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Introduction

The rapid and reliable detection of biomoleculaghsas proteins, metabolites, peptides, or DNA
sequences is of crucial importance to the progrvessi the medical diagnostic field. Research is
continually progressing to develop more effectived esensitive approaches. Laser spectroscopic
methods play a central role in this field, as theg capable to identify and structurally charaztethe
molecule of interest, for instance by providing fitsgerprint and monitoring its structural changes.
Therefore, vibration spectroscopic techniques sasRaman spectroscoplyave drawn increasing
attention due to their high structural informatimontent. More recently, nanotechnology has opened a
new horizon for biomolecular sensing. Accordingbyrface-Enhanced Raman Spectroscopy (SERS)
technique takes advantage of optical propertiesnefallic nanostructures, resulting in a strongly
enhanced Raman signal that overcomes the tradilmmnaensitivity problem in Raman spectroscopy
and provides a remarkably powerful tool for bionoollar sensing. In this context, thabel-free
strategies to detect biomolecules, and notably DiNdecules, are under intense development. Among
all the label-free strategies, SERS technique pies/a powerful, rapid, and sensitive method toyaeal

the structural fingerprint of molecules through fipecific detection of Raman bands.

Many recent studies report on the label-free SER®ation of DNA strands before and/or after
hybridization. However, the comparison of the résglspectra remains very challenging. Indeed, from
one paper to another one, fluctuations in both hazoxition and peak intensity are found, leading to
difficulties in extracting sustainable data. Morenuwhe important aspect related to data reproditgib
and repeatability on sample surface is not oftaiiregted. If the SERS technique is a powerful and
ultrasensitive tool to detect an analyte, many erpntal parameters may compromise the data
reliability, for example, the Raman cross sectibmolecules to be detected, the molecule oriematio
relatively to both the laser beam polarization #mel exalting surface, the geometry of so-called “ho
spots”, etc. In the specific case of DNA detectioyp main parameters should be stressed. First, the
characteristics of the DNA molecule itself involvarious levels of compositional, structural, and
conformational organizations depending on enviramaleand experimental conditions. Second, as for
any other analyte, the characteristics of the SE&®e substrate are crucial. The efficiency ofhsuc
substrate relies in particular on the controlleghtion of a large number of stable hot spots oolid s
substrate. This can be achieved through eithehtimogeneous dispersion of well-designed metal
nanoparticles (NPs) aggregates at the substrdtesior through the suitable structuration of aattiet
substrate. Currently, available methods for thei¢abion of such SERS solid substrates are gewerall

either expensive and/or involve complex procedtoepractical application. Thus, the easy and cheap



fabrication of SERS solid substrates in large are&iie maintaining a high enhancement factor (EF)
and good reproducibility, still remains a challengibe purpose of the thesis is to address thigissu
following a step by step experimental approachyi/ivestigating a new bottom up experimental
procedure, aiming at improving the uniformity aAg°/TiO2 heterostructure formed by photocatalytic
reduction in order to optimize the derived SERSstalte performances, and ii/ by extrapolating such
new type of substrate for the label-free SERS detecof DNA molecules before and after

hybridization.

The content of this thesis covers 6 chapters.

In chapter 1, we introduce the reader to SERS technique, engphgprinciples and applications which
we judge important as a background to SERS. Imsa ffiart, we start with the general principles of
Raman spectroscopy and then describe in detaihfobanisms responsible for SERS. In a second part,
we provide a review of common solid SERS substratesently used and their applications in DNA

molecule sensing.

In chapter 2,we present the methods and procedures that havechg@doyed for the elaboration of a
new type of SERS substrate. In a first part, we stith a brief overview of titanium dioxide andeth
describe the sol-gel protocol used to produce mladédytic TiQ thin films. In a second part, we present
an overview of the results previously obtained BiGP, which showed the feasibility of an Ag°/®iO
heterostructure elaborated through a photocatatgiiitiction procedure and its potential as SERS

substrate in view of the label-free DNA detection.

Chapter 3 is devoted to the optimization of the Ag°/Ti@eterostructure elaboration conditions. We
describe thorough investigations on the mechanigading to the controlled growth of Ag°® NPs
through a photocatalytic reduction process and gimwa chemically assisted photocatalytic procedure
enables to optimize the morphologic properties gf APs grown on the TiGsurface. In this chapter,
we only focus on the morphology of Ag® NPs, whifee tSERS performances of derived Ag°/7iO
heterostructure will be investigateddhapter 4. In the latter, we first study the pure Raman spet
(without any SERS enhancement) of Rhodamine 6G JR@gecules on a bare silicon substrate (in the
absence of Ag°® NPs), followed by a detailed indexaof all the characteristic bands. Then we
investigate the SERS performances of Ag°Alieterostructure elaborated in selected model tondi
These performances are in particular studied thrahg assessments of the detection limit, SERS

enhancement factor, and SERS spectrum reprodtgibilso-obtained substrates.
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Introduction

In chapter 5, we report for the first time a thorough studytbe SERS spectra obtained in the case of
the four homo-oligonucleotides, polyA, polyC, poly@hd polyG, functionalized or not by an external
functional amino NH linker, and immobilized on our solid Ag°/T(GERS substrate. This enables us
to study the influence of this NHjroup on the respective SERS spectra and to doawicsions on

how DNA is immobilized on the platform. Furthermpne addition to XPS analyses, we pay special
attention to how the homo-oligonucleotide conceamrmainfluences the packing surface density of

homo-oligonucleotides and their orientation witBpect to the platform surface.

Based on our previous resultschmpter 6, we investigate the specific SERS features of dementary
polybase pairs obtained aftarsitu hybridization directly performed on single strapulybases covered
Ag° NPs surfaces. The polybase pairs are typicatiyA-NH, with polyT, and polyG-NHwith polyC.

To support the results, the obtained SERS spemrsyatematically compared with those obtained afte
the direct immobilization of mixtures containingettsame complementary polybases. Since the
polybases are not hybridized in these mixturesyedrSERS spectra serve as negative control, which
enables us to investigate unambiguously the sigmaifi hybridized polybases in SERS spectra by
comparing the spectroscopic features of mixed ghddiized pairs. Then, we draw conclusions on how
the DNA double strands are immobilized on the platf and we pay special attention to how their
concentration influences their surface coveragsitieand their orientation with respect to the folah

surface.

Finally, a conclusion closes this thesis with a suary of the main results and a presentation ofréutu

directions.
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Chapter 1. SERS detection of DNA: state
of the art

1. Introduction

The purpose of this chapter is to introduce thdeetoSurface-Enhanced Raman Spectroscaghich

is one of the major techniques used forl#ie=l-freedetection of bio-molecules. The general principles
of Raman spectroscopy as well as the mechanisipensible for SERS are described in detail. Then
the chapter presents a review of common solid S&RStrates currently used and their applications in

DNA molecule sensing.

2. Label-free biomolecular sensing context

Rapid and reliable detection of biomolecules, sagproteins, metabolites, peptides or DNA sequences
is of vital importance to the progression of thedmal diagnostic field. Research is continually
progressing to develop more effective and sens#dweroaches. Laser spectroscopic methods play a
central role in this field, as they are capablédentify and structurally characterize the molecoie
interest, for instance by providing its fingerprisdd monitoring its structural changes. Therefore,
vibration spectroscopic techniques suciRaman spectroscogave drawn increasing attention due to
their high structural information content. Elsewdaranotechnology has recently opened a new horizon
for biomolecular sensing. Accordingigurface-Enhanced Raman Spectroscopy (SERB)ique takes
advantage of optical properties of metallic nanadtires, resulting in a strongly enhanced Ramaratig
that overcomes the traditional low sensitivity gesb in Raman spectroscopy and provides a
remarkably powerful tool for biomolecular sensiBgecific examples of molecules detected by SERS
include not only DNA [1-23], but also proteins [28], bacteria [29-31], and whole cells [32-34].

In this context and as will be detailed in nexttserg thelabel-freestrategies to detect biomolecules,
and notably DNA molecules, are under intense deveémt. Such label-free strategies generally rely
on the modification of a physical parameter oftth@sducer in response to the biological eventaiyam
changes in the refractive index in the case of &@arfPlasmon Resonance (SPR) [35-37], the
conductivity in the case of electrical or electrectical detection [38-40], the resonance frequency i
the case of bio-MEMS (Micro Electro Mechanical ®ys$) [41, 42]. In these techniques, the detected
signal is not necessarily specific of the molectdebe analyzed. In contrast, and among other
advantages, SERS technique provides a powerfudtl,rapd sensitive label-free method to analyze the
structural fingerprint of molecules through the@fie detection of Raman peaks [43]. In this chapte

we will focus on the SERS detection of DNA molesule

13



3. A brief introduction to DNA molecule and its detection

It is well known that DNA (also called deoxyriboteic acid) is the molecule which carries genetic
codes. The sensitive and selective detection of BEduences is central in the modern bio-analysis.
Generally speaking, the fundamental DNA structune be simply perceived as a double helical
structure: two DNA strands twisted around eachraththe form of a double helix (Figure 1-1). Siag|
DNA strands consist of a long chain of repeatingusiits, which are callenlucleotidesEach nucleotide

is composed of three parts: a five-carbon cycleasugamed as ribose, a phosphate group, and a

nucleobase (Figure 1-2).
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Figure 1-1: Schematic model of the DNA doublexrshiowing the composition of the nucleotide
subunit.
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Figure 1-2: Components of DNA: bases, sugar, arasphate.

The four nucleobases are nitrogen containing médeashich are divided into two classes, purines and
pyrimidines [44]. The purines aeslenineandguaning which have the similar double carbon-nitrogen
ring structure but with different attached groupgygre 1-2), whilecytosineandthymine which have
one single ring structure, are called pyrimidingse hydrogen bonds between bases, which are réferre
to as “Watson-Crick” or “complementary” base pagrirprovide a force holding the double helix
together. This hydrogen bonding occurs in suchativat adenine is always paired with thymine, while

guanine is always paired with cytosine, as illustlan Figure 1-1.

As mentioned before, nucleotides are considerdteabasic building blocks of DNA. They contain a
phosphate joined to a sugar moieties, known as@kgibose, to which the nucleobase is attached.
Nucleotides are joined (polymerized) by a condeosateaction to form a DNA single strand chain

[45]. If there is a small number of nucleotides {080), this short strand is called oligonucleetid

Generally speaking, there are two categories dfnigoes in the field of optical detection of DNA
sequences: label-based detection and label-freetdet. In the label-based detection, the targeADN
sequences are labeled with fluorescent dyes aedtddteither by the fluorescence emission [46}yor b
SERS. The latter part will be detailed in sectidh Fluorescence-based detection is the most uskd a
a well-established detection method. However itesaffrom complex and expensive labeling processes
and is also very susceptible to photo-bleachinguedcitation conditions, which affects the detmtti

limits. In contrast, in label-free detection, tlaeget DNA sequences are not labeled and are détecte
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through their direct fingerprint. This approachegitally offers an easier and cheaper detection way
As will be detailed in following sections, the SEREhnique can address DNA label-free detection
needs. Before detailing the SERS phenomenon;fitsidy necessary to give a brief introduction to

Raman spectroscopy

4. Raman spectroscopy

4.1 Raman scattering phenomenon

The Raman scattering is an inelastic scatteriregeéiiscovered by C.V. Raman in 1921 in India. Rama
himself observed a “modified” light scattering witiered wavelength and called the effect ‘a nqvety
of secondary radiation’ in his original paper [43ince then, this type of scattering has beenneddp

asRaman scattering or Raman efteEhis discovery awarded him a Nobel Prize in ptsyaén 1930.

When light interacts with matter, the light (phagdmay be absorbed or scattered. When dealing with
molecules, the interaction with light is primarifetermined by the energy levels of the degrees of
freedom of the molecules. The scattering proces$ealassified into two groups:

Elastic scatteringalso referred to aRayleigh scatteringwhere the scattered photons have the same
energy (k) as incident photons (f i.e. 5= E.

Inelastic scatteringwhere the scattered photons have different enegy that of incident photons,
i.e. Bs#E.

Figure 1-3 presents the energy level diagram fon&ascattering process and Rayleigh scattering. The
Rayleigh scattering process does not involve amgrggnchange and the photons return to the same
energy state (vibrational state). The Raman saadgtgrocess involves absorption of energy and the
molecular energy lies between a ground vibratistetie ¢ = 0) and a higher energy excited state (

1). This is referred to aStokes scattering,e. Es< E.. Besides, molecules already in a vibrationally
excited state(= 1) can also scatter and return to the grourtd §ta 0), transferring excess of energy
to scattered photons. This is referred toam8-Stokes scattering,e. &> E.. Compared to Stokes

scattering, anti-Stokes scattering is normally veeak.
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Figure 1-3: Diagram of Rayleigh and Raman scattgriirom Smith 2005[48]). The lowest
vibrational statev = 0 is shown at the foot with higher energy statbeve it.

The energy lost by the photons in the scatterimyeis called thaman shifand is defined in energy
as & = B - Es. Raman shifts are commonly expressed in wavenwsyarat will then be notetivg (cn

1. The modulus of the Raman shift corresponds ¢éovwavenumber of the vibrational mode, &
hw,/hc) involved in the scattering event, i#&. = | Avg|. A typical Raman spectruncommonly
depicts the Raman intensity variations as a funatidthe Raman shifrather than wavelength). Peaks
in the Raman spectrum correspond to specific viomat modes of the molecule and the Raman shift,
i.e. the peak position in wavenumber, depicts theational energy of the corresponding mode [49].
The measurement and the analysis of signals arfsimg the Raman scattering are callRdman
spectroscopylIn addition to IR spectroscopy, Raman spectrogdepthe main technique used for
molecule identification. A Raman spectroscopy appexr is constituted of several key components

described hereafter and illustrated in Figure 1-4.
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4.2 Raman spectroscopy instrumentation

CCD Detector

5-
-
Raman ™ 27 }
1] -
Spectrum ST 7
e
Raman Shift cm-1;
w
E
Mirror "\ Mirror I T
(]
£ -
E ®»
= @
=
Laser ﬂ T V4
ES LT 7 Mirror

Figure 1-4: Schematic illustration of a Raman sys{&0].

Laser source

The laser source is generally He-Ne, Ar+, or Kr#regponding to different emission wavelengths in
the visible range. He-Ne lasers emit a highly oddlied beam of photons at a wavelength of 632.8 nm,
Ar+ lasers emit at 488.0 and 514.5 nm, and Kr+rfasait at 530.9 and 647.1 6 nm [51]. A multitude
of wavelengths is thus available today and theaghof laser wavelengths is dictated by the analyzed
sample properties. The considerations for wavelengbice are: coupling of laser light to the system
sensitivity, desired/undesired resonance phenoneimaination of fluorescence emissions, avoiding
photodecomposition of the sample under laser ligfiat,

Sample cells
Raman spectra can be obtained in various mediasadlals, liquids or gases. For solid samples or
molecular analytes adsorbed on a solid surfaceimmim preparation is required. Using a Raman
microscope, it is sufficient to focus on the sampsally. The focus of the laser onto the sample c
be readily achieved as well as the analyses onl seds because of the small diameter of the laser
beam (~1um) [52].

Wavelength selector
Wavelength selectors can be classified into sewai@gories. The simplest device is an interference
filter. Improved interference filters, made by ddgvaphic process and referred to as notch fittave
recently been introduced [52]. The notch filtedesigned to absorb all light frequencies of thedieit
laser beam. In common type of instruments, theeyeat light is collected through the notch filtexda
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focused into several monochromators, which sepdhatalifferent energies of the Raman scattering

[49]. In addition, diffraction graftings are chosen itat®n to the desired wavelength range and to

improve the optical resolution of the spectrometer.

Transducer and Readout System
Historically, Raman spectrometers used photomidtiplibes as detectors. However, this method is no
longer used. Presently, most of Raman spectromateesquipped with a two-dimensional multichannel
charge-coupled device (CCD) detector. The multiokadetector provides a simultaneous detection of
Raman signals in the entire frequency range idaased amount of time compared to a single-channel
technique. The major advantage of multichannel @€@ctor relatively to other multichannel detectors

relies on a weaker readout noise [52, 53].

5. Overview of surface-enhanced Raman spectroscopy (SERS)

5.1 Discovery of SERS

The first paper reporting SERS phenomenon is ateihto Fleischmann in 1974, who described a
strong enhancement of the Raman signal arising frynidine adsorbed on a roughened silver electrode
[54]. Shortly after, Jeanmaire and Van Duyne [58 &hlbrecht and Creighton [56] demonstrated
separately that the Raman signal enhancement {&ftpof pyridine adsorbed on a roughened electrode
system is 181(P. Van Duyne, who named the phenomenon Surface-EsdaRaman Spectroscopy
[57] has claimed the discovery of SERS by his group recent publication [58]. They also have
contributed to the knowledge in the enhancemenhar@sms based on electromagnetic and chemical

effects.

5.2 Surface enhancement mechanisms
The SERS enhancement phenomenon is not yet cleaBrstood, but two main concepts are still under
discussion since the discovery of the SERS phenomeére. electromagnetic and chemical effects,

which have dominated works in this field.

5.2.1 Electromagnetic enhancement
In SERS it is firstly well-admitted that the Ramsignal of an adsorbed molecule is amplified through
the specific and resonant excitation of localizadace plasmon resonances (LSPR) of the substrate

[59], usually in the form of metal particles or ghened metal surfaces.
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Figure 1-5: Illustration of the excitation of theSPR of spherical nanoparticles by incident
electromagnetic radiation [60].

LSPR is an optical phenomena generated by lighhwthateracts with conductive nanoparticles (NPs)
whose size is smaller than the incident wavele(fgtjure 1-5). Consequently, the magnitude of SERS
enhancement is crucially dependent upon the SERStrste. To understand the electromagnetic
enhancement, one must consider the size, shapeatedal (noble metal, i.e. Ag, Au, Pt) of nandsca

roughness [60]. Theoretical models have been peaposthe literature. The simplest description of
electromagnetic enhancement is based on the mbdallated spheres (Figure 1-5) with a quasistatic

description of the incident electromagnetic fidlte field at the surface is described by [48]:

3
Ei= £y cos 49+g(%/Eg cos 8 Equation 1-1

In which,

E: and Bbare the total electric field magnitude at a disteanrom the sphere surface and at the sphere
surface, respectively,

a is the radius of the sphere,

0 is the angle relative to the direction of the gledield,

g is a constant related to the dielectric constaunts that,

g =z Equation 1-2

g1(vp)+2¢g

Where,go ande; are the dielectric constants of the medium summgithe sphere and the metal sphere,

respectively, and, is the frequency of the incident radiation.
The diameter of the sphere is considered to be sorapared to the wavelength of light. At some poin

where the value of reaches its maximum, the excitation of surfacerptan significantly increases the

local field experienced by the molecule adsorbethersurface [48]. The electromagnetic enhancement
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mechanism brings typically a 3-4 orders of magrétuehhancement. Besides, electromagnetic
enhancement does not demand direct contact betwalecule and metal but it strongly decreases when
increasing the distance between both, usually femananometers [61]. However, LSPR is strongly
dependant on the size and shape of metal NPs. éogty, the numerous papers devoted to the SERS
effect report very different results concerningiwas aspects, i.e. different order of magnitude
enhancement, different optimal shapes or sizeferdiit optimal detection wavelengths, depending on

the studied analytes.

5.2.2 Chemical enhancement

Although the electromagnetic enhancement is corgid® be the major contributor to the SERS effect,
other mechanisms cannot be neglected. The cheamibahcement mechanism, which is less understood
than electromagnetic enhancement, brings a 1-2®adenagnitude enhancement to the Raman signal
intensity. In thechemical mechanism, it is assumed that a spedifaraction is created between the
metal andhe adsorbed molecule through the metal-adsorlpakénpity [60-62]. An electronic coupling
between molecule and metal, and the formation aftsorbate-surface complex, results in an inctease
Raman cross section of the adsorbed molecule cetparthe cross section of a ‘free’ molecule in a

‘normal’ Raman mode [61].

> LUMO

. N (a)

Metal Adsorbate

Energy

Figure 1-6: Energy level diagram for a ‘moleculetalesystem’ showing possible resonant Raman
processes involving only molecular states (pathgajjoth molecular and metallic states (paths () a

(c)) [62].

This may be explained by the diagram illustrate&igure 1-6: the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbitaMO) of the adsorbate are symmetrically
placed in energy in relation to the Fermi leve) & the metal. The possible resonant Raman process
involves only molecular states (Figure 1-6: padf) ¢a both molecular and metallic states (Figuré 1-
paths (b) and (c)) [61]. In this latter case, ckargnsfer excitations (either from the metal te th
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molecule or vice versa) can occur at about haletiergy of the intrinsic intramolecular excitatiarfs
the adsorbate [62]. Unlike the electromagnetic anbment mechanism, this mechanism requires direct

contact between molecule and metal [63].

5.2.3 SERS probes

Dye molecules are often chosen as model analyfesdamental studies or to develop SERS substrates
because of their high intensity of Raman scatteiiieg their high Raman cross-section. But for many
applications (e.g. biomolecule sensing), we doaitenthe liberty to choose the probe and must adapt
the probe with specifically optimized SERS subssaind spectrum acquisition conditions. Thus, two
important questions arise:

i/ can any molecule be attached to metallic sabstsurface (usually silver or gold surface)? and

ii/ will the resulting SERS signal be high enough ébservation?

In principle, any molecule can be detected by SHRS.with weaker Raman scatterers, obtaining a
detectable signal can be very challenging. As lingr®magnetic enhancement drops dramatically when
increasing the distance between the probe and ERSSubstrate, the probe molecules must stay in
close proximity to the SERS substrate, usually withfew nanometers, in order to ensure an intense
SERS signals [64, 65]. Theoretical calculationsghsggested that the field degradation lengthasitab

2 nm [60, 66]. Thus, the ability to adsorb directiythe SERS substrate surface has become an anport
aspect for SERS probes. For this reason, many SEHRIi&s have been performed on molecules with a
terminal thiol (HS) or amine (NHl group allowing chemisorption to the substratdasi@. Indeed these
terminal groups, which are usually called functiagr@ups, display strong chemical affinity for meta
surfaces, typically gold or silver surfaces. Thimeept of probe/surface interaction has become an
important part of SERS studies, i.e. studies dgalith a specific surface functionalizatidnin the
context of biosensing, this often refers to asriwdification of the SERS substrate surface for the

selective attachment of specific biomolecule amslyt

5.3 Hot spots

While electromagnetic and chemical mechanisms hésterically been considered as the main cause
of SERS effect, more recent fundamental studie® ltlamonstrated that the greatest Raman signal
enhancement does not occur evenly around an idotattal molecule, but is generally related to
aggregates of metal NPs. It is attributed to “hmits” located at the proper junction or gap between
vicinal NPs (illustrated in Figure 1-7), where amhatic enhancement of the EM field can occur. én th
past few years, numerous publications pointed loaiteikciting fact that these hot spots provide giant
enhancements in many cases [67-71]. For instageera groups have demonstrated the possibility to
achieve Rhodamine 6G single-molecule detection b§-iAduced SERS, which corresponds to an
enhancement factor (EF) of #@r more in the SERS spectra relative to normal &vj88-40, 42]. The
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precise reasons for this still remain the subjédntensive researches. However, it can be roughly
explained using a simplified model of two vicinagétal spheres. As these latter approaches each other
the electric fields produced by each individualtiste start to interact, and this interaction sgign
reinforces the electromagnetic field in certainoag of space. The resulting magnified electromégne
yields a huge enhancement of the Raman signaljwias ever been exploited for the SERS detection

of many varieties of single molecules [67-74].

<2 nm

\AuNP

Hot spot

Figure 1-7: Idealized “hot spot” located at the prer junction or gap between vicinal NPs.

In these fundamental studies, hot spots were drdgrwed on some isolated aggregates, but thiswindi
has considerably reinforced the interest for SERS&=H bio- and chemo-sensors, since the narrow and
well-resolved Raman peaks directly provide a stmattfingerprint of the analytes and allow a rapid
and simultaneous detection of multiple analyteshisapplicative context, current challenges a\atil

the development of highly sensitive, tunable, ropasd reproducible SERS-active devices [75]. The
high sensitivity of such devices relies in turntbe homogeneous creation of a large number of hot
spots on a solid substrate, i.e. the homogenespsidion of well-designed metal NPs aggregatd®at t

substrate surface or the suitable surface struatioraf a metallic substrate.

6. Solid SERS substrates

6.1 General considerations

A SERS substrate is a general denomination forpdggmon-resonance supporting structure that can
produce suitable Raman amplification [49]. Heraaftee apply the classification proposed by LedRu

al. in ref. [49], which divide SERS substrates inteethcategories:

* Metallic roughened electrodes.
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» Metallic nanoparticles in solution, i.e. colloidailutions.
» “Solid” substrates, i.e. nanoparticles dispersetb @olid surfaces or artificially structured

surfaces.

Metallic roughened electrodes had great contrilmgtito the initial development of SERS since its
discovery, particularly with the studies of O#tbal[12, 13]. Even though today their importance has
decreased, electrodes still remain an importantoggh in SERS detection on solid substrates. We wil
not further discuss this category of solid SERSsBalkes, since the electrochemical mechanism on

which they rely is very distant from the topic tesdin this thesis.

Among the other two categories of SERS substratetal colloidal solutions play a very importanterol

in SERS sensing. This second category addresseS &gferiments performed in liquid medium, which
involve either Ag® or Au® nanoparticles in liquidspensions [4, 76-80]. Great amounts of publication
have proposed numerous methods to produce metalticparticles in solution, including chemical and
photo-chemical approaches. However, the main drelvb&this approach is that the aggregation of
nanoparticles in solution turns the reproducibiliypre challenging. Moreover, it is clear that this

technique is not so simple to use in the case wéble biosensor.

In this chapter, we will thus focus on the thirdezpory of SERS substrates, new solid SERS substrate
generation, which are in direct link with this tleesMuch effort has been devoted to improve the
performances of such substrates. Because the SE&Sity depends on the excitation of the LSPR, it
is important to control all the factors influencitile LSPR to maximize signal strength and ensure
reproducibility [81]. Nanoscale roughness featusesh as the size, shape, and most important,
interparticle spacing, are extremely useful prdpsrto ensure that the incident laser light effidie
excites the LSPR [58]. Solid SERS substrates ctiyretudied include nanoparticle-defined surfaces
and rationally designed nanostructures, chosenusecaf their desired optical properties [11-13, 82,
83]. These substrates are discussed in detaikifotltowing sections. It is worthwhile pointing otlitat

i/ SERS detection on solid substrate can be peddreither in liquid (or humid) conditions or in dry
conditions; and ii/ SERS solid substrates are Uswehborated according to two main strategies
depending on the choice of “top down” or “bottonT gchnology. The top down strategy involves
several routes of controlled etching of silver Blrilistorically, silver electrodes were electrocreaity

(top down) etched or roughened and SERS measuremerg performed in liquid medium [12, 13, 15,
84]. The section 6.2 covers the SERS substratesnelt by directly fabricating nanostructures on a
solid support. As previously mentioned, such apgmaa generally classified as ‘top down’, in costra

to the ‘bottom up’ methods covered in section 6.3.
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6.2 Structured surfaces

6.2.1 Island films

Vapor-deposited island films were the most widedgdi substrates in the early stages of SERS studies
[85-91]. Even if the vacuum-based system necedsaryapor deposition of metal film is relatively
expensive and requires conscientious upkeep, thesd®n procedure itself is straightforward and
inexpensive [92]. So-deposited metal films areallgiformed directly on substrates with controlled
thicknesses and island morphologies by adjustiegdiposition conditions [86, 90]. However, the
enhancement factors achieved with these film&{0F) are well below those obtained with other SERS
substrates (i.e. aggregated nanostructures) an&Rhexhibits large fluctuations when measured in

different places of a same substrate for pyridioéecules [88].

6.2.2 Electron-beam lithography substrates

One of the most obvious methods to produce regtiactured surfaces is lithography, which can yield
long-range ordered structures. However most lithpigic techniques are not capable of producing
features of size small enough to be truly SERS/a¢i5]. An exception to this trend relies on eleat
beam lithography (EBL), which has been routinelgdusince the discovery of its feasibility to getera
SERS-active structures (Figure 1-8 : (A), (B)) [B®2]. The most important advantage of the EBL
approach is the possibility to control the metalayzarticle size and shape and the interparticlamis
with great accuracy [97, 103, 104]. Separeakl. investigated the efficiency of EBL fabricated SERS
substrates with different nanoscale features. &tfihiency was studied by measuring the SERS signal
of Rhodamine 6G (R6G) adsorbed on a series of caliptical, and hexagonal nanopatterned pillars.
Their results show that the size, geometry, aneintaition of the particle primary axis relative be t
excitation polarization vector, and particularlg tensity of nanoparticles, all have strong infeeesan

the SERS substrate performances [103]. Gunnarssoal explored the influence of interparticle
distance on the performances of circular and tusargsilver nanoparticles substrates [105]. Imailsir
experiment, a metal nanoparticles array with aerpdrticle distance reduced to 1 nm resulted in
extremely high SERS signals. Such metal nanoparéiclays were fabricated by EBL combined with
an angular evaporation technique [106]. The alexanples show that EBL allows the optimization
of periodic structures, shape, and spacing, patntcompatible with good SERS performances.

However EBL is time-consuming, costly and not antda#o large-scale production.
In addition to EBL, new techniques such as nandimithography (NIL) have also been used as an

effective tool for producing SERS-active structusetbstrates (Figure 1-8: (C), (D)). Several awghor
reported that this approach is able to fabricgteaducible and large-scale SERS-active substrathas w
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controlled topology, which allowed fundamental $sdto be carried out on the enhancement factor
(EF) dependence of the substrate optical propdt®s112].
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Figure 1-8: SERS substrates: (A-B) nanoholes afafyicated by EBL from ref.[93]; (C-D) pillared
SERS-active substrates fabricated with a technoguebining nanoimprint lithography with physical
vapor deposition from ref.[107].

6.2.3 Nanosphere lithography substrates

In addition to the previous lithography approachhie, nanosphere lithography (NSL) has also been
used historically for generating structured surfsicee it is a quite low cost method. In this metho
micro- or nanospheres are used to template dedositgal film. This methodology improves the
stability of the structure, which can be efficigntised in Raman investigations [113]. Derived “rheta
films over nanoparticles” (MFON) samples are oemployed in fundamental SERS studies thanks to
their well-characterized structures. For instaMaa Duyne and co-workers have performed a series of
studies on NSL fabricated SERS substrates (Figt8e [81, 114-118]. They have studied in detail
wavelength-scanned surface enhanced Raman excitafiectroscopy, a technique where SERS
enhancement is measured over a variety of laseitaigwo wavelengths. The SERS spectra of
benzenethiol adsorbed on NSL-derived Ag° nanoparticrays were correlated with corresponding
LSPR spectra of Ag°® nanopatrticle arrays [115]. €kperiments demonstrated that the largest SERS
enhancement occurs when the LSPR maximum is lodagtdeen the excitation and the vibration
wavelengths. The largest measured EF wa$ fetGriangular nanoparticle arrays. By using aikim
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NSL fabricated SERS substrate, which consistedgsftAiangular nanopyramids, they have provided
evidence of single molecule SERS detection of ReiGdividual nanoparticles without nanogaps. The
authors concluded that this NSL-derived nanopyrami@ advantageous for SERS detection because
their tunable LSPR makes them amenable for resen&awnan conditions of various analytes of
interest, such as R6G-r R6G-d [117]. However, NSL remains limited in terms ofngeated
structures and topographies.

Figure 1-9: NSL generated structures from ref.[1{&] Tapping-mode AFM image of the array;(b)
Contact-mode AFM image of a silver film over narasp (Ag° FON) surface.

In all works described above, the engineered sadabstrates allowed fundamental studies of theSSER

phenomenon and yielded quite large and reproduc#sponse. But such substrates involved costly
and/or complex procedures, and were also quitedirin spacial resolution. Progresses in SERS have
increasingly drawn attention of scientists from tplé disciplines. Numerous independent groups are
now developing their own innovating substrates. dyemticle-defined surfaces are one of the important
categories developed, among all the new SERS sitistwhich are addressed in the following section.

6.3 Nanoparticle-defined surfaces

6.3.1 Nanoparticles immobilized on solid substrates

Nanoparticles which can be produced through wemistey methods have long been used in SERS
experiments but generally in liquid suspensionswvelger, by immobilizing such NPs on a solid surface,
the hot spots generated by interparticle junctaarsbe easily located and more readily controheah t

if they are present in random colloidal aggregi&$. One of the very first examples is reported by
Natan and co-workers. They positioned both goldsilvér nanoparticles monolayers onto a polymer-

coated substrate yielding a highly active SERSas@tfThe procedure for nanoparticle immobilization
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employed in their work is straightforward. The sied of glass substrates was firstly functionalizih
functional groups through a surface polymerizatibhen, metal NPs (Ag°, Au®) were linked to the
substrate through multiple bonds between the aalometal and functional groups on the polymer,
such as cyanide (CN), amine (BHor thiol (SH) [119]. These Au° and Ag° nanopaes-defined
substrates present the ability to vary the parscte, shape, and interparticle spacing, whichaadtb
the authors to improve the SERS response by optighthese factors. This flexibility led to a large
Raman enhancement as well as a better reprodtycibiiin nanoparticles in suspension.

Since the immobilized colloids have proven to befuisfor SERS detection, the concept behind this
work has been expanded by many other authors [23D-Most of the works are based on a simple
method involving the preparation of nanopartickediquid solution and their subsequent deposition
onto a solid substrate, while more complex metodsynthesizing structured arrays of nanoparticles
are also reported. These latter approaches inesisembling nanopatrticles into structured poroussfil
templated by colloidal crystals (CC) [124-130]. Bue convective assembly at high fractions was
designed to generated large enhancement for SEiR&ida. Velev and co-workers have, for instance,
demonstrated the feasibility of this approach anohél that the highest Raman intensity is correlaied
nanoporous substrates with three-dimensionally recienicropores (Figure 1-10) [127, 128]. The
authors assumed that derived fractal structurds migh surface area and superior surface roughness
provided additional increase of the Raman signi@nisity obtained in the case of cyanide molecules
[127]. The above-mentioned work demonstrates tteafractal structures are probably beneficial & th
SERS enhancement. However, it is worthwhile poghbat that fractal structure is not a prerequisite,
and extremely large enhancement can be generatieoutvfractal structure if proper designed juncsion

(hot spots) are employed.
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Figure 1-10: Schematic representation of the oe@-s¢mplate directed fabrication of structured
porous SERS substrates, from ref. [127].

In addition, polymers [131-138] and biomolecules,[¥39-144] have been employed as binding agents
for nanoparticles immobilization. For example, pahylpyrrolidone (PVP) was used to immobilize
Ag° nanoparticles onto gold substrate for the detecof dipicolinic acid (DPA), a biomarker for
bacterial spores. It was claimed that a strong SER&t arises from such assemblies, which was
supported by an enhancement factor ¢f184]. While biomolecules, i.e. DNA molecules, walso
widely used to attach nanoparticles, Mirkin andnakers have demonstrated the feasibility of using
Au°® nanoparticles (NPs) - DNA conjugates as a fionet SERS system to tailor the hot spots. They
showed that Au® NPs functionalized with single+stted DNA can be assembled into useful aggregates
by using specific DNA interactions [139]. This methwas then complemented by immobilizing this
assemblies onto an underlying chip in a microafosgnat where the single-stranded DNA serves as
binding agent [140]. An alternative approach was aéported by self-assembling probe-tethered metal
nanoparticles to a “smooth” metal film using conmpémtary target species. Figure 1-11 illustrates thi
structural arrangement. An Ag° particle is couphvith a planar silver surface via DNA hybridization
When the hybridization takes place, the close pniyibetween the particles and the metallic surface
yields great EM enhancement, which leads to thmdtion of high intensity hot spots. The existernice o
such hot spots was confirmed by highly enhancedS&RBnals of dye molecules adsorbed between

particles and metallic surface [22]. Similar singated DNA and gold nanoparticles assemblies were
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reported by Moskovits and co-workers. They succdlgsfletected by the SERS technique a protein
(tagged by a SERS dye) bonded with DNA and alse@mes a large increase in the signal when
decreasing the distance between analyte and metalfiace [144].
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Figure 1-11: (A) Schematic illustration for the foation of SERS-active structure: a target strand
(a’b’) is captured by probes on Ag°® NPs and silfilen, resulting in the creation of a SERS-active
structure. Target DNA detection is confirmed byemiing the SERS signal of surface-bound Raman
label,F. (B) AFM images of such SERS-active strect@) 5 um X5 umand (b) 1 um X 1 pum.

Arrows point to Ag°® NPs on the surface [22].

Even though the above approaches yield large Ramaancements, they still involve rather costly and
complex procedures, which reduce their wide appting, and are size limited, which can be very

restrictive when considering the detection of nplétianalytes. Thus, there is still a real demand to
develop new strategies for the easy and low cdsicition of uniform and reproducible SERS-active

substrates.

6.3.2 Chemically and photochemically grown Ag® NPs on solid supports

Ideally, SERS substrates should be cheap, roliabtesactive, reproducible, easily prepared aoickdt

[92, 145]. They are also expected to have larga-argéformity. Metal NPs directly chemically or
photochemically grown on solid supports are stroagdidates for fulfilling the above requirements.
These metal surfaces generally produced smalleareeiment factors, of approximately*i@, than
previously described SERS structures. Howeverinipertant asset of these SERS substrates relies on
the simplicity of their elaboration, which demamdsimal background interferences. Besides, as they
offer an optimum balance between reproducibilitg &aman signal enhancement, these substrates
appear promising for further chemical/biologicalnseg applications. However, compared to
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previously described SERS substrates, such apphzecheen less investigated. Some studies provided
procedures to chemically grow metal nanoparticlescty on solid supports [146-149]. For example,
Au° NPs and Ag° NPs could be generated and embeaddediopolymer (chitosan) through a simple
wet chemical method. The resultant NPs-polymer fdemonstrated control over the size and
distribution of the produced nanoparticles, whippeared promising for several applications inclgdin

the development of biosensors [146, 150].

The direct growth of Ag® NPs by photocatalytic retlon on a TiQ supportleading to potentially
SERS-active surfaces, has also been reported @2, 151-153]. Unlike many other complex
procedures, this simplified method does not reqamg template or binding agent. For instance, Mills
et al.reported the photocatalytically assisted formatibao-called “fish scales” Ag° coatings on FiO
surfaces. They studied the SERS activity of thaeingles but mentioned some irreproducibility of the
Raman bands intensity of R6G molecules, which wabated to the heterogeneous nature of the silver
surface [151]. Besides, the Raman enhancement fae®not mentioned in this article. Other papers
show the feasibility of this elaboration procedbrg do not present any study on the mechanisms
allowing a controlled growth of the AYlPs, and SERS performances have not been investifi4,
155]. Thus, there is a real need to perform thdnangestigations on the mechanisms leading to the

controlled growth of Ag® NPs through a photocataly¢duction process.

The chemical or photochemical procedure can alsesbd for the further growth/modification of metal
nanoparticles previously deposited as “seeds” [I5®}: For example, Liz-Marzan and coworkers
reported highly efficient and rather uniform Ag° §Brrays chemically grown from well-ordered and
uniformly spaced Au® seeds. However, an increasemeentration of “growth” solution resulted in the
formation of large Ag°® NPs with variable shapes aizds [156]. In another example, Au® NPs labeled
by Raman reporters (R6G) were assembled on glassised as seeds ito situ grow silver-coated
nanostructures. It was found that an optimized moiggy yielded an important and reproducible SERS

effect.

7. Application of solid SERS biosensors for oligonucleotides detection

In the field of biosensors, as previously explairiatel-free strategies to detect biomoleculesalvigt
DNA molecules, are under intense development. Eimally, the SERS method provides a powerful,
rapid and sensitive way to respond such a challanggarticular on solid substrates. But surpriing
most of the studies devoted to the DNA detectioa enlid SERS substrate mention the use of a Raman

active label linked to DNA because the signal igereasily detected than the weak Raman signal of a
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label-free DNA molecule. In this context, the deyghent of functional and simple SERS platforms for
label-free DNA detection remains a challenge ofngriinterest. But, before to address this fields it

necessary to first consider the numerous studiestee to the labeled-DNA SERS detection.

7.1 SERS biosensor for labeled- DNA detection

The Vo-Dinh’s group is one of the pioneers in tegalopment of the SERS detection for labeled-DNA
molecules [34, 159-168]. In 1994, they reportediiie first time a new type of DNA probe based on
the SERS label detection. This method consistedirafle strand DNA (probe), immobilized on a
nitrocellulose filter, and then hybridized to itsneplementary DNA labeled with cresyl fast violet, a
Raman-active dye. After hybridization, the douldiessded DNA was removed and transferred onto a
SERS-active substrate for detection [165]. Usirginailar concept, this group also demonstrated the
feasibility of SERS detection of HIV gene [160dacancer markers [159, 164, 169].

In 1996, Mirkinet al. [139] and Alivisato®t al.[170] demonstrated the feasibility of specificerablies

by attaching thiol modified single-stranded DNA sences to single nanocrystals of Au® NPs, forming
thus an useful aggregation for DNA detection. Soyears later, Caet al. [140] achieved the
multiplexed SERS detection of oligonucleotide tésd®y using gold nanoparticle probes labeled with
oligonucleotides and a Raman-active dyes (i.e. C88) dissimilar DNA targets associated to six
Raman-labeled nanoparticle probes were distingdis¥ith a detection limit of 20 fM (Figure 1-12).
Ever since, many studies have been performed Wittsimilar DNA detection scheme [22, 143, 166,
171-174]. Thompsost al.reported the synthesis of oligonucleotide-silv@noparticle conjugates and
demonstrated their use in a sandwich assay fortiéi]| McKenzieet al. reported mixed metal
nanoparticle assemblies taking advantage of theawel surface enhancement properties of Ag® NPs
and surface chemical modification benefits of AlPIN176]. Graham and co-workers demonstrated
the selective turning on of the SERS effect of DfWAetionalized Ag® NPs through a target-dependent
DNA hybridization assembly [177]. An alternativepapach was also reported by Lim and coworkers
who proposed the formation of DNA-modified Au® NWith a Raman-active dye (Bodipy Texas Red)
positioned in the intern nanogap. The detectioit lirithis nanostructure was 10 fM [178].

A slightly different approach, based on a specgandwich type” of capture (probe) / target / répor
hybridization of DNA, has been widely used in otdetection methods [179-181], including in labeled
SERS detection [182-186].
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Figure 1-12: SERSprobe consisting of a 13-nm-diameter Agnoparticlefunctionalized with
oligonucleotiddabelled with a Raman-activdye (Cy3]140].

In this method, the capture DNA, hybridized to ey¢d DNA, has a chain-end binding itself to the
SERS-active substrate. Because the capture DNAtHeisg shorter than the target DNA, after
hybridization, there are still available base phafsfor hybridization with a dye-labeled repori2NA.
Employing this specific hybridization assay, leteal reported a SERS-active substrate based on Ag°
NPs grown on silicon nanowires and demonstratetiiffesensitivity of this substrate by the detattio
of a dramatically low reporter DNA concentrationlofM [183]. Fanet al. also reported a very low
detection limit of reporter DNA (10 pM) on Au® NRiecorated graphene substrates grown by chemical
vapor deposition. They also demonstrated the faéigif detecting simultaneously two different DNA

targets on the same substrate [182].

Laser SERS Laser Quenched

@2 S|

Thiol linked
@ Raman label ? Molecular Sentinel

Figure 1-13: Label-free complementary target DNAed&on scheme [163].
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Recently, Vo-Dinh and coworkers developed a spe&iERS-based probe system for DNA detection,
referred to as “molecular sentinel” (MS) [168]. TM& system, which is initially in solution, consist
of a DNA hairpin probe sequence with one end tagge#ld a Raman-active dye (i.e. Cy3) and a
nanoparticle attached at the other end. It is wpdinting out that this type of hairpin DNA sequenc
has been widely used in fluorescence-based “molebelacon” system [187], which also plays an
important role in the field of DNA detection [19),2188]. However, the sensing principle of MS syste
is slightly different from that of molecular beacdmthe absence of target DNA, the probe DNA forms
a hairpin loop, which maintains the Raman dyedfoae proximity of the metal surface yielding irden
SERS signals of the dye. Upon hybridization witlgéh DNA, the dye is separated physically from the
metal surface leading to decreased SERS signa®$, [dSillustrated in Figure 1-13. The usefulnass a
potential application of this MS system on a sdigbport is demonstrated by using a plasmonic
‘Nanowave’ chip. The authors have demonstratedttiigtchip is not limited to detect only one tygde o
complementary target DNA [163] but also suitablerfultiplex DNA detection [162].

7.2 Label-free detection of DNA
As explained before and in contrast with the laag®unt of SERS studies dealing with labeled-DNA
detection, there are fairly few publications deglinvith the SERS label-free detection of

oligonucleotides, either in liquid colloidal susp@ms or on a solid substrate.

7.2.1 Single-nucleobase detection

Some first studies focusing on DNA bases detedioa silver electrode were reported by @ital.in
1986 [12, 13]. In their workspectra were acquired for the four single nucleedasing both normal
Raman and SERS. The spectral band locations wempared. Comparisons between spectraealed

a significant shift in spectral lines between thhenmal Raman and SERS configurations [Rcently,
direct spectroscopic detection of the four DNA rotlases (adenine (A), guanine (G), cytosine (C) and
thymine (T)) has been achieved on silver grass#i&nostructures [6]. The authors showed that the
SERS signal intensities of the four bases increastte order T < C < A < G. They concluded that th
differences in SERS intensity are due to diffeeatgorption strengths of the DNA bases. It is natie
that the SERS literature on DNA is strongly domitaby the SERS detection of the adenine (A)
nucleobase alone [9, 12, 13, 78, 189]. In additiothis well documented SERS detection of adenine,
the detection of its derivatives such as adendéibel90]and adenosine mono phosphate (AMP) [15,
189, 191, 192]s also reported because adenine and its prodretsngortant groups which strongly

act in the metabolism in addition to the genome.
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7.2.2 Single strand and double strands oligonucleotides detection

Homo-oligonucleotides single strands

Compared to adenine nucleobase, the SERS deteatiother nucleobases (cytosine, guanine, or
thymine) is rather few documented in the literatufdis observation also prevails for homo-
oligonucleotides (also called single base compmsitiigonucleotides in the literature). Mostly basa

of their flexible string aspect, and depending lo& éxperimental conditions, various conformational
changes can occur. This results in some orientatiamges of each individual nucleobase to both the
surface and laser beam polarization leading to sepercussions on the SERS spectra [193]. Compared
to the simple nucleobase spectrum, an increaskeircomplexity of the resulting spectrum can be
expected in term of reproducibility and variabilafthe band intensities. This is clearly illuseetby

the investigations of E. Papadopoutiwal who compared the spectra of both adenine, AMPpahoA

on gold colloids (Figure 1-14) [194].
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Figure 1-14: SERS spectra of 24-mer thiolated pobt concentrations (a) - (€) 0 10®M and (f)
10°M unthiolated poly A on AuNP aggregated with MgR@4].

The authors conclude to some changes in the owwrafitation leading to modifications in the SERS
spectra. Elsewhere, Kuneétial reported a solution pH dependence inducing camditional change of
polyA adsorbed on silica core-gold nanoshell s@$d4d91]. To the best of our knowledge, in addition
to E. Papadoupoulaet al [4] who studied the SERS spectra of the four hafigonucleotides, namely
polyA, polyC, polyT, and polyG in colloid solutionisl. Greeret al. were the rare authors to report on
the SERS spectra of these homo-oligonucleotideagabr in mixed solutions, immobilized on a solid
substrate, i.e. a Si substrate supporting Ag® tetugtures [43]. The measurements were performed i
humid conditions. Generally speaking, the ment@nsut the reproducibility of the SERS spectra are
rarely described. This reproducibility problemasiof concern in a recent paper, which reportseR$

(Tip Enhanced Raman Spectroscopy) experimentsnpegfbin dried conditions on polyA physisorbed
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on mica [195]. Thus, in spite of the excellent tegon of TERS, it is clear that this techniquen@ so
simple to use in the case of portable biosensaat iBhwhy, before going further to the SERS detecti
of poly-oligonucleotides and DNA hybridization owolid SERS platform, it is very important to
carefully study and index the SERS spectra of the homo-oligonucleotides in very well-defined

conditions.

Multibase oligonucleotides

The detection of multibase composition oligonudkiex (single strand) and their hybridization to
complementary target DNA strand (double-strandhisther crucial area of biosensors applications. As
previously mentioned, the spectra generated frortilvase composition oligonucleotides chains rely
greatly on their structures as well as on the empmtal conditions. Thus, a comparison between
published results shows clearly the complexityh# tesulting spectra in term of reproducibility and

variability of band intensities.

Some rare advances in achieving low limit of detectising complex three dimensions nanostructures
have enabled the detection of unmodified singld@mdbuble-stranded DNA (oligonucleotides). One
example is reported by Lex al.[196]. Using a substrate consisting of verticitah nanocone arrays
coated with Ag° NPs, the authors demonstratedupersor detection sensitivity for a reliable anbidk

free detection of DNA. However, the reproducibility SERS spectra obtained in a relative small area
(50 x 40um?) is not as successful as they claimed, when cerisigithe need of rather large substrates
for multibase detection. In another example, |dle#- detection of ssDNA probe before and after
hybridization has been achieved on a very similgt NPs on silicon nanowires nanostructure [197].
Except for low concentrations, the Raman signalagyicibility is rather good, i.e. the variationtbe
Raman signal was less than 10% when the molecoiearat spread on the substrate was more than 10
12 mol. However, the probed substrate area was notiomedin the paper. Another example of label-
free DNA detection on an Ag° toroid substrate wesorted by Green and co-workers [43, 198, 199]
(Figure 1-15). Spectra were obtained on probe oligteotides, as well as single-stranded probe DNA
and double-stranded DNA molecules. The authorseddiitie influence of probe (ssDNA) concentration
on the DNA hybridization in order to determine thatimal packing density of ssDNA for optimal

hybridization [43]. However, the reproducibility sppectra was not specifically mentioned in theckti
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Figure 1-15: (a) SEM image of a silver torus stureton a SiQ@Si substrate ; (b) SERS spectra of 4
10° M poly A (A), poly C (C), poly T(T), poly(G), atietir equi-molar mixed solutions A + G+ T+ C
(M), respectively, obtained from this SERS subsij3].

Similarly, aligned Ag® nanorod arrays have beemregal as a suitable substrate for label-free detect
of ssRNA, dsRNA: DNA duplex [200], and micro-RNA bmndization [201]. In particular, a
straightforward least-squares (LS) analysis contbinith SERS technique has been employed to
guantitatively determine the relative ratio of tfmur nucleotide components before and after
hybridization for micro-RNA sequences [201]. Thighe first demonstration of a combination of SERS
and LS techniques used for capturing subtle charigethe spectra resulting from label-free

hybridization. However, the accuracy of this apptoaeeds to be further improved.

Halas and co-workers have performed numerous studieag nanoshell-based SERS substrates for the
detection of single and double-stranded thiolat&tADbligomers. They observed that all the SERS
spectra of DNA are dominated by a 736'qmeak attributed to an adenine breathing mode,whiakes

it extremely difficult to distinguish the specif8ERS signals of other bases [202]. To overcome this
problem, they employed a specific adenine-free @@NA sequence to enable the detection of target
DNA upon its hybridization with 2- aminopurine-stihged probe DNA sequence [203]. Additionally,
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the authors also investigated the orientation BINIS bond toward the Au® nanoshell surface. This new
study suggested that dsDNA adopted a tilted oriiemtat high packing densities, which was reduced
for decreasing packing densities (Figure 1-16) [284wever, the probed substrate area in theséestud
was quite small (i.e. aboutidn x 30pum).
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Figure 1-16: Guanine to adenine peak intensityaats a function of DNA concentration. Blue and
red lines correspond to two different DNA moleci{f&&N1 and SAN1 respectively, conjugated with
their complementary sequence). Insets show scheswitvariations of DNA orientation with packing

density [204].

A last work of interest has to be cited. Qe&tral, have demonstrated a simple and label-free method
detect DNA based on a gold nanoplate films sulesthrious concentrations of this double-stranded
DNA in solution ranging from 1.0 x 0o 1.0 x 1M were successfully detected [17]. Compared to
methods previously presented, such method is sirbpteexhibits rather smaller Raman enhancements

and, one important feature, the sample size wampationed in the paper.

8. Conclusion

Since its discovery, SERS has been increasinglyamg in the detection of biomolecules. In thisdat
context, label-free strategies to detect biomoksuhotably DNA molecules are under intense
development. SERS is a very powerful method to renkabel-free detection needs. Besides, SERS
spectra of molecules adsorbed on a solid metadiiostructure are much more stable and repeatable
than those in metallic colloid suspension. In gattir, fundamental studies have shown that dramatic

enhancement of the EM field originates from hottspocated at the proper junction or gap between

38



Chapter 1. SERS detection of DNA: State of the art

vicinal metal NPs, leading to a strong intensitySEfRS spectra. Thus the high sensitivity of SERS
substrates relies on the homogeneous creatiotaoj@number of hot spots on a solid substratethies
homogeneous dispersion of well-designed metal Bsegates at the substrate surface or the suitable
structuration of a metallic substrate. Currentlyailble methods for the fabrication of such solid
substrates include electron-beam lithography, namee lithography or nanoparticles immobilized on
solid substrates. These methods are generallyreitte expensive and/or involve too complex
procedures for practical application. Thus, theyeasl cheap fabrication of SERS solid substrates in
large area, while maintaining high EF and goodadpcibility, still remains a challenge.

Metal NPs chemically or photochemically grown otidssupports are strong candidates for fulfilling
the above requirements of good SERS substratese Studies provided procedures to chemically or
photochemically grow metal nanoparticles on soligports, but they do not present enough data to
envisage the controlled growth of the metal NPs patible with good SERS substrate criteria. In
particular, there is a real interest to perfornrdligh investigations on the mechanisms leadingeo t
controlled growth of Ag°® NPs through a photocatalyéduction process. The purpose of the thesis is
to address this issue, i/ by investigating a nettobo up approach, aiming at improving the unifogmit
of a Ag°/TiQ, heterostructure formed by photocatalytic reductioorder to optimize the derived SERS
substrate performances; and ii/ by extrapolatinthsuew type of substrate for the label-free SERS

detection of DNA molecules before and aftesitu hybridization.
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Chapter 2. Titanium dioxide and sol-gel
processing: extrapolation to a new kind
of SERS substrate

1. Introduction

In this chapter, we present the methods and proesdhat have been employed for the bottom up
elaboration of the SERS substrate. We start withriaf overview of titanium dioxide, with an
introduction to its crystalline structure and photduced properties, and most particularly, its
photocatalytic activity, which will be essentialtims work. We then describe the sol-gel protosadi

to produce Ti@thin films. We then present an overview of thaulesspreviously obtained at LMGP,
which showed the possibility to form an Ag°/RISERS substrate in view of label-free DNA detection
through a photocatalytic reduction procedure. Vdally conclude on the limitations of those results

and the important necessity of further optimizattudies.

2. Overview of titanium dioxide

Titanium dioxide (TiQ) has been object of considerable attention forouarapplications due to its
many attractive properties, including chemical aiadogical stability, non-toxicity, optical propéss,
and low cost [1]. For example, Ti@nds use in a wide range of important applicatias anti-reflection
coating in silicon solar cells and in many thin¥fibptical devices [2]. Titanium dioxide is also diger

gas sensor applications due to the dependences ddléttrical conductivity on the ambient gas
composition [3]. It also plays a role as bone stiist and reinforcing mechanical support in the
biocompatibility of bones implants [4]. Last buttheast, titanium dioxide is well known for its etlent
photocatalytic performances. Accordingly, a sigr@fit amount of applications based on its photo-
induced properties has been reported over thedesdes, which will be presented in detail in the

following sections (see also a review in [5]).

2.1 Crystalline structure

Titanium dioxide has three different crystallineusture types - anatase, rutile and brookite - tvisin
be discussed in terms of (Tgoctahedral units (Figure 2-1). Rutile has a tgireal structure and the
TiOs octahedron is slightly distorted [6]. Anatase dlas a tetragonal structure and theglo€ahedron

is much more distorted [7]. Brookite belongs to dhnorhombic crystal system. Pure brookite without
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rutile or anatase is rather difficult to preparetisat titanium dioxide is commercially availabletiwo
crystal structures: anatase and rutile. The diffegan lattice structures of anatase and rutilerdanes
different densities and electronic structures,ilegtb different band gaps (anatase: 3.20 eV;a1@102
eV). Anatase is the most photo-active polymorploierf of TiO,, probably due to a higher electron
mobility, lower dielectric constant, and lower dgysRutile is the thermodynamically stable form of
TiO,, and anatase is often readily transformed intidermthen heated at sufficient temperatures [1].
Kinetically, anatase is stable, i.e. its transfdiomainto rutile at room temperature is so slowt tiha
practically does not occur. Anatase can readilgyrghesized through many sol-gel procedures. The

sol-gel process will be presented in detail inisecs.

Oo @ Ti Oo @ T OOI Oozon

a=b=0.3785nm a=b=0.45933 nm a=0.9182 nm
¢=0.9514 nm ¢=0.29592 nm b=0.5456 nm
¢c=0.5143 nm

(tetragonal) (tetragonal)

(orthorhombic)

@ (b) (©)

Figure 2-1: Crystal structures of anatase (a), keiifb), and brookite (c).

2.2 Photo-induced properties

In 1972, Fujishima and Honda discovered that & El@ctrode can decompose water to hydrogen and
oxygen under UV exposition [8]. Since then, thetpkinduced properties of TiQpreferentially in its
anatase form, have been the object of increastatgist for many kinds of applications. These priger

originate from the semiconductor band gap. Phatoied reactions proceed under UV-irradiation,
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when photons have an energy equal to or greatettitaaia band gap energy (for anatase>18.2 eV,
i.e. A < 380 nm),which causes the promotion of an electron from the wadrand to the conduction
band. Consequently, the charge-carrier generatfophotoelectrons €~) and holes k%) pairs is

achieved according to the reaction Equation 2-1:

TiO, +hv —» e~ +h* Equation 2-1

Such photogenerated electrons and holes haveédspiany potential applications, as shown in Figure
2-2. For instance, the photogenerated electrondeamsed to create electricity in photovoltaic sola
cells. Both the electrons and holes can also gaatie to chemical reactions through multi-step redo
mechanisms in photocatalysis. Various investigatidrave proved that TiOis an excellent
photocatalyst, which has been employed mostly wirenmental and energy application, including
photocatalytic treatment of wastewater, pesticiegrddation, and water splitting to produce hydrogen
[9]. The interest for Ti@has broadened again in 1997, when Wang et al.foawd that titania surfaces
exhibit a photo-induced superhydrophilicity, i.evater contact angle of zero degree under UV exposu
[10]. This property has been largely studied, ftance for antifogging surface applications, since
water cannot exist in the shape of drop but sprétatlg on the superhydrophilic surface. This prdpe
also ensues from holes photo-generated under @diation. Photo-generated holes trapped by lattice
oxygen of the Ti@network tend to weaken the bond between the titarand oxygen atoms, which
creates oxygen vacancies at the JJ#Ddrface. Such oxygen vacancies can then be ssdubgt OH
groups through a molecular or dissociative adsomptf atmospheric water, which yields a super-

hydrophilic surface characterized by a water cdraagle of zero degree.
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Figure 2-2: Applications of photo-active Ti{B].

This photo-induced superhydrophilicity has beeremftassociated to photocatalysis, since both
phenomena have a common ground. Accordingly, thfaai contamination can be photocatalytically
decomposed and then washed away through a simplr wasing operation without the need of
detergent. These combined properties lead to téettning” surface applications, which are studied
extensively by our group among many others. In Wask, we principally took advantage of the

photocatalytic activity of Ti@ This property is detailed in the next section.

2.3 Photocatalytic activity

The photocatalytic activity is a well-known procesestly employed to degrade or transform organic
and inorganic compounds into less harmful substacdeterogeneous photocatalytic system consists
of semiconductor particles (photocatalysts), whiidhin close contact with a fluid phase (gas aidiy
When exposing the catalyst to light (radiation wuffisient energy), excited states are generateahvhi
enable subsequent processes like chemical reactionsigh redox mechanisms and molecular
transformations. A simplified reaction scheme & ffhotocatalytic process in Ti@s illustrated in
Figure 2-3. As previously mentioned, photocatalytactions induced by TiOoccur under UV-
irradiation, when photons have energy equal orrsoip the titania band gap energy. Excited etewdr

(e) in the valence band jump to the conduction baagihg behind holes {h
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N

Energy | ) <380 nm
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Figure 2-3: Schematic presentation of the photogétaprocess in a Ti@particle.

In electrically conducting material, i.e. metalse tlectron-hole pairs are immediately recombifred.
semi-conductors, a portion of these photoexcitedten-hole pairs diffuse to the catalyst surfaté a
chemically react with an adsorbed donor (D) or ptare(A) molecules. The photo-generated electron
can reduce the acceptor molecule, while positideshoan oxidize donor molecules, as shown in the

following equations:

A+e” DA™ Equati?

D+h* - Dot Equation 2-3
A characteristic feature of anatase Ti©the strong oxidation power of photo-generatelh@).
They can react in one-step oxidation reaction wigtter (Equation 2-4) or with surface hydroxyls to

produce highly reactive hydroxyl radic&$l® (Equation 2-5).
h* + H,0 - OH® + H* Equation 2-4
h*+ OH™ - OH® Equation 2-5

Photo-generated holes afB#l® radicals, which are powerful oxidants, can be usedecompose
adsorbed organic pollutants present at the, E@face. Besides, the photoelectrons are trapged b

dissolved oxygen to form super-oxide ida%);):

e~ + 0, =005 Equation 2-6
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These ions are also highly reactive radicals aadhle to efficiently oxidize organic matter. Howeyv
the photocatalytic efficiency can be limited bya#ten-hole recombinations, which can occur either i

the bulk (volume recombination) or at the surfasigface recombination), as shown in Figure 2-4.

hv hv

Volume recombination Surface recombination
Figure 2-4: Electron-hole recombination pathways.

In recent years, the applications of Hased photocatalysts have been one of the moge aceas in
heterogeneous photocatalysis. The term photocetalysually describes the acceleration of the
photoreaction rate induced by the catalyst. Theghwluced redox reactions of adsorbed substances
have continuously grown in popularity, since thejeoa low cost photochemical procedure for
industrial applications. Let us note that previgusscribed photocatalytic mechanisms are based on
the oxidative power of photo-generated holes amivel radicals, which are mainly exploited for the
oxidative decomposition of organic matter, for amste in self-cleaning surface applications. Howgever
photo-generated electrons can also be exploitgdtace reduction mechanisms. This approach, much
less studied than the previous one, has been adhpteur group to grow noble metal nanoparticles

(NPs) at the surface of Ti@ims. It is presented in the next section.

2.4 TiO2-based photocatalytic reduction of metal cations

In contrast to a great amount of publications répgrthe oxidation reactions, much less studiesntep
reduction reactions photo-induced by a Fghotocatalyst, as illustrated in Equation 2-Zhia previous
section. In this equation, the accept@) ¢an in particular be a metal catidd(*) having a convenient

redox potential to be transformed into a lower atimh state1®~2+) [11]:

M™ +Ti0, + hv » M™ +Ti0, + ze~ » M™% 1 Ti0, Equation 2-7
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In proper conditions, this mechanism leads to ¢tmmétion of metal particles (M°) at the TiGurface.
This photo-metallization process is often propdsesgemiconductor photocatalyst modifications [12].
Photo-metallization involves the whole reduction aafsorbed metal cations by conduction band
electrons, the anodic process being the oxidati@nliguid electrolyte, water or else, by valeneat
holes. According to Lin and Rajeshwar, two typesreduction mechanisms are possible for the
photocatalytic removal of metal cations from thguid solution: (i) direct reduction of the catiomg
the photogenerated electrons, and (i) indirecticédn by intermediates generated by hole oxidabfon
added organics [13]. Certainly, the direct reducpathway is the simplest one. For this direct ctidu,

the conduction band energy level must be more negtitan theM™* /M° redox potential, as shown in

Figure 2-5 [11].

4 Redox potential
(V/ ENH)
-1.0 |
ch e
03 =
-0.0 T
7777777777777777777 CuZt/ Cu®
ho 05 L Pt¥/ Pt°
—_— Ag*/ Ag®
"""""""""" H 2+ H o
+1.0 | & / g
+1.5 |—
vb =
+2.9 |-
h+

Figure 2-5: Positions of the redox potentials afigus metallicM™* /M° couples related to the
energy level of the conduction (cb) and valencedbgmb) of TiQ[11].

For instance, conduction band electrons photo-géeery TiQ can reduce directly Agcations into
Ag°. Accordingly, the photocatalytic depositionroétallic silver particles onto a Ti@urface has been
well demonstrated for a long time in the literatu@ne of the very early studies was reported by
Vondjidis et al. in the sixties [14]. They have studied the UVdndd darkening of a TiCand silver
nitrate mixture. More specifically, the first inpgetations concerning the adsorption of Agtions on

a TiO, surface and the conduction band electron transfAg* cations were reported in the seventies
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by Fleischauer and Shepherd [15]. In this studyersparticles were photocatalytically grown on a
TiO:2 single crystal. In the eighties, Herrmann et ahfemed this photocatalytic growth mechanism
and concluded that the metal silver crystallites #ormed from agglomeration of silver atoms

individually reduced at the surface of powdereahii [16].

All these initial studies demonstrated the posigjbtb grow metal Ag° particles on a TiGurface
through a photo-metallization process. However, tnaisthe subsequent works were devoted to
powdered or single crystals titania. In contrasty\few works addressed the photocatalyticallysasdi
growth of Ag® particles on Tigxhin films. Only some recent papers deal with thigpose. For instance,
Mills et al have studied a photocatalytic reducfioncedure to form so-called “fish scales” Ag°® dogs

on TiG, surfaces for SERS applications [17]. Some othgremaalso show the feasibility of this
elaboration procedure but do not present any stadyie mechanisms allowing a controlled growth of
the Ag°® NPs, and SERS performances have not beestigated [18, 19]. It is this approach, the
controlled growth of Ag® nanoparticles through afaltatalytic reduction mechanism, which will be

studied in this thesis to propose a new Ag° LIBERS substrate.

3. The sol-gel process

3.1 General principles

TiO- thin films studied in this thesis have been depdsihrough a sol-gel route. In this section, we
briefly summarize the important principles of tlod-gel process. Exhaustive details can be fourtden

“bible” of sol-gel by Brinker and Scherer in [20].

The sol-gel process is a wet chemistry method. eMemistry is a term which refers to a number of
scientific techniques involving synthesis protoanfignaterials in liquid solution. It is widespreased
today due to many attractive assets including logt,ceasy control of stoichiometry, size and shadpe
particles formed in solution, synthesis of homogersematerials, etc... Among many available wet
chemistry methods, we will mention precipitatioolvethermal, combustion, electrochemical, or sol-
gel methods. The sol-gel process can be used fepagng numerous inorganic or hybrid
organic/inorganic compounds in a large varietyasfrfs such as thin films, calibrated nanoparticles,
monolithic glasses, or optical fibers, a shown iguFe 2-6. The assets of sol-gel are in particular
intensively applied to thin films elaboration, piding for instance porous films with large specific
surface areas or dense and mechanically resistas, fas well as allowing coverage of large and

complex shape substrates.
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Chapter 2. Titanium dioxide and sol-gel processing

The term ‘sol-gel’ refers to a process of transfation in which monomer or oligomer species dissiblve

in a liquid solution chemically react to form aalled sol and subsequently aggregate to formid-sol
like oxide network (gel). The ‘sol’ is typicallystable dispersion of colloidal particles, whose sange

from < 1nmto < 1 pm, arising from chemical preoussvhich can be classified into two different type

depending on the involved ligands.

Inorganic precursors: include inorganic salts saghitrates, sulphates, chlorides, or acetates.
Metal organic precursors: generally used as métak@es (M(OR)), which consist of an
organic alcohol group (alkoxy, OR) attached to &ain@1) atom and react in a large variety

of organic solvents. Metal alkoxides are the mastkely used in sol-gel. In the next part of

this section, we focus on such precursors.

Soition

Gelation | Solvent
- i
‘ Extraction
Callbrateq Sol Gel é‘,@ Aerogel
nanoparticles o “,
\‘),;\o o 9 ,:96'
. or,
ey & Yoy, 2
@4‘1&0‘ “
Xerogel film Xerogel
thermal
:he r;nal ) treatment
reatmen
|
Substrat
Dense fim

Monolithic glass

Figure 2-6: The potential of sol-gel process [20].

Metal alkoxides are firstly diluted in an organah&nt (generally alcohol). Their sol-gel transfation

(liquid to solid transformation) occurs throughiaarganic polymerization mechanism, which is based

on two chemical reactions: hydrolysis and condeémsatMetal alkoxides are generally strongly

hydrolysable compounds when mixed with water. Thug/droxyl group becomes attached to the metal

atom through an OR-OH exchange:
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M-(OR), + H,0 — HO-M-(OR)s; + ROH Equatio8?2

In an extreme case, the alkoxy group may be comiglaydrolyzed, i.e. all OR groups are replaced by

OH ones:

M-(OR), + 2H,0 - M-(OH),+ 4ROH Equatiord2-

However, hydrolysis generally stops before comgtetyielding (HO),-M-(OR),_,, species. The
linkage of these partially hydrolyzed molecules ttaan occur through condensation reactions, leading
to an oxide network gel. In the condensation reasti protonated species are expelled either ifothe

of alcohol (alcoxolation) or water (oxolation):

(OR);-M-OR + HO-M-(OR); — (OR)3-M-0-M-(OR); + ROH (alcoxolation) Equation 2-10

(OR)3-M-OH + HO-M-(OR); — (OR)3-M-0-M-(OR); + H,0 (oxolation) Equation 2-11

The relative rates of hydrolysis and condensatigternthine the structure of the final gel. Accordingl
many studies have reported various methods totsadgccontrol the rate of these reactions, i.édac
or base catalysts are often used to enable a siepasfithe hydrolysis and condensation reacti@ig.|
Generally, acidic catalysts (e.g. HCI, HY@ncrease hydrolysis rates, while basic catalfestg NaOH,

NH4OH) promote condensation.

Monomer or oligomer species grow in the liquid $olu through multi-hydrolysis/condensation
reactions (polycondensation), yielding increasinlgligger inorganic polymeric clusters, and finally
resulting in the formation of a wet gel. The gehfation can be accelerated by a concentrationasere

of reactive species induced by evaporation of thieest, which rapidly occurs during thin film
deposition procedures. Further solvent evaporafields a wet to dry gel transformation. The driedl g

is called xerogel and is often reduced in volumelbgctor of 5 to 10 compared to the original walt g

In the case of thin films, the selgel—>xerogel transformation takes place within a fewosels. A sol-

gel film can be prepared by common liquid phasedgipn processes such as spin-coating (see section

3.3), as well as dip- or spray-coating.

The final xerogel consists of a porous and amorptoxide network, which is constituted of M-O-M
chains with hydrolyzed or not alkoxy groups at ahamnds. In order to improve its characteristics, fo
instance its mechanical integrity, densificatiorgrde, or crystallization state, the xerogel is then
thermally treated in air at more or less high terapge. Thermal treatment promotes the pyrolysis of
remaining alkoxy and hydroxyl groups, yielding agooxide compound, and induces densification of

the oxide network, which is for instance requiredthe formation of functional optical fibers, maitio
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glasses, or thin films. Oxidation and densificatpanticularly enhance the abrasion resistancelajedo
derived thin films. Besides, the crystallization thin films necessitates a complete pyrolysis of
remaining alkoxy groups (or additional organic igq These species normally have good stability an
act as structural impurities that inhibit crystadliion at low temperature. Accordingly, crystalline
anatase Ti@sol-gel films are usually processed at a relagitgh temperature of 350°C or more [22-
25].

3.2 Adaptation to TiO: sols

In contrast to certain alkoxides, such as Si ofiealkoxides are extremely reactive to hydrolyssl a
polycondensation. It is a critical feature to bletainto account, because a too fast and uncaoediroll
reaction can rapidly promote the aggregation ajdanorganic species, which can rapidly precipitate
and settle in the solution. In that case, thesabilonger adapted to the deposition of unifotmdiof
optical quality. Two main routes can be implemeritedvercome this problem and to finely control the
reaction rates. The first one relies on a compleraif the alkoxide with a non-hydrolyzable chelati
ligand, for instance acetic acid or acetylacetdrs ligand partially substitutes to the reactilioay
groups and reduces the overall reactivity in sotutiThis method has for instance been used in
preliminary works performed at LMGP, which showhkd feasibility of SERS detection on Ag°/TiO
heterostructure (see section 4) [26]. A secondertmchemically stabilize the sol relies on a sikeda
peptization mechanism. This mechanism is basedemtrestatic repulsions between reactive species
positively (negatively) charged in sufficiently did (basic) conditions. These electrostatic repulsi
reduce the contact between reactive species anefdhe decrease the overall sol reactivity. Ithis t
second route which has been used in this work épgre a stable titanium oxide sol according to

previous studies performed at LMGP [27].

This sol, which is hereafter called “mother solotidMS), was obtained by mixing tetraisopropyl
orthotitanate (TIPT, from Fluka) with deionized egthydrochloric acid (HCI), and absolute etharsol a
a solvent. The TIPT molar concentration in the sofuwas 0.4 M and the TIPT#/HCI molar
composition was 1/0.82/0.13. The theoretical sofupH, calculated from the amount of HCI, is 1.27.
It indicates a strongly acidic sol which can unaeagpeptization process. Accordingly, the above MS
preparation conditions give rise to a very stalole which indicates that no prematurate gelation or
precipitation takes place in this solution. Congstly, such sol could be used for several weeks or
months in reproducible film deposition conditior®y [ 28]. In this protocol, the solution was aged at

room temperature for 2 days prior to use for filepdsition.
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3.3 Film deposition by spin-coating
As previously mentioned, sol-gel films can be efabed by several classical liquid phase deposition
methods such as dip-, spray- or spin-coating. énpfesent study, we have used spin-coating for the
deposition of TiQ thin films. Bornsideet al. divided the spin-coating procedure into four s&ages
shown in Figure 2-7 [29].
* In the first stage, an excess of liquid is delidet@ the substrate at rest or spinning slowly
(deposition).
* Inthe second stage, the liquid flows radially carsly driven by the centrifugal force created
by the substrate rotated at high speed (spin-up).

* In the third stage, excess liquid now coveringghbstrate flows radially on the perimeter

(spin-off).
* Inthe last stage, evaporation of solvent occuts¢chivpromotes hydrolysis/condensation

reactions leading to the formation of a dry gek@gel) film.

D a/ Deposition
dwldt=0 N

b/ Spin-up

dw/dt=0 X

¢/ Spin-off

\

{8444 d/ Evaporation

Figure 2-7: Stages of the spin-coating process [29]

According to these mechanisms, a uniformly thickiild film tends to be formed during spin-off. Its

thickness (h) is described by:

hg

2 2
<1+4pw ho t)
3n

h(t) = Equation 2-12

1
2
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After evaporation, the film becomes much thinned #ime final xerogel film thickness is given by
Equation 2-13:

1

3 1
hfinal = (1 - %)( - )3 Equation 2-13

pa’/ \2pyw?

In both equations, is the initial thickness, tis timey is the angular speeg,is the solution density)
is the solution viscosityy, is the mass of volatile solvent per unit volumg, is the initial value of this

mass, ane is the evaporation rate that depends on the massfér coefficient.

MS derived TiQfilms studied in the present work were depositedibing a SUSS microtec CT 62
spin-coating instrument. The substrates were ($iiopn wafers of 3 x 3 chin size. Prior to be used,
the silicon wafers were annealed at 500 °C forthors and then stored in deionised water. Justéefo
deposition, they were cleaned with ethanol andddniih air spray. Parameters that define the spipni
process (i.e. spin-speed, acceleration, time, testyr®) can result in important variations in the
deposited film. It often requires to adapt a specifeposition procedure in relation to the sol
characteristics, i.e. its dilution level, sol-gehctivity, rheology, etc... In previous studies perfed at
LMGP, an optimized deposition procedure has beeanupefor the MS sol, which relies on an

automatized program divided into three steps (KEiqu8).

* Inthe first step, 300 pL of the sol (TIPT, HClsahute ethanol) are radially spread on a
substrate at rest, and the substrate is then dogitelatively high spin-speed of 3000 rpm for
1 second. This step serves to spread the solloweubstrate.

» Stabilized liquid films are then obtained by maintag a O rpm spin-speed for 5 seconds.

» Evaporation of the solvent is finally controlled tgntrifugal effect thanks to a low spin-speed

of 100 rpm for 5 seconds.
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Figure 2-8: Spin-coating program for MS (motherwin) thin film deposition.

65



In such conditions, the so-obtained xerogel filxisileit uniform thickness and high optical qualitg.
90% of the substrate surface is coated with a tr@s& uniformity of about 1%, while the other 10%
correspond to unavoidable edge and corner effedtsre the thickness is greater than in the

homogenously coated area.

During the spin-coating procedure, MS films undemooom temperature sol-gel transformation
through hydrolysis/polycondensation reactions, Whields a solid amorphous xerogel film consisting
of Ti-O-Ti chains with chain-end alkoxy and hydrbxyroups. This xerogel film is then annealed at
500°C and changes into a film crystallized in thatase polymorphic form of TiOrhis annealing
temperature has been adopted according to presiodies showing that the best photocatalytic agtivi
of TiO, MS films is obtained after a thermal treatmerB@ — 600°C [30, 31]. After thermal treatment,
the films are cooled down to room temperature uraeaiient condition, stored in a plastic box, and
kept in dark place opaque to UV radiation before. 0$e thickness of the film can be varied by using
a multi-layer deposition procedure, i.e. througl thpetition of deposition/thermal treatment cycles
According to previous studies, the film thickne$syp an important role on the photocatalytic atyivi
[30]. Contrary to our preliminary studies showihg feasibility of an Ag°/TIQSERS substrate, where

a seven-layers procedure was adopted, in thisstlaesingle-layer deposition procedure was preferred
in order to reduce the time spent in the film efalion. In these conditions, a 40 nm thickness was

measured in the homogeneous area (90% of the atd)stifter thermal treatment at 500 °C.

4. Extrapolation to an Ag°/TiOz SERS substrate: previous results

As mentioned before, this thesis relies on previstuslies performed at LMGP, which showed the
feasibility of a new Ag°/TiQ@ SERS substrate for the label-free detection ob-Miminated DNA
molecules before and after their hybridization [26]he substrate was elaborated through a
photocatalytic reduction mechanism of silver nergdgNG;) adsorbed on a Tidol-gel film deposited

in previously described conditions using a sew@i deposition procedure. This bottom up approach
led to Ag°/TiQ heterostructure constituted of metal Ag°® NPs dispe at the surface of the Ti@m.

As illustrated in Figure 2-9, these NPs exhibittigpic shapes with a diameter ranging from few
nanometers to several hundred of nanometers, i.eerg broad size distribution, and appear
heterogeneously dispersed on the ;I$Orface. Despite such important drawbacks, thesepnary

studies pointed out many potential assets of thpqeed Ag°/TiQ SERS substrate [26].
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Figure 2-9: Low and high magnification FEG-SEM ireagf the Ti@film surface (dark area) after
deposition of Ag® NPs (bright spots) [26].

First of all, this substrate takes advantage dffii@® and Ag° components. Usually, a multistep and time
consuming procedure is employed to graft DNA mdegwn a traditional silicon substrate for further
detection. This procedure particularly requireslangation step, generally based on a preliminary
surface functionalization using an amino-modifididen alkoxide, followed by the use of a crosskkn
molecule (glutaraldehyde) leading to a strong cemialbond between the amino groups of the
functionalized substrate surface and amino groopstituting the NBterminated DNA molecules. In
the previous studies, it was shown that the spmitiéfs of the proposed Ag°/TIOSERS substrate
allowed a simplified one-step grafting procedutevds assumed that this one-step procedure retied o
the direct attachment of NHerminated DNA molecules on Ag®° NPs, owing to #ifinity of these
latters toward amino groups, which led to the diEdA grafting through the formation of Ag-N bonds.
These results also pointed out the interest ofaagshydrophilic TiQ surface. Since bare TiGurface
areas (uncoated with Ag® NPs) exhibited a supedpfulic behavior after exposition to UV light dugin
the photo-metallization step yielding Ag°® NPs, llbaed an improved spreading of DNA-containing
aqueous drops deposited on the substrate surfddehwved to an enhancement in the uniform
distribution of DNA molecules attached on the SERBstrate. This observation pointed out the interes
to set up a photocatalytic reduction procedureiteptb the alternation of Ag°-coated and Tikare
areas, contrarily to the procedure proposed byrsthech as Millgt al.,which led to the photocatalytic
deposition of an Ag° film totally covering the Ti®urface [17].

According to previously described features [26)vais possible to achieve the label-free SERS detect
of DNA molecules grafted on the Ag°/TiCheterostructure (Figure 2-18), while pure Raman
measurements (in the absence of Ag° NPs) did lew aluch a detection (Figure 2-10 b), which pointed
out the interest of a label-free SERS detectiortguare. In particular, Raman bands of adenine and

cytosine nucleobases constituting the DNA moleculese clearly identified through the SERS
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detection. Previous results also allowed drawinghsions on the spectral changes upon hybridizatio
of the probe DNA molecules with complementary onlesparticular, these studies showed that
hybridization causes a change in the relative sitgrof the bands attributed to adenine and cy#osin
(Figure 2-10 c). It provided a direct way to di#fatiate single strand and double strand DNA obthine
before and after hybridization, respectively, attelsted that hybridization can be detected thraigA
Raman spectra measured from the SERS platform.

However, the SERS spectra exhibited a weak signiairatio as well as poor intensity reproduciyilit
when measured in different areas of a same substiliich restrained the reliability of conclusions
drawn from these spectra and clearly demonstrdtadthe SERS substrate still required important

optimization efforts.
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Figure 2-10: Raman spectra of single-stranded DN#tgd on an Ag°/Ti®heterostructure (a) and
grafted on a bare (uncoated by Ag® NPS):Mfin, where only the second order Si Raman linghef
substrate is visible (b), and Raman spectrunooabte-stranded DNA after hybridization on the AG@QLT

heterostructure (c). Main DNA lines are assignea@denine (A) and cytosine (C) Raman modes.

These previous studies also showed that spedaficérising from a sol-gel procedure responded to a
very important challenge when considering DNA detecapplications, i.e. the possibility to perform
multiplexed analyses through a spatially addregkadction in order to rapidly and easily identify
numerous biomolecules of different natures graftea single sample. The feasibility to answer such
challenge was demonstrated through the spatiatlyeasded detection of a same DNA molecule grafted
on a photo-patterned SERS substrate. For that pey@osol-gel procedure previously developed at
LMGP was used [32]. Since, for time consuming raasthis procedure could not be further exploited
in the present thesis, it is only briefly summadizeere. As explained before, a Ti-based sol can be
chemically stabilized through the complexation loé¢ titanium alkoxide with a chelating agent. In

previous studies conducted at LMGP, it was showah $laich a complexation can be performed using
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Benzoyl-Acetone (BzAc) as a chelating agent, wiyiefided a Ti-BzAc alkoxo complex in solution. It
was shown that, in proper conditions, derived Tx€rogel films deposited at room temperature from
this solution are chemically unstable and can g&slremoved by washing in ethanol. Conversely, an
exposure of these films to UVA light induces a iytic decomposition of the Ti-BzAc complex,
leading to an enhanced chemical stability of thegel film toward ethanol washing. A selective UVA
exposition, through a mask or by laser expositesgociated to solubility contrasts between areas
exposed or not to UVA light, finally enabled to ilement a procedure leading to a fine photo-patterni
of such sol-gel photoresists through a simplifieg-step protocol. This simplified photo-patterning
procedure is schematically represented in Figut&.ZFiQ, patterned films could in turn be crystallized
in the anatase form through a thermal treatme®®@t C yielding photocatalytic and photo-hydroghili
TiO- patterns [32].

TiO,
(a) Si
UVA

—_ $ _ ¢ — Mask
TiO,

lEthanol leaching
TiO,
Si

Figure 2-11: Photo-patterning of a sol-gel deriveeD, photoresist.

In further studies performed at LMGP to demonstthtefeasibility of an Ag°/Ti@ SERS substrate,
this protocol was used to pattern circular Fi€pots of 150um diameter (Figure 2-12 a) [26]. A
subsequent photocatalytic reduction process yidliedelective growth of Ag°® NPs on the Tipots,
while no Ag® NPs could be grown on bare siliconsitdie (uncoated by Ti&pots) areas. Finally,
single strand DNA molecules were selectively imnipbd on derived Ag°/Ti@ spots using the
previously described one-step grafting procedund, their detection on different spots was achieved
through SERS measurements. These measurementy tldarated the presence of DNA on the spot
surfaces, while no DNA could be detected on bdigosi regions. It is illustrated in Figure 2-1Zdr

the label-free detection of double strand (hybed)zDNA molecules. However, here again, the SERS
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spectra suffered from a weak signal/noise ratio oal intensity reproducibility when measured on

different spots (spectra presented in Figure 2-aela selection of best results).
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Figure 2-12: Optical image of photo-patterned Agd7spots (a), and Raman spectra of label-free
double strand DNA immobilized on different photttgramed Ag°/TiQ@ spots. The main DNA lines are
assigned to adenine (A) and cytosine (C) Raman snode

According to these preliminary studies and despitene promising results, both the broad size
dispersion and poor surface distribution of Ag° Nfpswn on the Ti@film, as illustrated in Figure 2-

9, appeared to be a strong drawback of this newSS&ilbstrate, which affects the reproducibility,
intensity, and reliability of DNA Raman spectra. e one hand and based on the assumption that, in
the case of the proposed one-step grafting proeeddNA is mainly bonded to Ag® NPs (this
particularly raises question about how to find &ddal experimental evidences of this grafting j@sx),

the size, amount, and surface distribution of A¢gPsNyovern the amount of sites available for DNA
grafting and hence the amount of DNA to be detebie®aman spectroscopy. On the other hand, as
explained in chapter 1, their morphology, i.e. tis&ze, shape, shape and size uniformity, aggr@gati
state (hot spots), is also expected to intringrcalfluence the Ag® NPs SERS activity. All these
conclusions stress the importance to perform fushadies in order to better control the morphology
of Ag° NPs and their distribution on the SERS @atf.

5. Conclusion

TiO2 is a very versatile material owing to the mulegly of its inherent properties. Its photo-induced

properties (photocatalytic activity, photo-hydrdptiy), particularly when it is crystallized in st
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anatase polymorphic form, largely contribute to kingh interest devoted to T3OIn particular, this
material can readily be deposited in the form aictional thin films through sol-gel routes. In rate
studies performed at LMGP, the photo-induced progeeof sol-gel derived Tigxhin films have been
exploited to demonstrate the feasibility of a negf/AiO, SERS substrate for label-free detection of
DNA. In this bottom up approach, SERS active magfl NPs were grown on the Ti®Im surface
through a photocatalytic reduction procedure. Ceetidg°/TiQ; heterostructure exhibited many assets,
which were firstly assessed through the SERS deteof NH-terminated DNA molecules and their
hybridization. According to specificities arisingpi the photo-induced properties of the Tfiim in
association with a sol-gel procedure, such a SEHRRStsate also allowed the implementation of a
simplified one-step grafting of DNA molecules ah@ fpossibility to perform a multiplexed spatially
addressed detection of these molecules. Howewesethubstrates still suffer from several drawbacks,
which require further important optimizations. Angomany other questions to address, it is crucial to
perform further studies in order to better conth@ morphology of Ag® NPs and their distribution on
the SERS platform. The influence of these pararseter the SERS activity and the detection
performances of the platform (reproducibility, duiliy, sensitivity, selectivity, reliability) coniutes

the first main objective of this thesis. Besidasd @as explained in chapter 1, before considerieg th
SERS detection of complex multi-base DNA molecutas,essential to improve the reliability of SERS
detection on “simpler” single-base DNA moleculekisTaspect constitutes the second main objective

of this thesis.
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Chapter 3. Tailored silver nanoparticles
for surface enhanced Raman
spectroscopy substrates

1. Introduction

In the previous chapter, we described a new bottprapproach based on a photocatalytic reduction
mechanism at the surface of sol-gel deposited; Tiih films. We showed that this low cost wet
chemistry procedure yields Ag°/TiCheterostructure with a promising potential as n8#wRS
substrates. However, the photocatalytic reducti@chanism led to a large dispersion in the size of
SERS-active Ag°® NPs and to a poorly homogeneoustaison of these NPs at the TiGurface, which
required further important optimization to imprave reproducibility of the Raman bands intensity. A
mentioned in section 5 of chapter 1, very few wdrge been devoted to the photocatalytically assist
growth of Ag® NPs on Ti@substrates for SERS. Thus, there is a real negektiorm thorough
investigations on the mechanisms leading to théralbed growth of Ag® NPs through a photocatalytic
reduction process. It is the aim of this chaptdrere we only focus on the morphology of Ag°® NPs,
while the SERS performances of derived Ag/dT@terostructure will be investigated in the next

chapter.

Numerous chemical or photo-chemical methods haee peoposed in the literature to grow Ag°® NPs
in liquid solution. These methods are based oruieeof specific chemical reagents and yield liquid
suspensions of size and shape controlled Ag® NBtsinBtance, the weak reducing activity of ascorbic
acid (AA) [1-3] and the stabilizing effect of trédium citrate (TSC) [4-7] have often been used, in
combination or not, to tailor the size and shapenefal NPs through a single growth or a two-step
seeded growth procedure in liquid solution. Whiletsapproaches have shown a huge potential to form
metal NPs in liquid suspension, their extrapolatoithe controlled immobilization of Ag° NPs on a
solid substrate has rarely been investigated. Agiuanly some rare reports mention the use of AA
and/or TSC to grow Ag°® NPS on solid substratesutinochemical approaches [8, 9], and we could not
find any report describing the use of such chemieagents to assist the photocatalytically induced
growth of Ag° NPs on a substrate. In this chapter,present new studies on a chemically assisted
seeded growth procedure aiming at improving théoumity of Ag° /TiO. heterostructure formed by
photocatalytic reduction. We mainly study how ghiecedure enables a controlled growth of Ag® NPs
in various amounts leading to the homogeneous digpeor aggregation of these NPs at the surface of
TiO2 films. First, we present a one step photocatafgtitiction procedure employing TSC as stabilizing

agent. Then, we apply a two-step TSC-assisted degamvth procedure aiming at improving the
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uniformity of derived Ag° /TiQ heterostructure. We finally conclude by discussangossible self-

limited growth/aggregation process of Ag°® NPs.

2. Characterizations

The morphology (size, distribution, aggregatiorelpwf Ag®° NPS was investigated by Field Emission
Gun - Scanning Electron Microscopy (FEG-SEM) imagusing a FEI Quanta FEG 250 apparatus
operated at 20 kV in secondary electron mode. NiBatg was realized from FEG-SEM images on
several 1.5 x 1.5 phareas using thienage-Pro Plus V4oftware. The surface coverage rate (SCR) of
Ag° NPs was estimated on several 3 x 3 janeas using thienage Jsoftware. A Philips XL 30 SEM
operated at 10 kV was employed for energy dispergivay (EDX) analyses. The Ag @)/ Ti (Ko)
peak intensity ratio deduced from EDX measuremeatsused to study the amount of deposited silver
on several 360 x 480 (fmareas. Since the Ti peak intensity only accoumtgtfe TiQ film, whose
thickness is fixed at 40 nm, the Ag / Ti EDX ratio at%) is directly related to the silver amounta
allows reliable comparisons between different elaton conditions. In order to support the above
analysis, we also performed X-ray photoelectrorcspecopy (XPS) characterizations. XPS spectra
were acquired at Laboratoire de Réactivité desasad (LRS-UPMC) using a SPECS (Phoibos 100-5
MCD) X-ray photoelectron spectrometer equipped wittmonochromatised aluminum (AbiK X-ray
source (ln = 1486.6 eV) powered at 10 mA and 15 kV and a0l 00 hemispherical energy analyzer
at a constant take-off angle of 90°. The spectna walibrated with respect to the Cls peak at 284.8
Structural studies were performed through crosiesedransmission Electron Microscopy (TEM)
observations using a JEOL-2010 LaB6 instrument atpdr at 200 keV. Selected Area Electron
Diffraction (SAED) patterns associated to TEM imaged Fast Fourier transform (FFT) performed on
high resolution TEM (HRTEM) images were employedy&t insights in the crystallographic state of
Ag° NPs.

3. One-step photocatalytic reduction

3.1 Non-assisted photocatalytic reduction

As mentioned in chapter 2, when a Tiin film is exposed to UVA lightA(< 380 nm), it promotes
the formation of electronseand holes () pairs, which induce redox mechanisms at the ilmiace.
The photo-induced electrons can for instance prerti reduction of Agcations adsorbed at the film
surface, which leads to the formation of metal Ng§"s. However, as mentioned in different papers, thi

photo-reduction mechanism can rapidly lead to theoatrolled growth of NPs with a large size
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Chapter 3.Tailored silver nanoparticles substrate &r SERS

distribution [10, 11]. In Figur8-1, we schematically propose a model to illustthiefeature. Over the
first stages of the photocatalytic reduction,’ Agtions adsorbed at the film surface form metaleiu
induced by the reduction ability of photo-electr@ml, once these nuclei exceed a threshold critical
size, Ag° NPs start growing. Over the subsequegest of the photocatalytic reduction, new Agtions
adsorb and new Ag° NPs start growing, while presipiormed Ag® NPs undergo further growth. It
rapidly yields some size heterogeneity of the NRgure3-1a).
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Figure 3-1: Proposed schematic representation efrttechanisms leading to Ag® NPs at the surface
of a TiQ film over a single-step photocatalytic procesg:dad (b) depict phenomenological
evolutions over UVA exposure.

This heterogeneity can in turn be strongly ampgdifiey Schottky barrier effects at the metal-
semiconductor interfaces. These effects have bestiopsly studied in the team by D.Riassetto during
his thesis at LMGP in the case of platinum NPsealispd on the surface of Tithin films [12]. It is
inferred that the mechanisms can be extrapolatéeh?oNPs. Schottky barriers promote an electron
depletion in the surface regions of the semicorafufitm in contact with metal NPs. Over UVA
exposure, photo-induced electrons are thus prdfellgndirected toward the surface regions where
metal NPs have initially been grown (Figd.a) and subsequently transferred to these NPsewiney
contribute to further particle growth through tregluction of newly adsorbed Agations (cathodic
process, Figure 3-1b). Photo-induced holes areaoitantly directed toward the bare TLiGurface
areas where they are harvested by the liquid elgtgr(anodic process). This spatial separationces
the recombination probability of holes and elecstdhfavors a greater flux of photo-electron reagh
the surface and thus an enhanced photocatalytictied rate. Besides, since the electron depletion
all the more pronounced as metal NPs exhibit aelasge, photo-induced electrons are preferentially
directed toward largest NPs, which promotes théepeatial growth of these NPs to the detriment of
the smallest ones and dramatically accelerateteadgeneous growth of the NPs (FigGréb).

This description can probably explain previous itssabtained in the team by 1.Sow at LMGP [10]. As
illustrated in FEG-SEM images of Figure 2-9 in dea®, these previously studied growth conditions
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led to nearly spherical Ag® NPs heterogeneouslyidiged at the substrate surface. The NPs diameter
ranged from a few nanometers (which probably tradudPs formed in the ultimate stages of the
photocatalytic process) to several hundred of natera (NPs grown since the early stages of the
photocatalytic process). Well faceted NPs illustain the high magnification FEG-SEM image of
Figure 2-9 in chapter 2 also indicate that evegdsir NPs consisted of single-crystal (non-aggregate

particles.

In this thesis, several approaches have been igatsd to improve the size uniformity of
photocatalytically grown Ag°® NPs. We firstly infed that a slower growth would be more easily
controlled and would favor the formation of morafanm NPs. Thus, compared to previous works,
several adjustments have been performed to retlegehiotocatalytic growth kinetic. Compared to the
previous one (100 mM), the AgN@oncentration in liquid solution has been consitigr decreased
(0.2 or 2 mM) to reduce the probability of Acation adsorption and the subsequent NPs growdtiki
Since the photocatalytic rate increases with thektiess of our Ti@films [13], we also reduced the
film thickness by using a single-layer depositiongedure yielding a 40 nm thickness instead of the
~250 nm thickness previously achieved from a 7#ageposition procedure. This choice also allowed
to considerately reduce the duration of the elaimrgrocedure. The nature of the Agihdiution
medium has also a strong impact, since its capsziharvest photo-induced holes at the film surface
decreases the hole-electron recombination probahitid increases the flux of photo-induced electron
reaching the film surface to promote the*Agduction. Contrary to previous works, where aewat
ethanol liquid medium was used to take advantagbeostrong hole-harvesting activity of ethanol, a
pure water medium of weaker hole-harvesting powsrideen used in the present work. The FEG-SEM
image of Figure3-2a typically illustrates the morphology of Ag® 8lBbtained in these new conditions.
Compared to previous works, the effects of a redyt®tocatalytic activity are clearly evidencedaby
much smaller mean size of Ag°® NPs uniformly dispdrat the film surface. However, this image also
shows that the Ag°® SCR (Surface Coverage Rateuie gveak and FEG-SEM image analyses

illustrated in the inset indicate that the NP4 stihibit some important size heterogeneity.
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Figure 3-2: FEG-SEM images of Ag® NPs formed thioaghotocatalytic process as studied in the
present work for an AgN{Zoncentration of 0.2 mM, an UVA exposure duratibh min, and with
different TSC/AgN©molar ratio (Rc) ranging from 0 to 500. The inséitsstrate the Ag° NPs
diameter distribution deduced from the analysidiffierent FEG-SEM images.
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3.2 Trisodium citrate (TSC)-assisted photocatalytic reduction
3.2.1 Influence of Rc for fixed UV duration

New approaches have thus been studied to favorga @mount of Ag® NPs with improved size
uniformity. The photocatalytic reduction of AgNR@as firstly been chemically assisted by TSC. Ist fir
experiments, the AgN§xoncentration and UVA exposition duration wereflxat 0.2 mM and 5 min,
respectively, and the TSC / AgN@olar ratio, so-called Rc ratio, was varied fromo 00. The effects
of TSC on the NPs growth can be summarized by mdiine mechanism, which has firstly been

evidenced by EDX measurements (Figure 3-3).
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Figure 3-3: Influence of the Rc ratio on the AgEDX ratio for an UVA exposure duration and
AgNGQ concentration fixed at 5 min and 0.2 M, respetyjive

The Ag / Ti EDX ratio sharply increased when insiag the Rc ratio from 0 to around 5, and then
underwent a continuous decrease when increasing #ga Rc ratio up to 500. These trends are
supported by FEG-SEM images of Figures 3-2a talfthair inset. Compared to a photocatalytic growth
without TSC (Figure8-2a), these images show that increasing the Rruptto 5 (Figures 3-2b to d)
continuously reduces the NPs size and concomitamtheases the number and size homogeneity of
NPs dispersed at the TiGurface (insets of Figures 3-2b to d). Image a®ayshowed that the mean
diameter of NPs formed from a Rc ratio of 5 wasuat®8 nm even if some larger particles with a
diameter ranging up to 60 nm could still locally ddeserved (inset of Figur&2d). As illustrated in
Figures 3-2 e and f, further size reduction and dgeneity improvements remained very minor when
increasing the Rc ratio above 5. Besides, a sefamilly of smaller particles with a diameter of 5-10

nm started appearing for a Rc ratio of 5 (insdtighire 3-2d). The inset of FiguB2e shows that the
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relative amount of these new particles sharplygased when increasing the Rc ratio up to 20 arsthe
small particles became all the more predominatih@®c ratio increased up to 500 (inset of Fidiire

2f), i.e. the relative amount of 30 nm diameter M&stinuously decreased.

It is well known that TSC stabilizes or slows dothie chemically assisted growth of Ag°® NPs because
citrate anions efficiently cap crystallographicrnga of growing NPs [4-7, 9]. This effect has fatance
been used, in association with other chemicalgtdmote the preferential growth of shape-tailorgd A
NPs (cubic, triangular plates, or else) in liqguidgension. In the present study, since no othenicia¢
was used, the FEG-SEM images of Figures 3-2b lmfvghat TSC essentially promoted an isotropic
growth of NPs, similarly to what occurs in the aixseof this chemical (Figure 3-2a), and it alsorsgty
reduced the size and increased the uniformity amdber of the Ag°® NPs. In studies devoted to the
photochemical (non photocatalytic) growth of Ag°dNiR liquid suspension, it has been reported that
TSC can also act as a photo-reducer [14]. In onditions, as illustrated in Figures 3-2a to dsit i
possible that, when increasing the Rc ratio upttoreshold value around 5, this photo-reducingogffe
contributes to an increasing number of Ag°®° NPstl@none hand, the photo-reducing activity of TSC
may act in synergy with the photocatalytic mechants reduce adsorbed Agations at the film
surface. On the other hand, by preventing the Bldetron recombination through the efficient
harvesting of photo-induced holes at the film stefathe TSC photo-reducer may induce a greater
amount of photo-induced electrons prone to reambugth a photocatalytic surface mechanism.
However, our results show that the photo-chemictity of TSC does not alter the uniformity neithe
contribute to an accelerated growth of large NPisiciw means that TSC-induced capping effects
predominate in the growth mechanism. Besidesphindo-reducing activity of TSC can also promote
the formation of small Ag°® NPs in the liquid sotuti which can in turn adsorb on the substrate. This
assumption may explain the formation of two farsiled NPs above a Rc value of 5, i.e. 5-10 nm NPs
formed in solution and subsequently adsorbed, wtiaxist with 30 nm NPs photocatalytically grown
at the substrate surface. As the Rc ratio increabese 5, the TSC-induced photo-reduction may
prematurely consume Agations in solution, thus decreasing the amouatiebrbed cations available
for a photocatalytic reduction at the film surfaefjch would explain why 30 nm NPs are progresgivel
replaced by 5-10 nm ones. This feature may in éxplain EDX data when increasing the Rc ratio
above 5. Indeed, the Ag/ Ti EDX ratio accountstifier amount of deposited silver atoms. It meants tha
this ratio is not only influenced by the numberdeposited NPs but also by their volume. Considering
that, compared to NPs of around 30 nm diameterdahene of NPs with a 5-10 nm diameter is reduced
by one or two orders of magnitude, it is obviolwat these latter small particles insignificantly tdute

to the EDX ratio. It may explain why the Ag / Tticacontinuously decreases when these small NPs

progressively replace larger ones for Rc valueseaming above 5 (Figu@e3).
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3.2.2 Effect of UV duration and AgNOs concentration

In the following and according to previous featutée Rc ratio has been fixed at 5 in order to cedu
both the mean size of photocatalytically grown NiRd the amount of the second family of smaller
NPs. However, even for this Rc value, the FEG-SEMge of Figur&-2d shows that the SCR of Ag°®
NPs was still rather weak. Accordingly, no sigrifit SERS enhancement could be observed on such
AQ°/TiO; heterostructure. The weak SCR probably traduces ithhdhese new studies, we adopted
conditions governed by a too weak photocatalytitvitg and/or UVA exposure duration. Accordingly,
keeping a Rc ratio of 5 and an UVA exposure dunatib5 min, we could significantly improve the
SCR by increasing the AgN@oncentration from 0.2 to 2 mM, and the corresjramdyg / Ti EDX
ratio was concomitantly amplified by a factor 3dgiHie 3-4). Keeping a same Rc ratio of 5 and an
AgNO; concentration of 2 mM, we could again increaseStGR by prolonging the UVA exposure from
5 to 60 min. The corresponding Ag / Ti EDX ratiosaagain amplified by a factor 3 (Figure 3-5), i.e.

by about one order of magnitude compared to théitions illustrated in Figur&-2d for a same Rc

ratio.
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Figure 3-4: Ag/Ti EDX ratio for an UVA exposure dtion fixed at 5 min and an AgNO
concentration fixed at 0.2 mM (a) and 2 mM (b).
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Figure 3-5: Ag/Ti EDX ratio for an AgN{xoncentration fixed at 2 mM and an UVA exposure
duration fixed at 5 min (a) and 60 min (b).
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These new conditions are illustrated by the FEG-SHislges of Figure 3-6. The low magnification
image of this figure depicts the alternation ofioeg of weak and strong SCR. On the one hand, the
high magnification FEG-SEM image of this figure eals that regions of weak coverage consist of
individually dispersed small NPs (30 nm or lesslimmeter), which arise from previously discussed
TSC-assisted growth mechanisms. On the other liaisdiigh magnification image reveals that regions
with a high SCR correspond to aggregates of NPthdhcase, aggregation features did not allow a
precise quantification of the NPs size throughahalysis of FEG-SEM images, but grain boundaries
observed in the high magnification image on Figgs@ indicate that the diameter of NPs constituting
these aggregates lies within the 50-100 nm rangeveier, the low magnification image of this figure
also shows that these aggregates exhibit a ratterdyeneous size and distribution at the substrate

surface.

Figure 3-6: FEG-SEM images of Ag°®° NPs formed thfoaghotocatalytic process, as studied in the
present work for an AgN{Zoncentration of 2 mM, an UVA exposure of 60 iema, a Rc ratio of 5.

These features yield two kinds of conclusions coning the TSC effects. On the one hand, they show
that previously detailed capping effects of TShdosufficiently prevent a heterogeneous growth and
surface distribution of NPs when increasing thetpbatalytic activity and/or UVA exposure duration.
On the other hand, TSC strongly influences the gtadtlytic growth of these NPs. Indeed, in contrast
to Ag° heterostructure studied in previous workisiol constituted of heterogeneous single-crysta NP
the size of which ranged up to several hundrecaabmeters (Figure 2-9 in chapter 2), data illusttat
in Figure 3-6 show that TSC favors the growth othhamaller NPs of 100 nm or less in diameter. As
will be discussed in next sections, this small gze turn governed by aggregation features indume
TSC. According to these studies, in the followithgg AQNG concentration and Rc ratio have definitely
been fixed at 2 mM and 5, respectively, and we liexeloped a new procedure involving a two-step
seeded growth process to further improve the umifgrowth and aggregation of Ag® NPs.
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4. Seeded growth assisted photocatalytic reduction

4.1 Seeded growth principle and seed deposition

The expected effects of a two-step seeded grovdistad photocatalytic reduction are illustrated in
Figure 3-7. This procedure firstly relies on thelipninary dispersion of small and homogeneous Ag°
NPs at the Ti@film surface (seed step). Then, when subsequerfigsed to UVA light in the presence
of an AgNQ liquid solution, so-obtained Ag°/TiCheterostructure will undergo previously described
photocatalytic growth mechanisms governed by Skhdarrier effects (growth step). However,
contrary to the mechanisms illustrated in Fig8fg, and according to their homogeneous size and
uniform dispersion at the film surface, it is exigecthat each metallic seed will attract a comparab
amount of photo-electrons, which should inducdergrowth of uniform metal NPs through the photo-
reduction of newly adsorbed Agations (Figure 3-7a). Over subsequent UVA expostiages, So-
grown NPs will create an enhanced electron depiedibthe metal-semiconductor interface, which
should attract an increased amount of photo-elestemd accelerate the NPs growth rate. However,
since so-grown NPs exhibit a similar size, Schotbieyrier effects are still expected to induce a
comparable attraction of photo-electron toward edldPs, which should preserve the NPs size
uniformity over subsequent photo-induced growirgpst(Figure 3-7b). As will be discussed in sections

4.1.2, this growth process is expected to finaibpowing to aggregation features.
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Figure 3-7: Proposed schematic representation efrttechanisms leading to Ag® NPs at the surface
of a TiQ film over a seeded growth photocatalytic procesthe early stages of the
growth/aggregation process: (a) and (b) depict pdraenological evolutions over UVA exposure.

+

Various seeded growth routes have been propos#tkifiterature to synthesize size- and/or shape-
controlled Ag® NPs in liquid suspension throughroll or photochemical mechanisms. Ascorbic acid
(AA) is often used as a chemical agent during tieavth step. Its weak reducing activity allows anslo

and well-controlled growth at the surface of sga@diminary formed in liquid solution [3, 5-7]. S@n
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authors have also extrapolated the mechanismsetoichlly assist a seeded growth of Ag°® NPs at the
surface of solid substrates [8, 9]. Though morelyareported in the literature, the weak reducing
activity of AA has also been used to directly gr@mme-step growth) small Ag® NPs in liquid solution
in the presence of specific co-reagents [1, 2fhénpresent work, we have adapted such an AA edsist
growth (one-step) to preliminarily deposit seed¢hatsurface of our substrates in order to proraote
subsequent seeded growth assisted photocatalghicctien. To the best of our knowledge, such a

procedure has never been reported in the literature

The seed deposition has been implemented usinglaAdNO; and AA spin-coating deposition (Figure
3-8). The spin-coating procedure was adopted tfoumily disperse AgN@and AA species on 3 x 3
cn? substrates. Usually, AgNG@nd AA are easily diluted in water. In this wotkese species were
diluted in absolute ethanol instead of water fop t@asons. On the one hand, owing to its low sarfac
tension compared to water, ethanol is more prommiformly spread diluted species during the liquid
phase spin-coating procedure and subsequent savapbration step. On the other hand, since AA
should promote a cathodic reduction mechanismhidpieer oxidative power of ethanol is expected to
play a synergetic role in the balancing anodic rmedm. However, the amount of deposited AgNO
and AA species was limited by the reduced dilutibility of ethanol, i.e. the concentration of AgNO
and AA was fixed at 0.02 and 0.05M, respectiveby. this reason, we employed a multilayer deposition

procedure to increase the amount of deposited seeds

Liquid deposition Drying step

AA AA in EtOH + 110 °C

: n times

. (n=1to5)
AA

AgNO, Ag’ seeds
ANO, in EtOH + 110 °C |:>
TiO, TiO,

Figure 3-8: Schematic presentation of n-seed lalggosition (n=1 to 5).

Figures 3-9a and b show the FEG-SEM images and&tmgrams of so-deposited Ag° seeds after a 1-
seed layer (AgN@+ AA) deposition and a 5-seed layer depositiospeetively. From the Figure 3-9a,
itis clear that a rather small amount of seedslsersed at the substrate surface. They exhilaitraw

size distribution with an average diameter arouBelQ nm. Increasing the number of deposition
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operations of AA significantly enhances the amoointieposited seeds and only promotes a minor
increase of their size, since the average seedetigimanges between 20 and 25 nm (Figure 3-9b). In
any cases, this AA-assisted chemical approachedehPs much smaller than those obtained in our

best TSC-assisted photocatalytic conditions (Fig2sl), since NPs of diameter above 35 nm were
never observed.

NPs amount (%)

0
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v

0 10 20 30 40 50 60
Diameter (nm)
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Figure 3-9: FEG-SEM images of Ag® seeds formedutincan AA-assisted spin-coating deposition
using a 1-seed layer (a) and a 5-seed layer proeeh). The insets illustrate the Ag® seeds diamete
distribution deduced from the analysis of differEBEG-SEM images.

4.1.1 Morphological and structural characterizations

SEM characterizations

The TSC-assisted photocatalytic reduction process then employed to grow Ag°® NPs on AA-
deposited seeds. Figure 3-10 depicts how, foredfseed layers number of 3 (a fixed UVA exposure
duration of 60 min), a variation of the UVA exposwduration (of the seed layers number) influences
the Ag/Ti EDX ratio and the Ag°® SCR. This figureosis that the EDX ratio and SCR are primarily
controlled by the UVA exposure duration. The SCBidly increases over the first ten minutes of UVA
exposure and then undergoes a much slower incfemgee 3-10a). In contrast, the EDX ratio follows
a more gradual increase over a 60 min UVA exposkigure 3-10b). This influence of the UVA
exposure duration is illustrated by the FEG-SEMgetaof Figures 3-10b to d for a 3-seed layer. After

10 min of UVA exposure, some aggregates of Ag® BiBd appearing and coexist with some dispersed
small NPs (Figur&-11b).
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Figure 3-10: Influence of the UVA exposure duraiionthe Ag®° SCR (a) and the Ag/Ti EDX ratio (b)
for a number of seed layers fixed at 3, and infa@eof the seed layer number on the Ag®° SCR (c) and
the Ag/Ti EDX ratio (d) for an UVA exposure duratfixed at 60 min. The seeded growth TSC-
assisted photocatalytic process was performed usiRg ratio of 5 and an AgN@oncentration of 2

mM. The circles indicate conditions that have sghsetly been tested by XPS.

Compared to the FEG-SEM image of Figure 3-6 irgieence of seeds, aggregates formed on a 3-seed
layer exhibit a more uniform size and surface distron. After 30 min of UVA exposure, some
aggregates are observed to grow through a pemolptienomenon, keeping a fairly uniform size and
surface distribution, and the number of individyalispersed NPs concomitantly decreases (Figure 3-
11c). This trend is again enhanced after 60 mid\&& exposure, which leads to the total and uniform
percolation of previously formed aggregates (Figield). The high magnification FEG-SEM images
illustrated in the insets of Figures 3-11b to eatlicate that these trends are accompanied byvetly

of the NPs constituting the aggregates. Whiledhitiaggregated particles exhibit a rather sphkrica
shape with a diameter of about 50 nm (inset of fle@@i11b), further UVA exposure leads to more
oblong particles whose smaller dimension is stidke to 50 nm while the greater dimension reaches

about 100 nm after a 60 min exposure (inset offeigel1d).
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Figure 3-11: FEG-SEM images of Ag® NPs formed tgtoa seeded growth TSC-assisted
photocatalytic process for different UVA exposuwieation and different seed layers. The Rc ratio is
equal to 5, and AgN§xoncentration is equal to 2 mM.
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The corresponding perspective FEG-SEM image (Fi§ttée) shows that the profile of Ag® NPs is
quite isotropic, which indicates that the NPs alsdergo a growth along the direction perpendiciaar
the substrate surface, i.e. a volume increasethésinage confirms a typical NPs size ranging leetmv

50 and 100 nm. Volume increase trends illustraidddures 3-11b to e can in turn explain data dedic

in Figures 3-10a and b. Indeed, the Ag/Ti EDX ratbcounts for the total amount of deposited silver
atoms. It means that, for a given number of depdditPs, this ratio is influenced by volume effects,
while SCR accounts for surface effects, which eaturn explain why the EDX ratio (Figure 3-10b)
increases more markedly than the SCR (Figure 3-40an the NPs size increases over a prolonged

UVA exposure.

As illustrated in Figure 3-10c for a fixed UVA exqaore duration of 60 min, the number of seed layers
induces more complex variations of the Ag® SCR Agfli EDX ratio. The former undergoes a rather
weak increase as the number of seed layers inardes® 0 to 3 (Figure 3-10c), while the latter
significantly increases (Figure 3-10d). The FEG-SkEMges of Figure 3-6, Figure 3-11a, and Figure
3-11d support these trends. They show that, whidesurface coverage of Ag® NPs undergoes only
minor variation, the size (volume) of the NPs digantly increases. When further increasing the
number of seed layers from 3 to 5, the SCR consitoaveakly increase (Figure 3-10c¢) but the EDX
ratio undergoes a significant jump (Figure 3-10diese trends are illustrated by the FEG-SEM images
of Figures 3-11d and f, showing that the slighfaue coverage increase, associated to an incréase o
the seed layers number from 3 to 5, is accompdnjiedstrong decrease of the NPs size (volume),twhic
supports a jump of the EDX ratio. Interestingly amdontrast to aggregated particles formed fran a
seed layer, even after a 60 min UVA exposure aggeegNPs formed from a 5-seed layer still exhibit
a rather spherical shape with a diameter of ab@und(Figure 3-11f). A similar influence of the noen

of seed layers was also observed for shorter UM#osure durations (not illustrated here).

XPS characterizations

XPS measurements were performed on a bare dm® a TSC-based Ag°/TiMeterostrucure surface,
respectively. This Ag°/Ti@heterostrucure was formed on a 3-seed layera®@rmin UVA exposure,

as illustrated in FEG - SEM images of Figures 3-40d e. The survey spectrum of our substrate surfac
is presented in Figure 3-12. This survey analysis earried out in a common bindiegergy range of
0-1100 eV in order to identify all the elementsgamet on the surface. The XPS spectrum reveals the
presence of all the elements listed in Figure 3Al&ain peak of Ag, as well as other less intereskp

of O, Ti, N, and C are identified. The importarfoirmation derived from this spectrum are the bigdin
energies of the lines (to identify the differergrakbnts) and the peak areas (to quantify the anmaunt

each element).
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Figure 3-12: XPS survey spectra of an Ag°A8ERS substrate surface.

To get a more precise set of data on the giveneguspectrum and provide better quantification and
chemical bonding information, the detailed higholegon spectra of some selected peaks (i.e. T), Ag
are presented in Figure 3-13. Notably, the Ti 2pkpeare presented in Figure 3-13a and b for the bar
TiO2 substrate and for the AgFiO. substrate, respectively. The Ag peaks are presentEigure 3-
13c. Two series of peaks appear at 458.9/464.6he\868.2/374.0 eV. Those values correspond to the
doublets Ti 2pJ/y. (Figures 3-13 a and b) and Ags3d. (Figure 3-13c), respectively, with binding
energies and energy separatiodsgharacteristic of metallic silver (Ag®) and oxdd titanium (TiQ).

It appears that, in the presence of Ag® NPs, tiensity of the Ti 2p peaks is about one order of
magnitude weaker (Figure 3-13b) than that of the3dgeaks (Figure 3-13c). It is firstly due to the
weaker photo-ionization cross section of titaniuwmpared to silver. It also depicts that the XPS;TiO
film signal is partially screened by Ag°® NPs depedion the film surface. Accordingly, compared to a
bare TiQ film (Figure 3-13a), the intensity of Ti peaksattenuated by a factor 3 after deposition of the
Ag° nanoparticles (Figure 3-13b). It indicates thbabut two third of the Ti@surface is covered with
Ag° nanopatrticles, since we assume that the titarpeak is fully screened when covered by Ag°
particles of 50-100 nm diameter. These findingsimneery good accordance with the data depicted in
Figures 3-10 a and c (see circles), which showftiradhe same substrate formed on a 3-seed laggr af
a 60 min UVA exposure, the SCR of Ag® NPs is al&&itb.
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Figure 3-13:High resolution spectra of Ti 2p in tbase of a bare Tigsubstrate (a) and in the case of
Ag°/TiG; SERS substrate (b), and high resolution spectruAgdd in the case of the same SERS
substrate surface (c).

TEM characterizations

Figure3-14 depicts cross section TEM images of a TSCebagh/TiO. heterostructure formed on a 3-
seed layer after a 60 min UVA exposure, as prelyoillastrated in FEG-SEM images of Figures 3-
10d and e. Owing to weight contrast effects, sipaaticles are expected to produce darker feathees
TiO2 ones, and this darkening effect is all the mo@npunced as Ag®° NPs are larger owing to an
attenuated transmission of the electron beam. Aoegly, TEM images of Figures 3-12a and b
unambiguously depict the presence of Ag®° NPs astiniace of a Ti@film. They confirm the uniform
40 nm thickness of the Tidilm and the presence of several aggregated festat the Ti@surface,
the size of which ranges between 50 and 100 nmhigiemagnification TEM image of Figure 3-14b
particularly illustrates two types of clean inteda. The first one is located between the Ag° Nigs a
the TiQ, surface. This clean interface typically arisesrfra photocatalytic growth mechanism at the
TiO2 surface. The second one is located between vieiggiegated Ag° NPs. This clean interface
suggests that the photocatalytic growth proceetsAgf NPs closely contact each others, after what

the growth is blocked at the grain boundaries.
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The inset of Figure 3-14a also illustrates the SAtaRern of a single Ag® NPs constituting an aggteg

An indexation of this pattern depicts a particleeotated along the [110] zone axis of the centese f
cubic (CFC) structure of metallic silver, and dapots observed in the pattern are assigned talaatic
plane families of this structure, i.e. (-11-1),1(41), (00-2), and (-220) planes. The analysis ofous
patterns allowed a systematic assignment of retiquiines to the CFC structure of metallic sil\idns
assignment confirms the metallic state of photdgétally grown Ag°® NPs. Besides, well resolved
spots observed in the SAED patterns indicate thah eggregated NPs consists of a single-crystal
particle. Figure3-14c shows the HRTEM image of an interfacial aveaveen two aggregated NPs.
Lines observed in this image correspond to reticplanes assigned to the CFC structure of metallic
silver. On the one hand, the diffraction patternwe from a FFT of this HRTEM image (not shown
here) depicts a particle (darker one) orientatedgthe [110] zone axis of the centred CFC strectdir
metallic silver and allows identifying the oriendat of different reticular planes, for instance {1tbnes

as illustrated in this figure. On the other hanBFa of the vicinal particle (brighter one) HRTEMage
depicts the same kinds of reticular planes, bub @imarked disorientation compared to the previous
particle. This disorientation firstly indicates thahile Ag® NPs grown and aggregated at the sertdc
the TiQ: film consist of single crystal particles, the phustalytic growth does not involves any epitaxial
mechanism at the Ti&urface. Besides, for both observed Ag®° NPs, Ei@di4 indicates the absence
of any crystallographic defect, e.g. disorientatiéthe reticular planes, even at the grain boundar
suggests that Ag® NPs aggregated at the $i®face does not undergo any interfacial atonffoglon,
which would lead to an eventual coalescence meshmrand confirms that the NPs growth is stopped

at the grain boundaries.
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Figure 3-14. Cross section TEM images of a TSCdhagg/TiO,heterostrucure formed on a 3-seed
layer after a 60 min UVA exposure: low magnificatitEM image showing several aggregated Ag°
NPs and the SAED pattern associated to one of thPseorientated along the [1 1 O] zone axis, with
its assignment to different reticular plane fanisligf the CFC structure of metallic silver (a), high
magnification TEM image of aggregated Ag® NPs&by HRTEM image showing the orientation of

(1 1 1) reticular planes in two vicinal Ag°® NP3.(c

4.1.2 Self-limited growth/aggregation process: discussion
SEM and TEM data of Figure 3-11 and Figure 3-14ciig that the previously described seeded growth
assisted photocatalytic process allows increasiagatmount of deposited Ag® NPs while preserving a

fairly good size uniformity and surface distributiof the NPs. These features are in turn associated
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with the development of NPs aggregates unifornmdyritiuted at the substrate surface. As illustrated
the FEG-SEM image of Figure 3-6, aggregation femtuspecifically arise from a TSC-assisted
photocatalytic reduction mechanism. However, thechanism alone is not sufficient to prevent a
heterogeneous growth and surface distribution 6f RBs. In contrast, data of Figure 3-11 show that
the TSC photocatalytic process assisted by a segdedh mechanism greatly improves the uniformity
in size and surface distribution of such NPs andved aggregates. This result firstly relies on
previously presented seeded growth mechanismsrébtes in Figure 3-7, which explain how uniform
NPs of rather spherical shape can be obtaineceimttial growth stages. In the following, we dissu

a model that illustrates the subsequent seededtlyrstages leading to the formation of tailored
aggregates of NPs. Over the photocatalytic prosesse growing particles start to contact each other
as illustrated in Figure 3-11b. The contact prolitgbcertainly relies on the surface distributioh o
initially deposited seeds, i.e. the NPs contaatlithe more fast in regions that initially exhibigreater
surface density of seeds. Once the NPs contastableshed, FEG-SEM and TEM images suggest that
the growth process is stopped at the grain boueslam contrast, these NPs can still undergo an
additional growth in directions where no granulantact has been established (or eventually in the
direction perpendicular to the substrate surfaegugh a reaction with newly adsorbed*Agtions,
which would explain that, in certain conditions,l@miy aggregated particles are obtained over a
prolonged UVA exposure (Figure 3-11d). However, results show that this additional growth process
takes place in a limited extent and, for a fixe@dslayer number and UVA exposure duration,
aggregated NPs exhibit a fairly uniform and smiak slt suggests that the NPs growth is governed by
a self-limited process induced by aggregation meishas. A proposed self-limited growth process is

schematically illustrated in Figure 3-15.
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Figure 3-15: Proposed schematic representatiorhefrhechanisms leading to Ag°® NPs at the surface
of a TiQ film over ultimate stages of the growth/aggregatiwocess: (a) and (b) depict
phenomenological evolutions over UVA exposure.

94



Chapter 3.Tailored silver nanoparticles substrate &r SERS

As explained before and illustrated in Figure 3id Rigure 3-7, the photocatalytic reduction mecwani
relies on a reaction of photo-electrons with" &gtions adsorbed at the Liim surface. This photo-
reduction mechanism is all the more efficient a&srdcombination of photo-electrons and photo-holes
is prevented by an enhanced photo-hole harvestiAgi-free areas of the TidIm surface. When the
aggregation of Ag°® NPs starts, the aggregates ldoglpathway allowing the photo-holes to reach bare
TiO- film surface. This feature promotes a total etatinole recombination beneath the aggregates and
stops the growth of aggregated NPs (Figure 3-¥ordingly, previous works performed in the team
showed that a suitable distribution of platinum N#she surface of TigXilms strongly increased the
photocatalytic activity of these films owing to efficient electron-hole separation induced by Siyot
barrier effects, while the photocatalytic activisas totally cancelled above a platinum NPs SCR
threshold owing to electron-hole recombination [12pwever, while the growth of aggregated Ag°
NPs is stopped, vicinal isolated seeds or NPstilharslergo further growth (Figure 3-15a). Thegth

of these new NPs will stop once they contact iiwtideveloped aggregates owing to previously
described grain boundary and electron-hole recoatioin features (Figure 3-15b). It yields some kind
of self-limited growth mechanism governed by aggtim features. Besides, and as explained before,
the initial aggregation of growing NPs is all thena prone to occur as the surface density of déguker
seeds is greater. As illustrated in Figures 3-@htgnncreasing the number of seed layers sigmifiga
increases the surface density of dispersed setedgyl in turn explain why the development of NPs
aggregates and the associated blockage of the gaggde NPs growth are faster when the photo-
reduction process is performed on a 5-seed layapaced to a 3-seed one, and thus, why much smaller

and isotropic aggregated NPs are produced in tinesfocase (Figure 3-11f).

5. Conclusion

The deposition of Ag® NPs has been studied thraugiemically assisted photocatalytic reduction
process on the surface of sol-gel deposited T films exposed to UVA light in order to promoa
low cost liquid solution elaboration procedure dRS substrates. Field Emission Gun-Scanning
Electron Microscopy, Transmission Electron Micrgsgo and Energy Dispersive X-ray
characterizations have been used to assess haehdcal assistance of the photocatalytic reduction
process enables an enhanced uniformity of the ARS 8epositionT SC firstly enables a considerable
reduction in the NPs growth kinetic and favorsdispersion of rather small and uniform NPs, butmvhe
these NPs are deposited in great amount, theytoameterogeneously aggregate at the substratesurfa
Secondly, an AA-assisted seeded growth procedyrealltwing a self-controlled growth-aggregation
process relying on Schottky barrier effects, ersmbte formation of a great amount of NPs uniformly

aggregated. Moreover, various combinations of gselsasmount and UVA exposure duration enable to
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selectively control the amount, aggregation state] size of deposited NPs. According to SERS
literature, the high sensitivity of a SERS substraties on the homogeneous creation of a largdoaum
of hot spots on a solid substrate, i.e. the homegeas dispersion of well-designed metal NPs aggesgat
at the substrate surface. Therefore, uniform aggesgobtained in this work are highly susceptible t
induce hot spots, thus providing strong local etentignetic fields, and resulting in a large enharesg

of Raman signals of the adsorbed molecules. Tlasife will be addressed in the following chapter,
where the SERS detection performances of an Ag%/Ti€erostructure will be investigated using
Rhodamine 6G chosen as a model analyte.
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Chapter 4. First assessments of the
AQg°/TiO2 SERS substrate performances

1. Introduction

The SERS effect arising from Ag° NPs has partitulbeen studied in the literature using Rhodamine
6G (R6G) as a model analyte to perform fundamesttalies or to study SERS-based devices because
of the strong Raman cross section of this molednléis chapter, R6G was also used to provide firs
insights in the SERS performances of Ag°/7l@terostructure whose optimization has been destri

in chapter 3. Let us recall that such substratéésia great amount of Ag° NPs aggregates, whieh a
highly uniform in structure and are susceptibleaatribute to a large SERS enhancement (hot spots).
Here after, we question the potential sensitivitigbility, and reproducibility of our substratesdan
therefore intend to test their performances by mn@ag the SERS signal of R6G molecules adsorbed
on the surface. The area-to-area and substratgbirate variability in the SERS response is
particularly examined. We will first study the pudRaman spectrum (without any SERS enhancement)
of R6G on a bare silicon substrate (in the absefdeg® NPs). Then we will investigate the SERS
performances of Ag°/Tigheterostructure elaborated in selected model tiondi These performances
are in particular studied through the assessmédriteealetection limit and SERS enhancement factor

(EF) of so-obtained substrates.

2. Spectroscopic characterizations

Raman measurements were carried out using a Jolin/Moriba LabRam spectrometer equipped with
a liquid nitrogen CCD detector. The experimentsewveonducted in micro-Raman mode at room
temperature on areas of around 100 x 108. Bpectra were collected in a backscattering geymet
using the 514 nm green line of an argon ion laBke. light was focused to a 1 Aspot using a 50x
long working distance objective. An accumulationdiof 10 s and a laser power of 78 uW at the sample
surface were used to record spectra in the 2760 &8 range. The spectrometer was calibrated using
the Raman spectrum of the Si substrate. R6G (ttmeula of which is present in Figure 4-1) was used
as standard probe molecule to investigate the SER&ncement of our samples. Small pieces of 3 x 3
mn¥ were cut from the 3 x 3 c¢nsubstrate. Then, 10 pL aliquots of R6G liquid Sohs of different
concentrations were spread on these substratesmedeadried in oven at 60°C for 10 min. For refeeen
pure Raman spectra, drops of R6G diluted in absathanol with a concentration of 1M were

deposited on bare silicon substrates. For SERSrapeltops of R6G diluted in deionized water with
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concentrations ranging from 1@ 10° M were deposited on silicon substrates coated Agth/ TiO,
heterostructure. The same equipment was also asaall¢ct the fluorescence spectrum of R6G in the
520 - 670 nm range. For that purpose, R6G wasedilint deionized water with a concentration of 10
M and the spectra were acquired in liquid solutagtih an accumulation time of 10 s and a laser power
of 1 pW.

Figure 4-1: Formula of R6G.

3. Preliminary spectroscopic studies

As detailed in the previous chapter, numerous naggies of Ag®° NPs deposited at the surface of,TiO
films can be expected through a variation of thedskyer number and UVA exposure duration
combinations, which may in turn specifically infhee the SERS effect arising from derived Ag°/diO
heterostructure. Such studies obviously go beybaddpics of the present thesis. Hereafter, wesfocu
on Raman studies performed to assess the assais séeded growth procedure in terms of intensity
and reproducibility of the SERS signal. The purenBa (non-SERS) spectrum of R6G deposited on
bare silicon substrates was firstly studied. Inlipri@ary essays, we observed that successive R6G
spectrum acquisitions, performed in a same pla¢keo$olid substrate, led to a continuous decrigase
the Raman bands intensity, and this feature oaguryogh for pure Raman and SERS spectra. On the
one hand, it is known that, even at low laser powkactron transfers at the surface of Ag°® NPs can
cause the photo-reduction of various kinds of dusdranalyte molecules, which can complicate their
SERS detection [1]. On the other hand, fundamesttalies performed on the SERS detection of the
single-molecule showed that R6G intrinsically exsibinstability caused by photo-induced

mechanisms, leading to Raman signal blinking ogmssive decrease in the signal intensity [2-5].

In our case, the signal intensity decrease wasadiserved when R6G Raman spectra were acquired on
a bare silicon wafer, which shows that this de@aasot due to any Ag°-induced photo-reduction
mechanism or any eventual Tihduced phototocatalytic decomposition, but irgidally arises from

the photo-instability of R6G. According to this tiakility, we adopted a rather short accumulatioreti

(10 s) and low laser power (78 uW) for the acgioisitof pure Raman and SERS spectra. In these

conditions, it appeared that the pure Raman deteotiquired a strong amount of deposited R6Gai.e.
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strong concentration of R6G in liquid medium. Aatiagly, no R6G detection could be performed for
a concentration lower than #0M. Water is classically employed as a dilution med of R6G
molecules. However, when deposited from a stroeglycentrated water solution, we observed that
R6G tended to pack in localized regions heterogasigalistributed on the substrate surface. It pbbba
depicts aggregation features related to the higfase tension of water. Accordingly, the R6G
heterogeneous distribution led to very irreprodigclBaman spectra. In contrast, the low surfacedans
of ethanol yielded a fairly uniform dispersion @d® molecules at the substrate surface leadingite qu
reproducible Raman spectra. Thus, contrary to SER&8ies performed from R6G diluted in weak

concentration in water, pure Raman studies wer@ipeed from a 16M ethanolic solution of R6G.
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Figure 4-2: Raman spectrum of R6G deposited oara bilicon substrate from a £M ethanolic
solution. The inset compares the fluorescence spaaif R6G diluted in water (foM) (a), the
Raman spectrum measured on a bare silicon subdtstand the SERS spectrum measured on a
Ag°/TiO; heterostructure coated with a8 R6G aqueous solution (c). In the inset, thensitées of
the fluorescence and Raman spectra have beenanitjitnormalized to permit a clear comparison.

The pure Raman spectrum of R6G dispersed on siiicitinstrated in Figure 4-2. Except a band at 520
cnt!, which corresponds to the silicon substrate, tiéobands were observed in the 600 - 1700 cm
spectral range and unambiguously attributed to REgble 4-1), including bands at around 610cm
(C-C in-plane bending), 770 ch{C-H out-of-plane bending), 1190 &niC-H in-plane bending), and a
set of bands at 1365, 1540, 1575, and 1658 @momatic C-C stretching) [6]. The spectra exhibit
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poor signal/noise ratio and all the bands are wegikbnse, which depicts the limitations of a pure
Raman detection. These bands are also observembwo @n a strongly sloped baseline, which is

attributed to the fluorescence of R6G when exposedgreen laser source.

Band position | Assignments

(cnth)

610 C-C in-plane bending
635* C-C in-plane bending
660* C-C in-plane bending
770 C-H out-of-plane bending
925* C-H out-of-plane bending
1085* C-H out-of-plane bending
1125* C-H in-plane

1180-1190 C-H in-plane bending
1310* C-O-C stretching

1365 aromatic C-C stretching
1420* aromatic C-C stretching
1510* aromatic C-C stretching
1540 aromatic C-C stretching
1570-1575 aromatic C-C stretching
1600* aromatic C-C stretching
1650 aromatic C-C stretching

Table 4-1 : Vibrational assignments of main R6G Raimands experimentally observed. The symbol
* indicates bands not observed in pure Raman cardiipn but only by SERS [6].

As illustrated in the inset of Figure 4-2, the fleascence spectrum of R6G in water exhibits a marked
intensity maximum centered at 555 nm with a shauddeund 600 nm. It is known that R6G in liquid
solution undergoes molecular aggregation in thenfaf dimers or higher aggregates, and the
fluorescence of R6G monomers occurs around 550 hite @imerization or aggregation features lead

to a fluorescence intensity maximum located ahdlydhigher wavelength [7, 8]. The R6G fluorescence
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Chapter 4. First assessments of the Ag°/TESERS substrate performances

band is thus a convolution of both components asdlimerization/aggregation becomes predominant,
an increase in the relative intensity of the highvelength component leads to a progressive ret-shif
of the overall fluorescence band. Accordingly,ftherescence spectrum illustrated in the insetg@ife

4-2 is similar to that mentioned by other authon@wR6G monomers are essentially present and toexis
with a weak fraction of dimers or higher aggregg8sThe inset of Figure 4-2 also suggests that th
baseline of the Raman spectrum corresponds tootheMavelength edge of the R6G fluorescence
spectrum. However, compared to this latter, the &aspectrum traduces a red-shifted fluorescence.
Actually, in the spectral range accessible in ocgugsition conditions, the fluorescence intensity
maximum is not observed in the Raman spectruns. likely that, even when diluted in ethanol, the
deposition of R6G on a solid substrate leads tertain degree of dimerization or aggregation, which

would explain a red-shift of the fluorescence band.

4. SERS spectra

SERS spectra were acquired from R6G diluted in miateoncentrations ranging from 1@ 10'°M

and subsequently deposited on Ag°/7Tit@terostructure. In this low concentration rangewas
considered that R6G molecules diluted in watemateheterogeneously aggregated once deposited on
the solid substrate, which will be verified in tf@lowing. A TSC-based Ag°/Ti@ heterostrucure
formed on a 3-seed layer after a 60 min UVA expeswhose morphology is illustrated in Figures 3-
10d and e of the previous chapter and recalletiénright inset of Figure 4-3, has been chosen as a
model SERS substrate to assess the assets ofetthedsgrowth procedure. The SERS spectra of R6G
diluted in water in various concentrations and a&épd on such heterostructure are illustrated i

4-3.

Spectra shown in this figure depict a bi-regimadrgoverned by a threshold R6G concentration of 10
5 M. The Raman bands intensity did not increase whereasing the R6G concentration above this
threshold value (left inset of Figure 4-3), and rewdecreased when further increasing the R6G
concentration (not illustrated here). These featwgggest that, above a certain concentration, R6G
molecules are deposited in the form of a multilagetead of a monolayer. It means that R6G molacule
deposited at the top surface of the multilayer db contact Ag°® NPs and cannot undergo SERS
detection, but only a pure Raman detection. Sihilatter is expected to induce a negligible signa
compared to a SERS one, it would explain that a R6@&entration increase above®1d does not
yield an enhanced Raman signal. Optical absorgéatures can also explain that a strong excess of
deposited R6G reduces the flux of green light reecthe R6G/Ag° interfaces, which would in turn

reduce the SERS detection when the R6G concemtraxicessively increases.
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Figure 4-3: SERS spectra collected on an Ag°sFi€terostructure formed on a 3-seed layer after 60
min of UVA exposure (inset on the right). Measumserere performed for a R6G concentration in
water of 1¢ M (a), 10° M (b), and 1G° M (c). The inset on the left shows the SERS sptarta R6G
concentration of 1M (a), 10° M (b), 10° M (c), and 10 M (d.) In the inset (d), the band intensity
has been multiplied by a factor 5.

A decrease of the R6G concentration below the iolds/alue of 10 M leads to several observations.
First of all, the previously mentioned sloped bizsglattributed to the R6G fluorescence, is séjidted

in the SERS spectra. It should be mentioned tlebtseline lies in a spectral range where theygas
resonance of Ag° NPs can also influence the Ranpactsim baseline [2-5]. However, spectra
illustrated in the left inset of Figure 4-3 cleadhow that the slope of this baseline continuously
decreases when decreasing the R6G concentratiow h6F M. This trend contradicts the assumption
of a plasmon resonance contribution, since for langi synthesized SERS substrates the plasmon
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resonance should not vary, but it fully supportieareasing fluorescence intensity when the amdunt o
deposited R6G diminishes. Interestingly, while therescence intensity maximum could not be
observed when R6G was deposited from concentratetias, owing to the previously mentioned red-
shifting caused by dimerization or aggregationdesd, this maximum was clearly observed in the 1400
1500 cm' range of the SERS spectra when R6G was deposteddoncentrations of 10M or less.

As illustrated in the inset of Figure 4-2, for sughak concentrations, the wavelength position if th
maximum closely agrees with that of the fluoreseameximum. These observations suggest that, when
R6G is deposited from a sufficiently diluted sadutj dimerization or aggregation features occurang

the substrate surface and inducing a red-shiftemtdlscence are strongly reduced.

Figure 4-3 and its left inset also show that, wktile Raman bands intensity gradually decreases when
decreasing the R6G concentration below 1) well defined R6G bands with a very good signaie
ratio are still observed even for a®l®l concentration (Figure 4-3a), which depicts ttrersy Raman
signal amplification induced by the SERS effecte BERS amplification also enables the detection of
new R6G bands (Table 4-1), which did not appedhénpure Raman spectra, including bands at 635
and 660 cm (C-C in-plane bending), 925 and 1085%(-H out-of-plane bending), 1125 dniC-H
in-plane bending), 1310 ch{C-O-C stretching), 1420, 1510, and 1600 daromatic C-C stretching)
[30]. Furthermore, Figure 4-3 and its inset shoat,tivhile the SERS detection does not significantly
modify the position of R6G bands compared to thee fRaman spectrum of Figure 4-2, it yields a
selective amplification of the Raman bands. Thetuee is particularly appreciable for the 1310 and
1510 cm' bands, which were not detected in the pure Ramectisim and exhibit strong intensities in
the SERS spectra. This observation has not beeitatad yet and will require further investigations
Figure 4-3 finally indicates that the R6G detectiwmot limited to a 1® M concentration since, even
after deposition from a I0(Figure 4-3b) or a ¥ M concentration (Figure 4-3c), R6G bands were stil
observed. However, for such weak concentrationy,smme R6G bands could selectively be detected,
and their intensity and wavenumber position rangondried when spectrum acquisitions were
performed in different places of a 100 x 100%area. Actually, this selective detection can diso
observed in SERS spectra presented by others wé@&ms deposited from much diluted solutions,
but the authors did not mention and discuss iL{d, It has been reported that the Raman bandgeof t
R6G single molecule undergo “blinking” on the satdime-scale when exposed to laser excitation,
which is characterized both by on/off behavior andnsity fluctuations, and is attributed to thehaa
laser driven alternative desorption and re-adsomptf R6G molecules [3-5]. In our experimental
conditions, when R6G is deposited from stronglytéitl solutions, it is inferred that only a smaliner

of R6G molecules are illuminated by the laser be@ming to the short acquisition time (10 s), it is
therefore likely that the Raman spectrum punctudllystrates a transitory state of this

desorption/adsorption process. The spectral positia intensity of detected Raman bands can in turn
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depict the punctual orientation of the adsorbed R@ecules in this transitory state, i.e. the ratfr
chemical bonds in contact with Ag°® NPs that cadétected by SERS. In contrast, when a large amount
of R6G molecules are deposited, i.e. for a conaéintr of 16 M or more in our conditions, the Raman
spectrum statistically averages all possible deésmfadsorption states and exhibits the whole et o

R6G Raman bands with reproducible relative intezsit

5. SERS performance assessments

According to previous data, it can be consideratlitie detection limit of our Ag°/Tigheterostructure
ranges between £Gand 10°° M. Another way to assess the SERS performanctéssofieterostructure
relies on the determination of the EF using thadded equation,

EF = (kerdlravan) X (Nraman/Nserg  [1]

where kers(lraman) and Nsers(Nraman) account for the intensity of a given R6G band #rednumber

of molecules illuminated by the laser beam in SER8e Raman) conditions, respectively [1, 9-11].
Since SERS and pure Raman measurements were pedfdmidentical acquisition conditions, and a
same volume of R6G solution was deposited on satiestiof identical dimensions (3x4 fnm both
cases, we considered that thexatw/Nsers ratio could be estimated from the ratio of R6G
concentrations in solution. This estimation, whits already been proposed by other authors [11],
provides a fairly reliable assessment of the EEioofl magnitude, and a more precise assessmendwoul
be illusory owing to the uncertainty on theMan value measured from the poorly defined reference
Raman bands illustrated in Figure 4-2. Using thRSEpectra derived from the deposition of & &D
R6G solution (Figure 4-3a), an EF value of s been deduced from the intensity of the 6101868

cnt! bands. We should mention that it is quite diffictd rigorously compare the EF of our
heterostructure with data published by others ezthe authors often adopt very different adaptatio
of the equation [1], which leads to rather ambiguoomparisons [12]. Accordingly, while some authors
mentioned a similar EF of the R6G detection orrthgP-based SERS substrates, they reported on very
different detection limits ranging between®nd 10 M [1, 9, 10]. However, according to the EF and
detection limit of our Ag°/TiQ@ heterostructure, we can globally draw followinghclusions. On the
one hand, the detection sensitivity presentedigagaper is clearly inferior to that recently mengd

by some authors, who reported on EF values andtodimits of R6G in the 1810 and 1G-1018

M ranges, respectively, but these authors propasstly and complex procedures, as presented in
chapter 1 [8-10]. On the other hand, the perforraam our SERS substrate elaborated through a low

cost liquid solution approach are fairly comparataehose recently obtained by others when using
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alternative liquid solution procedures, which lechh EF value around 18nd a detection limit of R6G

ranging between 10and 10*[1, 10].

The assets of our heterostructure also rely omaga@ond reproducibility of the SERS spectra, whith
turn arises from the implementation of a seedeavirgrocedure. It should be mentioned that, when
several authors report on the good sensitivity hefirt SERS substrates, they rarely mention the
reproducibility of spectra acquired on differeneas of their substrates [9, 11, 13] and, when such
criteria are considered, they are investigatedesyg small areas of 100 x 100 for less [1, 10]. In the
following, we discuss the spectrum reproducibiigsessed on our heterostructure for & MIOR6G
aqueous solution. In order to study how the seeptedith procedure influences the SERS spectra
reproducibility, we preliminarily studied a TSC-easAg°/TiO, heterostructure formed in the absence
of seed, whose morphology is illustrated in FigBu@ of the previous chapter and recalled in thetins
of Figure 4-4. Several spectra randomly acquirehiious places of a same 100 x 10 janea showed
that the R6G bands intensity fluctuated over omkeioof magnitude (Figure 4-4), which demonstrated
the strong irreproducibility of the SERS detectidr.discussed below, this irreproducibility depitte
heterogeneous distribution of Ag°® NPs and/or agapesyof NPs in so-formed heterostructure.

2,5x10*

2,0x10*

Intensity (a.u.)

1'5X10A WMMJ\_

T T T T T T T T T T T
600 800 1000 1200 1400 1600
Wavenumber (cm™)

Figure 4-4: Raman spectra randomly measured irecifit areas of a 108 100 um SERS substrate,
elaborated in the absence of seed after 60 min\& Bxposure (SEM images in inset), and coated
with a 10° M R6G aqueous solution.

Same studies were then performed on our model AQ3Heterostructure formed on a 3-seed layer after
60 min of UVA exposure. A relative standard dewat{RSD) of around 10% in the intensity of the 610
and 1365 cm R6G bands was deduced from investigations perfdmnedifferent 100 x 100 phareas

(Figure 4-5 and its inset).
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Figure 4-6: Raman spectra randomly measured irecfit areas of a & 4 mni SERS substrate,

formed on a 3-seed layer after 60 min of UVA exmgsand coated with a 170M R6G aqueous

solution. The inset illustrates the intensity af 810 critband measured in the different areas.
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This very good reproducibility is closely compaeatd data reported by other authors in investigatio
performed on similarly small areas [1, 10]. Them, also performed statistical studies on the whole
surface of R6G-coated 3x4 nMisubstrates. As illustrated in Figure 4-6 andntet, a similarly good
reproducibility of the SERS spectra, i.e. an intignRSD of around 12%, was also evidenced on the
whole surface of such substrates. As far as we kisaeh reproducibility on so large substrates has
never been reported before for the detection of B6@g°-derived SERS substrates. As explained in
introduction, a large size SERS substrate is amitapt criterion to consider for potential applioas

to the detection of multiple analytes. We also igtdidhe spectra reproducibility in different 3x4 fim
areas of several samples elaborated in succesbn@®aatalytic synthesis runs (Figure 4-7). This
investigation showed that 80% of the spectra etduban intensity RSD of about 20% (see ellipsis in
Figure 4-7), while the 20% remaining spectra diedrfrom this trend but systematically exhibited a
Raman intensity amplified by a factor around 2 carep to the previous spectra. These data obviously
depict a greater dispersion of the Raman integsg@npared to those measured on individual 3 x 4
mn? substrates. However, it is worthwhile mentioningtthin this case, the experimental dispersion
accounts both for the sample-to-sample SERS repifoitity and the SERS reproducibility over the
whole surface (3 x 3 cthof each substrate, which actually depicts a ragjoed robustness of our
elaboration procedure. Several measurements pertbon different samples aged in the dark over a
one-month period finally showed that the Ramannisity fluctuated within the previously defined
sample-to-sample dispersion, which also indicatgea stability of our SERS substrates sensitivity

over aging.

A
A

Figure 4-7: Mean intensity of the 610 ¢inand averaged from several measurements orx1000
untareas arising from different 8 4 mn3 pieces of different & 3 cnfsamples, formed on a 3-seed
layer after 60 min of UVA exposure, and coated wifto® M R6G aqueous solution. The ellipsis
illustrated the 80% of the measured bands thatteian intensity RSD of about 20%.
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6. SERS performances of the Ag®/TiO: heterostructure: discussion

The reproducibility of SERS spectra collected on model Ag°/TiQ heterostructure derived from a
seeded growth procedure can be discussed as follofirstly proves that, when diluted in water in
sufficiently weak concentration, R6G does not ugddreterogeneous aggregation once deposited on
the solid substrate. Besides, the spectrum repitoitityc is a direct consequence of the uniform
distribution of Ag° NPs and/or aggregates of AgsNPthe substrate surface. It is generally consitie
that the Ag°-based SERS effect firstly relies om size and shape of metal NPs, which in turn govern
chemical and electromagnetic mechanisms leadireg Raman signal enhancement [12, 14-17]. As
illustrated in Figures 3-10d and e of chapter 3s NBnstituting our model Ag°®/TiCheterostructure
exhibit a shape varying from spherical to oblond artypical dimension ranging between 50 and 100
nm. These shape and size variations might eveptuadidify the Raman bands intensity in SERS
spectra, which is denied by the reproducibilityspkectra collected on this model heterostructure. It
probably means that the SERS effect in our samgplest intrinsically governed by the shape and size
of individual NPs. FEG-SEM images illustrated igtie 3-10 of chapter 3 show that the morphologies
of different heterostructure studied in this worle @overned by the aggregation of Ag°® NPs. As
mentioned in introduction, hot spots derived fraygr@gation features can in turn strongly amplify th
Raman bands intensity. However, it has been repdhat all kinds of Ag® NPs aggregates do not
necessarily induce hot spots, which means thagrd#pg on their morphology (short on long linear
aggregates, linear or 2D aggregates...), variouskifidggregates can differently influence the SERS
amplification arising from hot spots [2, 4]. Thesensiderations can in turn explain important
differences in the bands intensity reproducibiit§denced on heterostructure grown in the absence o
the presence of seeds. Indeed, in the former cgseeF4-4 inset illustrates strongly heterogeneous
aggregation features, while in the latter caseather uniform aggregation takes place leading to
percolating aggregates (Figure 4-3 inset on tHa)id¢t does not mean that the aggregates morpiiolog
illustrated in this latter case provides the bi#gation for an optimized SERS amplification, butesast
that the uniform aggregation at the laser beanegdalim diameter) governs the reproducibility & th
SERS spectra. As mentioned before, the influentkechggregates morphology derived from different
seeded growth procedures on the SERS intensitylcsh@uthe object of further studies, which go
beyond the topic of this thesis. Besides, the Rawaauals intensity not only depends on the SERSteffec
but also on the ability of SERS substrates to ieffity fix the analyte molecules, i.e. the experad
procedure used to adsorb the analyte on the sdliistisaite. Let us note that this feature may péytial
explain some ambiguities between the EF and detebtnit values mentioned by different authors. In
our case, two R6G adsorption mechanisms can beaged. On the one hand, owing to their affinity
for Ag° NPs, N-H bonds of the R6G molecule can g®lthe fixation of R6G through Ag-N binding [6,

14]. This situation is adapted to an efficient SER&ction through short-range interactions between
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the R6G molecules and Ag® NPs or aggregates of @Rshe other hand, it has been reported that the
alkoxy group of the R6G molecule has a particutengical affinity for a TiQ surface [8]. In our case,
the fixation of R6G on inter-aggregates bare;la@as would reduce the SERS detection owing @p-lon
range interactions between the R6G molecules arid\is. It means that a greater coverage rate of
Ag° NPs or aggregates of NPs should favor an imgntdR6G detection. This feature should also be the
object of further investigations. In this thesisl@ving to their robustness, we were encouragstity

our SERS substrates for the detection of bio-mdéscof applicative interest, i.e. DNA moleculessit

the second main objective of the thesis, on whielfagus in the next chapters.

7. Conclusion

Raman studies, performed on Ag°/tilheterostructure derived from a chemically assisted
photocatalytic reduction procedure, show that tBBS amplification does not seem to intrinsically re
on the shape and size of individual NPs, but isemmaobably governed by hot spots induced by
aggregation features. Accordingly, the homogenemgregation of NPs induced by a TSC-based
photocatalytic reduction associated to an AA-bassstled growth leads to good SERS performances,
a 10 EF and a detection limit of R6G ranging betweefdiid 101° M, as well as a good reproducibility
of the R6G SERS spectra on rather large substrAtedlustrated in the previous chapter, various
combinations of the seed amount and UVA exposuratidu allow to selectively control the amount,
aggregation state, and size of deposited NPs.llibwiof particular interest to study in the futuhe
respective influence of these parameters on thitenadsorption and SERS performances. In the
present state, it is considered that our SERS absthas been proven to be sufficiently robust and
reproducible to be extended to the detection ofnbddecules of applicative interest, such as DNA
molecules whose Raman detection is by far less thasythat of R6G molecule studied in the present

chapter. These features will be addressed in thiechapters.
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Chapter 5. SERS detection of homo-
oligonucleotide single strands on
Ag°/TiO2 heterostructure: binding,
orientation and ordering on Ag® NPs
surface

1. Introduction

According to the reliability of our optimized SERfatform (as illustrated in detail in the previous
chapter with highly reproducible R6G SERS spectwa)were encouraged to perform extensive studies
on the detection of homo-oligonucleotide singlerstis (also referred to as polybases, to simplify).
Homo-oligonucleotides are obtained after polymeidreof identical nucleotides, derived from adenine
(A), cytosine (C), guanine (G), or thymine (T) rembases, leading to polyA, polyC, polyG, or polyT

molecules (Figure 5-1).
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Figure 5-1: Molecular structure and N atom labeliafypolyA, polyC, polyG, and polyT.
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In this chapter, we report for the first time a damental and thorough study of the SERS spectra
obtained in the case of the four homo-oligonuctiasj polyA, polyC, polyG, and polyT, immobilized
on our solid Ag°/TiQ SERS platform. These homo-oligonucleotides aretfanalized or not by an
external functional amino NHinker. This enables us to study the influencéhig NH: group on the
respective SERS spectra and to draw conclusioneosn DNA is immobilized on the platform.
Furthermore, on the basis of XPS analyses, we pagia attention to how the homo-oligonucleotide
concentration in solution influences the SERS binand reproducibility. It enables us to discusg/h
their concentration influences the packing surfamnsity of homo-oligonucleotides and their

orientation with respect to the platform surface.

2. DNA material and immobilization process

2.1 DNA material: polybases-NH: and polybases

The DNA molecules studied here are homo-oligonuitlecsingle-strands, purchased from Biomers
(Germany). Their sequence is detailed in Table Bhkre are two groups of polybases, depending on
the presence or the absence of an external fuadtidid, group at the 5’ extremity of the strand, as
schematized in Figure 5-2. The polybases will lbelled polybases-Nd-br polybases, respectively, in
which the bases corresponds to A, C, G, or T (es seFigure 5-2).

Polybase Sequence

External group Nk PolyA-NH; 5 NH; T5-A153
functionalized polybase PolyC-NH 5 NH, T5-C15 3’

PolyT-NH, 5"'NH,T20 3

PolyG-NH 5 NH2 T5-G15 3
NH; free polybase PolyA 5 T5-A15 3

PolyC 5 T5-C15 3

polyT 5 T20 3

polyG 5 T5- G15 3’

Table 5-1 : Polybase sequence details: polyA, pabaG/T, and polyG in the presence or not of an
external functional NElgroup. Note: Tis a spacer commonly used for DNA hybridization on
biosensor surfaces.
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Chapter 5. SERS detection of single strand polybase

Poly A-NH: PolyA Poly C-NH2 PolyC Poly G-NH: PolyG PolyT-NH2 PolyT
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Figure 5-2: Schematic representation of the twalkiof polybases following the presence or the
absence of the external Mhihker: polybases-NEand polybases.

As mentioned in chapter 2 (section 4), our SER8@la benefits from important assets in respect to
the DNA immobilization. On the one hand, Mrtodified DNA molecules can be directly immobilized
on the platform through a simplified protocol tltes not involve a traditional multi-step and time
consuming silanization process [1]. It is assunied this direct immobilization arises from the aitfy

of Ag®° metal surface to N atoms of MEmino groups, which favours the DNA grafting thrbuge
formation of Ag-N bonds. On the other hand, the Di#mobilization benefits from the photo-
hydrophilicity of a TiQ surface, i.e. such a surface exposed to UVA lgfhibits a superhydrophilic
behaviour. Thus, after the photocatalytic reductstep leading to Ag°® NPs, the photo-induced
superhydrophilicity of bare Ti©areas (not coated by Ag° NPs) enables a gooddipgeaf the DNA
aqueous solution, leading to a rather uniform imiikdgion of DNA on the SERS platform.

Accordingly, both features allow a simplified imnil@ation protocol.

2.2 DNA immobilization process
We have performed extensive studies to optimizélitteet grafting of polybases on the SERS subsrate
while attempting to maintain the integrity and aslba of Ag® NPs on the Ti{surface. In this aim,
different grafting solutions have been prelimingegted, as illustrated in the Table 5-2. Accordmng
these studies, we have successfully establisheg@tanized standard procedure, which has defingivel
been employed in all experiments. The polybase® w#éuted in an aqueous solution of monobasic
sodium phosphate NaPlQ, (C = 0.3M). This moderately acidic solution (pH4-5) preserves the
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integrity of Ag® NPs, avoiding both their peel ffdm the TiQ surface and any corroding reaction. For
each studied polybase, with or without Nékternal group, the concentration of DNA soluth@s been
varied from 1 to 10QM.

Tested Puredeionized | Monobasic sodium phosphateDibasic sodium phosphate:
grafting water H.PQyr, Na" in pure deionized| HPOs?, 2Nd in pure deionized
solution water water

C=0.3 M, pH=4.5 C=0.3 M, pH=9
Acquisition |Random Yes No
of SERS
spectra

Table 5-2: Tested solutions for the grafting of NgDand corresponding results in term of SERS
spectrum acquisition.

The Ag°/TiQ: substrates were cut in 7x7 rasguare pieces immediately after photo-reducticstetn
UVA light for 60 min. Then, a 1QlL volume droplet of the polybase-containing aquesnlstion was
deposited on the substrate surface (Figure 5-3ndse conditions and due to the high hydrophylicft

the substrate, the drop naturally spreads ovestin@ce with a contact angle value measured to be
around 10°. After one night incubation at room tenapure under ~ 35% relative humidity, the droplet
was rinsed with deionized water and then driedcioe hour at room temperature, ready for SERS

experiments.

Droplet of
ssDNA
C=1-100puM
5 V=10pL
L ~_ _
ol & ~
5 23N A\ .
fo) 8 o ’é, N \}Ag° NP_~TiO,
=)

1. Dilution of ssDNA stock solution with 2. Drop deposition on
the grafting solutiomMaH,P0O, (C=0.3M) the SERS substrate
/| Droplet of
// ssDNA
Ag° NP
AN e to, R R S RS
= ssme = ssbewe
3. Drop incubation one 4. Rinsing & drying

night at room temperature

Figure 5-3: Schematic representation of the optanigsDNA grafting procedure on the 7x7fnm
AQ°/TiO, SERS substrate immediately after UVA exposure.
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Chapter 5. SERS detection of single strand polybase

The chemical properties of the extreme surfacehef Ag°/TiQ; SERS platforms after polybases
deposition were characterized by XPS, using theqatore described in chapter 3 (section 4.1.1).

The same Raman equipment, as previously descnibeldapter 4 (section 2), was used to collect the
SERS spectra of all polybases, except that ircésge we used the632.8 nm red line of a He-Ne laser.
An accumulation time of 20 seconds and a laser pofwea. 1 mW at the sample surface were used to
record spectra in the 600-1600-tnange. For each experiment, as for R6G Raman cilesization, we
systematically investigated two different 100 x 10@F areas of a same 7x7 rarsubstrate and six

spectra were collected in different places of gacbed areas.

3. Results

3.1 DNA concentrations effects
3.1.1 Surface chemical analyse by XPS

To prove that DNA molecules are effectively presamd correctly grafted on our SERS substrates, we
performed XPS analyses. The measurements weremedoon SERS substrates coated with polyA-

NH; strands, chosen as model DNA molecules. The salsiitoncentrations were fixed at 0, 1, 5, 10,

and 50uM.

In a first step, let us observe the results obthfoe a concentration of 10 pM. Similarly to thensey

of the bare substrate (Figure 3-12, chapter 3#vesurvey (not shown here) still exhibits thespreee

of Ag 3d and Ti 2p peaks. Their high resolutionctg@eare reported in Figures 5-4 a and b, respsygtiv
The new information is brought by the presence dsNand P 2p peaks, whose high resolution spectra
are reported in Figures 5-4 ¢ and d, respectivigig P 2p peak, located at a binding energy of 132.9
eV, is highly characteristic of the phosphate geowd DNA backbone, while the N 1s peak is
characteristic of the N containing nucleobases. Nhg peak fit can be reasonably described by using
two components with binding energy separatioAlB£1.5 eV (Figure 5-4c). One component is located
at 400.5 eV and the other one at 399.0 eV. Bothern feature the several chemical environments of
the N atom within the adenine nucleobase (:NNH-, and =N-). According to the XPS study acleiév

by Opdahl et al. on polyA adsorbed on Au surfabe,lowest energy component features the strong
chemisorption interaction between the N elementes®fdenine nucleobase and the metal surface [2].
It would confirm that, in our case, the polyA-Ni$ strongly bond to the Ag® surface. However, we
cannot exclude that some DNA molecules are alsadom bare TiQareas of the SERS substrate. It
is for instance known that phosphate groups hapartcular affinity for metal oxide surfaces. This

feature has particularly been used to attach plogsgtides on titanium dioxide surfaces [3]. The
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mechanism involves a bidendate binding mode in lvbio oxygen atoms are involved to link titanium
and phosphorus atoms. This process is all the efficéent as the fixation procedure is performed in
acidic conditions owing to an enhanced affinityjefjatively charged phosphate groups to the positive
charged TiQ surface [4]. Let us recall that our DNA immobiliien procedure was performed in

(moderately) acidic conditions (pH = 4.5).
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Figure 5-4: High resolution XPS spectra of fournmipal elements of the polyA-NKLO pM) covered
Ag°/TiG/Si substrate: (a) Ag 3d; (b) Ti 2p; (c) N 1s; &l P 2p.
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Chapter 5. SERS detection of single strand polybase

Whether polyA molecules are fixed on Ag® NPs otbane TiQ areas is an important issue because, in
the former case (Ag-N bonds), polyA is directly ¢ontact with SERS active NPs, a favorable
configuration for SERS, whereas in the latter ¢gsafting on Ag° free TiQareas), the DNA molecules
may be located far from the active NPs, and thug naa be detected by SERS. The response to this
uncertainty is brought from the observation of thepective evolutions of the Ag and Ti doublets
intensity as a function of polyA-NHconcentration. Figure 5-5 first shows that, in Wiele range of
tested concentrations (0-50 uM), the grafting df/feNH induced no variation in the titanium signal
intensity. In contrast, the silver signal jumps dowhen the polyA-Nklconcentration increases to 5-
10 puM.

30010° ———

25010° [& ‘-_’—___,__,-ﬂ

20010 [

15010 |

Intensity (a.u.)

10010 |

5.0010°

oooh A

0 0 2 0 40 50
Concentration (UM)

L
>

Figure 5-5: Intensity of the Ti 2pA() and Ag 3d4) XPS doublets as a function of the polyA>NH
concentration in solution.

In other words, adsorbed polybase molecules pgriateen the Ag® signal but not the Ti@ne, which
clearly indicates that polyA-NHmolecules are preferentially grafted on Ag® NPs. pkeviously
mentioned, such a preferential adsorption on Ags RRy be explained by the greater affinity of N
atoms to Ag° NPs, compared to that of P atoms doTik, surface. This feature is linked to the fact
that, under our moderately acidic immobilizatiomditions, the TiQ film surface is only slightly
positively charged (the isoelectric point of Ti@anges between pH values of 5 and 6) and cannot
strongly bind negatively charged phosphate grotfmsvever, further increase in the polyA-hH
concentration above a 10 uM threshold value doepnomote any further decrease of the Ag signal. It
even seems that this signal slightly increases wherpolyA-NH concentration increases above 10
pM. As will be discussed later in the chapter, thehavior likely arises from the concentration
dependence of the DNA molecules organization (digtion and orientation) at the SERS substrate

surface.
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To summarize, the XPS analyses evidenced the fiitpresults:

» The presence of DNA molecules is confirmed by thigearance of N 1s and P 2p XPS peaks
around 400 and 133 eV, respectively.

* The DNA molecules are preferentially located onAlgé NPs and not on the TiQurface, as
deduced from the respective evolutions of the TiazZy Ag 3d signals following DNA
concentration.

* The concentration dependence of the Ag 3d peaksities evidences the existence of an

optimum concentration ranging from 5 to 10 uM fadAmolecules on Ag°® NPs surface.

3.1.2 SERS analyses

3.1.2.1 Spectra of polyA-NH2 and polyC-NH:

The SERS spectra were acquired for DNA concentratianging from 1 to 10QM for the four
polybases-Nkland polybases. For all studied molecules, a sirtiiéard was observed with respect to
their concentration, regardless of the presenadsence of the external Mlihker. As an illustration,
we present the typical spectra obtained in the oapelyA-NH, (Figure 5-6) and polyC-NHFigure
5-7) for concentration values of 1, 5, and 10d. At this step, we essentially focus on the general
behavior of spectra and on the main charactebstizls of polyA-NHand polyC-NH. The latters are
the in-plane ring breathing modes (IPRBM) locate@i3® cm* and 792 cm for polyA-NH;and polyC-
NH., respectively. A thorough study of all the othands for all polybases will be described in section
3.2.1.

» At the lowest concentration (around C 3ull), as illustrated in Figures 5-6a and 5-7a, the
intensities of the main DNA band lines of polyA gmulyC are particularly weak, while bands
of the substrate, the spectrum of which is preseimeFigure 5-8, are clearly visible, in
particular, bands at 640 cnand in the 940-1000 chrange which correspond to anatase;TiO
film and Si second order, respectively.

* For intermediary concentrations (5 to 10 uM), titated in Figures 5-6b and 5-7b for a
concentration of M, two observations can be made. On the one harfabth cases spectra
display a greater average intensity of the DNA Isan¢hile the substrate bands are strongly
attenuated. On the other hand, all spectra exgimd reproducibility, both in their general
behaviors and in their intensities. This importaspect will be more extensively studied in
section 3.3.2.

* In contrast, for higher concentrations (around M), the spectral intensities exhibit non-
reproducible features as illustrated in Figurex5fd 5-7c for polyA-NkBand polyC-NH,

respectively.These particular features will be detailed inisec8.3.1.
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Figure 5-6: SERS spectra of polyA-N&tquired
for different concentrations ranging from 1 to
100uM on two different areas of the Ag®/ BiO

platform surface.

Figure 5-7: SERS spectra of polyC-N&tquired
for different concentrations ranging from 1 to
100uM on two different areas of the Ag°/ BiO

platform surface.
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Figure 5-8: Raman spectra of a DNA free Ag° L80bstrate before and after the process of UVA
photoreduction.

To better emphasize the effect of the DNA conceiotnaon SERS spectra, we chose to investigate the
concentration dependence of the main DNA band sities, i.e. IPRBM, for the different studied

poybases. The results are presented in the folipwin

3.1.2.2 Evolution of the IPRBM following DNA concentration

The evolution of IPRBM are reported in Figure 5i9he case of the 735 crband for polyA-NH and
polyA, as well as in the case of the 792'dmand for polyC-NHand polyC. In the four cases, an optimal
concentration yielding a maximal intensity is clgasbserved between 5 and M. Owing to this
maximum of intensities, SERS studies presentetienfallowing sections have been performed at a
fixed concentration of 5 or M. In particular, the thorough indexation of tleeif studied polybases-

NH2 and polybases is detailed in this section.
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Figure 5-9 : Respective intensity evolutions of 1B cmt and 792 cm in-plane vibration band as a
function of the concentration in solution of polgbdor a) polyA-NkE b) polyA, c) polyC-NH and d)
polyC.

3.2 Analyses at fixed concentration
3.2.1 Spectrum indexation of each polybase

Typical spectra of the four studied Mhhodified and NH-free polybases are reported in Figure 5-10 to
Figure 5-13. Before going further in the investigatof each polybase spectrum, it is first necesgar
point out some common bands which are systematipedisent in all spectra. These very weak bands,
the intensity of which is more or less significdapending on the spectra, correspond to vibratioas
arising either from the substrate material or ftbenDNA backbone bindings. As previously mentioned
regarding the substrate material, a first bandtéztat 640 cm corresponds to the Tidilm, while a
second one in the range 940-1000'cmrresponds to the Si%rder (Figure 5-8). Regarding the DNA
backbone, many small bands in the 800 to 1100 spectral range depict C-O bonds of ribose and
phosphate groups. It is known that such specieseptenany Raman bands such as 842, 900, 960, 995,
1000, and 1010 cthones [5]. However, owing to their weak intensityese bands can hardly been
indexed in our spectra. All other bands are duentp vibration modes of the four studied polybases,
whose indexation is summarized in Table 5-3 acogrdd various references cited in the literature.
Hereafter, we firstly detail the main DNA bandshe case of NHmodified polybases, and then extend

our observations to Niree polybases.
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Table 5-3vibrational assignments for each polybase

Band Tentative assignments Ref.
position PolyA PolyC PolyG PolyT
(cmt)
656 In, breath R6 [6-8]
687 Out, def R5, R6 (tors C4- [9-11]
C5-C6, w N3-C4-N9)
688 Out, bend C5-C4, N3-C4 (6]
700 In, bend (ring) [9, 12
706 In, ring breath [13]
730 Out, def R6 (w N1-C2-N3) [7]
tors NH
735 In, ring breath [9-11,14
786 Out, def R6 (w C4-C5-C6, [9-11,14
w C8-H)
792 In, ring breath [6, 1=-17]
798 Mentioned but not indexed [6]
in ref.
799 In, ring breath [6, 13, 18
850 In, def R6-R5 [8,9, 12
889 In, NH bend (8]
957 In, def R5 (sqz N7-C8-N9 [6, 7]
1138 In, bend C8-H, str C4-N9,
rock NH
1212 In, str C5-C6, bend| [7 13,18
CHs, str N3-C4, C6-
N1
1235 In, pyrimidic character [8,9,12
1260 In, str C4-N3 [17]
1280 In, str C2-N3 (16,17
1295 In, str N7-C8, C2-N3, ben (7]
N1-H
1312 In, bend N3-H, C6-| [7.13]
H
1315 In, str N1-C6+ C5-C6 [6, 15]
1328 In, bend C8-H, str C5-N7- (6]
C8
1333 In, ring skeleton vibration: [6, ¢-11,
str C5-N7, N1-C2,bend C2 14]
H, C8-H
1380 In, bend C=C-H [6.15,17
1380 In, bend C5-Me [6, 13,18
1385 In, str C2-N3, C6-N1, C5- 6. 8]
C6, C4-N9, C5-N7
1402 In, bend C2-H, str C8-N7, [9. 10]
N1-C2
1463 In, str C2-N3, N1-C6, beng [9-11]
C2-H, sciss NH
1463 In, sciss Ciibend | [13.18
C6-H
1468 In, str N7=C8 & C8-N9 [8,9,12
1472 In, str C4-N3 + C2-N3 (15,17
1484 In, str N1-C6 + str N3-C4 [6]
1495 bend C6-H, N-H [7,13,18
1532 In, str C=C, str N3-C4 [8, 9]
1535 In, str N3-C4, N1-C6, C5- [9.12]

N7, N7-C8, sciss NH

Note : In, in-plane; out, out of plane; bend, begdidef, deformation; wag, wagging; R5, five-membeiag; R6, six-
membered ring; tors, torsion; sciss, scissoringg kireath, in-plane ring breathing mode; sqz, szpiee
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Chapter 5. SERS detection of single strand polybase
3.2.1.1 Case of polybases-NH:

- PolyA-NH: (Figure 5-10a): As commonly reported in the litara for polyA, as well for the adenine
nucleobase, the spectrum is largely dominated $lyaap band at 735 ciwhich corresponds to in-
plane ring breathing mode, and to a lesser exteatrulticomponent band centered around 1330 cm
. The latter is attributed to mix in-plane stretghimotions of the six membered ring skeleton vibrat
modes [6, 9-11, 14]. The most intense componetitistband, located at 1333 €ntan be reasonably
attributed to the N7-C5 stretching mode [6, 9-14], Some additional in-plane vibration modes can
also be observed at 1402 ¢n1463 crt, and 1535 cm In addition, some weak bands corresponding
to out of plane vibration modes can be distinguishie687 cm [9-11] and at 786 c{9-11, 14]. It is
interesting to note that the relative intensityaidrementioned bands markedly differs from the ones
reported by E. Papadopouletial.for polyA at a concentration of M in various colloidal solutions
[19]. In their case, the 735 chiband is the least intense whereas, dependingeamstid colloids, either
the 1333 cm or the 1463 cmiband is the most intense. These differences withspectra should be
attributed to various effects of the different pdlgnvironment.
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Figure 5-10: SERS spectra of polyA-Nd) and polyA (b) obtained for a concentratiorl6f 10° M
in solution.
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- PolyC-NH (Figure 5-11a): The spectrum exhibits a domingtasine band at 792 chrorresponding

to the in-plane ring breathing mode and, at higfezjuencies (1250-1500 cfy a group of less intense
but still marked bands [6, 15-17]. In this lattpestral range, the dominant band located at 1315ism
associated with the skeleton vibration [6, 15]sImainly surrounded by four bands corresponding to
on a one hand, C4-N3 stretching at 1260'@nd C2-N3 stretching at 1280 ¢ij16, 17], and on the
other hand, two bands at 1380 twrorresponding to C=C-H bending and at 1484 corresponding
to N1-C6 and N3-C4 stretching modes [6, 15, 17hddition to these in-plane vibrations, one cao als

clearly observe at 688 cha small band corresponding to out of plane vibregi[6].
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Figure 5-11: SERS spectra of (a) polyC-Nithd (b) polyC for a concentration of 10.1B1 in
solution.

- PolyG-NH: (Figure 5-12a): The most important band of guaméneasily seen at 656 cmwhich
corresponds to in-plane ring stretching mode [6R&markably, in addition to the 656 ¢imand, the
spectrum is characterized by numerous well defireedtls of medium intensity, the indexation of which

is summarized in Table 5-3. They are mainly assigoein-plane vibration modes (no reference has
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Chapter 5. SERS detection of single strand polybase
been found to index the 798 ¢rhand, even if this band has already been obseryeathers [14]).

Beside all these in-plane vibration features, allstrend is clearly observed at 730 ¢mwhich
corresponds to out of plane bending mode [7]. Bresly, Green et al. discerned for the first time th
presence of Raman bands around 688 [dd]. From these bands, they deduced that at teaskinds

of polyG adsorption configurations occurred onghbstrate.
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Figure 5-12: SERS spectra of (a) polyG-Nttd (b) polyG obtained for a concentration of 10° M
in solution.

- PolyT-NH; (Figure 5-13a): The spectrum displays a major kD9 crt corresponding to the in-
plane ring breathing mode [6, 13, 18]. This locai®clearly distinct from the similar vibrationrzhof
cytosine located at 792 chiFigure 5-11a), which is contrary to the resuft&ceen et al. who reported
a similar position for polyC and polyT [14]. At tigr frequencies, a line located at 1212*cm
corresponds to different in-plane C-N stretchingle® [7, 13, 18], while a line at 1312 ¢and another

one at 1380 crhare assigned to N3-H and C6-H in-plane bendingasaahd to C5-methyl, respectively
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[19]. Interestingly, in the case of polyT-MHve could not identify any band assigned to oyplahe

vibration modes.
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Figure 5-13 SERS spectra of (a) polyT-Neind (b) polyT obtained for a concentration of 10° M
in solution.

3.2.1.2 Case of NHz-free polybases
In comparison to Nkmodified polybases (Figures 5-10a to 5-13a), tvaananalyses can be made in
the case of Nkfree polybases, whose spectra are illustratedburés 5-10b to 5-13b. On the one hand,
previously described secondary bands are agairctddtdout compared to that of Mirhodified
polybases, their relative intensities are somewhatlified. We also observed in some rare cases
additional bands not observed in the case of-hidified polybases, in particular a band locat=ai7@
cnt in the case of polyC, which could not be assigrediscussion of these differences, which depict
secondary spectral features, is beyond the scopi@sothesis. On the other hand, similarly to NH

modified polybases, the spectra of Niree polybases are strongly dominated by in-plameathing
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Chapter 5. SERS detection of single strand polybase
modes (at 656, 735, 792, and 799dor the different NH modified or not polybases). Besides, the

intensity of such vibration modes exhibits simitmders of magnitude, regardless of the presence or
absence of NKHexternal groups. In contrast, for the concentrailiastrated here (10 uM), out of plane
bands are extremely weak (polyA, polyC, polyG) weere absent (polyT). All these features will be

discussed in the following.

To summarize, this description of the four polylsaSERS spectra, obtained in the case of NH
modification or not, depicts the reliability andieiency of our solid SERS substrate both in teohs
sensitivity and resolution, which enabled us t@dieindex the main and secondary lines. Even if ou
spectra are sometimes in contradiction with specteationed by others, they could be interpreted
unambiguously according to the overall literatimeaddition, when they are compared to spectradoun
in the literature, if the polyA spectra are glogaimilar to the ones commonly reported, the speatr
the other polybases exhibit quite high resolutind signal/noise ratio. Actually, and to the besbwf
knowledge, it is the first time that spectra offalir polybases spectra have been the object &f suc
complete (even if non-exhaustive) indexation orames solid SERS substrate. In addition, from the
comparison between polybases-NiAd polybases spectra, we did not emphasize signtfdifferences
between the spectra obtained in both cases. Aaseqaence, the external bllihker seems to be not
essential for the molecules immobilization on thg® Aurface. Based on this thorough indexation of
polybases-Nkland polybases spectra, we then focus on the pralilemf spectrum reproducibility

according to the DNA concentration.

3.3 DNA concentration-dependent reproducibility of SERS spectra
In this part, SERS spectra were acquired in a &D¢n! spectral range for concentrations ranging
from 1 to 10QuM for the four studied polybases. As detailed ictism 3.1.2 of this chapter, and already
illustrated in the Figures 5-6, 5-7, and 5-9 folypeNH. and polyC-NH, two main domains of
concentrations can be distinguished. The first doroarresponds to the optimal range of concentnatio
(C = 5-10uM). The second one is located on each side of tbeigus domain, below and above the
optimal concentration range. In this section, waufon the reproducibility of SERS spectra in the t
domains of concentration. We recall that, for eaghcentration, spectra are acquired in six differen

places of two areas of a same substrate.

3.3.1 Range of lowest and highest DNA concentrations

This range of concentration is not further illustchby spectra in this section and, for illustragiothe

reader should refer to examples depicted in Figbréa and ¢ and Figures 5-7a and c in the case of
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polyA-NH. and polyC-NH, respectively. At lowest concentrations as welh@hest ones, and for all
studied polybases, the Raman peak intensities articgarly weak (Figure 5-9) and their
reproducibility is very poor. Actually, the mainRBM band of each polybase varies by one order of
magnitude when measured in different places ofn@essubstrate. In addition, we noticed important
fluctuations in the relative intensity of the diéat Raman bands previously indexed for each base.
Besides, a particular feature has to be mentionethé case of highest concentrations. For each
polybase, and as illustrated in Figures 5-6¢ (lzr&B7 crm) and 5-7c (band at 688 cinin the case of
polyA-NH.and polyC-NH, respectively, at highest concentrations, theobptane vibration modes are
particularly enhanced. In contrast, and as illdettan Figures 5-10 to 5-13, at weaker concentnatio
these modes are weakly intense or even absentl(jmigt polyT-NH). Such specific feature will be

discussed in section 4.1.

3.3.2 Range of optimal DNA concentration

3.3.2.1 Case of polybases-NH:z

In contrast to the previous concentration range,ifitermediary concentrations of 5 to 10 uM,
(illustrated in Figures 5-14 a to d for a polyb&#d, concentration of pM), a comparison of twelve
spectra measured in different places of a sameratbslepicts a rather good reproducibility in the

Raman band intensities.

This reproducibility has been assessed throughkalueilation of the relative standard deviation (RSD
value of the IPRBM band intensity for each polybdd®e corresponding values are reported in Figure
5-14. In the case of polyA-NHFigure 5-14a), only one spectrum diverges frors tieproducibility
trend and a calculation of the intensity RSD vapexformed from the twelve spectra for the dominant
IPRBM adenine band at 735 €mleads to a value of 39% (Figure 5-14a). A gooécEpm
reproducibility is also obtained in the case ofy@NH; for a same concentration (Figure 5-14b). For
this polybase, the intensity RSD measured on thamkint IPRBM band of cytosine at 792¢is equal

to 21%. Such rather weak RSD values were alsoraddafior the other two studied polybases in the
same concentration range and in the presence efmaxtNH groups, i.e. 27% for polyG-NHand 39

% for polyT-NH: (Figures 5-14 ¢ and d).
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Figure 5-14: SERS spectra acquired in twelve dffeplaces for a concentration C =5 uM from two
different 100 X 10@n¥ areas of a same 7X 7ramg°/TiQ; substrate for (a) polyA-Ngi(b) polyC-
NH,, (c) polyG-NH, (d) polyT-NH, (e) polyA, (f) polyC, (g) polyG, and (h) polyT.

133



We note that these values are obviously larger tharfRSD previously reported for R6G on the same
kind of SERS substrate (10-12%) (chapter 4, se&jpbhut they still reveal a rather good reprodilitjb
of the spectral intensities for all the studiedypalses. This reproducibility i/ illustrates the edgion
performances of our SERS substrate, and ii/ cosfifmat, in this concentration range, our simplified
immobilization procedure leads to a uniform grajtiof DNA molecules on the substrate surface. To
the best of our knowledge, such a reproducibititydil these polybases has never been reportedebefo

on a same solid SERS substrate.

3.3.2.2 Case of NHz-free polybases

The behavior of twelve SERS spectra is reporteféignres 5-14 e to h for polyA, polyC, polyG, and
polyT. When comparing the spectrum of each,Mtbdified polybase (Figures 5-14 a to d) with the
spectrum of its NkHfree counterpart (Figures 5-14 e to h), it firstgpears that the Raman band
intensities are rather comparable. However, inldter case, the spectra display a lower degree of
reproducibility. The RSD values have been calcdldtem the IPRBM band for all the NHree
polybases and are reported in the Figures 5-14he Tthese values are summarized in Figure 5-15
together with the values for polybases-NH view of comparison. The RSD values obtaineddior
NHz-free polybases are systematically higher thanettmbgpolybases-Ni The fluctuation increase is
more pronounced for polyC (about + 50 %) and igesnaround + 25 % for polyA and polyT. Compared
to their NH-modified counterpart, this systematic and gerteeald suggests that, while it does not play
an essential role in the polybases immobilizatinrAg® NPs, the NHllinker should play a role in the
reduction of the SERS intensity fluctuations, whigh be discussed in next section. Finally, Figbre

15 also shows that the reproducibility (the RSDuea) of NH-modified and NH-ree polybases
follows the same trend, i.e. the reproducibilityiga in the order polyA (-NE ~ polyT (-NH) < polyG
(-NH2) < polyC (-NH,). It suggests therefore that, regardless the tefiéd\NH.-modification, the
reproducibility is also intrinsically influenced ke polybase nature. Besides, whatever the NH
modification or not, it is worthwhile noticing thregh intensity and reproducibility of polyC and ypol

bases, despite their weak Raman cross section.
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Figure 5-15: RSD calculated from the in-plane rimgathing vibrational mode intensities of all
polybases (C = 5 pM), corresponding to twelve spectbtained in two different 100 X 100 faneas
of a same Ag° /Tigsubstrate.

4. Discussion

4.1 Binding features and general molecular orientation

Thanks to XPS measurements, it has been clearlegrthat the DNA molecules are preferentially
grafted on the Ag°® NPs, presumably via N atoms. rEfiability of the SERS spectra obtained on our
Ag°/TiO; platform for the four studied polybases enable®ysopose further discussions on the DNA
immobilization mechanisms. The first important poiagards the comparison between the spectra
obtained for NHE-functionalized polybases and the ones obtainelftrfree polybases. Regardless of
the polybase types, the SERS spectra exhibit rattreaparable Raman band intensities in the presence
or absence of external NHinkers. This result shows that the immobilizatmfrNH,-free polybases on
the Ag° surface is as efficient as in the caséefNH-terminated polybases, meaning that the external
NH: linker is not essential for the immobilizationtbeé polybases on the Ag° surface. Consequently, it
is likely that the internal exocyclic NHjroups of nucleobases are involved in the gratimgell as the
intern N atoms: NH or CN bonds (see Figure 5-1)s Blssumption is reinforced by the particular case
of NHx-free polyT. This polybase does not possess amyriat NH group, but only one internal N3
atom (Figure 5-1), which is believed to be involiedhe immobilization on Ag® NPs as it is depicted

on Figure 5-16a.

It is supposed that the immobilization mechaniswoiving internal N atoms of polyT can also be at
least partially extrapolated to the other NHodified or NH-free polybases. This assumption is
strengthened by the following observations. FoN&lb-modified or NH-free polybase concentrations,
the spectra are dominated by IPRBM of each indaiducleobase (Figures 5-6 and 5-7). According to
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the SERS selection rules of the electromagnetid fikeory, the vibration modes involving large
changes of the polarisability perpendicular to ptetform surface are enhanced [9, 20]. Thus, the
dominant IPRBM suggests that individual bases domise of the polybases are mainly oriented
perpendicularly to the Ag® NPs surface [4, 21, Zhce the individual bases are also orientated
perpendicularly to the polybase chains axis, iwnghthat the polybase chains are lying preferentiall
flat on the surface. In the case of both polyA polyG, NH;, N1, N3, and N7 groups may be involved
in this preferential orientation (Figures 5-16 lolah In the case of polyC, Nldnd N3 may be involved

(Figure 5-16d), whereas only N3 would be involvedhe case of polyT (Figure 5-16a).

Thymine (T)

Adenine (A)

Guanine (G)

Cytosine (C)

Ag°®

a

Figure 5-16: Schematic representation of the pdegihemical binding between the internal and
available N groups of polybases and the Ag°® NPfasarin the case of polyT (a), polyA (b), polyG

(c), and polyC (d).

The similar results obtained in the case of polgbdanctionalized or not with terminal Migroups can

be compared with the ones of Papadopoulou et ab sthdied the adsorption of thiolated and
unthiolated polyA on Au colloids, as illustrated kigure 5-17 [23]. These authors also observed
similarities between spectra obtained in the cdghiolated polyA at low concentration (C=-41®1)

and SERS spectra obtained in the case of unthibfailyA (C= 10° M). If the thiolated polyA may not
only bind nonspecifically to the gold surface thghuts nucleobases but also via its external sulfur
atoms (Figure 5-17a), the unthiolated polyA carydmhd nonspecifically via the nucleobases (Figure
5-17Db). Due to similarities between the spectraaithors concluded that the overall polyA orieatat

is flat on the Au° colloidal surface.
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Figure 5-17: Schematic representation of the oaéinohs of sSDNA with respect to the surface of Au
colloid: a) case of thiolated polyA, b) case ofhualated polyA (after ref. [23]).

This preferential orientation of DNA strands wasoabdeduced by Hernet al. from ellipsometry
measurements performed on HS-DNA chains on golidsei{24]. Indeed, the measured thickness of
the HS-DNA coating was five times weaker than tieotetical value of the molecule length, meaning
that the probed chains were not perpendicularaagtiid surface but lied flat. However, contrariby t
Papadopoulou et al. [23], the authors did not teporthe DNA concentration in their experiments.
These data would have been of interest since treumimof DNA immobilized on the surface is an
important parameter which has a direct influencéhermolecular orientation. This feature is adddss
in the following part of the discussion. Concernmg SERS platform, it would be interesting in hat
experiments to precisely discriminate which of Mweontaining groups are primarily involved in the
immobilization of each polybase. If some studiegehalready been performed in this aim, only with
adenine base and in the case of solid platforrdséa conditions [10, 11], to our knowledge, nwery

few investigations are reported on polyA, polyCly@ and polyT.

In summary, our results provide compelling evidethes i/ the polybases are mainly lying preferdiytia
flat on the Ag°® NPs surface independently of thespnce of the external MHinker, and ii/ the

immobilization mechanism largely involves the im@rN-containing groups of the nucleobases.

4.2 Concentration effects on the molecular orientation

As mentioned before (section 1 of this chaptes amount of DNA immobilized on the surface, i.e th
concentration in solution, is an important parametieich has a direct influence on both the surface
coverage and the molecular orientation. These ffesitare deduced from XPS data of Figure 5-5 and
from SERS data of Figures 5-6, 5-7 and 5-9. We @sepdifferent immobilization mechanisms
following the different concentrations. They arsalissed hereafter and are schematically illustiated
Figure 5-18.

On the one hand, we observed that the in-planedriegthing band intensities increase when incrgasin

the polybase concentration up to 5-10 uM (Figu@).5At this threshold concentration, they exhibit a
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rather good reproducibility when probing in vari@reas of the substrate (Figures 5-14 and 5-15). At
the same time, out of plane bands are almost rsatrebd. These features indicate an important cgeera
rate of DNA molecules, which undergo a homogene&tingdispersion, i.e. a flat orientation of the
molecules on the Ag® NPs surface, as previouslgudised and schematically illustrated in Figure 5-
18a. It is supported by a decreasing XPS sign&lgdfNPs up to this threshold concentration of 5-10
UM (Figure 5-5), showing the gradual screening & Ag° NPs signal by an enhanced amount of
immobilized polybase molecules. On the other haad; different trends are observed when increasing
again the DNA concentration above 5{1M. First, the Ag°® NPs XPS signal slightly incregsehich
suggests a decreased coverage rate of Ag®° NPslyoliibase molecules, while the intensity of in-
plane breathing Raman bands concomitantly decreAséise same time, the in-plane bands exhibit a
poor reproducibility when probed in different arefishe substrate (Figures 5-6¢ and 5-7¢). In &afdit

the out of plane bands exhibit a significant enleament. This latter trend has been observed in the
SERS spectra of all studied bHhodified or NH-free polybases. It is illustrated in Figures 5l 5-

7c where we observe an enhancement of the outinédland of adenine (687 €and cytosine (688
cnl), respectively. The intensity increase of such @uplane bands may feature a change in the
orientation of some nucleobases. Indeed, contratily previous trends observed at weaker
concentrations, the enhancement of out of planddanggests that some individual nucleobases may
be orientated parallel to the surface, which woinldicate a more or less vertical orientation of
corresponding polybase molecules, as depictedyur&i5-18b. Such an orientation feature has already

been reported by others in the case of polyG-quuelxiformation [22, 25].

This analysis leads us to propose a tentative igieer of the orientation and packing density of
polybase molecules immobilized in the case of gfrmmcentrations. For reasons that are not yet,clea
we assume that, at strong concentrations, the mieleco not undergo a uniform 2D distribution, as
postulated for weaker concentrations, but are lpcphcked in the form of 3D aggregates
heterogeneously distributed on the SERS surfacenp@ced to weaker concentration trends, such
aggregation is expected to leave numerous Ag° amesated by polybase molecules, and this trend
should be amplified as the concentration incredsespossible that this aggregation takes plaséend

the post-incubation drying of the DNA-containinguaqus droplet in the case of strong polybase
concentrations. This description is in agreemerthvail our experimental observations. First, the
heterogeneous distribution of polybase moleculesujgported by the non-reproducibility of SERS
bands when probing on different areas of the satssifFigures 5-6¢ and 5-7c¢). Second, XPS data
traduce a balance between Ag® areas coated or tedoaih polybase molecules. It would explain that,
since the amount of uncoated Ag° areas is expetdemcrease when increasing the polybase
concentration above 10 uM, the silver XPS signalsdwot further decrease and even slightly increases

when increasing the polybase concentration.
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Figure 5-18: Schematic model presenting the polghaslecules on the Ag® NPs and showing the
correlation between their orientation, distributicgind concentration in the case of both Nhlodified
and NH- free polybases, the so-called “probe grafting mitd

Upper: orientation of nucleobases (rectangles) witbpect to Ag° surface a) the nucleobases are
oriented perpendicularly to the surface so thatakierall polybases lie flat on the surface, b) the
nucleobases are oriented parallelly to the surfanere or less tilted, so that the overall polylsase
stand up on the surface.
Middle: evolution of the surface distribution aflpbases as a function of polybase concentration in
solution. For the lowest concentration (C M), the Ag® surface coverage by polybases is weak
while for the optimum of concentration (5-4®1), the polybases are homogeneously distributed on
the whole surface. In this concentration ranges,fihlybases lye flat (a). For the strongest
concentration, (C = 10@M), due to some 3D aggregation, some polybaseffalyé) while some
others stand up (b).

Lower: for the optimum of concentration (5-4®), structural models of the two possible
configurations for single strand polybases adsorbed\g°® NPs surface. The nucleobases are
represented by the rectangular-like shape; (A) acadeH-free polybases: the strands are randomly
oriented; (B) case of polybases with Néxternal linker: the strands are extended and tassiomly

oriented than in case (A).
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In addition, with the assumption of 3D aggregapedybase molecules present at the surface of these
aggregates are not in close contact with SERSeabtRs and can no longer be detected by SERS. We
can also imagine that, contrarily to polybase mdkesin contact with Ag°® NPs, which are expected to
be strongly linked on these NPs through Ag-N bomutdecules constituting the aggregates are not so
strongly fixed and may be washed away during th&t-peubation rinsing step. In both cases, an
increase in the 3D packing when increasing thelasg concentration can explain a decrease in the
intensity of dominant (in-plane) bands of the SE¥R&ctra. This decrease can finally be supporteal by
concomitant increase in the intensity of out ofngldoands. Indeed, it is likely that in 3D aggregate
stearic hindrance effects do not allow the polybaséecules to be uniformly orientated flat on the
surface. More presumably, these aggregates arditoted of molecules showing heterogeneous
orientations (Figures 5-18, C = 100 uM). Roughlgapng, flat and vertically orientated molecules ar
expected to constitute these aggregates and cdaire¥pe enhanced intensity of out of plane bands.
Such supposed orientation changes induced by tieentration of the polybases can be compared with
the deductions from Papadopoulou et al. in the chghiolated polyA immobilized on colloid gold
surfaces [23]. The authors correlated spectral fiwadiions with the increase of the polyA conceritnat
(from 108 to 10* M) to orientation changes. When increasing thecentration, the polyA molecules
were assumed to change from a conformation whene limd nonspecifically to the surface through
the nitrogen atoms of nucleobases, to another omafiton where they bind only through the external
thiol linker, leading to polyA molecules standing vertically on the surface. In our case, we deduce
that such a phenomenon occurs regardless the peesemot of the external NHyroups, which
suggests that these latter are not necessaryefeettical orientation of the DNA molecules. Obstyy

these descriptions rely on first interpretationd @il require further analyses.

In summary, we can distinguish three different esngf DNA concentrations, in which we can describe
the organization of DNA molecules and their compuiseon the Ag°® surface by starting from the
smallest components, i.e. the nucleobases, upédochiain packing densities. These features are

summarized in the Table 5-4.
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DNA concentration
Low (1 uM) Optimum (5-10uM) High (100uM)
Nucleobase Perpendicular Perpendicular Random
orientation
Chain conformation Flat Flat Random
Surface coverage Low Homogeneous Heterogeneously
distributed
Packing density Low 2D monolayer 3D aggregates

Table 5-4: Summary table of our results presentivegproposed organization of polybases relatively
to the Ag°® surface as a function of the DNA conedion in solution.

4.3 Reproducibility of spectra at optimum concentration: role of the
external NH: linker

From the above discussion, it can be understoddtbaxternal NEllinker does not play a key role in
the polybase immobilization on the Ag° surface.eled, the DNA molecules are mainly lying flat on
the surface thanks to the nucleobase internal Mstmdependently of the presence of the exterkial N

linker. Therefore the question arises about théulrsess of the latter.

Let us examine more carefully the results obtaindtie optimum concentration range (541Md). At
these concentrations, we assume that the polybasescadopt a flat orientation on the Ag° NPs sigfa
and their packing density is described by a homeges 2D monolayer (Figure 5-18, C = 54iM).

But within this monolayer, owing to the flexibleaisg structure of the sugar-phosphate backbone [26]
we can suppose that the individual and localizedaronation of the polybase chains is random. It can
vary depending on how the nucleobases are localbjtipned relatively to the Ag® surface, while
maintaining their ring axis perpendicular to thetahsurface. Barhoumi et al. explained that single-
strand DNA can adsorb on metal surfaces in randawiled conformations. These conformations can
be modified towards a more relaxed, linear, anéredeéd conformation thanks to a gentle thermal
pretreatment [26]. Elsewhere, in the case of Gsicands, formation of some secondary structures ha
been observed and may have also a certain effabiegoolybase conformation [27]. Thus, we see that
the adsorption of individual single strand polylsasen result in various conformations/configuragion
on the metal surface. The consequence of this warildsevere limitation in the quality, reprodudipi

and uniformity of SERS spectra. As explained presip, Barhoumi et al. succeeded to reduce these
variations through a specific pretreatment, theatfbf which allowed a more linear conformation of

the chains [26]. As a consequence, the DNA chaerewwore ordered on the metal surface.
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In our case, we have shown in section 4.3.2 thaffltictuations of SERS spectra are systematically
reduced when the polybases chains are functiomaligethe external NHlinker. Indeed, the RSD
values of the IPRBM intensity are systematicallyakier in the case of polybases-Nebmpared to
NHz-free polybases (Figure 5-15). This systematicdiaedicates that the external Nkhker does play
arole in the reduction of SERS spectrum fluctustidBy analogy to the Barhoumi’s study [27], we can
suppose that, in the absence of external IMiKer, the chains are adsorbed with a more ordefied
conformation on the metal surface, as illustratefigure 5-18A, resulting in fluctuations of thédRIBM
intensities. In contrast, for reasons that are yaitclear, we assume that the external, NiHker
somehow reduces the variety of conformations astrthted in Figure 5-18B. In other words, the sngl
strand DNA chains with an external Nkhker would adopt a more linear and extended @onétion,
resulting in a 2D monolayer exhibiting an orderedfguration and resulting in a minimization of the
SERS intensity fluctuations. One hypothesis is @thating the rinsing procedure, the Nekternal linker
would act like a strong anchoring point. The latteuld strengthen the molecule binding on the Ag°®
surface by maintaining the molecule more extenaeldess randomly oriented compared to the case of

NH: free polybases. This overall configuration issthated in Figure 5-18B.

In summary, we have shown that the conformationaimhtation of single-strand DNA chains can be
better controlled by taking advantage of an exiévi linker. Thanks to this latter, the polybase chains
should be more ordered on the metal surface astedtéy the higher reproducibility of SERS spectra.
Accordingly, further investigations would be ne@gsto study the effect of an optimized grafting
protocol allowing the relaxation of the oligonudi€e single strands into an extended conformation
through an uncoiling thermal treatment as suggdsyeBarhoumi et al. [26]. In any case, the results
clearly show that, for SERS sensor applicationss ipreferable to use polybases-Nid order to
minimize the SERS intensity fluctuations. More gailig, this recommendation is important to monitor
the orientation of single strand DNA molecules ¢hetl to metal surface. This ability is crucial for
improving the applications related to many fieldaging from DNA nanosensors to nanoelectronics
[28].

5. Conclusion

Four single strand polybases (polyA, polyC, polg@d polyT), modified or not with an external NH
linker, have been immobilized with different contrations on our Ag°/Ti@ SERS substrate using a
simplified procedure arising from specific asseftshts substrate. The label-free SERS detection of
these polybases has been performed through Raneatragropy measurements and the analysis of

SERS spectra has been supported by XPS measuremeatsise of the reliability and efficiency of
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this platform, we obtained reproducible SERS sjpefctrthe four DNA polybases functionalized or not
by a terminal NH group. In particular, the high resolution and sigmoise ratio enabled us to clearly
index the main and secondary Raman lines, evahéqguolybases with a low Raman cross section such

as polyC and polyT.

Regardless of the polybase type and whether thgbas¢é was NEHmodified or not, we have
emphasized a polybase concentration dependendee SERS spectra reproducibility and intensity,
which show an optimum for a 5-1®/ range. It suggest that this optimal range of emi@tions should
be kept for further applicative researches aimirigtree SERS detection of DNA multibase
oligonucleotides. The optimum concentration rangs waterpreted in terms of distribution, orientatio
and packing density of immobilized molecules. RBiigly also shows that the external NiHker is not
necessary for the immobilization of the polybasésich can be bound to the SERS-active Ag® NPs
surface through the internal N atoms. In the optimaoncentration range, it seems that the polybase
molecules undergo a uniform 2D coverage and afiantation relative to the Ag® surface. From that
point of view, it appears that the Mknker acts like an anchoring point keeping ther@bnolayer in

an ordered configuration on the metal surfacehdh $ense, the NHinker plays, therefore, an essential

role in the SERS spectra reproducibility.
To summarize, these fundamental results have ddaratet the feasibility of using our reliable SERS

substrate for label-free ssDNA polybases detectiothe next chapter, we will investigate the SERS

spectra obtained in the case of polybases mixnuehgbridized polybases.
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Chapter 6. SERS detection of
complementary polybase pairs: mixture
versus hybridization effects

1. Introduction

In the previous chapter, thanks to the reliabitfyour Ag® NPs/TiQ substrate, we performed the
thorough indexation of SERS spectra of single stiaolybases. We also demonstrated the successful
control over both the conformation and the surfdessity of polybases grafted on the Ag° surface
following the concentration and the presence ofNiie external linker. Based on these promising
results, our objective in this chapter is now teestigate the conformation and immobilization dnsi

of the corresponding duplex molecules, i.e. sisgi@nd polybases hybridized with their complemantar
polybases. It requires to bring out what are thecdig features of SERS spectra of complementary
polybase pairs, obtained afiarsitu hybridization directly performed on the Ag° sudadn this view

and following a step by step methodology, we hda@sen to study the SERS spectra of two hybridized

complementary polybase pairs, typically:

- Hybridization of equi-molar polyA-NEwith polyT;
- Hybridization of equi-molar polyG-NHwith polyC.

To support the results, these SERS spectra witlylseematically compared with those obtained after

the direct immobilization of mixtures containingetlame complementary polybases, typically:

- Mixture of equi-molar polyA-NHwith polyT;
- Mixture of equi-molar polyG-Nkwith polyC.

Since the polybases are not hybridized in thes¢ungx, the corresponding SERS spectra will serve as
negative control, which will allow us to investigainambiguously the SERS signature of hybridized
polybases by comparing the spectroscopic featuresx@d and hybridized pairs. To the best of our
knowledge, this methodology has not been repométinow in the literature. In this study, we folled

the same experimental approach as described ichdqater 5. We performed the spectrum indexation
at a fixed polybase concentration (in solution) @nein we studied the evolution of the spectrum

intensity as a function of the polybase concergrati
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2. DNA materials and immobilization process

2.1 In situ hybridization

Thein situ hybridization process with the complementary pabds was carried out directly on the
AQ°/TiO, substrate, preliminarily covered by the polybasubps, in four steps illustrated in Figure 6-
1. As reported in chapter 5 for the choice of thmafting solution for single polybases, different
hybridization buffer solutions have first been ¢est Among these, the PBS+NaCI+EDTA buffer
solution was finally chosen for two reasons. Ondhe hand, the integrity of Ag® NPs on the TiO
surface was preserved. On the other hand, the SE&$rum acquisitions were possible and effective,

which was not the case when using the other baffleitions (see Table 6-1).

Droplet of DNA target :
C=1-100 uM

V=10 uL
Hybridization buffer:
PBS+NaCI+EDTA
f\:\-s § (_ A DNA probes
A \
9&\\\'8 L‘\(\” \!’(;\:} Wy \/ Ag° NP

1. Diuton of complementary _

DNA target stock solution with the

hybridization buffer : 2. Drop deposition
PBS+NaCHEDTA
Droplet of
/ DNA targets
DNA probes Hybridized DNA
N "\
PRGN R B RS A N,

3. Drop incubation: t = one night 4. Rinsing: t = 4 min
T= 42 °C T =room temperature

80% humidity & Drying

Figure 6-1: Schematic representation of the in-biybridization process on Ag° /TiGubstrate
immediately after DNA probe immobilization.
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Chapter 6. SERS detection of complementary polybag&ir

Tested Tris- PBS+NaCI+EDTA| Pure PBS+NaCl NacCl Monobasid 2X SSC
hybridization HCI+NacCl deionized sodium
solution water phosphate
(grafting
solution)
Ingredient Tris = 10 PBS =10 mM Pure PBS =10 mM | NaCl =100| NaHPQ: = | Sodium citrate
concentrations [ mM NaCl = 500 mM deionized | NaCl =500 mM 300 mM =300 mM
NaCl = 1M EDTA=1mM water mM NaCl = 100
mM
pH value 7.6 7.2 Ca.7 7.2 Ca.7 4.5 7.7
State of Good: Good: unchanged | Good: Peel off of Ag°® | Good: Good: Peel off of Ag®
Ag°/TiO2 unchanged unchanged | NPs unchanged | unchanged | NPs
surface
Acquisition of | No Yes Random No Random Random No
SERS spectra

Table 6-1: Preliminarily tested hybridization saans for DNA hybridization and corresponding
results in terms of Ag°/Tisubstrate surface state and SERS spectrum adgnistthe red column
corresponds to experimental conditions adopteckixt studies.

In a first step of the hybridization process, tbenplementary target polybases were diluted to edsir

concentrations in the PBS+NaCI+EDTA buffer solnt{pH = 7.2, see composition in Table 6-1). The
target polybase concentrations have been varied fréo 100 uM. In a second step, apdOvolume
droplet of the complementary polybase-containingeags solution was deposited on the probe-
immobilized substrate surface. The third step aea night incubation at 42 °C, under ~ 80% relative
humidity. Different incubation times were prelimiitg tested. We found that increasing the incubatio
time from 45 min to one night improved consideratiig SERS signal. It seems that this optimal
incubation time vyields relatively higher hybridimat efficiency. In the fourth step, the droplet was
rinsed by immerging the sample in the hybridizasotution (PBS+NaCI+EDTA) under soft agitation
for 4 minutes. This rinsing step removes the nopricjzed complementary polybases. Then, the sample
was dried for one hour at room temperature, reatySERS experiments. Typical hybridization
experiments are summarized in Table 6-2. Pragicalle performed the hybridization of paired

polybase strands:
- PolyA-NH: (probe) hybridized with polyT (targets), named giridized polyA-NHspolyT;
- PolyG-NH: (probe) hybridized with polyC (targets), namedhgsridized polyG-NHepolyC.

The respective equi-molar concentrations of ea¢ybpse have been varied from 1 to 100 uM and are
detailed in Table 6-2.

Hybridization Polybase Sequences Concentrations (UM)

PolyA-NHz epolyT PolyA-NH: (probe) | 5 NH2 T5-A15 3’ 1,5, 10, 50, 100
PolyT (target) 5'T20 3 1,5, 10, 50, 100

PolyG-NH: spolyC PolyG-NH (probe) | 5 NH2 T5-G15 3 1,5, 10, 50, 100
PolyC (target) 5' T5-C15 3’ 1,5, 10, 50, 100

Table 6-2: Summary table of two pairs of oligonotiges (polybases) sequences at different
concentrations used in the described hybridizaérperiments.
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2.2 Single strand polybase mixture immobilization

In view of the polybase mixture direct immobilizati on the Ag°/TiQ substrate, the solutions were

prepared at room temperature from equi-molar ansooinpolybases as follows:

- PolyA-NH: (probes) with polyT (targets), named as polyA-MpblyT mixture;
- PolyG-NH: (probes) with polyC (targets), named as polyGzNsblyC mixture.

The concentration of each polybase has been viaosdl to 100 pM. The polybases were diluted in
the same optimized grafting solution of monobasidism phosphate as described in chapter 5. The
immobilization process of the mixture solution dapthe Ag°/TiQ surface was carried out just after
mixing, using the same direct procedure as destribehapter 5. All the mixture experiments and

concentration conditions are summarized in Takde 6-

Mixture Polybase Sequences Concentrations (UM)

PolyA-NHz+polyT PolyA-NH 5 NH2 T5-A15 3 1, 5, 10, 50, 100
PolyT 5'T203 1,5, 10, 50, 100

PolyG-NH+polyC PolyG-NH 5 NH2 T5-G15 & 1,5, 10, 50, 100
PolyC 5' T5-C153 1,5, 10, 50, 100

Table 6-3: Summary table of oligonucleotides segegmvith different concentrations used in the
described mixture experiments.

2.3 General experimental features

It is important to recall again that, in the follog, we always respected equi-molar proportiongHer
two pairs of polybases (polyA-Ntdnd polyT polyG-NH; and polyCjn both mixture and hybridization
experiments.

The SERS spectra were collected using the Ramapragnt, described in chapter 5, using the red line
(632.8 nm) of a He-Ne laser. For each experimentpaprevious probe polybase characterization, we
systematically investigated two different 100 x 100¢ areas of a same 7x7 mrsubstrate and six

spectra were collected in different places of gacied area.

3. Results

3.1 Equi-molar polyA-NHz+polyT mixture vs. hybridized polyA-NH: * polyT
Similarly to the study of polybases alone (chag@grwe will first focus on the SERS spectrum
indexation of the polybase mixtures and hybridigelybases for a fixed concentration qfid for each
polybase. The choice of this concentration valugaised on our previous results which systematically
showed a maximum of intensities in this range ofoemtration. Then in a second step, we will focus

on the influence of the concentration on the intgrieehavior of several important bands.
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3.1.1 Indexation of SERS spectra at fixed concentration

PolyA-NHz+polyT mixture:

A typical SERS spectrum of polyA-NHpolyT mixture is shown in Figure 6-2 a. The entire
characteristic bands of polyA, NHhodified or not, have already been detailed irtisec3.2.1.1 of
chapter 5. Thus, here we only recall the indexatibsome of them. The dominant sharp band at 735
cmt is attributed to the in plane ring breathing m@dRRBM) of adenine, while a less intense multi
component band centered in a range of 1320 - 1880 is attributed to the mixed in-plane stretching
mode of the ring skeleton (Table 5-3, chapter 5.0 observe a very weak band located at 790 cm
! Its indexation can be debated since the thynmingghreathing mode is located at this wavenumtser, a
well as one of the out of plane vibration modegaaénine (see table 5-3). As a result, this weak pea
can be either attributed to polyA-Nidr to polyT. Remarkably, this mixture spectrumeasy similar to
that of polyA-NH alone (Figure 5-10 a, chapter 5). This suggests tinder our experimental mixture
conditions, the polyT creates very weak spectraiuiees in SERS spectra. This will be discussed late

in the chapter.
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Figure 6-2: SERS spectra of equi-molar polyA-MpblyT mixture (a) and hybridized polyA-
NHzepolyT (b) obtained for fblyA-NH = CpolyT=5 UM.

Hybridized polyA-NH:* polyT:

A typical SERS spectrum of hybridized polyA-MHolyT is shown in Figure 6-2 b. Surprisingly, the
spectrum is largely dominated by the adenine 133BXm! multi-component band attributed to the
mixed in-plane stretching mode of the ring skeletanile the 735 cni IPRBM band of adenine isuch
less intense. This inversed intensity ratio betwiben735 and 1330 chbands will be discussed later
in the chapter. Besides, and compared to the neixdpectrum of Figure 6-2 a, the 1320-133¢ trand

is dramatically enhanced at two levels, intensitgl aidth, and reveals several satellite bands asgch
the far 1402 cnone of adenine. Finally, another well resolved batricP6 crtt is clearly distinguished,

which is attributed to the in plane ring breathiigration of thymine (see Table 5-3). As a result,
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contrary to the spectrum of the polyA-dtbolyT mixture, this spectrum exhibits the clegnsitures
of both polyA-NH and polyT. This feature, added to the strong ecérment of the 1320-1330 ¢m
band of adenine, seems to characterize the hybdginlyA-NH-epolyT double-strand. This enables us
to confirm that the hybridization reaction betwele polyA-NH probes immobilized on the Ag°
surface and the polyT targets has taken place hwhinot the case in the polyA-N+polyT mixture.

3.1.2 Influence of the concentration

In the previous chapter, we have evidenced a coratem dependent intensity of the IRPBM of
polybases in the presence or absence of terminalgistip. In the present case, for comparison, we
have plotted the evolution of the 735 €fRPBM intensity of the polyA-Nkas a function of the polyA-
NH. concentration in solution, for both polyA-NHpolyT mixture and hybridized polyA-NdspolyT
(Figures 6-3 a and b, respectively). Striking defeces can be observed, which are detailed in the

following.

PolyA-NHz+polyT mixture:

In the case of polyA-NkK-polyT mixture, the 735 crhband intensity is clearly concentration-dependent
(Figure 6-3 a). An optimum concentration yieldinghaximal intensity is clearly observed between 5
and 10 pM. Such behavior is remarkably similarat of polyA-NH alone (Figure 5-9a, chapter 5),
and by extension, to all the studied MNiodified or not polybases.
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Figure 6-3: Intensity evolutions of the 735tim plane ring breathing vibration band of adenia
function of the polyA-Niconcentration in the case of (a) polyA-NidolyT mixture and (b)
hybridized polyA-Nkt polyT.

Hybridized polyA-NH: * polyT:

In the same range of concentration, the trend obthin the case of hybridized polyA-BHdolyT is
clearly different from the previous one (Figure &3 This trend depicts a continuous decreaseeof th
intensity when increasing the concentration, wittmaximum intensity observed at the lowest
concentration, i.e. M. It is striking thatthe trend observed in all the cases of polybaseseaknd
then repeated in the case of polyA-NHolyT mixture (Figure 6-3 a), does not appearhia tase of
hybridization (Figure 6-3 b). As a result, the SE&@nal of hybridized polyA-NktpolyT is very
pronounced particularly at relative low concentmati(i.e. C = 1uM). This improved detection
sensitivity at low concentration upon hybridizatioray be explained by a particular surface packing

density model, which will be discussed later.
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Besides, we have studied the evolution of the 1388/ 735 cm! adenine bands intensity ratio as a
function of the polyA-NHconcentration. The intensity ratio values are reggbm Figure 6-4 for the
two studied cases: hybridized polyA-MdolyT and polyA-NH+polyT mixture. For comparison, we
have also reported the values obtained from polyfpblybase spectra (after Figure 5-6 of chapter 5).
Several observations can be made. On the one matitg case of both polyA-NHalone and polyA-
NHz+polyT mixture, the intensity ratio values are samiand remain constant (0.6 £0.2) within the
whole range of tested concentrations. This sintylazonfirms the previous result according to which
the polyA-NH+polyT mixture behaves like polyA-NHalone, meaning that the SERS detection of
polyT in the mixturaés negligible. On the other hand, for hybridizedypoNH 2polyT, the ratio values
exhibit a strong concentration dependence. The ratireases from 1.2 to 2.9 when increasing the
concentration from 1 to 50 uM, and then suddenbpsdrto 1.4 for a concentration of 100 uM. This
complex trend has not been explained yet but, yjicases, the values are systematically higherttie@n
0.6 ratio depicted for polyA-NipolyT mixture and polyA-Nklalone. This systematic difference is
an additional feature which re-enforces the effectess of the hybridization resulting in an enhédnce

intensity of the 1330 crtband regardless of the concentration.

W PolyA-NH_+polyT mixture
6 B Hybridized polyA-NH,z polyT
[ PonA-NH2
5_
E 4+
O
s,
1)
-
= 3 [ ]
£
o
o 24
%)
™
— ]
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0 T T T T T T T T T
1 10 100
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Figure 6-4: 1330 cmi/ 735 ciit SERS intensity ratio as a function of polyA-NBncentration for
mixture, hybridized, and polyA-NlHdlone.

3.1.3 Discussion

The clear differences observed between the SER&rapef hybridized polyA-NkppolyT and the
corresponding polyA-Nbr-polyT mixture open the way to a discussion. Fws, will compare and
discuss the hybridized double-strand spectra wighspectra of single strand polybases, i.e.polyA-NH

alone, polyT alone, and their mixture, obtained dssame concentration (5 uM). All corresponding
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spectra are compiled in Figure 6-5. Then, we wiltHer investigate the different trends observed in

concentration-dependent SERS intensities.
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Figure 6-5: SERS spectra of polyA-N&hd polyT alone, as well as their equi-molar pelyA; +
polyT mixture and their hybridized polyA-bitpolyT pairs, obtained for galyA-NH = CpolyT= 5 uM.

3.1.3.1 PolyA-NH2+ polyT mixture at fixed concentration: competitive adsorption
mechanism

As already mentioned, the spectrum of the polyA-NdlyT mixture is similar to that of polyA-NH
alone and, when comparing both spectra with theobpelyT alone, we observe no significant signatur
of polyT in the mixture spectrum. This feature ntighsult from the weak Raman cross section of
thymine [1], but this assumption is denied by titemse SERS spectra of polyT presented in chapter 5
Thus, it is assumed that the absence of thymind bathe mixture spectrum rather suggests that a
mechanism of competitive adsorption exists betwesdnwA-NH, and polyT upon their immobilization
on the Ag° surface. According to this mechanism, gblyT adsorption on the Ag® surface would be
hindered, resulting in a predominance of adsorlmgAsNH: at the Ag® surface. This would explain
why no signature of polyT is observed in the poMA>+polyT mixture spectrum. This hypothesis is
re-enforced by some studies in the literature, tvisicow that the different bases interact diffesentl
with metal (Au in this example) surface. Notablyrers et al. revealed that there are major difteen

in the binding affinities of the different basesdold surface. From reflection—absorption infrared
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(RAIR) spectroscopytudies, they deduced different values of desangtieats AHgdesin KJ/mol) for
each base: for thymindHges= 111 £ 2 kd/mol, and for adeningtHges= 131 + 3 kJ/mol [2]. In other
words, the less the energy of desorption, the tesdase is adsorbed on the surface, showing that
thymine is less adsorbed on Au surface than ademhie feature is in agreement with our hypothesis.
Besides, since adenine (as well as guanine) basse$s the largest number of available N atoms for
binding with Ag® surface (Figure 5-16 in chapteribjs reasonable to assume that adenine hadastig
affinity for Ag°® over thymine. To resume, in ourseaof polyA-NH+polyT mixture, the differences
between adsorption affinity may lead to a competitadsorption behavior between polyA-Néhd
polyT upon their immobilization on the Ag° surfacghich would result in a strongly enhanced
adsorption of polyA-NH on the Ag° surface, leaving little or no adsorptigpace for polyT. A
consequence of such finding is that the Raman ba@@0 crrt in the mixture spectrum (Figure 6.2a

and 6.5) should be rather attributed to adeniredtht of plane vibrational band) and not to thymine

3.1.3.2 Hybridization features

a/ Hybridization feasibility

Having established a competitive adsorption moad¢he case of polyA-Nit+polyT mixture, we now
investigate the behavior of double-strand polybasdke case of in-situ hybridization. Before going
further, let us recall that, in standard DNA molesy the specific recognition between adenine and

thymine bases is carried out through the estabbstimf two hydrogen bonds between some specific N

shown in Figure 6-6.

Figure 6-6: Schematic representation of the tworbgdn bonds between specific atoms of adenine
and thymine.

To the best of our knowledge, no publication repam the expected SERS spectra in iousitu
hybridization case, where a polyA-Mebvered Ag® surface is submitted to an aqueousTpadyution.

So, in the absence of reference data, our probiensato prove that hybridization has actually take

157



place. That is why, by comparing the SERS spedtnaotyA-NH2+polyT mixture with the one of
hybridized polyA-NHepolyT, we have attempted to identify the specHERS features demonstrating
hybridization and to deduce from SERS spectra timfocmation of the chain and bases relatively to
the Ag° surface. As explained before and illusttate the Figure 6-5, the spectrum of polyA-
NHz+polyT mixture exhibits a very weak band located@® cm', which is attributed to adenine. In
contrast, in the case of hybridized polyA-MpbIyT, the typical IPRBM band of thymine is clearl
distinguishable at 796 cin So, there is no doubt that this feature evideticesffective presence of
polyT in the case of hybridized polyA-N#bolyT. Compared to the spectrum of polyA-MpolyT
mixture, which was featured by the lack of polyh8athis result shows that polyT is actually présen
at the Ag° surface and should be strongly bountié@adenine bases through the specific hydrogen pai
bonds, as described in Figure 6-6. This importastult confirms the feasibility of a hybridization

process, which takes place during the incubatiep &ne night) on the Ag° surface.

The other significant difference between the spectrpolybase mixture and hybridized polybases is
the dramatic enhancement and the width of the addmand at 1320-1330 drfFigure 6-2 b). This
large band combines many peaks corresponding terelitt in plane vibrations of both adenine and

thymine (see table 5-3, chapter 5):

- 1330 cnt, attributed to the in plane ring skeleton vibrat{ootably the stretching of C5-N7
and N1-C2, bending of C2-H and C5-N7) of adenine;

- 1380 cnt, attributed to the in plane bending of C5-Me gfrtiine;

- 1402 cm', attributed to the in plane vibration of adeninetébly the bending of C2-H and
the stretching C8-N7, N1-C2).

The enhanced SERS detection of all these vibmisoggests some specific connections with the Ag°®
surface during hybridization such as NeineAg, CHshyminey~ Ag, as it will be detailed in the

following.

b/ Orientation features

As discussed in chapter 5, the preponderant pres#noany in plane vibration bands characteridtic o
adenine (Figure 5-10) and thymine (Figure 5-13gddition to the weak out of plane vibration bands,
demonstrates that the individual adenine and thgrbamses are mainly oriented perpendicularly to the
Ag°® NPs surface [3, 4], which indicates in turnlat £onformation of derived polybases on the Ag°
surface before hybridization (Figure 5-18, chaf¢r Since in plane vibration modes are also
preponderant after hybridization, it seems readent assume that single strand polyA-Néan
hybridize with polyT under flat conformation, atudtrated in Figure 6-7. Similar deductions were

reported by Schreiner et al., who have confirméldtaconformation of polyA (A15) on an Au surface
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before and after hybridization with polyT (T15)0Rr XPS and SPR experiments, the authors presented
a direct evidence that hybridization can occur @/éme DNA probes (A15) are in a directly-adsorbed

(flat) conformation [5, 6], which is in completeragment with our finding.

PolyA-NH,

N

PolyT

Figure 6-7: Formation of hybridized polyA-N#golyT on the Ag® NPs surface. The polyA:i¢H
immobilized on the Ag° NPs surface in the knowriaramations (lying flat), and then hybridization
takes place on the Ag° surface and yields to thubléshelix lying flat on the Ag°® NPs surface.

¢/ Immobilization features

Having established the flat hybridized moleculefoamation on the Ag° surface, we can now go further
by proposing a tentative description of the immiabtion process for hybridized polyA-N#polyT.
According to our previous studies before hybridat the polyA-NH single-strand are adsorbed on
the Ag° surface possibly through four internal Nmas of the bases, i.e. N1, N3, N7, andNHFgure
5-16, chapter 5). Upon hybridization with polyT awf the four internal N atoms, i.e. N6 and N1, avhi
originally interacted with the Ag° surface beforgbhdization, can now be involved in the hydrogen
bonding (Figures 6-6 and 6-8). It means that, dumcubation, the bonding between adenine and Ag°
surface is disrupted to form the specific hydrodgmding characteristic of the hybridized bases:
N6(adenineyrsH+=Ohymine) @Nd Nlagenine)+-H+N3(tnymine) (Figure 6-8). Therefore, these N6 and N1 are
probably no longer in the proximity of the Ag® sagé but, intern N7 atoms, which are clearly not
engaged in the hydrogen bonding upon hybridizatioe,now more available to interact with the Ag°®
surface (see the green arrow in Figure 6-8). Rimpresence of a highly enhanced band at 1334 cm
in the adenine molecules SERS spectrum, Watanabledetduced that the adsorption of single adenine

molecules takes place preferentially through theogen atom N7 of the structural ring [7]. This
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conclusion was based on the assumption that thé imtesse band of the SERS spectrum originates
from the corresponding atom directly adsorbed erstirface. Otto and co-workers, however, proposed
a slightly different theory. They declared that raifton enhancement originates from the closest
proximity of corresponding atom from metal surf§&} which indicates that the direct contact betwee

the corresponding atom and metal surface is no¢ssecy. If we combine the features from both

Watanabe and Otto, it is reasonable to assumeithatir case, the hybridization behavior brings the
internal N7 atoms of adenine bases into a closeipity of the Ag° surface, and even gives them the

possibility to directly interact with the Ag°® suda

% n
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Figure 6-8: Schematic representation showing irailethe hydrogen bonding between polyA and
polyT single strand pairs and the proximity of aderN7 atom to the Ag® surface (green arrow).

Thus, through a mechanism which still requiresifi¢ation, we assume that the formation of hydrogen
bonding through N1 and N6 atoms of adenine withNhend O atoms of thymine upon hybridization
makes both kinds of atom moving away from the Agface, but brings the N7 atoms of adenine into
a closer proximity of the Ag® surface (as illustiéhin Figure 6-8), inducing an enhanced SERS detect
of hybridized polybases. These changes accompatlyenbybridization are unambiguously reflected
in the SERS spectra through the dramatically erddradenine band at 1320-1330%cand the

appearance of a thymine band at 796'cm

d/ Summary

Given the significant differences in SERS specatavken single strand polyA-NHyolyA-NHz+polyT
mixture, and hybridized polyA-NidpolyT, the changes accompanying the hybridizat&ftected in
SERS spectra are important enough to clearly ifjethie hybridization effect via SERS spectroscopy.
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As a result, we can therefore not only confirm fisasibility of hybridization under our experimental
conditions, but also tentatively establish the oomfation and immobilization features of hybridized

polyA-NH. +polyT on the Ag° surface.

3.1.3.3 Concentration-dependent SERS intensity

a/ PolyA-NHz+polyT mixture

As illustrated in Figure 6-3 a, the polyA-MHpolyT mixture behaves like the polyA-NHalone,
regardless the concentration, because a compatitdadhanism leads to the preferential adsorption of
polyA-NH. on the Ag° surface. Besides, in the case of polyAx-ipolyT mixture, we have formally
excluded the adsorption of hybridized pairs andchated that only polyA-NH is adsorbed. This
conclusion is re-enforced by the study of Brabealetvho showed that the duplex, which might be

eventually found in the mixture solution, has ayMew probability to adsorb on the Ag® surface [9].

b/ Hybridized polyA-NHz* polyT

As detailed in section 4.2 of chapter 5, our stpdyformed on the immobilization of single strand
polybases on the Ag® surface as a function of mdghbconcentrations enabled us to propose a probe
grafting model. This model describes the differdistributions, orientations, and packing densitiés

the polybases on the Ag° surface, as illustratdddgnre 5-18 of chapter 5. Starting from this maated

from the concentration dependent SERS intensitatians in the case of hybridized polyA-hHdolyT,

we can now propose a new model based on the piewvioe in order to describe the organization and
surface packing density of hybridized moleculegtanAg°® surface. We remind that three domains of

concentrations could previously be distinguishedte polyA-NH probes alone.

* The first one corresponds to the medium conceotratinge of polybases (C= 5-i4), in
which it is believed that the single strand polydsaform a homogeneous 2D monolayer on the
Ag° surface.

» The second one corresponds to the low concentnatiage (around M), which yields a weak
coverage of the Ag® surface by polyA-NH

* The third domain corresponds to the high concantratinge (around 10@M), which leads to

heterogeneously distributed 3D aggregates of pOiyh-

Let us recall that, in contrast to the medium coitregion range, both latter concentration rangdgde
SERS spectra of weak intensity and poor reprodiitgibiln the following, we propose a hybridization
model, which describes the packing density andasartoverage in each of these three concentration

domains, as illustrated in Figure 6-9.
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TiO,
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TiO,
Si Substrate

TiO,
Si Substrate

. PolyA-NH, (probe)
~~ PolyT (target)

Figure 6-9: Schematic hybridization model depictihg hybridization efficiency according to the
surface distribution of polybase probe arising frtimee concentration ranges of polybases. For the
lowest concentrations (C ~iM), loosely distributed probe polybases enable adgaybridization
efficiency (a), for the medium concentration rage0u«M), a homogeneous 2D monolayer of probe
polybases leads to a lower hybridization efficie(i), for the strongest concentrations (C ~ L840,
due to some heterogeneous 3D aggregation, thadigétion efficiency is the lowest (c).

Low concentration range

In this concentration range, we have shown thapthbe polybases are loosely distributed on the Ag°®
surface, leaving free spaces between immobilizé&gphNH .. These spaces can in turn be filled by the
polyT target polybases, which should allow an éfit hybridization with the probe polybases (Figure
6-9 a). Such improved hybridization efficiencyatscompanied with a highly enhanced intensity of the
adenine IPRBM at 735 chas seen in Figure 6-3 b for a concentration pk1l It is thus reasonable
to assume that the “optimal” grafting density foe polyA-NHepolyT hybridization corresponds to the
lowest probe concentration in solution( in this work), which is very different from thease of

single strand polyA-NEdetection, where an optimal concentration valudding maximal SERS
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intensities was observed between 5 angIO(chapter 5). In other words, at concentratiorsiad 1
uM, the SERS intensities of polyA-NHalone are rather weak, while they appear optimathe
hybridized state. As a result, the detection setgiof hybridized polybases seems superior td tia
single strand polybases. Such finding is promisinge it opens the way for further SERS detection o

hybridized molecules at much lower concentrationsalution.

Medium concentration range

In the case ofa homogeneous 2D monolayer of polyA-NHrising from the medium concentration
range (5-1QuM), the probe polybases are more or less tightbked, leaving very few space between
the immobilized polybases (Figure 6-9 b). Consetiyeih may be difficult for polyT to penetrateeh
2D layer and to efficiently hybridize [10], whiclesults in a decreased hybridization efficiency
compared to the low concentration range and lBa8&RS spectra of weaker intensities as illusdrate
in the Figure 6-3 b.

High concentration range

At strong probe concentrations (>>{1/), the probe polybases are expected to consBtaggregates
heterogeneously distributed on the Ag® surfacéhése conditions, the excess of molecules foraae so
polybases to be vertically oriented on the Ag® acefin an upright conformation. It is assumed that,
when these probe aggregates are exposed to th€ faobets, only very few single strand polybases
(i.e. probably the standing up ones) have the pibisgito interact with their complementary polyless
The rest of probe polybases are densely packedhergdeaving no space for the complementary
polybases, which finally results in a very poor hgltzation efficiency (Figure 6-9 c). It may explai
why at high probe concentration, owing to this pefficiency of hybridization, intensities of dertve

SERS spectra are weak, as shown in Figure 6-3 b.

In summary, this proposed hybridization model dsgtifrom the previously established probe grafting
model can fully describe the evolutions of the SER&nsity (735 cmband) as a function of the probe

polybase concentration.

3.1.4 Summary

For both studied cases, polyA-hHpolyT mixture and hybridized polyA-NiepolyT, a thorough
investigation of the SERS spectra has been perfyrfinst at fixed concentration and then as a fiomct

of the concentration. The main important resulésthe following:
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* In the case of polyA-NKH-polyT mixture, there is no signature of polyT e tspectra and, the
spectral behavior of polyA-NHpolyT mixture is nearly similar to that of polyAHN alone.
Such behavior is re-enforced by identical trendthan SERS intensities as a function of the
polybase concentration in solution. Thus, regasdkd® concentration, it is inferred that a
competitive mechanism between polyA-N&hd polyT leads to the preferential adsorption of
polyA-NH- on the Ag° surface.

* In the case of hybridized polyA-NkpolyT, we observe clearly the SERS signature dfho
This latter is linked to polyA-NHthrough two specific hydrogen bonds. Remarkablg, th
adenine band at 1320-1330 tns dramatically enhanced leading to a 1330¢m35 cmt
intensity ratio which is inversed compared to thgecof polyA-NH+polyT mixture. This result,
in addition with the presence of some very weakaobyiane vibration bands, indicates that the
hybridized polyA-NHepolyT chains are mostly lying flat with their baserientated
perpendicularly to the Ag® surface.

* The clear differences in SERS spectra between pbli#a+polyT mixture and double strands
hybridized polyA-NHepolyT provide compelling evidence that the hylzétion of polyA-NH
with polyT has taken place.

« Finally, the behavior of SERS intensity (735 thand) as a function of concentration in the
case of hybridized polyA-NipolyT enables us to propose a hybridization mdeelved from
the previous one concerning the probe polybaseoiiired on the Ag® surface. According to
this hybridization model, the best hybridizatiofi@éncy is encountered at the lowest probe
concentration (uM). Accordingly, an optimal surface packing dendity hybridization is
found at 1uM, at which the hybridized double strands are nyaiging flat and form a

homogeneous layer on the Ag° surface.

3.2 Equi-molar polyG-NH:z+polyC mixture vs. hybridized polyG-NH: epolyC

In order to support the conclusions drawn from3BE&RS spectra of polyA-NHvith polyT pair, in this
section, we study the pair polyG-Nkith polyC in both cases @i situhybridization and mixture. The
comparison of the different SERS spectral featbedaeen the both cases will be emphasized in order

to validate the feasibility of aim situ hybridization of this new pair.

3.2.1 Indexation of SERS spectra at fixed concentration

Similarly to the case of polyA-NHand polyT pair, we firstly detail here the SER8a&pum indexation

of the mixture and hybridized states for a fixedantration of M. The corresponding typical spectra
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of polyG-NH. with polyC in mixture, as well as after hybridimat, are presented in the Figures 6-10 a
and b, respectively.
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Figure 6-10: SERS spectra of equi-molar polyGMNbblyC mixture (a) and hybridized poly-
NH2+polyC (b) obtained for polyG-NH= CpolyC=5 puM.

PolyG-NH: + polyC mixture:
The mixture spectrum is clearly dominated by sdwdraracteristic guanine bands (Figure 6-10 a). The
most intense band, located at 656%ms attributed to the in plane ring breathing m¢dRRBM) of

guanine nucleobase (see Table 5-3, chapter 5)orparison, the in plane ring breathing mode of
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cytosine at 792 crhis wide and exhibits a weak intensity. At higheguencies, ranging from 1200 to
1500 cmt, the spectrum exhibits a group of marked guanarelb, with a dominant band centered at
1328 cm' being surrounded by two other bands at 1295 amd at 1385 crh All three bands are
attributed to in plane stretching modes of guaniitns.worth pointing out that this mixture spectrus
quite similar to that of polyG-Nkhlone (Figure 5-12 a, chapter 5), in spite of sartensity variations

of several bands in the high frequency region. Aeptobservation is that, under our experimental

conditions, the intensity of the IPRBM of guaniseclearly superior to that of cytosine.

Hybridized polyG-NHz*polyC:

Surprisingly, in the spectrum of hybridized polyGiMpolyC, the most intense band of the spectrum at
792 cm' is assigned to the IPRBM of cytosine (Figure @).0in comparison, the IPRBM of guanine
centered at 656 cmis wide and about half less intense. It appears @®mbination of several
components located at 688 ¢fattributed to the out of plane bending mode obsiyte, see Table 5-3
of chapter 5) and 700 chiattributed to the in plane bending mode of guansee Table 5-3),
respectively. A weakly intense and wide band latate 735 cn is attributed to the out of plane
deformation of guanine. At higher frequencies (32600 cm'), several intense bands can also be
observed. Their indexation can be debated, sincg ©tzaracteristic bands of both cytosine and guanin
are possibly superimposed in this region. One shamgl of guanine is clearly distinguishable at 1532
cntl, which is attributed to the in plane stretchingsfC and N3-C4 (Table 5-3). Globally speaking,
the clear appearance of cytosine and guanine dkasdic bands indicates that both polyG-N&hd
polyC are present at the Ag° surface and that yteidization probably takes place. It is also worth
pointing out that, compared to the polyG-MgdolyC mixture spectrum, the group of intense baatds
high frequencies (1200-1500 djris highly enhanced in the case of hybridized @elyH,+polyC. This
trend is rather similar to the case of hybridizet/p-NHzpolyT (Figure 6-5). Let us recall that in the
latter case, the band centered around 1320-1330(omxed in-plane stretching) was dramatically
enhanced at two levels, intensity and width, dugrigntation and conformation changes accompanying
the hybridization process. In summary, the diffeemnbetween the polyG-N#HpolyC mixture and
hybridized polyG-NHepolyC are clear, here again providing compellinglence that hybridization

has taken place under our experimental conditions.

3.2.2 Influence of concentration

As for the case of polyA-NH polyT pairs, the intensities of the main guarbaad at 656 cii(IPRBM)
have been plotted as a function of the polyG:Bdhcentration in solution in the mixture case (Fégu

6-11 a). However, unlike the previous study, wendbreport the intensity evolutions of this IPRBM i
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the case of hybridized polyG-N#bolyC, since related intensities were rather waaé difficult to
estimate (Figure 6-10 b). Instead, we have plottieel intensity evolutions of the polyC band at 792

cm! as a function of the concentrations, since ithis most distinct band in the SERS spectra of
hybridized polyG-NHepolyC. (Figure 6-11 b).
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Figure 6-11: Respective intensity evolutions ofr@aman band as a function of the concentration in
solution: 656 cm band for polyG-Nk#polyC mixture (a), and 792 chband for hybridized polyG-
NH.e polyC (b).

PolyG-NH: + polyC mixture:

The intensity evolutions of the typical guanine thah 656 cnt is clearly concentration-dependent, as
seen in Figure 6-11 a, and an optimal concentragfelding a maximal intensity is observed arod:@d
MM. Such trend is rather similar to that obsenadlie different studied single strand polybasesa|
NH.-modified or not (chapter 5), as well as in theecabthe previously studied polyA-NHpolyT

mixture (Figure 6-3 a).
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Hybridized polyG-NHz*polyC:

As previously mentioned, the cytosine band at 782 s the most intense band in the spectrum of
hybridized polyG-NHepolyC. As can be seen in Figure 6-11 b, this bartibits a moderate
concentration-dependent intensity. For this banthaaimal intensity is observed within an optimal
concentration range of 10-5M. Let us point out that, even at relative low cemication (C = JuM),

this intensity remains important and is much higivan that obtained in the mixture case for a same
concentration (Figure 6-11 a), similarly to theecaghybridized polyA-NkEepolyT (Figure 6-3 b). This
result confirms that the detection sensitivityigm#icantly improved in the low concentration ramnig

the case of hybridized polybases compared to the abmixtures and polybases alone.

3.2.3 Discussion

In this section, following the same methodologyttzet employed for polyA-NE/ polyT pairs, we
analyze now the results obtained for the hybridigetyG-NHpolyC and its corresponding polyG-
NHz2+polyC mixture. First, we compare the hybridizedble strands spectrum with the spectra of single
strand polybases, polyG-NHdlone, polyC alone, and their mixture, at a sammeentration of JuM.

All corresponding spectra are compiled in Figur&26-Then, we analyze the trends observed in the

concentration-dependent SERS intensities for biitiesd cases, mixture and hybridized.

3.2.3.1 PolyG-NH: + polyC mixture

As can be seen in Figure 6-12 in the mixture ciee SERS spectrum is dominated by characteristic
guanine bands, notably, the IPRBM at 656'cExcept one wide and weakly intense band at 792 cm
there is no significant feature of polyC. As pmsly discussed for polyT, this feature might be tu

the low Raman cross section of this polybase [ai,this assumption is denied by the intense SERS
signal of this polybase alone, as presented inteh&p Thus, here again, we infer that a competitiv
mechanism between polyG-Ntdnd polyC leads to the preferential adsorptiogu#Enine. Indeed, as
already discussed in the case of polyA-MpblyT mixture, both polybases exhibit differensatbtion

affinities to the metal surface.
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Figure 6-12: SERS spectra of polyG-Nahd polyC alone, as well as their equi-molar poli&; +
polyC mixture and their hybridized polyG-b4golyC pairs, obtained for golyG-Nm= CpolyC=5 puM.

Let us cite again Demers et al., who have repanetthe binding affinities of the different basegid
related to their desorption heatldqes Since the\Hqesvalue for cytosine(129 £ 4 kJ/mol) is weaker than
that for guanine (144 + 2 kJ/mol) [2], it can bencluded that cytosine adsorbs less than guanine, in
agreement with our observation from SERS spectesid®s, another important factor may influence
the observed variation in affinities, which is thenber of available N atoms constituting the indiil
bases and involved in the binding with the Ag° acef Actually, it is not surprising that polyG-dH
presents a higher affinity than polyC, since gnarbiases possess more available N atoms (four) than
cytosine bases (two) (Figure 5-16 in chapter 5).akeady mentioned for the polyA-NHpolyT
mixture, we cannot either completely rule out tlhegibility of a duplex polyG-NkpolyC formation

in the solution. Therefore, the polyG-hH polyC mixture spectrum may not be simply a corabon

of both single strand polybase features, but msy mclude the features of polyG-bdolyC duplex.
However, given the fact that we observed a rativailas concentration-dependent trend in SERS
intensities of the polyG-N#tpolyC mixture (Figure 6-11 a) and the polybases@l(chapter 5), it is
likely that the polyG-NHt+polyC mixture follows a behavior similar to thétmlyG-NH, alone and

that no hybridized molecule is present at the Agfage. This last assumption is reinforced by some
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published studies showing that the adsorption giekes is much lower than that of any individual
homo-oligonucleotides [11]. Finally and importantly striking similarity in the behavior between
polyG-NHx+polyC and polyA-NH+polyT mixtures should be emphasized. In each @asempetitive
mechanism takes place, which impinges the adsorpfipolybases showing the weakest affinity with
the Ag° surface (polyC and polyT) and leads togtelominant presence of polyG-biiH the former
mixture and polyA-NHin the latter one.

3.2.3.2 Hybridization feasibility and immobilization features:

As illustrated in the SERS spectra of Figure 6th2,differences between polyG-hHbolyC mixture
and hybridized polyG-NkpolyC are clear. For the mixture, the spectradareinated by characteristic
guanine bands while, for the hybridized pair, theshintense band at 792 2ns attributed to cytosine.
These differences show that both polyGN#d their complementary sequences polyC are grasen
the latter case, which indicates that polyG-Ntdn hybridize with polyC under our experimental
conditions. The specific recognition between G @nariginates from the formation of three hydrogen
bonds, involving 2 N and 1 O atoms of each base,Qguaniney-H++ NH2 (cytosine) NL(guanine)=-He+ N3

(eytosine) @Nd NHguanineyH++Ocytosine) @S can be seen in Figure 6-13.

Figure 6-13: Schematic representation of the thrgdrogen bonds between specific atoms of guanine
and cytosine.

Another interesting feature relies on the fact,théile the in plane vibration modes are mainlyedetd

by SERS, we also observe the appearance of weghang bands (i.e. a band at 735dior guanine,
and the one at 688 chiior cytosine) in all the SERS spectra of the stddiybridized pair (Figure 6-10
b). As mentioned earlier and according to SERScHele rules, the predominant detection of the in
plane vibration modes provides compelling evidetiad the hybridized pairs are mainly in a flat
conformation on the Ag° surface, similarly to these of hybridized polyA-Nk+ polyT illustrated in
Figure 6-7, but we cannot either exclude someitit®lecules inducing the presence of weakly intense
out of plane bands. It is important to recall tliatmpared to the mixture spectra, several bandighat
frequencies (i.e. in the 1200-1500 €mange) are highly enhanced in the hybridized gdrctra. This
trend is remarkably similar to that observed indase of hybridized polyA-NipolyT. As we already
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discussed in the latter case, the enhancemensityt@f bands at high frequencies, i.e. the barkB30
cm* for polyA-NH,, can be correlated with conformation changes updiidization of polyA-NH
with polyC. According to the great similarity beten trends observed for both studied hybridized
pairs, it is reasonable to assume that the enhamdeof high frequency bands in the spectrum of

hybridized polyG-NHepolyC also originates from conformation changesrupybridization.

3.2.4 Summary

From this study on polyG-NH polyC pairs, several important results have he#ained:

* In the mixture case, the lack of cytosine banchan$ERS spectra demonstrates that there is a
preferential adsorption of polyG-Ntbn the Ag° surface according to a mechanism of
competitive adsorption between polyG-pithd polyC. This result is totally comparable tatha
of polyA-NH>+polyT mixture which indicates the preferential @gition of polyA-NH on the
Ag° surface. The main conclusion is that the polyB-+polyC mixture leads to the presence
of polyG-NH, alone on the Ag°® surface. Besides, the concentratependency of the SERS
intensity for this system is rather similar to tase of the polybases alone showing a maximum
of intensity for a concentration around 10 pM.

* Inthe case of the hybridized polyG-bHolyC, the strong presence of cytosine bands gives
compelling evidence that the hybridization has mak&ace and that the cytosine is probably
bound to the guanine through specific hydrogen boRtdom the enhanced intensity of high
frequency (1200-1500 chh bands, and from the main presence of in pland$jame can also
deduce that the hybridized polyG-bHolyC molecules are mainly lying flat on the Ag°

surface, even if some molecules can also be otashferpendicularly.

4. Conclusion

Specific SERS features of complementary polybags pave been studied to characterizeithsitu
hybridization of polyA-NH with polyT and polyG-NH with polyC. A comparison of the obtained
SERS spectra with those of the corresponding pebytmixtures provides clear spectral differences,
which enable to reliably assess the hybridizateatifres. Remarkably, rather similar results aredou

for both studied pairs, which are summarized infttlewing.

For both hybridized pairs, the unambiguous presefhgolyT and polyC, respectively, is confirmed
which is not the case for the corresponding mixuhe the latter cases, we observed that the naxtur

behaves like the single strand polybases polyA-bitpolyG-NH alone. We suggest that, compared to
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their complementary polyT and polyC moieties, a petitive mechanism leads to the preferential
adsorption of polyA-NHand polyG-NH at the Ag® surface. From this conclusion, we dedhat, in
the case of hybridization, the SERS detection ¢fpand polyC at the Ag® surface is justified bgith
binding with their respective complementary basesugh specific hydrogen bonds. We therefore

confirm that then situ hybridization has effectively taken place.

For both hybridized systems, and more especialtiercase of hybridized polyA-NkpolyT, we have
also observed a strong enhancement in the inteoasitygh frequency bands in comparison with the
SERS spectra of the mixtures and polybases albesetlatter spectra being essentially featured by a
sharp and intense in plane ring breathing modd2BM). The high frequency bands correspond to
many different and individual in plane stretchimgldbending vibration modes. Therefore, in the case
of in situ hybridization, the enhancement of such bands tendsnfirm the changes of orientation and
conformation of the individual bases on the Ag*face. The bases are more engaged in the pairing
hydrogen bonds instead of being connected to tifesAgace through their available N intern atoms,
as it is the case for polybases alone. Besidesn#jer presence of in plane vibrations with onlynso
weakly intense out of plane modes tends to prbaethe hybridized molecules are mainly lying flat

on the surface, similarly to polybases alone.

Finally, a decreasing concentration dependendeeoBERS intensity is found in the case of hybridlize
polyA-NHzepolyT. This trend has not been confirmed in thgeoaf hybridized polyG-NgpolyC. But,

for both hybridized pairs, a greater SERS intensigbserved for the lowest concentration studee h

(C = 1 uM) compared to the non-hybridized cases. To expthia trend, we have proposed a
hybridization model derived from the previous prgjafting model detailed in chapter 5. According to
this hybridization model, the hybridization effingy differs in the three domains of concentrations
studied here according to the different surfaceecages and packing densities of the polybase probes
on the Ag° surface. Notably, in the lowest concaitn domain, the hybridization efficiency is the
highest. Further experiments should be performedunh lower concentration domains to investigate
the sensitivity and to assess the detection lirhibwr Ag°/TiO, heterostructure toward the SERS

detection of hybridized DNA molecules.
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Conclusion

The goal of this thesis work relies on two impottparts.

i/ The first part deals with the investigation me&w approaches, aiming at improving the uniforroity
an Ag°/TiG heterostructure elaborated by a low cost and tyote process. Notably, the photocatalytic
reduction parameters leading to the Ag°® NPs grantist be clearly defined and controlled in order to
optimize the derived SERS substrate performandes.ififluence of these parameters on the Ag® NPs
characteristics, such as morphology, size, sud#tdgbution and density, is crucial for both theRsS
activity and the detection performances of thefptat in terms of reproducibility, durability, setisity,
and reliability. This study constitutes the firshim objective.

iif The second part deals with the extrapolatibths new type of substrate for the label-free SER
detection of DNA molecules. Before considering greblematic of SERS detection of multi-base
hybridized DNA molecules, it is essential to impeathe reliability of SERS detection on “simpler”

single-base DNA molecules. This aspect constitiitesecond main objective of this thesis.

As a first issue to address, the formation of Adg®sNhas been studied through a chemically assisted
photocatalytic reduction process on the surfaceobfel deposited Ti©thin films exposed to UVA
light, in order to propose a low cost liquid satutielaboration procedure of SERS substrates. Bifter
characterization methods have been used to aseesthl chemical assistance of the photocatalytic
reduction process allows an enhanced uniformitthefAg® NPs depositiofiri-sodium citratTSC)
firstly enables a considerable reduction in the lRsvth kinetic and favors the dispersion of rather
small and uniform NPs but, when these NPs are depaa great amount, they tend to heterogeneously
aggregate at the substrate surface. Secondly,canbésacid (AA)-assisted seeded growth procedure,
by allowing a self-controlled growth-aggregatiorgess relying on Schottky barrier effects, enables
the formation of a great amount of NPs uniformlg@gated. Moreover, various combinations of the
seed amount and UVA exposure duration enable gxthetly control the amount, aggregation state,
and size of deposited NPs. These uniform aggregdeséned in this work are highly susceptible to
induce hot spots, thus providing strong local eteoagnetic fields and resulting in a large enhareggm

of Raman signals of the adsorbed molecules.

The SERS performances of the so-obtained Ag%Ti€erostructure have firstly been investigated
through Raman spectroscopy studies using RhodaG@ehosen as a model analyte. The results
confirm that the SERS amplification does not seemntrinsically rely on the shape and size of

individual NPs, but is more probably governed byt Bpots induced by aggregation features.
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Accordingly, the homogeneous aggregation of NPadad by a TSC-based photocatalytic reduction
associated to an AA-based seeded growth leadsotb §BRS performances, 8 EF and a detection
limit of R6G ranging between ¥0and 10°° M, as well as a good reproducibility of the R6GRSE
spectra on rather large substrates. As a resigtcansidered that our SERS substrates are sifflgi
robust and reproducible to be extended to the tieteaf bio-molecules of applicative interest, sash

DNA molecules, whose Raman detection is by faréasy than that of R6G molecule.

Then, we come to the second objective of the thiksigcated to the SERS detection of DNA molecules.
The SERS detection of four single strand DNA posdsa(polyA, polyC, polyG, and polyT), modified
or not with an external NHinker, has first been considered. These polybhags been immobilized
with different concentrations on our Ag°/TAGERS substrate using a simplified procedure ayisom
specific assets of this substrate. Because ofefiieility and efficiency of this platform, we olitad
reproducible SERS spectra for the four DNA polykds@ctionalized or not by a terminal NMgroup.

In particular, the high resolution and signal/nora¢io enabled us to clearly index the main and

secondary Raman lines, even for the polybasesalittv Raman cross section such as polyC and polyT.

Regardless of the polybase type and whether thédbasé was NHmodified, we have emphasized a
polybase concentration dependence of the SERSrapeproducibility and intensity, which shows an
optimum for a 5-1QuM range. This optimal range of concentrations sthatlerefore, be kept for further
applicative researches aiming at the SERS detecfi®dMNA multibase oligonucleotides. The optimum
concentration range was interpreted in terms ofridigion, orientation, and packing density of
immobilized molecules. This study also shows that éxternal Nk linker is not necessary for the
immobilization of the polybases, which can be botmthe SERS-active Ag°® NPs surface through the
internal N atoms. In the optimum concentration egngseems that the polybase molecules undergo a
uniform 2D coverage and a flat orientation relativéhe Ag® surface. From that point of view, ipagrs
that the NH linker acts like an anchoring point keeping ther@Bnolayer in an ordered configuration
on the metal surface. In that sense, the Nther plays, therefore, an essential role in$ERS spectra

reproducibility.

We have then extended our studies to complemehydmydized polybase pairs, polyA-Nivith polyT

and polyG-NH with polyC, obtained aftén situ hybridization. Their specific SERS features haserb
emphasized by comparing the obtained SERS speittréhese of the corresponding polybase mixtures
(not hybridized). Evidences for the determinatibhybridization spectrum features were obtainedhwit
remarkably similar results found for both pairstha case of the two hybridized pairs, the unantaigu
presence of polyT and polyC is confirmed, whichas the case for the corresponding mixtures. In the

latter cases, we observed that the mixtures bdhavihe single strand polybases alone, i.e. paNiA-
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Conclusion

and polyG-NH. Consequently, we suggest that a competitive nmesimaleads to a preferential
adsorption of polyA-NHand polyG-NH at the Ag® surface. In contrary, the observedees of polyT
and polyC in SERS spectra for the case of hybriimavas justified by their binding to their respee
complementary bases through specific hydrogen baxdensequence of these specific bindings is the
change of the base orientation relatively to thé &gface, which resulted in a strong enhancemient o
the high frequency bands in comparison with the SERectra of the mixtures and polybases alone.

Therefore, we confirmed that tiresitu hybridization has effectively taken place.

Besides, the major presence of in plane vibratamdl, along with only some very weak out of plane
vibration bands, tends to prove that the hybridizedecules are mainly lying flat on the Ag°® surface
similarly to single strand polybases. Finally, layying the hybridized polybase concentration, wdato
emphasize a decreasing concentration dependetice SERS intensity, the result being clearer in the
case of polyA-NH with polyT than in the case of polyG-NHvith polyC. Notably, compared to
polybases alone or in mixture, a much higher SER&sity is observed after hybridization for the
lowest studied concentration (CglM). To explain this observation, we proposed a tdjbation model
where the hybridization efficiency differs accomlito the surface coverage and packing densititreeof
polybase probes on the Ag° surface. Accordinglyhélowest concentration domain, the hybridization
efficiency is the highest. Further experiments #thdoe performed at much lower concentrations to
investigate the sensitivity and assess the detetitiot of our SERS substrate toward the detectibn
hybridized DNA.

In summary, this thesis provides an insight on elecyf understanding (how to control surface
architecture), innovation (proposition of a highbliable SERS substrate), and potential application
(DNA molecules detection). A major strength in pooposed Ag°/TiIQ SERS substrate, which differs
from others in the literature, is the controlledriaation of ordered aggregates with enhanced ptiege
Since it still remains a challenging task to ragiliwe the chemical approach to predict/control the
morphology of nanostructures, such organized stracthould find its scope in the area of biosensor
devices. Moreover, the robust nature of our sutestras been demonstrated by its applications herat
complex DNA molecules detection. Methodologies enésd in this thesis not only provided excellent

tool to study but also to improve our understandihPNA-Ag° NPs surface interactions.
In the future, such understanding, innovation, apglication cycle should continue to progress,

promising more advance toward objectives in theicakdiagnostic field. Thus, further works related

to this thesis should address the following items.
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- As the elaboration conditions of our heterosuitetiead to a large variety of NPs Ag° aggregates
morphologies, it should be interesting to study lloese morphologies influence and enable to opéimiz
the SERS detection.

- New experimental studies should be conducteddardo better understand how the data arising from
SERS spectra enable to better understand the ginalirentation, and ordering of DNA molecules on
the Ag°/TiC; heterostructure.

- The first studies on the hybridization of polyba®n our SERS substrate should be continued ér ord
to provide entries for further more complex studlealing with the SERS detection of multibase DNA
molecules and their hybridization.

- These studies on the SERS detection of multibAé& molecules and their hybridization should in
particularly enable to assess essential questi@aling with the potential of our AQ°/TiO
heterostructure in the view of medical diagnosgiplEations, for instance the unique use or relisabi

of the proposed SERS substrates.
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Titre / Title

ELABORATION ET EVALUATION D'UNE NOUVELLE HETEROSTRIWCTURE Ag°/TiQ
DESTINEE A LA DETECTION PAR EFFET SERS SANS MARQUA®'ADN.

ELABORATION AND ASSESSMENT OF A NEW Ag°/TIoHETEROSTRUCTURE INTENDED
TO THE LABEL-FREE SERS DETECTION OF DNA.

Résumé Des substrats SERS, élaborés selon une approupke st a moindre codt, ont été étudiés
pour la détection sans marqueurs d’ADN en vue diegjions dans le domaine du diagnostic médical.
Un protocole de réduction photocatalytique assistémiquement conduisant a des hétérostructures
Ag°/TiO; a été optimisé. Nous avons montré en quoi l'utilisad’'un agent encapsulant et d'une
procédure de nucléation-croissance permettentmtedder la formation et 'agrégation de NPs Agaa |
surface de couches minces TiQ'agrégation contrélée des NPs conduit a destpainauds induisant
une trés forte amplification de I'effet SERS. Lesfprmances des substrats SERS ont tout d’abord été
validées par détection Raman de la molécule mdrig(®. Des études de fond, portant sur la détection
de polybases dérivées des quatre nucléobasesteanstia structure de '’ADN, adénine, cytosine,
guanine et thymine, ont ensuite été réaliséesotentiel de détection des hétérostructures Ag/aio
permis I'indexation quasi-intégrale des bandes Redes quatre polybases étudiées, modifiées ou non
avec des groupements BHet nous a permis de discuter des effets d’acegmehd’orientation et
d’agencement des molécules d’ADN sur les subshfaRS. Des études complémentaires ont finalement
confirmé le potentiel de nos hétérostructures emnigsant différents apercus sur I'hybridation des
polybases et I'association de différentes polybasesin méme substrat SERS.

Summary: SERS substrates, elaborated through a simpleandost procedure, have been studied for
the label-free detection of DNA in the view of apptions in the medical diagnostic field. A chenfiica
assisted photocatalytic reduction protocol leadimgn Ag°/TiQ heterostructure has been optimized.
We have shown how the use of an encapsulating a&geht nucleation-growth procedure enable to
control the formation and aggregation of Ag® NPshat surface of Ti@thin films. The controlled
aggregation of NPs leads to hot points inducingesy \strong amplification of the SERS effect.
Performances of the SERS substrate have first &esnated through the Raman detection of the R6G
model molecule. Thorough studies dealing with tle¢ection of polybases derived from the four
nucleobases constituting the DNA structure, aderiysine, guanine, and thymine, have then been
conducted. The detection potential of the Ag°Ali@terostructure enabled a nearly exhaustive
indexation of the Raman bands for the four stug@gbases, modified or not with Nigroups, and to
discuss on binding, orientation, and ordering effexf the DNA molecules on the SERS substrate.
Complementary studies finally enabled us to contine potential of our heterostructure by providing
different insights on the polybase hybridizatiord dhe association of different polybases on a same
SERS substrate.

Mots clefs / Keywords
ADN, détection sans marqueurs, effet SERS, NPs digkyde de titane, activité photocatalytique.
DNA, label-free detection, SERS effect, Ag° NP&rtium dioxide, photocatalytic activity.
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Résumé

1. Introduction

La détection rapide et fiable de biomoléculesegetiue des protéines, des métabolites, des peptides
encore des séquences d'ADN, est d'une importaneealy pour progresser efficacement dans le
domaine du diagnostic médical. Dans ce domainmeclzerche vise a développer des approches toujours
plus efficaces et sensibles et ne nécessitant'psege de marqueurs fluorescents dont l'usage est
contraignant et onéreux. Parmi les différentes agps étudiées, les méthodes par spectroscopie lase
jouent un réle central car elles sont capable®iulifier et de caractériser les molécules d'infé@éti

en fournissant des données sur leur empreinteatiiget leur évolution structurelle. En particulies
techniques spectroscopiques basées sur la vibrattgculaire, telles que la spectroscopie Raman, on
attiré une attention croissante en raison de liebesse en informations structurelles via la dé&iect
spécifiqgue de bandes de vibration. Plus récemrtedéveloppement des nanotechnologies a ouvert un
nouvel horizon pour la détection biomoléculairendlj la spectroscopie Raman exacerbée de surface
(en anglais, Surface Enhanced Raman SpectroscBRRS) tire profit des propriétés optiques de
nanostructures métalliques (par exemple Ag® ou Aé3ultant en un signal Raman fortement amplifié.
Cette spécificité permet de surmonter les probligmas découlant de la faible sensibilité de la
spectroscopie Raman classique, et le SERS fouingi ain outil puissant pour la détection
biomoléculaire, notamment des molécules d'ADN, is nécessiter I'utilisation de marqueurs
fluorescents.

Par ailleurs, les spectres SERS de molécules assodur une nanostructure métallique solide sont
beaucoup plus stables et reproductibles que cetenab a partir de suspensions colloidales de
nanoparticules (NPs) métalliques. Des études fomdtates ont en particulier montré que, sur des
substrats solides, des « points chauds » situés janction entre des NPs métalliques voisines
provoquent une augmentation spectaculaire du clegtromagnétique et conduisent ainsi a une trés
forte intensification de I'effet SERS. La senstéilélevée des substrats SERS étudiés a I'heurellactu
repose donc sur la possibilité de créer uniformémergrand nombre de points chauds sur un substrat
solide via la dispersion homogéne d'agrégats de mewmlliques a la surface du substrat ou la
structuration appropriée d'un substrat métalliqueitefois, les méthodes actuellement proposées pour
la fabrication de tels substrats solides (par exemagithographie par faisceau d'électrons ou enta
lithographie nanosphere) sont généralement tropeasés et / ou reposent sur des procédures de
fabrication trop complexes pour envisager des agiitins pratiques. La fabrication simplifiée et a

moindre co(t de substrats SERS solides, présamanbonne reproductibilité spectrale sur de grandes
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Résumé

dimensions et un important facteur d’amplificatijpar rapport a des spectres Raman classiques (en
anglais, enhancement factor : EF), demeure dodéfitres actuel. L'objectif de la thése est denélpe

a ce défi en proposant de nouvelles approchesbdedtion de substrats SERS solides.

La synthese de NPs métalliques par voie chimiquphmtochimique sur des supports solides est une
approche a moindre colt qui peut répondre auxrestéle fonctionnement d’un substrat SERS
performant. Par exemple, certaines études puldiées la littérature ont montré la possibilité deefa
croitre chimiquement ou photochimiquement des N§ssAIr des supports solides, mais ces études ne
sont pas suffisamment détaillées pour envisagapiasance contrdlée de NPs métalliques compatibles
avec des substrats SERS exploitables pour de<appiis. Il existe en particulier un véritable nété
mener des recherches approfondies sur les mécanismeuisant a la croissance contrélée de NPs Ag°®
via un processus de réduction photocatalytiquebjedtif de la thése est donc double. Elle vise tout
d’abord a étudier les conditions d’élaboration d'lnétérostructure Ag ° / Tikdormée par réduction
photocatalytique a la surface d’une couche min€® &n vue d'optimiser les performances du substrat
SERS en découlant. Elle vise par ailleurs & extesime@ nouveau type de substrat a la détection SERS
sans marqueur de biomolécules d'intérét applicat, des molécules d'ADN, et a évaluer les

performances de notre plateforme SERS (reprodiigiitsensibilité, sélectivité, fiabilité).

2. Etude d’'une hétérostructure Ag ° / TiO:

2.1 Optimisation des conditions d’élaboration

L’approche développée au cours de cette théseaapos$activité photocatalytique du dioxyde dartie
(TiOy) une fois cristallisé dans sa forme polymorphédas® Sous exposition UVA d’énergie supérieure
au gap de l'anatase (E > Eg = 3,20 eV/s 380 nm), le TiQva créer des porteurs de charge trous et
électrons qui, aprés migration vers la surfacet, campables d’'induire toutes sortes de réactionsydo-
réduction (figure 1). Dans ce travail, hous nousirs@s tout particulierement intéressés au pouvoir
réducteur des électrons photo-générés afin deregduinitrate d’argent (AgN§padsorbé a la surface
de couches minces Ti@t ainsi former des NPs Ag°. Les couches minc&s dint été déposées par
voie sol-gel, sur des substrats de silicium d&82®¥, en utilisant un protocole optimisé au LMGP pour
élaborer des films photocatalytiques. Aprés dép@ngpérature ambiante par spin-coating d’'un sol a
base d’'alkoxyde de titane, le film xérogel résultest traité a 500°C en vue de le cristalliser dans
phase anatase du TiQLes couches minces obtenues présentent une éraites40 nm, homogene sur

toute la surface de I'échantillon, et se traduigamtune trés bonne activité photocatalytique.
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Figure 1. Principe de la photocatalyse : créatioe @orteurs de charge trous et électrons sous

exposition du TiQaux UVA

Les substrats de 3 x 3 émecouverts d'une couche Ti@nt ensuite été immergés dans une solution

aqueuse de nitrate d’argeitexposés pendant des durées variables a la eitdA émise par des

lampes PLS-11W (Philips). Cette procédure permeme#re en ceuvre un processus de réduction
photocatalytique qui conduit a une hétérostrucAge / TiO, consistant en des NPs métalliques Ag°

sphériques déposées sur la surface du film,. T@es NPs sont toutefois réparties de fagcon trés

hétérogéne sur la surface Ti€ elles présentent une distribution de taille@xement large allant de

guelques nanometres a plusieurs centaines de ntmesnfigure 2). Cette hétérogénéité a pu étre

expliquée par des effets de barrieres Schottkyrdarfaces Ag °-TiQ, lesquels favorisent la croissance

rapide des plus grosses NPs au détriment des glitey
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Figure 2. Images MEB de NPs Ag° formées par rédogthotocatalytique.

Le protocole a donc fait I'objet de différentesiopsations en assistant par voie chimigue le praes

de réduction photocatalytique. Nous avons toutatdimis a profit le pouvoir encapsulant du tri-sodi
citrate (TSC) dilué dans la solution aqueuse deteitd’argent. Ce pouvoir encapsulant permet de
ralentir et mieux contréler la croissance des NBS &u cours de I'exposition aux UVA. Ces études
nous ont permis d'optimiser des premiéres conditierpérimentales en fixant la concentration de
nitrate d’argent en solution a 2 mM et le rappodlaite TSC / AgNQ@ a 5. Il est a noter que,
contrairement au protocole sans TSC qui condudsdés NPs séparées, I'utilisation du TSC conduit &
des agrégats de NPs sphériques. Les NPs constiemagrégats présentent une petite taille uniforme
avec un diamétre compris entre 50 et 100 nm. Rappeajue les agrégats de NPs présentent un intérét
particulier car ils sont susceptibles de provoqies points chauds conduisant & une amplification
importante de I'effet SERS. Toutefois, et malgre ééfets bénéfiques du TSC, I'agrégation des NPs
devient inhomogeéne et les agrégats coexistent d@gparticules isolées de toute petite taille loesq
les NPs Ag° sont formées en quantité importante ¢gample aprés des durées d’exposition UVA
longues) (figure 3). Comme nous le verrons pauitesces observations ne sont pas compatibles avec
la reproductibilité des spectres SERS mesurésfimatits endroits d’'un méme échantillon.
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Figure 3. Images MEB de NPs Ag° formées par rédogthotocatalytique assistée TSC aprés 60 min
d’exposition aux UVA.

Nous avons donc poursuivi notre optimisation delédeforme SERS en complétant le protocole de
réduction photocatalytique assisté TSC par un psaede nucléation-croissance. Pour ce faire, nous
avons tiré profit du faible pouvoir (chimiquemeréglucteur de I'acide ascorbique (AA). Un protocole
de dép6t multicouche en solution liquide (éthapal)spin-coating, basé sur le dépdt de nitrateydiar
suivi du dépbt d’AA, a ainsi été mis au point. Getpcole conduit a des nuclei Ag®, de petite taille
homogéne avec un diamétre moyen compris entre 25 e, distribués uniformément sur la surface
du film TiO,, et dont la quantité peut étre ajustée en faiganér le nombre d’opérations de dépét de
I’AA sans pour autant modifier significativementitaaille (figure 4).
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Figure 4. Images MEB et distribution de taille daeclei Ag°®° formés aprés une opération de dépot

(gauche) et cing opérations de dépbt d’AA (droite).

La croissance de NPs Ag® par réduction photocégalgtassistée TSC a ensuite été mise en ceuvre sur
les substrats recouverts de nucei Ag°, ceci damsn@&mes conditions que précédemment. Dans ce
nouveau mode opératoire, les effets de barrierest&y sont toujours présents mais, du fait deiléet
uniforme des nuclei formés initialement, ils corsduit & une croissance et une agrégation uniformes
des NPs tout au long de I'exposition aux UVA. diasi été possible de former des agrégats homogénes
et d’éliminer la majorité des toutes petites patts isolées (figures 5). La quantité et la dimemsies
agrégats, i.e. leur taux de recouvrement sur acITiQ, augmente continument en augmentant la
guantité de nuclei ou encore la durée d’expostianUVA mais, dans toutes les conditions testéss, |
NPs constituant ces agrégats présente une taiigtastte et uniforme comprise entre 50 et 100 nm.
Cette observation a été attribuée a une auto-riéguilde la croissance des NPs régie par le phénemeén

d’agrégation, i.e. la croissance cesse une foidagulPs entre en contact au sein des agrégats.

Figure 5. Images MEB (gauche) et MET (droite) abliaigrossissement sur la tranche (image
principale) et a haute résolution (insert) de NRy’ Aormées par réduction photocatalytique assistée
TSC apres 60 min d’exposition aux UVA en présercaudlei Ag° obtenus apres trois opérations de
dépbt d’AA. L'image MET a haute résolution illustiess plans réticulaires (111) de la structure

cristallographique de I'argent métallique
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2.2 Premieres évaluations SERS

Les optimisations décrites précédemment nous amipel’optimiser des hétérostructures Ag°/ TiO
se traduisant par une grande quantité d’agréegated@nes et distribués uniformément a la surface du
substrat. Comme nous l'avons déja mentionné, caltaégpermet d’envisager une intensité SERS
importante, via la création d’un trés grand nonmdeegoints chauds, et une bonne reproductibilité des
spectres SERS mesurés en différents endroits ditratibAfin de valider les performances SERS de ces
hétérostructures, des mesures par spectroscopiarRam eté réalisées pour détecter la rhodamine 6G
(R6G), retenue comme analyte modéle en raison ttéséorte section efficace Raman, et en utilisant
I'émission a 514 nm d’un laser argon. Pour ces nassles échantillons de dimension 3 x 3ont été
clivés en petits morceaux rectangulaires de dino@n3ix 4 mm, puis un volume de 10 pL de R6G,
diluée en concentrations variables (entre® #0 10'° M) dans de I'eau ou de I'éthanol, a été étalé sur
ces petits morceaux et finalement séché a 60°Q &fvaluer la reproductibilité des spectres, les
mesures Raman ont été réalisées en différentsiendeoplusieurs zones de 100 x 100*dimn méme
substrat ainsi que sur des substrats différentsoéda dans des conditions similaires. Une soludi®n
R6G diluée a 1M a tout d’abord été étalée sur des substratdidiers nu (en I'absence de NPs Ag°)
pour collecter des spectres Raman pur (non SER$§fdeence. Les spectres obtenus montrent des
bandes Raman de faible intensité avec un tresefagtpgport signal sur bruit, ce qui illustre la faib
sensibilité de la spectroscopie Raman classiqger€i6). Par ailleurs, ces bandes poussent suignee

de base fortement pentue qui a été attribuéeladeetcence de la R6G.
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Figure 6. Spectre Raman pur de la R6G{M en solution) étalée sur silicium.

Afin d’évaluer les performances SERS de nos plateés, nous nous sommes ensuite plus
particuliérement intéressés a une hétérostruigieé TiO,modele. Cette hétérostructure a été élaborée
par réduction photocatalytique assistée TSC per@fantin d’exposition UVA et en présence de nuclei
Ag°. Ces derniers étaient obtenus en déposant&Aois opérations de dép6t. Par rapport aux sggect
Raman pur, les spectres collectés sur cette hétdchges Ag° / TiQ présentent une trés forte intensité
ainsi qu’un bien meilleurs rapport signal sur betifa ligne de base induite par la fluorescenctade
R6G apparait fortement atténuée. La forte interdst® spectres SERS a ainsi permis d’'indexer sans
ambiguité toutes les bandes Raman de la R6G. hiitte de ces bandes décroit logiquement en
réduisant la quantité de R6G adsorbée, i.e. laamuration de R6G en solution, mais la détection
demeure possible méme pour de trés faibles comtiemis. |l a ainsi été possible de définir un sdail

détection correspondant a des concentrations oird'ale 1@ - 10° M (figure 7).
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Figure 7. Spectres SERS de la R6G étalée sur tbgttécture modéle (60 min UVA en présence de
nuclei Ag®) pour des concentrations variables d&R® solution : (insert) 10M (a), 10° M (b), 10°
M (c), 10" M (d), et (figure principale) 1®M (a), 10° M (b), 10'°M (c).

Une normalisation des spectres SERS, obtenus pmuconcentration de £0M, avec les spectres

Raman pur obtenus pour une concentration deM,hous a aussi permis de déduire un EF dell€s

performances bien meilleures ont déja été mentiemdans la littérature portant sur des substraR&SSE
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solides, mais les méthodes d’élaboration proposémstrop onéreuses et / ou complexes pour adresser
des applications pratique. A l'inverse, les perfances de notre plateforme SERS apparaissent & I'éta
de l'art si on considére les résultats publiés dargtérature concernant des méthodes simples et
moindre co(t.

Le grand intérét de notre approche repose égalesneré reproductibilité des spectres SERS. Ibest
noter que les aspects reproductibilité sont asseZpoqués dans la littérature traitant de sussfaRS
solides, et lorsqu’ils sont abordés, la reprodildgbdes spectres n'est évaluée que sur des zibmes
petites dimensions (de 10 x 10 a 100 x 106)uAntitre de comparaison, nous nous sommes talntatt
intéressés a une hétérostructure élaborée dan¥lees conditions que notre hétérostructure modeéle
mais en I'absence de nuclei Ag°. Dans ce premigrltatensité des bandes Raman fluctue sur environ
un ordre de grandeur lorsque les spectres sorictéd en différents endroit d’'une méme zone dex100
100 puni (figure 8). Comme indiqué précédemment, les agsédmiNPs obtenus en I'absence de nuclei
Ag°® ne sont pas uniformes et les points chaudgsmtant sont donc répartis de facon hétérogene sur

la surface du substrat, ce qui explique la mauvageductibilité des spectres SERS.
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600 800 1000 1200 1400 1600

Wavenumber (cm™)

Figure 8. Spectres SERS mesurés sur une hétérastrugaborée sans nuclei Ag® (60 min UVA) en
différents endroits d’une zone de 100 x 106.um
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la reproductibilité des spectres meésursur notre hétérostructure modéle est
particuliérement probante. Les spectres mesuréiffénents endroits d’

linverse,
un? se traduisent par une déviation standard reldB&R) en intensité de I'ordre de 10% (figure 9).

SERS de la R6G sur des zones de petites taillegl@uest, la DSR en intensité demeure similairgme
4 mn¥ (figure 10). A notre connaissance, aucune pulitioate reporte de telles performances sur des

Ce résultat est a la hauteur des meilleures peafioces reportées dans la littérature pour la détecti

faible (environ 12%) lorsque les spectres sont néssen différents endroits d’

substrats SERS d’aussi grande taille.

A

T

1600

T

T T
1200 1400
.]_)

T

T

1000
Wavenumber (cm

T

T

800

T

T

)

‘ne) Alsuaju|

I A

600

— — — T T T — — V— -—- T -—
1) < < < < < ~ < < < o
o o o o o o o o o o
— — — — — — — — — —
b x x > x x > x > >
— (2] (e} M~ o] Lo < ™ N —

en différents endroits d’une zone de 100 x 108t tistogramme associé de l'intensité de la bande a

Figure 9. Spectres SERS mesurés sur I'hétérosteintodele (60 min UVA en présence de nuclei Ag®)
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Figure 10. Spectres SERS mesurés sur I'hétéroatrichodéle (60 min UVA en présence de nuclei
Ag°) en différents endroits d'un échantillon de 38 mni et histogramme associé de l'intensité de la
bande a 610 crh

Nous avons également évalué la reproductibilitéspestres sur différents échantillons élaborés dans
des conditions similaires. Les mesures Raman nmaniuee 80% des spectres présentent une DSR en
intensité d’environ 20% tandis que les autres spedlivergent de cette tendance mais en présentant
systématiqguement une intensité environ deux fais fdrte. Ces données indiquent évidemment une
plus grande dispersion en intensité par rappodsandesures réalisées sur un méme substrat. Mais |l
faut noter que cette plus grande dispersion tientpte non seulement de la reproductibilité entre
échantillons mais aussi de la reproductibilitélawsurface totale des échantillons élaborés (Zx?’3.

En ce sens, les évaluations demeurent donc extréniepmobantes en termes de reproductibilité.
Finalement, nous avons aussi testé des échantdlores un mois de vieillissement dans le noir. Les
variations d’intensité causées par ce vieillissdmsmn cantonnent a la gamme des fluctuations
mentionnées précédemment lorsqu’on compare diff@réchantillons élaborés dans des conditions
identiques, ce qui indique un effet négligeableidillissement. Toutes ces observations démontaent
fiabilité et la robustesse de notre plateforme SERSINtérét de mettre en oceuvre un protocole de

nucléation-croissance pour optimiser la procédargéduction photocatalytique assistée TSC en vue de
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produire des points chauds uniformément distrituéa surface de I'hétérostructure Ag° / Tiéx

conduisant a des spectres SERS intenses et refilbibelsic

3. Détection SERS d’homonucléotides simple brin

3.1 Choix des molécules et protocole d'immobilisation

Les études se sont ensuite poursuivies en utilesasitisivement I’hétérostructure modele définiesdan
ce qui précede. Les performances de la plateforBieSSen découlant nous ont encouragés a nous
pencher sur des biomolécules d’intérét applicegif des molécules d’ADN. L’'intérét d’étudier dées
molécules dans le domaine du diagnostic médicaiepdrterme sur la possibilité de détecter des
molécules d’ADN multibases et leur hybridation. Tefais, avant de s’engager dans de tels objectifs
complexes, il est impératif de maitriser parfaitatreies approches plus simples. C'est la raison pour
laquelle une grosse partie du travail de thésert poir la détection SERS d’homo-oligonucléotides
simple brin (sans hybridation), encore appeléshasgs pour des raisons de simplicité. Ces polybases
découlent de la polymérisation de nucléotides idert dérivés des quatre nucléobases qui condtituen
la structure de I'ADN multibases : adénine (A), asihe (C), guanine (G) et thymine (T). Les
homonucléotides ainsi obtenus seront labélisésfpqglyC, polyG et polyT. Nos études ont porté sur
la détection SERS des quatre types de polybasasjdanalisées ou non avec un groupement externe
aminé NH (respectivement labélisées polyX-Nbu polyX, ou X = A, C, G ou T). Aprés I'étape de
réduction photocatalytique, les molécules d’ADN @ét¢ immobilisées sur des substrats clives en
morceaux de 7 x 7 mipet leur détection SERS a été effectuée sur diftés zones de 100 x 1001m
en utilisant I'émission a 632,8 nm d’'un laser h&linéon.

Avant d’entamer des travaux de fond sur les polgbad a été nécessaire de mener des études
préliminaires concernant leur mode d’'immobilisatgur la plateforme SERS. Ces études ont permis
d’optimiser le pH de la solution (4,5) et la natdtemilieu de dilution (solution aqueuse de Nag;;

C = 0.3 M). Par ailleurs, outre les performanceRSHe notre plateforme, celle-ci présente également
d’autres atouts qui nous ont permis de mettre ant pm protocole d’immobilisation simplifié ne
nécessitant pas une procédure multi-étapes comptagi@ionnellement utilisée pour greffer des
molécules d’ADN sur un substrat de silicium.

Cette procédure simplifiée repose sur :

- La superhydrophilie photo-induite du dioxydetid@ne qui conduit a un étalement parfait (un angle
de mouillage proche de 0°) d’'une solution aqueusause surface TiQaprés exposition aux UVA.

Dans nos conditions, cette propriété était génkémsede la procédure de réduction photocatalytique,
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dans les zones TiMon-recouvertes d’agrégats Ag°. Elle a permigl&nent uniforme des solutions
aqueuses et I'immobilisation uniforme des polybasedes hétérostructures Ag® / BiO

- Le greffage direct des molécules d’ADN sur lessMig° via la création de liaisons Ag-N qui seront
discutées plus loin. Aprés étalement de la goigtede, ce greffage a été réalisé en incubant latgo
pendant douze heures a température ambiante, puiscant les échantillons et en les séchant ensuit

pendant une heure a température ambiante.

3.2 Etudes expérimentales

Des mesures par XPS ont tout d’abord montré quendd&cules d’ADN se greffent préférentiellement
sur les agrégats Ag° de notre hétérostructure etpas dans les zones tiGues, ce qui renforce
I'hypothese d'un greffage par liaisons Ag-N. Desmieres mesures par spectroscopie Raman réalisées
sur cette hétérostructure ont par ailleurs monwé, qquelle que soit la nature des polybases,
fonctionnalisées ou non avec des groupements, Nhhtensité des bandes Raman présente
systématiqguement un tres net optimum pour des atrat®ns de polybase en solution comprises entre
5 et 10 uM. Par la suite, I'essentiel des étudedorc été réalisé en utilisant cette gamme de
concentration. Pour toutes les polybases, moditiée®n avec des groupementsNIEs spectres ainsi
obtenus sont composés de bandes Raman intenses e¢é$olues avec un trés bon rapport signal sur
bruit, y compris dans le cas des polyC et polyTpyésentent pourtant une trés faible section effica
Raman (figure 11). La qualité des spectres noussa@ermis d’'indexer la quasi-intégralité des besd

Raman caractéristiques des polybases étudiéesdtab).
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Figure 11. Spectres SERS mesurés sur I'hétérosneiatodele pour polyA (a), polyC (b), polyG (c) et
polyT (d) modifiées (haut) ou non (bas) avec desgements N
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Band Tentative assignments Ref.
position PolyA PolyC PolyG PolyT
(cmh)
656 In, breath R6 [6-g]
687 Out, def R5, R6 (tors C4- [9-17]
C5-C6, w N3-C4-N9)
688 Out, bend C5-C4, N3-C4 16
700 In, bend (ring) 19,17
706 In, ring breath (19
730 Out, def R6 (w N1-C2- [
N3), tors Nh
735 In, ring breath [9-11,14
786 Out, def R6 (w C4-C5-C6, [0-11,14]
w C8-H)
792 In, ring breath 16, 15-17]
798 Mentioned but not el
indexed in ref.
799 In, ring breath (6,13,
18]
850 In, def R6-R5 18,91
889 In, NH bend 8]
957 In, def R5 (sqz N7-C8-N9 6.7
1138 In, bend C8-H, str C4-N9,
rock NH
1212 In, str C5-C6, 713
bend CH, str N3- | 8
C4, C6-N1
1235 In, pyrimidic character (89,12
1260 In, str C4-N3 [17
1280 In, str C2-N3 [16 17
1295 In, str N7-C8, C2-N3, gl
bend N1-H
1312 In, bend N3-H, | 7T
C6-H
1315 In, str N1-C6+ C5-C6 [6,15]
1328 In, bend C8-H, str C5-N7- el
C8
1333 In, ring skeleton vibration: [6,9-11,
str C5-N7, N1-C2,bend C2 14]
H, C8-H
1380 In, bend C=C-H [6, 15,
17]
1380 In, bend C5-Me | [6:1%
18]
1385 In, str C2-N3, C6-N1, (6.8
C5-C6, C4-N9, C5-N7
1402 In, bend C2-H, str C8-N7, [9,1q]
N1-C2
1463 In, str C2-N3, N1-C6, beng (o1
C2-H, sciss NH
1463 In, sciss C#l (13,19
bend C6-H
1468 In, str N7=C8 & C8-N9 (89,17
1472 In, str C4-N3 + C2-N3 [15,17]
1484 In, str N1-C6 + str N3-CA4 5
1495 bend C6-H, N-H | 712
18]
1532 In, str C=C, str N3-C4 89
1535 In, str N3-C4, N1-C6, C5- [9,12

N7, N7-C8, sciss NH

Tableau 1. Indexation des bandes Raman mesuréegshgtérostructure modéle pour les quatre

polybases étudiées.
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Cette indexation est particulierement a souligrear lessentiel des travaux publiés portant sur la
détection SERS de molécules d’ADN concernent I'attrou ses molécules dérivées et, a notre
connaissance, aucune étude antérieure n'avait @mposté sur la détection SERS et I'indexation des
bandes Raman des quatre polybases sur un mémeeyubstrat. Ce constat ne fait que renforcer nos
conclusions sur la robustesse de notre plateforgRSS Cette indexation a en particulier permis de
montrer que, pour les quatre bases étudiées,derep Raman sont dominés par des bandes de eibrati
«in plane ». Une exception notable a cette terelast toutefois & souligner. En effet, lorsque la
concentration des polybases en solution excédertagt la gamme optimale de concentration, i.e. dans
nos conditions, pour des concentrations supérieus@s M, l'intensité relative des bandes de vibrat

« out of plane » augmente sensiblement. Il estitapbde noter que ce phénomeéne a systématiquement
été reproduit, que les polybases soient modifieeaan avec des groupements NIRar ailleurs, a
concentration égale et méme nature de polybasgritespales bandes Raman présentent des intensités
moyennes dont I'ordre de grandeur est comparal@desupolybases soient modifiées ou non avec les
groupements Nk Toutes ces observations amenent a la conclusierces groupements ne jouent pas
un réle essentiel sur le greffage des molécule®NA

Nos études ont également montré que la concemrdégoolybase en solution joue un réle essentiel
dans la reproductibilité des spectres. En effepateet d’autre de la gamme de concentration giéim
définie précédemment (5-10 uM), I'intensité desdemRaman fluctue sur environ un ordre de grandeur
lorsque les spectres sont collectés en différemtsoits d’'une méme zone de 100 x 100 pAl’inverse,

pour une concentration comprise entre 5 et 10 plveproductibilité des spectres apparait tres prteba
(figure 12).
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Figure 12. Spectres SERS mesurés sur I'hétérostreiatodele en six endroits différents de deux zones
de 100 x 100 pfrd’'un méme échantillon de 7 x 7 Awour polyA-NH (a), polyC-NH (b), polyG-NH

(c), polyT-NH (d) et polyA (e), polyC (f), polyG (g), polyT (b concentration de polybase en solution
a été fixée a 5 uM.
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Afin de quantifier cette reproductibilité, nous agamesuré pour chaque polybase la DSR en intensité
de la principale bande de vibration « in plane tectée en six endroits de deux zones distinctd9de

x 100 pnid’'un méme échantillon de 7 x 7 rinkn présence de groupements;lkternes, la DSR en
intensité déduite des douze spectres de chaquesiasspectivement de 39%, 21%, 27% et 39% pour
polyA-NH., polyC-NH,, polyG-NH; et polyT-NH. Ces valeurs de DSR sont évidemment plus élevées
que celles mesurées dans le cas de la R6G, mesgéllelent tout de méme une bonne reproductibilité
des spectres, quelles que soient les polybaseg&sud notre connaissance, une telle reproduitéibil
n'a jamais été reportée dans la littérature SERS [@s quatre bases détectées sur un méme type de
substrat. Toutefois, cette reproductibilité apgamadins bonne lorsque les polybases ne sont pas
modifiées avec des groupements NEa DSR en intensité déduite des douze spectiEcEs pour
chaque base est ainsi respectivement de 50%, 3% .e4 50% pour polyA, polyC, polyG et polyT.
Ces mesures indiguent donc que, a nature de bastigigde, la DSR est systématiquement plus faibles
en présence de groupements externes (fifire 13). Ce constat implique a son tour queges
groupements ne jouent pas un rble essentiel sgireféage des molécules d’ADN, ils semblent tres

favorablement influencer la reproductibilité descpes.
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Figure 13. DSR en intensité de la principale badéevibration « in plane » des quatre polybases
étudiées, modifiées ou non avec des groupements déduite de spectres SERS mesurés sur
I'hétérostructure modéle en six endroits différedes deux zones de 100 x 100Zpgiun méme
échantillon de 7 x 7 min
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3.3 Discussion : effets d’accrochage, d’orientation et d’agencement

Les résultats obtenus au cours de cette étude piskive discutés en termes d’accrochage, d’oriemntat

et d'agencement des molécules d’ADN a la surfacdhitérostructure Ag® / Ti© Ces différents
aspects sont en effet susceptibles d'influenceeroent les spectres SERS. Les analyses par XPS ont
confirmé que le greffage des polybases sur I'hétaroture implique un accrochage préférentiel ssir |
NPs Ag° via la formation de liaisons Ag-N. Toutefdies spectres SERS nous aménent a la conclusion
gue les groupements externes Nid jouent pas un réle essentiel dans ce procedsugeut donc en
conclure que cet accrochage implique les groupesmidht structuraux des molécules d’ADN, ou
encore des atomes d'azote internes constituatinlssns NH et CN. L'implication au moins partielle
de ces atomes internes est renforcée par le césufiar de polyT. En effet, cette polybase ne prite

pas de groupements Midtructuraux, or la forte intensité des bandes Raofiervées dans le cas de
cette polybase sans groupements; kternes démontre que son greffage est tout affgsice que
celui des autres polybases. Par ailleurs, poucdesentrations de polybase en solution suffisamment
faibles (dans les conditions étudiées, C << 50 U#4)spectres SERS sont dominés par les modes de
vibration « in plane ». Dans ces conditions, lés die sélection SERS découlant de la théorie dmpha
électromagnétique permettent de conclure que le gés nucléobases constituant les polybases est
globalement orienté perpendiculairement a la sarfdes NPs Ag°. Ces plans étant eux-mémes
perpendiculaires a I'axe de la chaine homo-oligt#uie, la prédominance des modes de vibration
« in plane » indique donc que les polybases satitgiMement orientées horizontalement sur la surface
de I'hétérostructure Ag® / TiD

Les spectres SERS indiquent également que la ctvatien de polybase en solution joue un réle
prédominant sur l'intensité des bandes Raman etrgaroductibilité, ainsi que sur I'apparition de
modes de vibration « out of plane ». Cette inflgede la concentration peut étre discutée en tedmes
densité et d’orientation des polybases a la surdiackhétérostructure Ag® / TiXfigure 14). Pour de
faibles concentrations, l'intensité des bandegadisie et trés irreproductible, ce qui peut éttelané a

une trop faible densité de surface des polybaseféégs sur I'hétérostructure. Dans une gamme de
concentration intermédiaire (5-10 uM), les specgsentent au contraire une bonne reproductibilité
et des bandes Raman intenses, ce qui est attrédbaabie couverture optimale de I'hétérostructure pa
les polybases. Celles-ci peuvent alors étre déaritenme formant une monocouche 2D a la surface de
I'hétérostructure. Rappelons que, pour toutes ceeentrations, les polybases sont supposées étre
orientées parallelement a la surface du substrdin,Epour de fortes concentrations, l'intensités de
bandes redevient faible et trés irreproductiblerebbserve également une augmentation de I'ingensit

relative des modes de vibration « out of plane an®cette gamme de concentration, alors que la
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guantité de matiere déposée est supposée plustanmoqu’a plus faible concentration, des mesures
par XPS ont montré une plus faible couverture kiétérostructure par les polybases. Cette observatio
peut expliquer que, la quantité de polybases etacbavec les NPs Ag°® et donc susceptibles d’'étre
détectées par effet SERS étant plus faible, I'siténdes bandes Raman diminue. Ces analyses XPS
suggerent également que, lorsque la quantité dgbasbs déposées en solution liquide devient
excessive, ces dernieres tendent a s’agréger donaggts 3D distribués de fagcon hétérogéne a la
surface du substrat, ceci possiblement au coulétdpe de ringcage/séchage terminant la procédaire d
greffage. La distribution hétérogene de ces agségagiliquerait alors la mauvaise reproductibilies d
spectres SERS. Il est enfin possible que, pourrdisens d’encombrement stérique, les polybases
constituant les agrégats ne soient pas orientéaigbement a la surface du substrat mais préseaten
contraire des orientations aléatoires, ce qui gupliait alors I'apparition des modes de vibratiarut

of plane ».

Ag°

Tio, TiO,
Si Substrate Si Substrate Si Substrate
C=1uM C=5-10 uyM C=100 uM

Figure 14. Représentation schématique du modélpgs® pour la distribution et I'orientation des
polybases a la surface de I'hétérostrucure Ag°@.Tpour une faible (1uM), moyenne (5 - 10 puM) et
forte (100 uM) concentration de polybase en sofutio

Enfin, nous avons montré que, dans la gamme desotmation optimale, tandis que les groupements
NH: externes n’influencent pas significativement Binsité moyenne des bandes Raman, ils jouent un
réle favorable dans la reproductibilité des spectRour des concentrations suffisamment faibles de
polybase en solution, nous avons vu que les podghasnt orientées parallélement a la surface du
substrat, qu’elles soient modifiées ou non avec gtesipements Nk Toutefois, en raison de la

flexibilité de la chaine polybase liée a sa striectorsadée, les nucléobases la constituant ngpasnt

nécessairement ancrées uniformément sur la suéEchPs Ag®. Ceci peut expliquer que, méme si les
nucléobases conservent une orientation perpendewda substrat favorisant la prépondérance des
modes de vibration «in plane », elles ne sontd®ectées de facon reproductible. Toutefois, les
groupements NHexternes sont peut-étre capables d'offrir des tpoitancrage sur la surface du

substrat, lesquels permettraient le greffage dinebgolybases plus rigides et linéaire dont laati&n
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serait ainsi plus reproductible. Ce phénoménerdeatisation a déja été reporté dans la littéragare
mettant a profit un traitement thermique post-grgéf adéquat.

L’ensemble de cette discussion ne vise évidemmenpexpliquer tous les phénoménes observés au
cours de notre étude, mais elle ouvre des pistesmeréhension qui devront par la suite étre vagdé

par de nouvelles expérimentations.

4. Détection SERS de paires de polybases : effets de ’hybridation

versus mélange

Suite aux résultats probants concernant la déte&#RS d’homonucléotides sur notre hétérostructure
Ag® / TiO,, la toute fin de thése a été consacrée a quefdudes complémentaires visant a renforcer le
potentiel de notre plateforme SERS dans le domaénka détection de molécules d’ADN. Pour ces
études, le protocole d’'immobilisation était le méguoe celui décrit précédemment et la détection SERS
a de nouveau été effectuée en utilisant 'émisai682,8 nm d’un laser hélium-néon. Ces étudesrde so
orientées sur I'hybridation des polybases et I'eisgimn de différentes polybases sur un méme satbstr
SERS.

4.1 Choix des molécules et protocole d'immobilisation
La mise en évidence des caractéristiques orgamisetiles des doubles brins sur la surface d’argent
nécessitale mettre en évidenapielles sont leurs caractéristiquggcifiques dans lespectreSSERS
Dans cette perspectie¢ selon une méthodologie étapegape nousavons choisi d'étudi¢es spectres
de SERS de deux paires de polybases complémentaires typiquement:

-hybridation polyANH; avecpolyT (quantité équimolaije

-hybridation polyGNH, avecpolyC (quantité équimolaije
Pour confirmerces résultatsies spectres SER8btenussont systématiguemegbmparés avetes
spectres SERSobtenus apresimmobilisation directe de mélangescontenant despolybases
complémentairegypiquemertt

- Mélange polyANH, avecpolyT (quantité équimolaije

-Mélange polyGNH; avecpolyC (quantité équimolaije

Les polybasesv’étant pashybridéesdans les mélangekes spectreSERScorrespondanserventde
témoins négatifici, ce qui permettra d'étudiesans ambiguité Isignature SERS degolybases
hybridéesen confrontant leglifférentes caractéristiquespectroscopiquesntre les deux types de
spectres SERS : hybridation versus mélange.

Au meilleur denotre connaissancene telle étuda‘'a pasté rapportépisqu'a présemans la littérature
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Le protocole d'immobilisation des polybases hybegl& été mis au point. Il fait intervenir un temps
d’incubation dans un tampon d’hybridation (PBS, N&DTA) a 42° durant une nuit dans un milieu a
80% d’humidité. Dans de telles conditions, les mamticules d’argent sont préservées et I'acquisitio
des spectres SERS avec un bon signal/bruit eshisge.

4.2 Résultats

4.2.1 Cas de polyA-NH: et polyT : mélange (polyA-NH2z + polyT) versus hybridation
(polyA-NH:2 e polyT)

L'étude approfondie des spectres SERS dans lesaeua été effectuée, d'abord a concentration fixe,
puis, en fonction de la concentration. Les pringipat importants résultats sont les suivants.

Dans le cas du mélange poly-NH polyT, il n'y a pas de signature de polyT d&es spectres
(Figure 15). On observe ainsi que le comportemertedmélange est pratiquement similaire a celui de
polyA-NH. seul. Par ailleurs, cette observation sur ce compmnt est confirmée par la tendance de
l'intensité du signal SERS qui est identique aecelbservée dans le cas du poyA-Ndul en fonction

de la concentration, montrant un maximum d'inténd#ns une plage de concentration 5 -10 uM Ainsi,
guelle que soit la concentration, nous en avonsitdéd'un mécanisme d’adsorption compétitive se

produit entre polyA-NH et polyT. Il en résulte une adsorption préférdiatide polyA-Ag ° NH sur la

surface.
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Figure 15: spectres de SERS de polyA-NpblyT, du mélange équimolaire polyA-NH polyT et de
I'hybridé poly-NH;  polyT. CpolyA-NH = CpolyT =5 um.

» Dans le cas des molécules hybridées poly-NpblyT, a I'inverse du mélange, nous avons ol&serv
clairement la signature de la bande de polyT. @elmue que polyT est bien lié & polyA-Migrace

aux deux liaisons hydrogene spécifiques et quabi’la d’'une preuve de la signature des molécules
hybridées. En outre, de maniere remarquable, iisité de la bande de I'adénine a 1338 ¢stretching
mode) est considérablement renforcée, révélanapport d'intensité 1330 ch’ 735 cm', qui est
inversé par rapport au cas de mélange polg-NpblyT. Ce résultat, complété par la présendeatheles

out of plane de tres faible intensité, indique psebases sont toujours orientées perpendiculairieine

la surface Ag, comme dans le cas des polybasesssendis que les atomes d’azote liés a I'argent ne
sont plus les mémes, notamment le N7 est davaliéegdargent, alors que les autres atomes d’N son
engagés dans les liaisons hydrogene. Enfin, iésalte aussi que les molécules hybridées poly-A-NH
* polyT sont pour la plupart couchées a plat ssuldace d’argent, comme nous I'avons schématisé en

Figure 16.

Vel
ﬁﬁ%—ﬁ@@&

8

Hybridization
o PolyA-NH,
A
s R
Ag° PolyT

Figure 16: Formation de la molécule hybridée poly-N polyT sur la surface Ag °. De méme que
polyA-NH. est immobilisé a plat sur la surface Ag °, la deuiglice obtenue apres hybridation in situ

est également couchée a plat sur la surface Ag °.
Ainsi, les différences entre les spectres de SER8d&ange poly-Nki+ polyT et de la molécule double

brin hybridée polyA-NH < polyT ont été clairement établies. Elles fouserst des preuves

convaincantes que I'hybridation in situ de polyA-Nidec polyT a bien eu lieu. Par ailleurs, danske ¢
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de I'hybridation poly-NH ¢ polyT, I'étude de I'évolution de l'intensité dignal SERS en fonction de
la concentration, nous a permis de proposer ungamuwmodele, nommé "modele d'hybridation”. Ce
dernier est dérivé du précédent qui concernaigéinisation, la couverture de surface et la confooma
des polybases sondes immobilisées sur la surfad®dgg'greffage modéle sonde»). Ce nouveau
modéle décrit 3 zones de concentration selon |#eguiefficacité de I'hybridation varie : elle est
maximum a la plus faible concentration de sondeM}. (Figure 17). Dans ce cas, I'hybridation peut
s’effectuer optimalement, et la couche hybridéemune couche homogeéne.

~_ Sub-monolayer (C=1 uM)

TiO,
Si Substrate Si Substrate

b)

TiO,
Si Substrate

N PolyA-NH, (probe)
~ PolyT (target)

Figure 17: Schéma du modéle, nommé "modele d'hgtivid’, présentant l'efficacité d'hybridation
selon la distribution des polybases. La mono-cowst@btenue pour la concentration la plus faiBle (

= 1 uM), elle permet une bonne efficacité d'hyltimma(a), cas de la monocouche (correspondant a la
concentration de la sonde 5-10 uM), ou les molécsbat serrés, et ce qui conduit a une faibleaafiié
d'hybridation (b), pour la plus forte concentrati@ = 1 uM), en raison d'une agrégation 3D, le

rendement d'hybridation est le plus bas (c).
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4.2.2 Cas de polyG-NH: et polyC : mélange (polyG-NH:2 + polyT) et hybridation (polyG-
NHz2 e polyT)

L’étude de la paire polyG-Ntavec polyC (hybridation versus mélange) a permidéhager plusieurs
résultats importants.

* Dans le cas du mélange, I'indexation des spe&E#RS met en évidence l'absence de bande de polyC
(Figure 18). Cela démontre gu'il existe une adsamgtréférentielle de polyG-Ntbur la surface Ag°®,
selon un mécanisme d'adsorption compétitive erghgQGoet poly C-NH. Ce résultat est tout a fait
comparable a celui du mélange polyA + polyT-Njdi produisait I'adsorption préférentielle de goly

NH. sur la surface Ag °. Egalement, I'intensité dunalSERS du mélange polyG-NH poly C suivant

la concentration est tout a fait semblable au eagpdlybases seules, montrant un maximum d'inéensit

dans une plage de concentration 5 -10 uM.

656
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C
20000 ¢
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S 15000 Pol i
3 olyG-NH_+PolyC mixture
2
@ 10000
C
(O]
£
5000 Hybridized PolyG-NH_ PolyC
0 -
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Figure 18: spectres SERS de polyG-NHolyC, mélange équimolaire polyG-NH- polyC et
hybridation polyG-NH e polyC. cpolyc-nke = Coolyc = 5 um.

» Dans le cas de I'hybridation polyG-MipolyC, la présence de la bande de polyT prouve que
I'hybridation a bien eu lieu et que la cytosine@sbablement liée a la guanine a travers lesoliais
spécifiques hydrogene. A partir de l'intensité aecdes bandes situées aux hautes fréquences (1200-
1500 cm'), nous pouvons déduire que les molécules hybripélg&S-NH, « polyC sont principalement

couchées a plat sur la surface Ag °, méme si oedaimolécules peuvent étre orientées
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perpendiculairement. Cette derniere hypotheseteklitd de la présence de bandes out of planelde fai

intensité.

5. Conclusion

Ce travail de these a porté sur un nouveau tymaldstrat SERS, élaboré selon des approches simples
et & moindre co(t, et sur I'évaluation de ses perdmces pour la détection sans marqueurs de mecul
d’ADN en vue d'applications dans le domaine du d@siic médical. Nous avons ainsi mis au point un
protocole de réduction photocatalytique assist@mignement conduisant a des hétérostructures Ag° /
TiO,, et montré en quoi 'utilisation d’'un agent enaslpat (TSC) et d'une procédure de nucléation-
croissance permettent de contréler la formatiohagtégation de NPs Ag° a la surface de couches
minces TiQ. L'agrégation controlée des NPs conduit & son dodes points chauds induisant une trés
forte amplification de l'effet SERS. Les performascde nos substrats SERS ont tout d’abord été
validées par des meures par spectroscopie Ramtmpseur la détection de la molécule R6G choisie
comme analyte modéle. Ces mesures démontrent dedgerformances de détection (un seuil de
détection de 18- 101°M et un EF de 19) et une trés bonne reproductibilité des spectE#Scollectés

sur des substrats de large dimension (plusieuasndiz de mr). Forts de ces performances, nous nous
sommes ensuite penchés sur la détection SERS éeuted biologiques d’'intérét applicatif. Des études
de fond, portant sur la détection d’homo-nucléctidépolybases) dérivés des quatre
nucléobases constituant la structure de 'ADN, ade(A), cytosine (C), guanine (G) et thymine (T),
ont ainsi été réalisées. Le potentiel de détectiennos hétérostructures Ag° / Ti@ conduit a
l'indexation quasi-intégrale des bandes Raman desre bases étudiées, modifiées ou non avec des
groupements NE et nous a ensuite permis de discuter des effarcrdchage, d'orientation et
d’agencement des molécules d’ADN sur les hétérostres Ag° / TiQ. Des études complémentaires
ont finalement permis de confirmer le potentielddtection de nos hétérostructures en fournissant
différents apercus sur I'hybridation des polybastd@ssociation de différentes polybases sur umené
substrat SERS.

Puis, pour la premiere fois a notre connaissanoas lavons réalisé I'étude approfondie des spectres
SERS obtenus aprés hybridation in situ de pairgotidases complémentaires appariées : polyA-NH
avec polyT et polyG-NHavec polyC. Cette étude a permis de mettre erege@lles caractéristiques
spectrales spécifiques de chaque paire appariée,d& maniére non ambigué, grace a la confrontatio
avec les spectres des mélanges des bases parespoadantes, non appariées.

Dans le cas de I'hybridation (polyA-NFavec polyT, et polyG-NHavec polyC), nous avons mis en
évidence la présence formelle de polyT et de poly©@uvant leur engagement dans les liaisons
hydrogéne spécifiques avec polyA-bét polyG-NH, respectivement. Par ailleurs, cela nous a permis

de montrer que les mélanges se comportent exactem@me les solutions de bases simple brin seuls
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en raison d’'une adsorption préférentielle d’'und, b polyA dans le cas du mélange polyA-Ntdec
polyT, et d'autre part, de polyG-NHans le cas du mélange polyG-Ni¥ec polyC, au profit de polyT

et de polyC. Nous avons donc émis I'hypothese diditanisme d’adsorption compétitif qui est en
accord avec d'autres données de la littératuresteflie les chaleurs de désorption de chacune ses ba
et de leurs nombres d’atomes d’azote disponibles aliser la liaison base et surface d’argent.

Enfin, concernant les paires de bases appariégdetées, comme dans I'étude des cas des polybases
simple brins, nous avons pu mettre en évidencdeagumolécules hybridées sont orientées en position
couchée sur les nanoparticules d’argent. Les étadesoncentration ont montré que l'efficacité de
I'hybridation est d’autant meilleure que la concatibn des brins sur la surface est faible.

Ce travail de these ouvre de trés nombreuses pérgEede poursuite.

- Les conditions d’élaboration de nos hétérostmesticonduisant & des morphologies trés variées des
agrégats de NPs Ag®, il sera intéressant d'étuatiequoi ces morphologies influencent et permettent
d’optimiser les performances de détection SERS.

- De nouvelles études expérimentales devront é&meers en vue de mieux comprendre comment les
données issues des spectres SERS permettent denddg effets d'accrochage, d'orientation et
d’agencement des molécules d’ADN sur les hétérastres Ag° / TiQ.

- Les premiéres études portant sur I'hybridatios g@ybases et I'association de différentes polgbas
sur un méme substrat SERS devront étre poursugviesue de fournir des entrées pour des études
ultérieures plus complexes sur la détection de coddéé d’ADN multibases et leur hybridation.

- Les études sur la détection de molécules d’ADMibrases et leur hybridation permettront de répendr

a différentes questions portant sur le potentislhdgérostructures Ag® / Ti®n vue d’applications dans

le domaine du diagnostic médical, par exemple gasaique ou multiple des substrats SERS proposeés.
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