell for adsorption of
CO, gas at room temperature and atmospheric pressure. In
this respect, CS were functionalized via chemical grafting
of APTES and PDMS, followed by Co-NP incorporation.
Natural and modified surfaces were characterized by FTIR,
SEM, EDX, and DSC. All these analyses demonstrated
that both APTES and PDMS were successfully grafted
onto CS particles, and elucidated the in situ generation and
impregnation of cobalt nanoparticles onto and within the
APTES-PDMS coating. While both natural and modified
cocoa shell samples demonstrated CO, capture abilities,
CS-APTES-PDMS-Co offered correct adsorption proper-
ties. We demonstrated the key effect of cobalt nanoparticles
loaded on CS—APTES-PDMS for fast CO, adsorption at
ambient temperature. Therefore, the APTES-PDMS grafting
and Co-NP incorporation approach offers promising pros-
pects for preparing advanced low-cost materials for CO,
adsorption and electrocatalysis applications.
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In these three papers, were investigated the functionalization of two kinds of surfaces for
different applications, the first one a polymer, i.e. cyclic olefin copolymer, and the second an
agrowaste material, i.e. cocoa shells. The functionalization of COC and cocoa shell by
diazonium salts, in the first two papers, were performed following similar protocols indicating
that diazonium reduction is really versatile. Taking into account the advantage of the diazonium
chemical reduction, including high reactivity, low cost and a fast process, we performed the
covalent grafting of these two surfaces in acidic solution in the presence of a chemical reducer.
Parameters such as temperature influence, reagent concentration and light irradiation time, in
the case of COC functionalization, were tested in order to provide optimal conditions for the

covalent functionalization.

The use of methods such as SEM-EDX, AFM and ATR-IRTF for surfaces characterization,
allowed us to show the aryldiazonium grafting through the presence of a thick layer onto the
surface, and also prove it to be strong enough to withstand ultrasonic treatment, meaning that

the aryldiazonium salts were covalently grafted into the both surfaces.

However, as we showed in the first paper about the COC surface, although we ensure the
effectiveness of grafting through the classical methods, some important functions such as
carbon-sulfur and carbon—halogen are still difficult to evidence due to the ambiguity presented
by the results. It was thinking about it, we decided to combine the classical techniques with two
different coupled methods. The lon mobility Mass Spectrometry (IM-MS) and the Atmospheric
Solid Analysis Probe lonization (ASAP) which give rise to the ASAP-IM-MS, where these
functions previous mentioned were easily detected. In addition to being able to identify and
characterize a small lateral chain in the para position on the phenyl ring, limiting a possible

growth of multilayers and so influencing the film formation. After these conclusive studies, we
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may introduce the ASAP-IM-MS as a new complementary technique to classical
characterization of COC surfaces. Dedicated to the direct analysis of solid samples without

sample preparation.

In the parallel studies of functionalization of the cocoa shell surface, in the second paper, we
could observe solid evidence of the reaction between the salts of diazonium and the surface
of cocoa shell already at the beginning of the experiments. That evidence was given due to the
changes in the color of the solution from transparent to yellow-orange and also in the fact that
the cocoa shell grains had moved from the bottom of the beaker up to the liquid surface during
the reaction process. Which can be attributed to morphological modifications at the cocoa shell
surface caused by the attachment of the nitro groups from the diazonium salts on the CS

surface.

The efficacy of grafting was confirmed through results obtained using classical surface
characterization methods, such as ATR-IRTF spectroscopy. Its chemical resistance was also

evaluated by causing a pH variation, where no modification was observed.

After these satisfactory results with the cocoa shell and considering a better use of this raw
material, with a complete work and elaborated with the intention of meeting the demands with
the current environmental problems of CO2 capture, we developed the CS-APTES-PDMS-Co
functional agrowaste, as shown in the third paper. Where we compared the CO2 absorption at
each stage of CS functionalization, from the beginning with the APTES following by grafting
with the PDMS until the incorporation of cobalt nanoparticles, with unmodified CS. The results
showed that, besides both CS-APTES-PDMS and CS-APTES-PDMS-Co had shown an
increased in the CO2 adsorption capacities as compared to unmodified cocoa shells, the CO2-
retention capacity measured in this study are significantly higher compared to published

results.
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This thesis was achieved thanks to the financial support of the Erasmus EBW + program, the
Laboratoire en Chimie Organique, Bioorganique, Réactivité et Analytigue (COBRA — UMR
6014), the Laboratoire de Microbiologie — Signaux et Microenvironnement (LMSM - EA 4312)

and the University of Rouen Normandie.

The aim of this thesis was to study the functionalization of different surfaces using the
diazonium salts and we were able to show the feasibility of a direct grafting of aryldiazoniums

on different substrates.

The first part of the study was dedicated to the development of an innovative protocol for the
grafting of new chemical functions on a surface known for its chemical inertness and optical
properties, the gold. The objective was to apply the diazonium chemistry to develop an original
SPR biosensor. We succeed to graft diazonium by chemical and electrochemical reduction and
after optimization to obtain a carboxybenzene SPR biosensor. The performance of the biochip
was demonstrated with antigen/antibody complex and with protein/peptide complex. This work
was helpful to Pr. O. Lesouhaitier to validate that the bacterial protein AmiC and CNP hormone
were in interaction. We also developed a new generation of SPR biochip promising for the

future of the SPR technology.

The perspectives for this research are to determine others unknown dissociation constants
(Kp) between proteins couples but also with DNA or RNA molecules. The regeneration step

has also to be improved to work with complex solution.

The second part of the study was dedicated to environment depollution, such as contaminated
waters and air (capture of polluting atmospheric gases). We investigated the functionalization
of two kinds of surfaces for different applications, the first one a polymer, i.e. cyclic olefin
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copolymer, and the second an agrowaste material, i.e. cocoa shells.

The functionalization of COC and cocoa shell by diazonium salts, in the first two papers, were
performed following similar protocols indicating that diazonium reduction is really versatile.
Taking into account the advantage of the diazonium chemical reduction, including high
reactivity, low cost and a fast process, we performed the covalent grafting of these two surfaces
in acidic solution in the presence of a chemical reducer. Different parameters and diazonium
were grafted and the grafting was confirmed through different techniques (SEM, DSC, ATR-
IRTF spectroscopy). Now, different perspectives could be emphasized to these works. For
instance, COC is suitable for microfluidic application but his chemical inertness was an
important problem. So, we can use our diazonium strategy to modulate the surface charge of
the microfluidic channel and allow flow migration by electroosmosis. For cocoa shell, the
grafting condition has to be optimized to obtain an amino or carboxylic surface suitable to

facilitate the adsorption of inorganic or organic pollutant.

As the first analysis with cocoa shell modified by diazonium salt was not satisfactory, we
decided to modify this raw material with silane derivates and metallic particles. So, we
developed an original modified cocoa shell called CS-APTES-PDMS-Co. This material present
interesting properties to capture CO2. We demonstrated that CS-APTES-PDMS and CS-
APTES-PDMS-Co show an increased in the CO:2 adsorption capacities as compared to
unmodified cocoa shells. The perspective of this work will be to transfer this strategy of
modification to activated carbon or other material and to see if APTES could be replaced by

aminobenzene diazonium salt.
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4-Carboxymethylbenzene Diazonium Synthesis

9] 5 3 1 _OH
O HBF,
H,N 1 NaNO; (aq) 2 2. 84% N @ 7
20 min, 0 °C BF, BF4

Schema 2: The 4-Carboxybenzene diazonium synthesis

The preparation of the compound was conducted according to the method described by Brisset
et al.'”. The 4-aminophenylacetic acid (2.077g, 17 mmol, 1 eq) was dissolved in tetrafluoroboric
acid (11.5 mL, 180 mmol) in a three-necked round-bottomed flask. After cooling down the
solution to 0°C with an ice bath, a solution of sodium nitrite (1.173 g, 17 mmol, 1 eq.) in 3 mL
of water was added over 20 minutes and the reaction was stirred for 15min. The solution was
then kept at -18°C for minimum 3 hr. After precipitation, the diazonium salt was collected as a
light brown solid by vacuum filtration. It was washed with cold diethyl ether, dried, and stored

at -18°C. The compound was obtained in 84% yield (m = 3.50 g).

1H NMR (300 MHz, CD3CN): & (ppm) 8.43 (d, J = 9 Hz, 2H, H-5, H-7), 7.83 (d, J = 9 Hz, 2H,

H-4, H-8), 3.94 (s, 2H, H-2)

13C NMR (75 MHz, CD3CN): & (ppm) 170.98 (C-1), 151.81(C-6), 134.12(C-3), 133.30(C-4 et

C-8), 113.49(C-5 et C-7), 41.42 (C-2).
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The electro-reduction grafting procedure of diazonium salts

1. Prepare 100 mL of an electrolyte solution in 0.1 mol L* of acetonitrile. The salt can be
either N, N, N-tributyl-1-butanaminium tetrafluoroborate (BuaN*, BF4?) or N, N, N-tributyl-
1-butanaminium hexafluorophosphate (BusN*, PF¢’).

2. Prepare 25 mL of a 0.001 mol L solution of ferrocene in the electrolyte. This solution

acts as a reversible electrochemical probe and allows us to visualize the passivation of the

surface after deposition.

3. Prepare 10 mL of a 0.005 mol L* solution of aryldiazonium salts in the electrolyte. It is

in this solution that the electrodes will be immersed (gold surface is used as working electrode,

platinum as counter electrode and Ag/AgCl as reference electrode).

4. The gold surface used for the grafting is analyzed by ATR-IRTF, by cyclic voltammetry

in the presence of ferrocene before and after the experiment (ferrocene redox system), and by

plasmonic curves after grafting.

5. A first analysis by cyclic voltammetry is carried out in the electrolyte degassed by

bubbling nitrogen, with 3 scanning cycles between -0.3 V and 1 V, at 0.1 V/s. This analysis

makes it possible to verify the conductivity of the surface and the cleanliness of the electrolyte.

6. A second analysis in the ferrocene of 3 cycles between -0.3 V and 0.5 V per interval of

0.1 V/s makes it possible to determine the E° of our cell. Note that the electrodes are rinsed

between each analysis with acetonitrile for HPLC.

7. The diazonium salt reduction experiment takes place by cyclic voltammetry.

8. An analysis in ferrocene (ferrocene redox system) of 3 cycles between -0.3 V and

0.5V, at 0.1 V/s, makes it possible to verify the passivation of the surface.

It should be noted that from step 6, the gold surface is rinsed with acetonitrile between each

step to minimize the contaminations that could occur if impurities were present in the electrolyte
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and to remove the ferrocene deposits.

Protocol for antibodies immobilization on SPRi biochips

This protocol presents each step of the antibody immobilization on gold SPR biochip. It was
used SPRi-plex array system from Horiba Scientific-Genoptics. The steps are described
following the order of the experiments.

*This protocol was optimized to the current surface from Horiba book following its
specifications.

*Chemicals: All the chemicals were purchased from Sigma Aldrich. All the solutions were

prepared from double distilled water 18.2 MQ.cm (Millipore Thermo Scientific).

Antibodies immobilization steps

Washing the gold biochip with MilliQ deionized water and then drying it;
e In a becker, incubation for 30 min with a mixture of EDC (400 mmol L*/120 pL) and
Sulfo/NHS (100 mmol L1/120 pL)* 189, 1%;
e Washing the gold biochip with MilliQ deionized water and then drying;
e Anti-OVA (200 pg/ml) incubation in Acetate buffer (10 mmol LY/pH 4.5)* in humid
atmosphere in order to prevent drying*:
= Deposited as spots (the drop size is dependent of the deposition method. For this
deposit is used an automatic spotter (Microarray) of the Horiba’s company that
allows to do spots of diameter 500 um) during 16 hours?;
= The pH immobilization is dependent of the surface. Initially, after to EDC/SulfoNHS
activation a pre-concentration test is performed to determine the correct pH. The
shift to the left in the plasmon curves give an indication of the amount of immobilized

antibody?.
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e Washing the gold biochip with MilliQ deionized water and then drying;

e In a becker, incubation during 30 min with bovine serum albumin (BSA) 200 pug/mL without
agitation, in order to passivate the areas where there is no antibody. This passivated area
is used as negative control??;

e Washing the gold biochip with MilliQ deionized water and then drying;

e In a becker, incubation during 30 min with ethanolamine.HCI 1 mol L pH 8.5 without
stirring, in order to deactivate the COOH functions which have not interacted with the
antibodies and the BSA (bovine serum albumin)#;

e Washing the gold biochip with MilliQ deionized water and then drying;

e Then, the gold biochip is ready to use in Surface Plasmon Resonance (SPR) analysis.

Installation of the gold biochip in the SPR

e Materials used*:
= Etched prism;
= Gold biochip from Horiba/Schott;

= Horiba transparent Oil index (for bonding the gold surface in biochip).

After bonding with Oil index HORIBA, the gold biochip on prism is inserted into the SPR
instrument in order to measure the interaction constants between the two couples. The
activation and calibration of the SPR are performed using PBS 10 mmol L? and PBS
12.5 mmol L4,

On the SPR, are performed injections (using a syringe/200 uL) of ovalbumin (several
concentrations in order to saturate the antibodies) during 4 min at 50 pL/min.

For antibodies regeneration, it is used glycine at 10 mmol L* pH 2 during 4 minutes*.
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MODIFICATION DE SURFACE DE DIFFERENTS MATERIAUX POUR LES
APPLICATIONS BIOLOGIQUES ET ENVIRONNEMENTALES

Depuis pres d'un siécle, les chercheurs déploient des efforts importants pour apporter de
nouvelles propriétés aux matériaux et aujourd'hui la modification de surface des matériaux est
plus que jamais un sujet de recherche tres attractif lié a une variété d'applications industrielles
prometteuses. Le développement d'une méthodologie simple pour caractériser les interactions
biomoléculaires a été, au fil des ans, une technologie indispensable pour soutenir les
recherches dans les domaines de la biologie et de la microbiologie en raison de son haut degré
de sensibilité. La fonctionnalisation de surface par revétement chimique est une solution
prometteuse pour obtenir de nombreuses propriétés bien définies. Cette étude présente la
faisabilité de la fonctionnalisation de la surface de I'or en utilisant une chimie basée sur les sels
d'aryldiazonium pour le développement de biocapteurs appliqués a la technologie de
résonance plasmonique de surface (SPR). Une technique de haute qualité utilisée pour

mesurer les interactions biomoléculaires en temps réel dans un environnement label-free.

Depuis de nombreuses années, les activités industrielles sont responsables de la pollution de
'atmosphere. Bien que différents gaz a effet de serre soient impligués dans la pollution
atmosphérique, le COz reste I'un des plus importants en raison de ses concentrations élevées
dans l'atmosphére et de sa capacité a provoquer des maladies graves. Plusieurs études dans
la littérature ont démontré que certains adsorbants tels que les charbons actifs, les tamis
basiques de silice fonctionnalisés, les zéolithes, etc. bien que disponibles dans le commerce
sont encore sophistiqués et colteux limitant leur application. Cependant, il est toujours
nécessaire de capter le CO2 pour des activités a colts d'exploitation limités. L'objectif de cette
étude est de valoriser I'écorce du cacao, une ressource d'agro-déchets préte a I'emploi et facile
a modifier, en tant que matériaux peu codteux pour l'adsorption du CO: et I'élimination des
toxines des déchets industriels en solution appliquant un traitement chimique a partir des sels

de diazonium et des composés de silane pour modifier ses propriétés physico-chimiques.

Mots clés : Chimie des surfaces, fonctionnalisation chimique, sels de diazonium, silanes,

biocapteurs, résonance plasmonique de surface, agro-déchets.
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SURFACE MODIFICATION OF DIFFERENT MATERIALS FOR BIOLOGICAL AND
ENVIRONMENTAL APPLICATIONS

For almost a century, the researchers have been making important efforts in order to bring new
properties to materials and nowadays surface modification of materials is more than ever a
very attractive research subject related to a variety of promising industrial applications. The
development of simple methodology to characterize biomolecular interactions has been, over
the years, an indispensable technology to support researches in the areas of biology and
microbiology due its high degree of sensitivity. Surface functionalization by chemical coating is
a promising solution to obtain numerous well-defined properties. This study presents the
feasibility of gold surface functionalization using a chemistry based on aryldiazonium salts to
the biosensors development applied to Surface Plasmon Resonance (SPR) technology. A
high-quality technique used to measure biomolecular interactions in real time in a label free

environment.

Since many years, industrial activities are responsible to the pollution of the atmosphere.
Although different greenhouse gases being involved in atmospheric pollution, CO: is still one
of the most important due its high concentrations in the atmosphere and due to its ability to
induce serious health disease. Several studies in the literature have demonstrated that some
adsorbents such as activated carbons, basic functionalized silica sieves, zeolites, etc..
although commercially available are still sophisticated and expensive limiting their application.
However, there is still a need to capture CO:2 for activities with limited operating cost. The
objective of this study is to promote the cocoa shell, an agro-waste resource ready to use and
easy to modify, as low-cost materials for CO2 adsorption and toxins removal from industrial
waste in solution applying a chemical treatment from diazonium salts and silane compounds

to modify its physic-chemical properties.

Keywords: Surface chemistry, chemical functionalization, diazonium salts, silanes,

biosensors, surface plasmon resonance, agro-waste.
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