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GENERAL INTRODUCTION

The environmental water pollution by aromatic compounds is an ongoing worldwide issue
demanding for an improvement of the environmental quality monitoring. The objectives of the
REMANTAS project (approved by the National Research Agency under the ECOTECH 2011
program) were to address such issues. Initiated in 2012, it aimed in developing an original analytical
tool allowing on-site measurements of organic contaminants in aquatic environments (seawater and
freshwater) and offering a better estimation of the spatial and temporal variability of water
contamination. The molecules targeted within the REMANTAS project and during my PhD are
summarised in the table 1. The innovation proposed within this project is related with the exploitation
of the Surface Enhanced Raman Scattering (SERS) method. It has been selected for its qualitative
and quantitative analytical performances. However, to be able to provide a specific detection, it has to
be combined with a (bio)chemical receptor that enable the pre-concentration of the analytes present
in water media at the sensor surface.

Table 1 The targeted substances chosen in the frames of the Remantas project, regarding their

presence on the list of priority substances under the Water Framework Directive 2000/60/EC
and/or on the list of the 100 chemicals most transported by sea.

PAHs LOD Clorinated solvents LOD BTEX LOD
(ppb) (ppb) (ppb)
Naphthalene 24 Chloroethylene 10 Benzene 10
Fluoranthene 0.1 1,1-dichloroethane 10 Toluene 74
Benzo[a]pyrene 0.05 Trichloromethane 25 Ethylbenzene 65
Xylenes 1

In the framework of the REMANTAS project, this manuscript will be dedicated to the presentation of
the experiments performed in order to design robust, sensitive, selective and reproducible SERS

nanosensors for the detection of the selected pollutants.

First of all, the Chapter 1 will give a review of the environmental water pollution and of the main
issues related to this topic. The Chapter 2 will be devoted to the description of the general principle of
SERS including the explanation of various phenomena contributing to the enhancement effect. In the
same chapter we will also review the techniques for SERS substrates fabrication and the strategies for

surface functionalisation proposed in the literature.



Chapters 3 to 5 will be dedicated to the presentation of the results obtained for the sensor surface
functionalisation in order to design a robust molecular layer capable to selectively interact with the

targeted molecules.

In Chapter 3 I will overview the works done for the design of a highly specific nanosensors based on
the use of antibodies as bioreceptor. In the first part, experiments on the whole antibody
immobilisation will be described, whereas the second part will be devoted to the exploration of the

benefits offered by the use of the fragment antigen-binding (Fab).

Chapter 4 will be focused on the cyclodextrins (CDs). Such molecules have been exploited to pre-
concentrate the targeted pollutants thanks to host-guest interaction between the CDs cavity and the
guest molecules. First, the complexes formation achieved by mixing molecules in bulk solution and
allowing them to interact will be presented. The results of the formed complexes analysis by Raman
spectroscopy and thermogravimetric analysis (TGA) will be summarized. Finally, in a second part, |

will present the results of the CDs application as surface receptor for the nanosensor design.

Chapter 5 will summarise the efforts made towards the diazonium salts (DSs). These latter ones have
been chosen to pre-concentrate apolar pollutants by n-n stacking and hydrophobic interactions. The
first part of this chapter will describe the synthesis of the DSs followed by their characterisation by
Raman spectroscopy. The second part will be devoted to the surface functionalisation of the sensor
by DS. Based on the results achieved by SERS and DFT calculations, we will propose the
characteristics of the DS based layers on gold nanostructures. Finally, the last part of this chapter I
will focus on polycyclic aromatic hydrocarbons (PAHs) detection using DS-based SERS

nanosensors.

Chapter 6 will be dedicated to an innovative approach of surface functionalisation and modification.
Herein, the specific molecular immobilisation thanks to radical mediated thiol-ene reaction on
plasmonic nanostructures will be described. As it will be demonstrated, this strategy stands as a first

test in the synthesis of multi-targeted sensing platforms.

Finally, a general conclusion will give a summary of all the works developed during this PhD and

will open to new research perspectives.



1 Environmental water pollution by aromatic hydrocarbons

1.1 Introduction

Water is crucial for the existence of all organisms, including humans. Our planet stocks a huge
amount of water and this amount will not diminish on shorter than geological time scale [1].
However, only about 3 % of environmental waters are considered as fresh water (Figure 1.1) whereby
the biggest part is stored as glaciers or deeply underground [2] [3]. Thus, since part of consumable

water is very little, ensuring clean water supplies is of first importance.

Fresh-
water 3% Other 0.9% ;
° " _Surface Rivers 2%
I water
Ground 0.3%
water
30.1%
Saline
(oceans)
97%
Earth’s water Freshwater Fresh
surface water
(liquid)

Figure 1.1 Distribution of water in Earth.

On the other hand, marine and coastal waters serve as highways for the shipping industry or provide
extractable sand and gravel areas for agriculture production. At the same time it is a source of wild
fishes for human consumption and important recreational opportunities [4]. In order to maintain these

functions it is essential that environmental quality is ensured.

However, the increasing chemical industry such as pharmaceuticals, petrochemicals, agrochemicals,
industrial and consumer chemicals have raised the public awareness and concern about the presence
of these chemicals in the environment. Today, chemical pollution is one of the main pressures
affecting environmental water. The global production of chemicals is increasing worldwide (Figure
1.2). Up to now about 100 000 chemicals are available in market of European Union (EU) and very

likely some of these substances are being released in aquatic system [4].
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The environmental pollution is defined as the presence of chemicals, which induce harm to the
environment or living organisms and as a consequence, any pollutant causing one or more effects if
presented in water at high enough concentrations. However, certain chemicals have been identified
by international agreements or regulations as being “priority chemicals for control”. The criteria on
which these chemicals have been selected are as follows [6]:
The chemicals are frequently found by monitoring programs
They are toxic at low concentrations
They bioacumulate

They are persistent
They are carcinogens

O O O O O

Mononuclear aromatic hydrocarbons often referred as BTEX (benzene, toluene, ethylbenzene and
xylenes) as well as polycyclic aromatic hydrocarbons (PAHs) are consistent with all these criteria.
This chapter will be especially devoted to the aromatic hydrocarbons: their appearance in
environmental waters, their induced toxicity and the proposed ways of monitoring them in

environmental waters.

1.2 Aromatic hydrocarbons

Aromatic molecules (or aromatic groups within a larger molecule) are characterized by a fully
conjugated cyclic structure having notable stability with respect to ring opening, notable lack of
reactivity with respect to substitution or addition and notable diamagnetic ring current effects in
nuclear magnetic resonance. In the simplest terms, a monocyclic molecule (or part of a molecule)
may be identified as aromatic according to whether or not it satisfies the so-called Hiickel rule, which

requires that it have 4n + 2 electrons within its conjugated & system. [7].



Mono-aromatic hydrocarbons are often referred as BTEX which is standing for Benzene, Toluene,
Ethylbenzene and three isomers of Xylenes (Figure 1.3). Due to high volatility, these organic solvents
are included in the group of volatile organic compounds (VOCs). Benzene as priority substance is
included in the list of the European Union Water Framework Directive (E.U. WFD) [8] whereas
toluene, ethylbenzene and xylenes take a part of the selected substances of the French circular of the

7 may 2007.
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Figure 1.3 Molecular structure of BTEX.

Polycyclic aromatic hydrocarbons (PAHs) are conjugated systems built on benzene rings. They are
considered as a fused aromatic ring systems where a pair of carbon atoms is shared and all atoms
within molecule lie in one plane [9]. These organic molecules vary from two fused aromatic rings
(CioHg) called naphthalene till eight conjugated rings (C,4Hii) called coronene (few examples of
PAHs structures are illustrated in Figure 1.4). The number of aromatic rings and molecular structure
define their physical and chemical properties [9]. In this range there are large number of molecules
differing in the position and the number of aromatic rings. The solubility of PAHs in aqueous
environment is very low due to their hydrophobic nature (the octanol/water partition coefficient log
Kow = 3 - 8) and decreasing with increasing molecular weight [10]. Some of the PAHs can be
classified as semi-VOCs, whereas all of them are included in the persistent organic compounds
group. Due to their toxicity and potential carcinogeneticity PAHs are listed as the priority substances
to be detected in the environment by the E.U. WFD [8] and by the United States Environment
Protection Agency (U.S. EPA) [11].
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Figure 1.4 Few examples of PAHs molecular structure.
1.3 Source of aromatic hydrocarbons

The aromatic hydrocarbons are emitted into environment via natural and anthropogenic combustion
processes. The major natural sources of aromatics are volcanic eruptions, forest and prairie fires. The
most important anthropogenic sources of PAHs consist of combustion of fossil fuels, waste burning,
petroleum coke and asphalt production and many other industrial activities. The environmental
pollution originating from industrial activities is very complex since the chemicals can be released to
the environment at many stages of their life cycle, from development and testing, through

manufacture, cargo space and circulation through to use and finally dumping.

Due to the water exchange cycle, the major part of aromatic organic pollutants, loading to aquatic
systems have a component which is atmospheric in origin [10]. Atmospheric deposition ways has
been estimated to cause 10 to 80% of total input of organic pollutants into surface waters [9]. For
instance, the atmospheric input of PAHs to the Mediterranean Sea have been assessed to be 47.5 tons
per year, while the contribution of the rivers to the pollution was found to be around 5.3 and 1.3 tons

per year from Rhone and Ebro rivers, respectively [12].

As a result surface and marine waters are then loaded by aromatic compounds via atmospheric
fallout, urban runoff, municipal influents and industrial influents [10]. In most of the case, these

events are classified as nonpoint source pollution.

On the contrary, point source pollution is a single event issued from an identified source. The
examples of point source pollution could be the oil spillage and leakage or discharge of produced
water. Further elaboration on these pollution sources will be provided in order to emphasize its huge

impact on the marine health.



1.3.1 Oil as a source of PAHs to the environmental waters

PAHs in the composition of the crude oil are introduced in environmental waters through the leaking
from oil natural reservoirs. This process of oil seeps are registered all over the world with higher
concentrations in certain regions [13]. Measured worldwide rates of the oil seeps vary between 0.02
and 2.0 x 10° tons per year with the most realistic estimate being 0.2 x 10° tons per year. Additionally
to the natural oil seeping, PAHs are introduced into marine waters via accidental oil spills. For
instance, recently the “Deapwater Horizon” accident in the Mexican Gulf (in 2010) resulted in a
release of 779 x 10° liters of crude oil [14]. Another significant example is the accident of the “Exxon
Valdez” in Prince William Sound, Alaska, USA (in 1989) which spilt 42 x 10° liters of crude oil [15].
Important incidents were registered in European waters as well. For instance, the “Erika” accident (in
1999) released 18 000 tons of crude oil into French coastal waters and in Spain, the “Prestige” (in
2002) spilted 60 000 tons of heavy fuel oil into the waters outside of Galicia [16]. These are just few

examples of accidental release of large quantities of oil to the aquatic environment.

1.3.2 Produced water as a source of PAHs to the environmental waters

So called produced water is the one involved in the oil production offshore and onshore processes.
The most often, it consists of a mixture of the water contained naturally in the reservoir and of
injected water used for the recovery of oil combined with the treatment chemicals added during
production process [17]. Records published from offshore oil production platforms in the North Sea
demonstrated that produced water mainly consist of BTEX (97%). Remaining 3% is mixture between
naphthalene, phenanthrene and dibenzothiophene where naphthalene represents the largest fraction
(92%). The residues of the larger PAHs (<0.2%) can also be found in produced waters with the
decreasing concentrations of one order of magnitude for the compounds bearing additional rings [17]
[18]. Produced water is defined as a chronic source of PAH to the marine environment, with a

possible long term impact on the environment [19].

1.4 Toxicity caused by aromatic hydrocarbons

The pollution by aromatic hydrocarbons is an ongoing worldwide concern due to their high potential
carcinogenic and mutagenic activities. The potential PAHs carcinogenic effect was first time

recognized in 1775 by Pott who observed the relationship between soot and cancer. In the 1930,
7



pioneering studies by Kennaway and Hieger (1930) and Cook et al. (1933) described, that PAHs were
carcinogenic components. Later investigations showed that many PAHs act as potent carcinogens or

mutagens via deoxyribonucleic acid (DNA) adduct formation [20].

1.4.1 DNA adducts from PAHs

Aquatic vertebrates such as fishes are capable of metabolizing PAHs, producing reactive
intermediates species and occasionally resulting in formation of hydrophobic DNA adducts. It is
worth to note that metabolic activation of PAHs to reactive radicals constitutes their major toxic
effect. Two main metabolic pathways that yield the intermediates which covalently binding to DNA
were described by Xue and Warshawsky [21]. The interaction between reactive PAHs intermediates
and DNA sites depends on the reactive species, the nucleophilicity of the DNA site and some steric
factors [20]. Formed DNA and PAH metabolites complexes are known to be the crucial factors in
cancer development together with low efficiency of repair systems and long term exposure [22].
DNA adducts with benzo[a]pyrene (model compound for the PAHs) were the most studied [23] [24].
However, similar effect, induced by lower molecular weight PAHs were also reported [25]. The

schematic illustration of the adduct formation process is given in Figure 1.5.

PAH

Metabolismf| Polar excretable

metabolites ) Urine

Reactive metabolite (PAH¥)

Proteinl lDNA

Protein-PAH DNA-PAH

lDNA repair

DNA + R-PAH

l
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Figure 1.5 Schematic pathway of PAH metabolism leading to a formation of protein and DNA
adducts [26].



DNA adducts have been used as a biomarker of exposure to PAHs since the 1990. For instance,
monitoring of DNA adducts has been performed in order to assess the impact of the “Erika” oil spill
along the coasts of French Brittany. In this study, human hepatocyte (HePG2 cells) were introduced
to an “Erika” fuel extract which lead to the formation of DNA adducts similar to the ones observed in
the study using fish (Solea solea). These data indicates that human hepatocytes biotransform “Erika”

fuel into genotoxic metabolites similarly to hepatic cells of fishes [27].

1.4.2 Proteins adducts from polycyclic aromatic hydrocarbons

Along with the high affinity to a DNA, PAH metabolites form adducts with the proteins as well
(Figure 1.6). Adducts formation has been demonstrated between human serum albumin and diol
epoxides of fluoranthene and benzo[a]pyrene [28]. It is highly likely that the same type of

mechanism is operating in animals and fishes [20].
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Figure 1.6 Schematic illustration of the mechanism of PAH protein adduct formation.

Adduct formation between PAH metabolites and human proteins, particulary human hemoglobin and
serum albumin have been widely studied and well documented [29] [30] [31]. In most of the case the
PAHs adductation affects the proteins activity and as a consequence the adduct formation will have
specific effect depending on the protein structure [20].

Due to their environmental concem, aromatic compounds as mentioned before are included in both
US EPA and the U. E. WFD priority lists of dangerous compounds. It is then of first importance to

detect such compounds in fresh or sea waters as fast as possible and to be able to monitor them at

9



lower concentrations than the harmful ones. This latter concemn depends not only on the different
regulations of the states but also on the analysis techniques available for their detection as will be

explained in the following.

1.5 Common pollution monitoring techniques

A number of analytical methods for the determination of aromatic hydrocarbons in complex
environmental samples have been developed [10]. Some of them are reported in Table . The first
official method published in 1985 and named EPA-610 [32] has offered analysis of 16 PAHs in water
samples at the ppb and sub-ppb concentration range. This method was provided for high presure
liquid chromatography (HPLC) and gas chromatography (GC) approaches. However, procedure
proposed in EPA-610 was found limited in the successful separation and resolution of the compounds
reporting the sum of an unresolved molecular pairs. In 2007 a published improved procedure EPA-
8270D was devoted to the analysis of 16 PAHs and various semi-VOCs by employing gas
chromatography coupled with mass spectrometry (GC-MS) [33]. Later, in 2002, standard protocol for
PAHs determination in environmental waters was released by the International Organization for
Standardization (ISO), ISO 17993:2002 [34]. In this case, the PAH analysis is based on liquid-liquid
extraction (LLE) and final determination by HPLC combined with fluorescence detector [35].

Table 1 Standard procedures for determining of PAHs in aqueous samples (modified from

[36]).
Method Application Sample preparation Determination technique
EPA-610 PAHs in municipal About 1L of water samples is GC with A flame ionization
and industrial extracted with dichloromethane, detector or HPLC with UV
wastewaters the extract is then dried and and fluorescence detectors
concentrated to a final volume of (with a packed column)
less than 10 mL.
EPA-8270D Aqueous samples EPA 3500 series methods GC-MS with use of high
(version 3, 2000) resolution capillary columns
and deuterated internal
standard
ISO Water quality Water samples collected in brown HPLC and fluorescence
17993:2002 (determination of 15 glass bottles are stabilized by detector
PAHs) adding sodium thiosulfate. 1 L of

sample is extracted using hexane.
The extract is dried with sodium
sulfate and then enriched by
removal of hexane by rotary
evaporation

These environmental analysis procedures are essentially based on sampling techniques which are
problematic since they bring uncertainty on the analysis due to spatial and temporal variability of

10



pollutants in the environment [37]. In order to obtain meaningful analytical results, a large number of
samples is required. The sampling strategy is highly influenced by the nature of waters and the
amount of solid content in the water matrix [10].

For PAHs recovery from water samples LLE and solid phase extraction (SPE) were widely
investigated and used as conventional techniques. LLE is based on the common Soxhlet extraction
and benefits in equipment cost. However, the main disadvantage is related to the need of large
volumes of toxic and flammable solvents (nz-hexane, benzene, toluene, dichloromethane, ect.) [38]. In
this context LLE does not need to requirements of green analytical chemistry [39]. SPE, on the other
hand, offers wide variety of extraction conditions [40] which does not demand outsized quantities of
organic solvents. SPE separates different compounds by using principle of liquid chromatography,
where employed cartridges are usually packed with polymer or silica based sorbents. However, SPE
demands of multi-step time-consuming operations (washing, conditioning and eluting steps) which
promote the loss of analytes if not fully automated and it still uses the toxic solvents [41]. It is worth
to note that breakthrough volumes and the capacities of cartridge used in SPE method are often too
low to reach good detection limits [42]. Another disadvantage of SPE is the limitation to semi-VOCs
compounds since the boiling points of the components should be significantly higher than the
solvents.

An improved SPE procedure so called solid-phase micro-extraction (SPME) was then introduced to
pre-concentrate VOCs (including BTEX) in aqueous samples [43], [44], [45]. SPME combined with
GC-FID (flame ionization detection) led the analysis of BTEX with the limits of detection (LODs)
ranged from 0.07 to 0.24 pg/L. This system ensured single polymer-coated fused silica fiber (used to
adsorb and pre-concentrate analytes) repeatability of 7%, but fiber-to-fiber reproducibility was
amounted up to 22% [45].

In order to improve analysis of VOCs and semi-VOCs, and to reach sub-trace detection limits other
solid adsorbents strategies were investigated. For instance, the analysis of aromatic compounds in
aqueous environment using stir bar sorptive extraction (SBSE) is gaining increasing interest [46]. The
SBSE is defined as a robust, sufficient and convenient technology which requires minimal sample
volumes, performs the recovery rate of 90% for most non-polar compounds and 100% of the sorbed
molecules are analyzed [47]. SBSE is an equilibrium technique [46] based on the partitioning of
analytes between a polymer phase (polydimethylsiloxane (PDMS)) and the aqueous media. SBSE
method under optimized procedure allows achieving extremely low detection limits. For example, the

detection of PAHs in seawater down to sub-ppt level has been demonstrated by Roy et al. [42].

After analytes recovery and pre-concentration procedures (LLE, SPE, SPME or SBSE), the

determination of solutes are most widely performed using GC [48] [49] combined with either FID or
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MS detection or HPLC [50] equipped with fluorometric detection (FLD) or ultraviolet detection
(UVD) [51].

It is necessary to point out that the research on the analytical methods for the determination of
aromatic compounds in complex environmental waters is ongoing. Depending on the selected method
numerous problems still have to be faced. In the conventional procedures main issues are
approaching the sample collection, transportation, storage and its preparation for final determination
[52]. Both SBSE and SPME techniques require the co-injection of organic solvents and high
temperature in order to desorb pre-concentrated analytes [42] [46]. Finally, despite the benefits in
sensitivity and reliability these techniques are undergoing problems of miniaturization and are not
applicable for real-time monitoring of the chemical pollution. As a consequence, there is a great
interest in developing alternative analytical methods such as chemical and biochemical sensors,
noting that later approach of sensing tools could be applied for on-site and in-situ monitoring of

environmental quality.

1.6 Sensors as aromatic compound monitoring platforms

A (bio) chemical sensor is a tool that transforms the chemical information related to a composition
and/or concentration of a specific analyte into an analytically valuable signal [53]. The chemical
information here might come from the chemical reaction of the analyte or from a physical processes
occurring in the investigated system. Generally, (bio) chemical sensors are containing two functional
units: a receptor and a transducer (Figure 1.7).
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Figure 1.7 Schematic illustration of the components of chemical (bio) sensors.
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The receptor unit is responsible for a chemical information transformation to a certain form of energy
which can then be recognized by a transducer. The transducer is the device capable of transforming

later energy into measurable analytical signal.

1.6.1 Biochemical sensors for monitoring of aromatic compound

Selected pollutants monitoring in environmental waters is a challenging task due to the great variety
of the compounds present in the studied media. For this purpose the designed sensors have to be
selective towards targeted molecules. Among the proposed sensors with a specific receptor,
biosensors remain an important tool [54]. Biosensors are measurement devices combined with the
bio-recognition element ensuring high affinity and specificity to the targeted molecule. The most
popular biomolecules used for biosensors design are antibodies, oligonucleotides, enzymes and cells

(Figure 1.8).
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Figure 1.8 Most used biological objects used as bioreceptor in biosensors.

For instance, Eltzov ef al. reported fiber-optic biosensor for monitoring chlorinated pollutants in air
by exploiting immobilized bioluminescent bacteria. They have demonstrated that the
bioluminescence was suppressed when designed biosensor was introduced in the environment with
the toxic compounds. Using this method, LOD for chloroform in air was estimated to 6.6 ppb [55].
Later the same group has developed a flow-through fiber-optic sensing system employing other two

bacterial strains for the monitoring of toxic chlorinated compounds in water [56].

Other class of molecules showing great potential in building biosensors is enzymes. Enzymes are
used because of their catalytic activity towards analyte. For example, Zhong ef al., have described the
construction of biosensor for toluene detection in water based on orthomonooxygenase (TOM)

catalytic activity. In their study, optical fiber was coated by an oxygen-sensitive phosphorescent dye
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which intensity was monitored. In this system toluene was detected thanks to the enzymatic reaction
catalyzed by TOM, resulting in the consumption of oxygen and consequentially the change in the
phosphorescence expression [57]. The restrictions concerning enzymes applications are mostly

related with the limited number of biological substrates designed with the specific enzymes [58].

Aptamers are often single-stranded oligonucleotides, ribonucleic acid (RNA) or deoxyribonucleic
acid (DNA) molecules that have high affinity and specificity to their target molecules [59]. They
possess a three-dimensional structure and folding pattern, commonly undergoing changes in
structure, upon binding to the target molecule. In addition, the synthesis of aptamers is rather easy,
and the procedure does not demand purification. Moreover, they show high stability and resistivity to
a denaturation and degradation [60]. These characteristics make aptamers to be excellent candidates
for developing robust surface enhanced Raman scattering (SERS) based biosensors for an on-site
sensing of pollutants. However, up to now only aptamers to polychlorinated biphenyls [61] [60] and
organophoshorus compounds [62] have been produced and reported. Further efforts have to be made

in the synthesis of aptamers to aromatic hydrocarbons.

The last class of biomolecules proposed as a good prospect for biosensor design is antibodies.
Similarly to the aptamers, antibodies possess highly specific and affinitive interaction format,
enabling targeted environmental contaminant recognition that can further be monitored by electronic
or optical transducers [63]. Antibodies against small organic pollutants, such as pesticides, persistent
organic pollutants, and endocrine disrupting chemicals, are prepared by immunizing the complex of
target molecule bind to a carrier protein into animals [54]. In this way the prepared and now
commercially available antibodies against PAH were already investigated to design biosensors [64]
[65;66]. Boujday et al., have proposed immunosensor with immobilized antibodies through their
affinity to protein G which was covalently attached to an aldehyde layer [65]. Benzo[a]pyrene (BaP)
was then monitored by polarization modulation reflection absorption infrared spectroscopy (PM-
IRRAS) by following the intensity of the band presented at 3039 cm™ corresponding to an aromatic
C-H stretching mode. Designed biosensor led to the detection of BaP at 5 uM concentration.

In addition to biochemical sensors, efforts have been devoted to the design of chemical sensors

capable of pre-concentrations and detection of aromatic hydrocarbons.

1.6.2 Chemical sensors for monitoring of aromatic compound

Any material that interacts with the aromatic hydrocarbons via its adsorption or absorption processes

can be considered as potential receptor for a chemical sensor [67]. Table and Table summarize the
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most common materials in order to build the receptors of mass/piezoelectric and optical transducers,

respectively. Among them, polymeric materials are the most popular.

The capability of various polymers in aromatic pollutants sensing was evaluated mainly in the gas
phase. However, some studies have been made towards the pollutants detection in water samples [68]
[69;70] by quartz crystal microbalance (QCM) and surface acoustic wave (SAW). It appears that
polymers display promising capability in molecular pre-concentration. However, it is obvious that
many of them are lacking of desired selectivity. Due to this reason, particular interest has been
devoted to molecularly imprinted polymers (MIP) as a method enabling the creation of host-guest
materials. Dickert et al. have demonstrated the application of various polymers for the design of MIP-
based QCM sensors for benzene, toluene and xylene (BTX) as well as few PAHs discrimination in

mixed samples [71].

However, polymer-based mass sensors were found to have some drawbacks related to an inadequate
change in frequency due to the different processes induced in polymer coating. Thus, the response
mechanisms of later sensors were identified as complex and demanding of good understanding before
application to environmental samples. In addition, the inconvenience of mass based sensors was

found also due to poor discrimination of compounds in mixed media.

Table 2 Aromatic hydrocarbon detection using mass/piezoelectric sensors.

Receptor Transducer Analyte LOD Selectivity Ref.
Variouse QCM BTX and PAH NA Good [71]
polymers
Anthracene- QCM PAH 2ppb Poor [72]
Polymer QCM gasoline, fuel oil, diesel oil NA Poor [68]
Silicone QCM Gasoline, aromatic aliphatic 20-900ppb Poor [73]
hydrocarbons
Polymer SAW Aromatic hydrocarbons ~ppb Poor [69][70]
(various)
Polymer QCM various aromatic compounds ~ppm Good [74]1175]
calixarene - [76]
Calixarene- QCM various aromatic compounds ~mM Good [77]

In other words, mass response using later transducers could be generated from anything that has
mass. Thus, the non-specific interaction between the pollutants and sensor surface has to be

minimized.

Problems related to the molecular identification issues were solved by introducing optical
transducers. These sensors exploit the electromagnetic waves in order to gain important information
conceming the molecular structure and thus their identification. As it seen in Table the applications

of various polymeric matrixes dominate in order to build receptor system for aromatic hydrocarbons

15



pre-concentration. In order to address the issue of water facilitating polymer degradation resulting in
modifying response characteristics, it was proposed to use a Teflon membrane over the receptor

coating [78]. This latter improvement led to the detection of VOCs down to 250 ng/mL

concentration.
Table 3 Aromatic hydrocarbon detection using optical sensors.
Receptor Transducer Analyte LOD Selectivity Ref.
Resin support luminescence Benzo[a]pyrene 3ng/L Good [79]
spectrometer
Polymer (various) ATR-FTIR Aromatic 9mg/L Good [80]
coated ATR crystal spectroscopy compounds,
chloroform
Polymer MIR spectroscopy Halogenated aromatic  20-100ppb Good [81][82]
(ethylene/propylene) hydrocarbons [83]
coated ATR fiber
optic
Ethylene/propylene  MIR spectroscopy BTX ~ppm Good [83]
copolymer -coated
ATR crystal
Polymer MIR spectrometry Toluene ~Ippm Good [84]
(polyacrylonitile-
cobutadiene) coated
ATR fiber optic
poly(dimethylsiloxa  NIR spectrometry Halogenated, ~3-8mg/L Good [85][86]
ne) rod optical fiber aliphatic aromatic 0.1-2mg/L
hydrocarbons
Polyisobutylene- IR VOCs ~250 Good [78]
coated ATR crystal spectroscopy ng/mL
Teflon membrane
Polymer reflectometric VOCs 3.3 mg/L Good [87]
(polyvinylmercaptop interference (toluene)
ropylsiloxane) spectrometry
Fluoro polymer fiber optic IR Gasoline, diesel NA NA [88]
membrane reflectometer insulating oil
poly(dimethylsiloxa optical time Halogenated, 9-123 Good [89]
ne)-coated fiber domain aliphatic aromatic mg/L
optic reflectometry hydrocarbons

As a transducer in optical sensor, infrared spectroscopy (IR) is the most common method applied for
aromatic compounds detection, although it has been reported that fluorescence-based sensors are
more sensitive [79]. In order to improve the sensitivity of the IR spectroscopy based sensors different
strategies were investigated. For instance, attenuated total reflectance (ATR) is one of the approaches
that helped to improve a molecular detection. ATR is a surface sensitive technique which is able to
discriminate any molecule adsorbed or absorbed onto polymeric layer coated over the ATR crystal
[80]. Further improvement in sensitivity was ensured by employing optical fibers, which results in
signal amplification of several orders of magnitude over ATR systems due to internal reflections [81]
[82] [83].
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Other types of transducers are based on reflectometric spectrometry responding to a refractive index
change of a coated polymer due to interactions with the analytes [87] [88] [89]. Combined with the

optical fiber this later technique was identified as highly suitable for on-site measurements.

To conclude, the receptor and transducer units have to be optimized in order to satisfy the (bio)
chemical sensor requirements: sensitivity, selectivity and robustness. Receptors including
biomolecules and MIPs are showing great selectivity towards single analyte. Combined with mass
based transducers, targeted analytes can be monitored in trace (less than 100 ppm) concentrations.
Despite of their great sensitivity, their response are too complex and in some cases it can be hard to
interpret. These uncertainties can arise from non specific adsorption or even from some modifications
in the physical properties of the sensing film. On the other hand, optical transducers provide more
information on the processes occurring in the receptor. Due to possibility of molecular identification
these sensors overcome issues related with selectivity. In this case the receptors can be then chosen
regarding their degree of binding with different analytes. The improvements performed on optical

sensor makes them a suitable tool for a real time monitoring on-site.
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2 Surface Enhanced Raman Spectroscopy and its application to

sensing platforms

2.1 Introduction

In the previous section some (bio)chemical sensors based on piezoelectric or optical transducers were
described and compared. This chapter will be devoted essentially to Surface Enhanced Raman
Scattering (SERS) based molecular sensing. Recently, SERS has been extensively exploited and
applied as a signal transduction mechanism for numerous sensing applications [1;2]. Lead by a great
sensing improvement, SERS is currently identified as a simple, rapid, low-cost, reliable, and robust

method for simultaneous detection of single or multiple compounds [3-5].
As indicated in its acronym, the SERS effect is based on three main components [6]:

o Raman. Raman spectroscopy is a powerful tool allowing molecular identification.

o Enhanced. The signal enhancement in SERS is due to the exploitation of the optical properties
of metal nanoparticles (NPs) under specific conditions. Thus, it is necessary to optimize the
SERS substrates and more especially the geometrical parameters of the NPs for gaining the
maximum signal enhancement.

o Surface. SERS is a surface spectroscopy technique. Thus, in order to perform sensitive
molecular detection the analytes has to be in close contact with the NPs surface. If targeted
analyte does not possess particular affinity to a surface, receptors have to be used for
molecular pre-concentration.

Brief overview of all these components will be provided in this chapter. First of all, the principle of
Raman spectroscopy will be introduced. A second part will be devoted to explain the light interaction
with metallic NPs as it is an essential component in the SERS signal. The chapter will conclude by a

review of SERS substrates and of the proposed strategies of surface functionalisations.
2.2 Principle

2.2.1 Raman Spectroscopy

In 1921 C. V. Raman observed a light scattering with shifted wavelengths and named this effect a
new type of secondary radiation [7]. In 1930 he was awarded Nobel Prize in physics for this
discovery. Since then this effect was referred to Raman scattering or Raman effect, and the

measurement and the analysis of the signal arising from Raman effect is called Raman spectroscopy.

In fact, the Raman spectroscopy is a vibrational spectroscopy which provides a fingerprint of a
biological or chemical compound. More precisely, it probes the different vibrations occurring in the
excited molecule. These vibrations are highly related with the molecular structure and the frequencies

of vibration depend on the mass of the atoms, on the nature and the strength of the chemical bonds
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and on the global structural conformation of the molecule. Thus, Raman spectroscopy can be used for

the molecule identification and as well as for characterization purposes.

The Raman spectroscopy is based on inelastic scattering processes induced by indirect transition

between two vibrational levels.

anti-Stokes Stokes
} Sj Sr
E.._ f- ES= El,_'\'-hrr.lu E,_ .[\/\E;:\EL_ r‘]n_l.r
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Figure 2.1 Simplified Jablonski diagrams illustration of inelastic scattering (left: anti-Stokes, right:
Stokes) processes [6].

In the Figure 2.1 the scattering process is represented as a two steps process starting by the absorption
of an incident photon and followed by the spontaneous emission of a scattered photon. After the
photon absorption, the molecule is excited to a higher-energy level represented as an intermediate
virtual state. If the energy of the intermediate virtual state matches with one of the electronic levels,
then a resonant scattering process is induced. The scattered photon may have either higher or lower
energy in comparison to the incident photon. In case of Stokes process the scattered photon has less
energy than the incident one (Eg < E;) (Figure 2.1) and it corresponds to the excitation of the
molecule from its ground state v = 0 to the first excited state v = 1 of a vibrational mode with
energy hw, = E; — Es. In case of anti-Stokes process, the scattered photon is more energetic than the
incident one (Eg > E;) and it corresponds to a transition from an excited vibrational state v = 1 to its
ground state v = 0. The energy of the vibration is then equal to hAw, = Eg — E;. The dipolar moment
of the scattering processes is written as:

P=a-E (1)
where E'is the excitation electric field, and a is the polarizability of the vibrational mode.
An important benefit of Raman spectroscopy is that no sample preparation is needed. Unfortunately,
due to low scattering efficiency the sensitivity of Raman spectroscopy is rather poor. The discovery
of tremendous Raman signal enhancement when molecule is adsorbed on rough metal surface has

allowed the investigation of very low concentrations of analytes.
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2.2.2 Surface Plasmon

The enhancement of Raman scattering can be achieved due to a local enhancement of the electric
field resulting from the interaction between an electromagnetic wave and a nanostructured metal
surface. In this section, the light and matter interaction will be detailed in order to show how the
electric field is enhanced. One of the characteristics of metals is the presence of a free electron gas,
which can oscillate under the application of an electromagnetic wave. These oscillations occur at a
given frequency and are named plasma oscillations. To highlight how an electromagnetic wave
produces this plasma oscillation, it is important to understand how this wave interacts with matter and

particularly with the electrons inside.

2.2.2.1 Light - matter interaction and dielectric constant

The interaction between an electromagnetic wave and the atoms at the microscopic level is explained
by the Drude-Lorentz model which describes the material response to an incident electromagnetic
field. In Drude-Lorentz model the electron-nuclear system is assumed as a harmonic oscillator where
electron will oscillate at a specific frequency when it meets the electromagnetic wave. To resolve the

problem, we should first identify the forces acting on the electron. These ones are:

o An elastic force F.. As for a spring, this force opposes to the motion of the electron induced
by Coulomb force by moving it back to its equilibrium position. Fe is written as:

F, = —ax )
where a is the spring constant and x is the electron displacement from its equilibrium position.

o A damping force Fy which models the interaction of the electron with the neighbor nucleus:

Where yis the viscosity constant and X is the electron velocity.

Since the electrons are excited by an electromagnetic wave a third force, known as Coulomb force is

involved in the electron motion:
F.=—le|Eje ™" = —|e|E “)

where E) is the amplitude vector of the electric field E, -/e/ is the charge of the electron and w is the

frequency of the electromagnetic wave.

The motion of an electron with a mass m and a charge -/e/ and located at a mean distance xp from the
nucleus can be then deduced from the second Newton’s law, which gives the acceleration X of this

electron as:

ma=F,+F;+F, )
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mi = —ax —yx — |e|Eje 't 6)

The resolution of this equation gives time dependent x(%) electron oscillation around its mean

position xp(w) influenced by the angular frequency o of the excitation:

x(t) = xo(w)e it (7
where
Xo(@) = lelEy—— 0 ®)
m(w2+iwy,, —w?)
with

w3 = % , the resonant frequency of the damped system;

Vm = % , the reduced constant linked to a viscous friction with the other charges in the material.

This shows that under the effect of an electric field, the electrons move relatively to their equilibrium
position as a function of time. This displacement creates a space free of charge that can be linked to a
positive charge. The electrons oscillation induces a dipole in the direction of the electric field £
described as a dipolar moment p such as:

—lel?

247 2
m(w? + iwy, — 0§

p=—lelxu= E ©)

with u, a unitary vector in the motion direction.

The polarizability a of the considered dipole can then be defined from equations (1) and (8), and can
be expressed as:

—lel?

T mey(w? + iwy, — w?)

(10)

where &p1s corresponding to dielectric constant of vacuum.

Entering from atomic scale to a macroscale the total number of electrons, N, has to be considered.
The total polarization P, of a solid material composed then can be described as a sum of all dipole

moments:
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Assuming that the polarization is proportional to the incident field, P can also be expressed as

follows:
P = yeyE (12)
with y, the electric susceptibility of the material.

The entire response of the material is in fact represented by the electrical excitation D which is the

sum of the polarization and of the incident electric field as:
D=¢E+P=¢y(1+yE =¢yeyE (13)
with &y, the dielectric constant of the material. Its frequency dependence is expressed by:

Nle|?

ey =1+
M mey (w3 — w2 — iwYyy,)

(14)

Equation (13) allows the determination of the plasma frequency wp, which corresponds to the

oscillation frequency of the electrons such as:

((‘)3 —w?— i(‘)ym)

. Ne?
with w, = |—
mey

It is worth to remark, that &y is complex and its real and imaginary parts (&, = Re(ey) + iIm(ey))

can be written as follows:

) w? — wk
Bela) = 1= 9 T2 =0t + (orm)? (19
o~ WY,
Smew) = 05 (05 2 + (ar)? a7

The real part describes the conductive nature of the considered material while the imaginary part

describes the material ability to absorb light.

2.2.2.2 Delocalised surface plasmon

In the case of a flat metal surface, the interaction of the light with the metal at the metal/dielectric

interface will create the surface plasmons (Figure 2.2).
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Figure 2.2 Schematic illustration of the electric field related with the surface plasmons at a metal—
dielectric interface (the permittivity of metallic and dielectric medium are given as ey and ep,
respectively). The electromagnetic field is presented with electric field, E, plotted in the z-x plane and
magnetic field, Hy, drawn in the y direction. The schema was adopted from [8] and presented with
slight modifications.

The electric field at the interface is then expressed taking into account the dielectric constants of the

metal ey and of the dielectric medium &p:
Ep = (E,p,0,E,p)eikxnx+kzpz=wt) (ip the dielectric medium) (18)
Ey = (Eyy, 0, E ) elUexmxtkzmz=0t) (i the metal medium) (19)
with x in the interface direction and z perpendicular to the surface.

Then the resolution of the Maxwell equations at the interface gives:

kxD = kxM = kx (20)
k,p k
€p &m
N 2
k2k2, _sD(C) 22)
N
kiki, = e (?) (23)

It is then possible to determine the relation of dispersion of a surface wave along the interface:

1

el

w = C(SM ED)ka (24)
SM . SD

This surface wave is called surface plasmon and can propagate along the metal interface based on

longitudinal electronic oscillations parallel to the metal surface.

28



2.2.2.3 Localised surface plasmon

In the case of metallic NPs, due to their small size all electrons are involved in the collective
oscillation in presence of light. This electron cloud oscillation is called localized surface plasmon
(LSP) since it is confined within the nanoparticle. When the frequency of the excitation light is equal
to the proper frequency of the electron oscillation, the resonance condition is reached and the light
will highly interact with the NPs. Such condition is known as LSP resonance (LSPR) (Figure 2.3).
For gold and silver NPs, the resonance conditions can be achieved in the visible region of the

electromagnetic spectrum.

metallic surmunding

nanoparticie medium
100
100 -80 60 40 -20 © 20 40 60 80 100

o/Q\ 4

Figure 2.3 Left: schematic illustration of the electron charge displacement in a metallic NP
interacting with an incident plane wave [9]. Right: The corresponding electric field strength for a
100 nm silver sphere, irradiated with a 514 nm wavelength [10].

¥inm)

The LSPR of NPs depends on its chemical nature, its size and its shape as well as on its surrounding
media. The resonance can be experimentally measured by extinction spectroscopy. Extinction
spectrum represents the efficiency of the interaction of the light with the NPs depending on the

wavelength. The maximum of the spectrum corresponds to the LSPR.

It is worth to precise, that the extinction process consists in two processes: the light absorption and

the light scattering.

The optical extinction of spherical NPs can be precisely calculated using the Mie theory. However,
due to the complexity of the resolution of the Mie equation, it is possible to simplify the problem
using the quasi-static approximation. In this case, the diameter of NPs is assumed to be largely
smaller than the excitation wavelength (Zr << 4) and as a consequence, the electric field amplitude
is supposed to be constant throughout the NPs. Then, the cross sections of the absorption and of the
scattering processes (0,5 and g, , respectively) can be calculated as:

) = 6 3m (2 2) ©3)
Oaps\A) = DI 7 oMM ey + 2¢p
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V2 ey —€p |2
_ 3 M__“D 26
Oscq(A) = 241 7 |z 1 26, (26)
O—ext(/l) = O—abs(/l)-i'o—sca (/1) ~ O—abs(/l) (27)

With the V, the volume of the particle (V=4/3mr’for spherical NPs).

Thus, the resonance can be deduced from the equations (24) and (25) as Re(ey) = —2¢&p. This
condition only depends on the dielectric constants of the metal and of the surrounding medium.
Concemning NPs with larger diameters (Zr > A/10), quasi-static approximation can no more be

applied and correction factors have to be considered, such as:

. . 1673 ()3 . 1673 (13 . .
o The radiation damping, expressed as:— ) b= g b explains the energy losses

due to the radiation induced by the scattering field. It decreases the polarization and
sequentially, the extinction efficiency. As a consequence, the damping induces the broadening
of the plasmon resonance.

2 2
o The dynamic depolarization written as: —47?2 G) , —4m? G) , which describes the induced

de-phasing of electron cloud oscillation inside the NPs volume. As a consequence, induced
depolarization of electron cloud in the whole volume decreases the energy of the plasmon
(observed as a red-shift of LSPR).

Taking into account these two factors, the expressions of the cross sections can be modified as:

B

%
Oaps(A) = 6m— Im

28)
A ,(T\? _ .,16m3 )3 (
1-4pn?(7) — 65~ (3)
2
|%& B
asca(l)=24n3/1—4 N 16 (29)
1-4pn* (3) —iB—5-(3)
Where g = M2
Emt+2ep
Then the maximum of extinction cross section is reached for:
2 (T z
. _ [2+an (/1) "
e(ey) = — 2 €p (30)
1— 472 (I)

In this case, the LSP resonance depends on the size of NPs and on the dielectric constant of the
surrounding environment. It also worth to note that the shape of metallic NPs plays an important role
in the absorption and scattering cross sections and influences the LSPR position. As an example, an
ellipsoid NP is defined by its three axis and exhibits three distinct plasmon resonances in each

direction.
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The excitation of LSP induces the local enhancement of the electric field, M(4), around the NPs:

”Eloc (d)”

M(A
D=l

(€2))

where, E;,. is the amplitude of is the incident field and E),. (d) is the amplitude of the local electric
field induced at the distance d from the NP surface. The enhancement factor can be estimated

employing the factor 3 used for spherical NPs:

MQ) = (32)

vV
2+ ) P!

In this case, it is evident that the enhancement factor is maximum at the close surface of NPs (d close
to 0) and when B is maximum (corresponding to the LSPR conditions). The enhancement factor

decreases rapidly when the distance from the surface increases.

To summarize, the LSPR position strongly depends on the size and the shape of the NPs as well as on
the surrounding environment. Thus, in the case of molecular adsorption to a NPs surface LSPR
position would shift due to the change in the refractive index. Hence, extinction spectroscopy might

be applied for direct molecular sensing [11] or as a tool to monitor surface functionalisation [12].

2.2.3 Surface enhanced Raman Spectroscopy

Surface Enhanced Raman Spectroscopy (SERS) is a technique that overcomes the limitations related
with the sensitivity observed in conventional Raman spectroscopy. More precisely, SERS enables the
increase of the Raman signal of a targeted molecule by several orders of magnitude when it is at the
vicinity of a nano-scaled metallic surface (metallic NPs of any shape and with size varying from few
tens to few hundreds of nanometers) [13]. Silver and gold are among the most often used metals for
SERS substrates fabrication since their plasmon resonance conditions can be achieved in the visible
and in the near-infrared frequency range. It is worth to note that silver NPs ensure higher SERS
response with an enhancement factor 10-100 fold greater than the one reached with gold NPs.
However, for many SERS applications especially related to sensing purposes in complex
environmental medium substrates fabricated or protected (shell layer) using gold are preferred due to

its resistance to corrosion and oxidation [14].

SERS has been observed for the first time in 1974 by Fleischmann et al., who evidenced a strong
increase of the Raman signal of pyridine adsorbed on electro-chemical roughened silver electrode
[15]. Few years later an electromagnetic explanation of the observation has been proposed [16] [17].

Since then, continuous research is ongoing in order to explain the mechanisms involved in SERS. Up
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to now, two processes contributing to the SERS have been identified: the chemical effect and the

electromagnetic effect.

2.2.3.1 The chemical effect

The contribution of the chemical effect to SERS enhancement is not completely solved. The chemical
effect results from the interaction between the molecules and the metallic surface. This interaction
produces modifications in the electronic structure of the molecule due to molecule-metal complex
formation or the charge transfer between the molecule and the metal [18] [19] [20]. In both cases, the
increase of the molecule polarizability can be induced. This effect was notably found to be amplified

on defected surface (adatoms model) [21]. The input of the chemical effect to the enhancement is

fewer than a factor 100 [19].

It is worth to note that, the contributions of the chemical effect to the SERS enhancement are
complex and difficult to estimate experimentally. Thus, for better understanding, the suitable
electronic structure calculation methods have to be employed, such as density functional theory

(DFT) and molecular dynamics [22].

2.2.3.2 The electromagnetic effect

The electromagnetic effect is contributing to the SERS through the field enhancement at the vicinity
of plasmonic NP surface [18]. As it was already discussed, this field enhancement strongly depends
on the properties of the metallic NPs as well as the position of the excitation wavelength in
comparison to the position of plasmon resonance. Thus, it is necessary to optimize the system in

order to achieve higher enhancement factor.
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Figure 2.4 Schematic illustration of electromagnetic effect in SERS. Figure reproduced from Guillot
etal [13].

According to Wokaun [18] the electromagnetic interaction between a molecule and metallic NP
involves two distinct processes (summarized in Figure 2.4). If the molecule adsorbed on the metallic
NP surface is considered as two bodies system, the incoming light will interact with them both
distinctly. Firstly, the excitation field E, (at the wavelength A,) interacts with the metal NP,
resulting in the induction of the local field E;,. (proportional to E, and to the enhancement factor
M,;,:(1p)). The molecule at the NP surface will then be excited by this enhanced field and will scatter
a Raman signal (at a red-shifted wavelength Ay). Since the dipole moment of the vibrational mode is
proportional to the field (equation (1)) the scattered field E., will be enhanced by the same factor as
the local field. A second process then occurs. The scattered field by the molecule can interact with the
NP and its plasmon creating a re-radiated field E,,4 (proportional to the scattered field and to the
enhancement factor M,.,4(A4g)). This process induces a second enhancement of the Raman signal at
the Raman wavelength Az . In the end, the intensity of enhanced Raman signal Ig ¢ scattered by the

adsorbed molecule is written as follows:
Isprs = alezoc(/lo)MEad (AR)EZ =Gl (33)

with G = MZ .(Ag)M?,4(Ag) corresponding to the total electromagnetic enhancement factor and I,
the intensity of the scattered Raman signal with the absence of NPs. If one supposes that the
excitation and the Raman wavelengths are close, these two enhancement factors can be assumed as
M2, ~ M?,; and thus G = Mj.. This explains why it is commonly assumed that SERS

enhancement is at the fourth power of the local electromagnetic field enhancement induced by a NP.
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In conclusion, SERS is a spectroscopic technique which exploits optical properties of metallic NPs.
The performance of this technique is thus highly dependent on the size, shape and the nature of
metallic NPs. Furthermore, since SERS effect takes place in the local fields of NP, it results in
strongly increased Raman signals of the molecules which are attached or presented at the vicinity of
the metallic surface. The following sections of this chapter will address the aspects related with the
design of good SERS nanosensors, such as the selection of the SERS substrates and the strategies of

the surface functionalisation in order to pre-concentrate analytes to the nanosensor surface.
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2.3 Sensing platforms for SERS

As resumed in previous section, the key point of successful SERS application in molecular sensing is
the properties of designed nanosensor which essentially depends on both: SERS-active substrate and

the molecular recognition elements capable of analytes pre-concentration.

This section will be composed by the part titled “Application of SERS to chemical sensing”, where
we will overview the methodologies of substrates fabrication processes and the surface
functionalisation strategies proposed in the literature for chemical pollutants sensing. This part has
been published as a chapter in the book “Handbook of Enhanced Spectroscopy” (edited by Lamy de
la Chapelle, M.; Gucciardi, P.; Lidgi-Guigui, N), which was recently published by Pan Stanford.
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10.1 Introduction

During the last years, surface-enhanced Raman spectroscopy (SERS)
has appeared as a relevant analytical technique. Thanks to its many
advantages such as selectivity, sensitivity, and ease of operation; it
is a promising analytical tool and is concerned with many fields
of application, such as environmental sciences, clinical or food
applications, etc.

The necessity of diagnosis tools in these domains and the
progress in science—photonics, plasmonics, nanotechnologies, and
molecular chemistry—ensure nowadays a research structuring
around SERS technique for analysis and sensor applications for
tomorrow.

The aim of this chapter is to present some recent investigations
on the elaboration of SERS substrates in order to detect specific
molecules in different field. Some studies are presented in detail

Handbook of Enhanced Spectroscopy

Edited by Marc Lamy de la Chapelle, Pietro Giuseppe Gucciardi, and Nathalie Lidgi-Guigui
Copyright (€) 2015 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4613-32-3 (Hardcover), 978-981-4613-33-0 (eBook)
www.panstanford.com

37



330

Application of SERS to Chemicals Sensing

to focus on the need of complementarities for the elaboration of
SERS-active substrates. An exhaustive study is difficult to achieve
in such a progressive scientific environment. We will first consider
the nanostructures’ production possibilities. Then a review of
the strategies for specific detection will be given. Eventually, an
overview of some SERS commercial solutions will also be described
in order to confirm the potential market of the technique.

10.2 Nanostructures for SERS Detection

A good SERS substrate has to be sensitive, stable, easy to handle,
and give reproducible results. Another very important point in the
purpose of making commercial SERS surfaces is their price. As we
will see in the following this is the determining parameter to choose
the mean of fabrication.

Metallic nanoparticles chemically synthesized are possibly one
of the simplest ways to produce SERS substrates. They are very
easily synthesized; their production is well documented; and the
literature is overflowing with strategies to control their shape, size,
and surface chemistry. In the framework of SERS sensors, colloids
can be used in several manners. An option is to form a single
layer of nanoparticles on top of a functionalized glass substrates
[1]. Another possibility is to take advantage of a fluidic system
in order to aggregate the nanoparticles into a multitude of hot
spots [2]. Eventually, fiber optic SERS sensors are using colloids
to functionalize standard fiber optics (see Chapter 8 of this book).
While being cheap and easily handled, the use of colloids rarely
make reproducible substrates. The reason for this is that the size
and positions of the colloids cannot be finely controlled. The colloids
assemblies often present defects such as a missing nanoparticle
or a random number of aggregates forming hot spots. As it is not
possible to control the number of defects, some substrates will
exhibit extraordinary enhancement factors due to a high number of
hot spots while other substrates will be less performant.

Gold and silver colloids are commercially available (see Section
10.5 below) for SERS, these two metals give the highest enhance-
ment factors. Silver is known to give the best enhancement factor,
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whereas gold is highly stable, biocompatible, and its chemistry
is well-known. However, a lot of work is in progress concerning
metamaterials, which could concurrence the sensitivity of gold at
lower cost.

The shape and organization of the nanostructures also con-
tribute to the sensitivity of the SERS sensor. Tips and near-field
coupling can lead to extraordinary enhancement factors. This is
what is happening when colloids aggregates. But as these aggregates
are difficult to control and thus reproduce, it can be a better option
to choose lithography techniques to fabricate the nanoparticles. The
resolution needed to get nanoparticles with tips (nanoantennas,
triangles, stars, etc.) and spaced out of a few nanometers requires
the use of e-beam lithography (EBL). In this technique an electron-
sensitive resist is exposed to the electron beam of a scanning
electron microscope (SEM) (see Fig. 10.1a).

At the same time, large nanostructured surfaces (at least 1 mm?)
have to be produced in order to be easily handled by a potential
end-user. For example, in the case of in situ SERS experiments, it
is not always possible to adjust the sample position. Fabrication
of a1 x 1 mm network of nanocylinders can take up to 72 hours
with standards EBL. Such a long time for the production of a single
substrate is in contradiction with any commercial view.

In order to overcome this issue other nanofabrication techniques
can be used. Nanosphere lithography (NSL) and its derivatives can
be cited [3] (Fig. 10.1c) as well as innovative techniques such as
nanoimprint lithography (NIL) [4] (see Fig. 10.1b). NSL is well
known to produce an assembly of nanotriangles. It is possible to
tune the size and shape of the nanostructures by varying the way
of stacking the nanospheres. Yet, it is not trivial to do so in a
reproducible way. In the latter, a mother mold is made by EBL that is
used to produce a stamp which in turn is used to pattern a substrate.
Since the mother mold is made with EBL the nanoparticle assembly
can be shaped for a specific requirement and then duplicated as
many times as required.

As a conclusion, many different nanoparticles are available for
SERS purposes, but they are more or less difficult to produce. Before
choosing a substrate one has to finely define his need in term of
price, reproducibility, and sensitivity. It is important to highlight

331

39



332

Application of SERS to Chemicals Sensing

EBL UV-NIL NSL
iy

(©) RSN

()

-
2227
27,

Figure 10.1 EBL: (a) spin coating, (b) metallization, (c) exposure to
electron beam, (d) development, (e) gold evaporation, (f) lift-off. UV-NIL:
(a) stamp fabrication from master mold, (b) the stamp is pressed against
a resist and the system is exposed to UV, (c) separation, (d) etching, (e)
gold evaporation, (f) lift off. NSL: (a) Nanospheres self-assembly, (b) gold
deposition, this substrate can be used like this for SERS, it is then called film
over nanospheres (FON), (c) nanospheres removal.

that the notion of sensitivity depends on the chemical aimed to
be detected. For example, the European commission has fixed the
maximum amount of naphthalene in sea water to 2.4 ug/L but only
to 0.05 pg/L for benzo[a]pyrene.® The SERS industry is still in its
young years and for the moment users still have to make their own
test in order to validate a SERS substrate for a specific application.

10.3 Sensing Molecules Using SERS-Active Substrates

SERS is a powerful tool for toxic and hazard chemical compounds
detection, identification, and quantification. For a molecular de-

dEuropean Parliament Directive 2008/105/EC, published 24 December 2008
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tection approach by SERS, optimization of the size and shape of
plasmonic nanostructure is a very important parameter. However,
in the matter of sensing, it is of prime importance to consider
the issue of affinity between the analyte and the SERS surface.
Some molecules, especially those containing oxygen, nitrogen, or
sulfur atoms can be directly pre-concentrated near the surface
due to strong interactions. These interactions are induced by
charge-transfer complex formation, where molecule acts as electron
donor and the metal surface as an acceptor [5]. In the literature,
many examples have been reported on such molecules’ detection
and identification by SERS method. For instance trans-1,2-bis(4-
pyridyl)ethylene (BPE) adsorbed on gold nanoparticles [6]. Other
reported example is adsorption of azodicarbonamide (ADC) on as
prepared gold nanoparticles of 50 nm in diameter, which have been
monitored in low concentrations [7].

However, nonmodified metallic surface shows several disad-
vantages for a chemical sensing application. Interaction of some
molecules with a surface is so strong that chemical change can
be induced: molecular decomposition or polymerization has been
observed [8-12]. Moreover, chemical sensor application for complex
environment gives a crucial issue of nonselectivity against target
compound. Metal surface functionalization is important to ensure
affinity to a molecular group or even to a single molecule.

Another important disadvantage is related with detection of
nonpolar substances such as polycyclic aromatic hydrocarbons
(PAHs) and volatile toxic atmospheric pollutants that consist of
fused aromatic rings and do not show affinity to metallic surfaces
due to the absence of functional groups [13].

Finally, functionalization ensures metallic surface protection
against environmental degradation especially by working with the
silver-based substrates [14].

10.4 Surface Functionalization Strategies

10.4.1 Self-Assembled Monolayers

Self-assembly in general is the ability of organic molecules to
construct different structures by noncovalent interactions [15].
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Figure 10.2 Graphical model for self-assembled monolayer of alkanethiols
on metal surface.

Many types of compounds, mostly amphiphilic molecules can be
involved in self-assembly processes. However, considering function-
alization of solid surfaces for a steady and robust nanosensor design,
molecules that strongly interact with metal are mostly appropriated.

Self-assembled monolayers (SAMs) on solid surfaces have struc-
tural similarities (Fig. 10.2). These molecules consist of three main
parts, including head group, backbone or spacer unit, and a terminal
or functional group [16]. The head group ensures strong interaction
with the surfaces. Usually silane heads groups are devoted to oxide
surfaces, whereas thiols or amine are more adapted to noble metals.
In the framework of SERS it is thus no surprise that most of
the functionalization procedures involve an -SH group. Considering
noble metals (gold, silver, or platinum) surface functionalization,
molecules bearing thiol groups are mostly used [17], because of
the very strong bonding between metal and sulfur atoms (the true
nature of the bond is still under debate, but most claims that it is
irreversible).

The backbone of SAMs is used as a spacer between the head and
the end group. It controls the orientated formation of homogeneous
monolayer due to weak Van der Waals forces between the molecules
forming the SAM.

In addition to easy functionalization procedure, a reason why
SAMs are extremely attractive is the large range of possibilities
offered by SAMs terminal groups. Depending on the purpose of the

42



Surface Functionalization Strategies

SAMs, a vast range of end groups are available (commercially or
via synthesis) and it can subsequently be used in various chemical
reactions [18]. In this manner, hydrophobic decorated surface can
be turned to hydrophilic [19], thanks to end groups modifications.

Nature of SAM-forming molecules is very important for a
chemical nanosensor design. Considering small molecules detection,
the hydrophobic nature of octadecylthiol, which was used to coat
roughened silver surface, was found to preconcentrate nonpolar
aromatic pollutants following the Langmuir isotherm [20]. The
selectivity of this sensor was successfully tested with three isomers
of xylene. The sensor sensitivity was measured by detecting benzene
at 7.5 ppm and naphthalene at 2.3 ppm.

The length of carbon chain (spacer) in alkanethiol plays
a crucial role in the formation of a well-packed monolayer
[21]. However, nanosensor decorated by short alkanethiols, such
as 1-propanethiol, have shown ability to preconcentrate small
molecules at the similar concentration level via hydrophobic
interactions [22]. Gold nanoparticles grafted to solid substrates
were employed for more efficient detection of nonpolar molecules.
Nanosensors were designed on quartz substrates, functionalized
by SAMs of (3-mercaptopropyl)trimethoxysilane (MPTMS) or (3-
aminopropyl)trimethoxysilane (APTMS), and gold nanoparticles
were then grafted via S-Au or N-Au interactions [1]. With such
SERS-active substrate, detection limit in artificial sea water was
found to be 10 ppb for naphthalene and pyrene.

In addition to SAMs ability to preconcentrate chemicals by hy-
drophobic interactions they can also be applied for polar molecules
detection via electrostatic interactions. Thus, for pentachlorophenol
(PCP) sensing, cysteamine-decorated silver nanoparticle aggregates
have been used by Jiang et al. [23]. Cysteamine SAM formed in
this model has provided both rapid target molecule adsorption and
internal reference of a quantitative sensing. In this manner, PCP has
been monitored in a range from 0.5 to 100 uM.

10.4.2 Polymers

Polymer-based sensors are used for a wide range of chemical
detection, a good review can be found in Ref. [24]. However, for a
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long time, polymer-decorated nanosensors were not applicable as a
matrix for SERS detection due to the great thickness of the deposited
layer. To overcome this disadvantage, sol-gel derived layers with
encapsulated metal nanoparticles have been proposed. For instance,
Murphy et al. [25] have reported a study, where SERS-active
substrates were produced by using gold and silver nanoparticles
along with tetraethoxysilane (TEOS) and methyltriethoxysilane
(MTEOS) precursors. MTEOS with incorporated silver nanoparticles
has shown greater detection limits than TEOS for chlorobenzene and
phenylacetylene (100 and 10 ppb, respectively) [25]. In addition to
the sensitivity, sol-gel-derived xerogels with encapsulated metallic
nanoparticles are excellent SERS-based sensors for the in situ
environmental conditions. The lifetime of at least 5 weeks in sea
water has been estimated by Lucht et al. [26]. Moreover, the
detection of nonpolar molecules has been improved by applying
ethyltriethoxysilane (ETEOS) in the mixture with MTEOS. This has
led to increased sensor hydrophobicity and reached detection limit
as low as 9 ppb for phenylacetylene and 135 ppb for biphenyl [25].
Other strategies of nanostructures functionalized with polymers
for the detection of organic molecules have been proposed. For
instance, polystyrene (PS) beads coated with gold nanoparticles
have been suggested as SERS-active substrate, by Peron et al.
[27]. Prepared core-shell nanocomposites were immobilized on
silanizated quartz surface. The successful preconcentration of
naphthalene via hydrophobic interactions has been achieved in the
range of 1 to 20 ppm (7.8-160 uM) in aqueous media. For the
quantification, Raman signal of the PS has been used as an internal
spectral reference. Another group proposed the synthesis of core-
shell nanoparticles for melamine detection in the 100 nM range
[28]. Therein in situ chemically reduced silver nanoparticles were
immobilized on poly(styrene-co-acrylic acid) (PSA) nanospheres.
Recently, great improvement in sensor selectivity has been
proposed by constructing a synthetic receptor for specific molecule
detection employing molecularly imprinted polymers (MIPs). MIPs
are made by imprinting molecules of interest into the polymeric
matrix followed by washing out the template molecules to ensure
permanent grooves [29] (Fig. 10.3). This technique led to create MIP-
based system that is complementary to the molecule of interest in
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shape, size, and molecular interactions. Thus, MIPs can be applied
for a complex environment condition for its excellent recognition of
template as well as mechanical and chemical stability [30]. Coupling
SERS with molecular imprinting technique has been applied to
provide not only selectivity but also sensitivity to the nanosensor. In
2009, Kantarovich et al. have proposed a method to print a MIP on
Klarite® substrate (see Section 10.5) for a direct monitoring of beta-
blocking drug S-propranolol uptake and release [31]. MIP droplets
were deposited on a surface using a pipette or a nanofountain pen.
SERS signal of S-propranolol has been observed even if the MIP
layer deposited on the surface was not homogeneous and thick.
By minimizing distance between template molecules and metallic
moieties, great enrichment of chemical detection has been achieved.
The controlled thickness of MIP layer was applied by Bompart
et al. choosing propranolol as a template molecule [32]. In this
article, core-shell composite particles of submicrometer size were
designed. For SERS signal amplification, gold nanoparticles were
incorporated as interlayer between polymeric core and MIP shell.
Detection limit of 100 nM for a template molecule has been reached
on single MIP composite by a core-shell-based nanosensor [32].
Recently, similar system was applied for a spectroscopic monitoring
of bisphenol A, known as endocrine disruptor [33]. In this work, gold
nanoparticles were decorated with molecularly imprinted shell via
sol-gel process. The imprinted polymeric layer of 2 nm has been
achieved ensuring an effective recognition sites by complete removal
of template molecules. This improvement of nanosensor has led to
rapid binding kinetics and a great detection limit of 0.12 mg:1~1.
MIPs concept has also been exploited for sensing explosive agent
2,4,6-trinitrotoluene (TNT). Detection of TNT at 3 uM has been
reached, thanks to sol-gel-derived xerogels, adsorbed on an SERS-
active surface [34]. Yang et al. have demonstrated a nanosensor
capable of monitoring TNT molecules in ultratrace concentration
as low as 107'2 M [35]. Silver molybdate nanowires, decorated
by crosslinked silver nanoparticles, have been used as a chemical
sensor. Chang et al. have reached a particularly high detection limit
of 1071 M for a 4-mercaptobenzoic acid (4-MBA) by employing
core-shell Ag-MIP hybrid as SERS-active substrate [36]. In this case,
the MIP had a thickness of 40 nm, which is 2.7 times larger than
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Figure 10.3 Graphical model of MIP preparation.

the maximum reported SERS distance [37]. A possible mechanism,
dealing with a “gate effect” model [38] has been proposed to explain
this great SERS enhancement.

10.4.3 Host Materials

Molecular host-guest systems have been studied for many years
because of their great number of applications in different fields.
Herein will be described some of the molecules which were
applied for the design of nanosensor intended to detect trace
concentrations of organic molecules such as PAHs, pesticides, or
explosive agents by SERS. Nature of chemical interactions between
host and guest molecules is noncovalent and provides the possibility
of reusable sensor approach. Furthermore, organic molecule inside
host material is protected from degradation by light or temperature,
which can be induced by an electromagnetic field.

10.4.3.1 Cyclodextrins

Cyclodextrins (CDs) are cup-like molecules widely studied since
the middle of 20th century. The enthusiasm was born after the
demonstration of their ability to form host-guest complexes with
hydrophobic molecules [39]. The most common CD forms are:
«-CD, B-CD, and y-CD. The difference between them is the number
of glucopyranoside units (six for «-, seven for 8-, and eight for y)-
attached by «-1,4-linkages [40]. CDs form specific 3D structure of
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Figure 10.4 Chemical and 3D structure of cyclodextrins (CDs).

molecule, having inner hydrophobic cavity with a large entrance
(Fig. 10.4). Cavity diameter depends on the number of glucosyl units.
For this reason the smallest «-CD with the cavity size of 4.7 to
5.2 nm is known to form complexes with benzene, $-CD can capture
molecules not bigger than 6.4 nm, and y-CD having the cavity of
7.5 to 8.3 nm able to include two aromatic guest [40]. Since a wide
variety of guest compounds can form complexes with CDs (aliphatic
chains, aldehydes, ketones, alcohols, organic and fatty acids, PAHs,
gases, and volatile compounds [41]), they can be applied for the
design of nanosensor for pollutants detection based on SERS.

CDs have a number of primary hydroxyl groups on one edge
called primary face as well as secondary hydroxyl groups on the
other edge called secondary face. Those groups are orientated
toward the outside of a cup-like structure, making the molecule
soluble in water. Hydroxyl group’s availability and reactivity are very
important for CDs chemical modification in order to functionalize
metallic surface. Many methods for the synthesis of controlled and
selective CD derivatives have been studied and described [42, 43].
However, among all of them thiolated CDs remain the most used
for surface decoration. Thiolated CDs can form packed monolayers
as alkanethiols, but the chemisorption’s kinetics strongly depends
on the length between the SH function and the CD [44]. However,
for an SERS-active surface functionalization, thiolated CDs without
alkyl chain are preferred in order to increase the nanosensor sen-
sitivity by preconcentrating chemicals closer to the metal surface.
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Per-6-thio-B-cyclodextrins have been applied for decoration of
rough silver surface to detect gaseous aromatic substances such as
benzene, toluene, m-xylene, chlorobenzene, and m-dichlorobenzene,
with the detection limits of 10000, 400, 1400, 250, and 15 ppm,
respectively [45]. Detection limits have been greatly improved by
applying metallic nanoparticles as SERS-active substrate. Xie et al.
have described qualitative and quantitative detection of anthacene,
pyrene, chrysene, and triphenylene with a per-6-deoxy-(6-thio)-8-
cyclodextrin-modified gold and silver nanoparticles [46, 47]. The
limit of detection was found to be 100, 10, 100, and 1000 nM
for anthracene, pyrene, chrysene, and triphenylene, respectively.
Triangular gold nanoprisms functionalized by mono-6-thio-beta-
cyclodextrin have been applied for SERS detection of explosive agent
2,4-dinitrotoluene (DNT) at the concentration of 10 pM [48]. Methyl
parathion insecticide (1 pM) was detected by investigating gold
nanorods, decorated with mono-6-thio-beta-cyclodextrin [49].

10.4.3.2 Calixarenes

Calixarenes (CXs) are compounds, belonging to cavitands class
as CDs. They are described as synthetic cyclo-oligomers whose
structure forms cup-like shape (Fig. 10.5), which make them serve
as host for various molecules [50]. Specific CXs structure ensures
specificity in recognizing small species such as ions, anions, or
neutral molecules [51]. Chemical modification of upper or lower
rims ensures the molecular selectivity regarding functional affinity

Hydrophobic cavity

Upper rim

"\ Lowerrim

Figure 10.5 Chemical and 3D structure of calixarenes (CXs).
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with the targeted chemicals. Because of the following reason this
group of molecules is well applicable for SERS sensor design. As
for the CD case, CXs offer different size of cavity depending on
number of phenolic units (4, 6, 8) linked by methylene bridges. For
the interest to detect pollutants, CXs propose hydrophobic cavity
and m -7 stacking between its structural unit of p-tert-butyl phenol
and benzene ring-bearing compounds. Based on this interaction
aromatic pollutants have been monitored by the mean of SERS. For
instance, silver nanoparticles, covered by calix[4]arene and its deriv-
atives having dicarboethoxy and dicyano substitutes in the lower
rim have been studied by Leyton et al. [52, 53]. They have discovered
that CXs show analytical selectivity to the guest systems bearing
four benzene rings, mainly pyrene. Later, successful improvement of
metallic surface functionalization have been proposed by Guerrini
et al, using dithiocarbamate-modified calix[4]arenes [54]. In the
mean of this substrate, PAHs such as benzo[c]phenanthrene,
triphenylene, and coronene were monitored in the concentration
interval between 10 and 100 ppb [55]. Ability of CXs-based
nanosensor performance in seawater has also been demonstrated.
Therein, SERS-active sensor was constructed by encapsulating Ag
nanoparticles, previously decorated with 25,27-dimercaptoacetic
acid-26,28-dihydroxy-4-tert-butylcalix[4]arene (DMCX) into sol-gel
matrix [56]. A calibration procedure has approved sensitivity and
stability in artificial sea water. The potential detection limits of
0.3 nM for pyrene and 13 nM for naphthalene have been calculated.

10.4.4 Carbon Derivatives

The interaction of chemical molecules with a single-walled carbon
nanotube (SWNT) and two multiwalled carbon nanotubes (MWNTSs)
have been studied by Star et al. [57] and the adsorption affinity
have been determined. Higher affinity has been found with nonpolar
aromatics in comparison with nonpolar aliphatic molecules. This ad-
vantage took place in PAHs’ preconcentration and detection by SERS.
Experimental procedure to detect pyrene at the concentration as
low 1 nM has been proposed by Leyton et al. Therein single-walled
carbon nanotubes were deposited on colloidal silver nanoparticles,
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evaporated on glass slide. Pyrene then was preconcentrated near
surface by a w-m electronic stacking with the nanotube [58].

10.4.5 Biomolecules

Aptamer are nucleic acid sequence [59], which can be generated
against various molecules [60, 61]. Application of aptamers in
nanosensor design deals with their high affinity and specificity
toward the target molecule. A selective detection of ochratoxin-A
(OTA) has been suggested by Galarreta et al. [62]. In this work two-
dimensional gold nanostructures prepared by EBL were decorated
with adsorbed oligonucleotides. The sensing ability of this system
comes from the difference of the aptamer spectrum before and after
it has been in contact with OTA. This suggests efficient aptamer-
ochratoxin complex formation. Other model for indirect sensing of
a melanine molecule has been proposed by Wen et al. [63], where
silver nanoparticles of 10 nm, modified by oligonucleotide were
used as SERS substrates. They have demonstrated that interaction of
target molecules with aptamers induce nanoparticles release, which
are then subsequently aggregating. This process has been monitored
by SERS in the low frequency range. With this system melamine
concentrations ranging from 6.3 to 403.6 ug/L have been analyzed.

10.5 Commercials Solutions for SERS Substrates

Concerning SERS commercial solutions, many providers appeared
in the last ten years. Different kinds of companies share out the
market: start-up, spin-out, multinational, etc. The commercialized
solutions are various from colloids by chemical reduction to physical
deposition of metals. Gold and silver are used as nanoparticles to
enhance the Raman signal. The variety of substrates includes usually
a chemical functionalization as described previously.

As far as we know, Mesophotonics was the first company to
provide a SERS solution. Mesopthotonics is a spin-out from the
University of Southampton. Their Klarite® substrates are made of
gold deposited on nanostructured silicon through chemical etching.
The sensitive pattern is a square of 4 x 4 mm available free
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or on a microscope slide. The sub-micron pattering allows an
enhancement able to detect signal on concentrations as low as
ppb. The manufacturing of these substrates ensures a standard
deviation below 10% with both laser excitation of 633 and 785 nm.
Klarite® substrates are now available at Renishaw since their
investment in D3 Technologies Ltd., which holds different SERS
patents. The application domains are various: analytical chemistry,
pharmaceutical drug development, forensics, etc.

A new company based in Vilius, Lituania, and specialized in
laser manufacturing supplies an SERS solution based on silver
nanostructures named Randa. The possible range of excitation
is foreshadowed from blue to near infrared. Standard areas are
squares of 4 x 4 mm, but larger substrates of 10 x 10 mm are
also available. The concept of manufacturing is 100% monolithic
in order to avoid various risks during the elaboration or during
the transportation. The samples are very reactive but consequently
unstable so that they have to be stored under vacuum and are usable
during 2 months after the manufacturing date. Integrated Optics is
the only producer to mention an uncertainty principle: one has to
choose either very high enhancement ratio or good repeatability of
measurements. Randa samples are developed for trace detection but
not for concentration determination.

Diagnostic anSERS Inc. sells original affordable substrates based
on a production by ink-jet method. The patent-pending ink-jet
printing process allows the company to produce the P-SERS™
substrates at very low cost without sacrificing sensitivity. Moreover,
the substrates are very easy to use since only a pipette is needed
to drop off the sample. Diagnostic anSERS Inc. also provides SERS
solutions through their SERS-active gold or silver nanoparticles
available in colloidal forms.

SILicon MEtal COating or Silmeco is a nanotechnology company
specialized in SERS substrates. Designed for a wide range of
applications and R&D-purposes, Silmeco provides very large area
substrates on silicon wafers. The SERS signal is uniform on the
covered surface that can reach up to 10 cm in diameter. Based
on patented nanofabrication technologies without any lithogra-
phy process, the fabrication method involves only two steps.
Consequently, high-volume manufacturing processes and specific
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nanostructure patterns made of gold or silver are the know-how of
Silmeco.

Nanova Inc, which is a high-tech company using cutting-
edge technology provides also SERS solutions in their field of
expertise in nanotechnology, sensors, medical science, and food
safety. Thanks to its proprietary technology, the Q-SERS™ substrate
is capable of detecting chemical and biochemical compounds at
trace concentrations. It consists of nanoparticles from 15 to 60 nm
of a metal (not defined) randomly organized on a silicon support
glued on a microscope slide. The substrate is able to provide high
enhancement factors, with reliable and reproducible results. The
fields of application are analytical chemistry, food and water safety,
pharmaceutical, medical, and forensic science.

In contrast to the the previous companies Enhanced Spec-
trometry, Inc. or EnSpectr develops SERS substrates in the frame-
work of the promotion of the portable Raman spectrometry as
a solution for advanced substances control, quality inspection,
real-time testing, and innovative brand protection. This solution
is based on a proprietary technology designed for substances
detection and coding of information. EnSpectr SERS Substrates are
able to identify various compounds at trace concentrations for
chemical analysis or fundamental scientific research. The targeted
applications are prohibited substances, cells and tissues, bioscience
and pharmaceutical research, and authentication of products with
spectral markers technology. Supplied substrates are unmounted
squared chips of 5 x 5 mm. They are stored in an inert atmosphere
until their utilization. The suggested wavelength is in the 450 to
550 nm range.

With the same market objectives, real-time analyzers provides
SERS substrates with the analytical tools such as a portable Raman
analyzer and with their process environment. On the opposite of all
previous solutions, real-time analyzers has chosen to include silver
nanoparticles in an organic sol-gel matrix. This choice allows to
provide different substrates such as SERS Vials, SERS Microplates,
or SERS Capillaries. These different presentations enlarge the field
of application of liquid analyses. Furthermore, the presence of
an organic matrix can exhibit a best sensitivity, thanks to the
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preconcentration effect for organic compounds. Coupled with the
SERS Raman Analyzer, SERS substrates are applied to explosives,
chemical weapons, narcotics, and hazardous materials.

The worldwide leader in Raman spectrometry Horiba JobinYvon
proposes SERS substrates from ST Japan. This kind of substrates
offers excellent reproducibility and significant enhancement. The
substrates are available in different sizes, coated with pure
gold or gold-silver alloy. Furthermore, the company has recently
communicated about SERS through a study of nanoparticles
themselves. It is well-known that metallic Au or Ag nanostructures
provide ideal substrates for SERS measurements. Surface plasmon
resonance (SPR) (see Chapter 2 of this book for details about SPR
measurements) is used in order to optimize the SERS substrates. The
use of SERS and SPR concomitantly promises great enthusiasm.

10.6 Conclusion

SERS has entered a few years ago in a new era. Several companies are
selling SERS sensors. This evolution has been made possible, thanks
to the evolution of the nanostructuration techniques (lithography,
etching, metal deposition, etc.). However, surface chemistry has been
another Kkey factor to the selling of SERS sensors. As it was shown
in the second part of this chapter, surface chemistry is essential to
conceive a specific SERS sensor.

Numerous companies provide SERS solutions. Most of them
use gold or silver nanoparticles made by the routes developed for
the semiconductor or the nanotechnology industry. Chemical-based
colloids are also used alone or coupled to organic matrix. A very
high enhancement factor is always described. The reproducibility
is often presented as good, with a standard deviation around
10%. But, in all likelihood, a lack of standards conducts to an
impossibility to compare the SERS products: sensitivity, selectivity,
and reproducibility are only mentioned but not really quantified.

Moreover, as other optical methods, SERS is suitable for
miniaturization. Concomitantly to the advances in photonics and
nanotechnologies, SERS will certainly be available in the future as
on field sensors for many applications.

345

53



346

Application of SERS to Chemicals Sensing

Acknowledgment

The authors want to acknowledge the ANR REMANTAS project
(ANR-11-ECOT-0010) for financial support.

References

1. Péron, O., Rinnert, E., Lehaitre, M., Crassous, P. and Compére, C. (2009).
Detection of polycyclic aromatic hydrocarbon (PAH) compounds in
artificial sea-water using surface-enhanced Raman scattering (SERS),
Talanta, 79, pp. 199-204.

2. Delhaye, C., Bruneel, ].-L., Talaga, D., Guirardel, M., Lecomte, S. and
Servant, L. (2012). Tailoring surface-enhanced Raman scattering effect
using microfluidics, J. Phys. Chem. C, 116, pp. 5327-5332.

3. Haynes, C. L. and Van Duyne, R. P. (2001). Nanosphere lithography: a
versatile nanofabrication tool for studies of size-dependent nanoparti-
cle optics, J. Phys. Chem. B, 105, pp. 5599-5611.

4. Guo, L. ]. (2007). Nanoimprint lithography: methods and material
requirements, Adv. Mater,, 19, pp. 495-513.

5. Guerrini, L., Jurasekova, Z., Domingo, C., Pérez-Méndez, M., Leyton, P,
Campos-Vallette, M., Garcia-Ramos, ]. V. and Sanchez-Cortes, S. (2007).
Importance of metal-adsorbate interactions for the surface-enhanced
Raman scattering of molecules adsorbed on plasmonic nanoparticles,
Plasmonics, 2, pp. 147-156.

6. Péron, 0., Rinnert, E., Colas, F, Lehaitre, M. and Compeére, C. (2010). First
steps of in situ surface-enhanced Raman scattering during shipboard
experiments, Appl. Spectrosc., 64, pp. 1086-1093.

7. Xie, Y, Li, P, Zhang, ], Wang, H., Qian, H. and Yao, W. (2013). Comparative
studies by IR, Raman, and surface-enhanced Raman spectroscopy
of azodicarbonamide, biurea and semicarbazide hydrochloride, Spec-
trochim. Acta A, 114, pp. 80-84.

8. Alvarez-Ros, M. C., Sanchez-Cortes, S., Francioso, 0. and Garcia-Ramos, |.
V. (2001). Catalytic modification of gallic acid on a silver surface studied
by surface-enhanced Raman spectroscopy, J. Raman Spectrosc., 32, pp.
143-145.

9. Lin, X. M,, Cui, Y, Xu, Y. H, Ren, B. and Tian, Z. Q. (2009). Surface-
enhanced Raman spectroscopy: substrate-related issues, Anal. Bioanal.
Chem., 394, pp. 1729-1745.

54



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

References

Sanchez-Cortes, S., Francioso, 0., Garcia-Ramos, ]. V., Ciavatta, C. and
Gessa, C. (2001). Catechol polymerization in the presence of silver
surface, Colloids Surf. A, 176, pp. 177-184.

Sanchez-Cortes, S. and Garcia-Ramos, ]. V. (2000). FT surface-enhanced
Raman evidence of the oxidative condensation reactions of caffeic acid
in solution and on silver surface, Appl. Spectrosc., 54, pp. 230-238.
Sanchez-Cortes, S. and Garcia-Ramos, ]. V. (2000). Adsorption and
chemical modification of phenols on a silver surface, J. Colloid Interface
Sci,, 231, pp. 98-106.

Alvarez-Puebla, R. A. and Liz-Marzan, L. M. (2012). Traps and cages for
universal SERS detection, Chem. Soc. Rev,, 41, pp. 43-51.

Aguas, H,, Silva, R. ]. C,, Viegas, M., Pereira, L., Fortunato, E. and Martins,
R. (2008). Study of environmental degradation of silver surface, Phys.
Stat. Sol. ¢, 5, pp. 1215-1218.

Discher, D. E. and Eisenberg, A. (2002). Polymer vesicles, Science, 297,
pp. 967-973.

Schreiber, F. (2000). Structure and growth of self-assembling monolay-
ers, Prog. Surf. Sci.,, 65, pp. 151-256.

Smith, R. K, Lewis, P. A. and Weiss, P. S. (2004). Patterning self-
assembled monolayers, Prog. Surf. Sci., 75, pp. 1-68.

Shon, Y. S. and Choo, H. (2003). Organic reactions of monolayer-
protected metal nanoparticles, C. R. Chim., 6, pp. 1009-1018.

Schreiber, F. (2000). Structure and growth of self-assembling monolay-
ers, Prog. Surf. Sci.,, 65, pp. 151-257.

Carron, K., Peitersen, L. and Lewis, M. (1992). Octadecylthiol-modified
surface-enhanced Raman-spectroscopy substrates: a new method for
the detection of aromatic-compounds, Environ. Sci. Technol, 26, pp.
1950-1954.

Love, ]. C., Estroff, L. A, Kriebel, J. K., Nuzzo, R. G. and Whitesides, G. M.
(2005). Self-assembled monolayers of thiolates on metals as a form of
nanotechnology, Chem. Rev, 105, pp. 1103-1170.

Costa, J. C. S., Sant’Ana, A. C., Corio, P. and Temperini, M. L. A. (2006).
Chemical analysis of polycyclic aromatic hydrocarbons by surface-
enhanced Raman spectroscopy, Talanta, 70, pp. 1011-1016.

Jiang, X., Yang, M., Meng, Y, Jiang, W. and Zhan, ]. (2013). Cysteamine-
modified silver nanoparticle aggregates for quantitative SERS sensing
of pentachlorophenol with a portable Raman spectrometer, ACS Appl.
Mater. Interfaces, 5, pp. 6902-6908.

347

55



348

Application of SERS to Chemicals Sensing

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Hierlemann, A., Weimar, U., Kraus, G., Schweizer-Berberich, M. and
Gopel, W. (1995). Polymer-based sensor arrays and multicomponent
analysis for the detection of hazardous organic vapours in the
environment, Sens. Actuators, B, 26, pp. 126-134.

Murphy, T, Schmidt, H. and Kronfeldt, H. D. (1999). Use of sol-gel
techniques in the development of surface-enhanced Raman scattering
(SERS) substrates suitable for in situ detection of chemicals in sea-
water, Appl. Phys. B, 69, pp. 147-150.

Lucht, S., Murphy, T, Schmidt, H. and Kronfeldt, H. D. (2000). Optimized
recipe for sol-gel-based SERS substrates, /. Raman Spectrosc., 31, pp.
1017-1022.

Peron, O, Rinnert, E,, Toury, T,, Lamy de la Chapelle, M. and Compere,
C. (2011). Quantitative SERS sensors for environmental analysis of
naphthalene, Analyst, 136, pp. 1018-1022.

Li, J-M., Ma, W.-E, Wei, C, You, L.-]., Guo, ], Hu, ]J. and Wang, C.-
C. (2011). Detecting trace melamine in solution by SERS using Ag
nanoparticle coated poly(styrene-co-acrylic acid) nanospheres as novel
active substrates, Langmuir, 27, pp. 14539-14544,

Cheong, W. ], Yang, S. H. and Ali, F (2013). Molecular imprinted
polymers for separation science: a review of reviews, J. Sep. Sci., 36, pp.
609-628.

Jung, B. M., Kim, M. S,, Kim, W. J. and Chang, |. Y. (2010). Molecularly
imprinted mesoporous silica particles showing a rapid kinetic binding,
Chem. Commun., 46, pp. 3699-3701.

Kantarovich, K., Tsarfati, I., Gheber, L. A,, Haupt, K. and Bar, 1. (2009).
Writing droplets of molecularly imprinted polymers by nano fountain
pen and detecting their molecular interactions by surface-enhanced
Raman scattering, Anal. Chem., 81, pp. 5686-5690.

Bompart, M., De Wilde, Y. and Haupt, K. (2010). Chemical nanosensors
based on composite molecularly imprinted polymer particles and
surface-enhanced Raman scattering, Adv. Mater,, 22, pp. 2343-2348.
Xue, ].-Q., Li, D.-W,, Qu, L.-L. and Long, Y.-T. (2013). Surface-imprinted
core-shell Au nanoparticles for selective detection of bisphenol A based
on surface-enhanced Raman scattering, Anal. Chim. Acta, 777, pp. 57-
62.

Holthoff, E. L. Stratis-Cullum, D. N. and Hankus, M. E. (2011).
A nanosensor for TNT detection based on molecularly imprinted
polymers and surface enhanced Raman scattering, Sensors, 11, pp.
2700-2714.

56



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

References

Yang, L., Ma, L., Chen, G., Liu, ]. and Tian, Z.-Q. (2010). Ultrasensitive SERS
detection of TNT by imprinting molecular recognition using a new type
of stable substrate, Chem.-Eur. ], 16, pp. 12683-12693.

Chang, L. M,, Ding, Y. and Li, X. (2013). Surface molecular imprinting
onto silver microspheres for surface enhanced Raman scattering
applications, Biosens. Bioelectron., 50, pp. 106-110.

Singh, A. K, Khan, S. A,, Fan, Z., Demeritte, T,, Senapati, D., Kanchanapally,
R. and Ray, P. C. (2012). Development of a long-range surface-enhanced
Raman spectroscopy ruler, J. Am. Chem. Soc., 134, pp. 8662-8669.
Piletsky, S. A,, Panasyuk, T. L., Piletskaya, E. V., Nicholls, I. A. and Ulbricht,
M. (1999). Receptor and transport properties of imprinted polymer
membranes—a review, /. Membr. Sci, 157, pp. 263-278.

Del Valle, E. M. M. (2004). Cyclodextrins and their uses: a review, Process
Biochem., 39, pp. 1033-1046.

Ogoshi, T. and Harada, A. (2008). Chemical sensors based on cyclodex-
trin derivatives, Sensors, 8, pp. 4961-4982.

Schmid, G. (1989). Cyclodextrin glycosyltransferase production—yield
enhancement by overexpression of cloned genes, Trends Biotechnol, 7,
pp. 244-248.

Boger, ], Corcoran, R. ]. and Lehn, ].-M. (1978). Cyclodextrin chemistry.
Selective modification of all primary hydroxyl groups of «- and g-
cyclodextrins, Helv. Chim. Acta, 61, pp. 2190-2218.

Khan, A. R, Forgo, P, Stine, K. ]. and D’Souza, V. T. (1998). Methods for
selective modifications of cyclodextrins, Chem. Rev.,, 98, pp. 1977-1996.
Weisser, M., Nelles, G., Wohlfart, P, Wenz, G. and Mittler-Neher, S. (1996).
Immobilization kinetics of cyclodextrins at gold surfaces, J. Phys. Chem.,
100, pp. 17893-17900.

Hill, W, Fallourd, V. and Klockow, D. (1999). Investigation of the
adsorption of gaseous aromatic compounds at surfaces coated with
heptakis(6-thio-6-deoxy)-beta-cyclodextrin by surface-enhanced Ra-
man scattering, /. Phys. Chem. B, 103, pp. 4707-4713.

Xie, Y, Wang, X, Han, X, Song, W, Ruan, W, Liu, |, Zhao, B. and
Ozaki, Y. (2011). Selective SERS detection of each polycyclic aromatic
hydrocarbon (PAH) in a mixture of five kinds of PAHs, . Raman
Spectrosc., 42, pp. 945-950.

Xie, Y, Wang, X, Han, X, Xue, X,, Ji, W, Qi, Z, Liu, ]J., Zhao, B. and
Ozaki, Y. (2010). Sensing of polycyclic aromatic hydrocarbons with
cyclodextrin inclusion complexes on silver nanoparticles by surface-
enhanced Raman scattering, Analyst, 135, pp. 1389-1394.

349

57



350

Application of SERS to Chemicals Sensing

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Xy, ]. Y, Wang, |., Kong, L. T, Zheng, G. C., Guo, Z. and Liu, ]. H. (2011). SERS
detection of explosive agent by macrocyclic compound functionalized
triangular gold nanoprisms, J. Raman Spectrosc., 42, pp. 1728-1735.

Wang, ], Kong, L. T, Guo, Z, Xu, ]. Y. and Liu, ]. H. (2010). Synthesis of
novel decorated one-dimensional gold nanoparticle and its application
in ultrasensitive detection of insecticide, /. Mater. Chem., 20, pp. 5271~
5279.

Gutsche, C. D. (1984) Structural chemistry, Chapter 1 “The calixarenes”
(Springer, Berlin, Heidelberg), pp. 1-47.

Deligdz, H., Karakus, 0. 0. and Cilgi, G. K. (2012). A brief review on
the thermal behaviors of calixarene-azocalixarene derivatives and their
complexes, . Macromol. Sci., Part A: Pure Appl.Chem., 49, pp. 259-274.
Leyton, P, Sanchez-Cortes, S., Garcia-Ramos, ]. V.,, Domingo, C., Campos-
Vallette, M,, Saitz, C. and Clavijo, R. E. (2004). Selective molecular recog-
nition of polycyclic aromatic hydrocarbons (PAHs) on calix[4]arene-
functionalized Ag nanoparticles by surface-enhanced Raman scattering,
J. Phys. Chem. B, 108, pp. 17484-17490.

Leyton, P, Domingo, C., Sanchez-Cortes, S., Campos-Vallette, M. and
Garcia-Ramos, J. V. (2005). Surface enhanced vibrational (IR and
Raman) spectroscopy in the design of chemosensors based on es-
ter functionalized p-tert-butylcalix[4]arene hosts, Langmuir, 21, pp.
11814-11820.

Guerrini, L., Garcia-Ramos, J. V,, Domingo, C. and Sanchez-Cortes, S.
(2006). Functionalization of Ag nanoparticles with dithiocarbamate
calix[4]arene as an effective supramolecular host for the surface-
enhanced Raman scattering detection of polycyclic aromatic hydrocar-
bons, Langmuir, 22, pp. 10924-10926.

Guerrini, L., Garcia-Ramos, ]. V., Domingo, C. and Sanchez-Cortes,
S. (2009). Sensing polycyclic aromatic hydrocarbons with dithio-
carbamate-functionalized Ag nanoparticles by surface-enhanced Ra-
man scattering, Anal. Chem., 81, pp. 953-960.

Kwon, Y. H,, Sowoidnich, K., Schmidt, H. and Kronfeldt, H. D. (2012).
Application of calixarene to high active surface-enhanced Raman
scattering (SERS) substrates suitable for in situ detection of polycyclic
aromatic hydrocarbons (PAHs) in seawater, . Raman Spectrosc., 43, pp.
1003-1009.

Star, A, Han, T-R,, Gabriel, ].-C. P, Bradley, K. and Griiner, G. (2003).
Interaction of aromatic compounds with carbon nanotubes: correlation

58



58.

59.

60.

61.

62.

63.

References

to the Hammett parameter of the substituent and measured carbon
nanotube FET response, Nano Lett,, 3, pp. 1421-1423.

Leyton, P, Gémez-Jeria, ]. S. Sanchez-Cortes, S., Domingo, C. and
Campos-Vallette, M. (2006). Carbon nanotube bundles as molecular as-
semblies for the detection of polycyclic aromatic hydrocarbons: surface-
enhanced resonance Raman spectroscopy and theoretical studies, J.
Phys. Chem. B, 110, pp. 6470-6474.

Sassolas, A., Blum, L. ]. and Leca-Bouvier, B. D. (2011). Optical detection
systems using immobilized aptamers, Biosens. Bioelectron., 26, pp.
3725-3736.

Osawa, Y, Takase, M. Sode, K. and Ikebukuro, K. (2009). DNA
aptamers that bind to PQQGDH as an electrochemical labeling tool,
Electroanalysis, 21, pp. 1303-1308.

Subramanian, P, Lesniewski, A, Kaminska, I, Vlandas, A., Vasilescu,
A., Niedziolka-Jonsson, J., Pichonat, E., Happy, H., Boukherroub, R. and
Szunerits, S. (2013). Lysozyme detection on aptamer functionalized
graphene-coated SPR interfaces, Biosens. Bioelectron., 50, pp. 239-243.
Galarreta, B. C., Tabatabaei, M., Guieu, V., Peyrin, E. and Lagugne-
Labarthet, F. (2013). Microfluidic channel with embedded SERS 2D
platform for the aptamer detection of ochratoxin A, Anal. Bioanal. Chem.,
405, pp. 1613-1621.

Wen, G., Zhou, L, Li, T, Liang, A. and Jiang, Z. (2012). A sensitive surface-
enhanced Raman scattering method for determination of melamine
with aptamer-modified nanosilver probe, Chin. . Chem., 30, pp. 869-
874.

351

59



2.4 Conclusion

Raman based sensors function thanks to the scattered waves produced by molecules attached to the
sensor surface. Since these scattered waves are too weak to accomplish detection in low
concentrations, the incident field has to be enhanced by the process called SERS. In Chapter 2 the
theoretical explanation of two main effects involved in SERS mechanism, electromagnetic and
chemical, has been provided. While the chemical effect, related with charge transfer between surface
and attached molecule, gives an enhancement of less than 107, the electromagnetic one has been
shown to be the main contributing effect to the signal amplification in SERS, providing enhancement
factor up to 10®. Latter effect comes from the electromagnetic local field enhancement though the
LSPR created by the interaction between light and metallic nanoparticle. In this regard, it was
concluded that in order to develop good SERS based nanosensor, an essential attention has to be paid
to the selection and the optimization of metallic NPs, and to ensure the targeted molecules presence

as close as possible to the sensor surface.

In the second part of the chapter, we presented the most popular SERS substrates fabrication
methodologies and overviewed the surface functionalisation strategies used for pre-concentration and

sensing of chemical molecules.

In the following chapters of this manuscript we will demonstrate the results obtained by exploiting
different approaches of surface functionalisation in order to pre-concentrate and detect aromatic
hydrocarbons. As a SERS active substrate for these studies we chose gold nanocylinder (GNCs)
arrays fabricated by electron beam nanolithography (EBL) which give a good sensitivity, extremely
reliable reproducibility and freedom towards SERS substrate customization. In addition, for some

studies we also applied colloidal NPs or NPs based solid SERS substrates.

The instrumental SERS set-up as well as indications on measuring conditions used for investigations
related to a SERS based nanosensor design and further targeted pollutants detection are summarized

in ANNEX 1.
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3 Functionalisation of the nanosensor with anti-bodies for

benzo[a]pyrene detection

3.1 Introduction

The detection of the targeted pollutants in the environmental waters is a challenging task due to the
great variety of compounds that are present. For this purpose, the designed sensors have to permit
certain selectivity towards the targeted molecules. As it was already described in the Chapter 1, the
best candidate in selective molecular detection is biosensor. Anti-body against benzo[a]pyrene (BaP)
is developed and commercially available, but SERS based study of its application is not provided in
the literature. For this reason, in this chapter, we will focus on the approaches related with the

immobilisation of anti-bodies at the sensor surface.

The sensitivity and stability of biosensors depend directly on the number of immobilised
biomolecules, on their preserved activity and on their controlled orientation. In this regard, two
strategies of functionalisation will be exploited: (i) random antibody immobilization by carbodiimide
coupling reaction and (ii) random physical adsorption of synthesized fragments of antigen binding
(F(ab’),). The performance of developed biosensors will be tested by sensing BaP in 500 ppb

concentration.
3.2 Anti-body immobilisation on the sensor surface

3.2.1 Introduction

The immobilisation of biomolecules on the nanostructured metallic surface paves the way to the
selective molecular detection by SERS. Such strategy is all the most relevant since antibodies against

BaP are commercially available.

As mentioned before in Chapter 1 the characteristics of a good sensing tool is the sensitivity, the
stability and the robustness. However, the design of a biosensor based on these characteristics can
only be achieved by a great control of the surface chemistry. Indeed, the performance of the
biosensor would be essentially dependant on the amount of grafted anti-bodies on the surface and the
preservation of their conformation, leading to no loss of their initial activity. Thus, the surface

chemistry for biosensor design has to be seriously considered.
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Random immobilization Site-directed immobilization

Figure 3.1 Schematic illustration of random and site-directed anti-bodies immobilization
approaches.

Generally, two main strategies, random and site-directed immobilization, can be used for anti-bodies
based biosensors [1]. Site-directed grafting approach is preferred, since the anti-bodies are
asymmetric molecules and their orientation after immobilization is very important. The most often
used method in order to control anti-bodies orientation on the surface is the application of proteins A
and G, due to their specific interaction to the Fc region of the anti-body [2]. The performance of this
kind of biosensors has been widely tested. For instance, concerning the detection of pollutants,
protein G has been exploited by Boujday et al., in order to immobilize anti-body against
benzo[a]pyrene (anti-BAP13) [3]. Direct detection of BaP was then performed using mid-IR
transduction. The detection limit reached by this system was 5 uM. Despite the convenience of the
latter functionalisation method it can be seen as a major drawback for SERS applications the
thickness of the coating layer (Protein G with the molecular mass of 22 kDa has a radius of around
3.5 nm [4]). Thus, for SERS biosensor, the random anti-bodies immobilisation could be more
advantageous. With such strategy, we have a higher probability that some antigen binding sites will

be close to the sensor surface, enabling then the analytes detection by SERS.

Two methods for random anti-bodies immobilisation can be used: the physical adsorption and the
grafting though the carbodiimide coupling approach. While physical adsorption method leads to
biomolecule denaturation and loss in stability [S] [6], carbodiimide coupling chemistry was shown to
be a rather simple method ensuring biosensor robustness. It is based on the formation of covalent

bonds between the biomolecules and a surface coating such as SAMs, dextran or polymers [7] [8].

As a consequence, during this study, the latter antibodies immobilisation approach was exploited in
order to design a SERS biosensor. First, the surface functionalisation and further biomolecular
grafting was tested using antibodies for bovine serum albumine (BSA) and for ribonuclease A
(RNase-A) as cheaper equivalent to anti-BAP13. The performances of the biosensors were examined
for the BSA and Rnase-A proteins detections, respectively. The developed surface functionalisation

protocol was then applied for anti-BAP13 immobilization and SERS based BaP sensing.
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3.2.2 Experimental

3.2.2.1 Materials and reagents

4-carboxybenzene diazoniumtetrafluoroborate (DS-COOH) was chemically synthesized (method
described in chapter 5), mercaptoundecanoic acide (MUA) (95%), 6-Mercapto-1-hexanol (MOH)
(97%), 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), Ribonuclease A (RNase-A) from bovine pancreas (salt-free, lyophilized
powder), Bovine Serum Albumin (BSA) (lyophilized powder, >96%), anti-BSA (fractionated
antiserum, lyophilized powder) and benzo[a]pyrene (> 96% HPLC), were purchased from Sigma
Aldrich. Phosphate buffer saline (PBS), 10x solution. pH=7.4+0.1 was provided by Fischer
BioReagent. Ethanol (96%, technisolv) was purchased from VWR; Methanol (100%, Reg.Ph.Eur)
from Prolabo. Anti-benzo[a]pyrene (monoclonal antibody purified, clone B[a]P 13) was provided by
Abcam. Monoclonal Anti-RNase-A was provided by Thermo scientific.

MilliQ water (18 MQ, Millipore, France) was used for the preparation of the solutions and for all

rinses.

3.2.2.2 Substrates

For SPR measurements plane gold sensor chips (GE healthcare) were used. These substrates were

used as received for the experiments.

For SERS experiments gold nanocylinders (GNCs) with variable diameters from 50nm up to 200 nm
were fabricated by electron beam lithography (EBL). In both cases GNCs were designed on glass
substrate, and the gap between individual GNCs is fixed to 200 nm in both directions.

3.2.2.3 Antibodies immobilisation on flat gold surfaces

Prior experiments on GNCs based SERS substrates protocol on biomolecular immobilization was
tested on plane gold surface using SPR system. Herein, the gold chip was first incubated in ethanolic
solution of mercaptoundecanoic acide (MUA, 100x10~ mol L) for 12 hours. After SAM formation
substrate was rinsed with ethanol three times and dried. Sample was then placed in SPR system and

following procedures were performed by measuring kinetics in real time.

The coupling of the antibodies with such surface was based on the reaction between COOH carried
functions and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). The addition of
N-hydroxysuccinimide (NHS) was used to obtain a semi-stable ester that could react with the amine
function of the antibody to obtain a stable amide. For this purpose, carboxyl groups presented on

sensor surface were activated by EDC/NHS. Solution was prepared by mixing 76.68 mg of EDC
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(400x10°mol L™) with 11.5 mg of NHS (100x10”mol L™") in ethanol (10 mL) and circulated in SPR
system for 60 min. After activation step, anti-BSA solution (10° mol L") in PBS was injected 5 times
for 20 min each followed by rinsing with PBS buffer. After antibody immobilization step remaining
active succinimide groups were blocked with ethanolamine (1 mol L™). In order to test prepared
sensor capability in analyte sensing, BSA solution in PBS buffer was then injected at different

concentrations.

3.2.2.4 Antibodies immobilisation on GNCs

/

A ]

Figure 3.2 General illustration of anti-bodies immobilised on MUA/MOH SAMs (substrate A) and
DS-COOH layers (substrate B).
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Before any experiment GNCs were cleaned using UV-Ozone cleaner. This procedure was performed
during 20 min, followed by two times substrates rinsing in ethanol and water. The washing procedure
was controlled by extinction and SERS measurements. Two main surface functionalisation

approaches has been developed as illustrated in Figure 3.2.

For sample A, the substrate was first covered by self assembled monolayer (SAM) containing
mercaptoundecanoic acide (MUA) and mercaptohexanol (MOH). Solution was prepared by mixing
5.45 mg of MUA (2.5x10”mol L) and 10.22 pL of MOH (7.5x10” mol L™) in 10 mL of ethanol.
SERS substrates were then incubated in this solution for 12 hours in order to create a mix SAM layer.

Physically adsorbed overlayers were removed by washing substrate 3 times in ethanol.

In the case of sample B, GNCs were immersed in 10 mL of the DS-COOH (10”mol L) in H,SO,
(0.1 mol L™) solution during 15 hours at +4°C. Substrates were then rinsed 3 times by immersion into
milliQ water 10mL over 10 minutes and mildly dried by using nitrogen flux. The description of DS-

COOH chemical synthesis can be found in chapter 5.

Carboxyl groups presented on GNCs functionalised by MUA/MOH or DS-COOH (sample A and
sample B respectively) were activated by EDC/NHS as previously described. After activation step,

substrates were incubated in a solution of 70 pg.ml™' of anti-Rnase in PBS buffer for 90 min at 4°C.
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Removed samples were rinsed several times by PBS. Remaining active succinimide groups were
blocked with ethanolamine by incubating substrates in 1 mol.L™" ethanolamine solution for 20 min.
Prepared SERS active substrates were then tested for biomolecular sensing by immersing them in a
solution of RNase (10 mol L) in PBS buffer. Incubation time was set to 90 min at 4°C. Each step of

surface functionalisation was monitored by extinction spectroscopy and SERS.

3.2.2.5 Optical measurements

SPR response of anti-BSA immobilization on plane gold surface and further BSA detection was
monitored using a BIAcore 1990 GE Healthcare system (Pewaukee, WI, USA). SERS substrates
were investigated with an Xplora ONE micro-spectrometer (HORIBA Scientific). For extinction
measurements transmitted white light was collected with a x20 objective (N.A.=0.4). Measured
spectral range was from 450 nm to 900 nm with spectral resolution of 0.5 nm. For SERS
measurements laser excitation wavelengths of 660 nm were used with applied power of 0.32 mW.
The signal was collected using a x100 objective (N.A. = 0.9) when measurements where proceeded in
air conditions and a x60 objective (N.A. = 0.7) when it was measured in liquid. Achieved spectral
resolution was less than 3 cm™. Acquisition time for each measure was set to 60s with two repetitions

(will be indicated in the text if differ).

3.2.3 Results and discussion

3.2.3.1 Antibodies immobilization on gold surfaces

Carbodiimide coupling procedure via reactive esters created by EDC/NHS mechanism is already well
studied and documented [9]. However, the antibodies immobilization was first tested on plane gold
surface using SPR system. Figure 3.3 shows the achieved results on the anti-BSA immobilization

(sensogram in graph A) and the related BSA detection (graph B).

After carboxyl groups activation by circulating EDC/NHS mixture the anti-BSA solution was
injected 5 times that leads to the surface saturation after 100 minutes. Immobilization of the
antibodies on the surface gave an increase of the SPR response of about 1000 RU. In the following
step ethanolamine was circulated in the system for 10 min to block any remaining succinimide ester

groups.
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Figure 3.3 SPR sensorgram, presenting kinetics of the anti-BSA immobilization (A) and the BSA
detection (B) followed by several washing steps. Arrows indicates the injections of 1uM
concentration anti-BSA solution (A) and the injections of BSA solutions at 111 uM, 333 uM and 1
mM concentrations.

In order to test the biosensor performance, BSA solutions at three different concentrations (111 uM,
333 uM and 1 mM) in PBS buffer were injected in the system. The sensogram in figure 3.3B exhibits
an increase of the SPR response induced by the interaction between the anti-BSA and the BSA. 74 %
of saturation was registered after injecting the lowest BSA concentration. Total increase in response
at the end of kinetics was 227 RU. Further steps seen in sensogram B correspond to several surface
washing procedures in order to remove non-specifically adsorbed BSA molecules. First, nanosensor
was rinsed with MgCl, solution of 4 M 2 times for 1 min each. After this step a decrease in response
of around 30 RU was registered. The use of glycine solution of 10 mM and NaCl solution of 5 M
again washed surface but not as significantly (the decrease of 10 and 5 RU was measured after
glycine and NaCl injection, respectively). The most important decrease in the intensity of almost 45
RU was observed after injecting SDS 1% solution. In the end of washing procedure, the remaining

BSA signal was 135 RU and could then be assigned to specifically bonded molecules.

The results obtained by experiments performed in BlIAcore systems confirmed the success in

antibody immobilization and encouraged to apply this protocol for the SERS nanosensors.

3.2.3.2 Antibodies immobilisation on GNCs

Herein, the developed protocol of an antibody immobilization was applied on nanostructurated
surfaces for the detection of RNase by LSPR and SERS. Nanocylinders were cleaned by UV-ozone

and ethanol prior experiments and surface functionalisation steps were then performed as previously
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described (experimental section). However, few improvements were considered. Regarding the
literature, the immobilization of proteins onto carboxylate-terminated SAMs utilizing EDC and NHS
are much more efficient when the SAM layer is created by mixing two different length thiols [10].
The improved reactivity of this system is due to the disorder achieved by co-adsorption of the mixed
thiols. The carboxylic groups are then more accessible for the activation and as a consequence for the

biomolecular immobilisation.

Thus, in this study two approaches of surface coatings were tested. First approach was related with
the application of a mixed SAM (Sample A in Figure 3.4). In this case the SERS substrate was
incubated in the ethanolic solution of MUA/MOH (1:3 molar ratio) for 12 hours. The second
approach was related with the employment of diazonium salts bearing a carboxylic group (DS-
COOH) (Sample B in Figure 3.4). The surface functionalisation based on diazonium salts approach is
more detailed in chapter 5. The application of diazonium salt for this study is suitable since it forms
non-homogeneous thickness surface coating. In order to obtain DS-COOH surface functionalisation,

SERS substrate was incubated in the solution for 12 hour at +4°C.

The carboxylic groups activation (EDC/NHS protocol) and antibodies immobilisation were then
proceeded on both substrates similarly. All steps of surface modification and final analyte detection

were monitored by extinction spectroscopy and SERS.

Figure 3.4A and 3.4B present the LSPR position shifts achieved after each step of functionalisation
with regards to the LSPR position of non-functionalised GNCs. Comparing the two figures, it can be
noticed that initial surface coverage by mixed SAM and the formation of NHS esters led to a positive
LSPR shift of 8 nm whereas, the same procedure repeated using DS-COOH induced negative LSPR
shift of -5 nm. This first result could be related with imperfect surface cleaning prior to experiment. It
is worth noting that the presence of carbonaceous contamination on common SERS surfaces has been
shown as a great limitation to the analytical utility of SERS [11]. UV-Ozone cleaning procedure is an
efficient tool helping to remove large part of this carbonaceous contamination. However, in this case
strong reactivity of DS-COOH toward the gold surface acted as additional surface cleaning

procedure. Such a cleaning behavior has already been observed by using SAMs [12] [13] [11].

Measured extinction spectra after anti-Rnase immobilization step revealed LSPR position shift
towards higher wavelength of 8 nm for both systems. Noteworthy, comparable LSPR red-shift was
observed by others [14]. However, after the non-reacted NHS esters blocking procedure by
ethanolamine, blue-shifts of 1 nm and 4 nm were recorded for mixed SAM and DS-COOH substrates,

respectively. Generally, this shift might be explained by removal of physically adsorbed anti-RNase
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antibodies, which would lead to the conclusion that there was less anti-Rnase covalently immobilized

onto DS-COOH coating.

At the last stage the biosensors where applied for the detection of Rnase at high concentration (107
mol.L'l) in order to confirm the performance of the systems. After an incubation of 30 min in RNase
solution and washing in PBS, the LSPR were red-shifted of 19 nm and 7 nm for mixed SAM and DS-
COOH substrates, respectively. Such a great shift suggests that RNase protein was not only
successfully captured by immobilized antibody but also aggregated on the surface by non-specific

interactions.
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Figure 3.4 LSPR shift obtained during anti-Rnase immobilization and Rnase detection procedures on
MUA/MOH substrate (4) and DS-COOH substrate (B). LSPR shifts are compared starting from
carboxylic groups activation step.

Complementary, SERS measurements were conducted for each step of the functionalisation
procedure and after the antigen/antibody-interaction. Figure 3.5A and 3.5B present the SERS spectra
recorded after each step for the mixed SAMs and DS-COOH functionalised GNCs, respectively. The
SERS spectra were obtained using 660 nm laser wavelength with a power of 320 uW. For this laser
wavelength, the 160 nm diameter GNCs were used to ensure maximal enhancement. Accumulation

time for one spectrum was 30 seconds and the spectra were averaged from three measurements.

In the first step of surface functionalisation using mixed SAMs SERS spectrum revealed two strong
bands at the range of 1400-1600 cm™ (Figure 3.5A black spectra) that can be assigned to C-H in-
plane bending and O-C-O stretching modes [15]. SERS signature of mixed SAM was changed after
surface modification steps due to formation of succinimide ester. New bands were observed after
antibody grafting at 829cm™, 1002cm™, 1149 cm™, 1265 cm™, 1415 ecm™, 1515 cm™ (Figure 3.5 A

green spectrum). These bands in much lower intensity were still presented in spectrum after blocking
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step using ethanolamine. Thus, results obtained by SERS confirmed the removal of non-specifically

adsorbed antibodies by ethanolamine.

On the other substrate, functionalised by DS-COOH (Figure 3.5 B black spectrum) two strong
contributions at 1073 cm™ and 1582 cm™ were registered and assigned to C-H in plane bending for
para- and monosubstituted benzenes [16;17] combined with C-N stretching [18] and C=C stretching
[19], respectively. These vibrations were constantly observed in SERS spectra obtained after each

surface modification step, providing proofs of the primer functionalisation stability.
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Figure 3.5 SERS spectra for each step of surface modification for (A) the mixed SAMs and graph for
(B) the DS-COOH functionalised GNCs surface. Spectra are baseline-corrected and scaled for better
observation.

As mentioned before, describing the results obtained by the extinction spectroscopy EDC/NHS
procedure is showing ability in the removal of non-grafted over-layers. Thus, in the SERS spectrum
three broad peaks at 1178, 1289 and 1445 cm™ were removed during this step (Figure 3.5 B red
spectrum). Surprisingly, no new peaks were found in the SERS spectrum obtained after the anti-

Rnase coupling with the DS-COOH despite that the redshift of the LSPR confirms its grafting.

The last spectra in the Figure 3.5 (light blue in both figures) represent the detection of RNase. The
positions of the new features observed in both SERS spectra are very comparable (summarized in
table 1) to the ones already observed for the SERS detection of Rnase by C. David et al., [20]. This is
a clear proof of the detetcion of the Rnase with both functionalised surfaces. First of all, it is
important to note that in both systems SERS spectra lack in the amide I band which is normally
observed at 1672 cm™ for Rnase [20]. Even if all the Raman modes of the proteins can be strongly
enhanced in SERS, not all these modes are observable in SERS, due to the fast decay length of the
enhanced field [21]. Furthermore, the SERS signal of proteins are also dominated by the bands
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related with the aromatic side chain vibrations of amino acids such as tyrosine (Tyr), tryptophan
(Trp) and phenylalanine (Phe). Such bands assigned to amino acids were observed at 796 cm™,
around 1175 cm™, 1578 cm™ (for the mix SAM based substrate) and around 1615 cm™ (for DS-
COOH functionalised substrate).

Table 1. Summary of important peaks observed in SERS spectra of Rnase-A for both

nanosensors.
Mixed SAM based GNCs DS-COOH based GNCs Assignment [20] [22]
519 S-S st
796 796 Tyr
912 912 C-Cst
1175 1172 Phe ,Tyr
1295 1295 Amide III
1375 1376 C-H
1578 Trp
1611 1615 Trp, Phe, Tyr (ring st)

In the literature it has been shown that the vibrational modes of the aromatic amino acids are sensitive
to the microenvironment upon protein folding/unfolding process [23] [24] [25] [20]. Thus, the
presence in the SERS spectrum of strongly enhanced bands related to aromatic amino acids

vibrations can indicate the induced conformational change in the structure of RNase.

3.2.3.3 Anti-BAP13 immobilization on GNCs

Developed protocol of anti-body immobilization via amine coupling approach was then tested with
the anti-BAP13 for both SAM and DS-COOH functionalisation layer. Unfortunately, in these cases
we did not reach success. Similarly to the results obtained with anti-RNase-A, after anti-body
graphing procedure, no spectral changes corresponding to the anti-body were observed. Moreover,
BaP detection was not reached even after one night incubation time in 500 ppb concentration

pollutant solution.

3.2.4 Conclusion

With this study we were intended to demonstrate the feasibility of the grafting an anti-body at the
sensor surface for selective detection of an analyte. However, results, achieved during investigation
of anti-RNase and RNase as a model system, were contradictory. First conducted extinction
measurements confirmed that little amount of anti-bodies has been grafted to the GNCs surface, but
SERS spectra of anti-bodies were not obtained. On the other hand, after substrates incubation in ImM
Rnase-A solutions, the molecular detection was evidenced by SERS. We have registered signature of

Rnase-A on both tested nanosensors. Moreover, by comparing obtained SERS spectra of detected
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protein with the ones provided in literature we found that Rnase-A overcomes the structural

conformation changes induced by its adsorption onto nanosensor surface.

All obtained results can not be easily explained due to the lack of literature. However, there is high
possibility that monitoring anti-bodies immobilized onto the GNCs is prohibited due to its great size
and thus, the detected Rnase-A molecules were not pre-concentrated by affinity interaction with its
anti-body. These results suggest that signals were recorded on Rnase-A physically adsorbed to the
surface coatings with mixed SAMs or DS-COOH.

Assuming that the proposed hypothesis is correct, the evidenced failure of the BaP detection can be

explained by a non-adsorption of the BaP due to the hydrophilic nature of the coating layers.

3.3 Strategies of design of F(ab’)2 based nanosensors for benzo[a]pyrene

detection

3.3.1 Introduction

Ultrasensitive molecular sensing by SERS can be achieved when the molecule is close to the
nanoparticle surface, since the sensitivity decreases exponentially with increasing distance.
Molecules located in approximately 10 nm distance are no more detectable. Thus the SERS nano-
biosensor based on immobilized anti-bodies, as demonstrated in previous section, is not particularly

meaningful, due to the great size of the anti-bodies.

It is worth to remind, that anti-bodies are a class of large proteins having around 150 kDa molar
mass. They are composed of two identical heavy chains (about 50 kDa) and two identical light chains
(25 kDa) [26]. Each anti-body molecule has two independent antigen binding sites that can bind a
single antigen molecule (Figure 3.6). The overall size of antibody can be reduced through enzymatic
degradation procedure resulting in one Fc fragment and one F(ab’), fragment with two antigen

binding sites connected by disulfide bonds (Figure 3.6).

In this study we will exploit these disulfide bridges located in the hinge region which maintains the
structure of the antibody.The literature demonstrates that these bridges can be reduced and half-

antibody molecules can be immobilized onto the gold surface via free sulthydryl groups [27].
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Figure 3.6 Schematic representation of antibody molecule (left), indicating heavy and light chains as
well as antigen binding sites) and of the F(ab), fragment (right) achieved after enzymatic digestion
reaction.
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In order to prepare F(ab’), fragments we tested the most widely used method, related with the
digestion of anti-body by pepsin [28] [29]. Pepsin is an acidic endopeptidase that performs the
degradation of proteins into small peptides. Its activity is highly dependent on the pH (it is mostly
active at pH 1-2 and it is irreversibly denatured above pH 6). The digestion procedure using pepsin is
variable for individual antibody, consequently many differing protocols are reported in the literature
[30].

Herein, we exploited one of the procedures proposed for anti-body digestion by pepsin. As a first test,
we used the obtained F(ab’), fragments without reducing their disulfide bridges. The surface

functionalisation with F(ab’), was tested on GNCs produced by EBL and substrates with attached
GNPs. Finally, sensors were tested for the detection of BaP.

3.3.2 Materials and methods

Sodium tricitrate, gold(Il)chloride trihydrate (HAuCl4.H,0; >99.9 %), (3-
aminopropyl)triethoxysilane (APTES; 99 %), sulfuric acid, (96 %), hydrogen peroxide, 30 % ,
benzo[a]pyrene (96%), acetic acid (ACS reagent, >99.7%), ethanol and methanol were purchased
from Sigma Aldrich. Mouse monoclonal [BAP-13] was provided by Abcam. MilliQ water (18 MQ,

Millipore, France) was used for the preparation of the solutions.
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3.3.2.1 SERS Substrates

Gold nanocylinders (GNCs) substrates produced by Electron-Beam Lithography (EBL) were
provided by University of technology of Troyes. Details of the EBL procedure are described by
Grand et al. [31]. This technique ensures the fabrication of nanostructures with the expected shape,
size and arrangement. The substrates contain several patterns (S0pum x 50um) of 2D arrays of GNCs
with variable diameters (from 100nm in diameter up to 200 nm). The height of GNCs was set to 60
nm and the gap between 2 GNCs was kept constant to 200 nm (from edge to edge) in both directions.
The SERS substrates were cleaned prior any experiment using UV-Ozone cleaner (PSD Standard

instrument, Novascan) for 20 min.

3.3.2.2 Gold Nanoparticles synthesis

The colloidal spherical gold nanoparticles (GNPs) for this study were prepared following a method
introduced by Turkevich et. al. [32]. A volume of 30 mL of a chlorauric acid (HAuCl,) solution at the
concentration of 0.3 mM was refluxed. When solution reached a boiling point sodium citrate solution
(0.3 mL of 1%) was added. The reduction of the gold ions by the citrate ions was complete within 1
min while the solution was left further to boil for 10 min and was then cooled to room temperature.

The result of later synthesis protocol is spherical GNPs with an average diameter of about 40 nm.

3.3.2.3 GNPs SERS substrate production

First, borosilicate glass substrates were carefully washed in ethanol in an ultrasonic bath for 20 min.
Substrates were, then, immersed in piranha solution (H,SO4:H,0,=3:1) at room temperature for 30
min in order to remove organic contamination and to create Si-OH groups. After the incubation chips
were extensively washed in milli Q water and dried under nitrogen gas. To further improve the
quality of the glass slides UV ozone treatment for 30 min. was subsequently applied. Prepared
substrates were then immersed in the ethanolic solution of the amine-terminated silane (APTES) with
0.5 mM concentration. After incubation time of 1 hour the substrates were extensively washed twice
by sonification in ethanol for 10 min, dried under nitrogen flow and placed onto heating at 120 °C for
1 hour. After silanized substrates were immersed in freshly prepared citrate-stabilized GNPs solution

for 1 hour. Substrates were then washed twice in water and dried under nitrogen.

3.3.2.4 Enzymatic digestion of anti-BAP and protocol for surface functionalisation

The protocol of enzymatic digestion of anti-bodies was adapted from the literature [33]. However,
brief description of the used procedure is given. In the first stage 1 mg of pepsin was dissolved in 1
ml of acetic buffer (pH=4.5) containing 0.7 M of sodium acetate and 1.5 M of acetic acid. 50 puL of

prepared pepsin solution was introduced into 100 pL of as received anti-BAP13 solution. Mixture
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was placed in thermostat an oven pre-heated at 38 °C and left to incubate for 4 hours. In order to stop
the digestion reaction the pH of the reaction mixture was adjusted to 7.4 by adding 50 uL 3 M Tris
buffer. In order to purify the produced F(ab’), fragments thiophilic adsorption kit (Thermo Fisher
Scientific) was used. During elution step, absorbance of each fraction has been monitored, following
the band at 280 nm (Figure 3.7) in order to select the fractions containing purified F(ab’), fragments.

Collected fractions were then stored at -20°C till its usage.
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Figure 3.7 Absorbance intensity of the band at 280 nm obtained for each fraction during elution step.

In order to functionalise the surface a drop of 100 pL solution containing F(ab’), fragments was
deposited on both substrates (GNCs and GNPs). After 12 hour incubation at +4°C substrates were

washed with acetic buffer and then water.

3.3.2.5 Characterization

GNPs were characterized by extinction spectroscopy with a Kontron Uvikon 941 spectrophotometer
(spectral range of 400 to 800 nm with 1 nm spectral resolution). Surface functionalisation was
monitored by extinction spectroscopy and SERS using Xplora ONE micro-spectrometer (HORIBA
Scientific). For extinction measurements transmitted white light was collected by a x20 objective
(N.A.=0.4). Measured spectral range was from 450 nm to 900 nm with resolution of 0.5 nm. For
SERS measurements laser excitation wavelength of 660 nm was used, applied power was around 0.2
mW. The signal was collected with x60 (with collar slide) objective (N.A.=0.75). Achieved spectral
resolution was less than 3 cm™. Measurements were performed in liquid to avoid the biomolecules

denaturation. Acquisition time for each measurement was set to 60s with two repetitions.

3.3.3 Results and discussion

The antibodies digestion and F(ab’), fragments purification procedures were performed adopting the

protocols proposed in literature. Worth to note, that it has been demonstrated that pepsin based
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antibodies digestion results in F(ab’), fragments of 118 kDa where the heavy chains of initially 50
kDa are reduced into 28 kDa fragments, and the light chains of 31 kDa are remaining intact [34] [35].

3.3.3.1 GNCs functionalisation by F(ab’)2 fragments

Prepared F(ab’), fragments were used for direct surface functionalisation of the GNCs. It is worth to
note, that no free surface blocking procedure was performed because BaP has low affinity to gold
surface [36]. After surface functionalisation, the LSPR was redshifted of 4 nm. One can notice that it
is nearly the half of the LSPR shift observed for the whole anti-body. This confirms the effective cut
the anti-body in Fab and that the coverage rate should me similar to the one reached with the anti-
body. Moreover, SERS measurements showed spectral signature that can be assigned to proteins. On
the Figure 3.8 SERS spectra obtained on 140 nm and 160 nm GNCs are presented as red and black
spectrum, respectively. These are the averaged spectra of 8 individual measurements on the GNCs
arrays. The spectral range (200-1600 cm™) is known to be the most relevant for the vibrational modes

of the proteins and gives important information on their structure.
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Figure 3.8 Averaged SERS spectra obtained on 140 nm GNCs (red spectrum) and on 160 nm GNCs
(black spectrum). Spectra are baseline-corrected and red spectrum is shifted in Y axis for better
observation.

It is clearly visible that the spectra are very reproducible. In both of them the presence of amide II
bond at 1542 cm™ and amide III bonds at 1296 cm™ (for a-helix) and at 1269 cm™ (for B-sheet) can
be seen [37]. Amide I bond is absent in these spectra. Other characteristic bands can be assigned to

several amino acids, having aromatic moieties, such as tryptophan (Trp), Tyrosine (Tyr) and
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Phenylalanine (Phe). For instance, Trp bands can be observed at 759 cm™, 883 c¢cm™, 969 cm™, and
1585 cm™. Bands assigned to the vibrations of Phe are detectable at 606 cm™, 1003 cm™, 1179 cm’™
(combined with Tyr) and 1216 cm™(combined with Tyr). The ones belonging to Tyr are seenable at
436 cm™, 626 cm™, 799 cm™ and 1615 cm™ (combined with Trp and Phe). Since anti-BAP13 was
never been studied by Raman or SERS and its spectra cannot be found in the literature, we have

assigned the bands by comparing spectra with the ones documented for other proteins [37] [20] [22].

The observation of the SERS signature of F(ab’), fragments grafted on the surface makes this
biosensor a promising tool for the detection of analytes. However, after the incubation in the
solutions of different concentrations of BaP (maximum 500 ppb), no spectral differences were
evidenced. Before making a conclusion we decided to test the same surface functionalisation

approach on GNPs SERS substrates, expecting to achieve higher sensitivity.

3.3.3.2 GNPs functionalisation by F(ab’)2 fragments

The extinction spectrum of GNPs exhibit a plasmon band centered around 522 nm (Figure 3.9 A).
The Figure 3.9 B shows the extinction spectrum after the GNPs grafting into silanised substrates. The
LSPR around 522 nm was still observed. However, a second broad plasmon band can be seen
centered around 650 nm. The presence of this latter broad band can be the result of GNPs self-
organization and the interaction between themselves [38]. Such substrate is rather convenient for

SERS measurement since the position of the latter LSPR band matches well with the selected laser

wavelength (660 nm).
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Figure 3.9 Extinction spectra of GNPs in solution (A) and GNPs SERS substrates (B). The latter one
is the average of 6 measurements obtained in different places.
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The SERS substrates were then functionalised with the F(ab’), in the a same manner as it was done
for GNCs. SERS spectra were recorded after each step, starting from the surface cleaning and
finishing with the BaP detection at 500 ppb concentration. Additionally, as negative controls, BaP
detection at same concentration was performed on as-prepared GNPs SERS substrates as well as on
the substrate functionalised with physically adsorbed anti-BAP13 (complete anti-body). All spectra
are presented in the Figure 3.10 and Figure 3.11. In both figures spectra are plotted similarly. The
Raman reference spectrum of BaP is given at the bottom (green spectrum). Red spectra correspond to
the SERS signature of GNPs SERS substrates. SERS spectra recorded after F(ab’), or anti-BAP13
grafting is given as black spectra. For better observation of spectral changed we have substrated the
red spectra to the black one. The result is plotted as violet spectra. Finally, the detection of BaP is
presented as dark blue spectra. A subtraction step was also performed between the dark blue and the

black spectra (blue spectra) that could be directly compared to the BAP reference spectrum (green

one).
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Figure 3.10 SERS spectra recorded after GNPs SERS substrate cleaning (red spectrum), after
F(ab’); fragments grafting (black spectrum) and after incubation in 500 ppb BaP solution
(water/methanol 9/1 v/v) (dark blue spectrum). For better observation the subtracted spectra are also
given: between the red and the black ones for F(ab’), (violet spectrum) and between the black and
the dark blue ones for BaP detection (blue spectrum). All spectra are average for 6 individual
measurements. Green spectrum at the bottom is the Raman reference of the BaP.

First of all it is worth to compare the SERS spectra of the GNPs substrate. Even if all substrates used
for this study were synthesized and cleaned in same manner, they are dissimilar in resulting SERS

signature, and in the performance of molecular signal enhancement. The observed SERS signal is
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coming from remaining citrate molecules and silanization layer used for GNPs attachment. These

spectral differences were already reported for similarly prepared SERS active substrates [36].

After surface functionalisation by F(ab’), (Figure 3.10) and anti-BAP13 (Figure 3.11 B) several new
peaks were observed. SERS spectra of grafted F(ab’), fragments is highly comparable with the ones
recorded on GNCs concerning the bands position. However, the relative intensities for vibrational
modes were found to strongly differ. Concerning the spectrum of adsorbed anti-BAP13 (Figure 3.11
B, black spectrum), clear evidence of biomolecules presence can be seen. Emerged bands at 752 cm™,
1002 cm™, 1372 cm™, 1601 cm™ can essentially be assigned to the aromatic amino acids, whereas the

bands at 1542 cm™ and 1252 cm™ might correspond to amide II and amide III, respectively.
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Figure 3.11 Detection of BaP(A) by the as-prepared GNPs SERS substrate and (B) by SERS
substrate with physically adsorbed anti-BAPI3. In both figures green spectra represent the Raman
reference of BaP. Red spectra show the signal of GNPs SERS substrates. Black spectrum (in graph

B) corresponds to the signal obtained after anti-BAP13 adsorption. Dark blue spectra were recorded
after incubation in 500 ppb BaP solution (water/methanol 9/1 v/v). For better observation the
subtracted spectra are also given: (A) between the red and the dark blue ones for (blue spectrum)
and (B) between the red and the black ones (violet spectrum) and between the black and the dark
blue ones (blue spectrum). All spectra are average for 6 individual measurements.

Having proofs of successful surface functionalisation by the selected biomolecules we were then
focusing on the biosensors capability to detect the targeted analyte. One can notice that BaP detection

was achieved for all tested systems. The observed peaks of BaP are summarized in table 2.
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Table 2. Comparison of BaP peaks positions (in cm'l) obtained by SERS on three tested

Sensors.

Raman of BaP GNPs GNPs-ati-BAP13 GNPs-F(ab’),
333 - 333 333
559 - - 559
608 606 606 609
633 - - 629
847 - 846 854
1020 - 1015 1015
1159 - - 1162
1235 1232 1232 1232
1342 1347 1347 1344
1383 1378 1382 1382
1582 1578 1577 1570
1619 1616 1611 1608

The comparison of the BaP peaks observed on the three nanosensors with the ones found on the
Raman spectrum of BaP (measured in solid) provided some evidences of the analyte interaction with
the nanosensor surface. First of all, observed BaP signal on the as-prepared SERS substrate indicated
that analyte is attracted by the APTMS molecules that were used for glass surface silanisation and
GNPs attachment. This observation is not surprising because CH, groups in APTMS molecule
provides rather hydrophobic environment which can promote apolar molecules pre-concentration.
Similar SERS substrates based on sol-gel process with NPs trapped with a methyl/ethyl-
tetracthoxysilane (MTEOS/ETEOS) precursor was already applied for SERS PAHs detection [39].
Using later substrate, authors demonstrated detection of naphthalene with LOD of430 ppb.

Nevertheless, slight shifts of peaks positions of BaP as well as of the biomolecules, indicate that the
BaP interacts also with the biomolecules and are pre-concentrated through the Fab or anti-body
functionalisation layer. For this reason, more vibrational modes assigned to BaP were found with
these latter substrates. Moreover, substrate functionalised by F(ab’), fragments possess greater shifts
in the pollutant peaks, that could be induced by affinitive interaction with the antigen binding sites. In
order to compare the two latter sensors the spectra recorded for BaP detection were normalized
regarding to the bands in the range of 1500-1700 cm™, assigned to the aromatic amino acids
vibrational modes (see Figure 3.12). Intensity of the BaP peak at 1382 cm” shows that the signal of
the pollutant molecules is higher with the F(ab’), sensor. This could be due to (i) a higher number of
BaP at the GNPs surface through better interaction with the Fab or (ii) to higher enhancement of the
BaP signal since the Fab is shorter than the whole anti-body and as a consequence the BaP are closer
to the GNPs surface. Furthermore, the BaP peaks observed with the Fab layer are narrower,

indicating that molecules interacting with the nanosensor surface are organized in similar orientation.
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This might be an indication of affinitive detection of analyte favored by F(ab’), fragments grafted to
the substrate.

3

Intensity, counts/10

T T T M T T L T T T
300 600 900 1200 1500 1800
Raman shift, cm™

Figure 3.12 BaP detection achieved on anti-BAPI 3 functionalised substrate (light blue spectrum)
and on F(ab’); functionalised substrate (dark blue spectrum). Both spectra were normalized
regarding the intensity of the bands at 1500-1700 cm™.

3.3.4 Conclusion

Herein, we performed the anti-body digestion procedure employing enzymatic activity of pepsin.
Produced F(ab'), fragments were applied for direct SERS substrates functionalisation. Successful
surface functionalisation was achieved on GNCs and GNPs substrates. While good SERS signal of
grafted F(ab’), was recorded on GNCs, affinitive pre-concentration of BaP was not successful. On the

other hand, GNPs sensor provided good detection of analyte.

However, obtained results on the BaP detection did not provide conclusive information. In order to
qualitatively compare the signal achieved by the sensors and thus, to find how much each process: (i)
physical pollutant adsorption into silanisation layer, (ii) physical adsorption onto biomolecules or (iii)
affinitive interaction with antigen binding sites, is contributing to the overall molecular pre-

concentration, it is necessary to reproduce these experiments on SERS substrates which offers better

reproducibility.
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3.4 Conclusion

To conclude this chapter, two surface functionalisation approaches were tested in order to immobilise
anti-bodies for specific analyte detection. In the first part of this study, SPR and LSPR detection of
biomolecular immobilisation via amide coupling reaction are provided. However, results, achieved
during SERS investigation of model biomolecules were found contradictory, since signal of grafted
antibodies was absent, while SERS spectra of detected antigen was achieved. For this reason, we
assumed that investigated analytes were not pre-concentrated due to affinitive interaction but
physically adsorbed on the sensor surface. Moreover, we concluded that antibody is a too big

molecule to be monitored by SERS.

With regards to the later conclusion, the second section of this chapter was devoted to the F(ab’),
fragments synthesis and application. Using an approach of direct F(ab’), based surface
functionalisation, we have demonstrated the SERS based evidences of biomolecule presence on the
surface of GNCs. After employing GNPs SERS active substrates for their better sensitivity we have
demonstrated BaP detection. However, substrates served as negative controls showed the similar

performance in BaP sensing.

The approach of F(ab’), fragments application was found to be promising strategy that has to be
further exploited and developed.
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4 Cyclodextrins functionalisation for size selective pollutant

detection

4.1 Introduction

SERS as a vibrational spectroscopy tool provides an opportunity to work in complex environments
with the possibility to discriminate targeted molecule signal from the whole spectrum. Therefore, the
requirement for sensor to be highly selective in this case can be overlooked. In fact, development of
sensors with partial selectivity would even improve the SERS based molecular sensing since it would

allow number of different molecules with comparable properties to be pre-concentrated and detected.

Among various chemical molecules allowing analyte pre-concentration due to physical interactions,
cavitands are well known systems permitting size selective molecular encapsulation. One of them, so
called cyclodextrin (CD), is a natural cyclic oligosaccharide which possesses doughnut like structure
with a relatively hydrophobic internal cavity. The outside of the rim being hydrophilic, CDs are
soluble in water and capable to form host-guest complexes with hydrophobic molecules presented in

aquatic media.

This chapter will be devoted to the exploitation of the CDs capability to interact with non-polar
targeted substances. First, thermogravimetric analysis and Raman spectroscopy will be employed in
order to investigate the complexes formed between CDs and analytes. This study has been published

as article in journal of Environmental Science and Pollution Research.

In a second part, strategies of CDs based surface functionalisation will be discussed, including
applications of thiolated-CDs and CD-based polymer. The ability of CDs based nanosensors in
molecular pre-concentration will be tested using toluene (TOL), naphthalene (NAP) and fluoranthene

(FL).

4.2 Investigation of aromatic hydrocarbon inclusion into cyclodextrins by

Raman spectroscopy and thermal analysis

-supplementary information for this paper can be found in ANNEX 2
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combined with Raman spectroscopy. The obtained results
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Introduction

Environmental water pollution by organic compounds is a
worldwide concern due to its continuous emission in both
natural (Kvenvolden and Cooper 2003) and anthropogenic
(Readman et al. 1992) ways. The contaminants, consisting
of two or more fused aromatic rings known as polycyclic
aromatic hydrocarbons (PAHs), are a group of pollutants
which have received considerable attention because of their
documented significant toxicity and carcinogenicity (Diggs
et al. 2011; Harris et al. 2013; Lienig 1980; Varanasi et al.
1987). Therefore, constant monitoring of these water contam-
inants at the trace level is of first importance regarding the
latest European Water Framework Directives (2000/60/EC,
2006/118/EC and 2006/11/EC).

Within this scope, many efforts have been devoted for the
development of an analytical tool capable of sensitive and
rapid detection of chemical water bodies with minimal sample
handling (Pejcic et al. 2007). In the course of the last decades,
surface-enhanced Raman spectroscopy (SERS)-based pollut-
ant detection has attracted more and more interest (Bantz and
Haynes 2009; Carron et al. 1992; Costa et al. 2006; Guerrini
etal. 2009; Halvorson and Vikesland 2010). SERS is based on
the exploitation of the optical properties of metallic nanostruc-
tures and especially on their ability to provide a tremendous
enhancement of the electromagnetic field at the nanostructure
vicinity. Any molecules close to the nanostructure surface can
benefit from this enhancement and scatter a Raman signal
magnified by a factor up to 10'°. This highly sensitive method
allows observing chemical compounds at the trace level as
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low as the single molecule sensitivity (Chang et al. 2013;
Yang et al. 2010) and can provide quantitative and qualitative
multi-analysis in complex environment (Pfannkuche et al.
2012). However, in SERS configuration, the molecules that
are close to the nanostructure surface will experience the high
field enhancement and the Raman spectrum will be then com-
posed of all the spectroscopic features of these molecules in-
cluding the non-targeted ones. To have a specific detection, it
is then necessary to pre-concentrate the targeted molecules at
the nanostructure surface. For this, a specific molecular layer
that exhibits higher affinity to the targeted molecules has to be
used. Among different strategies to design a SERS-based
nanosensor able to pre-concentrate aromatic compounds, su-
pramolecular cage systems as cyclodextrins or calixarenes ap-
pear to be particularly promising (Guerrini et al. 2006; Hill
et al. 1999; Shi et al. 2013; Xie et al. 2010, 2011).
Cyclodextrins (CDs) are natural cyclic oligosaccharides.
The three commercially available CDs—aCD, CD and
yCD—are consisting of six, seven, or eight a-D-glucose
units, respectively, linked though «-1,4 glycosidic bonds
(Fig. la). Torus-shaped structure of CDs possesses a relatively
hydrophobic internal cavity which is known to provide bind-
ing sites for wide variety of molecules (Del Valle 2004).
Mainly for this reason, CDs are applied in food (Astray et al.
2009), pharmaceuticals (Loftsson and Brewster 1996),

cosmetics (Buschmann and Schollmeyer 2002), bioconver-
sion (Dufosse et al. 1999) and textile industries (Cireli and
Yurdakul 2006) as well as in environmental research
(Viglianti et al. 20006).

Host-guest complex formation between CDs and organic
molecules have been widely studied by different techniques,
such as thermoanalytical methods, microscopy, chromatogra-
phy and spectroscopy (Singh et al. 2010). For solid state anal-
ysis, Raman (Amado et al. 1994; Amado and Ribeiro-Claro
2000) and infrared (Garcia-Zubiri et al. 2004; Nagao et al.
2009) spectroscopies are the most used techniques to collect
important evidences on the complex formation, thanks to
changes in the molecular vibrational modes (frequency and
relative intensity) due to the molecular interaction between
the host and the guest molecules. However, literature reveals
that complexes formed between CDs and non-polar aromatic
compounds are still undergoing difficulties in spectroscopic
based analysis (Garcia-Zubiri et al. 2004) due to very weak
molecular interactions. In the present work, three forms of
CDs were employed in host-guest complex formation with
toluene (TOL), naphthalene (NAP), and fluoranthene (FL).
Complexes in solid state were synthesised and studied by
Raman spectroscopy and thermogravimetric (TG) analysis.
We investigated the molecular affinity comparing the size of
the guest with the diameter of the host cavity. We also studied

Fig. 1 Tllustrated scheme of a
molecular and 3D structures of
three forms of CDs, with
indications of diameters of the
cavities; b molecular structure of
the three selected pollutants with
their sizes

a-cyclodextrin

B-cyclodextrin y-cyclodextrin

fo of 7 o of 8
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the changing in vibrational modes of the complexes in order to
subsequently use enhanced spectroscopy techniques for the
detection of those compounds in the wild aquatic
environments.

Experimental
Materials

Pharmaceutical grade CDs (e, 3 and yCD) were purchased
from Wacker Chemie (Germany) and used without further
purification. Aromatic compounds, TOL, NAP and FL, and
ethanol were obtained from Sigma-Aldrich (France) at high
purity grade and were used as received.

Inclusion complex preparation

Following the procedure described in literature (Sardo et al.
2009), based on co-precipitation method, saturated aqueous
solutions of «CD, BCD and yCD were mixed with aromatic
compounds (TOL, NAP and FL) dissolved in ethanol at the
concentration of 50 mM. The addition of the pollutant solu-
tions into CDs was made dropwise using strong agitation at
ambient temperature. This process led to immediate formation
of white precipitants. Mixed solutions were then kept in shak-
er for 2 h and precipitants were collected using centrifuge. To
make sure that there were no non-included aromatic com-
pounds, precipitants were briefly washed with ethanol/water
solution 50:50 (v/v) and dried for 2 days at room temperature.

To obtain additional information on complex formation,
extensive study was performed on BCD:NAP complexes.
For this, NAP dissolved in ethanol was mixed with saturated
BCD solution at different molar ratios (2RCD:INAP,
1BCD:INAP and 1 BCD:2NAP). Further steps of sample col-
lection, washing and drying were performed as previously
described.

For analysis of CD-based selectivity towards the pollutant
molecules, the complexes were prepared as follows: TOL,
NAP and FL were dissolved together in ethanol at 50 mM
concentration and added in saturated aqueous solutions of
each—(3CD and yCD. Ethanol solution containing both
TOL and NAP at 50 mM concentration was added into
«CD solution. Further steps of sample collection, washing
and drying were performed as previously described.

Thermogravimetric analysis

For TG analysis, LabSys evo instrument (SETARAM) was
used. Each sample (8-12 mg) was kept for 1 h at 30 °C in
alumina pan before heating over the temperature range from
30 to 600 °C under argon atmosphere with the flow rate of

20 mL/min. The empty sealed alumina pan was used as refer-
ence. For data processing, Calisto software was used.

Raman spectroscopy measurements

Raman spectra of «, 3 and yCD, and TOL, NAP and FL as
well as of their inclusion complexes in solid powder were
recorded using Xplora ONE (Horiba scientific)
microspectrometer. Laser excitation wavelength of 785 nm
with a power of 8 mW was focused on the sample withx
100 objective (N.A. 0.9). Integration time for signal collection
was set to 60 s for CDs and their complexes and to 5 s for
aromatic compounds. Each spectrum is the average of two
repetitive measurements. Applied grating of 1200 grooves/
mm has ensured spectral resolution of less than 1 cm™". It is
important to note that the studied aromatic molecules adsorb
in the UV range (Koban et al. 2004; Maeda et al. 2012;
Saranya et al. 2011). Thus, the energy of the near-infrared
laser could not match with any electronic transitions of these
compounds, and as a consequence, the measured Raman scat-
tering is not in resonant condition.

Computational

All calculations were carried out using the Gaussian09 suite of
programs (Frisch et al. 2009). Following full geometry opti-
misation of FL with C2v symmetry using the density func-
tional three-parameter hybrid model B3LYP (Becke 1996;
Lee et al. 1988) with the 6-311G (d,p) basis set, vibrational
frequencies and Raman activities were calculated. The B3LYP
method with the 6-311G (d,p) basis set is frequently used in
predicting vibrational spectra of polyaromatic molecules.
Raman intensities were computed from activities with
GaussSum 3.0 (O'Boyle et al. 2008) using an excitation wave-
length of 785 nm. The calculated harmonic frequencies of C—
H stretching vibrations were scaled by a factor of 0.96 and all
the other frequencies by 0.98 to allow a good agreement with
observed ones for FL alone within almost 10 ¢cm™' on the
whole spectra. Gaussview 5 (Dennington et al. 2009) was
used to visualise the participation and direction of atoms in
vibrational normal modes in order to make band assignments
easier.

Results and discussion

Study of complexes formed between (3-CD and variable
concentration of NAP

Aiming to determine the relevant parameters that describe the
host-guest interaction, we first studied the ratio between the
host and the guest in the complex 3CD:NAP. For this purpose
different molar ratios (2BCD:INAP, 13CD:INAP and
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1BCD:2NAP) between the host and the guest were used to
form the complexes. Two techniques, TG analysis and Raman
spectroscopy, were then employed to analyse the complexes
in solid state.

Thermogravimetric analysis

Thermal analysis is a powerful tool to study the complex
formation between guest molecules and CD and to evaluate
the inclusion compound stoichiometry (Giordano et al. 2001).
Among the various thermoanalytical techniques, TG analysis
is frequently used to determine whether the guest exhibits
some changes in its phase transition temperatures indicating
inclusion complex formation.

The thermograms and the derivatives of the three prepared
stoichiometries regarding molar ratio (2RCD:INAP,
1BCD:INAP and 1BCD:2NAP), as well as the thermograms
of pure compounds, are presented in Fig. 2.

Isolated CD thermal degradation profile consists of three
parts. In the first stage, a gradual loss of hydrated water from
ambient to 120 °C corresponding to the dehydration process
can be recorded. During the second stage, in a temperature

Water loss |

| Host decomposition
296

Guest loss

Weight loss

--'- T l T l L l Ll l T I T I T
5 100 150 200 250 300 350 400

Temperature, °C

Fig. 2 Top: thermograms of the reference molecules—NAP and BCD
presented as dot and dash lines, respectively, and of the inclusion
complexes formed mixing different molar ratios (2RCD:INAP (red
curve), 1BCD:INAP (blue curve) and 1CD:2NAP (violet curve).
Bottom: derivatives of the TG curves
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range between 270 and 350 °C, single-step weight loss is
observed, corresponding to the thermal breaking of CD ring
and further glucosidic ring decomposition (Russell and
McNamara 1989). The remaining 3040 % of residue is then
showing loss in mass at a temperature range upon 350 °C and
is assigned to a slow degradation of char (Trotta et al. 2000).
On the other hand, pure aromatic compounds decompose at
much lower temperature. In the case of NAP, the thermal
decomposition occurs in one step between 80 and 160 °C
temperature range.

The TG curves of the complexes are quite different from
those of pure components. Worth to remind is that complexes
were prepared in aqueous solution and should be considered
as ternary water-guest-CD systems. In thermograms, the ini-
tial weight loss observed until 120 °C is attributed to the re-
lease of water molecules. However, it is noticeable that the
number of water molecules is continuously decreasing within
the complexes with growing number of the guest (Table 1).
This change in number of water can be contemplated as a first
proof of the complex formation since the inclusion process is
considered as the replacement of the internal water molecules
by a guest. Additionally, a peak around 62 °C can be observed
on the derivatives of TG analysis curves for some complexes.
This peak might be assigned to the ethanol molecules remain-
ing after complexes formation. However, since the evaporat-
ing temperature is close to boiling point of the ethanol, we
assume that the ethanol does not form complexes with the
CD molecule. Further analysis of the thermograms revealed
no peak corresponding to free NAP molecule decomposition
after the complex formation. Instead, a small endothermic
peak centred at around 268 °C appears for 23CD:1NAP and
1RCD:INAP complex systems. Considering comparable
mass loss in the complexes (Table 1), the peak around
268 °C could be assigned to a thermal decomposition of
NAP placed inside the CD cavity. Indeed, since this tempera-
ture is intermediate between the ones observed for individual
CD and for individual NAP, we assume that it should be
assigned to third process corresponding to the decomposition
of NAP included inside the CD. A similar shift in guest de-
composition temperature has been already observed by
other groups (Nolasco et al. 2009; Sardo et al. 2009).
The shift in decomposition temperature between free
NAP and the one embedded into host indicates that
the host-guest interaction protects the pollutant mole-
cules from early volatilisation. For the system with
higher concentration of NAP (13CD:2NAP), the latter
peak is found slightly shifted to 270 °C. Moreover, a
new peak at lower temperature, centred at around
186 °C, can be observed and assigned to the NAP mol-
ecules placed outside the cavities. However, the higher
decomposition temperature of those NAP molecules in
comparison with free NAP signifies that they are in
interaction with the complex.
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Table 1 TG analysis based

calculation on stoichiometry for System Theoretical % (wt) (Guest) % (wt) Calculated Water per CD
inclusion complexes stoichiometry (H,0) stoichiometry
2BCD:INAP 2:1 9.2 4.1 2il 10
1BCD:INAP 1:1 5il 72 1:1 7
1BCD:2NAP 1:2 10.6 4.6 23 5

CD cyclodextrin, NAP naphthalene

Finally, the weight loss in temperature range from 270 to
350 °C was observed and assigned to the CD decomposition.
A slight shift of 10 °C to lower degradation temperature can be
noticed when comparing with the free CD decomposition.
This slight shift could be induced by the engaged guest which
disorders the hydrogen bonded supramolecular structure of
CD (Trotta et al. 2000).

The quantification of the mass losses upon temperature
increase provides the information on the molar ratio between
CD, NAP and H,O in the systems. Calculated stoichiometries
of the complexes are summarised in Table 1.

As explained previously, the studied complexes are actual-
ly ternary FCD-NAP-H,O systems. Nevertheless, an increase
of the initial guest concentration leads to an increase of the
NAP molecules included into CD cavities. On the contrary,
the number of water molecules per CD decreases in agreement
with the increasing number of engaged NAP molecules, as
already mentioned proving the successful replacement of the
water molecules.

The cavity of BCD is generally considered large
enough to accommodate aromatic guest molecule
(Kohler and Grezelschak-Mick 2013). The
IBCD:INAP stoichiometry was observed to be in good
agreement with the predicted one, as well as in case of
2BCD:INAP formed inclusion complex where 1 mole-
cule of NAP is between 2 BCD molecules. Unusual
host-to-guest stoichiometry was calculated for the last
complex with the highest NAP concentration.
Calculated stoichiometry of 3 NAP molecules per 2
BCD was found. Similar stoichiometry has been already
observed and documented for a complex formed be-
tween BCD and 1,10-phenanthroline (Liu et al. 2004).
With the help of X-ray diffraction, authors have ob-
served that two 1,10-phenanthroline molecules were in-
dividually included into two BCD cavities and stabilised
by the third guest molecule located in the interstitial
space between two head-to-head CD molecules. The observed
stoichiometry of 2BCD:3NAP should have similar structure.
In the complex, two NAP molecules which were found to
decompose at 270 °C are included into 2 BCD individually.
These 13CD:1NAP complexes are then stabilised by a third
NAP molecule placed outside the CD. NAP molecules located
in the interstitial space between two complexes decompose at
around 186 °C as observed in TG analysis.

Raman spectroscopy based analysis

The complexes synthesised mixing different molar ratios be-
tween 3CD and NAP were then studied by Raman spectros-
copy. Figure 3 presents the Raman spectra of the native fCD,
of the NAP and of the three inclusion complexes:
2BCD:INAP, 1RCD:INAP and 1fCD:2NAP.

Peaks corresponding to naphthalene were observed in the
spectra of all the complexes. Moreover, the proof of molecular
inclusion and interaction with the CD cavities was clearly
noticeable by comparing the relative intensities of isolated
NAP peaks with the ones of NAP included in the complexes.
Significant differences in intensities can be observed for sev-
eral peaks (Fig. 4).

First, the one located at 761 cm ™', corresponding to ring
breathing mode and C—C central stretch, appears as the most
intensive peak in the NAP spectrum whereas it is remarkably
diminished in the spectra of complexes. On the contrary, the
peak at 1379 cm™ ', assigned to a C—C stretching and ring
deformation, is becoming the most intense mode when the
NAP is embedded into the cavity of the CD. Other modes
which are varying after the complex formation are less obvi-
ous in the presented graph; thus, their relative intensities and
positions are summarised in Table 2. The peak located at

)
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Fig. 3 Raman spectra of the 3CD (a), of the NAP (b) and of the
inclusion complexes (c—e) obtained after mixing BCD with NAP in
molar equivalents of 2:1, 1:1 and 1:2 respectively
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Fig. 4 Three vibrational modes
of NAP which are the most
impacted by the interaction with
BCD.

761cm?

1379¢cm!

3050cm™!

1379 cm™" was used as reference for the relative intensity
calculation given in Table 2. An increase of the relative inten-
sity is clearly observed for the C-C—C bending at 508 cm .
On the contrary, the C—H out of plane stretching mode at
3050 cm " as well as in plane C=C stretching at 1575 cm "
was less visible when NAP is included into CD. The observed
change indicates that the stretching modes inducing a potential
interaction of H atoms with the CD as well as the radial mode
or the C-H stretching exhibit a lower intensity compared to
the other modes, which 1s an evidence of the inclusion of the
NAP in the BCD cavity.

Some changes were also examined on CD vibrational
modes after inclusion complex formation. For example, a
change in the relative intensities of the doublet at 927-
943 cm ' was observed as well as for the bands located be-
tween 1050 and 1200 cm ™. To have a better insight on such
changes, Fig. 5 shows the subtractions of the isolated CD
spectrum from normalised 2FCD:1INAP, 13CD:1NAP and
1BCD:2NAP complex spectra. The observation of several
positive and negative peaks superimposed with the NAP
modes indicates that a large number of the CD vibrational
modes are strongly modified by the interaction with the
NAP molecule. The most impacted vibrational modes are re-
lated with skeletal vibrations (478, 850 and 927 cm™") (Egyed
1990), O-H wagging (562 cm ') (Yao et al. 2014), C-O
stretching (943, 1051, 1076 and 1124 em ") (Yao et al.
2014) and C—H stretching or wagging (1345, 2914 and
2966 cm ') (Yao et al. 2014). We observed that the spectral
modifications become more visible when the number of

naphthalene molecules increase compared to CD ones, since
the intensities of the negative or positive bands increase. Thus,
the host/guest complex behaves as a global system that in-
duces large variation on the vibrational modes of both
compounds.

Study of complexes between «, 3 and yCD with TOL,
NAP and FL

Further investigations on CD ability to form the complexes
were realised by mixing selected aromatic compounds: TOL,
NAP and FL dissolved in ethanol, with the saturated aqueous
solutions of each CD («CD, BCD and yCD). This study was
performed to determine the ability of complex formation be-
tween the host and the guest in regards to their sizes.

Thermogravimetric analysis

In this part, a study of the inclusion compounds of the three
types CD («CD, BCD and yCD) is presented using TOL,
NAP and FL molecules as guests. Decomposition tempera-
tures were found for each pollutant molecule: Total mass loss
of TOL was recorded from ambient to 113 °C, NAP (as men-
tioned in the “Thermogravimetric analysis” section) decom-
poses from 80 to 160 °C, and FL thermal decomposition oc-
curs from 125 to 280 °C. For the pure CD, no important
dissimilarity in the degradation temperature regarding to the
cavity size was found.

Table 2 Positions of the

vibrational modes and their NAP 2CD:INAP ICD:INAP 1CD:2NAP Assignment

calculated relative intensities for

free NAP and NAP included in Peak Rel.Int Peak Rel.Int Peak Rel.Int Peak Rel.Int

the SCD 508 0.2 508 039 508 0.41 508 0.44 CCC bend
762 3 757 0.77 758 0.83 758 0.87 Ring breathing
1379 1 1375 1 1376 1 1376 1 CC str.; ring def.
1575 0.65 1575 0.12 1576 0.13 1576 0.15 C=Cstr.
1627 0.05 1627 0.04 1628 0.05 1628 0.05 C=C str.
3050 0.82 3055 0.06 3055 0.12 3055 0.18 CH str.
Assignment of isolated NAP vibrational modes found in literature (Srivastava and Singh 2007)
CD cyclodextrin, NAP naphthalene
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rya

Fig. 5 Normalised Raman
spectra obtained after BCD
spectrum subtraction from
23CD:INAP (black spectrum),

1 BCD:INAP (red spectrum) and
1 RCD:2NAP (blue spectrun)
inclusion complex spectra. The
bottom Raman spectrum
corresponds to the isolated NAP
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Generally, an increasing number of guest molecules in-
volved in the complex were expected (with an increasing cav-
ity size (¢CD<BCD<vyCD)). The yCD cavity is wider and
may be able to accommodate two guest molecules (Sardo
et al. 2009). On the contrary, «CD is the smaller host so its
cavity is not large enough to accommodate one aromatic
guest. Usually, one guest is stacked between two «xCDs
(Nolasco et al. 2009).

As shown in the first part, the inclusion of the guest into the
cavity of the CD permits the guest to withstand higher tem-
perature comparing to free molecules. For instance, toluene
which is known to have a boiling point at 111 °C was found to
decompose at more than 270 °C when it is in contact with the
oCD.

Table 3 shows the calculated stoichiometries for the host/
guest complexes. As expected, in the case of TOL, complexes
are composed of one guest molecule between two «CDs (1:2
stoichiometry), whereas one molecule of TOL can be included
in one molecule of both: BCD and yCD (1:1). As a conse-
quence, in the system of 2aCD:1TOL, a shift towards higher

77

I Ll |l I
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-1
Wavenumber, cm

decomposition temperature was found, showing higher ther-
mal stability.

Concerning NAP, one guest per one host molecule was
calculated regardless to the cavity dimension. Unexpectedly,
we observed that thermal stability of the NAP molecules is
also independent on the size of the host. This behaviour could
be related with different orientations of guest molecule inside
the cavity of guest.

Finally, FL molecules formed a complex only with yCD.
Indeed, in this case, calculation revealed that two yYCD mole-
cules were engaged with one molecule of FL.

Raman spectroscopy based analysis

Raman spectroscopy measurements were performed on com-
plexes in order to observe spectral evidence of guest-host in-
teractions. It has already been observed that small shifts and
variation in intensities for some bands in Raman spectra of the
guest molecule appear upon formation of inclusion complexes
(Amado et al. 1994; Amado and Ribeiro-Claro 2000). The

Table 3 TG analysis based

calculation on stoichiometry for System °C (Guest) % (wt) (Guest) % (wt) (H,O)  Calculated stoichiometry ~ Water per CD
inclusion complexes

«CD:TOL 273 4 7.3 2:1 6

«CD:NAP 268 99 7.5 1:1 6

BCD:TOL 268 35 8.8 121 9

BCD:NAP 269 5.1 72 1 7

YCD:TOL 265 35 8.2 1:1 9

YCD:NAP 270 247 74 1l 9

YCD:FL 272 S:l 8.2 2:1 9

CD cyclodextrin, NAP naphthalene, TOL toluene, FL fluoranthene
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moieties of guest molecules that suffer from intermolecular
interactions can be identified by assigning the shifted bands
using DFT calculation. Starting from the nature of vibrations
modified upon complexation, it becomes also possible to dis-
cuss about the orientation of the guest molecules in the inclu-
sion complexes.

Quantum chemical computations predicting harmonic fre-
quencies and spectral intensities are essential for interpretation
of experimental spectra, particularly for large molecules.
Accurate computation of IR and Raman intensities is difficult
because of their dependence on dipole moment and
polarisability derivatives. For this reason, it is invariably the
relative, rather than absolute, band intensities that are used
since experimental determination of absolute band intensities,
especially for Raman bands, is difficult. Accordingly, the in-
tensity of some bands is enhanced in experimental data in
comparison with the calculated ones, especially for the more
intensive bands, but the order of magnitude is kept on the
whole spectra (Zvereva et al. 2010).

In experimental IR absorption spectra of inclusion com-
plexes, bands due to CD are prominent (Nagao et al. 2009)
while it is not so obvious in Raman spectra. Hence, it becomes
easier to observe Raman bands attributed to the guest
molecules.

Figure 6 shows the Raman spectra of complex formation of
CDs with TOL and NAP, respectively. Both graphs A and B
are composed of isolated pollutant spectrum (a) and the spec-
tra of guests engaged in complexes with oCD (c), RCD (e)
and yCD (g). The native CD spectra (b), (d) and (f) for x, 3
and yCD respectively are also given.

As demonstrated previously by study based on TG analy-
sis, TOL and NAP form complexes with all three kinds of CD.
Some weak peaks attributed to TOL vibrations were observed
in Raman spectra, confirming the TOL contribution in com-
plex formation. Unexpectedly, TOL vibrational modes are just

weakly impacted by interaction with host molecule. Subtle
changes can be noticed in the position of peaks assigned to
in-plane C—C stretch and ring deformation at 516 cm ', meth-
yl group stretch at 781 cm™' and in-plane C=C stretching at
1026 cm ™' (vibrational mode assignment was found in litera-
ture (Tasumi et al. 1986)). Worth noting is that latter peak was
absent in the spectrum of the «CD:TOL complex. The more
impacted vibrations related with C—H stretching modes were
observed. Unfortunately, analysis of C—H stretching mode
belonging to methyl group at 2921 cm™ ' is rather impossible
due to strong signal of CDs in this region. However, another
peak representing later mode in the ring presented at
3058 cm ' was found to remarkably decrease after complex
formation. The comparison of shift in positions of the peaks
belonging to isolated TOL and TOL engaged to the complexes
with CDs can be found in Online Resource Table S6.

The interactions with TOL have caused more steric hin-
drance on « CD molecules than on the ones having larger
diameter of cavity. Comparable effect on « CD vibrations
was observed in the case of interaction with NAP. In contrary,
just small disturbance on yCD vibrations can be noticed after
hosting these two aromatic guests.

The analysis of NAP peaks in inclusion complex spectra
revealed similarities with those discussed previously (the
“Thermogravimetric analysis™ section). The most impacted
modes by the complexation are related with the ring breathing,
ring deformation, C—C central stretching and C-H in-plane
stretching located at 761, 1379 and 3050 cm ™" respectively
(Fig. 4). Furthermore, considering relative intensities of these
peaks, some differences were observed regarding the diameter
of host cavity. The C—H symmetric stretch is supposed to be
more constrained if NAP is inserted in horizontal or diagonal
orientations into the CD cavity. These orientations can be
achieved in 1BCD:1INAP and 1yCD:INAP systems.
Calculated relative intensities of the peak at 3050 cm™

/L /L

Fig. 6 Raman spectra of
complexes formed based on CDs
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showed less intensity in latter systems confirming guest diag-
onal orientation. Contrary, in complex with xCD, decrease in
C—H stretching mode intensity is less important, suggesting
the vertical guest orientation. Latter NAP orientation can be
further confirmed analysing peak at 1379 cm™'. This vibra-
tional mode is less impacted when NAP is included vertically
into the smallest CD. Worth noting is that a slight shift of this
vibration was observed. However, for the complexes with
BCD and yCD, it shifted to a lower frequency by 3 cm ',
and in the case of complex with «CD, it is moved by
2 cm' to a higher frequency, again indicating different guest
interaction with the host molecule. Furthermore, comparing
relative intensities of this peak, we noticed that in NAP inter-
action with aCD case, it increases two times, and in case of
interaction with other two hosts, this vibration is three times
more intense. Collation of calculated NAP vibrational modes
with the relative intensities as well as of the experimentally
achieved isolated NAP and NAP engaged in complexes is
presented in Online Resource Table S7. To find relative inten-
sities of NAP peaks, spectra of CDs with included NAP and
the spectra of the isolated CDs were normalised regarding the
peak at 2879 cm~' (corresponding to the in-plane C—H
stretching vibration). Then, the spectra of isolated CDs were
subtracted from the complex ones and compared with NAP
spectrum regarding the peak at 1025 cm™" (corresponding to
symmetric in-plane C—C stretching motion).

In our case, shifts in frequency and intensity of the guest
peaks are mostly observed for the complex between yCD and
FL demonstrating that intermolecular interactions involved in
its formation are stronger than those involved in the associa-
tion of TOL and NAP in the hosts. As mentioned before, FL is
compatible just with yCD diameter of cavity for inclusion
complex formation. TG analysis study has revealed that FL
embedded into CD has a stoichiometry of two FL molecules
in complex with one molecule of host. FL structure includes
the five-member cycle connecting naphthalene and benzene
units (Fig. 1b), and most likely, latter units would be
responsible for an interaction with the yCD cavities.
Raman spectroscopy based analysis confirmed this ar-
rangement, since these units have few isolated non-
overlapping vibrational modes which can be studied in-
dependently. With the help of literature (Manal 2011),
we have calculated the FL vibration frequencies and
Raman scattering intensities of all the 72 normal modes.
We present them in Online Resource Table S8 together
with the achieved experimental values of isolated FL
and of its complex with yCD.

Many important spectral changes of FL can be observed in
regards to complexation. The spectral comparison can be seen
in Fig. 7, where FL spectra (obtained by calculations (a) and
experimentally (b)) are plotted together with spectrum of FL
embedded between y CDs (d). The spectrum (c) is corre-
sponding to the isolated yCD.
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‘\

/I‘! n A A‘ n A “w | f\"- | a,\

VLN A NN 2
ya

T T T T T T
300 600 900 1200 1500 3000
Wavenumber, cm’’

Fig. 7 Raman spectra of FL calculated and experimentally obtained are
presented in graphs (a) and (b) respectively. The spectrum (¢)
corresponding to a free YCD and spectrum (d) corresponds to the
complex formed between FL and yCD

The most important vibrational modes impacted by a com-
plexation are related with the two moieties A and B that must
be both involved in intermolecular interactions (scheme of
molecule is presented in Fig. 1b). For instance, intensities of
in-plane C—C and C-H bending seen in FL spectrum at
560 cm™' for ring A breathing and at 669 ¢cm ™' for ring B
decrease significantly upon complexation. Other evidence is
related with the three equivalent in-plane C—H rocking and C—
C stretching observed in FL spectrum at 1018 cm™' for ring B,
1409 cm ! for both rings and 1608 cm ' for ring A. All of
them equally decreased and it can be explained by steric hin-
drances of FL molecule included into host. The important
shifts in frequency, superior to 10 cm™, are observed for C—
H asymmetric stretching upon complexation at 3037, 3051
and 3059 ¢cm '. Those three families of modified

Table4 Comparison of FL peak shifts and relative intensities (free FL
and engaged in complexes with yCD)

FL Complex Assignment

Peak Rel.Int. Peak RelInt

560 1.40 559  0.62 N°14 dring (dCCC) A breathing

669 273 669  0.65 N°19 dring (5CCC) B breathing
1018 1.25 1016 035 N°37 dring B (CH rock. and CC str.)
1101 1.00 1102 1.00 N°40 dring (CCH and CCC bending)
1409 1.71 1410 0.67 N°52 dring (CH rock. and CC str.)
1608 1.72 1610 1.14 N°60 dring A (CH rock. and CC str.)
3022 0.17 3037 0.05 N°63-65 SCH Asym. Str.

3034 0.09 3051 0.24 N°66 6CH Asym. Str.(ring B)

3048 0.83 3059 0.05 N°67-69 5CH Str.

Numbers correspond to assignment in Online Resource Table S8

~ out plane of the molecule, & in plane of the molecule
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vibrations—two breathing vibrations, three C—H rocking
and C—-C stretching vibrations and asymmetrical C—H
stretching vibrations—can be considered as fingerprint
of complexation.

Summarised comparison of the discussed FL vibrational
modes with their shifted positions and changed intensities
upon complexation is presented in Table 4. To find relative
intensities of FL peaks, first, spectra of CD with included FL
and yCD were normalised regarding the peak at 2879 cm™'
(corresponding to the in plane C—H stretching vibration).
Second, the spectrum of isolated yCD was subtracted from
the complex one and then compared with FL spectrum regard-
ing the peak at 1101 cm ™' (corresponding to symmetric in-
plane C—C-H and C—C—C bending motions).

Graphical illustration of vibrational modes which were
found to be the most affected when FL is engaged in the
complexes with yCD is presented in Fig. 8.

Finally, the changes in yCD vibrations have appeared due
to FL inclusion. Mostly, they are related with C-O stretching
modes (945, 1059, 1069 cm™ ") (Yao et al. 2014) and C-H
stretching or wagging modes (1341, 2875 and 2934 cm ™)
(Yao et al. 2014).

The CD selectivity for complex formation. Test
of specificity

The CD selectivity discussed in previous section was herein
tested by mixing each CD with a solution of the three pollut-
ants (TOL, NAP, FL). Experiments were performed by
dropwise addition of the ethanol solution containing three
pollutants into saturated aqueous solutions of each CD. A
different procedure was applied for xCD: In this case, FL
was absent in mixture of pollutants. Figure 9 presents
achieved spectra of complexes formed between guests and
aCD (a), BCD (c) and yCD (e). They were normalised

Relative Raman Intensity
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Fig. 9 Raman spectra of complexes formed mixing aromatic molecules

and aCD, BCD and yCD are presented in graphs (a), (¢) and (e)

respectively. The spectra (b), (d) and (f) correspond to xCD, FCD and

yCD respectively and (g), (h) and (i) correspond to TOL, NAP and FL

respectively

1800

regarding the band at 2879 e¢m™' corresponding to a C-H

stretching vibration of CD and compared to CD native
forms—aCD (b), CD (d) and yCD (f) respectively—as well
as the pollutant spectra—TOL (g), NAP (h) and FL (i)
respectively.

To determine the selective interaction of the CD with spe-
cific pollutants (Neompiex), We have calculated the ratio be-
tween the Raman intensity of the pollutants involved in the
CD complex for both experiments: individual pollutant and
mixture of pollutants. This ratio has been calculated as
follows:

T Icp o

guest peaks CD,C-H mode

Norn(36) = (72220 Rt ) *100%
CD.C-Hmode / individual guest peaks / mixed

Fig. 8 The main normal modes N°14 \ N°19
of FL vibrations mostly impacted 559 cm-! \\ \ 669 cmt |
by the complexation (C-H ™ ;
asymmetrical stretching modes } 3 ‘) \
are not represented). Numbers & : 7‘ R &
correspond to assignment in " ?’ 9
Table 4 and Online Resource "é\ 9
Table S8 ]
|
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The first term corresponds to the relative intensity of the
individual pollutant in the CD complex whereas the second
term corresponds to the relative intensity of the pollutant in the
CD complex in the case of the mixture. Both relative intensi-
ties were normalised by the intensity of the C—H vibration
mode of the CD in order to use the CD as a reference. This
ratio is then independent on the Raman cross section of the
pollutant modes and allows comparing directly the proportion
of pollutants forming a complex with the CD.

Raman spectra of precipitants collected after mixing oCD
with TOL and NAP show the appearance of peaks belonging
to both pollutants (roman numerals [ and II indicate peaks
from TOL and NAP respectively). Further calculation of the
relative intensities belonging to TOL peak located at 999 cm '
and NAP peak at 761 cm ' revealed that 62+7 % of com-
plexes in this system are formed between TOL and «CD. This
latter result demonstrates higher affinity of the xCD to the
TOL and then to the NAP. On the contrary, 92+5 % of NAP
was found in the complex formed between 3CD and mixture
of pollutants. Calculation of relative intensities of the peaks
belonging to NAP and further comparison with the values
presented in Table | confirmed 13CD:INAP stoichiometry
in the system. Raman spectrum of precipitants collected after
mixing yCD with three pollutants showed peaks coming from
NAP and FL (roman numerals IT and 11T indicate peaks from
NAP and FL respectively). Calculation of relative intensities
of guest vibrational modes (peaks at 761 cm ' for NAP and at
669 cm ! for FL) revealed that FL dominates in this system
forming 70+9 % of all complexes with yCD. The explanation
of why no inclusion of TOL in $CD and yCD occurred can be
related with the competitive exchange in parallel reactions.
Another reason contributing more in yCD case is that the size
of the cavity is not adapted to a small TOL molecule. As a
consequence, a molecule smaller than the cavity will have less
interactions (hydrophobic, van der Waals, etc.) and thus less
affinity with the CD. Since TOL is the smallest molecule in
this reaction and yCD shows better affinity to bigger mole-
cules, it is possible that interaction between TOL and the large
cavity of CD is too low and can be easily replaced.

Conclusion

In this study, results of TG analysis, Raman spectroscopy and
DFT calculations provide information on the complex forma-
tion between organic pollutants (TOL, NAP and FL) and three
forms of CDs («, {3, YCD) in the solid state. In the first part of
this study, three stoichiometries of FCD:NAP system have
been analysed. The obtained results permit to rationalise the
host-guest complex formation in regards to different stoichi-
ometry. The second part of the study was dedicated to descrip-
tion of complexes formed between all selected pollutants with
three kinds of CD. Data collected from TG analysis suggested

that mainly stoichiometry of one guest per one host was
formed with the exception in «CD:TOL and yCD:FL sys-
tems, where one guest is interacting with two host molecules.
It is noteworthy that FL was found to form complex just with
¥CD due to its larger size.

Using Raman spectroscopy, the most impacted vibrational
modes after complex formation were analysed. In the case of
TOL, a strong decrease in relative intensity of ring C—H
stretching mode was observed. Other subtle changes were
found for the motions related to the ring deformation, C=C
stretching and methyl group symmetric deformation. The
study of NAP peaks assigned to the ring breathing, ring de-
formation, C—C central stretching and C—H in-plane stretching
gave the possibility to discuss of potential guest orientation
inside the host cavity. Due to differences in the relative inten-
sities of these modes, we assumed that vertically orientated
NAP is inserted into «CD cavity. With the bigger hosts, NAP
is most likely interacting in diagonal or horizontal orienta-
tions. The spectroscopic evidence of a guest molecule orien-
tation and intermolecular interaction was found especially ob-
vious in the FL case. Three classes of mostly impacted vibra-
tions were found and proposed as the fingerprint for a FL
engaged in complex.

Finally, all achieved spectral evidence opened the way for
analysis of more complexed systems. Test of CD specificity
regarding the guest size showed considerable affinity in the
systems of aCD:TOL, FCD:NAP and yCD:FL.

All achieved information could be exploited in the CD
applications related to the environmental pollution monitoring
and remediation.
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4.3 Application of thiolated CD as receptor of SERS active sensors

4.3.1 Introduction

As demonstrated in the previous publication, Raman spectroscopy based study provided useful
knowledge regarding the cyclodextrins host-guest complex formation with selected non-polar
targeted substances (toluene, naphthalene and fluoranthene). Looking further, this section is devoted
to the exploitation of the cyclodextrins ability for pollutants pre-concentration in a SERS based
detection system. For this approach immobilization of the host molecules are required. As mentioned
before cyclodextins have several primer hydroxyl groups on one edge and secondary hydroxyl groups
on the other edge. These groups availability and reactivity are very important for cyclodextrins
chemical modification in order to functionalise metallic surfaces. Despite the development of many
methods to synthesize controlled and selective cyclodextrins derivatives [1-2], thiolated cyclodextins
remains the most used for functionalisation of surfaces. Early investigations on thiolated cyclodextins
have provided significant evidences of their ability to successfully graft gold and silver surfaces ([3-
5]. Studies concerning the immobilisation and orientation of cyclodextrin, their surface packing and
mobility were provided by Nelles et al. [5]. By investigating mono- and per-thiolated cyclodextrins
with various spacer lengths, they have found that mono-thiolated cyclodextrins form more packed
layers, whereas a longer spacer group provide a higher layer mobility. On the other hand, more
blocked surfaces were achieved by employing multi-thiolated cyclodextrins. In this case, due to
multiple interactions with metallic surface, all cavities of host molecules were found to be orientated

parallel to the surface.

One of the first examples of thiolated cyclodextrin application for metal surface functionalisation and
observation of inclusion complexes by SERS has been proposed by Maeda ef al. [3]. In their study, 6-
(2-mercaptoethylamino)-6-deoxy--CD was grafted on silver colloids. Successful surface
functionalisation was confirmed by SERS and Surface Enhanced Raman Resonance Spectroscopy
(SERRS) was then applied to investigate the azo dyes assembly. These results encouraged other
scientific groups to examine cyclodextrin-based SERS nanosensors for molecular detection
applications [6-9]. It is worth to note that gold or silver colloidal nanoparticles were mainly employed
in these studies. Thus, even if reported molecular detection at the trace concentrations can be reached
thanks to cyclodextrin decorated colloidal nanoparticles, these systems are strictly limited to

laboratory conditions.

In order to design a sensitive and reproducible SERS nanosensor for organic pollutants, we used gold
nanocylinders (NCs) arrays produced by Electron-Beam Lithography (EBL). Per-6-thio-cyclodextrins

were synthesized and applied to SERS nano-sensor functionalisation. Successful thiolated-
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cyclodectrins synthesis was confirmed by Nuclear Magnetic Resonance (NMR) and Raman
spectroscopy. Surface functionalisation step was monitored by Localized Surface Plasmon Resonance
(LSPR) and UV-Visible spectroscopies. However, tested nanosensors based on grafted cyclodextrins
did not exhibit relevant performances for the molecular detection. Some reasons to explain fail in
detection are discussed and the chapter is finished by a short overview of the solutions in order to

improve this sensing system.

4.3.2 Experimental

4.3.2.1 Materials and methods

Pharmaceutical grade CDs (o, B and yCD) were purchased from Wacker Chemie (Germany) and
used without further purification. Aromatic compounds: toluene (TOL), naphthalene (NAP) and
fluoranthene (FL), and ethanol, acetone, DMF, thiourea, iodine and and triphenylphosphine were

obtained from Sigma-Aldrich (France) at high purity grade and were used as received.

4.3.2.2 Chemical synthesis of thiolated cyclodextrins

o Synthesis of Per-6-iodo-cyclodextrins
These compounds were prepared according to a slightly modified procedure reported by Gadelle and

Defaye [10].

B-cyclodextrin (5 g, 4.4 mmol) was added to a solution of triphenylphosphine (21 g, 80 mmol) and I,
(20.2 g, 80 mmol) in DMF (80 mL) under argon and the mixture was stirred at 80°C for 15h. The
solution was then concentrated under reduced pressure to half its volume and 30 mL of NaOMe
solution (3 M) was slowly added with simultaneous cooling. The mixture was stirred 30 min at room
temperature and subsequently precipitated in 800 mL of acetone (x3). The product was filtered,
washed with 30 mL of ice water, and extensively dried under vacuum at 60°C. m = 6.5 g, 77.5%. The
same procedure was applied for the synthesis of Per-6-iodo-a-cyclodextrin (6.1 g, 73%) and Per-6-
iodo-y-cyclodextrin (6.6 g, 79%).

o Synthesis of Per-6-thio-cyclodextrins

These compounds were prepared according to a slightly modified procedure reported by Rojas et al.
[11]

Thiourea (0.718 g, 9.45 mmol) was added to a solution of Per-6-iodo-B-cyclodextrin (2g, 1.05 mmol)
in 20 mL of DMF and the mixture was stirred 19h at 70°C under argon atmosphere. DMF was then

removed under vacuum and NaOH (0.62 g) in 100 mL of water was added. The solution was refluxed
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for 1 hour under argon, and 5 mL of HCl 2 M was added, inducing the precipitation of the product.
Per-6-thio-B-cyclodextrin was filtered, washed with water and extensively dried under vacuum at
60°C. m = 1.144 g, 87%. The same procedure was applied for the synthesis of Per-6-thio-a-
cyclodextrin (1.075 g, 82.5%) and Per-6-thio-y-cyclodextrin (1.055 g, 84%).

4.3.2.3 Gold Nanoparticles functionalisation by thiolated cyclodextrins

Spherical gold nanoparticles (GNPs) of 80 nm stabilized by CTAB (provided by BBI solutions) were
washed and pre-concentrated in solution by centrifugation (3 times at 10 000 rpm), discarding
supernatant. The GNPs were then re-dispersed in 1 mL of water/DMF (1/10 v/v) solution.
Subsequently, thiolated-a-cyclodextrin (3.2 mg), thiolated-B-cyclodextrin (3.7 mg) or thiolated-y-
cyclodextrin (4.3 mg) were introduced in separated vials containing GNPs. Final concentration of
thiolated cyclodextrins in each vial was 3 mmol.L™. Solutions were then kept to react for 12 hours.
The functionalisation procedure was terminated by centrifuging colloidal solutions 2 times at 10 000

rpm for 5 min in DMF and 2 times in water.

4.3.2.4 Gold nano-cylinders functionalisation by thiolated cyclodextrins

Gold nanocylinders (GNCs) were produced by Electron-Beam Lithography (EBL) at the University
of technology of Troyes. Details of EBL procedure is described by Grand et al.[12]. This technique
ensures the fabrication of nanostructures with desired shape, size and arrangement. The GNCs based
substrates contained several patterns (50um x 50um) with variable diameters of GNCs arrays (from
100nm in diameter up to 200 nm). The height of GNCs was set to 60 nm and the gap was kept
constant to 200 nm (from edge to edge). As prepared SERS substrates prior any experiment were

cleaned using UV-Ozone plasma cleaner (PSD Standard instrument, Novascan) for 20 min.

For surface functionalisation SERS substrates were immersed in thiolated cyclodextrins solutions of
3 mmol.L" in DMF and left to incubate for 12 hours. After incubation GNCs were washed in DMF

for 1 hour two times and then 1 hour in water.

4.3.2.5 Characterization

Synthesized thiolated cyclodextrins were characterized with NMR and Raman spectroscopies. All
'H-NMR spectra were recorded in CD3SOCD; using a Bruker 400 MHz spectrometer. For Raman
measurements Xplora ONE micro-spectrometer (HORIBA Scientific) was used. Laser excitation
wavelength of 785 nm with a power of 8 mW was focused on the sample with a x100 objective
(N.A.=0.9). Integration time for signal collection was set to 60 s for CDs and their thiolated
derivatives. Each spectrum was averaged of two repetitive measurements. Applied grating of 600

grooves/mm has ensured spectral resolution of less than 3 cm™.
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Surface functionalisation was monitored by Extinction and SERS spectroscopies. In case of colloidal
GNPs, before and after functionalisation, extinction spectra were recorded with Kontron Uvikon 941
spectrophotometer in the spectral range of 400 to 800 nm with 1 nm resolution. SERS substrates
based on GNCs were monitored with Xplora ONE micro-spectrometer (HORIBA Scientific). For
extinction measurements transmitted white light was collected with a x20 objective (N.A.=0.4).
Measured spectral range was from 450 nm to 900 nm with a resolution of 0.5 nm. For SERS
measurements laser excitation wavelength of 785 nm for colloidal solutions and 660 nm for GNCs
were used. The applied powers were around 5 mW and 0.2 mW, respectively. The signal was
collected with a x100 objective (N.A.=0.9) in case of GNCs whereas colloidal solutions were
monitored using macroobjective with a focal length of 40 mm (NA = 0.18). Achieved spectral
resolution was less than 3 cm™. Acquisition time for each measurement was set to 60s with two

repetitions.

4.3.3 Results and discussion

4.3.3.1 Chemical synthesis of thiolated cyclodextrins

Chemical synthesis of thiolated CDs was monitored at each step using NMR spectroscopy. The
chemical shifts are summarized for iodated and thiolated a-, B- and y-CDs (presented in ANNEX 3).

The Figure 4.1 presents the NMR spectra comparison between native -CD (up) and B-CD-SH
(down). The recorded proton NMR shifts are in good agreement with the ones described in literature

[6].

Protons involved in primary and secondary OH groups are well separated in NMR spectrum. It has
been already demonstrated that, the secondary hydroxyl groups are involved in hydrogen bondings
around the secondary CD rim, giving molecule rigid structure, while, the primary hydroxyl groups
are not involved in any intermolecular interactions [13]. Due to hydrogen interactions, chemical shift
displacement of about 1 ppm can be found between 2,3-OH and 6-OH. In NMR spectrum of B-CD
protons chemical shift of secondary OH groups (2-OH and 3-OH) were observed at 5.7 and 5.6 ppm,
respectively. After CD thiolation reaction these protons were slightly up-shified. On the other hand,
protons from primary OH found at 4.4 ppm completely disappeared in NMR spectrum of thiolated [3-
CD. Instead, a triplet around 2.1 ppm was observed, corresponding to the protons of SH group.

Finally, protons from 6-CH were observed downshifted of about 0.5 and 1 ppm, respectively.
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Figure 4.1 NMR spectra of native -CD (up) and -CD-SH (down).

The molecular conversion was also investigated by Raman spectroscopy (Figure 4.2). It is worth to
note that spectra of three kinds of CDs are very similar. For this reason the peak comparison in Table
2 is presented only for native B-CD and its thiolated derivative. Given vibrational modes for 3-CD

can be found in spectra of other CDs with slight shift in wavenumbers.

Skeletal vibrations for all modified and native CDs were observed at similar wavenumbers with the
exception of the band at 855 cm™ in B-CD spectrum. This band is assigned to the breathing mode of
the glucose ring [14] and more precisely related to the vibrations involving anomeric carbon atoms
[15]. After chemical CDs modification this later band is not seen in this spectral region, instead new
band in thiolated CDs spectra arise at 895 cm™. This indicates that the substitution of the OH group
by the SH one has a direct influence on the vibrations of the glucose ring since the SH has a larger
mass than the OH. This is confirmed by the increase of the intensity of the in plane deformation of

the glucose ring (707 and 752 cm™) on the B-CD-SH Raman spectra.
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Figure 4.2 Raman spectra of native o-, -, and y-CD (black spectra) and their thiolated derivatives
(red spectra).

The direct proof of successful primary hydroxyl groups exchange with the thiol groups was the band
observed at 2575 cm™, assigned to the S-H stretching mode [16]. The position of this vibration was

found exactly at the same wavenumber for all thiolated CDs.

Comparing spectra, other feature modifications are related with the C-H vibrations. For instance, C-H
stetching modes at around 2900 cm™ in native CDs exhibits number of peaks. One can notice, that in
case of the smallest CD, the peaks in this area can be well distinguished, whereas with encleasing
number of glucopyranose units, the resolution of later stretching modes is decreasing. As a
concequence, in case of y-CD one band can be seen is this spectral reagion. After CDs chemical
modicifation latter peaks are more comparable between differet size thiolated-CDs. Another
exsample is related with CH, scissoring mode at 1454 cm™ that was not observable in spectra of
thiolated CDs. Moreover, the vibrational modes at 1330 cm™ and 1386 cm™ for B-CD were shifted,
respectively, by 5 and 10 cm™ for thiolated ones. The decrease in wavenumber can be related with the
higher molar mass of sulfur atom. The most important shift of 20 cm” was registered for peak at

1252 cm™ and 1233 cm™ for B-CD and B-CD-SH, respectively and was assigned to CH,-OH/SH
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complex related vibrations. Continuing on later feature modifications, peak at 1042 cm’ in spectra of
CDs were replaced by C-S stretching mode at 1020 cm™. Two additional SH stretching modes were
observed in thiolated CDs spectra at lower frequency, more precisely, at 568 cm™ and 659 cm™.
However, due to complexity of CDs spectra later described assignments are not unambiguous and

should be confirmed by molecular modeling tools.

Table 2 Experimentally registered Raman band with the assignment for -CD and p-CD-SH.

No p-CD Assignment [15] B-CD- | No pB-CD Assignment [15] p-CD-
[14] SH [14] SH
1 316 o CCC 13 1042 v CO -
2 359 vy OH 360, 14 1078 v CO 1067
383
3 437 vy OH 432 15 1128 v CC 1115
4 475 Out-of-pl def of 477 16 - 1233
gluc. ring
5 576 vy OH/SH 568 17 1252 0 CH, y COH -
6 - vy SH 659 18 1330 o0 CH 1325
7 707 In-pl def of gluc. 701 19 1386 o CH 1375
ring
8 752 In-pl def of gluc. 748, | 20 1406 5 OH 1414
ring 779
9 855 Breath of gluc. ring 21 1454 o CH; -
10 - 895 22 - v SH [16] 2575
11 922, v(sym) COC 938 23 2904 v CH 2902
943
12 - v CS 1020 | 24 2947 v(asym) CH 2942

6 - scissoring; v - stretching; y - out-of-plane bending; sym - symmetric; asym - asymmetric.

Conceming secondary OH groups, two out-of-plane bending modes registered in low frequency
range and another bands (including four peaks) found at higher frequency above 3200 cm™ (not
shown in Figure 4.2) for all CDs were assigned to a stretching vibrations of secondary OH groups

and were observed with slight shifts after CDs modification.

This spectral analysis by both Raman and NMR techniques gave evidence of successful synthesis of
the expected thiolated CDs derivatives.

4.3.3.2 Thiolated CDs application for GNPs functionalisation

Colloidal GNPs of 80 nm diameter were applied here in order to examine thiolated CDs based
surface functionalisation. As described in experimental section the GNPs were introduced in a n-CD-
SH (3 mmol.L'l) solution. The functionalisation of the colloidal GNPs was monitored by extinction

spectroscopy and SERS.
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Figure 4.3 represents the comparison of extinction spectra of as prepared spherical GNPs (black
spectrum) and the ones measured after functionalisation with the three kinds of thiolated-CDs.
Surface plasmon resonance band observed at 549 nm wavelength for non-functionalised GNPs is
redshifted by 8 nm, 3 nm and 4 nm for o, f and y-CDs functionalised GNPs, respectively (Table 3).
Worth to note that, after GNPs surface functionalisation procedure relatively more colloidal GNPs
were found to be aggregated. The main issue using this kind of nanoparticles can be related with the
CTAB layer since it has been already demonstrated that cyclodextrins forms host-guest complexes
with CTAB molecules [17]. Thus, from the observed LSPR shift it is difficult to claim that thiolated
CDs have been covalently grafted to the gold surface or are just adsorbed on CTAB layer.
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Figure 4.3 Extinction spectra of as prepared GNPs (black) and GNPs functionalised by thiolated a-
CD (red), thiolated p-CD (blue) and thiolated y-CD (green).

SERS based analysis of colloidal GNPs before and after functionalisation are presented in Figure 4.4
(purple spectra corresponding to non-modified GNPs whereas the orange ones show the spectra after
the CD functionalisation). The figure contains three graphs dedicated to each CD. The black spectra
in each graph represent the Raman signal of thiolated-CDs. The SERS signal of CD based GNPs
(orange spectrum) are notably similar with the ones observed in Raman spectra of thiolated-CDs
(black spectrum). Several bands are highly comparable between Raman and SERS measurements: the
observed ones in the range of 1200 cm™ and 1400 cm™ corresponding to a CH and secondary OH
scissoring modes as well as the OH stretching vibrational modes in lower frequency between 400 cm’
"and 700 cm™. These similarities confirm the thiolated CDs derivatives presence at the surface of the
GNPs. However, little dissimilarity can be observed. For instance, peak at 1455 cm™ assigned to

scissoring of CH, group was not visible in spectra after CD thiolation reaction but has arisen in the

105



spectra of functionalised GNPs spectra at 1450 cm™ . Moreover, two bands in spectra of n-CD-SH at
1065 cm™ and 1115 cm™ that could be related with the stretching modes of CS and CC, respectively
are noticeably diminished after interaction with colloidal particles. Same observation can be done for
vibrations assigned to glucose ring deformation (seen in thiolated CDs spectra at 748 cm™ and 938
cm™). These spectral differences between synthesized CDs derivatives and the ones registered after
grafting at the GNPs surface indicate that molecules experience some conformational modifications.

However, this lead to the conclusion that the thiolated CDs were effectively attached to the NPs

surface.
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Figure 4.4 SERS based study of GNPs functionalised by three thiolated CDs and their ability in
pollutants sensing. For each CD, the bottom spectrum corresponds to the superposition of the TOL,
NAP and FL Raman spectra (green: TOL, blue: NAP and red: FL). The purple spectra correspond to
the SERS signal of as prepared GNPs. The black spectra are the Raman signatures of the CD-SH.
The orange spectra were obtained after GNPs functionalisation by thiolated CD derivatives and
finally the pink spectra correspond to a signal obtained after mixing functionalised GNPs with the
solution of mixed pollutants (TOL, NAP and FL).

Functionalised GNPs were then tested for the detection of TOL, NAP and FL in their mixed solution.
For this purpose 1 ml of each thiolated CDs based GNPs dispersed in distilled water were mixed with
100 pL of pollutants mixture in methanol. The concentration of each targeted pollutant in the mixture
was 100 uM. Results of conducted SERS measurements of these solutions after 2 h incubation are
presented Figure 4.4 (pink spectra). The reference spectra of TOL, NAP and FL are also given at the

bottom of each graph as green, blue and red spectra, respectively.

In the graph dedicated to a-CD two new peaks can be seen. The positions of these peaks are
comparable with the ones found in the spectrum of TOL: the one at 785 cm™ and the doublet at 1001
cm™ and 1028 cm™. It is worth to note that, CO stretching vibrational mode in methanol can be also
seen at this wavenumber [18], thus, the high intensity of later band observed in a spectrum of a-CD-
GNP in pollutant mixture is the most likely combined of vibrations belonging to TOL and methanol.
No pre-concentration of NAP or FL was achieved by a-CD based GNP.
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Other CDs based colloidal systems also demonstrated selective molecular detection. For instance, in
spectrum of B-CD-GNP mixed with pollutants, four new peaks belonging to NAP were observed at
508 cm™, 758 cm™, 1379 cm™ and 1575 ecm™. Additional peak at 1016 cm™ is comparable with the
one registered in NAP Raman spectrum at 1019 cm™ but could as well include signal from TOL and
methanol. Remaining sensing system based on GNP decorated by y-CDs preferably interacted with
FL molecules. Peaks belonging to FL were observed at 667 em™, 1100 em™, 1269 ecm™, 1408 cm™,
1418 cm™, 1452 cm™ and 1606 cm™.

To conclude, size selective molecular detection by colloidal GNP coated with different thiolated CDs
revealed similarities observed by Raman study performed on host-guest complexes formed between
native CDs and same pollutant molecules. The observed SERS signal of targeted molecules is quite
low for a given high concentration of pollutants in the solution. Despite that, performed study
provided first proofs of both successful thioated CDs based surface functionalisation and their ability

for selective sensing of the targeted molecules.

4.3.3.3 Thiolated CDs application for GNCs functionalisation

Similar functionalisation procedure was applied to graft the thiolated CDs to the GNCs surface.
Briefly, SERS substrates were first washed in UV-ozone cleaner and then immersed for 12 hours in a
solution of DMF/water mixture with 3 mM of thiolated CDs. After incubation nanostructures were
rinsed in DMF (2 x 1 hour) and in water (2 x 1 hour). Extinction spectroscopy and SERS were used
to monitor the surface functionalisation steps. Figure 4.5 summarises the results obtained by
extinction spectroscopy for thiolated a-CD. After functionalisation of GNCs the LSPR is redshifted

indicating that the CDs molecules are actually grafted at the surface.
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Figure 4.5 Right: Extinction spectra of the GNCs before (black spectrum) and after (red spectrum)
the functionalisation by the thiolated a-CD. Left: LSPR positions for diameters GNCs from 100 up to
200 nm before (black dots) and after (red dots) the functionalisation by the thiolated a-CD.
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Table 3 LSPR position redshift after surface functionalisation using tiolated a-, - and y-CDs,
and recorded on diameter from 80 nm up to 200 nm.

n-CD-SH n-CD-SH MM, g/mol Shift in LSPR position, nm
GNPs ¢ 80nm GNSs ¢ 100-200 nm
a-CD-SH 1068 8 5-10
B-CD-SH 1247 3 1-4
y-CD-SH 1425 4 1-8

The left graph in Figure 4.5 shows the LSPR positions recorded on different diameter GNCs arrays
from 100 nm up to 200 nm. As a consequence of the surface functionalisation the LSPR positions are
red-shifted between 5 and 10 nm for all diameters. Experiments performed on the two other kinds of

thiolated CDs led to similar observation (data summarised in Table 3).

Interestingly, smaller LSPR position redshifts between 1-4 nm and 1-8 nm were registered after
GNCs functionalisation by B-CD-SH and y-CD-SH, respectively. From all experimentally registered
extinction results it is clearly visible that LSPR position shift does not depend on the mass of the
grafted molecule. The smallest a-CD-SH led to higher LSPR red-shift. Regarding literature, a-CD
was found to form multilayer. More precisely it has been demonstrated that in the bulk solution a-CD
constructs oligomers with the CDs already grafted at the surface [19]. Thus the a-CD should form
denser layer at the surface than the other CDs which induces a higher redshift of the LSPR.

Unfortunately, we notice major drawbacks using such SERS substrate for pollutant detection: (i) after
functionalisation, the SERS signal of the grafted CDs was not observable and (ii) no spectral
differences were noticed after incubating substrates in increasing concentrations of pollutants (the

maximum concentrations investigated were 400 ppm for TOL, 25 ppm for NAP and 10 ppm for FL).

Only one SERS substrate functionalised with a-CD-SH gave some positive results (see Figure 4.6).
Worth to note, that this sensor was contaminated by polymeric material prior surface
functionalisation. As in case of all tested substrates signal of CD was not observed. However, after
incubation in solutions with different concentrations of TOL (50 ppb, 50 ppm and 400 ppm,
incubation time for one concentration was 2 hours) the SERS spectra exhibited new peaks at 754 cm’
1, 897 cm'l, 1074 cm'l, 1245 cm'l, 1291 cm™ and 1391 cm™. Intensities of mentioned peaks increased
with the TOL concentration. Furthermore, the observed signal could not be directly compared with
the TOL Raman reference spectrum. This observation would lead to the conclusion, that TOL
molecules were pre-concentrated at the nanosensor surface not by attached a-CDs cavities but more

by non-specific adsorption onto polymeric contamination.
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Figure 4.6 SERS spectra of thiolated a-CD functionalised GNCs (black) and of the detection of TOL
for various concentrations: 50 ppb (purple spectrum), 50 ppm (red spectrum) and 400 ppm (brown
spectrum) in water. SERS spectra are the average of 9 individual measurements on different diameter
GNCs arrays (from 130 nm up to 200 nm). TOL Raman spectrum is given for comparison in grey.

To explain why performed SERS experiments have failed it is worth to discuss few factors. First of
all, selected surface functionalisation strategy by applying multithiolated n-CDs generally not
produces well packed and organized monolayers. It has been reported in literature that just 64 % of
surface coverage was achieved by self assembly of per-thiolated -CD on gold [11]. The reason of
this low coverage is related to the steric effects that involves a misorientation of the CD torus axis. In
order to slightly increase number of CD molecules on the surface Nelles et al., proposed to include a
spacer between the CD molecule and the thiol group [5]. In this case the CDs based layer
organization would be tuned by the intermolecular interactions between the spacer groups. Other
strategy that could improve the monolayer formation is the application of long chain monothiolated
CD derivatives [4]. In latter reference gold surface coverage was increased by a factor 4 using

monothiolated CD with the alkane chain spacer of 10 carbon atoms.

Per-thiolated CDs without spacer group were selected in this study with the aim to form the closest
monolayer to the gold surface and thus to benefit of the strongest SERS enhancement for the targeted
molecules detection. In all cases after the functionalisation the LSPR band is redshifted indicating
CDs presence at the nanostructured surface; however the signals of grafted CDs or of poluttant
molecules were not observed. The fact of possible insufficient monolayer formation leads to discuss
the sensing limitations in such system, due to non-homogeneous electromagnetic field enhancement

distribution at the surface of the nanostructures. It has been assumed that corners and sharp edges of
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nanostructures evidence much larger electromagnetic field enhancement compared to smooth areas
[20]. Thus, it is highly possible that thiolated CDs grafting on sharp corners is prohibited due to steric
hindrance. This would explain why no targeted molecule detection was observed by mulitithiolated
CDs based SERS substrates. On the other hand, result of TOL sensing by contaminated a-CD

decorated GNCs suggested promising perspectives in application of CDs based polymers.

For the last study low cost commercially available B-CD polymer has been selected as a good

candidate to overcome difficulties related with the surface coverage problem.

4.3.3.4 [B-CD polymer application for GNCs decoration

Direct physical adsorption of B-CD polymer (schema of molecular structure can be seen in figure 2 in
ANNEX 3) was tested by depositing a drop of a water solution of 100 pL containing 1g.L" of
polymer on the GNCs (incubation time: 5 min). The SERS substrate was then washed with pure
water and dried under flow of nitrogen. Extinction spectra were monitored on different diameters
(from 130 nm up 200 nm) of GNCs before and after surface functionalisation (Figure 4.7 left). The
right graph in Figure 4.7 shows the position of LSPR for each diameter of GNCs before (black dots)
and after (red dots) physical polymer adsorption. The redshifted LSPR positions between 3 and 6 nm

led to the conclusion that nearly homogeneous physical adsorption of B-CD polymer was achieved.

|—GNeCs 740 4 @ GNCs
—— GNCs+p-CD polymer I @ GNCs+p-CD polymer °
@ GNCs+p3-CD polymer in sea water
720 - o
. 700 4 o
S g 3
®© e ° )
- E 680 o
5 2 s
:.é % 660 o 8
= > 640 - . ¢
4 @© ° 3
K =
620 | Y
o
soo| @
1 T T T T 1 T T T T
550 600 650 700 750 120 140 160 180 200
Wavelength, nm NCs diameter, nm

Figure 4.7 Left: Extinction spectra of various diameters of GNCs from 130 nm up to 200 nm before
(black spectra) and after (red spectra) surface functionalisation by f-CD polymer. Right: LSPR
position versus GNCs diameter before (black dots) and after (red dots) polymer adsorption and

measured in artificial sea water (blue dots).

As in previous studies we tested this substrate for the pollutant detection. Based on previous
observations, NAP, as targeted molecule was chosen to ensure the highest possibility of host-guest
complex formation. It is worth noting that SERS was measured in liquid conditions during this

experiment preventing from NAP molecules evaporation. First extinction measurements were
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performed in liquid conditions (artificial sea water) to determine which diameter of GNCs will
provide the highest SERS signal (Figure 4.7). For these measurement a microscopic slide with a
cavity was used (see figure 2 in ANNEX 1).

Large change in refractive index, around GNCs due to great salinity of the artificial sea water,
redshifted the LSPR position by around 30 nm. Thus, 150 nm diameter GNCs were selected to obtain

the best SERS enhancement using laser at 660 nm.
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Figure 4.8 SERS spectrum of p-CD polymer adsorbed on GNCs (blue line) and of the detection of
NAP at 25 ppb concentration (red line) and 250 ppb concentration (black line) in sea water. At the
bottom the NAP Raman reference spectrum is given in grey. Power of laser was set at 450 uWw,
accumulation time was 20s. Each spectrum is an average of 5 measurements. Used objective was x60
with a correction collar set to 1.1 mm (N.A. 0.7)

SERS measurements were first conducted on B-CD polymer modified GNCs in sea water (Figure 4.8
blue spectrum). Many low intensity bands were observed at 752 cm™, 792 cm™ and 1607 cm™ but
cannot be assigned directly to the previous described B-CD vibrations. The substrate was then tested
for NAP detection by immersing it in different NAP concentrations (25 ppb and 250 ppb) in sea
water/methanol (9/1) mixture. 2 hours of incubation time was set for each concentration and SERS
measurements were then acquired. Results are presented in Figure 4.8 as red and black spectra for 25
ppb and 250 ppb concentrations, respectively. It is noticeable, that the relative intensities of some
peaks presented in B-CD polymer modified GNCs spectrum was slightly amplified after interaction

with the pollutant molecules. For instance, peaks at 675 cm'l, 1068 cm™ and 1607 cm™ show an
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increased intensity. Moreover, after incubation in NAP solutions, new peaks appeared in the spectra
at 350 cm” and 466 cm™ as well but they are not comparable with the ones in NAP reference
spectrum. However, their intensities increased with higher investigated pollutant concentration.
Furthermore, the band at 1377 cm™ raised after incubating substrate in 250 ppm NAP solution can be

attributed to NAP in plane CC stretching.

As a conclusion, performed conceptual study based on B-CD polymer application for nano-structured
surface decoration showed positive results. Considering this strategy for the design of SERS sensors

dedicated to pollution monitoring, chemical attachment of polymer has to be ensured.

4.3.4 References

1 Boger,J., Corcoran, R. J. and Lehn, J.-M. (1978). Cyclodextrin chemistry. Selective modification
of all primary hydroxyl groups of a- and B-cyclodextrins, Helvetica Chimica Acta, 61, pp. 2190-
2218.

2 Khan, A. R., Forgo, P., Stine, K. J. and D'Souza, V. T. (1998). Methods for Selective
Modifications of Cyclodextrins, Chemical Reviews, 98, pp. 1977-1996.

3 Maeda, Y. and Kitano, H. (1995). Inclusional Complexation by Cyclodextrins at the Surface of
Silver As Evidenced by Surface-Enhanced Resonance Raman Spectroscopy, The Journal of Physical
Chemistry, 99, pp. 487-488.

4 Weisser, M., Nelles, G., Wohlfart, P., Wenz, G. and MittlerNeher, S. (1996). Inmobilization
kinetics of cyclodextrins at gold surfaces, The Journal of Physical Chemistry, 100, pp. 17893-17900.
5 Nelles, G., Weisser, M., Back, R., Wohlfart, P., Wenz, G. and Mittler-Neher, S. (1996).
Controlled Orientation of Cyclodextrin Derivatives Immobilized on Gold Surfaces, Journal of the
American Chemical Society, 118, pp. 5039-5046.

6 Hill, W., Fallourd, V. and Klockow, D. (1999). Investigation of the adsorption of gaseous
aromatic compounds at surfaces coated with heptakis(6-thio-6-deoxy)-beta-cyclodextrin by surface-
enhanced Raman scattering, Journal of Physical Chemistry B, 103, pp. 4707-4713.

7 Xie, Y., Wang, X., Han, X., Song, W., Ruan, W., Liu, J., Zhao, B. and Ozaki, Y. (2011).
Selective SERS detection of each polycyclic aromatic hydrocarbon (PAH) in a mixture of five kinds
of PAHs, Journal of Raman Spectroscopy, 42, pp. 945-950.

8 Xie, Y., Wang, X., Han, X., Xue, X., Ji, W., Qi, Z., Liu, J., Zhao, B. and Ozaki, Y. (2010).
Sensing of polycyclic aromatic hydrocarbons with cyclodextrin inclusion complexes on silver
nanoparticles by surface-enhanced Raman scattering, Analyst, 135, pp. 1389-1394.

9 Xu,J. Y., Wang,J., Kong, L. T., Zheng, G. C., Guo, Z. and Liu, J. H. (2011). SERS detection of
explosive agent by macrocyclic compound functionalized triangular gold nanoprisms, Journal of
Raman Spectroscopy, 42, pp. 1728-1735.

10 Gadelle, A. and Defaye, J. (1991). Selective Halogenation at Primary Positions of
Cyclomaltooligosaccharides and a Synthesis of Per-3,6-anhydro Cyclomaltooligosaccharides,
Angewandte Chemie International Edition in English, 30, pp. 78-80.

11 Rojas, M. T., Koeniger, R., Stoddart, J. F. and Kaifer, A. E. (1995). Supported Monolayers
Containing Preformed Binding Sites. Synthesis and Interfacial Binding Properties of a Thiolated
.beta.-Cyclodextrin Derivative, Journal of the American Chemical Society, 117, pp. 336-343.

12 Grand, J., Kostcheev, S., Bijeon, J. L., de la Chapelle, M. L., Adam, P. M., Rumyantseva, A.,
Lérondel, G. and Royer, P. (2003). Optimization of SERS-active substrates for near-field Raman
spectroscopy, Synthetic Metals, 139, pp. 621-624.

112



13 Bender, M. L. and Komiyama, M. (1978). Cyclodextrin Chemistry: Springer-Verlag Berlin
Heidelberg.

14 Li, W., Lu, B,, Sheng, A., Yang, F. and Wang, Z. (2010). Spectroscopic and theoretical study on
inclusion complexation of beta-cyclodextrin with permethrin, Journal of Molecular Structure, 981,
pp. 194-203.

15 Egyed, O. (1990). Spectroscopic studies on beta-cyclodextrin, Vib. Spectrosc., 1, pp. 225-227.
16 Socrates, G. (2001). Infrared and Raman Characteristic Group Frequencies: Tables and Charts
(3ed) (Chichester (U.K.) ed.): Wiley.

17 Chen, X.-m. (2011). Inclusion Complex of B-cyclodextrin with CTAB in Aqueous Solution,
Chinese Journal of Chemical Physics, 24, pp. 484.

18 Boyaci, L. H., Genis, H. E., Guven, B., Tamer, U. and Alper, N. (2012). A novel method for
quantification of ethanol and methanol in distilled alcoholic beverages using Raman spectroscopy,
Journal of Raman Spectroscopy, 43, pp. 1171-1176.

19 Lee, J.-Y. and Park, S.-M. (1998). Electrochemistry of Guest Molecules in Thiolated
Cyclodextrin Self-Assembled Monolayers: An Implication for Size-Selective Sensors, The Journal
of Physical Chemistry B, 102, pp. 9940-9945.

20 Haes, A.J., Zou, S., Schatz, G. C. and Van Duyne, R. P. (2004). Nanoscale Optical Biosensor:
Short Range Distance Dependence of the Localized Surface Plasmon Resonance of Noble Metal
Nanoparticles, The Journal of Physical Chemistry B, 108, pp. 6961-6968.

4.4 Conclusion

To conclude this chapter, the good results obtained by TG analysis, Raman spectroscopy and DFT
calculations provided sufficient proofs on the complex formation between organic pollutants (TOL,
NAP and FL) and three forms of CDs (a, B, y-CD) in the solid state. Moreover, the CDs specificity
regarding the guest size was evaluated. These results encouraged to exploit CDs ability of pollutants
pre-concentration for SERS based detection. In order to graft CDs to a gold surface thiol groups were
chemically attached to CD. Raman and NMR techniques were used to characterize synthesized

thiolated-CDs derivatives.

First application of thiolated-CDs to a functionalisation of colloidal nanoparticles provided similar
results of size selective molecular pre-concentration as it was observed by Raman study performed on
host-guest complexes formed between native CDs and same pollutant molecules. However, the
experiments repeated on GNCs fabricated by EBL lithography were rather unsuccessful. Non-
homogeneous surface coverage was discussed to explain this failure. In order to overcome later
limitation B-CD polymer was tested for nano-structured surface decoration. The conceptual try in

NAP detection at very low concentrations demonstrated encouraging results.
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5 Exploitation of diazonium salts for nanosensors

functionalisation for pollutant detection

5.1 Introduction

Strategies of the design of nanosensors often based on pollutants pre-concentration via non-specific
physical adsorption driven by weak van der Waals or hydrophobic interactions. For this manner,
different properties possessing polymeric coatings or the molecules forming Self Assembled

Monolayer can be employed.

In this chapter diazonium salts applications for a SERS based nanosensor functionalisation will be
investigated. Diazonium salts are the considerable alternative to the SAMs. It covalently grafts to the
conductive surfaces, forming stable and robust coating layers. Moreover, under controlled conditions
the thickness of latter phenyl derivatives layer can be customized in order to provide more interaction
sites for an analyzed analyte. The study on diazonium salts described in this chapter will start from
their chemical synthesis. In this part, Raman spectroscopy based study was performed on synthesized
diazonium salts and their corresponding primary amines in order to confirm the success of diazonium
salt synthesis as well as assign the characteristic vibrational signatures. Completed study led to
further diazonium salts implementation on the nanostructured gold surface functionalisation.
Primarily, EBL substrates were used due to its variable diameters nanocylinders with reproducible
surface geometry. Four synthesized diazonium salts were employed for the surface functionalisation.
The investigation of formed coating layers were then investigated by SERS. When possible, DFT
modeling and XPS investigation were performed, in order to better understand the nature of the
interface between surface and the organic coating. Collecting evidences of controllable surface
functionalisation on nanostructures fabricated by EBL encouraged to involved commercially
available SERS substrates. Reproducing the same protocol of the surface functionalisation, perared
nanosensors were then tested for pre-concentration and detection of selected targeted pollutants

(naphthalene, fluoranthene and benzo[a]pyrene.

It is worth to note, that sections in this chapter are in preparation to be submitted in the international
journals as the research articles. Suplementary informations for these sections can be found in

ANNEX 4 - ANNEX 6.
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5.2 Raman characterization of phenyl-derivatives: from primary amine to
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Abbreviations

ADD: Aryl-Diazonium Derivatives

DS: Benzenediazoniumtetrafluoroborate

DS-COOH: 4-carboxybenzene diazoniumtetrafluoroborate
DS-CioHazi: 4-decyl benzenediazoniumtetrafluoroborate
DS-(CH;),NH;: 4-(aminoethyl) benzenediazoniumtetrafluoroborate
DFT: Density Functional Theory

NBO: Natural Bond Orbital

Keywords:

Phenyl-amines, Diazonium salts, Synthesis and Characterization, RAMAN, DFT calculations.
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5.2.1 Abstract

This paper reports on a preliminary study designed as a lead-in to further examinations to investigate,

improve and/or control reaction pathways using the synthesized diazonium salt.

The objective is to provide, by using Raman spectroscopy, the characterization of phenyl-derivatives
fate, from phenyl-amines to Aryl-Diazonium Derivatives (ADD). Four ADD have been investigated
(i) benzene diazoniumtetrafluoroborate (DS), (ii) 4-decyl benzene diazoniumtetrafluoroborate (DS-
CioHz1), (ii1) 4-carboxybenzene diazoniumtetrafluoroborate (DS-COOH) and (iv) 4-(aminoethyl)
benzene diazoniumtetrafluoroborate (DS-(CH;),NH,).In this work, Raman investigation of the above
synthesized ADD confirmed the existence of the N=N bond stretching in the range 2285-2305 cm™.
Moreover, the strong band related to the both CH in plane bending and C-N stretching modes, in the

range 1073-1080 cm™', constitutes an actual signature of phenyl derivatives stemming from ADD.

Furthermore, the H-N-(ring) symmetric stretching modes, the ring-N as well as the benzene ring
vibrational modes, the C-H related vibrations and the functions in para-position carried by the
aromatic ring have been analyzed and discussed.The effect of the structural changes as well as
conformational rearrangements from amines to ADD and the influence of the substituent located in
the para-position on the Raman modes have been examined. Finally, Raman experiments

supportedby DFT modelling allowed us to determine the crystalline structureof DS-COOH.

Currently, the tailoring of the surface chemistry of functionalised Gold NanoStructures
(GNS,electron beam nano-lithographied SERS substrates) is in progress in order to examine and
strengthenthe nature of the interface between the GNS and the organic coating for further

development of robust SERS nanosensors for (bio)sensing.
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5.2.2 Introduction

Aryl-Diazonium Derivatives (ADD) are a class of highly useful reaction intermediates or reagents.
Their salts are generally obtained from the diazotization of aromatic amines in the presence of

hydrogen tetrafluoroborate, hexafluorophosphate or hexafluoroantimonate as counter-ions [1].

Aryl-diazonium salts are widely used in organic chemistry as reactants in different syntheses. For
instance, the process of nitrogen elimination from diazoniumcations is a fundamental stage of the
Meerwein [2] and Sandmeyer [3,4] reactions. For both of these reactions, the improvement of the

yield depends on the application of diazonium salts, which lose dinitrogen effectively.

Moreover, the rise in popularity of aryl-diazonium salts has resulted from their efficiency in surface
functionalisation. Indeed, this methodologygives rise to covalentlyattached coatings bearing a wide
range of functional groups onto conducting or semi conducting materials [5-14]. In addition, the
grafting can be accomplished by either chemical (spontaneous grafting), electrochemical or physical
methodologies [5-12,15]. Surface functionalisation using diazonium salts has thus turmed up as one of
the most powerful method for linking coatings [8,13,14], (bio)molecules [16,17], polymers [18-20] or
nanoparticles[21]. The resulting high performance materials show improved chemical and physical

properties and find widespread applications [22].

Whatever the diazonium salt application, the identification of the molecular bonds is of a great
importance in order to investigate, improve and/or control reaction pathways.Among the
methodologies, one of the most accurate methods is based on Raman spectroscopy for the
determination of specific vibrational modes and thusfor the identification of the molecular bonds and

structures.

In this work, four ADD have been synthetized and investigated.

- Benzenediazoniumtetrafluoroborate (DS)

- 4-carboxybenzene diazoniumtetrafluoroborate (DS-COOH)

- 4-decyl benzenediazoniumtetrafluoroborate (DS-C;oHz;)

- 4-(aminoethyl) benzenediazoniumtetrafluoroborate (DS-(CH,),NHa).

This work providesthe characterization of the fate of phenyl-derivatives: from phenyl-amine
derivatives to ADD by using Raman spectroscopy. Of particular interest, the N=N group vibrations,
the H-N-(ring) symmetric stretching modes, the ring-N as well asthe benzene ring vibrational modes,
the C-H related vibrations and the para functions carried by the aromatic ring, are analyzed and
discussed. For some bands, the effect of the structural changes as well as conformational

rearrangements from the amine to the diazonium salt is examined. The influence of the substituent
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located in the para position is discussed. In addition, Density Functional Theory (DFT) calculations
and Natural Bond Orbital (NBO) charges have been performed for DS-COOH in order to provide a

better insight on the bands assignment and to strengthen Raman spectra interpretation.

5.2.3 Experimental

5.2.3.1 Materials and reagents

Sodium nitrite (NaNQO,), Tetrafluoroboric acid (HBF,), diethyl ether (>98%, ACS reagent), aniline,

4-docyl-aniline, 4-aminobenzoic acid, 4-(2-aminoethyl)-aniline were purchased from Sigma Aldrich.

5.2.3.2 Diazonium salt synthesis

Diazonium salts were obtained by the oxidation of the corresponding aryl-amine at 0°C by using
sodium nitrite. For the four different diazonium salts, 4 mmol of the corresponding amine were mixed
with 2 mL of tetrafluoroboric acid dissolved in 7 mL of milli-Q water. Then, the mixture was cooled
in ice for 15 minutes. Afterwards, a solution of 300 mg of sodium nitrite dissolved in less than 1 mL
of milli-Q water was added dropwise. During the reaction, the temperature was maintained at 0°C.
After two hours of reaction, the mixture was filtered through 0.2 pm cellulose ester filters (Whatman,

France) and generously washed with cold diethyl ether. Only DCoH»; was rinsed with milli-Q water.

Diazonium salts purification has consisted (i) in dissolving the crude solid into small amount of
deionized water and (ii) the recrystallization into diethyl ether. Recrystallization procedure lasts for
48 hours at 6°C. Recrystallized diazonium salts were filtered (0.2 pm of cellulose ester filters

(Whatman, France), dried and stored at -20°C.

It is worth noting that the choice of the aryl-diazonium salts was motivated by the development of
“long life” robust (bio)sensors since they could be used for surface functionalisation in order to
provide accurate preconcentration of (bio)organic compounds for sensitive and reproducible sensing.
The physical and the chemical properties of the salts related to their interaction ability are

summarised as follow:

- Benzenediazoniumtetrafluoroborate (DS) is the simplest salt and has been chosen as a reference and

because of the availability of the aromatic cycle for -  stacking.

- 4-decyl benzenediazoniumtetrafluoroborate (DS-CioHz1) has a long apolaralkyl chain that has a

lipophilic and hydrophobic character to pre-concentratenon-polar molecules.
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- 4-carboxybenzene diazoniumtetrafluoroborate (DS-COOH) and 4-(aminoethyl)
benzenediazoniumtetrafluoroborate (DS-(CH;),NH>) can both be used for biomolecules coupling or

for polar molecules pre-concentration.

The influence of the substituent located in the para position will bediscussedand more especially in
term of the nature and the force of the substituent (the mesomeric effect provided by COOH as well
as the inductive effect provided by the CH,CH,NH; and the C,oH;substituents (Table S1)). The
studyof these four aryl-diazonium salts explains why the electron-donating substituent is noteffective

in this study.

5.2.3.3 Raman measurements

Raman measurements were recorded on pure chemicals (in powder form essentially unless otherwise
stated) with a Raman microspectrometer Labram HR800 (Horiba Scientific). For both, amines and
diazonium salts, a laser diode at 691 nm (Ondax) has been used to avoid any molecular resonance.
For diazonium salts and the 4-aminobenzoic acid, the scattered light was collected by a 100x
objective with numerical aperture (N.A.) of 0.9. For liquid compounds (aniline, 4-(2-aminoethyl)-
aniline and 4-decylaniline), a water immersion objective (100x, N.A. = 1.0 was used. The spectral
resolution was less than 2 cm™ and spectral calibration was performed daily via silicon sample. All
the presented spectra are baseline corrected and normalized using the spectrometer software
(LabSpec, Horiba Scientific). For calculations, spectra were normalized regarding the C=C stretching

mode [23] observed between 1570 and 1611 cm™.

5.2.3.4 Nuclear Magnetic Resonance (NMR) measurements

Synthesized diazonium salts and their primary amines were also characterized by NMR
measurements. Spectra were recorded using a Bruker Avance III 400 MHz instrument. The
procedure, the NMR spectra and the "H chemical shifts are presented in the Supporting Information.
The structure of the salts as well as indexation of protons is presented in scheme 1S. Both the amines

and diazonium salts RMN spectra are presented in Figure S1.

5.2.3.5 Computational details

All calculations were carried out using the Gaussian 09 suite of programs [24] using the B3LYP
exchange and correlation functional [25,26] along with the 6-311++G(d,p) basis set for all atoms.
The structures were optimized without symmetry constraint (see Supporting Information). The
vibrational wavenumbers and normal modes were calculated within the harmonic approximation. A
scaling factor of 0.976 was chosen on the basis of previously published work [27]. For technical

constraints, calculations were only performed for diazonium cation.
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5.2.4 Results and discussion

Figures 1, 2, 3 and 4 compare Raman spectra obtained for A) the primary amines and B) the

corresponding synthesized diazonium salts.

The wavenumber of important peaks are reported in table 1 and their assignments have been provided
with the help of the literature [23,28,29]. It is worth noting that the spectrum obtained for aniline is in
a good agreement with the one provided by Badawier al. (2013) [23]. Most of their band assignments
were used as reference for this work.In addition, some interactions can occur between two salts in
crystalline state, especially for the DS-COOH because carboxyphenyl-derivatives are both H-bonding
donor and acceptor. The resonance of carbonyl group causes a negative charge at the oxygen which
can induce intermolecular hydrogen bonding, enhancing the formation of dimers. Thus, they
preferentially self-organize as dimers in the crystalline state [30-32]. To investigate the dimer
formation and to have a clear assignment of the Raman bands of the DS-COOH, DFT calculations
and Natural Bond Orbital (NBO) charges have only been performed. In this case, two models were
examined. The first one considers monomer units (named as CBN;) whereas the second one
considers dimers of DS-COOH (named as CBN, dimer). The main experimental features of DS-
COOH normal Raman spectrum are properly reproduced with the model CBN; (Figure 5 and Table
2). The comparison between the acquired and the predicted Raman spectrum is also presented on
figure 5 and the Raman band assignments of important peaks are reported on table 2. The crystalline
state of DS-COOH regarding CBN, and CBN,dimer models is discussed over the presentation of the

different investigated modes of the phenyl-derivatives.
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Figure 1: Raman spectra of aniline (black spectrum) and the corresponding diazonium salt:
benzenediazoniumtetrafluoroborate, DS (red spectrum).
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Figure 2: Raman spectra of 4-aminobenzoic acid(black spectrum)and the corresponding diazonium
salt: 4-carboxybenzene diazoniumtetrafluoroborate, DS-COOH(red spectrum).
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Figure 3: Raman spectra of 4-(2-Aminoethyl)aniline(black spectrum)and the corresponding
diazonium salt: DS-(CH,),NH(red spectrum).
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Figure 4: Raman spectra of 4-decylaniline (black spectrum) and the corresponding diazonium salt:
4-decyl benzenediazoniumtetrafluoroborate, DS-CoH> (red spectrum).
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Table 1: Universal band assignments for Raman spectra obtained experimentally for primary
amines and for the corresponding diazonium salts.

Raman wavenumber/cm™ Assignment
Amines DS

- DS- DS- DS-
Aniline COOH (CHZ)zNHz C10H21 DS COOH (CHZ)zNHz C10H21

Aromatic ring-N in
386 g
plane bending
619 638 643 644 617 637 640 639 Ring deformation[23]
755 743 p CH wagging[23,28]
o;m CH
814 828 822 822 796 820 819 wagging[23,28]
827 845 845 844 814 849 837 Ring breathing[23]
Ring deformation + ring
breathing for benzene
and mono-substituted
995 997 derivatives [23,28]
1027 1021 CC stretching vibration
(coupled with CH in
plane bending
vibration) [29,38]

C-C stretching
(aliphatic chain) [28]
CH in plane bending for
p-substituted and mono-

1073 1075 1076 1080 substituted benzenes
[12,28]coupled with C-
N stretching
m;p CH in plane
bending [23,28]
m;o CH in plane
bending [23,28]
ring-N str + ring

1279 1286 1279 1265 breathing + 0-CH in
plane bending [23]
1469 1459 1454 1456 CH, scissoring[43]
1602 1600 1611 1611 1570 1591 1588 1585 C=C stretching [23]
1748 %gg C=O0 stretching
2296 | 2305 2285 2294 N=N stretching [23,28]
Symmetric and anti-
28132986 | S0 28132986 | 20 | symmetric CH stretch
of n-alkanes [28]
3053- 3049- 3016- 3066 Aromatic CH stretch of

3071 3063 3014-3051 3057 3087 3096 3076 3077 benze1[12e3d2elg'i]vative

1067 1062 1082 1079

1154 1142

1175 1179 1177 1179 | 1174 | 1170vw 1198vw 1190vw

5.2.4.1 Raman characterization of the diazonium salts

N=N group vibrations

The particularity of diazonium salts is their N," function obtained by the oxidation of the
corresponding amine. The emergence of strong peaks observed at 2296, 2305, 2285 and 2294 c¢m™ for
DS, DS-COOH, DS-(CH;),NH; and DS-C,oH,; respectively (figures 1, 2, 3, and 4, Table 1) on the

salts spectra compared to the aniline ones can be assigned to the N=N bond [12,28]. In comparison
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with the experimental data acquired for each compound, DFT calculations performed on DS-COOH
revealed strong similarities in this spectral range (fig. 5). The calculated position for N=N stretching
mode was found at 2293cm™ for CBN, and at 2304 cm™ for CBN,dimer.Thesimilarity between the
theoretical position and the experimental one (N=N stretching mode for DS-COOH is recorded at
2305 cm™) strengthens the fact that the best model to reproduce the vibrational features of the normal

Raman spectra was a dimeric arrangement of diazonium cation via H-bonds.
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Figure 5: Comparison of the experimental Raman spectra recorded for DS-COOH and the
calculated vibrational features of the salt by considering monomers (CBN,) and a dimeric
arrangement via H-bonds (CBN;dimer).

According to Socrates [28], the position of N=N vibration mode is dependent on the nature of the
ring substituent located in the para-position of the diazonium salt. Observed results show that the
substituents have a rather low effect on the N=N fragment following the observed wavenumber shifts
(Table 1 and figure S2 in Supporting Information). Nevertheless, concerning DS-COOH, the COOH
electron-withdrawing tendency was confirmed by the calculation of the CnanNBO charges. Indeed,
the Cn=n(ps-coony NBO charges is equal to 0.012 in comparison with CN=N(DS)NBO charges which
is equal to 0.003. As a consequence, a shift of+9 cm-1 of the N=N vibration mode has been found for

DS-COOH in comparison with DS. The electron-withdrawing groups (i.e. COOH) induce an increase

of the contribution of a structure like {N*¥ and hence induce a shift of the N=N stretching vibration
to higher wavenumbers [28]. Latter explanation is consistent with the experimental observation since

the relative intensity of the N=N bond for DS-COOH is increased by 23% in comparison with DS,
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DS-Cy¢Hz; and DS-CH,CH,NHj; (figure S2 and table S2 in Supporting Information). On the contrary,
electron-donating groups located in para-positions induce an increase of the contribution of a
structure like *(ON"Nand hence, a decrease of the N=N stretching vibration wavenumber. Such
shifts are effectively observed on our experimental results since shifts of -11 cm-1 and -2 cm-1 of the
N=N vibration mode have been evaluated for DS-(CH,),NH, and DS-C,oH; respectively in
comparison with the one observed for DS. Between these two electron-donating groups (CHs; and
NH;), NH; has higher inductive effect (NH2substituent constants (op) = -0.66; CHs substituent
constants (op) = -0.17) [33,34]. Moreover, the inductive effect drops off rapidly with the number of ¢
bonds. That is why (i) the negative shift in wavenumber observed for N=N vibration of DS-
(CH),NH; is higher than the one observed for DS-CoH;;and (ii) the negative shift in wavenumber

observed for N=N vibration for DS-C;oHa,is not significantly different from the one observed for DS.

H-N-(ring) symmetric stretching mode

In addition to the occurrence of the N=N stretching vibration, the disappearance of the N-H
symmetric stretching is observed in the high wavenumber range 3250-3400 cm™ (Fig. 6) for the
primary amines. This observation indicates the successful synthesis of the diazonium salts with a high
production rate (confirmed by NMR study with the disappearance of the n band on the NMR spectra,

see Supporting Information).
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Figure 6: Comparison of aromatic C-H stretching and N-H stretching modes between the four
synthesized diazoniumsalts (B red lines) and the corresponding primary amines (A black lines).
Roman numbers from I to IV correspond to DS, DS-COOH, DS-(CH;);NH> and DS-C0H>,

respectively.
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Ring-N vibrational modes

According to Badawi er al. [23] and Wojciechowski ez al. [29], peak located at 386 cm™ for aniline
molecule (figure 1) corresponds to aromatic ring-N in plane bending. However, this vibrational mode
is less obvious for the para-substituted amines. Possible explanation is that, aromatic ring vibration
modes depend on the mass of the substituent [28]. Thus, in the range of 200-580 cm™, lots of
vibrational modes can be observed depending on the nature of the para-substituted group (figures 2,
3, 4). The same conclusion can be given for the range of 1250-1290 cm™ (another range where a band
corresponding to C-N vibration can be located). Raman bands for the amines observed between 1265
cm” and 1279 cm™ (Table 1) and assigned to ring-N stretching, ring breathing, ortho-CH in plane
bending [23] is no more observable in the spectra of the diazonium salts. This effect can be due to
significant structural changes and conformational rearrangements. Indeed, the theoretical and
experimental data provided by literature indicate that the neutral aniline in its ground electronic state
('41) is non-planar. The dihedral angle between the NH, plane and the C¢HsN plane has been
determined as 37+ 2° with the assumption that the C-N bond makes an angle of 1.5-2.3° [29]. In
comparison, the corresponding diazonium salt (aryl-diazonium) is a quasi-planar molecule [35], with
the assumption that the C-N bond makes an angle of 0.5° [36]. The main factor responsible for this
quasi-planarity is undoubtedly the strong through-bond interaction between the ring and the N,
group, which are known to be a strong electron donor and the strongest known electron acceptor,
respectively [35]. In agreement with the literature [29,35,37], this bond is lengthened such as the co-
planarity is maintained. Additional explanation could be related with the electron charge density
redistribution in the C-N bond. This is consistent with the observation that the diazonium group is

one of the most powerful c-electron and w-electron acceptors [37].

Benzene ring and C-H related vibrations

Comparing Raman spectra between amines and diazonium salts, several common bands related to the

benzene ring vibrations can be observed.

First of all, the strong band related to the benzene ring stretching mode (Table 1) can be noticed on
all Raman spectra in the range of 1585-1611 cm™. According to Wojciechowski et al. [29], this band
is essentially related to ortho-meta C-C stretching modes. From phenyl-amine derivatives to
diazonium salts, this band is the most significant signature of the benzene ring. In comparison with
the primary amines, this band is shifted to lower wavenumber for all salts. These shifts are close to 25
cm’ for all salts except for the DS-COOH, maybe due to the higher weight of the N, group compared
to the NH; that induces a decrease of the vibration frequency. In the case of the DS-COOH, a shift
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less than 10 cm™ is observed maybe due to the dimeric form of the salt that reduces the weight effect

of the N».

Two intensive and distinct peaks also assigned to the ring deformation and the ring breathing mode
(coupled with CH in plane bending vibration)of benzene and of mono-substituted derivatives are
found in the Raman spectrum of aniline at around 1000 cm™ (Fig. 1 and Table 1, trigonal ring
breathing vibration) and 1027 cm’ (Fig. 1 and Table 1) [29,38]. For DS, these bands are slightly
shifted at 997 ecm™ and 1021 cm™. In case of para-substituted amines and diazonium salts (di-

substituted benzene derivatives) these vibrational modes are not allowed [28].

Bands assigned to ring deformation (C=C—C in plane deformation) in the region of 617-644 cm’
(Table 1) are presented for both amines and diazonium salts. In agreement with Socrates [28], bands
shift to higher wavenumberfor para-substituted aromatic compounds in comparison with mono-

substituted compounds.

According to Badawi et al. (2013) [23], the vibrational mode located at 827 cm™ (Table 1) for aniline
can be assigned to a ring breathing mode (coupled with ring-N stretching and ring deformation). This
band is widely shifted to higher wavenumbers (844-845 cm™) for para-substituted amines. For
instance, shifts of -31 cm™ and -7 cm™ towards lower wavenumbers were observed for DS-COOH
and DS-CoH;,; respectively, comparing with their primary amines, whereas in the Raman spectrum
of the DS-(CH),NH; a shift of +4 cm” was found. Commonly for all substituted diazonium salts
intensity of this vibrational mode is strongly decreased and it is no more observed in Raman spectrum
of DS. Another vibrational mode at 814 cm™ assigned o,m-CH wagging (Table 1 and figures 2, 3 and
4) was found to behave in similar manner as previously described for the ring breathing mode. The
shift of these bands can essentially be due to structural changes and conformational rearrangements

caused by the presence of the N,  [35,37].

Conceming the ring C-H related vibrations, bands assigned to (i) p-CH wagging (coupled with ring-N
wagging and o-CH wagging) at 755 and 743 cm(table 1) and (ii) m,p-CH bending (coupled with
ring deformation) at 1154 and 1142 cm’'(table 1) are only observed for aniline and DS, due to mono-

substitution.

The very strong band observed around 1075 cm™ and related to the CH in plane bending (coupled
with ring-N stretching mode) for mono- and para-substituted benzenes observed in spectra of the
diazonium salts is of particular interest (Figure 1red spectrum as well as figure 2, 3and 4red spectra;
Table 1). The observation of this band constitutes the most astonishing phenomenon. This

characteristic band can be assigned to the electron charge density redistribution within the structures
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caused by the presence of N,". It constitutes the indisputable signature of the phenyl-derivatives

stemming from diazonium salts.

According to the literature, aromatic C-H symmetric and anti-symmetric stretching modes occur
above 3000 cm™ and exhibit a multiplicity of weak to moderate bands [39].In comparison with
amines, CH stretching (table 1) is shifting towards the higher wavenumber for the diazonium salts
(Fig. 6). This shift indicates a strengthening of the C-H bond maybe due to a new charge distribution
on the ring after the substitution of the NH, by the N, [29]. Obtained result is in good agreement

with ones provided by literature for aniline and its corresponding diazonium salt [29,35,37].

Functions in para- position carried by the aromatic ring

With regards to the different para functions in para- position carried by the aromatic ring (i.e. COOH,
(CH),NH; and C,oHz;), some characteristic bands have been identified.

Conceming (CH):NH,, CioHz; and their corresponding diazonium salts, symmetric and anti-
symmetric CH3 stretches of n-alkanes as well as symmetric CH» stretch of n-alkanes have been
identified clearly in the range of 2813-2986 cm™ (figures 3 and 4, table 1). In addition, C-C stretching
mode in the range of 1062-1082 cm'(table 1) and CH, scissoring in the range of 1454-1469 cm™
(table 1). Some significant changes in the peak position or intensity can be noticed, meaning that the
simple modification of the molecule from the aniline form to the diazonium salt could have strong

influence on the vibrational modes of the alkyl chain in para-position.

Concerning aminobenzoic acid derivatives (figure 2, Table 1), the weak bands observed in the 1700-
1750 cm™' region are characteristic features of the carboxylic group due to the C=O stretching
vibration. They were respectively assigned to the symmetric and the antisymmetric stretching
vibrations at 1708 and 1732 cm™. The antisymmetric stretch is usually seen at a higher wavenumber

than the symmetric one [40]. With regards to DFT calculations (figure 5, Table 2), the CBN; model
simulated spectrum predicts a single C=O0 stretching mode, veym(C=0)cpn2, at 1778 cm™. This result

is in good agreement with the literature [28]: when the carbonyl is not interacted by hydrogen bond
(the monomer case), the stretching bands appear in the range 1760-1735 cm™. In comparison, the

dimer should be characterized by two C=O stretching modes, respectively the symmetric C=0
stretching mode (Vsym(C=O)cBN2dimer) at 1683 cm’ and the antisymmetric C=0 stretching mode
(Vasym(C=O)cBN2 dimer) at 1729 cm™. With regards to the Raman calculations of the C=0 stretching
mode in the CBN; model (vgym(C=O)cpn2 at 1778 cm™), the theoretical shift towards the lower

wavelength of the symmetric C=O stretching mode in the dimer (Vsym(C=0)cBN2 dimer at 1683 cm'l) 18

due to the change in the polarizability of the CO group induced by the hydrogen bonding. One can
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notice that the simulated Raman spectrum for CBN; dimer only exhibits this later symmetric mode
(Veym(C=O)cBN2dimer) at 1683 cm™. This is in agreement with the fact that CBN, dimer features a
center of symmetry imposing the mutual exclusion rule for vibrational modes. In this framework, the
Veym(C=0)cBN2dimer 15 Raman active while Vaym(C=O)cBN2 dimer 1S Raman inactive. This mutual

exclusion rule explains why the simulated Raman spectrum for an isolated CBN,dimer exhibits only

the symmetric C=O0 stretching.

However, the same dimer considered in the crystal packing presents a lower symmetry which
suspends the mutual exclusion rule; both vem(C=0)cBN2dimer and Vagym(C=O)CBN2 dimer becoming
Raman active. This is consistent with the observation of two peaks onto the experimental Raman
spectrum of DS-COOH for both the symmetric and the antisymmetric C=O stretching modes. The
shift towards the higher wavenumber observed experimentally for the symmetric C=O stretching
(from the theoretical Veym(C=O)cBN2 dimer Value calculated at 1683 cmlto the experimentally
Veym(C=0O)ps.coon measured value at 1708 cm™) is assumed by the presence of the BF, into the
crystalline structure of DS-COOH in agreement with the effect provided by the electronegative atoms
which increase the C=0 stretching vibration wavenumber [41,42]. In addition and in agreement with
the results shown on table 2, the similarities between the experimental and the theoretical position
ofv(N=N), v(C=C), ring breathing (and v(C-H) in plane, vgm(C-N), vsym(CO-H) as well as v(C-H) in
plane) confirm the fact that the best model to reproduce the vibrational features of the normal Raman

spectra is a dimeric arrangement of DS-COOH via H-bonds.

Table 2: Comparison of the experimental and calculated wavenumbersconsidering CBN; and
CBN,dimer for modeling.Assignments of the main peaks.

DS-COOH CBN, CBN, dimer
Experimental/ Calculated/ Assignment Calculated/ cm™ Assignment
cm’! cm’!
2305 2293 v(N=N) 2304 v(N=N)
1778 Vem(C=0)
1708 1684 vem(C=0)
1732 x Vasym(C=0)
1591 1588 v(C=C) 1590 v(C=C)
1293wwv 1344 8(CO-H) 1271 3sym(CO-H)
1165 4(C-H) in plane and §(CO-
H)
1127 ww 1122 O(C-H) in plane
1075 1093 8(C-H) in plane, v(C-N) and 1090 8(C-H) in plane, vgm(C-N)
v(C-0)
814 797 Ring breathing 807 Ring breathing

xCalculatedCBN, dimer features a center of symmetry imposing the mutual exclusion rule for
vibrational modes. In this framework, the v4m(C=0) is Raman while v,,m(C=0) is Raman inactive.
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5.2.5 Conclusion

The first stage of this work has consisted in the complete Raman characterization of the synthesized
diazonium salts in comparison with Raman spectra provided for amines. Raman investigation of
synthesized diazonium salts confirmed the existence of the stretching of the N=N bond in the
expected spectral range: 2285-2305 cm™ (2296, 2285, 2305, and 2294 cm™ for DS, DS-COOH, DS-
(CH),NH; and DS-C,oHaz;, respectively). The disappearance of the H-N-(ring) symmetric stretching
observed in the range 3299-3361 cm™ for the primary amines is another evidence of effectiveness of
the salt synthesis. Moreover, from our results, we can assess that the very strong band related to the
combination of both (i) CH in plane bending for mono- and para-substituted benzenes and (ii) C-N
stretching observed in the range 1073-1080cm™ constitutes an actual spectral signature of the phenyl-

derivatives stemming from diazonium salts.

Furthermore, the whole characterization of the fate of phenyl-derivatives has also been examined and
discussed by using Raman spectroscopy(N=N group vibrations, H-N-(ring) symmetric stretching
modes, ring-N as well as benzene ring vibrational modes, C-H related vibrations and para functions
carried by the aromatic ring). In this study we notably took into account both (i) the effect of the
structural changes as well as conformational rearrangements from the amine to the diazonium salt
and (ii) the influence of the substituent located in the para position (i.e. the nature and force of the
mesomeric effect of the substituent) on the Raman modes. Raman experiments were in good
agreements with the DFT modelling that has allowed us to determine the crystalline structure of the

DS-COOH.
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5.3.1 Abstract

The development of analytical tools allowing on-site accurate and sensitive measurements is of
primary importance and would be a very meaningful innovation, especially for the organic
compounds sensing. Their development also denotes a serious challenge in terms of sensitivity,
accuracy, repeatability and robustness. For this purpose, electron beam nano-lithographed gold
nanostructures have been selected as the best analytical tool for the development of reproducible
SERS sensors. In addition, surface functionalisation via diazonium salts has been considered as
attractive methods to develop robust sensors. In this context, tailoring the surface chemistry of the

SERS substrates has been one of the first key factors of this work.

This paper provides the vibrational characterization of four selected diazonium salts and their phenyl
derivatives grafted the SERS active surfaces using Raman and SERS spectroscopy. When possible,
RAMAN and SERS experiments were combined with DFT modeling. In addition, XPS on
functionalised plane gold was realized in order to examine and comfort the nature of the interface

between surface and the organic coating.

Results provided by SERS, XPS and DFT calculations led us to conclude that the spontaneous
grafting realized on gold in case of DS-COOH is providing Au-ring-N=N-R linkage coating like

structure.
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5.3.2 Introduction

Thanks to (i) the improvement on electronics that led to miniaturize RAMAN spectrometer [1], (ii)
the great progress of nano-scale technology of nanosensors, essentially based on colloid systems
[2;3], and (iii) surface chemistry applying Self-Assembled Monolayers (SAMs), Surface Enhanced
Raman Spectroscopy (SERS) has been identified as a promising tool for sensing on-site [4;5;3;6-10].

Among the investigated strategies for the development of robust devices, surface functionalisation via
diazonium salt has been selected as one of the most powerful altemative to SAMs. Indeed,
immobilization of aryldiazonium is a versatile method, allowing stable grafted organic layers, bearing
a wide range of functional groups. The grafting can be accomplished by either chemical (spontaneous
grafting) [11-14], electrochemical [15-17] or physical [18] methodologies. However, the surface
functionalisation using diazonium salt is still under investigation due to the existence of several
grafting pathways. Indeed, according to literature [11;13], grafting via diazonium salt involves a
reductive electron transfer from the conductive or semi-conductive surface to the diazonium salt
concerted with the cleavage of dinitrogen [19]. This phenomenon leads to the generation of aryl
radicals, followed by the binding of these radicals to the surface via carbon-metal covalent bonds
(Figure 1 A) [20]. In this case, SERS technique has been used to ascertain the existence of covalent
bonds between gold surface and the coating [14]. Aryl radicals can also bind to aromatic rings
already attached to the conductive surface (Figure 1 B) [20]. The thickness of the coating can vary
from a monolayer (thickness ~1 nm) to 5 nm thick multilayers [21]. In addition to these two
pathways, the direct reaction of the diazonium cation with surface functional groups [22] (Figure 1 C)
as well as the formation of an azophenyl radical after diazonium salt reduction and its direct bond (i)
to the conductive surface (Figure 1 D) [23] or (i) to an aromatic ring already attached to the

conductive surface (Figure 1 E) [24;22] have also been reported.
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Figure 1: Different pathways for aryl derivatives grafting to conductive surfaces.

These phenomena (corresponding to Figure 1 C, D, E) were essentially evidenced by X-ray
photoelectron spectroscopy (XPS) due to the presence of a peak at 400 eV in the nitrogen Is core-
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level spectral region. Belanger and co-workers were the first to claim the presence of azo groups onto
carbon-based substrates functionalised by electrochemistry [22] and by spontaneous grafting [25],
even for the achievement of monolayers [25]. This last observation was attributed to the coupling of
the diazonium cations with carbon surfaces having phenolic-type oxygenated functionalities to form
an azo bond (Figure 1 C). In 2012, Ricci et al.[23] have provided some evidence of the formation of
an azo bond on gold substrates after the electroreduction of carboxybenzenediazonium salts,
particularly by using the 4-amino (2,3,5,6-tetrafluoro)-carboxybenzenediazonium salts, which is
likely to form monolayers due to hindrance to the 3- and 5-positions on phenyl ring [26]. According
to the authors, the formation of the azo bond on gold was evidenced by the presence of both (i) the N
1S peak observed at 400eV by XPS and (ii) the presence of an azo stretching mode (UN=N) observed
at 1392 cm™ by Polarization Modulation-Infrared Reflection-Adsorption Spectroscopy (PM-IRRAS)
[27]. Also in 2012, Mesnage et al., [28] have provided some evidence of the formation of an azo
bond on gold substrates that were spontaneously functionalised by using NO,, Br- and CHj3S-
diazonium slats. The Au-N bond was evidenced by XPS due to the presence of a peak containing

gold nitrides at 398.1 eV.

Whatever the pathway of the surface functionalisation by using diazonium salts, the robustness of the
grafted layer has already been demonstrated [16;29;30]. However, in order to apply diazonium salt-
based sensor for molecular sensing by SERS, exhaustive surface analysis and vibrational modes
identification is of primer importance. In this context, tailoring the surface chemistry of the
diazonium salt-based gold nano-structures (DS-based GNS) as SERS substrates is one of the first key

factors for successful applications in sensing.

This study provides the characterization of the fate of phenyl derivatives: from the diazo-phenyl
derivatives to grafted layers by using SERS spectroscopies. SERS substrates were fabricated by
electron beam nano-lithography (EBL) that has been identified as one of the most appropriate
approach to control the geometrical parameters of the sensitive part of the optical support (size, shape
and disposition of gold nanostructures) and prepare well defined and reproducible nanostructured
materials [31]. Four diazonium salts were selected to be used such as to develop “long life” robust

SERS sensors that could provide accurate and reproducible detection of organic compounds:
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— Benzenediazoniumtetrafluoroborate (DS) as model system and in addition for pollutant pre-
concentration because of the availability of the cycle for n-n stacking.

— 4-decyl benzenediazoniumtetrafluoroborate (DCoH,;) featuring a long hydrophobic chain
that could be helpful for the pre-concentration of apolar molecules.

- 4-carboxybenzene  diazoniumtetrafluoroborate =~ (DS-COOH) and  4-(aminoethyl)
benzenediazoniumtetrafluoroborate (DS-(CH,),NH,), for both (i) the pre-concentration of
polar molecules and (ii) offering reactive functionalities (NH,, COOH) for (bio)chemical
coupling.

The effective chemical grafting was examined by comparing Raman spectra obtained for each

synthesized diazonium salts with the SERS spectra of phenyl derivatives grafted to GNS.

In addition, X-ray photoelectron spectroscopy (XPS) was preceded on the grafted plane gold surfaces
to examine the nature of the interface between the GNRs and the organic coating. Finally, Density
Functional Theory (DFT) calculations has been performed on SERS spectra of DS and DS-COOH
based sensors in order to provide a better insight on the bands assignment and to support SERS

spectra interpretation.

5.3.3 Methods

5.3.3.1 Materials and reagents

Sodium tetrafluoroborate (NaBFy), diethyl ether (>98%, ACS reagent),
benzenediazoniumtetrafluoroborate, 4-decyl benzenediazoniumtetrafluoroborate, 4-carboxybenzene
diazoniumtetrafluoroborate, 4-(aminoethyl) benzenediazoniumtetrafluoroborate, sulfuric acid (0.1
mol L), were purchased from Sigma Aldrich. Ethanol (96%, technisolv) was purchased from VWR;
Methanol (100%, Reg.Ph.Eur) from Prolabo. Suprapur sulfuric acid (95-98%) was supplied by JT

Baker. NaNO; “cristallisépur” was obtained from Labosi.

5.3.3.2 Diazonium salt synthesis

The synthesis of diazonium salts was done according to the reaction between aryl amines and a
sodium nitrile at 0°C [32]. Briefly, 4 10”°mol L of the amine was dissolved in HBF4 acid solution;
the solution was allowed to cool for 15 min. Sodium nitrite (4.3 10~ mol dissolved in milliQ water)
was added dropwise to the acidic amine solution under stirring. The mixture was allowed to react for
40 min. A precipitate appears in the solution which was then filtered and rinsed with glacial ether.

The salt was then dried under vacuum and kept at - 20°C.
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5.3.3.3 SERS substrates

Gold was chosen as the most robust material for the elaboration of nanostructures on borosilicate
glass substrates because of its resistance through time, its ruggedness and the possibility to be used in
all aquatic environments. Electron Beam Lithography (EBL) and Lift-off techniques were used in
order to fabricate the nanostructures of desired shape, size and arrangement [31] ensuring control of
geometrical parameters for reproducible substrates. Gold nanostructures (GNS) were displayed in
patterns (50pm x 50pm) with arrays of GNS diameters varying from 100 nm to 200 nm. The height
of GNS was set to 60 nm evaporated on 3 nm of chromium as an adhesive layer. The gratings

between nanocylinders were kept constant to 200 nm (from edge to edge).

Prior any experiment fabricated GNS were cleaned using UV-Ozone (PSD-UV - Benchtop UV-
Ozone Cleaner, Novascan) for 20 min. Substrates were then rinsed four times by immersion in

ethanol. If necessary, a second washing cycle procedure was realized.

5.3.3.4 Surface functionalisation

Chemical grafting was used to functionalise the gold nanostructures for SERS-based surface
investigation (Figure 2). For this purpose, SERS substrates were immersed in 10 mL solution of the
diazonium salt (10°mol L) dissolved in H,SO4 (10?mol L) during 12 hours at 4°C under mild
stirring (orbital stirring table). They were then rinsed 3 times by immersion into milliQ water 10 mL

over 10 min and dried under nitrogen.

1mMin 10 mM @ W
of Hy50, buffer ) :

12h at4°C

E v o
Nanocylinders made by EBL 1
Ng@*R R H DS

-COOH DSCOOH

<{(CH,),ANH,  DS[CH,),NH,

-CygHz DSCyoHy

Figure 2 Graphical illustration on studied SERS active nanosensors prepared using four different
diazonium salts.

5.3.3.5 Optical measurements

Raman measurements were pursued synthesized diazonium salts with the Labram HR800 system
using 691 nm excitation line of Thorium-Argon (Th-Ar) laser. The scattered light was collected by an
objective of 100 fold magnification (0.9 N.A.). SERS measurement were performed in back
scattering geometry, with i) 660 nm Helium-Neon (He-Ne) laser (Xplora micro-spectrometer) and ii)

691 nm Th-Ar laser (spectrometer). The spectral resolutions of 3 cm™ and less than 2 cm™ were
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obtained by using Xplora and Labram HR800 spectrometers, respectively. The laser power density as
well as the accumulation time and number of repetitions were varying in order to obtain good signal
to noise ratios. The extinction spectra were recorded in transmission configuration with Xplora

micro-spectrometer using objective of 20 fold magnification (NA 0.4).

5.3.3.6 Computational details

All calculations were carried out using the Gaussian 09 suite of programs [33] using the B3LYP
exchange and correlation functional [34] [35] along with the 6-311++G(d,p) basis set for all atoms
but gold [36] [37]. The LANL2DZ basis set consisting of Effective Core Potential (ECP) and double-
€ quality functions for valence electrons was employed for Au [38]. The structures were optimized
without symmetry constraint (see Supporting Information). The vibrational frequencies and normal
modes were calculated within the harmonic approximation and a scaling factor of 0.976 was chosen

on the basis of previously published work [39].

5.3.4 Results and discussion

5.3.4.1 Raman and SERS measurements/DFT calculations

In order to control/comfort the nature of the interface between the GNRs and the organic coating, the
characterization of the diazonium salts and their formed layers on the nanostructured surface has been
examined by Raman and SERS. This section details the different pathways related to (i) the benzene
ring, (ii) the C-H related vibrations, and (iii) the para functions beared by the aromatic cycle (i.e.

COOH, CH,CH;NH; and CoH2)).

Figures 3, 4, 5 and 6 compare RAMAN and SERS spectra obtained for synthesized diazonium salts
(red spectra) and the diazonium-based GNS (blue spectra).
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Figure 3: Raman spectra of DS (red) and SERS spectra of the DS based GNS (blue).
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Figure 4: Raman spectra of DS-COOH (red) and SERS spectra of the DS-C ;oH,;-based GNS (blue).
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Figure 6: Raman spectra of DS-C9H,; (red) and SERS spectra of the DS-C9Hz;-based GNS (blue).
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The frequency of important peaks are reported in table 1; assignments have been provided with the
help of literature [40-42]. DFT calculations and NBO charges have only been performed for DS,
DCOOH.

Table 1: Band assignments for RAMAN and SERS spectra obtained for the synthesized
diazonium salts and functionalised nanostructures.

Ne° DS diazonium-based GNS Assignement
DS DS- DS- DS- DS DS- DS- DS-
COOH | (CH2),NH, | C;Hy COOH | (CH2),NH, | C;Hyn
1| 2296| 2305 2285 2294 N=N stretching [40;41]
3| 1570 1591 1588 1585 1577 1585 1590 1588 C=C stretching [40]

Ring deformation +
ring breathing for
997
4 1021 999 vw benzene and mono-
substituted
derivates[40;41]

617 637 640 639 Ring deformation[40]

814 849 837 Ring breathing[40]

o;m CH wagging
796 820 819 [40:41]

743 p CH wagging [40;41]

O |0 9 [N

m;p CH in plane
1162 1138 bending [40;41]

CH in plane bending
for p- and
monosubstituted
benzenes [14;41]

10| 1073 1075 1076 1080 1072 1075 1076 1077

m;0 CH in plane

11| 1174| 1170vw 1198vw 1190vw | 1182 | 1177vw 1183 vw 1180 vw bending [40:41]

Aromatic CH stretch of]

12| 3087|3096 3076 o benzene derivative
[40:41]
Symmetric and anti-
13 28132086 | 2013 28132956 | 231 | symmetric CH stretch
2986 2970
ofn-alkanes [41]
C-C stretching
14 1082 1079 (aliphatic chain) [41]
5 1454 1456 1455 vw | 1449vw | CH,scissoring[43]
1732 B ,
16 1708 1708 C=0 stretching

5.3.4.2 Raman characterization of the diazonium salts

The particularity of diazonium salts is their N," function obtained by the oxidation of the
corresponding amine. According to Socrates [41] and Laurentius et al. [14], diazonium salts have a
strong band in the region of 2300-2130 cm™ due to the stretching mode of the N=N bond. Raman
investigation of synthezised diazonium salts confirmed the existence of this later mode in the given
area. More precisely, the emergence of strong peaks observed at 2296, 2305, 2285 and 2294 cm’ for
DS, DCOOH, D(CH;),NH; and DC,oH»; respectively (figures 3, 4, 5 and 6, Table 1 N°1). DFT

calculations performed on DS and DSCOOH compounds revealed strong similarities in this spectral
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region. For instance, the N=N stretching mode calculated for DS was observed at 2291 cm™ while
experimentally observed same mode was at 2296 cm™. Comparing Raman and SERS spectra later
peak is absent in SERS spectra for all diazonium salts giving the first proof of efficient

chemisorption.

Further comparison of Raman spectra of diazonium salts and SERS spectra of grafted phenyl

derivatives, several common bands related to the benzene ring vibrations can be observed.

First of all, the strong band related to the benzene ring stretching mode (Table 1 N°3) can be seen in
both Raman and SERS spectra in the range 1585-1611 cm™. According to Wojciechowski et al.
(2003) [42], this band is essentially related to stretching modes of aromatic C2-C3 and C5-C6. For all
investigated diazonium salts including their grafted layers, this band is the most significant signature
of the benzene ring. In case of phenyl derivatives grafted to a GNS, this vibration is one of the mainly
enhanced modes. This observation can be explained by the surface selection rules [44]: the
vibrational modes that involve a large change of the polarizability perpendicular to the metal surface
should be the most enhanced. In SERS spectra of functionalised nanostructures (figure 3, 4, 5, 6 blue
spectra), this band is followed by a shoulder observed at the higher wavenumber. According to Liu et

al. (2010) [45], it can be assigned to a charge transfer from grafted phenyl derivatives to the gold.

Retaining on C=C—C related vibrations, two intensive and distinct peaks assigned to ring deformation
and ring breathing for benzene and mono-substituted derivatives are found just in the Raman
spectrum of DS at around 997 cm™ (Fig. 3 and Table 1, N°4: trigonal ring breathing vibration) and
1021 cm™ (Fig. 3 and Table 1, N°4: CC stretching vibration coupled with CH in plane bending
vibration) [42]. For DS chemisorbed onto the GNCs just were weak intensity peak can be observed at
999 c¢m™. On the other hand, in the case of para-substituted diazonium salts these vibrational modes

are not evidenced [41].

Bands assigned to ring deformation (C=C—C in plane deformation) in the region of 617-644 cm’
(Table 1, N°5) are presented for all diazonium salts. In agreement with Socrates [41], bands shift
towards the higher wavelengths for para-substituted aromatic compounds in comparison with mono-
substituted compounds. These bands are also no more found in SERS spectra of grafted phenyl
derivatives. As well as the ring deformation mode observed in Raman spectra of para-substituted
diazonium salts [40]. Peaks related to this vibration were observed at 814 cm” for DS-COOH and it
has shifted towards higher wavenumber (849-837 cm™) for DS(CH),NH, and DSC joH,,.

Of particular interest is the very strong band related to the CH in plane bending for mono- and para-
substituted benzenes observed in spectra of the diazonium salts and their grafted layers (Figure 3, 4,

5, 6 Table 1, N°10). The obtainment of this characteristic band can be attributed to the electron
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charge density redistribution within the structures caused by the presence of N, BF, for diazonium
salts and of metal for grafted phenyl derivatives. Conceming SERS spectra of diazonium salt-based
grafted layers, registered enhancement of this later CH in plane bending mode, suggests that the
chemisorbed molecules have adopted a perpendicular orientation with respect to the Au surface [46],
in agreement with the previous observation done for the ring deformation mode detected at 1585cm™.
This prediction is also confirmed by the presents of m,0-CH in plane bending mode at 1177-1179 cm’
!(Table 1, N°11) seen for all grafted phenyl derivatives.

Conceming different para functions carried by the aromatic cycle (i.e. COOH, CH,CH,NH, and
CioHz1), some characteristic bands have been identified. For (CH,),NH,, CoH2; bearing diazonium
salts, symmetric and anti-symmetric CHj3 stretch of n-alkanes as well as symmetric CH; stretch of n-
alkanes have been clearly identified in the region 2813-2986 cm™ (table 1, N°13) (for DSCOOH, the
presence of bends at this region (2815-2956) is due to substrate contamination by polymeric organic
substances). In addition, C-C stretching mode in the region of 1079-1082 cm™ (table 1, N°14); and
CH, scissoring in the region 1454-1456 cm™ (table 1, N°15) were also observed in case of
compounds bearing donating group in para position. Later bands intensity is strongly deminished in
spectra of DS(CH;),NH, and DSC,oH;; grafted on GNS. This can be explained by steric hindrance
caused by means of the disordered grafted carbon chains. Concerning DSCOOH derivatives (figure 4,
Table 1 N°16), the weak and very weak bands observed in the 1700-1800 cm™' region are the
characteristic features of the carboxylic group due to the C=0 stretching vibration. In agreement with
the calculations providing a dimeric arrangement for DCOOH via H-bonds, the Raman spectrum of
DCOOH (figure 3) exhibits two C=O stretching vibrations, the symmetric and the antisymmetric
stretching vibrations, respectively at 1708 and 1732 cm™. The antisymmetric stretch is usually seen at
a higher wavenumber than the symmetric one [47]. Concerning the grafted nanostructure, a very

weak band is observed at 1708 cm™.

5.3.4.3 Investigations of nature of the interface between the surface and the coating

The successful chemisorption of the phenyl derivative molecules onto the gold nanostructures (GNS)
have been evidenced in SERS spectra (fig. 3, 4, 5, 6) by observing both: (i) the absence of the
characteristic N=N group vibration band and (ii) the presence of the strongest characteristic bands of

diazonium salts (Table 1, N°3, N°10, N°11).

The grafting of DSCOOH derivative on the gold SERS substrates was modeled by DFT. The
spontaneous grafting of DSCOOH on gold surface could proceed through dediazonation leading to
the carboxyphenyl-gold adduct with formation of Au-C bond (CB-Au) or through the cationic
mechanism leading to azo adducts with formation of Au-N bond (CB-N;-Au). In addition to the
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monolayer models on gold surface, the grafting of multilayers of aryl groups was also considered

using biphenyl adducts on gold. (see Supporting Information Fig. S1) [48].

The confrontation of experimental SERS spectra with the simulated spectra of CB-Au and CB-N,-Au
shows that the main features are reproduced. However, the strong band predicted by DFT at 1720 cm’
! and correponding to the C=0 stretching mode v(C=0), is absent in the experimental SERS
spectrum. Previous SERS studies on the adsorption of benzoic acid on silver highlighted the
influence of the pH on the v(C=0) band. The latter proved to be absent in the recorded normal

Raman spectra for benzeoic acid dissolved in solution at pH=13.
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Figure 7: Comparison of the experimental SERS spectra recorded for DS-COOH with the spectra
obtained by DFT modeling for different adducts.

In our case, given that after incubation of GNS arrays in DSCOOH solution, the functionalised
platform was washed several times with water at neutral pH, the resulting carboxyphenyl layer is
likely in the carboxylate form. Therefore, the possibly of deprotonated monolayer were modeled by
DFT as CBoate-Au and CBoate-N2-Au (see Fig. 7). As expected, the stretching mode v(C=0) is in
those cases are absent. In addition, the model CBoate-Au seems to be the best model to reproduce the

spectral characteristics of the experimental SERS both in terms of position and intensity.

5.3.4.4 XPS measurement

In order to confirm the hypotheses on the nature of the interface between surface and the organic
coating drawn from obtained SERS and DFT calculations, the XPS measurement were performed on

planar gold samples functionalised by DSCOOH via spontaneous grafting.

The Cls, N1s and Au4f high resolution XPS spectra (HR-XPS) are shown in Figure 8. The Carbon 1s
region displays three components at 284.6, 286. And 288.7 eV assigned to CC/CH, C-O, and COOH
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groups respectively. However, observation of an Au-C bond by XPS was impossible due to the non-
significant difference in electronegativity between carbon and gold atoms (yc = 2.55 and yAu = 2.54
using the Pauling scale). The N 1s region revealed a component attributed to -N=N— bonds found at
399.7 eV [49;22;25;28], demonstrating the multilayer linkage via azo bonds.. In agreement with [28],
no Au—N bonds could be observed in the spectra corresponding to the COOH-DS-based coating.
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Figure 8: HR-XPS spectra of C Is (left panel) and N s (right panel) regions recorded for DSCOOH
adsorbed on planar gold film. The overall fitted data are reported as red line.

5.3.5 Conclusion

In this study the tailoring the surface chemistry of the developed grafted gold nanostructures as SERS
substrates has been selected as the first key factor for the implementation of the sensors. For this
purpose, the phenyl derivatives were characterized using Raman and SERS spectroscopies. When
possible, RAMAN and SERS experiments were combined with DFT modelling. The obtainment of
bands related to CH in plane bending for p-substituted and mono-substituted benzenes (observed in
the range 1075-1074 cm™) and with aromatic ring deformations found in the range of 1570-1591 cm’
brought irrefutable evidence of the phenyl derivatives based coating formation on nanostructured
substrates. Comparison of SERS spectrum for DSCOOH coating with the spectra of different adducts
modelled by DFT led to the conclusion that DSCOOH grafting to a GNSs was driven by radical
mechanism ensuring C-Au covalent bond. In addition, results obtained by XPS showed that no
presence of Au—N bond confirming latter assumption. On the other hand, the N Is region found
component attributed to -N=N— bonds suggest the multilayer formation linked via azo bonds. Thus,
all results provided by SERS, DFT calculations and XPS led us to conclude that the spontaneous
grafting realized on gold via DS-COOH is in good agreement with the achievement of a coating like

structure E represented in Figure 1.
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54.1 Abstract

New type of nanosensor for SERS based environmental pollutants detection is presented. This work
was essentially conducted on Polycyclic Aromatic Hydrocarbons (PAHs): naphthalene (NAP),
fluorenthene (FL) and benzo[a]pyrene (BaP).Commercially available SERS substrates based on gold
nanostructures (GNS) were chemically functionalised using diazonium salts. SERS analyses have
then been conducted with DS-based GNS and DC;oH;-based GNS in order (i) to investigate the
capability of nanosensor to pre-concentrate and sense the organic pollutants alone and in mixture and
(i1) to compare the influence of the group borne by the grafted GNS and (iii) to select the most
appropriate coating for PAHs sensing. Targeted molecules were measured in water/methanol (9/1
v/v) samples. Investigation of solutions containing different concentrations in the range of nmol.L™ to
umol.L™ led to establish the calibration curves and to determine the performances of the sensors.
DC,oHzi-based GNS was selected as the most efficient. The calculated LOD and LOQ were
respectively (i) 0.091 ppm (0.45 umol/L) and 0.277 ppm (1.4 umol/L) for FL, (ii) 0.045 ppm (0.18
umol/L) and 0.138 ppm (0.5 pmol/L) for BaP and (iii) 0.045 ppm (0.18 umol/L) and 0.138 ppm (0.5
pmol/L) for NAP. The examination of the correlation between the calculated LOD values and the
Kow factor of investigated PAHs suggested the suitability of developed nanosensor for the pre-
concentration of highly non-polar PAH compounds. Moreover, since targeted molecules pre-
concentration was essentially based on weak forces (hydrophobic and n-m stacking interactions),

surface regeneration step was optimized.
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54.2 Introduction

Within the scopes of the latest European Water Framework Directives (2000/60/EC, 2006/118/EC
and 2006/11/EC), the development of analytical tools allowing on-site accurate and sensitive
detection of pollutants in the environmental waters is of primary importance concern. While
extensive efforts have been devoted to develop highly sensitive, reproducible, accurate and robust
analytical sensors for on-site or in situ monitoring of trace elements (i.e. qualitative and quantitative

analysis) [1-8], considerable attention has to be provided for organic contaminants.

Among the strategies investigated to achieve this need, novel extraction techniques have been widely
reported. Solid phase microextraction (SPME) [9-12] or stir bar sorptive extraction (SBSE) [13]
combined with gas chromatography (GC) [14-16], high performance liquid chromatography (HPLC)
[17;16], mass spectrometry (MS) [18], Raman spectroscopy [11] or capillary electrophoresis (CE) led
to accurate results down to pg.L™ for chlorinated solvents [17], BTEXs [11], and polycyclic aromatic
hydrocarbons (PAHs) [10;16]. Despite high sensitivity, suggested procedures using these passive
sensors do not overcome the limitations for on-site monitoring: co-injection of solvents [19;20] and

handling desorption procedure under high temperature or pressure [21].

New alternative methodologies, with similar performances have thus been investigated for this
purpose. Due to the sensitivity up to ng.L”, a considerable interest has been devoted on piezoelectric
chemical sensors (quartz crystal microbalance, QCM) [22-32]. It has been demonstrated that QCM is
a relevant tool to investigate the pre-concentration of organic contaminants using coated polymers or
calixarenes. [23;33;24-30;32]. However, QCM based sensors application for simultaneous detection
of organic compounds in natural samples has not been reported; probably due to their lack in

molecular recognition.

In comparison, latter issues related to the molecular identification in complex environmental
conditions can be defeated by exploiting Surface Enhanced Raman Spectroscopy (SERS). SERS is a
powerful technique providing the enhancement of Raman signal by both electromagnetic and
chemical effects. The first comes from the interaction between the incident light and the metallic
nanostructures inducing a local enhancement of the electromagnetic field though the excitation of
localized surface plasmon [34-36]. As a consequence the Raman signal of any molecule located at the
close vicinity of the nanostructure surface can be enhanced up to 10® folds [37-39]. The second effect
contributing in Raman signal enhancement up to 10 folds is due to electronic interaction between the
molecules and the metallic nanostructure (i.e. charge transfer between surface and chemisorbed

molecules) [40]. Based on nanostructured metallic surface, SERS nanosensors are able to detect very
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low concentration of analyte thus, to reach high sensitivity and low limit of detection down to the

individual molecule [41] [42] [43].

Thanks to (i) the improvement on electronics that led to miniaturize Raman spectrometer [12], (ii) the
progresses of nano-scale technology of nanosensors, essentially based on colloid systems [44;45],
and (ii1) the surface chemistry (i.e. Self-Assembled Monolayers (SAMs)), SERS has already been
identified as a promising tool for on-site monitoring of organic contaminants at the ng.L™" level
[46;47;45;48-52]. However, despite great improvements made to produce colloidal nanostructures
with controlled size and shape [44;45], such SERS nanosensors encounter a major drawback related
with a poor SERS signal reproducibility due to uncontrollable aggregation of metal colloids.
Conceming SAM’s, they are recognized as excellent systems for sensing applications since they offer
well-defined organization and densely-packed structures [53]. However, limitations with regard to the
stability of the covalent bond and hence the stability of the resultant SAM’s have been demonstrated
[54;55]. Nevertheless, all of these works suggest particularly interesting standpoints for the
development of new type “long life” robust SERS sensors that could provide accurate and

reproducible detection of organic compounds.

In order to overcome the lack of reproducibility and taking advantage of increasing number of SERS
substrates available commercially, we have selected substrates based on gold nanorods from Wavelet,
devoted for highly reproducible very sensitive measurements. For surface functionalisation,
diazonium salts have been selected as a powerful innovative alternative to SAMs. In the literature
immobilization of aryldiazonium is defined as a versatile method, allowing stable grafted organic
layers [56-62]. Thanks to both: sensor robustness ensured by chemically grafted aryldiazonium based
layers and tunable surface properties provided by wide variety of available diazonium salts,
functionalised SERS sensor has been herein studied for the detection and the quantitation of three
PAHs: naphthalene (NAP), fluoranthene (FL) and benzo[a]pyrene (BaP). Among the 130 PAHs
released into the environment, these three ones belong to the priority substances under the Water
Framework Directives (2000/60/EC) and the United States Environment Protection Agency. These
selected pollutants were investigated in this study in order to demonstrate the proof of concept of the
new designed SERS based nanosensor capability in molecular sensing. Compounds were analyzed
alone and in mixture. Investigations of the targeted molecules were realized with different
concentrations prepared in water/methanol (9/1 v/v) solutions. Calibration curves and detection limits
were established for each compound. Moreover, since the pre-concentration of targeted molecules at
the nanosensor surface was essentially based on weak molecular forces, we showed that developed

nanosensor can be successfully regenerated and reused.
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54.3 Experimental

5.4.3.1 Reagents and material

Diethyl ether (>98%), Tetrafluoroboric acid (49.5-50.5%), Sodium Nitrite (>97%), Aniline (>99.5%),
4-dodecylanilin (97%), Naphthalene (99%), Fluoranthene (98%) and Benzo[a]pyrene (= 96% HPLC)
were purchased from Sigma Aldrich and used without further purification. Ethanol (96%) and
methanol (100%) were purchased from VWR; Sulfuric acid (95-98%) was supplied by JT Baker.

Milli-Q water (resistivity of 18.2 MQ.cm™) was used for all experiments.

5.4.3.2 Diazonium salt chemical synthesis

Benzene-diazonium-tetrafluoroborate (DS) and 4-dodecyl benzene-diazonium-tetrafluoroborate (DS-
Ci0Hz1), were proceeded regarding the reaction between aryl amines and a sodium nitrile at 0°C [63].
Briefly, primary amine (4 10°mol.L™") was dissolved in tetrafluoroboric acid (HBF,) solution and the
mixture was then allowed to cool for 15 min. Pre-cooled aqueous sodium nitrite (4.3 10°mol.L™")
solution was dropwise added to the acidic amine mixture under stirring. The mixture was then
allowed to react for 40 min. Presented precipitates appeared during reaction were filtered through 0.2
um cellulose ester filters (Whatman, France) and generously washed: DS with cold diethyl ether and
DCioH2; rinsed using with milli-Q water. Diazonium salts purification has consisted in dissolving the
retentive into small amount of milli-Q water and re-crystallization into diethyl ether. Re-
crystallization procedure took 48 hours at 6°C. Afterwards, prepared salts were dried under vacuum

and preserved at - 20°C.

Synthesized diazonium salts (DS and DS-CoH;;) were characterized by Nuclear Magnetic
Resonance (NMR). Spectra were recorded using BrukerAvance 111 400 MHz instrument in d-DMSO

solvent. TMS was used as an internal standard.

DS: 'H NMR (400 MHz, DMSO-d): d (ppm) 7.96-8.00 (t, J = 7.9 Hz, 2H); 8.24-8.28 (t, J = 7.6 Hz,
1H); 8.66-8.68 (d, J = 8.3 Hz, 2H). DS-CoHy;:'H NMR (400 MHz, DMSO-d): d (ppm) 0.84-0.87 (t,
J=6.4 Hz, 3H); 1.25 (s, 14H); 1.61 (s, 2H); 2.81-2.85 (t, J=7.6 Hz, 2H); 7.81-7.83 (d, J = 8.4 Hz, 2H);
8.55-8.57 (d, ] = 8.4 Hz, 2H).

5.4.3.3 SERS substrate

Commercially available gold nanorod arrays (WAVELET) (later in the text referred as gold
nanostructures, GNSs) were purchased by ST Japan company and were used in this study as SERS

active substrates.

154



5.4.3.4 Chemical grafting

Chemical (spontaneous) grafting of diazonium salt was performed in order to functionalise the GNSs.
SERS substrates were first immersed in 30 mL solution containing diazonium salt (10~ mol.L™)
dissolved in H,SO4 (10° mol.L™). Substrates were left to incubate during 12 hours at +4°C. They
were then rinsed 3 times under mild stirring by immersion into (i) milli-Q water and (ii) pure
methanol, over 10 min for each immersion. Afterwards, functionalised substrates were dried under

mild nitrogen flux.

5.4.3.5 Targeted molecule solutions

Naphtalene (NAP), Fluoranthene (FL) and Benzo[a]pyrene (BaP) were used as model molecules to
test the diazonium salts-based SERS sensor capability of molecular sensing. Due to solubility issues
stock solutions were prepared by dissolving the targeted pollutantsin pure methanol (MeOH). Stock
solutions of NAP, FL and BaP were prepared at different concentrations as follows: 1000 mg.L™" for
NAP (Img of NAP in 1 mL of MeOH), 200 mg.L" for FL (2mg of FL in 10 mL of MeOH) and 10
mg.L" for BaP(1mg of BaP in 100 mL of MeOH), and stored at -20°C. Stock solutions were daily
diluted into Milli-Q water (10% of pollutant stock solution in 90% of water) in order to obtain mother

solutions which then were stored at +4°C and used for further dilutions.

5.4.3.6 Nanosensor surface regeneration

The pre-concentration of targeted pollutants by designed SERS nanosensors was driven by the weak
forces such as hydrophobic interactions or n—n stacking. In order to regenerate the surface different
solvents were tested including ethanol, methanol, acetonitrile. Among all, surface washing with
methanol was found to be the most efficient. Thus after performing the detection of different selected

pollutants SERS nanosensors were rinsed with methanol for 30 min.

5.4.3.7 Raman and SERS measurements

Raman and SERS measurements were performed using prototype of portable micro-Raman
spectrometer (HORIBA Scientific) designed for on-site applications. The instrumental set-up was
equipped with a 691 nm laser diode (Ondax) and a 60x fold magnification objective (0.7 N.A.) with a
collar for glass correction (Olympus). Spectral range was recorded from 414 up to 2100 cm™ with a
spectral resolution around 2 cm™. For SERS experiments power of laser was set at 4 mW in order to
avoid molecular degradation induced by thermal effects. Accumulation time for SERS measurements
was 20s with 3 accumulations to reach higher signal/noise ratio. Spectral calibration was daily

performed on a crystalline silicon sample (peak position at 520 cm™).
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5.4.3.8 Chemometrics

In order to remove the Raman and SERS spectral background in a similar way for all of the spectra
while keeping the analytical signal intact an algorithm was programmed in MatLab 7.0.1 based on

Eilers work [64]. The background correction was possible by minimizing the following S function:

S = Zgki(yirzi)® + AZq(A%z)? (1)
with y the signal intensity for each i wavenumber, z the baseline, A the smoothing parameter and p
the asymmetric one as k= p if yi>z; and ;= 1 — p otherwise. The last term was defined as follows:
N’z = (zi-2i1) - (Zi1-Zi2) (2)
The two parameters needed for the calculations, p and A, were set to values 10° and 107, respectively.

Exceptionally, for the DS-C;oH;; based system during the detection of BaP, A value was set one order

of magnitude higher in order to remove fluorescence induced by impurities.
5.4.4 Results and discussion

5.4.4.1 Diazonium salt based surface functionalisation

Surface functionalisation by aryldiazonium is a convenient method leading to robust grafted organic
coating. The grafting can be accomplished by either chemical (spontaneous grafting) [59-62],
electrochemical [56-58] or photochemical methods [65;66]. The spontaneous grafting strategy was
used in this study to functionalise SERS active substrates. The substrates were immersed into
diazomium salt (DS and DS-C;oH»,) solutions and incubated at +4 °C for 12 hours. The temperature
control during the functionalisation step is important in order to power the covalent grafting and by
the same time to reduce rate of spontaneous polymerization [67]. Functionalised substrates were then
investigated by SERS. The spectra can be seen in figure 1A for DS-GNSs and figure 1 B for DS-
C10H2:-GNSs (black spectra). Spectra are presented in real intensities with removed background
using the algorithm detailed in experimental section (figure S1 in supplementary information
illustrates the background removal process). Recorded spectra shows number of features in the
spectral ranges where vibrations related to the aromatic ring can be found (see figure S2 in the
supplementary information for direct comparison between the grafted phenyl derivatives SERS
spectra and the Raman spectra of the diazonium salts). The peak at 1075 cm™ and 1079 cm™ for DS
and DS-C,oHazj, respectively, assigned to combined C-H in plane bending and C-N stretching modes
[68] constitutes the irrefutable signature of the coating. Thus, these later peaks were used as an
internal reference. Moreover, this selection was also supported by the observation that these peaks do

not overlap with the targeted pollutants Raman signature.
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5.4.4.2 PAHs detection using diazonium salt based nanosensors

Diazonium salt coated SERS substrates where then engaged for the sensing of the targeted molecules.
Three PAHs were selected for this study due to their different solubility related to their polarity
properties defined by the octanol-water partition coefficient, Kow. The Kow of each compound are
summarized in table 1. In comparison, FL polarity is intermediate between the one of NAP and BaP.
It was thus targeted as the optimal compound for primer investigation to determine the influence of

the surface coating by DS and DS-CoH»; for the pre-concentration and the detection of PAHs.

Table 1. Physical properties of selected targeted pollutants [69].

PAHs Structure Solubility in water Kow
(mg.L™")
Naphthalene (NAP) 32 2300
Fluoranthene (FL) {3 0.26 at 25 °C 340000
\_/
Benzo[a]pyrene (BAP) s 0.0038 at 25 °C 10°

T

Selection of substrate, detection of fluoranthene (FL)

The functionalised SERS substrates were incubated in FL solution of 5 ppm for 30 min. SERS was
then measured in 6 different randomly selected areas on the substrates. Averaged spectra for FL
detection are shown in figure 1 (red spectra) whereas the blue spectra are the Raman reference of

solid state FL for comparison. All spectra are presented with removed backgrounds.
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Figure 1: FL detection at 5 ppm concentration using GNSs functionalised with (4) DS and (B)
DSC9H;;. The black and red spectra correspond to the SERS signal before and after incubation in
the FL solution, respectively. Blue spectra in both graphs correspond to FL Raman reference. Red

and blue spectra in the graphs are shifted vertically for a better observation.
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The presence of several peaks assigned to FL (summarized in table 2) indicated the successful pre-

concentration and the detection of FL by both sensors.

Table 2: Positions in cm'of the main PAHs bands observed in SERS spectra (see references
[70571] for assignments)

Fluoranthene (FL) Benzo[a]pyrene (BaP) Naphthalene (NAP)

562 615 511

672 1215 762

803 1239 1021

1018 1345 1382

1104 1385 1577

1270 1623

1612

Interaction between FL and the coating layer did not induce important shifts in the position of FL
peaks. On the contrary, the relative intensity has been slightly modified. For instance, vibrational
modes around 1400 cm™ in Raman spectrum of FL were found to be very weakly enhanced in SERS
spectrum measured on DCoHz-coated GNS. On the DS-coated GNS these peaks are strongly
overlapped by the signal of grafted layer.
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Figure 2: FL detection at the concentration range between 0.1 ppm up to 5 ppm on GNSs
functionalised with (4) DS and (B) DC 1pH>;.

The strong FL peak observed at around 1104 cm™ assigned to C-C in-plane stretching mode was used
to establish the calibration curves in order to compare analytical performances of both nanosensors.
The substrates were fixed to the fluidic cell and FL solutions with increasing concentrations from 0.1
ppm up to Sppm (0.5 pmol/L-25 umol/L) were injected at a flow rate of 3 pL.min™ for half an hour
for each solution. Between each concentration SERS was measured in 6 different places on the
surface. Averaged spectra are shown on figure 2, focusing on the peak at 1104 cm™. For the

calibration curves (figure 3), this peak was normalized with regard to the peak at 1075 cm” or at
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1079 em™, characteristic of DS or DC¢Ha1, respectively (CH in plane bending for p-substituted and

mono-substituted benzenes and C-N stretching) and plotted as a function of the concentration.
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Figure 3: Calibration curves of FL detection on GNSs functionalised with (4) DS and (B) DCoH>.

Both calibration curves were fitted using the Langmuir adsorption isotherm expressed as follows:

LnaxKc

= 9
1+ Kc ®)
where [ is the normalized SERS intensity, K the adsorption constant and cthe concentration of

analyte.

One can notice that above 3 ppm the equilibrium is reached for both sensors. The calibration curves
were found to be linear in the range of 0.1-1 ppm for DS coating layer and 0.1-0.5 ppm for DC,oHz;
coating layer. Thus, the fitted curve slopes were used for the calculation of the limits of detection
(LOD) and the limits of quantitation (LOQ). LOD is defined as the lowest concentration of analyte in
the sample that can be detected [72]. For each sensor LODs were calculated using the formula:
LOD=3.30, where ¢ is the standard deviation of blank response. LODs of FL were found to be 0.200
ppm (0.99 pmol/L) and 0.091 ppm (0.45 pmol/L) for DS-based and DC,oH;;-based nanosensors,
respectively. LOQ is the lowest concentration of an analyte that can be determined with acceptable
precision and accuracy. LOQs were calculated using the same formula that was used for the
calculation of LOD with an increased confidence level to 10, LOQ=10c. In this case, the calculated
LOQs values were 0.609 ppm (3 pmol/L) and 0.277 ppm (1.4 umol/L) for DS-based and DC;oH;;-
based nanosensors, respectively. Obtained results indicate twice better LOD and LOQ for the
quantitation of FL by using the DC,oH»; as functionalisation layer. This can be explained by two
effects. The first one is related with the homogeneity of the coating. As it was mentioned before,

surface functionalisation using diazonium salts is driven by two parallel mechanisms: grafting and
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random polymerization [67]. SERS obtained on DC;oH;;-based nanosensors showed very
reproducible signal all over the surface, while DS-based substrate gave the variations in the peaks
distribution and in the intensity (Figure S3, in supplementary information), leading to higher standard
deviation values. The conclusion that can be made is that both diazonium salts efficiently graft to the
surface, but rate of polymerization is higher in the case of DS; probably because the open sites
provided by the aromatic ring (absence of any substitution) leading to a lack of steric hindrance.
Second effect which might explain the results is the polar properties of the coatings. The log Kow
provided for the primary amines (0.90 for aniline and 7.55 for 4-dodecylanilin [73]) suggests that DS-
CioHz; based coating could be much more nonpolar, hence more suitable for nonpolar compounds
pre-concentration. Due to a better sensitivity, DC;oH, -based nanosensor was chosen for further

detection of the other targeted analytes (NAP and BAP).

Detection of benzo[a]pyrene (BaP)

The calibration curve for BaP was performed on DS-C;oH;;-based GNS in the same manner as for
FL. In comparison with FL, the investigated concentrations of BaP were in the range of 0.1 ppm-0.75
ppm (0.4 umol/L-3 umol/L) because of the low solubility of BaP (see table 1). 3 umol/L was used as
the highest concentration to be investigated because over this value BaP was not soluble into
water/methanol (9/1 v/v) solution. The spectra presented in figure 4 A is an average spectra for each
concentration obtained after half of hour of pre-concentration. The successful pre-concentration and
detection was confirmed by emerged BaP peaks summarized in table 2. Most of the peaks positions
were found identical to the ones in BaP Raman reference spectrum (see figure S4 in supplementary
information). However, BaP peak at 1236 cm™ corresponding to ring stretching and C-H stretching
modes was found shifted 3 cm™ towards higher wavenumber upon adsorption on the nanosensor
surface, while the one observed at 1348 cm™ assigned to ring stretching shifted 3 cm™ to the lower

wavenumber.

In order to establish the calibration curve, the intensity of the peak at 1239 cm™ belonging to BaP was
normalized regarding the characteristic band of the coating at 1079 cm™. Obtained data points are

presented in the figure graph B.

The calibration plot was found to be linear over the range 0.1-0.5 ppm (0.4-2 pmol/L) while the
saturation of the surface was not reached in this case. The limiting factor was the solubility of BaP in
water/methanol (9/1 v/v).The calculated LOD and LOQ were 0.045 ppm (0.18 umol/L) and 0.138
ppm (0.5 pmol/L), respectively.
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Figure 4: Graph A presents the BaP detection at the concentration range on DS-C9H,- based
GNSs, graph B demonstrates the obtained calibration curve of BaP on DCpH>;-based GNS.

Detection

of naphthalene (NAP)

For the study of NAP pre-concentration and detection, SERS measurements were carried out as

previously in milli-Q-MeOH (9/1 v/v) media containing different concentrations of NAP from 1 ppm
up to 50 ppm (7.8 pmol/L-390 umol/L). NAP peaks observed in the SERS spectra showed in figure 5

are summarized in table 2. Peak at 1382 cm™, assigned to C=C stretching mode has been chosen to

establish the calibration curve shown in Figure 5 B because it is the only peak that do not overlap

with the vibrational signature of the coating.
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Figure 5: Graph A presents the NAP detection at the concentration range on DS-CoH>;- based
GNSs; graph B demonstrates the obtained calibration curve of NAP on DS-CoH:-based GNS.
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The calibration curve was found to be linear over the investigated range. The LOD and LOQ were
calculated to be 15 ppm (0.12 mmol/L) and 47 ppm (0.36 mmol/L), respectively. In the figure 5 A, it
is clearly visible that the signal around 1380 cmhas decreased after incubation in the first NAP
solution of 1 ppm concentration. Due to latter change in the signal of the coating, decrease in SERS
intensity can be observed for the first concentration of NAP (figure 5 B). Thus, in this case, the actual
LOD for NAP could be much lower than the one calculated using 3.3 sigma criterion if the

interaction between the analyte and the coating would be taken into account. Analysis in the mixture

of analytes

The experiment using the mixture of the three investigated pollutants was performed in order to
further assess the feasibility of the designed nanosensor for PAHs sensing in water samples and to
additionally demonstrate the obtained SERS spectra suitability for intentional on-site screening
purposes. For this experiment, mixed solution of FL (5 ppm), NAP (5 ppm) and BaP (0.75 ppm) was
prepared in pure water/methanol (9/1 v/v) media. Of all, the concentration of BaP was notably lower
due to solubility issue discussed previously. The substrate was exposed to the prepared mixture for a
half an hour before starting the SERS measurements. The averaged SERS spectra obtained before and
after substrate exposure to the pollutants solution are showed in figure 6 as red and black spectrum
respectively. At the selected concentrations FL and BaP were detected and well identified. NAP on
another hand, showed very low intensity single peak at 762 cm'whereas peaks in other spectral
regions were overlapped by either signal of the coating (i.e. at 1022 cm™) or other analytes (i.e. the
peak used for establishing a calibration curve for NAP at 1382 cm™was found combined with the

signal of BaP)
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Figure 6: SERS based pollutants detection in their mixed media presented in black spectrum. Red
spectrum shows the SERS signal of DSC9oH,;-based GNSs for comparison. Demonstrated spectra are
averaged from six individual measurements followed up the baseline removal. Black spectrum in the
graph is lifted by 1.10° counts for a better observation.
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5.4.4.4 Feasibility of the developed nanosensor for PHASs sensing

Obtained results of conducted investigations on targeted pollutants in their individual solution and in
the mixture provide important information on both: the DS-C;oH,-based nanosensor feasibility for
PAHs sensing and the selectivity versus FL, BaP and NAP. First of all, the LOD for investigated
PAHs compounds were found to vary by two orders of magnitude. The correlation of the observed
LOD values versus the log Kow factor of investigated analytes is presented in figure 7 (black
spheres). These results suggest that developed nanosensor containing the hydrophobic coating is

more suitable for the pre-concentration of highly nonpolar PAH compounds.
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Figure 7: Correlation of the calculated LOD values (black spheres) and the observed related SERS
intensities of the analytes in their mixed media (blue rombs) plotted as a function of the Kow factor of
investigated PAHs.

The later assessment was confirmed by the results obtained from the pollutants detection in mixed
media. Blue spheres in the figure 7 demonstrate the relative SERS intensity of the observed pollutants

peaks which was calculated as follows:

I’Peako Analyte IPeako Coatin
f y % f g (10)

Relative Intensity (%) = 100% * —
1 Peak of Coating IPeak of Analyte

where 7’ is the intensity of the selected peaks measured during the experiment in pollutants mixture
and / is the intensity of the peaks obtained during pollutants detection in their individual solutions.
The peaks for this calculation were kept the same as the ones followed for the establishment of a
calibration curves (the peak of coating at 1079 cm’and the peaks at 1104 em™”, 1239cm™ and
1382cm™ for FL, BaP and NAP, respectively). Using this formula, first, the relative intensity of the
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signal belonging to the pollutants obtained in mixed media was found. In the second step, it was
compared with the value given by the calibration curve and then expressed in percentage. Starting
from FL established calibration curve indicates that at 5 ppm concentration the adsorption
equilibrium was reached with a maximum relative intensity of 0.086+0.003. At the same
concentration investigated FL in mixed media showed a relative intensity of 0.031 + 0.001 leading to
35 % of surface saturation. In the case of BaP, at a concentration of 0.75 ppm the relative intensity of
the peak at 123 9cm™ demonstrated in the calibration curve and the one obtained in the mixture was
found to be almost identical. Calculated value of 97 % shows that the adsorption of BaP onto the
nanosensor surface is not restricted by the presence of competitive analytes. The calculation of NAP
signal contribution in the SERS spectra registered in the mixture was more challenging. Due to the
low intensity of single NAP peak non-overlapped it was not possible to quantify it using the same
formula. The approximate contribution of NAP was calculated indirectly. Since NAP and BaP both
have peaks around 1382cm™by subtracting SERS spectra of BaP detection at 0.75 ppm concentration

from the one measured in the mixture relative intensity of NAP was found to be 0.14 %.

Calculated relative intensities of the analytes peaks in the SERS spectra obtained investigating the
pollutants detection in their mixed media confirmed that, developed DS-C,oH»;-based nanosensor
serves to pre-concentrate and detect highly hydrophobic molecules where, the strength of an
interaction between the coating and the analyte is decreasing along with its Kow value. Moreover,
designed SERS nanosensor allowed the sensitivity for a detection of BaP comparable with the one

obtained by the application of colloidal nanoparticles [74;75].

5.4.5 Conclusion

With the presented study we have demonstrated a new approach for the design of SERS nanosensor
for the reversible non-polar pollutants pre-concentration and detection. Employed benzene-
diazonium-tetrafluoroborate (DS) and its analog bearing hydrophobic alkane chain 4-dodecyl
benzene-diazonium-tetrafluoroborate (DS-C;oH,;) were tested for substrate surface functionalisation
and subsequent pre-concentration of targeted molecules. Due to the lower rate of spontaneous
polymerization, DS-C;oH;;-based GNSs were found to be highly reproducible. Using this nanosensor
we have demonstrated the detection of NAP, FL and BaP at 15 ppm, 0.45 ppm and 0.045 ppm,
respectively. The LODs of the detected molecules were found in correlation with their
physicochemical properties. Thus, demonstrated DS-C;oH;;-based GNSs selectivity towards highly
nonpolar molecules such as BaP suggests that varying the nature of aryldiazonium salts applied to the

surface functionalisation the nanosensor for specific kind of pollutants can be optimized.
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The level of BaP detection obtained in this study is comparable with the ones documented in the
literature by using colloidal nanoparticles. Given that the major drawback of colloidal nanoparticles
application for pollutants monitoring is the signal reproducibility, our proposed nanosensor due to
demonstrated sensitivity, reproducibility and reusability has a great potential to be applied for in-situ
measurements. Work is in progress in order to increase the performances of the developed sensor for

the detection of PAHs in natural water samples.
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5.5 Conclusion

In this study, new type of nanosensor for SERS based environmental pollutants detection has been
presented. In the first stage of this work the complete Raman characterization of the synthesized
diazonium salts in comparison with Raman spectra provided for amines has been provided. Raman
investigation of synthesized diazonium salts confirmed the successful chemical diazonium salts
synthesis as well as allowed of identification of vibrational signatures for each obtained aryl diazo
compound. Further in this study, synthesized diazonium slats were applied for a SERS active surface
functionalisation in order to design a new type of SERS based nanosensors. During this study
characteristic vibrations of phenyl derivatives grafted to the surface have been identified and assigned
with the help of DFT modeling. Due to its geometry and the fewer number of consisting atoms
DSCOOH was found as a good rough model to discuss the structure of its grafted layers. Thus,
ccomparison of SERS spectrum for of latter DSCOOH based coating with the spectra of different
adducts modelled by DFT led to the conclusion that grafting is driven by a radical mechanism
ensuring C-Au covalent bond. In addition, results obtained by XPS showed the existence of the

component attributed to -N=N— bonds suggesting the multilayer formation linked via azo bonds.

In the last part of this study commercially available SERS substrates decorated by diazonium salts
based coating were conceptually tested for they performance in PAH detection. Pre-concentration and
detection of three pollutants: naphthalene, fluoranthene and benzo[a]pyrene were performed in their
in water/methanol (9/1 v/v) samples. This investigation of pollutants solutions containing different
concentrations (from nmol.lI" to pmol.I"™") led to establish the calibration curves and to determine the
detection limits. Moreover, since targeted molecules pre-concentration by these kind of coating layers
is essentially based on weak forces (hydrophobic and n- & stacking interactions), surface regeneration
step was successfully applied. Latter study confirmed that, diazonium salts can be effectively applied

as a tool to create nanosensors that are sensitive, reproducible and reusable.
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6 Nanoplasmonics exploitation for selective nanosurface

functionalisation

6.1 Introdution

Among surface modification strategies, “click chemistry” gained increasing attention for its
numerous benefits: high efficiency, simple realization, rapidity, chemoselectivity, feasibility in water
media and enhanced yields. UV light or temperature-mediated thiol-ene or thiol-yne reactions involve
the addition of the thiol to an alkene or alkyne, respectively. Latter reactions have already been
reported to permit great diversity of functionalisation on several surfaces and allow multiple
functionalisation by conjugating other “click chemistry” methodologies. If well controlled “click
chemistry” approach could serve for multifunctional surfaces preparation for selective pre-

concentration of different targeted molecules in complex environment, using one nanosensor.

This chapter will be devoted to prove the concept of local molecular immobilization at the nanoscale
by performing thiol-ene “click” reaction in situ on plasmonic nanostructures irradiated by visible
light. The study presented in this chapter is prepared to be submitted in RSC Nanoscale as research

article. The supplementary information to support latter investigation can be found in ANNEX 7.
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6.2.1 Abstract

Nanoplasmonics is a growing field of optical condensed matter science dedicated to optical
phenomena at the nanoscale level in metal systems'. Extensive research on noble metallic
nanoparticles (NPs) has arisen within the last two decades due to their ability to keep the optical
energy concentrated in the vicinity of NPs, in particular, the ability to create optical near-field
enhancement followed by heat generation. We have exploited these properties in order to induce a
localised “click” reaction in the vicinity of gold nanostructures under unfavourable experimental
conditions. We demonstrate that this reaction can be controlled by the plasmonic properties of the
nanostructures and we propose two physical mechanisms to interpret the observed plasmonic tuning

of'the “click” chemistry.

6.2.2 Introduction

Nanoplasmonic effects are governed by coherent oscillations of the free electron gas of metal
nanoparticles (NPs) at the incident electric field frequency. The excitation of these modes, called
localized surface plasmons (LSP)*” can be further enhanced if the frequency of the incoming light
matches the LSP resonance (LSPR) frequency4. The unique optical properties of the metal NPs
induced by LSP excitation are of great interest in the fields of physics™® and biology’®. It may also be
exploited in chemistry’. This latter field can significantly benefit from the application of
nanoplasmonics as an efficient source of electrons, light and heat. The control of chemical reactions
at the metallic surfaces is a crucial parameter for many applications. For instance, a two-photon
photopolymerization of a thin photo-resist layer SU8 has been achieved locally inside the nanogaps
between lithographic gold nanostructures due to the near-field enhancement induced by LSP
excitation'’. Galloway et al. have also demonstrated light assisted protein immobilization in the
nanogap between two gold nanoantennae within a nanometric accuracy''. In their study, the authors
exploited the cleavage of disulfide bridges in the proteins resulting in their subsequent attachment to
the gold nanoantennae in the regions of the highest near-field enhancement. Another important
parameter to control the speed and yield of chemical reactions is the temperature generated by LSP.
Thermoplasmonics is a recent field of research, which has proved to be highly applicable for many
chemical approaches. Cao ef al. have used the local heat generated by metallic NP through laser

illumination to control the position and growth direction of a single semiconductor nanowire'%.

In this paper, we demonstrate that the plasmonic properties of metallic NPs can be exploited to
induce “click” chemistry reactions. Introduced less than two decades ago, this set of reactions is

described as simple, widely scoped, modular, generating high yields, and producing only harmless
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byproducts that can be isolated by non-chromatographic methods'. In particular, a copper-catalysed
azide/alkyne click reaction has received considerable attention in organic and polymer chemistry'*
but also in nanosurface chemistry'”. Another reaction: thiol-ene coupling, fulfills the click chemistry
concept as well. This reaction known for over 100 years'® and recently rediscovered", consists in
grafting thiol-bearing molecules to a carbon double bond. The applications of this reaction have had

1718 "and has attracted growing interest in

significant impact in polymer synthesis and material science
surface functionalisation and modifications'**’. Generally, this reaction is performed through UV

light or thermal activation, with the presence of a radical initiator.

In this contribution, we demonstrate that the thiol-ene coupling can be simply initiated in the visible
range using nanoplasmonic effects. The kinetics of this reaction was monitored in situ by Surface
Enhanced Raman Scattering (SERS). By investigating the reaction rates on different diameters of
gold nanocylinders (NCs) made by electron-beam lithography (EBL) we claim that this reaction can

be tuned by controlling the NCs plasmonic properties.
6.2.3 Results and discussion
Thiol-ene “click” reaction involves the addition of a thiol to an alkene group via a free-radical

mechanism®' (Figure 1).

Y X

<

radical UV light or A . .
‘SH + initiator > .’S ’S\/\.

j?/

Figure 1: Schematic illustration of the free-radical thiol-ene coupling mechanism.

Briefly, in the initiation step the thiol group is converted to a thiyl radical thanks to the interaction

22,23 : 2%
> or to a specific temperature™,

with a photo or thermal radical initiator exposed to UV light
respectively. This thiyl radical can then react with the C=C bond to form a carbon centred radical.
From this step the initiation is turned to a propagation step resulting in the formation of a thio ether as

a reaction product and a new thiyl radical subsequently involved in the reaction chain.
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In  our case, the click  reaction  was  performed  using  2,2-Azobis(2-
methylpropionamidine)dihydrochloride (AAPH) as radical initiator, allyl mercaptan as double bond
substrate and thiophenol as reactant. The AAPH is known to be decomposed into cationic radicals
under UV light (365 nm) or temperature above 60 °C (See supplementary information). The reaction
was initiated at the surface of the gold NCs (figure 2a) in aqueous environment and using a 660 nm
laser beam (figure 2b). The allyl mercaptan was grafted onto the NCs surface through the S-Au bond

whereas the AAPH and the thiophenol were free in solution (figure 2c¢).

Since EBL allows the fine control of the size and shape of the nanostructures at the nanometer scale,
the substrates benefit from the reproducibility of both: LSPR position and SERS signal®>*°. Arrays of
NCs (figure 2d) with different diameters: 110, 140 and 200 nm were fabricated to investigate whether

the thiol-ene click reaction can occur due to plasmonic effects.
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Figure 2: a) Schema of the nanocylinders (NCs) used in the experiments. b) Schema of the
experimental configuration. c¢) Schema of the thiol-ene reaction configuration. d) Scanning electron
microscopy image of an array of NCs with a diameter of 200 nm. e) Extinction spectroscopy
measurements on 110 nm (black curve), 140 nm (red curve) and 200 nm (blue curve) NCs arrays.
The grey line indicates the laser wavelength used for thiol-ene reaction initiation and SERS
investigation. f) SERS spectra of grafted thiophenol onto gold NCs of 110 nm (black spectra), 140 nm
(red spectra) and 200 nm (blue spectra) diameter.
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As shown by the extinction spectra of the NCs in aqueous environment (figure 2e), the 110 nm
diameter NCs were found to have a LSPR position close to 660 nm (excitation laser wavelength)
whereas 140 nm NCs had a LSPR position red-shifted compared to 660 nm. For the 200 nm NCs, the
excitation wavelength was nearly out of resonance, resulting in a largely less intense electromagnetic
near-field. The reaction kinetics were evaluated for the three diameters in order to observe changes in
reaction performances depending on the mismatch between the LSPR position and the laser

wavelength.

In situ thiol-ene click reaction

To initiate the reaction, the solution of AAPH and thiophenol was deposited on a microscopic slide
with a cavity and the substrate with NCs decorated with grafted allyl mercaptan was then placed
above the slide with the NCs inside the solution. Local reaction at the microscale level was
implemented using the excitation laser focused with a 60x objective (N.A. 0.70) through the NCs
substrate. The reaction kinetics were then monitored by SERS in real time using the same laser
wavelength. SERS spectra were first recorded on the 110 nm NCs: one spectrum each minute for a
total duration of 30 min. The process was then reproduced on the NCs of 140 nm and finally on the

NCs of 200 nm (figure 2f).

The peaks observed in the SERS spectra correspond to the thiophenol vibrations. Due to method
limitations (including placing the substrate in liquid and laser focusing procedures) the NCs were
exposed to the solution for about 4 min before the first SERS measurement was made. For this reason
the SERS signal of thiophenol was not strictly equal to zero on the first SERS spectrum indicating a
spontaneous thiophenol interaction with non-blocked gold areas. To follow the reaction kinetics, the
intensity of the peak at 1572 cm™ assigned to an aromatic C=C vibration was plotted versus reaction
time (figure 3a) for all NCs diameters. The observed SERS intensity of the thiophenol increases and
reaches a plateau, when the gold surface is saturated. Reaction times of less than 10 min were
observed for the 110 nm and the 140 nm diameters whereas for the 200 nm, saturation was not
achieved even after 40 min of reaction. 10 min is very fast for this thiol-ene reaction since it has been
estimated to be of several hours in normal conditions (i.e. without NCs and with UV excitation)®’. To
determine precisely the reaction time, the experimental data were fitted with a first order Langmuir

isotherm assuming that during the reaction a single layer of thiophenol was formed:

(%)
0 = 055 [1 — exp(7] (11)
where 0 is the surface coverage, 0 is the coverage saturation, t is the time and 7 is the reaction time

constant.
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Figure 3: a) Relative SERS intensities of the integrated peak at 1572 cm™ versus reaction time for the
110 nm (black dot), 140 nm (red dot) and 200 nm (blue dot) NCs. Solid lines correspond to the fitting
of the experimental points using the equation (1) (110 nm: black line, 140 nm: red line and 200 nm:
blue line). b) Absolute SERS intensity at saturation and reaction time plotted versus the mismatch
between the LSPR position of NCs and the laser excitation wavelength. Hollow dot: reaction time for
the 110 nm, 140 nm and 200 nm NCs. Hollow square: absolute SERS intensities of the thiophenol
measured on the 110 nm, 140 nm and 200 nm NCs for the thiol-ene reaction after surface saturation.
Plain square: absolute SERS intensities of the thiophenol measured on the 110 nm, 140 nm and 200
nm NCs for the experiment C3 and after surface saturation.

Figure 3b shows the reaction time constant, t, that corresponds to the time required to reach 63% of
SERS signal saturation versus the shift between the LSPR position of NCs and the laser excitation
wavelength, AA=Arspr-Aexc- It 1s clearly visible, that the reaction time is strongly dependent on the
LSPR position. A twenty times faster reaction was observed on highly resonant 110 nm NCs
compared to 200 nm NCs. Unexpectedly, 140 nm NCs with a 54 nm difference between the LSPR
position and the excitation wavelength reveals a slightly lower reaction efficiency compared to the

one measured on 110 nm NCs.

In order to demonstrate that our experiments actually correspond to the thiol-ene “click” chemistry,
the experimental conditions were modified to perform negative controls, since the grafting of
thiophenol on the NCs can be attributed to two other mechanisms: spontaneous grafting or
competitive replacement. On one hand, it is known that short molecules with the thiol group - like
allyl mercaptan - form non-homogeneous self-assembled monolayers (SAM) due to the lack of
intermolecular interactions®®. This leaves non-blocked active gold sites for spontaneous thiophenol
grafting. On the other hand, competitive molecular displacement could occur directly on the gold
surface, inducing the replacement of allyl mercaptan by thiophenol®. Thus, the SERS signal

measured in the thiol-ene experiments could then also include contributions from these two
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thiophenol-gold interactions. For this concem, three negative controls (experiments C1 to C3) were
designed to analyze the thiophenol grafting rate via side reactions (figure 4). The first negative
control (experiment C1) was designed to duplicate the thiol-ene reaction without a radical initiator.
The second negative control (experiment C2) was dedicated to observe the competitive thiophenol
adsorption by replacing molecules grafted onto the gold surface. Herein, mercaptoethanol was used
instead of allyl mercaptan to avoid any reaction between thiophenol and the allyl group. The last
negative control was devoted to the monitoring of the spontaneous adsorption of thiophenol on non-
functionalised NCs (experiment C3). All these experiments were performed in the same manner as
previously described for the thiol-ene reaction. The reaction kinetics of the three negative controls
recorded on the 110 nm NCs are shown in figure 4 and are compared to the kinetics of the thiol-ene

reaction.
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Figure 4: SERS intensities of the integrated peak at 1572 cm™ for the thiol-ene reaction and for all
three negative controls recorded on 110 nm NCs (black dot: thiol-ene reaction, blue dots: C1
negative control, green dots: C2 negative control, red dots: C3 negative control). The schemas of the
different reactions are given on the right of each curve.

The SERS signal for the experiments C1 and C2 are nearly constant with time. This suggests that in
the latter experimental conditions, thiophenol was interacting spontaneously by replacing the short
thiols previously deposited on the surface. Since this mechanism is a competitive one, equilibrium
was reached very rapidly (less than a few minutes) resulting in a constant SERS signal. However, the
measured signal is significantly lower than the one recorded during the thiol-ene reaction, meaning

that the high level of the thiophenol signal observed with the thiolene reaction cannot be explained by
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a simple competitive mechanism. In fact, the non-zero SERS signal observed prior to the thiol-ene
reaction start (figure 3a and figure 4 black circles) might be assigned to the competitive replacement
mechanism. The fast increase in the SERS signal was then induced by the initiated thiol-ene reaction.
Furthermore, the comparison of the thiol-ene reaction signal to the one achieved during experiment

C1 suggests that AAPH is essential to initiate the thiol-ene reaction.

The SERS signal recorded in experiment C3 is relevant to the kinetics of thiophenol SAM formation.
Two main observations can be made from the comparison between the experiment C3 and the thiol-
ene reaction. Firstly, thiol-ene kinetics is faster than the spontaneous grafting of thiophenol
suggesting the strong contribution of the “click” chemistry process. Secondly, the signal at saturation
in experiment C3 is comparable to the one observed in the thiol-ene reaction. This means that the

same NCs coverage has been achieved using either the thiol-ene or the simple thiol reaction.

By comparing the different reaction kinetics associated with each negative control experiment (C1 to
C3), it is evident that thiophenol grafting onto NCs under conditions demonstrated in figure 3 is

favored by the thiol-ene “click” reaction acting as a dominant mechanism.

The contribution of plasmon to the thiol-ene reaction can then be elaborated. To provide evidence, we
compared the SERS intensities obtained after surface saturation for the thiol-ene reaction and for
experiment C3 on the three NCs diameters (figure 3b). During experiment C3, the grafting of
thiophenol should not be dependent on the plasmonic properties of the NCs since the thiol reaction
with gold is not thermally or optically activated. The SERS signal ratio between NCs diameters
observed in this experiment is thus only due to the effect of the LSPR position compared to the
excitation wavelength® and does not reflect the modification in the coverage rate of the thiophenol
on the NCs with different diameters. As expected for experiment C3, the ratio between SERS signal
on 110 nm NCs is 2.5 larger than the one measured on the 200 nm due to plasmonic effects on the
SERS signal. In the case of the thiol-ene reaction, this ratio is much higher, close to 6. Such a large
ratio can only be explained by the higher efficiency of the thiol-ene reaction in thiophenol grafting.
Thus, when the LSPR is shifted relative to the excitation wavelength, the thiol-ene reaction is less
efficient whereas it is enhanced when the LSPR is close to the excitation wavelength. This is clear

evidence that radical reaction is induced and can be tuned by the plasmonic properties of the NCs.

Plasmonic mechanisms

Thanks to NMR experiments (see supplementary information), we have demonstrated that the thiol-

ene reaction monitored herein on the plasmonic substrates cannot be initiated at 660 nm wavelength
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without the plasmonic substrates. In a conventional thiol-ene experiment either a UV or a thermal
activation is necessary to initiate the reaction, even if this latter effect seems to be less efficient (see
supplementary information). Thus, we propose two processes related to the plasmonic properties of

the NCs to interpret our results.
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Figure 5: a) Schema of the photonic mechanism. On the left, the electronic configuration of an
individual molecule with two levels (e, and ey) is represented. On the right, the same molecule is
shown but in interaction with a metallic surface. The upper electronic level of the molecule is then
broadened (e’ in the middle schema) due to the interaction with the metallic electronic states (rvight
schema with Er the Fermi level). The dotted arrow in the middle schema represents the excitation of
the molecule through the 660 nm illumination. b) Temperature increases plotted versus the mismatch
between LSPR position of NCs and the laser excitation wavelength on the 110 nm, 140 nm and 200
nm NCs. The temperature increases were calculated using Discrete Dipole Approximation method.

The first one, which we call the photonic process, is related to the optical excitation of the radical
initiator. It is known that when a molecule is in the close vicinity of a metallic surface its electronic

3132 Flectronic transitions can then occur at

levels are broadened as illustrated in figure Sa
wavelengths outside the UV range whereas they are forbidden for the same molecules in solution and
without metal. Through this process, the radical can be formed under initiation with a 660 nm
wavelength. As the electromagnetic near-field is enhanced when the LSPR is close to the excitation
wavelength, the formation of the radical should be favored as well. As a consequence, the reaction

rate is highly improved on resonant NCs.

The second contributing mechanism is related to a thermal process. Discrete Dipole Approximation
(DDA) calculations were performed to determine the near-field at the vicinity of the NCs surface (see

supplementary information) and the increase in temperature around the NCs was then derived (figure

180



5b)*. Though an increase in temperature was obtained for all diameters it was found to be strongly
dependent on the LSPR shift relative to the excitation wavelength. Nearly the same increase in
temperature was calculated for 110 nm and 140 nm NCs, close to 50-55°C, whereas it was close to
15°C for 200 nm NCs. The attained temperatures were then high enough to induce the formation of
the radical (70-75°C for the 110 and 140 nm NCs and 35°C for the 200 nm NCs). The LSPR
dependency on the kinetics (figure 3b) can be explained by such LSPR dependency on the
temperature. Comparing plots in figures 3b and 5b, one can notice that the slope of the temperature
curve is opposite to the one of the reaction time constant, t. More precisely, the temperature increase
induced around the 110 and 140 nm NCs accelerates the speed of the thiol-ene coupling reaction,

while a lower temperature increase found in the 200 nm NCs results in a rather slow reaction rate.

We assume that both processes, thermal and photonic, are taking place since they are directly related
to the plasmonic properties of the NCs. Both processes contribute simultaneously to the enhancement

of the thiol-ene reaction efficiency.

To confirm this conclusion and to further improve thiol-ene reaction localisation, we set up one last
experiment. To do this we performed an experiment contrary to the one carried out previously
(Figure 2c¢). In this case, the thiol groups (butanedithiol) were grafted onto the 110 nm NCs surface
whereas the molecules consisting in alkene function (pentenoyl-nitroaniline) and AAPH were
dispersed in solution (figure 6a). As demonstrated in figure 6¢, the reaction measured on three
different points was working by means of a few minutes (t measured from 2.1 to 7.9 minutes).
Similar behaviour was observed for all recorded spots and the reaction was reproducible from one
point to another. These results confirm that in this configuration the radical formed on the thiol group
is only present at the focal point. In previous experiments (allyl mercaptan grafted on the surface), the
radicals were formed on the thiophenol in the solution and then the initiation of the thiol-ene reaction
outside the laser spot could not be excluded. In the present experiment, the thiol-ene reaction could
only occur locally inside the laser spot where the thiol groups were grafted. Accordingly, the reaction
was limited to the laser spot and thus was highly localised. This paves the way to a quick and easy
method to localise surface functionalisation via the “click” process at the nanometer scale through

plasmonic effects.
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Figure 6: a) Schema of the thiol-ene reaction configuration. b) SERS spectra of grafted pentenoy!l-
nitroaniline to 110 nm NCs. ¢) Relative SERS intensities of the integrated peak at 1332 cm™ versus
reaction time for three different points on the SERS substrate. The solid lines correspond to the fitting
of the experimental points using the equation (1). The reaction time constant, t, in minutes is given in
insert for each point.

6.2.4 Conclusion

We have demonstrated that the thiol-ene reaction can be induced at the surface of gold NCs even if
the experimental conditions are not favourable, through the exploitation of the plasmonic properties
of the nanostructures. These experiments demonstrate that the thiol-ene reaction can be performed in
a few minutes and that by tuning the LSPR position we are able to control the kinetics of the reaction
as well as the reaction localisation. This effect interpreted as the combination of both photonic and

thermal effects can be used to enhance and control chemical reactions at the nanoscale level.
6.2.5 Methods

6.2.5.1 Materials

2,2'-azobis(2-methylpropionamidine) dihydrochloride (AAPH, 97%), 2-mercaptoethanol (BME,
99%), ethanol (99.8%), 4-pentenoyl chloride (98%), 4-nitroaniline (99%), 1,4-butanedithiol (97%)
and thiophenol (thiophenol, 99%) were purchased from Sigma-Aldrich (France) and allyl mercaptane
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(2-propene-1-thiol, 70%) was obtained from Acros Organic (France). All reagents were used without
further purification. Deionized water with resistance of 18.2 MQ.cm was used in all described

experiments as the reaction medium.

6.2.5.2 SERS active substrates

Gold nano-cylinder (NCs) arrays on glass produced by electron beam lithography and lift-off

- 3435
techniques™

were used for this study. The substrates were designed to contain the variable
diameters of NCs: 110 nm, 140 nm and 200 nm. The height of the cylinders was set at 60 nm
evaporated on 3 nm of chromium for better gold adhesion on glass. The gap between two NCs was

kept constant at 200 nm to avoid any effect of near-field coupling.

6.2.5.3 General procedure for chemical reactions on gold surface

Prior to each experiment, gold NCs were cleaned as follows: substrates were immersed in ethanol for
10 min, dried using nitrogen and treated by ozone under intense 185 nm and 254 nm ultraviolet light
(PSD Standard UV-Ozone Cleaner, Novascan), ensuring the removal of organic contaminants.
Substrates were then once again immersed in ethanol for 10 min, dried and investigated by Extinction
and Surface Enhanced Raman Spectroscopies in aqueous conditions using the microscopic side with

the mould (Carl Roth).

6.2.5.4 Thiophenol grafting by thiol-ene click chemistry

The substrate was incubated in allyl mercaptan solution of 0.08 M in ethanol for 12 hours ensuring
self-assembled monolayer (SAM) like coating formation to block the gold surface. As-prepared gold
NCs based substrate was then ready to be introduced to a reaction mixture containing thiophenol
(0.25 mM) and AAPH (0.25 mM) dissolved in deionized water. The sample was placed on a
microscopic slide where the mould was filled with 100 pL of reaction mixture. The thiol-ene click

reaction was then monitored by SERS.

6.2.5.5 Experiment C1: Thiophenol interaction with allyl mercapthan functionalised gold NCs

The substrate was functionalised with allyl mercaptan and then placed on a microscopic slide
containing 100 puL of aqueous thiophenol solution (0.25 mM). Contrary to the experiment above, the
radical initiator was not included here. Thiophenol interaction with double bonds decorated surface

was then monitored by SERS.

6.2.5.6 Experiment C2: thiophenol interaction with mercaptoethanol functionalised gold NCs

The substrate was incubated in mercaptoethanol solution of 0.1 M in ethanol for 12 hours to block the

free gold surface. The functionalised substrate was then orientated onto a microscopic slide with a
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mould filled with 100 pL of the aqueous solution containing thiophenol (0.25 mM) and AAPH (0.25

mM). Thiophenol interaction with mercapthoetanol was then monitored by SERS.

6.2.5.7 Experiment C3: thiophenol interaction with non-functionalised gold NCs

The cleaned substrate with gold NCs arrays was directly placed on a microscopic slide with the
mould filled with 100 pL of solution containing thiophenol (0.25 mM) and AAPH (0.25 mM) in
deionized water. Thiophenol interaction with non-functionalised gold surface was then monitored by

SERS.

6.2.5.8 Pentenoyl-nitroaniline interaction with butanedithiol functionalised gold NCs

The substrate was first functionalised using butanedithiol (10 mM in ethanol) by incubating it in
solution for 12 h. The substrate was then washed with ethanol and placed on a microscopic slide
containing 100 pL of aqueous solution with dissolved pentenoyl-nitroaniline (0.2 mM) and AAPH
(0.2 mM). Pentenoyl-nitroaniline was chemically synthesized from 4-pentenoyl chloride and 4-
nitroaniline, using a nucleophilic addition reaction. As in the experiments above, molecular grafting

by thiol-ene reaction was then monitored by SERS.

6.2.5.9 Raman spectroscopy measurements

SERS and extinction measurements were recorded using Xplora ONE (Horiba scientific)
spectrometer. For SERS, a laser of 660 nm excitation wavelength with the power of 0.45 mW was
focused on the sample with x60 objective (N.A. 0,70). Integration time for signal collection was set at
15s. Each spectrum was the average of two repetitive measurements. Applied grating of 600

. -1
grooves/mm ensured a spectral resolution of 3 cm™.

6.2.5.10 Nuclear Magnetic Resonance (NMR) measurements

Nuclear Magnetic Resonance (NMR) measurements were performed in deuterium oxide using Bruker

Avance III 400 MHz instrument.
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6.3 Conclusion

In this chapter we have demonstrated the successful attempt in local molecular immobilization by
implementation of thiol-ene “click” reaction on highly plasmonic nanostructures. Comparing with the
results obtained from the negative controls we have shown that the reaction rate can be triggered by
controlling the position of the LSP resonance compared to the excitation wavelength used to initiate

the reaction.

These results open new path in highly selective, very rapid, facile and localised surface
functionalisation. This concept can be then exploited widely for the design of multi-functional

nanosensors.
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GENERAL CONCLUSION AND PERSPECTIVES

Within the scopes of this thesis, different approaches of SERS nanosensor surface functionalization
were tested in order to design a (bio)-receptor layer capable in organic pollutants pre-concentration.
During this study, we have considered three strategies, which were as follows: (i) to design of highly
selective nanosensor functionalised by anti-body against BaP, (ii) to test the size selective
nanosensors based on CDs and (iii) to examine DS derivative based nanosensor for the pre-

concentration and the detection of highly nonpolar aromatic compounds.

For the study related with the anti-body based SERS nanosensors, primarily, the concept of antibody
immobilisation via corbodiimide coupling was tested by using model proteins such as anti-BSA and
anti-RNASE. Herein, the results obtained by SPR and LSPR showed the successful surface
functionalisation as well as the analytes (BSA and RNASE, respectively) detection. However,
conducted SERS investigation did not confirm the specific interaction between anti-body and antigen.
In fact, while SERS signal of immobilized antibodies was not achieved, the spectra of detected
antigens were rather strong, indicating that observed antigens are non-specifically adsorbed on the
surface. The main drawback of this kind of anti-body based SERS nanosensor is the great size of
attached biomolecules. With this regard, the approach has been improved by performing enzymatic
anti-bodies digestion. Resulted F(ab), fragments were then used for direct substrate functionalisation.
SERS spectra of physically adsorbed F(ab), were successfully recorded. Moreover, the SERS signal
of protein was found to be very reproducible. Conducted experiments on the BaP detection at 500
ppb concentration on latter nanosensor and two negative controls, confirmed that the sensor with
adsorbed F(ab), fragments improves the detection of the analyte. Obtained results are very

encouraging to continue on this strategy.

Further improvements in this system could be related with the disulfide bonds reduction of the F(ab)s,
resulting in two Fab fragments. The application of the latter ones to the surface functionalisation
would ensure covalently bounded protein with analyte binding site orientated very closely to the
surface. Similar result could be achieved using thiol-ene reaction, where radical initiator would break
the disulfide bonds, and the resulted thiyl radicals would attach to the sensor surface pre-decorated by

molecules bearing alkene groups.
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Secondly, in this study, the applications of cyclodextrins (CDs) for the pre-concentration of pollutants
were investigated. Initially, the host-guest complexes formation between pollutants (TOL, NAP and
FL) and CDs has been examined by Raman spectroscopy and TG analysis. As expected, certain
selective activity of the CDs was found against different analytes regarding their size. More precisely,
we observed that: a-CD forms host-guest complexes with TOL, while B-CD is more interacting with

NAP and y-CD preferably encapsulates FL.

In order to apply CDs for surface functionalisation, chemical synthesis of thiolated CDs was
successfully performed. The primary OH groups replacement by SH groups was confirmed by NMR
and Raman spectroscopy. First attempt to test the thiolated-CDs based functionalisation was
performed on colloidal GNPs. The presence of grafted thioleted CDs was confirmed by monitoring
changes in GNPs extinction spectra before and after functionalisation, as well as by SERS. The
molecular pre-concentration in regards to the selectivity achieved by these nanosensors was found to
be similar to the one observed in the study of host-guest complexes formed in solid state. However,
the further attempt to reproduce these experiments using GNCs made by EBL as SERS active
substrate has failed. Insufficient surface coverage was discussed as a possible reason of the non

observation of the receptor layer based on thiolated CDs and of the targeted pollutants.

Few strategies could be considered regarding the surface functionalisation by CDs. Having thiolated
derivatives, it is possible to graft them onto the surface by thiol-ene or thiol-yne processes. Alkyne-
azide cycloaddition reaction could also be an interesting solution if instead of SH groups CDs would
be produced bearing N3 groups. Moreover, in the literature the synthesis of CDs coupled with
diazonium salt has been demonstrated. The reactivity of N> group presented on diazonium salts
towards metals is sufficient to ensure homogeneous surface coverage. Moreover, sufficient surface
coating can be achieved using CD-polymers as well. As it was demonstrated in this study, nanosensor
with physically adsorbed CD-polymer led to the NAP detection at 250 ppb concentration. The
drawback of this system was the stability of the coating (observed the loss in the polymer coating

when sensor was indroduced into sea water).

One can notice that for both F(ab), fragments based and thiolated CDs based surface
functionalisation, the exploitation of thiol-ene “click” reaction could be meaningful. Local molecular
immobilisation thanks to the thermal or photonic effects created in the near field of plasmonic
nanoparticles could be well applied to graft latter molecules on the sensor surface. Well controlled
nanoplasmonics mediated “click” process could be applied for selective molecular immobilisation on
limited surface area, opening the way to the design of multi-functional nanosensors with the

capability of (multi)-selective molecular pre-concentrations.
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The last strategy exploited in this thesis was related with diazonium salts (DSs) application for the
design of nanosensors pre-concentrating pollutants via non-specific physical adsorption driven by
weak Van der Waals or hydrophobic interactions. Before exploiting DSs for the surface
functionalisation, detailed Raman spectroscopy based study was conducted on synthesized DSs in
order to (i) confirm the successful chemical DSs synthesis and (ii) identify the vibrational signatures
of each obtained aryl diazo compounds. In the same manner study was continued after performing
DSs based surface functionalisation. First surface functionalisation approach was tested on GNCs
made by EBL. Performing SERS based investigation we have assigned characteristic vibrations of
phenyl derivatives grafted to the surface. With the help of DFT modeling and XPS experiments on
flat gold surface we have discussed the mechanism of DS-COOH grafting to the surface. Established
protocol of DS based surface functionalisation resulted in very reproducible coatings between
nanosensors; DS and DS-CioH»; were considered as good candidates to pre-concentrate nonpolar
pollutants. In this case commercially available SERS substrates were functionalised by both DSs and
were tested for PAH detection. Due to the lower rate of spontaneous polymerization, -based GNSs
were found to be highly reproducible. This nanosensor led to the detection of NAP, FL and BaP with
the limits of detection (LODs) of 15 ppm, 0.45 ppm and 0.045 ppm, respectively. It is worth to note
that latter detections were achieved using the prototype Raman micro-spectrometer designed by

Horiba Scientific in the frameworks of REMANTAS project.

Latter results showed that the DS-C;oH,; based nanosensor performance is depending on the
physicochemical properties of the coating as well as of analytes. This observation suggests that by
applying different DSs the resulting nanosensor can be customized regarding the polarity of the
targeted molecules. Hence, the application of DSs to the design of SERS based nanosensors is very
promising. As a matter of fact, the achieved LODs could be significantly improved by well fitting the
physicochemical properties of coating layer in regards to the selected analytes. The lower molecular
detection could be reached by optimizing some other parameters. For instance, as it was discussed,
DSs tend to polymerize creating non-homogeneous multi-layers. During this study we did not
consider the thickness of obtained coating layer, but as it was shown in the chapter of anti-bodies
exploitation, the distance of analyte to the surface is critical for efficient detection. Thus, the protocol

of the DS based surface functionalisation should be improved.

All described surface functionalisation strategies were first exploited on the GNCs produced by EBL
due to their reproducibility. However, these substrates did not lead to successful molecular detection.
For this reason, the experiments were reproduced and detection of analytes were observed using the
colloidal nanoparticles (in solution or deposited on a substrate) or commercial SERS substrates. This

leads to the conclusion that SERS substrates are an essential component of SERS nanosensors and
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have to be seriously considered and carefully selected. The good balance between the reproducibility

and the sensitivity of the substrate has to be found.

Other general observation is related with the measuring conditions. Investigated molecules have a
different volatilities and it is necessary to perform experiments in liquid conditions. During this study
we used two systems: (i) a microscopic slide with the mould or (ii) a liquid cell. The first system was
found highly non-beneficial for many reasons, mostly because of the great risk to contaminate sample
at any step. Liquid cell, on the other hand, is a comfortable tool to use and is very important working

with this kind of molecules. Also it is essential for in-site applications.
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ANNEX 1: Experimental SERS set-ups

In this section, the instrumental set-ups used in this study will be described. The SERS nanosensor
design required the determination of the optical properties of the gold nanostructures. Such
measurements were done using extinction spectroscopy. Raman and SER spectroscopy were used for

the nanosensors characterization and its performance in molecular detection.

These measurements were conducted using a Xplora (Horiba Scientifics) and a Labram HRS800
(Horiba Scientifics) micro-spectrometers. The configurations for LSPR and Raman/SERS
measurements are illustrated in Figure 1. For acquiring extinction spectra, white light is transmitted
through the sample. A fraction of the photons are absorbed and scattered by the sample while the
transmitted light is collected by the objective. The grating is then separating the light in shorter
frequency range in order to measure intensity of the light regarding its wavelength with a charge-

coupled device (CCD).

CCD

Grating CCD
Slit
Confocal \
hole
Objective: Laser: “
x10; N.A. 0.25 633 nm
7 x20; N.A.0.4

691 nm Obijective:
785 nm x100; N.A. 0.9 (in air)

x60; N.A. 0.7 (in liquid)

\\l;/ Light source

A B

Figure 1: Schematic illustration of LSPR (A) and Raman/SERS (B) experimental configurations.

Raman and SERS measurements were performed in backscattering configuration. In this way,
excitation monochromatic laser light is focused on the sample through a high numerical-aperture
objective whereas the Raman signal is collected through the same objective. The collected scattered
light is then passing through an edge filter to remove the Rayleigh-scattered light. Finally the light is

analysed with a spectrometer and recorded by a CCD camera.
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The lasers used during this study are 633 nm, 660 nm, 691 m and 785 nm. The selection of laser was
determined in regards to the applied SERS active substrates. In order to achieve maximum signal
enhancement laser wavelength was selected to match the wavelength of LSPR position. In SERS,
laser was focused with x100 fold magnification objective (N.A. 0.9) for a measurement in the air, and
with x60 fold magnification objective (N.A. 0.7) for a measurements in liquid conditions. The latter
objective is equipped with a correction collar to focus the laser at the nanostructures surface through

a glass slide (see Figure 2 illustrating sample orientation for measurements in liquid conditions).

Laser —
" __— Sample
N Slide —)
Exit tube Entry tube Solution
a) b)

Figure 2 Schematic illustration of a) the liquid cell and b) microscopic slide with a cavity used to
ensure liquid conditions.

Liquid conditions for SERS experiments were ensured using home-designed liquid cell or
commercially available microscopic slide with a mould. In the first case the measurements can be
made in dynamically exchanging environment thanks to peristaltic pump attached to a liquid cell. In
the second configuration the cavity presented on microscopic slide is filled with the constant amount
of liquid. In both cases SERS substrates are placed on the top with the nanostructures orientated in

the liquid. Therefore the laser for SERS measurements was focused through the glass.

In the course of the project a Raman set-up was developed by Horiba Scientifics (figure 3). This
portable micro-Raman spectrometer was designed for on-site applications. It is equipped with a
micro-fluidic cell (figure 3 A) whereas liquid is circulated by a peristaltic pump. In this configuration
the laser with excitation wavelength of 691 nm is focused from the bottom though the glass with a
x60 fold magnification objective (0.7 N.A.). The optical table is placed under the protective shield
(figure 3 B). Assembled spectrometer is integrated in the portable box (figure 3 C)
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Spectrometer

A B
Figure 3: Photography of the portable Raman instrumental set-up developed by HORIBA Scientifics.

Picture A shows the micro-fluidic cell and picture B the up stage with the sample holder, liquid cell
and peristaltic pump. The integrated Raman set-up in its box can be seen in picture C.
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ANNEX 2: ELECTRONIC SUPPLEMENTARY MATERIAL for

Investigation of aromatic hydrocarbons inclusion into cyclodextrins by

Raman spectroscopy and thermal analysis

Inga Tijunelyte®, Nathalie Dupont®, Irena Milosevic®, Carole Barbey* Emmanuel Rinnert” Nathalie

Lidgi-Guigui®, Erwann Guenin®, Marc Lamy de la Chapelle®

Table 6 Calculated frequencies and intensities for the most important normal modes of TOL (among

39 normal modes in Cs representation), experimental data for TOL alone and TOL engaged in

complexes with o, B and yCD

N° Sym. Calcul. R.L Assigm. TOL R.L aC[ﬁ:TO E))F((:)[I)J Yf((:)[I)J
N 518 430  §(CCstretch.) 516 1,54 520 519 518
2 A’ 783 4,00 d (ring breath.) 781 5,21 787 779 780
3 A’ 999 4,19 d 999 5,20 997 998 998
4 A’ 1031 1,55 ) 1026 1,29 1027 1026 1026
5 A’ 1157 0,44 O (CH sciss.) 1152 0,43 - - -

6 A’ 1179 0,53 O (CH sciss.) 1175 0,38 - - -

7 A’ 1203 1,09 0 (CC stretch.) 1206 1,52 - 1204 1204
8 A 1594 0,38 ) 1582 0,62 1580 1581 1582
9 A 1616 1 ) 1603 1,00 1603 1603 1603
10Aa> 2933 192 s?rgiil. Sggg) 2921 3,62 - -

1 A 3060 2,39 Sé‘str(eizll_isr}illrlng.) 3058 5,53 3056 3051 3053

v out plane of the molecule; d in plane of the molecule
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Table 7 Calculated frequencies and intensities for the most important normal modes of NAP (among 48 normal modes in D2h

representation), experimental data for NAP alone and NAP engaged in complexes with o8 and yCD

NP Sy.m Calcul. R Assigm. NAP RIL “‘CEZNA R B‘CEZNA R V‘C[;:NA RI
| B3g 5092 12523 S
Ag  bands) 2 508 042 509 2,07 510 1,19 510 1,50
2 Ag 758 2,33 8 (CC stretch.) 761 173 763 2,39 758 1,65 759 1,40
3 B2g 771 0,10 v 781 0,17 773 0,07 773 0,16 769 0,32
4 Ag 1025 1,00 8 (CC stretch.) 1019 1,00 1025 1,00 1024 1,00 1025 1,00
5 Ag 1370 245 8 (CC stretch.) 1379 0,88 1381 2,09 1376 2,83 1376 2,80
6 Ag 1582 034 5 1575 0,52 1578 0,79 1576 0,37 1577 0,29
7 B3g 1637 0,08 8 1627 0,05 1630 0,16 1629 0,14 1629 0,14
8 v (CH Sym. stretch.) - - 3044 0,17 3045 0,20 3039 0,16
9 Ag 3060 099  §(CHSym.stretch) 3050 0,72 3057 0,62 3055 047 3055 0,55

v out plane of the molecule; d in plane of the molecule
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Table 8 Calculated frequencies and intensities for the 72 normal modes of FL, experimental data for

FL alone and FL in complex. Vibrational modes which are most impacted (demonstrated important

shift or strongly vary in relative intensity) by complex formation are marked in bold

N° Sym. Calcul. (regI.{iIi 01) Assigm. FL (regI.{iIi 01) Complex (regI.{iIi 02)
1 BI 101 0.04 Y
2 A2 119 0.28 Y
3 Bl 163 0.02 v (Rings A)
4 B2 204 0.28 S 204 0.11 202 0.09
5 A2 251 --- v (Rings A) 261 0.31 268 0.29
6 Bl 293 0.66 Y 300 0.70 296 0.32
7 Al 349 0.45 ) 352 0.50 350 0.39
8 Bl 428 0.03 v (Ring B)
9 A2 429 0.15 Y 428 0.26 --- ---
10 BI1 458 --- v (Rings A) 452 0.10 437 0.05
11 B2 468 0.46 ) 471 0.39 469 0.27
12 Al 484 0.16 d (Rings A) 484 0.40 479 0.77
13 B2 559 0.02 )
14 Al 560 0.58 d (Rings A) 560 1.41 559 0.62
15 A2 564 0.01 Y
16 B2 615 -—- )
17 Bl 619 --- YA
18 A2 638 0.01 Y
19 Al 672 0.45 d (Ring B) 669 2.73 669 0.65
20 A2 736 0.01 v (Rings A) 734 0.11
21 Bl 742 0.01 v (Ring B)
22 B2 762 0.01 )
23 Bl 775 0.01 v (Rings A) 778 0.20
24 A2 781 --- Y
25 Al 801 0.20 d (Rings A) 801 0.58 802 0.24
26 BI 824 0.01 v (Rings A) 825 0.12 824 0.02
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27 A2 867 0.01 v (Ring B)

28 Al 889 0.03 )

29 A2 897 --- v (Rings A)

30 BI 905 0.02 v (Rings A) 904 0.17

31 BI 929 - v (Ring B)

32 A2 957 -—- v (Rings A)

33 BI 966 0.01 v (Rings A)

34 A2 967 - v (Ring B)

35 B2 970 0.01 ) 970 0.01

36 B2 1018 0.01 d (Rings A)

37 Al 1023 0.34 d (Ring B) 1018 1.25 1016 0.35
38 Al 1041 0.12 d (Rings A) 1036 0.42 1033 0.10
39 B2 1084 --- d (Ring B)

40 Al 1101 1.00 ) 1101 1.00 1102 1.00
41 B2 1139 0.07 ) 1134 0.32 1135 0.11
42 Al 1159 0.03 d (Ring B) 1153 0.27 1155 0.05
43 B2 1161 0.01 )

44 Al 1184 0.10 d (Rings A) 1182 0.08 1182 0.03
45 B2 1210 0.13 ) 1215 0.12

46 B2 1229 --- d (Rings A) 1236 0.10

47 Al 1267 0.79 d (Rings A) 1269 0.70 1267 0.70
48 B2 1291 0.02 d (Ring B) 1299 0.12

49 Al 1314 0.02 S 1309 0.14

50 B2 1369 0.06 d (Rings A) 1361 0.18

51 Al 1375 0.18 ) 1372 0.40 1372 0.40
52 Al 1414 0.48 d 1409 1.71 1410 0.67
53 Al 1425 0.31 d (Rings A) 1423 1.20 1424 1.07
54 B2 1443 0.02 ) 1436 0.32

55 Al 1457 0.40 ) 1455 0.90 1453 0.85
56 B2 1477 --- )

57 B2 1493 0.01 )

58 Al 1584 0.03 d (Ring B) 1587 0.21 1590 0.16
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0 CC str.+ CCC Scis. +

9 AL 1609 024 SCGPe CRESR T ae0r 067 1604 025
60 Al 1611 095 O Ccsscti's'legggcs'z)CCH 1608 172 1610  1.14
61 B2 1614 023 5CCsir. (RingB) 1620 0.12 1621 026
62 B2 1626 001 5 CC str. (Rings A)
63 B2 3034 0.3 5 CH str.
64 B2 3034 0.2 5 CH str 3022 017 3037 0.05
65 Al 3034 5 CH str. (Rings A)
66 Al 3040 0.02 5 CHstr. Ring B) 3034 009 3051 0.24
67 B2 3044 002 5 CHstr. (Rings A)
68 Al 3045 008  5CHsir (RingsA) 3048 083 3059  0.05
69 B2 3050 0.05 5 CH str. (Ring B)
70 B2 3056 0.2 5 CH str. (Rings A)
71 Al 3057 0.6 5 CH str. (Rings A)

3062 020 3068  0.04
72 Al 3061 0.15 5 CH str. (Ring B)

v out plane of the molecule; o in plane of the molecule
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ANNEX 3: Chemical shift obtained by NMR of CD and CD-SH

bﬂp—
S Lo A

é“@

Figure 5.6.1 Chemical structure of modified Figure 5.6.2 Chemical structure of f-CD-
CDs; 0-CD:n =6, f-CD: n=7;y-CD: n = polymer
8. R = I for Per-6-iodo-cyclodextrin or R =

SH for Per-6-thio-cyclodextrin.

—

Per-6-iodo-a-cyclodextrin: 'H NMR (CD;SOCD3) & (ppm) 5.80 (d, J = 6.6 Hz, 6H, 2-OH), 5.64 (s,
6H, 3-OH), 4.94 (d, ] =2.7 Hz, 6H, H-1), 3.88-3.66 (m, 12H, H-6b, H-5), 3.66-3.42 (m, 12H, H-3, H-
6a), 3.42-3.21 (m, 18H, H-2, H-4).

Per-6-iodo-B-cyclodextrin:'H NMR (CD;SOCD3) & (ppm) 6.06 (d, J = 6.4 Hz, 7H, 2-OH), 5.95 (s,
7H, 3-OH), 4.99 (d, J = 3 Hz, 7H, H-1), 3.8 (d, J = 9.4 Hz, 7TH, H-6b), 3.69-3.54 (m, 14H, H-3, H-5),
3.49-3.23 (m, 21H, H-2, H-4, H-6a).

Per-6-iodo-y-cyclodextrin: '"H NMR (CD;SOCDs) & (ppm) 5.98 (m, 16H, OH-2, OH-3), 5.03 (d, J =
2.7 Hz, 6H, H-1), 3.82 (d, J = 9.3 Hz, 8H, H-6b), 3.74-3.50 (m, 16H, H-3, H-5), 3.50-3.18 (m, 24H,
H-2, H-4, H-6a).

Per-6-thio-a-cyclodextrin: 'H NMR (CD3SOCD3) & (ppm) 5.70 (d, J = 7 Hz, 6H, 2-OH), 5.55 (d, J =
2.2 Hz, 6H, 3-OH), 4.91 (d, ] = 2.9 Hz, 6H, H-1), 3.85-3.65 (m, 12H, H-3, H-5), 3.46-3.24 (m, 12H,
H-2, H-4), 3.18-3.06 (m, 6H, H6-b), 2.85-2.69 (m, 6H, H6-a), 2.17 (t,J = 8.3 Hz, 6H, SH).
Per-6-thio-B-cyclodextrin: "H NMR (CD;SOCDs) & (ppm) 5.93 (d, J = 6.7 Hz, 7H, 2-OH), 5.82 (s,
7H, 3-OH), 4.93 (d, J = 3.2 Hz, 7H, H-1), 3.64 (dt, J = 18.5, 8.7 Hz, 14H, H-3, H-5), 3.43-3.27 (m,
14H, H-2, H-4), 3.25-3.13 (m, 7H, H6-b), 2.82-2.68 (m, 7H, H6-a), 2.13 (t, ] = 8.3 Hz, 7H, SH).
Per-6-thio-y-cyclodextrin: 'H NMR (CD3SOCD:3) 8 (ppm) 5.96 (m, 16H, 2-OH, 3-OH), 4.96 (s, 8H,
H-1), 3.83-3.49 (m, 16H, H-3, H-5), 3.47-3.24 (m, 16H, H-2, H-4), 3.22-3.06 (m, 8H, H6-b), 2.82-
2.62 (m, 8H, H6-a), 2.19 (t, ] = 7.8 Hz, 8H, SH).
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ANNEX 4: Electronic supplementary information on Raman

characterization of phenyl derivatives:

diazonium salts

from primary amine to

Stéphanie Betelu'", Inga Tijunelyte”, Leila Boubekeur-Lecaque®, Ioannis Ignatiadis',Anne Carolinne

Schnepfl, Erwann Gueninz, Nadia Bouchemalz, Nordin Félidj3,Emmanuel Rinnert4, Marc Lamy de la

Chapelle?.

X- Optimized geometry and three lower frequencies CBN,

0.0241040
1.4071920
2.0760730
1.3694950
-0.0118820
-0.6516510
-0.5193060
1.9734250
1.9240590
-0.5818690
3.5827330
-2.0322260
-3.1378250
4.1514310
5.1166320
4.1699100

9 o
»@ 99
9 ]
Tag Symbol X Y
1 C -0.0199110
2 C 0.0246340
3 C 1.2513620
4 C 2.4516120
5 C 2.4479750
6 C 1.2011610
7 H -0.9521520
8 H -0.8885360
9 H 3.3779500
10 H 3.3597850
11 C 1.3433630
12 N 1.1746230
13 N 1.1551660
14 0 0.1412520
15 H 0.2474350
16 0 2.3860850
1
A
Frequencies -- 58.7134
Red. masses -- 7.1456
Frcconsts -- 0.0145
IR Inten - 1.5044
RamanActiv_-- 0.2817
Depolar (P) -- 0.7500
Depolar (U) -- 0.8571
Atom AN Y z
1 6 -0.02 -0.19 0.01 0.03
2 6 -0.02 -0.1 0.01
3 6 0.00 0.01 0.00
4 6 0.02 0.19 -0.01
5 6 0.02 0.21 -0.01
6 6 0.00 0.01 0.00
7 1 -0.04 -0.35 0.01
8 1 -0.03 -0.29 0.01
9 1 0.04 0.31 -0.01
10 1 0.04 0.37 -0.01
11 6 0.00 -0.03 0.00
12 7 0.00 -0.01 0.00
13 7 0.00 -0.02 0.00
14 8 0.04 0.37 -0.01
15 1 0.04 0.32 -0.01
16 8 -0.05 -0.40 0.01

x
[=l=lelelelolele]e)

V4
0.1510500
0.1947420
0.0755640
-0.0891910
-0.1378770
-0.0153730
0.2407600
0.3212990
-0.1773050
-0.2645210
0.1189900
-0.0617820
-0.0985930
0.2791970
0.3007070
0.0194400
2
AA
78.5478
8.4031
0.0305
0.0218
1.2395
0.7500
0.8571
Y
0.24 -0.01
03  0.25 -
02 0.18 -0
03 0.23 -0
02 0.21 -0
02 0.16 -0
03 0.23 -0
03 0.27 -0
02 0.22 -0.
02 0.19 -0.
01 -0.09 0.
01 -0.12 0.
05 -0.44 0.
03 -0.23 0.
05 -0.43 0.
02 -0.21 0.
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CBN,dimer

0.2775450
1.6628870
2.3744160
1.7101860
0.3269690
-0.3538170
-0.2967550
2.1956720
2.2897160
-0.2104420
3.8815360
-1.7406210
-2.8453580
4.4116280
5.4063820
4.5047580
11.3345900
9.9492470
9.2377100
9.9019370
11.2851540
11.9659440
11.9088950
9.4164680
9.3224040
11.8225620
7.7305850
13.3527510
14.4574880
7.2004920
6.2057370
7.1073450

a @ @
P »@ 99
°0s o9 99 o00
@ o P
3 @ .
Tag Symbol X Y z
1 C -0.0335970 -0.0065090
2 C -0.0416790 -0.0333280
3 C 1.1663890 -0.0323510
4 C 2.4003440 -0.0046680
5 C 2.4487540 0.0225400
6 C 1.2200910 0.0207730
7 H -0.9515780 -0.0065840
8 H -0.9831080 -0.0550670
9 H 3.3148570 -0.0046900
10 H 3.3885110 0.0443030
11 C 1.1769970 -0.0612010
12 N 1.2469070 0.0479690
13 N 1.2690810 0.0696430
14 o] -0.0242280 -0.0863310
15 H 0.0290220 -0.1043120
16 (o] 2.2269060 -0.0599950
17 C 2.5118260 -0.1871160
18 C 2.5199250 -0.1603210
19 C 1.3118600 -0.1608850
20 C 0.0778930 -0.1881310
21 C 0.0294660 -0.2153150
22 C 1.2581270 -0.2139660
23 H 3.4298040 -0.1873630
24 H 3.4613630 -0.1389190
25 H -0.8366170 -0.1877890
26 H -0.9103000 -0.2367460
27 C 1.3012710 -0.1319930
28 N 1.2312890 -0.2411280
29 N 1.2091320 -0.2627740
30 o] 2.5025000 -0.1069520
31 H 2.4492560 -0.0889290
32 o] 0.2513730 -0.1332010
1 2
A AA
Frequencies -- 15.5021 31.1718
Red. masses -- 11.1250 3.8081
Frcconsts -- 0.0016 0.0022
IR Inten - 5.8957 0.0637
RamanActiv -- 0.0000 0.0000
Depolar (P) -- 0.7497 0.7203
Depolar (U) -- 0.8570 0.8374
Atom AN X Y X Y
1 6 0.00 0.08 0.00 0.00 0.18 .
2 6 0.00 -0.04 0.00 0.00 0.17
3 6 0.00 -0.09 0.00 0.00 0.00
4 6 0.00 -0.04 0.00 0.00 -0.17
5 6 0.00 0.08 0.00 0.00 -0.18
6 6 0.00 0.13 0.00 0.00 0.00
7 1 0.00 0.12 0.00 -0.01 0.31
8 1 0.00 -0.08 0.00 0.00 0.30
9 1 0.00 -0.09 0.00 0.01 -0.30
10 1 0.00 0.12 0.00 0.00 -0.31
11 6 0.00 -0.20 0.00 0.01 0.00
12 7 0.00 0.26 0.00 -0.01 0.00
13 7 0.00 0.36 0.01 -0.01 0.00
14 8 0.00 -0.23 0.00 0.01 0.05
15 1 0.00 -0.27 -0.01 0.01 0.02
16 8 0.00 -0.24 0.00 0.01 -0.04
17 6 0.00 0.08 0.00 0.00 0.18
18 6 0.00 -0.04 0.00 0.00 0.17
19 6 0.00 -0.09 0.00 0.00 0.00
20 6 0.00 -0.04 0.00 0.00 -0.17
21 6 0.00 0.07 0.00 0.00 -0.18
22 6 0.00 0.13 0.00 0.00 0.00
23 1 0.00 0.12 0.00 -0.01 0.31
24 1 0.00 -0.08 0.00 0.00 0.30
25 1 0.00 -0.09 0.00 0.01 -0.30
26 1 0.00 0.12 0.00 0.00 -0.31
27 6 0.00 -0.20 0.00 0.01 0.00
28 7 0.00 0.26 0.00 -0.01 0.00
29 7 0.00 0.36 0.01 -0.01 0.00
30 8 0.00 -0.23 0.00 0.01 0.05
31 1 0.00 -0.27 -0.01 0.01 0.02
32 8 0.00 -0.24 0.00 0.01 -0.04
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NMR Characterization

Synthesized diazonium salts and their primary amines were characterized by Nuclear Magnetic
Resonance (NMR). Spectra were recorded using aBruker Avancelll 400 MHz instrument. 'H
chemical shifts are presented in ppm (part per million) values relative to TMS referenced to the
internal residual in d-DMSO solvent. Data are reported as follows: s = singlet, d = doublet, t = triplet,
m = multiplet and coupling constants are given in Hz. The structures of the amines and salts as well
as indexation of protons are presented in scheme S1. Both the amines and diazonium salts RMN

spectra are presented in Figure S1.
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Scheme S1: Structures of amine and diazonium salt with the indexation of protons.
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FigureS1: Chemical shift comparison between primary amines (black spectra) and their diazonium
salts (red spectra) for aniline (A), 4-aminobenzoic acid (B), 4-(2-aminoethyl)aniline (C) and 4-
decylaniline (D).
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Aniline:

'H NMR (400 MHz, DMSO-d°): §(ppm) 4.99 (s, 2H, H-n);6.47 (t, J= 7.3 Hz, H, H-p); 6.54 (d, J = 7.7 Hz, 2H, H-
0); 7.00 (dd, J = 7.3 and 7.7 Hz, 2H,H-m).

Benzenediazonium salt:

'H NMR (400 MHz, DMSO-d®): §(ppm) 7.98 (dd, J= 7.6 and 8.3 Hz, 2H, H-m); 8.26 (t, J = 7.6 Hz, H, H-p); 8.67
(d, J = 8.3 Hz, 2H,H-o0).

4-aminobenzoic acid:

'H NMR (400 MHz, DMSO-d°: §(ppm) 5.87 (s, 2H, H-n);6.54 (d, J= 8.4 Hz, 2H, H-0); 7.61 (d, J = 8.4 Hz, 2H,
H-m).

4-carboxybenzene diazonium salt (DS-COOH):

'H NMR (400 MHz, DMSO-d®): §(ppm) 8.41 (d, J= 8.4 Hz, 2H, H-m); 8.77 (d, J = 8.4 Hz, 2H, H-0).

4-(2-aminoethyl)aniline:

'H NMR (400 MHz, DMSO-d®): §(ppm) 2.44 (t, J = 7.2 Hz, 2H, H-):2.64 (t, J= 7.2 Hz, 2H, H-a); 4.81 (s, 2H,
H-n); 6.48 (d, J = 8.0 Hz, 2H, H-0); 6.82 (d, J = 8.0 Hz, 2H,H-m).

4-(2-aminoethyl)benzenediazonium salt (DS CH,CH,NH;):

'H NMR (400 MHz, DMSO-d®): §(ppm) 3.08-3.17 (m, 4H, H-o.B); 7.83 (s, 2H, H-y); 7.86 (d, J = 8.7 Hz, 2H, H-
m); 8.61 (d, J = 8.7 Hz, 2H, H-0).

4-Decylanilin:

'H NMR (400 MHz, DMSO-d%): 8(ppm) 0.85 (t, J = 6.4 Hz, 3H, H-C);1.23 (s, 14H, H-¢); 1.45-1.47(m 2H, H-B);
2.37 (t,J = 7.6 Hz, 2H, H-a.); 4.78 (s, 2H, H-n); 6.46 (d, J = 7.9 Hz, 2H, H-0); 6.81 (d, J = 7.9 Hz, 2H,H-m).

4-Decylanilinbenzenediazonium salt (DS-C10):

'H NMR (400 MHz, DMSO-d®): §(ppm) 0.85 (t, J = 6.4 Hz, 3H, H- £):1.25 (s, 14H, H-¢); 1.60-1.62(m, 2H, H-p);
2.83 (t,J = 7.6 Hz, 2H, H- o.); 7.82 (d, J = 8.4 Hz, 2H, H-m); 8.56 (d, J = 8.4 Hz, 2H,H-0).

Absence of protons from NH, group indicates total amine conversion to diazonium salt. The
impurities represent 8 %, 1.5 %, 3 % and 4 % of the diazonium salts for DS, DS-COOH, DS-
(CH2)2NH; and DS-C;oHz3, respectively.
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Figure S2: Raman relative intensity of v(N=N) normalized versus v(C=C) for DS, DS-COOH, DS-
CH2CH2NH2 and DS-Clonl.

Table S1: Substituent constants (c),[33.,34].

Group op
NH; -0.66
CH; -0.17

COOH 1.14

Table S2:Calculated relative intensity of v(N=N) normalized versus v(C=C) for DS, DS-COOH, DS-
CH,CH,NH; and DS-C;¢H;;and calculated percentages of the normalized intensity versus results

obtained for DS.

Diazoniumsalt I v(N=N) /I v(C=C) % versus DS
DS 0.93 100
DS-COOH 1.14 123
DS-CH,CH,NH, 0.93 100
DS-CioHy; 0.93 100
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SERS intensity

ANNEX 5: Supporting Information for Diazonium salt-based

SERS substrates: at the root of the development of innovative “long

life” robust SERS sensors

Stéphanie Betelu' *, Inga Tijunelyte™, Leila Boubekeur-Lecaque’*, Ioannis Ignatiadis', Anne

Carolinne Schnepf'*, Joyce Ibrahim®, Timothée Toury’, Erwann Guenin®, Nathalie Lidgi-Guigui®,
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Figure S1: Additional DSCOOH adducts envisaged for DFT modeling
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Figure S2: General XPS spectra for DSCOOH adsorbed on planar gold film.
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ANNEX 6: Supplementary Information for Diazonium salt-based
SERS active sensor: towards detection and quantitation of the aromatic

hydrocarbons in water samples

Inga Tijunelyte'*, Stéphanie Betelu®, Jonathan Moreau®, Ioannis Ignatiadis®, Catherine Berho’,
Nathalie Lidgi-Guiguil, Erwann Guéninl, Catalina David3, Sébastien Vergnole3, Emmanuel Rinnert4,

Marc Lamy de la Chapelle'
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Figure S1: Example of the baseline correction procedure used in this study.
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S2: Comparison of Raman signatures (back spectra) of selected diazonium salts with SERS spectra
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Figure S3: SERS spectra obtained on DS-based substrate.
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Figure S5: NAP detection by DSC,oH»; based nanosensor. Representation of complete spectral range.
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ANNEX 7: Supplementary Information for Nanoplasmonics

tuned “click chemistry”

Inga Tijunelyte', Erwann Guenin', Nathalie Lidgi-Guigui', Florent Colas®, Joyce Ibrahim?,
TimothéeToury®, Marc Lamy de la Chapelle’

Investigation on thiol-ene reaction initiation conditions

In the article described results demonstrate successful thiol-ene reaction initiation thanks to physical
effects provided by highly resonant NCs. For this reaction 2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH) was used as a radical initiator.

In order to test this radical initiator performance in bulk conditions we have performed the thiol-ene
reaction under several experimental conditions. The aqueous reaction mixture was first prepared by
dissolving one equivalent of both: thiophenol (3.5 pL, 7 mmol.L™) and pentenoic acid (3.5 pg, 7
mmol.L™). This acid has been used to mimic the allyl mercaptan since the latter one has a thiol group
that could directly react with the double bond of another allyl mercaptan molecule. In such
conditions, it will not be able to determine the actual efficiency of the thiol-ene reaction between the
thiophenol and the mecaptan. Thus we have used the pentenoic acid that have no thiol group but still
have a double bond for thiol-ene reaction. Since this acid and the allyl mercaptan have similar
structure, we assume that the reaction rate is also similar for both molecules. The mixture was
investigated by Nuclear Magnetic Resonance (NMR) in deuterium oxide (D,O) using Bruker Avance
111 400 MHz instrument prior to the initiation of thiol-ene reaction. The figure S1 shows the 'HNMR
spectrum of the region of interest. Multiple peaks presented in 'H NMR spectrum at 4.81-5.07 (m,
2H) and 5.78-5.9 (m, H) are assigned to the vinyl protons whereas the group of peaks at 7.11-7.34

(m, 5H) belongs to the aromatic protons.
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Chemical shift, ppm

Figure S1 Nuclear Magnetic Resonance (NMR) spectrum of thiophenol and pentenoic acid mixture

After introducing the AAPH (9.5 mg, 7 mmol.L") in solution, four different initiation conditions

were performed (Figure S2.):

1) illumination of the solution with 660 nm laser light with a power of 0.45 mW (these
conditions correspond to the exact ones used with the NCs)

2) illumination of the solution with 660 nm laser light with a power of 4.5 mW

3) heating of the solution at 60 °C

4) illumination of the solution with UV excitation wavelength of 365 nm

For all experiments, the exposure time (illumination or heating) was set to 30 min. The thiol-ene
reaction in bulk was monitored by 'H NMR thanks to the observation of multiple peaks at 7.48 ppm
and 2.71 ppm (a and b labels on the figure S2, respectively). The first peaks correspond to a shift of
protons from the aromatic ring whereas the peaks at 2.71 ppm are assigned to the protons of the
carbon bound to sulfur'. No spectral changes were observed on the NMR spectra after irradiating the
mixture using identical parameters as the ones described in article (laser of 660 nm with the power of
0.45 mW) and even after increasing the laser power by one order of magnitude (power of 4.5 mW).
The reaction starts at very low level after incubating solution at 60°C (observation of peaks with very
low intensity at 2.71 and 7.48 ppm). This observation is not surprising. In the literature, the use of

AAPH for radical reaction demands heating to 60°C for 24h”. The highest reaction efficiency was
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observed by irradiating sample under UV light since after 30 minutes of illumination intense bands

are observable.

These results indicate clearly that the thiol-ene reaction cannot be initiated using the 660 nm
excitation wavelength even if the laser power density is high without any plasmonic structures.
Moreover, the reaction is slow using the increase of the temperature or the UV light. It means that the
plasmonic effect enhance the chemical process and accelerate the thiol-ene reaction at the

nanostructure surface.

HHHHH

b
A=365 nm, t=30 min _JJL\JI MA el
a L_._‘.J__i
A= 60°C, t=30 min

A= 660 nm, t=30 min \
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A= 660 nm, t=30 min IM
(P=0.45 mW) i

8 7 6 5 4 ' 3
Chemical shift, ppm

Figure S2 Nuclear Magnetic Resonance (NMR) spectra recorder after expositing mixture for thiol-ne

reaction to a various initiation conditions.

215



SERS spectra recorded for the different experiments
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Figure S3 SERS spectra of thiophenol grafted to gold NCs via competitive replacement (experiments

CI1 and C2), spontaneous adsorption (experiment C3) or thiol-ene chemistry.

The comparison of the SERS spectra obtained after thiophenol grafting by thiol-ene reaction or by

spontaneous or competitive interactions is presented on Figure S3. Except the first negative control

(C1) all other SERS substrates were initially pre-functionalised by either allyl mercaptan or

mercaptoethanol. After the thiophenol immobilization, all SERS spectra exhibit very similar spectral

features that can be assigned to the main fingerprints of thiophenol. This means that the grafting of

the thiophenol did not change its structure or its orientation on the gold surface. Moreover, the

contribution of the allyl mercaptan or mercaptoethanol is actually limited to the SERS spectra which

are dominated by the thiophenol contribution.
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Temperature calculation

When light is absorbed by a nanoparticle (NP), part of the incoming energy is turned into heat,
leading to an increase of the NP temperature (ATy) and as a consequence inducing a local heat of the

surrounding media. AT, is directly related to the absorption cross-section (Gaps) as™:

c721binnc

ATg=——"—"
0 4m Req B Ksurr

Eq. 1

with Ii, the irradiance of the incoming beam in the plane of the NP, R the effective radius of the NP
(defined as the radius of a sphere of a volume equals to that of the NP), B a constant depending on the
aspect ratio of the NC and kg, the thermal capacity of the surrounding medium. In our case, Kgyr 1S

considered as the mean of the thermal capacity of water and glass (Kure1 Wm™ K.

In the case of an assembly of NPs, the heating transfer from one NP to the others contributes to the
temperature increase. Considering a Gaussian beam of waist (wo) shining an array of NPs, the
collective temperature increase is proportional to the absorption cross-section of the individual NP

. 4
and a geometrical parameter as

Eq. 2

_ Oapsline [In2 1 (1_4\/A1n2)

AT =
coll
Ksurr 41 WOA TWq

where A is the area of the lattice. In the case of a square lattice of side length D, A=D”.

The absorption cross-sections of the NC assembly in a square lattice arrangement were calculated by
Discrete Dipole Approximation (DDA) using DDSCAT 7.3°. Their diameters varied from 100 to 200
nm while their height was kept constant to 50 nm. The interparticle distance was 200 nm. A
chromium adhesion layer of 2 nm thickness was added underneath each NC. The relative permittivity
of gold was taken from® and that of the chromium from Sopra database. The interdipole distance was
set to 2 nm as a balance between mesh resolution and memory requirements. The calculations were

performed with the HPC facilities of Péle de Calcul Intensif pour la Mer’.

The surrounding medium was modeled by an effective medium with relative permittivity €. ' equal

to the mean of that of the glass substrate and that of water (Eq. 1).
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€eff = €glass T Ewater Eq.1

The absorption cross-sections calculated by DDA are shown on figure S4. The position of the
absorption band is red-shifted as the diameter of the NC increases. Unless for the two smallest
diameters the value of the maximum is almost constant over the range of diameter considered. The
best match between the laser wavelength of 660 nm and the resonance of NCs is reached for

diameters of about 120-130 nm.

The temperature increases (AT=AT(:ATon) were calculated from equations 1 and 2 for the different
diameters when the NCs are illuminated by a Gaussian beam at a wavelength of 660 nm with a waist
equal to the diffraction limit of the beam (1pum) and with a power of 0.45 mW. The illumination
conditions reproduce the experimental ones in order to determine the exact temperature reached
above the NCs during the different chemical reaction (thiol-ene reaction and experiments from C1 to
C3). The AT are plotted on figure S5. For small diameter NCs, the temperature increase rises with the
diameter to reach 60 K with 120 nm NCs. AT then decreases with the diameter as the mismatch

between the resonance and laser line gets larger.
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Figure S4: Absorption cross section calculated by DDA for the NC with diameter from 100 up to 200

nm. The dotted vertical line corresponds to the laser wavelength.
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Temperature increase for P=0.45mW and A=660nm
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Figure S5: Temperature increase calculated around the NCs versus the NC diameter for an excitation

wavelength of 660 nm and a power of 0.45 mW.
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Abstract

Environmental water pollution by organic compounds is in
continues worldwide concern. Low molecular mass
aromatic molecules consisting in benzene rings have
received considerable attention due to a documented
significant toxicity and carcinogenicity. Within the
objectives of the European Water Framework Directives
(2000/60/EC, 2006/118/EC and 2006/11/EC) aiming in
water quality improvement, the development of analytical
tools allowing in-situ accurate and sensitive detection is of
primary importance and would be a meaningful innovation.
With this regard, the main scope of this study was to
design sensitive, reproducible, specific and reusable
nanosensor for the detection of organic pollutants in
environmental waters using Surface Enhanced Raman
Spectroscopy (SERS).

During this study the main attention was paid to the
selection of suitable receptors and strategies for SERS

nanosensor surface functionalisation in order to pre-
concentrate targeted pollutants. The application of anti-
bodies and antigen binding fragments (F(ab),) for surface
decoration was found to be promising approach for highly
selective nanosensor design. Another strategy exploited
during this study was related with an application of
cyclodextrins (CDs). Using Raman and SERS
spectroscopies the size selective encapsulation of analytes
was demonstrated. Finally, taking advantage of molecular
identification in the complex environments offered by
SERS technique, nanosensors providing non-specific
molecular pre-concentration was considered. For this
purpose several diazonium salts (DSs) were studied and
applied to the surface functionalisation to create highly
hydrophobic coating layer. The performance of such
nanosensor was evaluated by detection of aromatic
pollutants.

Keywords: Nanosensor; Gold Nanostructures; Diazonium salt; Cyclodextrin; Anti-body; Polycyclic
Aromatic Hydrocarbons (PAHs); Surface functionalisation; RAMAN, SERS, LSPR.

Résumé

La pollution des eaux environnementales par des composés
organiques est un probleme mondial majeur; les molécules
aromatiques de  faibles masses molaires  sont
particulierement concernées, leur toxicité et
cancérogénicité étant avérée et bien documentée. La
Directive-Cadre Européenne sur I’Eau (2000/60/EC,
2006/118/EC et 2006/11/EC) donne pour objectif
d’améliorer la qualité des eaux; dans ce contexte, le
développement d’un outil analytique robuste, permettant
de détecter et de quantifier précisément in-sifu la présence
de polluants constituerait une avancée majeure. L’objectif
principal de cette étude est donc I’élaboration de
nanocapteurs sensibles, robustes et réutilisables, permettant
la détection de polluants organiques dans les eaux
environnementales par Spectroscopie Raman Exaltée de
Surface (SERS).

Afin d'élaborer des nanocapteurs sensibles capables de pré-
concentrer les polluants visés, une attention particuliere a

été portée a la sélection des substrats et aux stratégies de
fonctionnalisation de surface. Tout d'abord, le greffage
d’antigenes et de fragments d’antigénes (F(ab),) en surface
de nanocapteurs a montré des résultats prometteurs pour
I’élaboration de systemes trés sélectifs. Une seconde
approche basée sur lutilisation de cavitants, les
cyclodextrines (CDs), a été développée. La spectroscopie
Raman et SERS a permis de démontrer la pré-
concentration sélective des polluants grace a leur taille.
Enfin, la spectroscopie SERS permettant une identification
moléculaire en milieu complexe, une approche permettant
une pré-concentration non spécifique des polluants a été
considérée. Pour cela, différents sels de diazoniums (DSs)
ont été synthétisés et greffés a la surface des nanocapteurs
afin de créer une couche hydrophobe permettant la pré-
concentration et la détection de composés apolaires. La
performance de ces nanocapteurs a été démontrée avec la
détection de plusieurs polluants aromatiques.

Mots clés: Nanocapteur; Nanostructures Or; Sel de Diazonium; Cyclodextrine, Anti-corps;

Hydrocarbures aromatiques polycycliques (HAP); Fonctionnalisation de Surface; Raman, SERS,

LSPR.



