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Abstract

The functionality of a protein is interwoven with its structure, small variations iattiee may result

in the arise of resistances to drugs or severe pathologies. This is one of the main reasons why the
study of protein structure, field of science called structural biology, is of paramount importance and
requires a multidisciplinary/muitechnique approado understand protein structure, function and
dynamics All these analytical tools have their pros and cons, and notably no one technique alone
can provide all the answers to the question of structural biology. In this field, a poletisl played

by those techniques that elucidate the secondary structure of proteins, $uhies Transform
Infrared (FTIR) spectroscopy. However, despite its several advantages, FTIR dramatically suffers
for sensitivity limitations.

The aim of my PB is to overcome this drawback by exploiting Collective Enhanced Infrared
Absorption (CEIRA) and apply it to the investigation of secondary structure of proteins of biological
and biomedical relevance in aqueous environment and at ultralow concentrations.

At first the main efforts were devoted to the optimization of fabrication protocols for the of CEIRA
plasmonic devices. These chips are made by ordered arrays of gold nanoantennas, whose dimensions
can be tuned in order to give signal enhancement irreliffédRegions of Interest (ROIs) in the Mid

IR. Then, by using model proteins, we proceeded with the implementation of efficient strategies for
the measurements of protein solutions in buffer environment and at hanomolar concentrations, in
both static andyhamic conditions.

Once everything was established, our objective was to study the structural modifications that the
Epithelial Growth Factor Receptor, EGFR, and in particular its Kinase Domain, undergoes when in
contact to a specific ligand: thgrosinekinase inhibitor (TKI), Lapatinib, validating the great
potentialities of our technique for protein conformational analyses.

In conclusion, we developed a ndastructive labelree technology forin vitro detection of
structural information of protein molayers in their native states giving the possibility to follow the
dynamics of the protein binding to the surface. Our CEIRA devices are a versatile tool for further
understanding of the fundamental principles underlying the mechanism on the baseifigestd
interaction. Moreover, we believe that a platform with this kind of sensibility will open new
possibilities in the study of proteins of biomedical interest, in particular for those proteins involved
in diseases where missense mutations indua# émnformational changes and possible misfolding,
giving rise to new possibilities in the understanding of disesls¢ed conformational changes in

proteins.
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Introduction

The aim of my PhD is to exploit Collective Enhanced Infrared Absorption (CEIRA)
microscopyfor the investigation of secondary structure of protewfisbiological and
biomedical relevance in aqueous environnagmt at physiological concentrations. This goal

has been achieved (i) by optimizing protocols for the fabrication of CEIRA plasmonic
devices, made by ordered arrays of gold nanoantennas allowing thelRMisignal
enhancement in different Regions of Interest (ROIs), tuned to the main IR absorption bands
of proteins; (ii) by improving methodologies for the effective anchoring of proteins onto
gold-nanonatennas; (iii) by implementing strategies for the efficient measurements of
protein solutions in buffer environment and at physiological concentrations, in both static
and dynamic conditions; (iv) by capitalizing theacquiredexperiencdo assesthe subtle
secondary structure modifications undergon€&pigermal Growth Factor ReceptdEGFR,
interacting withtyrosinekinase inhibitor (TKI), Lapatinib

The large majority of my PhD activity has been carried out at the Chemical and Life Sciences
branch of SISSI (Synchrotron Infrared Source for Spectroscopy and Imaging) beamline at
Elettra Sincrotrone Trieste, where | performed both CEIRA measurements @ed m
conventional FTIR spectroscopy and microscopy analysis. However, due to the
interdisciplinary nature of the PhD project, strong collaboration has been established with
Plasmon Nanotechnology Research Laboratory at the Istituto Italiano di Tecndlbgia (I
Genovaunder the supervision @fr. Andrea Tomawhere | had the opportunity to gain some
experience on nanofabrication technologies and to fabricate on myself the plasmonic devices

used for the PhD experiments.

The present manuscript summarizespgbgormed activities and the outcomes of my PhD

project.

Chapter 1is intended to provide the reader background informatiotherstate of the art
of structural characterization of proteins, with both standardized and more innovative
methods. Thestructual characterization of proteins is of paramount importance for

understanding the molecular mechanisms whicietheir activityand, consequently, their
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proper function X-ray crystallographylays the main role ithe 3D characterization of
proteins at ®mic resolutionswhile, for the investigation gbroteinstructure and dynamics
under nearly physiological conditions, Nuclear Magnetic Resonance (NMR) specjrascop
the methodology of choice. Howeveeyere limitations to protein structural charaiz&tion

are imposed by proteins that are challenging to crystallize (i.e. membrane proteins), or
available in limited quantities, (i.e. mutated proteins involved in rare dise&séisg last
decades, different techniques have been developed and optiaripestein conformational
analysis, such as Small Angler®y scattering (SAXS) or cryilectron Microscopy (cryo

EM). However, all these analytical tools have their pros and, @wnotably no one
technique alone caprovide all the answert® the qustiors of structural biology gection

1.1). This hagnotivated researchers tombine different techniques to understand protein
structure, function and dynamics. Therefore, techniques which can provide complementary
information to the aforementioned structural methods are of great interest for integrated
structural biology studiedn this field, a pivotal role is played by those techniques that
elucidate the secondary structure of protesugsh ag-ourier Transforminfrared (FTIR)
spectroscopySpecifically, Midinfrared spectroscopg a widely employed tool for protein
secondarystructure analyses, since itlabeklree and it is particularly sensitive to little
protein conformational changd3espite its potential, IR measurements on small quantities
of molecules using conventional approaches are extremely challenging dugatdnsin
sensitivity of the technique for diluted solutions (micromolar and suaticromolar
concentrations) and thin samples (such as monolayers), the IR signal becomes prohibitively

weak(section 2.2

A challengingmethod for increasingTIR sensitvity is to take advantage from the electric
field enhancement associated with the excitation of plasmonic resonances when light is
incident onad-hoc shaped metallic structures. This method is called Surface Enhanced
InfraRed Absorption (SEIRA. A Convreanltd o SEI RA substrates,
roughenedyold or silver islands, provide ontymodest MI-IR signal enhancemenh the
rangeof 1-2 ordes of magnitude The exploitation of nanofabrication technologies and
electron beam lithography, in particulatlows the fabrication of controllathnostructures

that can produce enhancement factorseveralorders of magnitude, for the salled

Air es onan c@mgAmEbleRrRAbaNcements can be obtained for nanoantennas arrays
through themutual tuning ofthe single antenna parameters (shape and material) and array
lattice parametergperiodicity) making Collective Enhanced IR Absorption (CEIRA)
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suitable for protein structural characterization at very low concentration, up to nanomolar
detection sensitiwt(section 1.3)We would like to mention at this stage that values reported

in literature concerning the magnitude enhancement of plasmonic devices, and the
consequent seaitivity should be carefully assesssthce strongly influenced by the protein
depaition or anchoringmethod that could lead to the formation of protein layers also
outside the -gpatoaBetennaniiBofi of this thesis

Chapter 2. The cond chapter of the thesis concentrates on the strategy adopted fo
optimizing the CEIRA devices that has been used for accomplish PhD project. The simulated
design and the fabrication procedure followed for producing the CEIRA substrates will be
presented irsection 2.landsection 2 respectively. CEIRA devices havedn produced
during the three years of PhD activity with two different geometries, ndmelto-line and
crossgeometry. The characterizations of the morphology of the two forms of devices and of
their infrared response will be reportedsiection 23 and section 24 respectively. Finally,

the interpretation of the enhanced protein signals will be discussedtion 25.

Chapter 3. Chapter 3 reviews the experiments done at the Chemical and Life Sciences
branch of SISSI beamline at Elettra with CEIRA substrates for protein conformational
analysis. The chapter is divided in five main sectionseltion3.1 will be described the
strakgies that have been tested for anchoring the protein target molecules atsiatfof

the CEIRA arrays, validating their performances by uirggto-line devices. In the second
section gection 3.2 the improved performances of second generati@mssgeometry
CEIRA devices with both conventional and infrared synchrotron radiatio®RRwill be
examined.Section 3.3will report the main results achieved in the secondary structure
analysis of thin dried layers of model proteins, Bovine Serum AlbufB®A) and
Concanavalin A (ConA).&tion 3.4will focus on the difficulties being addressed in protein
secondary structure assessment in aqueous buffer conditions. Plasmonic Internal Reflection
(PIR) approach, developed by Adato anelawrkers, will be itroduced, and the results of

its exploitation for hydrated BSA and ConA conformational analysis will be discussed.
Finally, insection3.5the use of PIRCEIRA technique will be considered for the secondary
structure characterization of a protein of biomabinterest at ultrdow concentrations.
Static and dynamic experiments aimed to investigate bothtypkl and mutate form of
EGFR, and tassess the minimal conformational changes undergoB&BYR, interacting
Lapatinibwill be described.
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The outcomesf the PhD thesis will be then summarize@imapter 4, Conclusions, aiming
attention at the points of novelty apdrspectivespplications of the strategies developed
during the PhD thesis.

The present manuscript incudes also an appeAgdpendix A, which summarizethe main

results obtained during these three years on a side project on biospectroscopy, developed in
collaboration with the group ohelastic ultraviolet scatterinfUVS) beamline at Elettra
Sincrotrone Trieste. This minority activitywas focused onto the development of two
different tailored protocols which enables to obtain Nucleic Acids solutions extracted from
cell cultures with aspectroscopic qualitgatisfactoryfor routine FTIR and UV Raman

analysis
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Chapter 1

This chaptemwill introducethe readeto the context of proteirstructureanalysis After a
general introduction to protein structurletfirst part will provide an overview otine
principal techniques devoted ftieir structural analyis, highlighting potentials and
limitationsof eachtechniqugsection 1.} In the secondection(section 1.2, we will focus

on the use of conventional infrared spectroscopy for protein analyses, explaining the basic
principles of Fourier transform infrared (FTIR) spectroscqayjng particular attentiono
the advantages offerday this technique foconformationalanalyses of biomoleculgbut
alsoto the techniqudimitations The third part(section 13) will contain a short overview
on plasmonicoptics, focusinghenon the surfaceenhanced infrared absorption (SEIRA),
which underpinsnanoantennassisted plasmonieffect that will be used to enhance the
vibrational modes of proteipnsallowing conformational studies with few attomoles of

sample

1.1 Structural analyses of pioteins

1.1.1 Protein structure

Proteins are the most abundant and versatile ba@bmacromolecules in the cell, and they
constitute most of its dry masBheyarecellular building blocksandexecutenearly all the
cel | 6s f uareinvolved meatalyss, kramsport, immuneesponsandmechanical
support. They alsoprovide cellular matility, transmit nerve impulses and promote cell
replication, controlling growing and differentiati¢t], [2].

Proteins are organic compounds composedoofy chains of amino acids folded into
complex structuresThere are 20 types of amino acids in proteins, each with different
chemical properties. Amino acids subits are made by the same core elenantbthe se

c al | ardoboudda carboxylic groupan amnogroup, a hydrogen and a side chain which
is different for each amino acid amdich governs the chemical property of the monomer
(Figure 1.1a)In the macromolecujamino acids monomeeselinked by covalent peptide

bonds asshownin Figure 1.b.
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Figure 1.1:(a) Chemical structure of a representative amino acid mitserionicstate. (b) The peptide bond:
the condensatioaf the carboxylic groupvith the amino group of twaeighboring amino acids results in the

formation of a covalent amidic bond.

Therepettive sequence of atoms along the core of the polypeptide thihiapolypeptide
backbone, whiléhose portions of the amino acids that are not involved in makingtid@ep
bondarethe amino acidside chaingFigure 1.2).The sequence of the amino acids, their
nature and number, is unique for each protein and determirse-tdadled protein primary

structure

7 Carboxylic terminus
AN or C-terminus

Amino terminus
or N-terminus

T

N -
Side chains H C/ \CH

O—wn—0Q0—0
I
T

]

Figure 1.2: Structural components of a proteinpaoteinconsists of @olypeptide backbon@ecorated with

side chains. Image adapted from [2].

The two ends of a polypeptide chain are chemically different: the end carrying thmfnee
group(in its neutral, NH, or protonated forni\\Hz") is the amino terminu®r N-terminug,

and that carrying the freearboxylcarboxylategroup (COOHCOOQO) is the carboxyl
terminus(or C-terminug. Theamino acidsequence of a protein is always presented in the
N-to-C direction, reading from left to right However, poteins are notsimple linear
molecules buttheyhavehighly complex folding patterns whiatepend orthe amino acid
sequence and a@mvironmental influencd8], [4]. Proteinfolding is one of the fundamental
examples of selassembly in natureand it is determinedby different sets of weak
noncovalent bonds. Tée types ofnoncovalenbonds arenvolved hydrogen bonds, ionic

bonds, and van der Waalderaction As a result of all of these interactions, each type of
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protein has a particular thremensional structure. Ehfinal folded structur@edopted by
any polypeptide chain is generally the one in which the free energy is minifjzed
Conventionally, logists distinguish four levels of organizationgroteinstructure. The
amino acidinearsequenceés consideredhe primary structureas already mentionedhile

the dretches othe polypeptideresultingfrom intra-chain interactioaconstitute the protai
secondary structur&uch interactionarisefrom hydrogerbonding between thei¥ and
C=0 groups in the polypeptide backboii@e two mainrecognizedclasses osecondary
structursa r e  helixewhéte the backbone is arranged in a spiralk e coi | |, and
sheet wherethe polypeptide backbonis arrangedside by sidg5] (seeFigure 1.3a)An U
helix is generated when a single polypeptide clainsaround on itself to form a rigid
cylinder.In this conformation, aydrogen bond is made between every fourth peptideshond
linking the C=0 of one peptide bond to theHNof the other, giving rise to a regular helix
with a complete turn every 3.6 amino aci@sher transient helix structures have been found,
the mostrepresemative of which is the ¥ helix (nearly 1015% of all helices in protein
secondary structure$§s], [7]. Such structures differ frotd helix for the backboneof the
hydrogenbonding networland usually are made by more thafi 11 residue§/]. b sheets
can form either from adjacent chains that run in the same direction (parallel chains) or from
strandsthat folds back and forth upon itself, with secioanning inoppositedirections
(antiparall el cdheetipmodude.aveBgnstiucturey e bedix andfsheét
structures ar@inedwith connecting loopsknown as random coil¢hat do not fall into the
previous defined categorieBhesesecondary structural elemerte representeid ribbon
models of proteinasshown in Figurel.3b.

(a)

Amino acid
subunit

Figure 1.3 @)Regul ar conformation of the pol ypegiretcthese backhb
highlighting the hydrogen bonding netwoiknage adapted froif2]. (b) Ribbon model of the kinase domain

of Epidermal Growth Factor Receptor (EGRFjom [8]. The mainsecondary structural elememtsproteins

are showed with differelyt colored graphical elementsedribbonsi U h jeyéllowarrows b s jrgeent

linel random coils.
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The organization of all the secanrg structual elementsin a full threedimensional is
described as the tertiary structwfethe proteinand definest (see ribbon model in Figure
1.3b).Hydrogen bonding and ionic interactions between side chasflyinfluenceprotein
secondary structurénstead,hydrophobic force is an essential contributor that drives the
protein3D folding. Generally, the nonpolar side chains in a protein tendigtecinside the
macromolecule, in order tbmit the contact with the surroundingplar environment
(namely, cellular water)On the contrarypolar side chainkave thetencencyto arrange
themselvesiear the outside of the molecule, whtre formation of hydrogen bonds with
water and with other polar moleculiesallowed Notably, many proteirs are either attached

to the outside ofhe cell membrane or secreted as part of the extracellular matrik are
directly exposed to extracellular conditioris.order tomaintain their structurem such
environment the polypeptide chains are often stabilized by covalent -tirdssges The
most common crosiinkage in proteings the covalent sulfuirsulfur bond which forms
betweentwo pairs ofi SH groups of cysteine side chains that are adjacent in the folded
protein andact as atomic staples to reinfotbe proteinmost favored conformatiorit is
noteworthy that @ulfide bonds generally fail to form in the cell cytosol, wharéigh

concentration of reducing agents conveitS $onds back to cysteiil&H groupd2].

When different individual protein macromolecules, callstibunits are arrangednto a
singular functional complexhe complete structure déefinedas the quaternary structure
[9]. Biologist recognized anothainit of organization distict from the four just described,
calledproteindomain[10], which isa substructur@roduced by any part of a polypeptide
chain that can fold independently into a compadtinctional, stable structurg¢ll]. The
diversedomains of a protein are often associated with different functiemsinstance,
protein kinasedike superfamily (PKlike), a classof protein effectorsessentialfor the
maintenanceof cell cycle control are characterized by Aomologous catalytic domain,
calledKinase Domain(KD) [12]. Such domain is commonly made by 2500 amino acid
residues and it contains the active site of the pravgimvhich Ks controlthe activation of

targetproteins thanks ttheir catalyticactivity [13].

1.1.2Conventional techniques forgiein structual analyses

It is a wellestablished paradigm that the function of a protein is related to its structure.
Therefore, suctural characterization of proteins is of paramount importafure

understanithg the molecular mechanisms which define tlagiivity. Such analyssareused
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alsoto recognize the molecular basis of diseasaging, for instanceto the development

of novel drugq14]i [17]. Structural biology is the branch of life science which focuses on
this topic [14]. The two principal techniqeeemployed for the3D characterization of
proteins atatomicresolutions are Xay crystallography18]i [20] and Nuclear Magnetic
Resonance (NMR) spectroscoi]i [23].

X-ray crystallography is the most powerful analyticahtequefor structural biologistsand

it is thekey toolfor providinghigh resolutiorprotein3D structurg18] having been used for
about the 90% of the total protein structures nowadays deposited in the Protein Data Bank
(PDB) [24]. By usingthistechniquethestructure of a pteincan bereconstructedrom its

X-ray diffraction patterii25], obtained fromanordered crystabf the protein A scheme of

the workflow for protein structure determination usingray crystallographys reported in
Figure 1.4 By X-ray crystallographythe entirethreedimensionalstructure of a protein
(tertiary structure in case of single polypeptides, quaternary structure in case of multiple
polypeptides) can be resolved at very high resolutiowndo 0.5 A[18], [26].

d:\ .

LE\':‘% : Y
Crystal Diffraction pattern Electron density map Protein model

Figure 1.4 Workflow for protein structure determination usingray crystallographyWhenproteinscrystals

areilluminatedwithXr ay radi ation in conditions satisfying the

ordeedarrangement of atoms within the crystal. The repetitive nature of structural units within a protein crystal

produces a diffraction pattern, formlegthe interference of the diffractedPdy beams, from which is possible

to obtain the3D image of the @ctron density within the crystal, getting the positioratafms and chemical
bonds within the structure to be determined. Image adémuted27].

X-ray crystallography is widely employedisofor visualizing the interactisbetweerthe
protein andexogenousnolecules [19]both natural ligands [20] or synthetic drugs such as
enzyme inhibitorg28]. This is possible after ecrystallization of proteins with thetarget
moleculeg19], providingaccurateand highly informative structurdiata on the mechanisms

of such interactions. Despite its great potentials for 3D structural determination and drug
discovery, Xray crystallography suffers from some intrinsic drawbacks mostly related to
the sample preparatioNaking well-diffracting crysalsis mandatory for performing such

analyseq18], andcrystal preparation is often time consuming and expensive in terms of
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protein and laboratory consumablésdeed, itis the major bottleneck in protein structural
determination[29], [30]. Not all proteins can be easily produced in such ordered crystals.
Although it is not possibla priori to recognize problem cases, it is known that some classes
of protein are hard terystallize [31], such as membrane proteif82], proteinligand
complexeswith ligands havindow affinity [33] andlargeprotein aggregates. In particular,
for membrane proteirthie use of detergentsequired for protein isolation from the cellular
memlyane, induces the formation of micelles around the protein hydrophobic regions,
significantly reducing the possibility of forming cryst@dd]. Also, even when crystals can

be obtained, they are often small and diffract podvlgreover, itis a matter ofact that
proteins in crystals are not in their physiological conditions and their movement is limited,
thus not allowing to obtain informatiamn proteindynamicbehavior.

The secondrincipaltechnique for proteiD structural studieathighresolutionis Nuclear
Magnetic Rsonance (NMR]21], [22]. This technique offerseveraladvantags since it
does not requiréo prepare protein in crystalline form for being analyaedit can work
either in solid statf22] or in solution23]. NMR spetroscopy is the only method that allows
the determination ahe 3D structure of protein molecules atomic resolutiom theliquid
phaseand tafollow protein dynamic behavigi]. Despitethese cleaadvantagefor protein
structuraldetermination, its application is usually limitéal small proteins (less than 30
kDa), due to thetechnique intrinsic limitationand the complexity of the spectral data
provided [21].Moreover, usually expensive media are requirdsecauseof the cost 6
isotopes used for protein preparation [Zhce only certain isotopes are capaiflstense
NMR signals proteins require to be labeled withchisotopes such adHydrogen2 (°H),
Carbon13 (3C) and Nitrogeril5 (°N) [21]. Moreover,due to the inherent insensitivity of
the techniqueysually high concentrated solutions (aboum¥) are required for obtaining
intenseprofiles.

In the last decadestructural biologyhad asubstantialprogress in terms acdvailable
instrumentationtechniques and protocolowingto getfurtherinsightof larger molecles

and multiprotein complexef34]. In this contextsolution-based smalland wideangle x

ray scattering (SAXS/WAXSJreotherpossiblemethod for observing proteistructure and
dynamics[35]. Such techniques are not higlresolved,but they can provide a wap
explore the full extent of the conformational landscape as a functianwafle rangeof
solution condition$36]. More significantly solution scatteringepresers a straightforward

way to perform timagesolved studie§37]. Such analyseare employed in particulafor
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disordered systems. Howev&AXS cannot providestructural detailsvith high resolutions
and require protein conceation in the range of mg/m(in the order of tens of uM)

While NMR and Xray crystallography are limited to structural studies of certain classes of
proteins, most of the tim&mall onescryo-ElectronMicroscopy(cryo-EM) is an emerging
tool for the structural determinatioof large proteirs or multi-protein complegs [38].
Furthermore recent developments in chEM combined with image analysis provite
unique information on theonformational variability of macromolecular complex889].
However, tle biochemical quality of the sample remains the major bottleneck to routine
cryo-EM-based determination of structures at very high resol(téss than 10 Aj40]. In
addition this technique idlifficult to apply to molecules smaller than approximaté\kba,

a cutoff larger than theveragesize ofcellular proteind41], while it performsbetterfor
proteins in the range of 1&D0 kDa[42].

As seen, khthese analytical toolkave their pros and consand notably the request of
structural biology cannot bsatisfiedby a singletechnique Moreover,they cannot be
applied to all kinds of proteins and systerikis hasmotivated researchers tmmbine
different techniques order to fully understand protein structuts function and dynamics
[34]. Thus, methods offering complementary information tothe aforementioned
conventionaimethodsare of great interest fontegratedstructural biologystudies In this
field, a pivotal roleis played bythose techniguethat canprovide valuable insightto
secondary structuranalysisof proteins,such asCircular dichroism CD) [43]i[45] and
Fourier Transform Infrared (FTIR) spectroscopy{46]i[49]. These arethe tools most
commonlyappliedas complementary to-Kay crystallography andre particularlyuseful
for analyzingproteins in a variety of environmentsot being limited to the study of
crystalline proteinsCD is generallyemployedto determine whether an expressed and
purified protén is folded, or if a mutation affects its conformatiatability [50] and for
folding thermodynamicg1]. Protein CD spectroscopy &éso used fose@ndary structure
estimation[50], but secondary structure content cannot be accuratgigulated from CD
spectra for the majority of proteifg4]. In fact, areliablesecondary structure conterdn
be calculated only from CD specwhall-U pr ot e ibpmteirs[ddd Orathelother
hand Fourier Transform InfraRed (FTIR) spectrosg$p2] is a widely used technique for
analyzing the proteigiructure[49], since it is label fregnot damagingndsensitive to subtle
protein conformational chang@$3], [53]. Due to hese advantags, FTIR spectroscopis

especiallyuseful forprobing proteins that adbfficult to bemeasuredby other spectroscopic
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techniquesln the next section, the basic principfes FTIR protein measures asttuctural

analyss arepresented.

1.2FTIR spectroscopy for protein analyss

This section aims tprovide a brief introduction to FTIR spectroscopy and uimuerthe
basic principles of the technique. ferent sampling methodare discussed antheir

applicationfor proteinconformationaktudiess presented

1.2.1Infrared spectroscopy basic prinleip

In general, spectroscopy deals wilkie interaction of electromagnet{&M) radiation and
matter.It is based on the analgsof the energy of the transmitted or reflected light after
illuminating a sample with a definite radiation souréelight was discovered for the first
time by Frederick William Herschél7381822)basingon the studies of Sir Isaac Newton
(16431727).In 1800,Herschelperformed a famous experiment whelog promoting the
dispersion of light with a prisnhe tried to measure the temperature of different colors of
the visible spectrum by placing a thermometer on each cdlorthis experiment he
discoveed that the warmest part of the spectmiaswhere there was no color at,dlelow
the red Therefore, liis hot light became known as InRed (IR) In Marchof the same year
Herschel made another discovery placing a sample in the path of tRelight, he observed
that by changing the part of the spectrum that passed through the sample, in some points the
temperature rapidly decreasedoncluding that the decreasing intemperaturewas
consequent to the absorptionlBflight from the sampleOn this @idence,he definedR
spectroscopy as the "measurement of light absorption in the infraredithis definition is
still perfectly correcf54].
Actually, the InfraRed (IR) radiation covers a wide rammjehe EM spectrum extending
from visible to microwaves (Figure3). Photonsin this range havenergies which span
from 1.25 meV to 1.7 eVSuchenergies cannajenerallyexcite electroit transition but
theycan induce vibrational excitation of covalently bonded atamisgaoups.
The IR range is conventionally divided into three spectral regimes, named accordingly to
their distance from visible light:

V nearinfrared regime (NIR): 140G@000 cm?! (0.8 2.5em);

V mid-infrared regime (MidR or MIR): 400G 400 cm! (2.5 25em);

V far-infrared regime (FIR): 4000 cni?! (25i 1000 m).
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Figure 15: Electromagnetic Spectrum of light. The IR rargel its sukregions are hightjhted.

In this thesis we will focus on the MidR regime, which is the most useful IR regitor

analyzing organic compoundsnce their transition energies are from about 44 meV to 440

meV (1-:10 Kcal/mol) and therefore in the same ramd¢hevibrationalenergieof covalent

bondg[55].

Covalent bonds in molecules are usually simplifiedgd sticks or rods, but actually, they

behave more like stiff springs that can be stretched and bent. At temperatures above 0 K, all
the atoms in a molecule are continuously vibrating with respect to each other in a variety of
ways. IR photonsvith appropiate energy can be absorbed ttnme molecule, inducing
transitions between vibrational energy states. The frequency of the transition depends on
different factors, the main of whighithe type of vibration, the borsfrengthand themasses

of the involvedatoms. Foinstance, in order tstretch (or compress) a bqiigher energies

are requiredhan to bend itAccordingly, the frequency that characterizes the stretching
vibration of a given bond is higher than the one of the bendodes

The stretching frequency of a diatomic mol e
Ho o k e 0 streatstwal atoms and their connecting bond as a simple harmonic oscillator
composed of two masses joined by aydther i ng.
vi bration of the spring (3) depends on it

summarized in the Eq. 1.1:

"= — - [EqQ. 1.1]
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where 3 is kthe fsSpegwgncynstant of the bond

systemwhich, in the case of a diatomic moleculs calculated as follows [Eq. 1.2]:

©  —— [Eq. 1.2]

whered 1 andd 2 are the masses of the two atoms of the diatomic molecule.

As can be seen, equation 1.1 prosiddink between the strength of the bond among two
atoms (or molecular fragments), the mass of the interacting atoms (or molecular fragments)
and the frequency of a vibration. Consequently, an increase in bond strength leads to
equivalent frequency increaswhileanincrease in the atomass corresponds to frequency

decrease. The potential energy (E) of a simple harmonic oscillafiweisby Equation 1.3:

0O - Q@ [Eq. 1.3]

wherex represents the displacement of the spring from its equilibrium positioh iarttie

Pl ankdés constant.

However, at the atomic scale, molecular systems cannot assume a continuous energy profile
as predicted by the classical "badisdspring” model [Eg. B]. Indeedguantum mechanics

[56] describesa diatomic moleculén terms ofdiscrete energy levels,, defined as irkEq.

1.4.

O & -G [Eq 14]

wher e 3 i s nthévierationmalgugniuexmwnper (0,1,2,3,...)dntheP | ank 6 s
constantFurthermorefor harmonic potentials, only transitions between neighboring energy
levelsthat determine a nethange in the dipole momeate allowed( M= 1, selection

rule).

In Figure 16a, a schematic representationtbé potential energy fahe harmonic modes
reported Despite this simple model is in good agreement with experimental data for
transitions between the ground state of a molecule (n=0) and the first vibrational quantum
level, it fails for transitions extending beyond. For a more accurate modetiitg,in bond
compression and extension need to be considé&kdhe deviations from the simple
harmonic oscillator model bring actually to a more appropaatearmoniascillator model

as shown in Figure @b. This model account also for overtomg (= £n, with n integer and

n > 1) and combinatioq ~n + 3m)dbands often detected in the NIR for real molecules.

L e tnéwsmovefrom the "ballsandspring” model which definesthe basis for the simple

vibration of a diatomic moleculéo models describingnolecules madeby a number of
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atoms(N) higher thantwo. For such complex systemseteis a wide number of possible
vibrations and all of them can be descrilasdhe combination of the motions of each atom

in the 3D spaceEach atom in a molecule has three degrees of freedom, corresponding to
motions along each of the three Cartesian axes (X, y, and z). Consequently, a polyatomic
molecule of N atoms has 3N total degrees of freedom. Three degrees of freedom are required
to describe the translation motion of the entire molednlespace and three additional
describe the whole molecule rotation. The remainingi 3N degrees of freedom are the
fundamental vibrations for nonlinear molecyleach of them describing the motion df a

its atoms at the same frequeranyd with a fixed phase relatiohinear molecules possess

3N 5 fundamental vibrational modes because only 2 degrees of freedom are sufficient to
describe the entire molecule rotatibfowever, anong the 3N 6 (or 3NT 5) fundamental
vibrations (also known as normal modes of vibration), only those that produce a net change

in the dipole moment of the molecule are IR acfv4.

(A) Harmonic oscillator (B) Anharmonic oscillator

o Potential energy surface Potential energy surface

ry Interatomic distance r,. Interatomic distance

Compression Extension Compression Extension

Figure 1.6: Representation of harmonic (a) aatharmonic(b) modelsof the vibrational energy levelsf a

diatomic molecule.qris the equilibrium distance that minimize the Potential En€EyyAdapted froni58].

According tothe normal mode descriptiothe vibrations of the twg@or more)bonds are

coupled. As one bonzbntracts, the other bond can either contraepliase) or expand (cut

of-phase)n a vibration known as stretchimjode The str et ching i $ defir
when the bonds stretch-phasewhile it is definedasymmetriavhen it isoutof-p h a e ( 3
Vibrations involving a change in bond angle are known as ben@lirggbending vibration

that determines a variation of the angle between two bonds is called scissoring or
deformation. Rocking, wagging and twisting are bending vibrattbat produce a change

in angle between the plane defined by the group of atoms involved in the vibrational mode

and the rest of the molecul8ome molecules with a preferredemtation cannot freely

rotate.They can howeveurnslightly back and forthvith respected to the fixed orientation

23



in a motion known as libration. This is the case of liquid water, where the network of
hydrogen bondingmposesa preferential orientatioto the moleculesin order to better

understand these concepts igure 17 the vibrationamodes ofwaterare shown

A, oo

Of/w\ s N N,

symmetric stretch  asymmetric stretch bendlng

Mo Mo °R

librations

Figure 1.7: Vibrational modes of watefmage adapted frof%9].

The number oéxperimentdy observed IR absorption bands is generally different from the
total number of active fundamental vibratipesice more than one mode of vibraticem

be characterized by the same frequer@ynversely, additinal bands can be seérhese
areovertoneswhich areintegral multiples of the fundamentalsaioption frequenciesand
combination bands, originating frorthe combination either sum or differenceof
fundamental frequencies

Summarizing, wen IR light hits a sample, absorption occurs if the frequency of the IR
photors matches the one of a mode of vibratidhe frequencies at which absorption of IR
radiation occurs are directly correlated with the typesheimical moietiein the analyzed
sample, and information about the molecular architecture of the seampleretrieved.The
superimposition of all théR absorptionbands generates a unique IR spectrum for each
compoundvhich can be considered as the fingerprint of the molecule

1.2.2 purier TransforminfraRed (FTIR)spectroscopy

First IR experimentsveremade with thesoc a |l | e d fsdpiescpt e rospihwbiclo met er s ¢
exploited dispersive optical elements in ordemtonochromatizeeither illuminating or

transmitted IRlight. Conversely, madern instrumentations based on interferometric

systemslIn contrast tadispersive spectpmotometersFourier TransforminfraRed (FTIR)
interferometerperform the spectral splitting with the help of an interferometer, allowing
wavelength dependent radiation modulatidhe simplest interferometer is the Michelson

one, shown irFigure 1.81In the figure capon, a brief description of the working principle

of theMichelson interferometeas also given.
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Figure. 1.8: Scheme of Michelson interferometer. Light coming from the IR source is partially transmitted

Moving mirror M2 Beamsplitter

Detector

and patrtially reflected by the beamsplitter, illuminating both M1 (fixed) and M2 (moving) mifrbesshift

in position ofM2 generatsa difference in the optat path modulated by the velocity of the mirror shifting.
Therefore, for each wavelength of the source, constrddésguctive interference conditions are created over
time. This generates and interferogras a function of the movable mirror displacenfeoin the zerepath
difference position (x,dm]), characterized by an intense central burst for a continuous polychromatic source.
The interferogramrecorded by the detectds, convertedoy Fourier Transformatioto a spectrum in the

spacealso known as wavenumberfcm].

Among the advantaggsovide byFTIR interferometersvith respect to dispersive systems,

we should highlight the faster data acquisition and the improved signal to noise (S/N) ratio
by a f adwheregM isthaeudbddr olsample points comprising the spectrjinboth
deriving from thesimultaneous observation of all the wkarggthsat once This advantage
known as f#Amul tisgé efthe readon avmgheaviglespreaddiffusion of
infraredspectroscopy is coaquent to the developmentBTIR interferometers

1.2.3FTIR Sampling techniques

Whethera samples in the optical path between the beamsplitter and the defse®Figure

1.8), the interferogram of the sample is collected, andrdresmissiorspectrum T [%], of

the samples can be retrieved as the ratio between its spectrum to the spectrum of the
backgroundor reference Alternatively, the spectrum can be plot B®gio(T), cdled
AbsorbancdA) which is expressed in arbitrary urat.{i.]

A wide number ofsampling techniqueare available forperformingFTIR measurements

This versatilityin samplingallowsthe technique to be applied to solids, liquids and gases
making it a powerful toofor a labelfree identification of molecular specig¢60]. In this
paragraphthe focus will be on the techniques function&r the understanding of the
measurements donduring this thesis, namely transmission and Attenuated Total

Reflectanc€ATR) of liquid samplesand FTIR microscopin the Md-IR.
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(i) Transmission FTIR spectroscopy

Themost commorTIR samplingnethod of FTIRs the transmissignwherelR light passes
throughthe samplebefore detection of its attenuatiohhe extent of attenuation obeys to
BeerLambert law{Eq. 1.5}

& - ©6 [Eq.1.5]
Wherethe absorption intensity, fa.u.], is proportional to the molar concentration of the
sample, GM], and the optical path,[bm], through a constant known as thelam extinction
coef fi or'M%h Accordiigtd the molar extinction coefficient of trepecific band
of sample under investigation, the sample concentration and optical path neadd¢orded
in order to avoidhe total absorption of light by the sample, i.e. to reach the regime of non
linear detector respons€onsidering liquid samples, thaye usuallyconfined withintwo
IR transparent window&ommonlyCdcium Fluoride, Barium Fluoride, or Zinc Seleniden
the Mid-IR) spaced apart by a spacer, either commercial or fabrif@i$i63]. The path
lenghs aretypically in the range ofew micronsbetween theéwo IR transparent windows
[60], and this constraint igarticularlyseveren the case of aqueous samplese below in
section 1.2.4)

(ii) Attenuated total reflean (ATR)-FTIR spectroscopy
Attenuated Total ReflectiofATR) [46], [53] is asampling method that overcomes the path

lengh limitations ofconventionatransmissiormeasurementd he basic principle oATR

techniquas illustrated in Figurd..9.

Sample in contact with Sample
evanescent wave \ Evanescent
de

l S

R in IR out
IR in

IRE crystal

| IR out
1 IRE crystal

Figure. 1.9: Schene of infrared path throughnATR crystalwh er e t he angl e of incidence
is greater thathe critical angleln the inset, a zoom of the propagating evanesdecirie field attRE/sample

interface

In this methogdthe IR beam is directed a prism made cdn IR transparent ntarial with a
high refractive indexXn.), higher than the refractive index of the san{plg. Such crystals
areknown adnternal Reflection Elemen{$RES). Germaniunm(m=4 at 100&cm?), Siicon
(m=3.4 at 100@&m?), ZnSe (1=2.4 at 100@m?) anddiamond (1=~2.4 at 1000cm) are
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among thenostcommon IRE crystalsS. h e c r i t kicissdeperalenigoh the rdfrdctive
indices of the internal reflection element)(and the samplenf),accor di ng t o Sne
[Eq. 1.6].

ogi — [Eq. 1.6]

Upon reflection at the interface between sample and crgstalyanescent field is generated
that propagates into the samglbe evanescerfteld has the same frequenafithe incoming
light but theits amplitudedecays exponentially with the distance from the interfate.
sample absorb$R radiation, attenuating the evanescent wave #msl attenuation is
measured.The penetration deptld,) of the evanescent electric fieldepends onhe
wa Vv el e nog thdangle of )ncidence anohthe ratio of theefractiveindicesof crystal

and sampleas defined ifEq. 1.7.

Q

. [Eq. 1.7]

For the most common IRE materials, considering an average refractive index of the sample
about 1.5the penetration depth varies from hundreds of nanometers to few microns in the
MIR (i.e. 0.65um for Germanium IRE or 1.63m for Diamond crystals at 10@0n™).

ATR-FTIR spectroscopy has been extensively used for protein studsesllyJa protein

film is prepared on the crystal surfdéd]i [66], often bycontrolled drying/hydrationycles

for creating a protein film onto the IRE akeéeping the filmhydrationconstant[49]. Since

the penetration depth of the technigseuled by equation 1,7%or relatively thick protein
layers, the volume of the buffer layeron top of the protein filndoes notdramatically
influences the measured spectrud@6]. ATR-FTIR is a methodelatively simple and very
flexible. However the preparation of a stable filan be difficult and sometimes impossible.
Furthermore, the relativelyigh concentration of the protein at the IRE interfacedrare
aggregation phenomena not easy to condwudl identify, inducing to possible spectra

misinterpretation

(i) FTIR microscopy

FTIR microscopy allowscorrelating morphological information on the sample to its
chemistry/biochemistry by recording spatially resolved vibrational specitaspecific
sample locationdMorphao-chemicalcorrelationis possible thanks to the coupling of FTIR
interferometersvith specially designed Visiblinfrared (VisIR) microscopesThe Vis-IR

microscope looks lie a standard visible microscopaut it usesbasically alireflective
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optical elements an@assegrain focusing elemené&hromatic optics able to focus both
visible and infrared light at the same sample locafidre optical scheme dfassegrain
objectiveis reported inFigure 1.10a, while in Figure 10b the photo of a 15X objective is
shown. The photo of the VW& microscopeof the ChemicaltlLife Sciences branch at SISSI
beamlineat ElettrawhereFTIR measurements reported in this thestse doneis displayed

in Figure 1.10c.

Different kindsof objectives are available for different applications, fraeandard normal
incidence objectives, as well as grazing incidence (GI) and attenuated total reflection (ATR).
In generalthey have Numerical Apertures (NAs) ranging from 0.4 to 0.65 and vgprkin
distances varying accordingly from less than 1 mm to few centimé&teesefore, spatially
resolved studies can be done sampling in transmission, reflection andmHiBurel.11 a
schematic representation of different sampling technidgiesported.

The light transmittedr reflected by the sample is thewilected by afR detector. For Mi-

IR, conventionallyMercury Cadmium Telluride (MCTgletectors are employed. They can
be made as a single poidetecto or arranged in an array, linear or-ddmersional,
commonly known ag&ocal Plane Amy (FPA) detector FTIR hyperspectral images can be
obtained either b TIR mappingof the sample with MCT singlpoint detector or by direct
imaging of larger areas with bilimensional FPA oneThe workflow is sumrarized in

Figure 1.12.
Primary econdary mirror
mirror \ A
oy

’W‘ [E—-:-_-__z-d: y

Incoming light

Photo ¢ esynf RIC-ER
0

Figure 1.10: (a) Sheme othe optical path of €assegrain objectivalso known as Schwarzschibjective

Working principleeCassegrain objective is composed by two conce
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hasasmalrdi amet er , while the fsecondar y éa canter aperture, h as
through which visible and IR light enters the objectivight is back reflected by the convex primary mirror,

and is focused by the concave secondary @@)elhe 15X Schwartzsciid objectiveat SISSI beamling(c)

Bruker Hyperion 3000 ViR microscope equipped with both singlpoint MCT and 64x64 FPA imaging

detectorsand the vertex 70v interferometafrthe ChemicaiLife Sciencesnd statiorat SISSI| beamling

Incident IR beam Reflected IR beam
Reflected IR beam

Slide |

Incident IR beam

Transmitted IR beam

Figure 1.11: Schematic representation of differéfitIR microscopy samplingechniques(a) Transmissioh

two faced Cassegrain optiase useds focusing condenser aoallecting objective (b) Reflection For both
normal and grazing incidencenly one objective is used for both sample illumination and reflected light
collection. This dual operational mode is made possible by theiorsef onesplitting mirror along the optical
path, which blocks almost 50% of the incoming liglt) ATR: ATR micro-samplingis done in reflection

geometryput the incoming light is focused at the interface between the samplbed RE.

In the FTIRmapping mode, thenage pixel sizés definedby closing knifeedge apertures
that for the Bruker Hyperion 3000 microscope uskedingthis thesisareplacedafterthe
sample Isolated single spectra onapscan bemeasuredy raster scanning theample
translating tle microscope stag®n the contrary, in FTIR imaging thousands of FTIR
spectra from a large sample area are collected at once gugeheesolutions determined
by theindividual detectorelementsize and by the magnification of tb combined optical
system FPA detector available at SISSThemicaland Life Science branch rmadeby
64x64 pixels, but largebi-dimensionabrraysexist

It is important to notice that kniHaperture setting and FP3&nsitive elemerdizerepresent
the pixel resolutiof hyperspectral imagewhile thesampling lateratesolution is mostly
limited by diffraction phenomenén far-field microscopy, the latal resolution ismposed
by the Rayleigh criteoin.
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Figure 1.12: a) Simplified scheme of the IR mapping procedure: first, a visible image is recorded and divided
in a matrix of points. Subsequently, the krifdge apertures of the microscope are closdde desiregbixel
resolution and the sample is rasseanned in order to collect an infrared spectrum every floyperspectral
image) In the simplest caseyhntegrating specifi@bsorptiorbands of the acquired spectra,imageof the
chemical distribution of the molecuiroiety of interest is obtained. This procedure is known as univariate
functional group mapping. Brocesdlow for the IR imaging procedur&he bidimensional detectaran be

seen as a matrix of sensitive mkents, madéy 64x640r 128x128 pixelsAt once,64? or 128 spectracan be

acquired The chemical image of the sampldhen obtainedas in the case of IR mapping.

As can be deduced by Eq. 180 objects can be resolvatia fixed wavelengtivhentheir
distance , is at least comparable with the probing wavelength traveling in air (refractive
index n=1) stated the numerical aperture, NA, of the used objective in the range e

NA of IR objectives fits in this range, the diffraction lirmtposes lateral resolutions in the
range of several microns foriIR microscopy.

8

[Eq. 18]

The diffraction limit is the principal limitation to IRvicroscopylateral resolution, while
deviation of optical elements from ideal and factors affectingsitpeal to noise spectral
ratio, S/N, such assource brightness, detector sensitivity,sampling geometryfurther
reduce the effective resolution of IRicroscopy In practice, diffractiodimited lateral
resolution is hardly achievable employing a conventidinatmalMid-IR source For thin
and/or poor absorbing sampledjffraction-limited measurescan be performed &
synchrotron facilities, thanking adntagefrom the brightnessenefitoffered by InfraRed
Synchrotron Radiation (H8R). SISS(Synchrotron Infrared Source for Spectroscopy and
Imaging)[67] is the IR beamline at Elettra Sincrotrone TrieateJthe FTIR measurements
performedduring thisthesis has been done at Chemical and Life Sciences branch of SISSI

with the instrumentation shown in Figure 1.10c
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Figure 1.13: Comparison between air transmittance spectra acquired wiiR|Ranel a and globar source, parelby
decreasingthe pixel size from 20 to X3 & M Spectrahave been acquired in transmission mode usirEX
condenser/objective with a scanvetocity of 40kHz for both globar and IR-SR, averaginghe same number of scans

(128) at 4 cmt' spectral resolutiarThe better quality of IRSR spectra is also associated to a shorter acquisition time (about
1/3).

It is far beyond the scope of this thesd detail on the IFSR properties and on the SISSI
beamline design and performances, while the reader is referé@d end cited literature

herein for more details. However, in order to give to the reader insight into the S/N advantage
offered by IRSR in comparison to conventional thermal MRl source (also known as
globar), Figure 1.13 reports the comparison between transmission spectra in air acquired
from 20x20 to 3xEm? pixel resolutionaveraging 128 scans at 4 ¢rapectral resolution
(40KHz scanner velocity) in the 40@D0 cm! spectral rangat SISSI- Chemical al Life
Sciences branchwith IR-SR (panel a) and globar source (panel A9 can be easily
appreciatedy the spectral qualitythe brightness advantagéfesed by IRSR reflects in
improved S/N ratipthat can be estimated as tlaéia between the detected intensity | and

the rms of the 100%ransmission line (I/RMS). A10X10 ¢ i I/RMS evaluatedn the
12001000 cmt* spectral range, sets about 10 (a.u.)and 18 (a.u.)for IR-SR and globar

source respectively, showing a S/N improvement of about 3swéleragnitude

1.2.4FTIR spectroscopy of proteins

The nondamaging nature of IR light had boosted its application as-fedml non
destructive tehnique for measuring biological samples ftine last decadesFTIR
spectroscopyand microscopyhave beenwidely employed for probing the molecular
composition and thetructure ofbiological samplesfrom single biomoleculeg!9], [68],
[69] andsimplified mixtureg[70], to complex systems such as cells and tisftEs[73].
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Mid-IR measurementare nowadaysemployed in automated tissue classificat{@d],
cancer[75] or disease identificatiofv6], cell sorting[77] and several other applicatisn
[78]. Specifically, FTIR spectroscopy is one of the oldest and-esHblished analytical
methodgfor the assessment of protein secondary strudure.of the strengths of infrared
spectroscopyor protein studiess that it issensitiveto a variety 6 sample forms including
solid films or powdef47], solutiong79], or liquid crystals[80], and thereforé is ablenot
only to provide information about protein structure in th@ative environment, but also
giving insight intoconformational alternations associated with environmehi@hgs such
as pH, temperature, pressure, sohamd hydration state

As reportedn thesection 1.1.la protein is defined as a repetition of amino acidswsuts
bounded eackother by the andie bond. This series of amide groupsmposs the protein
backbonewhich folds, givingthe polypeptide structure characterizing each profEire
polypeptide chain gives rise to characteristic normal modes of proteins, the so called amide
bandsThe strething and bending modes of C=ONZN-H and OGC-N groupsof the amide
bondoriginate nineamidebands, called Amide A, Amide B and Amide¥Il in order of

decreasing wavenumbég81]. Amide A band(~33103270 cm?) results from e N-H

stretching vibrationandit is insensitive to theonformation of the polypeptide backbone.
The amideB band isthe second protein mode associated to NH stretchingabsatrbs
weakly between 3100 and 3030 'éni82],[83]. The IR spectrum of theBovine Serum
Albumin (BSA)is reported in Figure 1.14nd isused as representative of protein vibrational

profile.

Amide I
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C-H stretching

/ PO,
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Figure. 1.14: Typical protein absorbance spectrum in the {MRdregime. In the picture the absorbance
spectrum of Bvine Serum Albumin (BSA) proteiris reported.The spectrum has been acquired by
transmission microscopy at SISSI beamline, onto the coffe¢8#jdormed upon dehydration of a drop of 20

UM BSA solution onto a CaRwindow. The most relevanprotein spetral features are highlighted.
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The Amide A band is pointed out by an arrowthe figure, together wittwo other intense
and weltdefined bands, calledimide 1 (17001610 cnt) and Amide Il (15951480 cm?).
The Amide | vibrationarisesmainly from the GO stretching vibratioi~80%), with minor
contributionsfrom the ouwtof-phase CN stretching vibratiqr10%), the CCN deformation
and the NH implane bend(~10% [49]. Among the amide bands sensitive to protein
secondary structure, Amide | band is the mmatense, andiereforeit is themost commonly
usedfeaturefor secondary structure analygsee below)The amide Il mod€15951480
cmY) is the outof-phase combination of the-N in plane benihg (~60%) and the CN
stretching(~40%) vibrations with smallercontributions from the O in plane bend and the
CC andCN stretching vibrationsThe Amide Il vibration is definitely less sensitive than
Amide | band to protein secondary structure, and its spectral gedilsomoreaffected by
spectral contributions of amino ag@tle chain vibration85]. The Amide 11l mode(1400
1200cm'Y) is the inphase combination dfhe NH bending and the CN stretching vibration
with smallcontributions from the CO in plane bending and thes@€tching.The Amide

IIl band is very sensitive to protein conformation, sitimedifferent secondary structures of
proteins have more resolved differences in tA@nide Il spectrawith respect to Amide |
[86]. However, despite this, it is not oftenedsfor the purpose of secondary structure
determination, due to its relatively low intend®@], [87]. Amides IV to VII, that are in the

spectral range from800 cm' to ~200 cmt, are much less intense and basically neglected

in protein studies.

From amore general point of viewhécontribution of amino acid side chains to the protein
spectrum is usually negligible, with the exception of the methyl/methylene stretching and
bendingmodes at 30002800 cm® and 14861360 cm' respectively Another regiorthat

can be relevant for protein analyses is that of stretching of phosphate moieties (asymmetric

stretching, between 1280191 cm'; symmetric stretching between 11890 cm?) [72].

As stated, Amide | is the mosexploitedband forthe characterization of the secondary
protein structurelts position is sensitive to the network of hydrogen bonds involving the
carbonyl groupand to the couplingf transition dipolesthus to the protein secondary
structure.This band originates from the overlapping of the different contributions coming
from helices, sheets, turns and randgimctureghat are present in the secondary structure

of each proteinRoughly speaking, stronger is the hydrogen bonding network ingoilre
peptide carbonyl groups, weaker will be the C=0 bond, and consequently lower the energy

of its vibration.The spectral intervabf Amide | subcomponentss summarized in Table
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1.1, while a representative deconvolution of such contribstion the Amide | bandsof

Concanavalin AConA)is presented in Figure 1.15

Functional group

Vibrational mode

R-CONHR

Amide | (C=0 stretching
~80%; CN stretching
~10%);CCN

deformation and the NH

in-plane bend-10%)

Frequency range (Ch) Comments
- Whole range; sensitive t
16101169 hydration and Fbonding
16921681 b-Turnsand loops
antiparallel pleated
16711679 sheets anf -turns of
proteins
1671-1658 Turns and Bends
16571651 Uhelical structures
16471641 Random coil
16401631 Native b-sheet
16301620 Int.er-chalnb—sheet
typical of aggregates

Table 1.1: Amide | bandcomponentsgiagnostic for proteins structure and conformation accordindi§8b
The assignments reported in literathevebeen obtained by theoretical calculations and by spetinature

correlations established from experimentally measured model peptides and proteins-lofowall 3D

structure.

By the direct observation of the rAide | band the individualsubcomponents cannot be
identified This is due to the fact that the spectral width of each constitutive component of
the Amide | is usually larger than the separation between the maxima of adjacentipeaks.
order to performsecondary structure analygi®m protein spectra, spectral manipulation is
mandatory. Since 1986, a large number of methods to estimate protein secondary structure

content via the analysis of FTIR spectra have been redd@¢d

Fitting native
Row spectrum ’, \\ )\ B shest
o helix R
\ X\
el ‘\ aggregates
8 A\ B sheet
o] [
< .
A
1 A
9 A
S - —=
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Figure 1.15: Fitting of the Amide | band of Cararavalin A (ConA) protein with its subcomponents.
Vibrational modes are associated in the picture to #teictural element€€ o n A i s -sheatifoldédyas b

highlighted by the main peak at 1637-trRigure adapteftom [89].
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The easieand possibly more direatethodfor identifying the components of Amide | band

by increasing the separation of the overlapping bands is based on derivation procedure, most

commonly onsecond derivativanalysig53], [90]. [91]. An exampleof the details thiacan
be obtained by send derivative analysis is shown kigure 1.5, wherethe ATR-FTIR
absorbancspectrunof dry BSA andits second derivative are plottdd second derivative,
the number and position okegativepeaks indicatethe number and the type tife main
contributionsto the broad Amide | absorption bandallowing to recognizethe different
secondartructural elements of the proteBpecifically, BSA second derivative in Figure
1.16a highlights that in addition to the main peak centered at 1656 cna s s i befixe d
structures there is also a spectral component centered at about 1686commonly
assignedo loops and turns iproteirs (see Table 1.1)t important to remembehat, for
derivative analysifigh quality spectra with goo8\N ratio are required, since derivation
procedures increase the noise significanitlyis a matter of fact thatpgctral noise can
introduce addi ti onal peaks vidteicoom v ¢ laoatdiseraioteo
misidentification of structuratontributions[92]. For this reasonusually routines for

performing second derivative analyses includes smoothing functioas as th&avitzkyi

Golaysmoothindilter [93], in order to counteract the tendency for derivatization to enhance

noise Finally, we should highlight thasecond derivative analyses can provide only

qualitative information on the secondary structure of the protein.

(@) (0)

0,08

0,08

0.04 4
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Figure 1.16: ATR-FTIR spectrum and itsecond derivative olehydratedBSA (a) FTIR-ATR absorbance
spectum of dry BSA in the amide spectral window (b) Second derivativ88A protein spectum in (a)

Second derivative analigsallows to identify the position of hidden peaks in the Amide | and Amide Il bands.

Thesecond derivativpeaksrelevant for BSAsecondary structure are highlighted by vertical dashed lines and

discussed in the text.

Comparable considerations can be done also for another metipoyed for resolution

enhancement, known &surierSelf-DeconvolutionFSD)[94], not used for the analysis of
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the data presented in this thestnce defined the components of the band, quantitative
analysis of their contribution to protein secondary structure can be dohmile | curve

fitting [95], exploiting the results of derivation or FSB6] for selecting input fitting
parameters, such asimber of components anbeir position (See Figure 1.15Respite
considered quite accurate, providing results wimrnaccuracy o2-3% with respect to X

ray structures, curve fitting procedures alwagsea certain degree of uncertainty. The
subjectivty in the choice of the input parameters, first of all the shape otdmstitutive

band (Gaussian curve, Lorentz curve or a mix of the twa)d the large number of
parameters to be fitted (at least threedachcontributingband: position height anaidth)

do not guarantee a unique solution for the fitting. In addition, the band fitting implicitly
assumetshat the molar absorptivity of the different conformers of Amide | band is the same,
but this assumption is not true. Last, but not least, theratecestimation of the protein
secondary structure would imply uniqueness in band assignment. This is clearly not the case,
since the same structural components, such as helices and sheets, can assume quite different

position depending on the specific ot

Due to all the aforementioned limitations and doubtsitizermethodcan be chosen for
detecting changes in protein conformations, nanigifference Spectroscopyin this
approach, spectra of the same protein into two different states are subti@actiet] a
difference spectrum that represents only the structural modifications, disregarding the
unaffected protein conformation. Since the conformational variations produces very weak
signals in comparison to the bulk protein, very accurate measurenaeatso be done for
exploiting difference spectroscopy, possibly without changing the measurement setup, while
performing dynamic experiments in welbntrolled environmentdf the aforementioned
requirementsre fulfilled, the methodllows to follow small transitions such as changes in
functional groups andylrogen bondingietwork[97]. Molecular informatioron protein

protein or proteidigand interactionshave been retrieveah the base of this analygé$)],

[87]. Especially, in recent wog{97], [99] it has been demonstrated the capabititgnalyze

the conformational effects & series ofenzymeinhibitors with distinct conformational

binding modes (helix and loop binder) tamgetproteins by using such data processi@s)].

1.2.5Issues for FTIR protein measurements

Despite the gregiotentialof FTIR spectroscopy for protein analys#ss technique suffers

two mainlimitations for the analysis of diluted protein solutio(iy thes o ¢ avhtére d i

absorption barri€rand(ii) the sensitivitylimit.
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() The water absorption barrierA huge limitation of FTIR spectroscopy of aqueous
solutionsis the strong absorbance of water in litie-IR spectralregion Liquid waterhas
threenormalmodesof vibration (i) the asymmetric stretching modsas, centered at about
3490 cmt; (i) the symmetric stretching mode;, centered at about 3280 &m(iii) the
bending mode of wates,, centered at about 1640 &rfR9]. Figure 1.17 shows the ATR
FTIR spectrum of water in tr8800-900 cm! spectra region. It is possible to appreciate that
the dretching modes of water give a very broad contribution, extending from about 3600 to
2800 cmt, that also include the overtone of the water bending mode. Moreover, a further
bandcharacteristic of liquid waterenteredat ~2127 crt can be seenhat resits from the

c o mbi n azwithothe liboationat bandELO(.

Figure 1.17 plots also the spectrum of hydrated BSA collected in the same experimental
conditions. Comparing the BSA spectrum here reported with the one of dry BSA in Figure
1.14, it iseasy to deduce thédte study of aqueous protein samples is challenging because
of the overwhelmingof the protein modes by those afaterin all the MidIR range.
Especially, the overlapping of theendingmode with the Amidé bandin the 17001600

cm! spectral range is the majdrawbackfor the analysis of the secondary structure of
proteins in water solutiorlt is noteworthy to mention at this stage that water extinction
coefficient at~1650cmti s a b o utt cZoindeed, thi®value is on aage 20 times

smaller than the protein extinction coefficient, but the water concentration is much higher
than the protein one. As reported 19(, considering a protein solution 0.3 mol/L and that
the concentration of pure water is about 55 mol/L, theding water mode and Amide |
band intensities are 9:1 in proportion, meaning that 90% of the protein spectrum will be
dominated by water contribution in the Amide | band region. This can be easily appreciated
in Figure 1.17.

The band overlapping can beercome through the use déuterated watgfH2O or D20),

since RO bendingmodeis downshifted td>1210 cm?. However the use of BO can affect

the nativesecondary structure of the protein and it modifies the spectral behavior of proteins.
For exampleN-deuteration converts themiide Il mode to largely a CN stretching vibration

at 14901460 cm!( named Ami ¢46l. I I Nj mode)
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Figure 1.17: ATR-FTIR (Ge IRE)raw spectum of BSA watersolution1 mg/mL (red line) and the spectrum
of milliQ water in the MidIR regime(blueline). Main water featureare highlightedAs shown, theglominate

both spectrandproteincontributionscan bebarelydiscerned.

On the other hand, water contribution can be potentially subtractedrs® paperpresent
guidelines foraccurate subtraction of the water bamdprderto avoid over subtraction
issueq53], [81]. It is important to notice that, due the strong water absorptigshort path
length for aqueous samplégpically less than 1@ mare demanded in order to avoid HOH
bending saturation. ATHRTIR sampling partially addressed this issue, due to the limited
penetration depth of the evanesciled, but it does not have the adequate sensitivity for
probing diluted samples.

(i) FTIR sensitivity limitatonF TI1 R sensi tivity is | i mue ed
to the low molecular absorption cressctionsof Mid-IR v i b r a taido nem), &
considerably large amount of materiat relatively high concentrationsire neededfor
obtainingspectra withgood S/N. Typical concentrationsinfrared spectroscopy are 0.1 to

1 mM for proteins and 1 to 100 mM for sknaolecules[49], [101]. A major problenfor
suchconcentrated protein solutisrs the tendency for the proteins to aggregate in a non
specific way athis concentratiorlevels[57]. Virtually, monolayers of proteins anchored
onto aflat surface can be easured using either ATR or polarizéependent grazing angle
incidence setups for ultrathin films on metallic surfack3Z]. Nevertheless, both these
technigues require the fully homogenous coverage of large areas, fromilfemetersup

to centimetersgausing the consumption of large quantity of samiplgeed in biology,for
anideal screening procegsheamount oiused materiadhould be minimized, due to the time

and the costs of protein production/expression and the large number of tegisrioimeed.
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In conclusion, withougoodsignal amplificationspectroscopic characterization of minute
amounts of analytes preventedas in the case of protein monolayergpmteinsolutiors
at typical concentratioremployed for biological assayis the order of micromolaruM)

regime, but often even lower.

1.30vercoming the FTIR detection limit

A promising strategyfor overcomng the sensitivity limitations of conventional FTIR
technique isd take advantge from the collective electrarscillations ata metatdielectric
interfacewhen they are excited by an incident ligt@3]. The disciplinevhichexploitssuch
interactions is called plasmonjcwhich is an emerging area of research in the field of
nanophotonics,with many applicatiors in spectroscopy{104], [105], fluorescence
microscopy[106], [107], biosensing[108, [109], nonlinear [11(], [111] and quantum
optics[112]. Plasmonicss based ottheinteraction between electromagnédtadV) radiation
and conduction electrons anetallic interfaces leading to enhanced optical 4fietds
confined in subwavelength dimensionsUnder appropriated conditions, collective
oscillations of the electron plasma can be resonantly excited in close proximity of metallic
nanostructures. Suchdalized oscillatios, which are called localized surface plasmon
resonances (LSPRs), strongly depend on the nanostructure geometry and riéternal.
theseoscillationsare propagatingalong metal/dielectric or metal/air interfacethey are
definedsurfa@ plasmon polaritons (SPPE)13], [114]. The collectivefesonaninature of
plasmonexcitationis associatedo highly confined(down to the nanometer scalajpd
enhancedEM fields.As a consequence, strongly localized EM radiation can be ubed$o
light-matter interactionsThe ability to increag thesignal with field enhancements is the
basisfor surface enhanced infrared absorption (SEIRA) spectrodddpy, in analogyto
sufaceenhanced Raman scatterif8=RS)[116]. For SERS the EM field enhancemerd
effective for both thgrobingand thescattered radiatigrit is proportional to4" powerof

| E|, and usuallyit takes advantagieom resonant wavelengths the visible[108]. In the
case of SEIRA, the EM field enhancemereffective only for the probing radiation, and it
is proportional to the"? powerof | E| [117]. Although the enhancement factor of SEIRA is

smaller than thaaf SERS, the crossection for IR absorption is several orders of magnitude
higher than the corresponding Raman cmssion and SEIRA does not suffer of
fluorescence background effects often detected in Raman spectr@kt8jpy

At the beginning of 198§ SEIRA effect obtained with rough metal islands films was

identified [119]. The so calledSEIRA-active surfacesused for conventional SEIRA
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spectroscopy are made in a similar way: they consist of large areas of random arrangements
of metallic particlesusually silver or gold nanoparticles. By using such systemsnare
thanthreeorders of magnitude of direct vibration signal enhancermaw been achieved

[119], [120Q], [121]]. In recent years, a significant stronger IR enhancement, was obtained by
using the secalled MidIR resonant nanoantennd2], [123], which offer the opportunity

to resonantly tune the SEIRA response in specific regions of interest in tH& lvedime.

In the following subsections a brief overview on conventional SEIRA substséltelse
given. Next, the prerequisites for SEIRA with resonant nanoantemilialse discussed.
Finally, advantages offered by the-called Collective Enhanced IR Absorption (GR)

microscopywill be presented.

1.3.1 Conventional SEIRA
A SEIRA-like effectwas described for the first time in 1980Hgrtsteinet al They obtained

an IR enhancemefity taking advantage from the electric field enhancement provided by
collective eletron resonances associated with the island nature of the thin metaldéiesl

with their target moleculgd 19]. ConventionalSEIRA spectravere typicallymeasured in
transmittancenodeon transparent substratgigure 1.18 aprin ATR geometrieswith the
metal particlesplacedon the ATR prism(Figure 1.18 h) The multiple reflectionATR
geometry[124] was successfully appliedor biomolecular sensing anfbr monitoring
molecular reactins on a microsecond time scfl&5)].

It is important to notice that conventiondEERA was found to be strongly dependent on the
metal surface morphologji17], [128], [129]. Since conventional SEIRA experiments
adoptedrandomly grown island filmghe local field enhancement spatially varen the
layer with respect to the morphology of the substrate as a consequencenfitme nature

of such structures. Due to the distribution of particle sizes and distances, the resulting IR
resonant spectra were significanttyoadened[130]. The correspondingnhancement
factors, defined as the rati@tween enhanced vibrational sigaabl unenhanced reference
measurement, were limited te3lorders of magnitud@ 17], [124], [129]. It is important to
notice that it has been demonstrated that thelRlisignal enhancemenan alsappearor

metal island whichhavethe main absorption in ti¢IR regime, since the resonance tail fall

in the Mid-IR range[126], [119]. Thus, due tdhe very broad plasmoniaebsorption, the
importance of resonance tuning forc o n v e rSEIRAenharicament is low
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(a) (b)

IR Radiation Adsorbed molecule
Adsorbed molecule

Localized electric
field

Localized electric
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A

IR transparent substrate

ATR crystal
IR Radiation

Figure 1.18 Schematic representation of conventional SEIRA acquisition modes: (a) Transmission mode:
figure showsthe EM mechanism of SEIRA on metal island films acquired in transmission mode. Incident
infrared photon field excite the collective electron resonance (or localized plasmon) modes. The dipole
induced in an island generates a local EM field stronger than ¢ieem infrared photon field around the
island. (Adapted fronil 26]). (b) ATR mode. Metal islands films are spread onto the ATR crystals. Tailored

protocols are used for immobilize thelecules of interest. (Adaptédm [127]).

At least two different mchanisms arespeculatedto contribute to the total SEIRA
enhancement: (the electromagnetic effect, that is fhlasmaic effect, related to the free
electroncollective/resonantespons@reviously mentioned; and (i§ chemicakffect, that

is relatedto charge transfer upon adsorptidine chemical effect has been first deduced by
the fact thatmolecules chemisorbed on a metal surfaee a larger enhancement than
physsorbed molecules, suggesting thatthe absorption coefficients oEhemisorbed
molecules are larger than those of condemsedlayers More details on this topic can be
found in the ref103]. In order to fully exploit the chemical enhancementyelldefined
and perfect functionalization of the metal surfegequired Unfortunately, metal roughness
hampers the formation of such ordered layers of functional moldealdsg, most of the
times,to thesuppression of the enhancement effect.

Despite their limitation and low enhancement facteetatisland films are stilinteresting
structures for surfaeenhanced vibrational spectroscopyice they are much easier to
produce and cheapehan those which requires nanolithographic methods for being

fabricated, as in the case of resonant nanoantenn8& RRIA.

1.3.2 Resnant nanoantennas for SEIRA applications

Recent advances in nanofabrication techniques have allowed nanoscale engineering of the
optical properties of metallic nanostructures from the UV to Fhe, enablingdifferent
applications in many interdisciplinafyelds [131]. By changing size and shape of the
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plasmonic nanoparticles and their infearticle separatigrthe LSPR spectradosition can

be finely tuned/manipulat across a wide spectral rariy@9].

It has been demonstrated that strpfaggmonic enhancement of optical near fields can also
be extended to thilid-IR regime by using plasmonic nanoantenfd. In many studies,
simple linear nanorods with micrometer lengths and nanometerszoBenal geometries
wereused as model systefi23], [132], [133]. Such linear antenngsve rise tgoronounced
plasmonic resonances in the infrared spectral region caused bgtigellescillations of
electrons,enabing dramatic signal enhancemeior IR spectroscopyl122], [123], [109].

The posdiility to finely tune such narrow resonances with the vibrational fingerprints of
biomolecules allowed to obtain signal enhancenoérgeveralorders of magnituderhen
they are arranged ilmeraatiorrbatwesn Resoreaet Nan@anténnas:n 1 . 3
the Collective enhancemeénjin 2008, Neubreclet al. demonstrated for the first time the
possibility to perform SEIRA based on sharp plasmonic resonancegigaoby such
nanostructurefl22]. They described the phenomenortie@mmsof plasmonic resonan@nd
antenna&sonance, stating thanth terms describe the identical physical phenom&hare

with the termfiplasmonic t h e y emphasizes the electric natureof the system

while the ternfiantennarepresergdthe photonic one.

In the IR regime for a halfwave dipole antenna, the resonance frequéneig given by
[Eq. 1.7]:

1 — ¢ 0w O [Eq. 17]

wheremis the mode number amds is the refractive index of the surrounding medium. The
constantC accounts for the phase associated with the reflection at the antenna end, and the
parameteadepends on the n t e georaefrysand its materifl08]. It is important to note
thatthe effective indexnes is a function of the surface plasmon wassetor supported by

the nanorod and thereforedependsoth fromthe background refractive indeand the
material and geometricapropertiesof the antenng122]. The possibility to scale the
resonancéy modifying the geometry of the nanostructures in a controlledisviagal for

a practical SEIRA spectroscopy platf@rallowingto tunethe resonance of the systéma
vibrational mode of interesiThis tunabiliy provides the opportunity to maximizesiti
enhancemen@emonstrang the ability of such structures to act as plasmonic biosensors for
measuing the absorption spectra of a protein monoldgy28]. A schemeof the principle of

resonantSEIRA is reportedin Figure 119. More details orthe prerequisites for resonant
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SEIRA aswell ason thefundamental properties of this approaitiuding details on the
resonant coupling mechanism and the signhlancementan be found imeference$103],
[109].

In their simplest formMid-IR SEIRA platforms consist of multiple arrays of rskdaped

gold nanoantennasanopatternedn substrates and engineered for plasmonic resonant
excitations of their dipole mode in the il frequency range. Conventional FTIR
interferometers, coupled tdR-Vis microscopes, are employed to perform such
measurements, eventually with the implementation of a microfluidic system to deliver the
analyte to the sensing arga4].

—
2

(b)
Enhanced
molecular vibration

/

Plasmon

Absorbance (a.u.)

A

Frequency

Figure 1.19: Principle of resonargurfaceenhanced infraredpectroscopy (SEIRAJa) The IRvibrations of
molecules located ithe enhanced electromagnetic néald of a plasmonic nanostructufeanoantenna) are
enhancedwvhen the resonance plasmonic response of the nanoant@geda is resonantlymatched to the
molecular vibrationdreer). (b) Sketch of the localization of target molecules onto an individual nanoantenna.
Only signals of protein in the enhanced field can be detected. The enhanced field is represented by the red area
at the nanoantenna apexes. Image adapted frofi.08F.

1.3.3 Interaction between Resonant Nanoantennas: the Collective enhancement

The sensitivity of resonant SEIR#an befurther increased Ihteractingnanatructuresare
used. Commonlyit is possible todistinguishbetween neafield interaction of pairs of
nanoantennaseparated by nanometer sized gaps (dinjg8s], [135] and the excitatioof
collective plasmonic oscillations in arrays of periodicallsanged nawstructuresin the so
called Collective Enhanced IR Absorption (CEIRA) microscfi#3a].

Nearfield coupling offers higliield intensitiesor structureseparateavith small gapsnd
filling those gaps al so esapl ol tvethd targehnootecules [132], [133]. This
phenomenon wagredicted bynumerical calculdons as reported in Figure 128nd was
first reported foISEIRA by Dregely et a[135] and fully demonstrated yucket al.[133].

An increase of 1 order of magnitudé nearfield intensity enancementvas found when
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decreasinghe gap size from 50 to 3 neorresponding to enhancemdéattors on the order
of 1P, demonstrating that this approach is particular efficient for spectroscopic applications.

On the other sideniarrays of plasmonistructuresanothettype of interaction mediated by

the farfield canprovide a further increase the near field intensisyshown irFigure1.20b

[109]. Far field nteraction requiresnaordered and perioderrangement of nanostructures
with distances in the order of the incident wavelengtiabling the excitation of collective
oscillations [103], [109], [123]. Adato andcoworkers defined thisurface enhanced
spectroscopy technigudased on allective plasmonic excitations, CEIRA (Collective
Enhanced InfraRed Absorption). They demonstrated that such collective interaction on the
far-field can provide enhancemerfaictorsof severabrders of magnitudef thevibrational

absorption signatures of theyeredprotein with high signal to noise ratiq423].

Isolated antenna

Figure 1.20: (a) Nanoantennas dimers: Representationazfrfield distributions of a single antenna and an
antenna dimer with a gap size of 10 nm at respective resofragqoencies obtained from FDTD simulations.
The intensity of theingle antenna was multiplied by a factor of 28aptedfrom ref[133]. Copyright 2014
American Chemical Society{b) Numericaly calculated distribution of nedield intensity for an isolated
antennaand a periodi c ant eQoleeaive aesonanges i periodic afran@ements pf
nanoantennas cajive rise to nearly an order of magnitude larger 4fiedd intensity @hancementsompared

with the isolated antennAdapted fron]123]. Copyright 200National Academy of Sciences.

1.3.4 The Fantypeeffect
As stated, in the enhancement mechanism of resonant SEIRA, the plasmonic excitation

interact withmolecular vibrational dipoles. When vibrational dipoles are in resonance with
the plasmonic excitation, they strongly modify the plasmonic extinetia)most of the
times, the enhanced vibrational signatures do not appear as conventional Loitgp&ian
line shape, but the show asymmetric line shapd a Fanetype profile [103. The
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modification of the line shape is due to the interactoth the narrowed vibration of
molecules and the broad plasmonic resonance. For giving an intuitive understantimg of
experimental SEIRA data, different models have been developed

In particular, theFano formalism model, states that Fassonances features with an

asymmetric profile (Fanprofile) can be described by the expression [eq 1.8]:
o — [eqg. 1.8]

wherev¥o is the resonance frequencyijs thewidth of the resonance amglis the Fane
parameterintroduced by Ugo Fano in 19613, which descrile the asymmetry of the
vibration. By this model, the asymmetry arises from the constructive and destructive
interference of the two excitation pathways. Particularly, one excitation path is a broad
spectraline or continuum, while the other one is a narmwliscrete resonance. In SEIRA,

the plasmonic excitation correspond to the continuum (or broad resonance) and the
molecular excitation corresponds to the discrete excitation (or narrow resonance).
Depending of the phase of the electromagnetic intergctdrich is described by the
parameterq in the Fanemodel[136), different kinds of line shapes can be observgd:
correspond to the amphase relation resultinfn Lorentzian antabsorption like peaks;
asymmetric lines for intermediate detunimgthout coupling,9s  Hb, the Lorentzian line
shape is recovered (3. The asymmetry parametgradopted as a measure of the coupling

is CEIRA, depends on the oscillator strength of the narrow vibrational excitation arat on th
of the plasmonic continuum at tsame frequency, thus on the spectral tuning between the

vibrational and the plasmonic extinctiot0].

1.35 Effects of the spectral tuning

As we have seenhé enhanced vibrational signals arise as a consequettee roblecule
plasmon coupling and as the antennas is detuned with respect to the vibrations,
progressively decreasing vibrational signals with clearly asymmetric profiles are observed
[103. Thus,it is of paramount importance to matdke tplasmaic response ey and
vibrational frequency¥vib): in fact, aly atther best matchng, or on in a close proximity

of it, the strongest signal enhancemeant be obtaine09], [122] (see Figure 1.21

Moreover, as shown iRigure 1.21it has been reported that when a target molecule is placed
onto the surface of a nanoantenna, adfatt of it ¥rs occurs.However, for SEIRAand

CEIRA applications thishift is of minor importancand in particularif broad vibrational
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absorptions are investigated, such as amides vibrations of proteinsbaitbhadth of more
than 1@ cm?, this shift can be considered negligifte37].

30 T T T T T T T T T T T

O Experiment

25 |- Lorentz fit

20 |-

15 -

10 =

Normalized enhancement factor (103)

0.6 0.8 1.0 1.2 14 1.6

Tuning yp/Ores

Figure 1.21: Exemplificative case: in the imagemnalized enhancement factor of the seven stromgedes

of an organic moleculi| the considered spectral fingerprint range versusdtie of molecular and plasmonic
resonance {i/re thordar o bettsunderstand the trene Lorentziancurve was fitted to the
measureddata(redur ve) . The vi brati onaJ/ #a095revdalingarddshiftofe me n t
the maximum plasmonic neéeld intensitywith respect to the fdiield antennae s o n a /cae= 1( black

line). Adapted from refl37]. Copyright 2015 Th®€CCP Owner Societies.
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Chapter 2

Chapter 2 focuses on tFebricationand characterization of the devices used during the PhD
for Collective Enhanced InfraRed Absorption (CEIRA) microscoplye design of the
nanoantennasarray and the main fabrication steps for making such structures will be
illustrated in sections 2.1 and 2.3ection 2.3 will be dedicated to the morphological
characterization of the devices, while the FTIR response will be presented in section 2.4.
Lastly, in section 2.5, the characterization of chip response for protein analysis and the
interpretation of their enhanced signals will be addressed.

Design and fabrication of CEIRA devices have been carried out in collaboration with the
Plasmon Nanotechnaly Research Laboratory at the Istituto Italiano di Tecnologia (1IT) of
Genova. The morphological characterization was done at the Nanoinnovation Lab at Elettra
Sincrotrone Trieste. Finally, the device investigation in terms of resonance response and
proten signal enhancement was done at Cheniiifal Science branch of the SISSI

beamline at Elettr&incrotrone Triestfl].

2.0 Introduction

The aim of my PhD projeas to apply theCEIRA approactior conformationaltudies of
proteins of biological and binedical relevance iphysiologicalenvironmentovercoming

the sensitivity issue of conventional FTIR spectroscopy.

In order to cover the entire MilR domain, we proposed to develap-hoc substrates
suitable for CEIRA microscopy made Wgur adjacent aays of nanoantennhaving
resonance curves centered respectigel900 cm! (Region of Interest.0, ROFL0), 1600

cm?! (ROI-L1), 1400 cm! (ROI-L2) and 1100 cm (ROI-L3). As introduced in Chapter 1,
CEIRA technique guarantees an enhancement of-IRligignal of severalorders of
magnitude exploiting the coupling of the resonances provided by ordered engineered
nanoantenna arrays with the vibrational signals ofetampleculeg2]. The importance of

the matching between resonance response of nanoantenna assemblies and the target
vibrational fingerprint of molecules has bdaghlighted in section 1.3.4. llikigure 2.1 the

overlap between thaneasuredesonance respeasof the four different arraysind the
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signals of a model protein is presented. In particular-EDE centered on the vibrational
signals of aliphatic moieties, belonging mainly to amino acid side cbprsteins On the
contrary, ROIL1 deals thanain protein backbone signals: Amide | and Amide Il bands,
which are sensitive for the conformational details of secondary structure of proteirs. ROI
L2 is designed for enhancing Amide Il signals, while RQlrefers to a spectral region
relevant for phgshates and sugar moieties, which can be wsddllow eventual post

translational modification such as protein phosphorylation and glycosylation.

Bovine Serum Albumin (BSA)
FTIR reference spectrum

Absorbance

A 'n

CEIRAresonant
peaks at each RO

Absorbance

T T T T T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™')

Figure 2.1: Idealoverlapbetween thentennaesonant response and protein signals in the different Regions
of Interest (ROIs). Upper panel: the referek@dR spectrum of a model protein (bovine serum albuimin
BSA) is reported. Squares highlight the four ROIs. Lower panetisuredesonantespons for each ROI. In

the figure curves and boxes follow this color code: Blia&OI-L0; Redi ROI-L1; Bluei ROI-L2; Greeni
ROI-L3.

Since the most relevant vibrational signals of proteins for secondary structure analysis, are
those of amide bands (RQL), in the present thesis we focus our attention mainly on this
region.As we have seen in the introduction, the combination of nanoantennas in ordered
arrays give rise to a collective response of the entire nanoantenna assembly -caflexiso
CEIRA approah. Moreover, also the dipole effect between neighboring antennas separated
by a nanometer intgrarticle gap providean increased nedield enhancement. Hence, we
decided to build up plasmonic sensors which take advantage fronthlesth phenomena

ordeed assemblies of coupled antennas were engineered. Due to the ordered nature of our
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arrays we defined our technique Collective Enhanced IR Absorption (CEIRA) microscopy.
Thebasic layoubf our device comprehendthe repetition of 4 arrays (5060 pm? in size)
The arrays were on purpose designed in order to have a small active area but, at the same
time, to cover the entire M-IR spectral rangeThe proposed strategy has the following
advantages
1. Itallows to reduce the device fabrication time insmegthe nanostructure reliability,
in terms of device response;
2. It allows to use a very low amount of protein material to obtain an enhanced signal.
This aspect is of paramount importance for proteins produceghaptrity and very

low amountsi.e. thetypical situatiorfor protein of biomedical relevance.

In order to discriminate between the responses of the different arrays, the capability to focus
at 5«50 um? or better the IR light is mandatory, and therefbeeneed oF TIR microscopy,
possiblycoupledwith InfraRed SynchrotronRadiation (IRSR) to push further the lateral

resolution A schematic representation of the final plasmatewiceis reported in Figure

2. 2. I n the text, the ter ms ACEI RA devi c
synonynous.
Single gold nanoantenna
(a) (b) (c) |
] ] ] = = = ”

Chip area Single nanocantenna

CaF;substrate array

Entire plasmonic device

Figure 2.2 Scheme of the CEIRA device. (a) Entire Plasmonic deemeposed by nine repeated chips onto

the Cak; substrate window. (bpingle chip is made by 4 adjacent nanoantenaaays. Each array has a
resonant response in a specific ROI, accordingly to the label (from LO, to L3). (c) Single nanoantenna array.
For more details on antenna disposition, which defines the array gepsesrgection 2.1. A singigold

nanoantenna isighlightedin the figure.

During the three years of the PhD activity, we developed two different array geometries. At

first, a Aconventional 06 geometry for the n
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repeated arrays were composed by linear chdimamorod shaped antennas spaced by a
nanometer gap (see the scheme in the Figure-B)3Hereafter we refer to these structures

as line-to-line devices. Then, we developed a second geometry, which we catissl
geometry where nanoantenna assembliesravcomposed by antennas disposed to form
centrosymmetric crosses (see the scheme in Figure-&.3Since crossdevices are an
evolution of the basic design adopted for the first generation, the fabrication steps for both
geometries are the same. Thereloterization of both devices is discussed in parallel in this
chapter and principal advantages offered by second generation devices are highlighted in the

section2.4.

2.1 Structure design anchumerical simulations

The nanoantennakesign and the plasmonic material employed for their fabrication strongly
influence the absorption cressction of nanostructures and, consequently, their signal
enhancement capabilitig®]. As stated, in order to promote the-s@ | | ed f@Acol | ec
enhat e me nt 0, nanoantennas we r e [3].eFugthermaree r e d i n
nanoantennas were separated by nanometer gap in order to take advantage from-both near
field and farf i el d nanoantennas i nt lateracton bebveenn (s e e
ResonantNanoantennas: the Collective enhancemenLinear repetitions of nanorod

shaped antennas are the model systesnallyadopted for both resonant SEIRA and CEIRA
experiments, due to their high performances and simp]#&ity6]. As for the material, gold

is the most commonly chosen for such nanostructures, since it combines three important
advantages: (i) its dielectric function follows nearly perfect Diyge behavior in the IR

regime with a low damping rate, leading to sharp plasmonic resonahc@s its superior
stabilityunder different environmental and ambient conditions; (giibcompatibilityand

thewide range of functionalization processleat have beesetfor gold surface$g], [9]. A

material transparent botb bothvisible and IRlight was needed as substrate for the chip
fabrication. Moreover, since our final goal is to measure proteins in aqueous solution, an
insoluble material was require well Among others, we chose calcium fluoride (gaF

since itrepresenta good compnmise in terms of IR transparency (nearly 95% between
666661110 cm?, depending on the window thickness) and Isalubility in water
(0.001519/109 H0 at20°C)[10].

A schematic view of £EIRA nanoantenna array and the gagiorsis presented in Figure

2.3. In the upper panels tliee-to-line geometry is presented, while tbessgeometryis
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reported in the lower panelBigure 2.3showsan infinite repetition oflipole antennawith
nanometric height (handwidth (w) and micrometric length (Ltoupled engo-end through

a fixed gap(Gx) along their longaxis direction Forline-to-line geometry arraysGy is the

spacing along the antennashortaxis direction while for crossgeometry arrays this
parameter was defined as the sum of the distances between the repeated elements and the
nanoantennas length (L).

(a) G (b)

CaF; substrate

(©) q (d)
o Ny <
~ \"'- G
&S - —
NS5 il \/
Y " BTN
Y s
"\,
" Z N \/\.‘v/ /h/ \
CaF, substrate \ T

Figure 2.3: Plasmonic nanostructure and CEIRA array desigpSchematic view of antennas disposition in
line-to-line devices on the CaFwindows. b) Sketch showing the details of the gap between two adjacent
antennasc) Schematic view of antennas dispositiorliassgeometrydevices on the Cawindows.b) Sketch

showing the details of the gap between antennas.

It is important to remember that the resonance tuning of the nanorod arrays is governed by

the nanaontenna aspect ratio, in particular by varying the length of the antarorder lto

estimate the begjeometrical parametera terms of spectramatchng betweenantenna

resonance and different protein ROJsEM simulationshave been performethrough

ri gorous coupl ed wa vaSotoras|R5aft). Bherédsé&ppprogels y s 6 C
has been specifically developft providing the transmission/refition/absorption spectra

of periodic structureskor the purpose of the simulations, tledractive indexof Cak
substratevas assumed constantraip = 1.38in the Mid-IR regime (wavelength between

3.1 to 9.1um), while the complex perittivity of gold was taken frontiterature[11].
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We considered nanoantenna witie followinggeometrical parameterfor line-to-line Gk

was considered about 50 nm, &gs um, while forcrossgeometryGy was considered 25
nm. Antenna dimensions were keponstant in height and with (80nm) while the
nanoantenna length was varied in the rapggveen 210 um to tune the array resonance
peak positiorin the different ROIsAIll the nanoantenna sharp edges were rounded with a
radius of curvature of 20 nmexcept the ones perpendicular to the substrate in
correspondence of thgaps where a curvaturef 40 nm was introduced to better resemble
the fabricated structures. The response of an infmat@antenna array was obtained by
imposing appropriate periadboundary conditions in the planetbé array.

For the input illumination conditions, we employed a linearly polarized plane wave. The
plane ofincidence was tilted by an andie= 45° with respect to the nanoantenna long axis,
while the angle of incidare in this plane was set tb= 18° (in accordance with the mean
incidence angle of th€assegrain objective usedRTIR microscopy measuremeht3he
polarization state of the waweas then set taking into account the input polarization (parallel
to thenanoantenna long axishpinging on the Cassegrain objecti®escheme representing

the input illumination conditions is reported in Figure 2.4.

I

I

5

X .

Figure 2.4: Schematic representation of timput illumination conditionemployed in the simulation3he
vector k pointghe direction of incidence light. Ten gl e of i nci de.Theelectniafieldag et t o d

thelinearly polarized planeway&)was ti |l ted by an an ghasoanienmalodg?ds wi t h r e

We found that this type of illumination well reproduces tfEsmission response of the

arraysParameters provided by simulations were optimized during the fabrication procedure.
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2.2 Fabrication of CEIRA device

Arrays of od-shapd gold nanoantennas were fabricated by electron beam lithography
(EBL) on Cakwindows. EBL is a powerfutool for the fabrication ohanostructuresvhich
cannot berealizedby conventional photolithographiechniques due to their nanometer
dimensions State of the art EBEystems can reach resolutidown to subl0 nm using an
accelerated beam of electrons pattening structures on substrassated with an electron
sensitivepolymeric material, calledesist The electron beam, acting as a sort of pencil on
the resist film, introduces changes on its molecsiiarcture and solubilityAfter electron
exposue, the resist is developed insaitable solvent to selectively dissolve either the
exposed or ungrosedareas with respect to the resist characteristics (positive or negative).
Afterward, the resist layer remainiranto the substrate can be used asak oratemphte

for either transferring thpattern into the substrate or depositing metallic fitmt it

The fabricationof the devices employed in this thesigs carried out in @&leanroom
environment (ISO6, or equivalentlglass1000) to prevent sample contamination from
environmental pollutants. A schematic representatibthe various fabricatn steps is
provided in Figure2.5, and briefly described in the followings first step, 1x1 cmCak
(100) windows 1 mm thick wereleared briefly with a plasma cleaner (100W, 100% O
1min)and therin an ultrasonic bath of acetoaad isopropyl alcohol (Figure5a). A160-

nm thick poly(methyl methacrylate) (PMMA) layer was spoated al800 rpm orihe Cak
windows Subsequentlyannealing was performed at 180 °C for 7 minkgure 25b). In
order to prevent charging effectsrihg theelectron beam exposure, aa thick Al layer
was thermally evaporated on the PMMA surféiéigure 25c). Electron beam direatriting

of the nanoantenna arrays was carried out using an ultregsghution Raith 150wo e
beam lithography andmaging system, which enables nanostructdiabsication with a
resolutiondown to few nanometers (Figures@). During exposure of theanoantennas, a
bean energy of 20 keV was employethe exposure dosen averag& 5 0  g2Gvas m
adjusted with respeché¢ EBL status. Thal conductive layemwas then removedya 1 M
KOH solution, and consequentllge exposed resist was developed in a solufamethyl
isobutyl ketone (MIBK)/isopropandlPA) (1:3) for 30 seconds (Figurese). Electron beam
evaporatiorin a high vacuum chamber (base pressurérfibar) was exploited to produce
first a 5nmadhesion layer of titanium and &8nm Au film, with a 03 A/s deposition rate
(Figure 25f). Finally, the unexposed resist was removed through a conventionafflift
process in hot acetone (Figuzég). To improve the liftoff efficiency, sonication for 2

minutes at 40 kHz frequency was employed. Jiestrate was then rinsed out in IPA for 30
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secondanddried with a nitrogenstream Patterned windows (FigureSh) were finallyO>
plasmacleanedpower 1@ W) for 10 minutesin orderto remove organic residues

e beam
= \> Al ’ ‘
a) CaF, b) Spin coating c) Al coating (d) EBL exposure

KOH —[—# Al

MIBK +IPA

0O, Cleaning Acetone T+ Au
(h) Final structure (g) Lift-off (f) Metal evaporation (e) Chemical developing

Figure 25: Schematic representation of the principal EBL fabrication steps.

2.3 CEIRA structures characterization
After the fabricationthemorphologyof the samplewas characterized by means of scanning
electron microscopy (SEM) and atomic force microscopy (AFM) in order to verify the

quality of the fabricated nanostructures and thaalfdimensions.

2.3.1 SEM imaging

A Helios NanoLab 60Gscanning electron microscope (SEWVgs used to acquire the images

of nanoantennarrays In order to avoid the charging of the surface during the SEM
acquisitions, a representative sample for ea¢bhbaf fabrication was chosen and coated
with a 10 nm layer of carbon. In Figuré&62he SEM images for botline-to-line (upper
panels) anaross(lower panel) devices are reported. For both geometries, a zoom of their
elementary cellat the nanometer gap regios,presentedwWidth and length of antennas
were evaluated, together with the gap dimensions. In general, dimensidime-td-line
antennas were slightly smalléhandesignedthey were75 nm wide, with gaps of 52+3 nm.
Instead, incrossdevices nanoantennaarrays showed dimensions consistent with the
drawings However, since the efficiency of EBL depends on the writing direction, the
resulted crosses were not perfectly centrosymmeltenoantennaslisposed along the
vertical axis of the arrays were slightly shifted with respect of the direction of blearm®
exposure. Thus, nanogaps between antennas resulted smaller in one dir@efBonn(?
with respect to the other (273 nm).
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1pm

Figure 2.6: SEM images of th@manantenna array arrangement of our CEIRA devices. (a) SEM image of
chains of nanoroghaped gold nanoantennadiire-to-line arrays for the L1 ROI. (b) Zooshowing the details

of the gap between two coupled nanoantennas. (¢) SEM overvierassfigeometry arrayfor the L1 ROI

(d) Zoomof (c), showing thecentrosymmetric crosses composed by 4 nanoantennas with the long axes
perpendicular each otheAs can beappreciatedfrom the image, resulting crosses are not perfectly

centrosymmetric.

As discussed before, for shifting the resonant respafrtbe nanoantennas the Mid-IR in

order to match the four different ROIs, arragsitaining antennas with different length were
fabricated. Thus, also final antennas length was characterized for the four different ROIs.
Line-to-line arrays presented antennas with the following lengths:IROL=810nm; RO{

L1, L=1120nm; ROIL2, L=1410m, ROLL3, L=1910nm. Arrays ircrossdevices were
made by antennas with a length: R, L=1200nm; ROIL1, L=2040nm; ROIL2,
L=2800nm, ROIL3, L=3200nm.

2.3.2 AFM characterization

AFM images were acquired usitigeavailable microscopat the Nanoinnovation laboratory

at Elettra(MFP-3D Stand Alone AFM from Asylum Research, Santa Barbara,. CA)
Measurements were carried out at room temperature working in dynamic tapgpaegA
commercially available silicon cantilexs NSC19, MikreMasch, Poland, nominal spring
constant 0.6 nN/nm) have been chosen for in air imaging. Cantilevers were used working at

low oscillation amplitudes with half free amplitude-peint. High resolution images (512 x
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512 pi xel s Oacquireé ah®.6+)1 linegsks isoan speed. In Figure the AFM
topography of structures with bogfeometriess reported

AFM results were complementary to those obtained by SEM acquisitions. Duettetfs,

it was hard to obtain information onto thetdisce between nanoantennas in the nanoantenna
gap region. However, such measurements allowed to make a validation of the height
distribution of the fabricated structures. Antennascrafssgeometryarrays were more
uniform in terms of dimensions than thoskline-to-line array, which insteagresented
antennas with heights between&® nm, while antennas in tloeossarrays were 80 nm
high in averagelndeed, thgoorerquality of line-to-line arrays could have been for sure
improved if we kept working on this geometry. Nevertheless, we decided to focusssn
geometryarrays almost at the beginning of the PhD activity, in order to be indepdratant
light polarization and on these devices we at&mcentrated the efforts for the optimization

of the fabrication parameter©verall, thisaccountsthe higher quality ofthe second
generation devices with respecthefirst.
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Figure 2.7: AFM images of fabricated structures. Upper paniise-to-line devices. Lower panel€ross
devices. In panels (a) and (c) ttepographyof the sample is reported. In panel (b) and (d) the estimation of
the nanoant ennasAFM madgegwete analyzedrusimy adGevyidaionh,. ogenrce modular

program forscanning probe microscopy (SPM) data visualization and analysis.

As last remarkalsoAFM measurements highlighted ttzattennas disposed in the horizontal
and vertical axes were fabricated with a different efficacy. While antennas along the

horizontal ax¢ appear uniform, those disposed along the vertical axis appear as a
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combination of different strands printed perpendicular to the longitudinal axis of
nanoantennas (data not shown). Indeed, EBL exposes the PMMA film by following a single
writing direction thus providing higher accuracy along its fast axis, i.e. horizontal structures,

with respect to vertical ones.

2.4 FTIR characterization
CEIRA substrates were benchmarked in terms of resonance band position and electric field
distribution by means foFTIR microscopy. Preliminarynane FTIR spectroscopy

experiments were also performed

2.4.1 IR response

The resonantesponse of the arrays was evaluatsdFTIR microscopy Due to the
dimensions of repeated arrays, 5050, a Vis/IR microscope was requirdell IR spectra
were collected by conventional thermal source (Globagsing a Bruker Hyperion 3000
Vis-IR microscope equipped with a miind HgCdTe detector havindlB0 pm sensitive
element, coupled with a Bruker Vertex 70v interferometer. Spectra were collected in
transmission mode using 15x Schwarzschild condenser and objective and settheglgeaife
apertures t&®0x50 pn? in order toacquire the entire array of n@ntennasEach spectrum
was collected from 4000 to 800 chin double side, forward/backward acquisition mode
with a scanner velocity 040 kHz. For each spectrurh024 scans were averaged with a
spectral resolution of 4 ctaFourier transform was carriedit with Mertz phase correction,
BlackmanHarris 3terms apodization functiorspectra wer@ormalized with respect ta
backgroundsignaltaken on a 1 mm thick Cakindow.

It is widely documented that for linear nanoantennas the resonaspense stragly
depends on the polarization of ligif]. In fact, t is well established that the relative IR
transmittance spectrum of individual metal nanowires shomtanseresonance plasmonic
feature only for parallel polarizatiq-polarization)of the IR radiation with respect to the
long antenna axis, vk the nanoantenna responge suppressed for perpendicular
polarization( -polarization)of the incoming IR radiatiofd], [12]. For the same Bson
arrays composed by couplantennas that are disposed all in the same direction require the
use of /#polarized light for excite the resonance response. It is the case-ti-line arrays
which were used faour first CEIRA experiments. In order to characterize these structures
light polarization wassetby using a MidIR polarizing filter before the samplen Figure
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2.8, the comparison of three acquisitions made on the Bae-line array with both light
polarizationdirections(//- blue spectrum and-red spectrumand notpolarized light (black

spectrum) are reported.

0,14 + — 1 polarization
— I/ polarization
0,12 — no polarization

0,10
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0,04
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0,00 ]

T T T T T T
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Wavenumber {cm™')

Figure 2.8: Line-to-line array response for R&I1 with respect the polarization statusmgbut IR light. In the

figure, the resonance response of L1 arrigyshownas representativef the systems.

Results confirmed that the resonance response is completely suppressed lfght
polarization. Moreover, the comparisohthe substrate response with +paiarized light
highlighted the needed of usifgpolarization in order to collect the maximum resonance
response for such structurés. mentioned before, our CEIRA substrates consist of adjacent
areas containing arrays of nanoantennas with different length in order to enhance signals in
the entire MidIR domain. The resonant responsettud four arraysin a device chigsee

Figure 2.2)can be seen in Figure2.

Figure 2.9 clearly shows that the resonant curves are properly centered in the four ROIs and
that resonant peaks are shaper and more intensgatflequencies. Furthermore, for both

L1 and L2 ROlIs, the resonance curves seem to present at least two different contributions,
the main of which is centered at the right position (1600 fonROI-L1 and 1300 cm for

ROI-L2) and a second lower contribution rekifted for L1 arrays and bleghifted for L2

arrays. The resonant behavior of such nanoantenna assemblies may be due te some in
homogeneities in the fabrication, as seen by AFM. Nevertheless, the resomamsiées of

the fabricated structures were consistent with those observed in literature for similar
structureg5], [12].
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Figure 2.9: Response for thiour different ROIsof one representative chip ofiae-to-line device

During the second yeaif the PhD, we developed tleossdesign and their fabrication
parameters. As already described, we designed arrays with antennas disposed in
centrosymmetric crosses, with the two arms perpendicular each other, in order to take
advantage from both the directions of light polarization #vetefore work with net
polarized light. As a first step, the resonant response ofcsasidevices was characterized

by using polarized light. Results are reported in Figuté.2.

0,8
—— I/ polarization
— 1 polarizario
= = no polarization

Absorbance (a.u.)

" T T T =
2500 2000 1500 1000

Wavenumber (cm™)

Figure 2.10: Crossarrays resonance response with respect the pdiariztate of lightn the ROL1.

Figure 2.1(clearly demonstrates that, with this array geometry, the plasmonic resonance of
the structures is provided by both directions of light polarization. A small difference in the
resonance can be appreciated between the two responses, probably relateditmghe

efficiency of EBL, already highlighteid sections 2.3.1 and 2.3 Aowever, such differense
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in resonancearenegligible if compared to those Wifie-to-line arrays. Thusgrossdevices

can be consideredqually responsive to both parallel andpgssrdicular polarizatianin

Figure 210the dashed line represents the resonance response of the same structure acquired
with notpolarized light. As can be seen, it matches very well with former acquisitions.
Results clearly show th#te response of ogrossdevicesanbe exploited without the need

of polarizing the light

The resonance response in the different ROIs was characterized alsumsatevices (see

Figure 2.1).
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Figure 2.11: Averageresonance responsethe differentROIs ofcrossdevices.

As can be seen from the image, differently friome-to-line devices, the resonance curves
decrease in intensity at lower frequencies. This happens as a consequence of the lower
number of nanoantennas in the arrays for ROIs at lower wavenumimgrsedehing
resonances that match such ROIs, nanoantenna length increases from Inentr@&2L0

to L3 ROI. Since the densityf these structures decreases in both vertical and horizontal
direction by extending antenna length, whilelfoe-to-line antennas the vertical spreading
remains constant, the number of resonators for longer antersrassaevices dramatically
decrease As a consequence, the resonance curves appear weaker than those of shorter

antennas.

Resonance response of RO arrays 6 line-to-line and crossdevices is compared in
Figure 2.2.
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Figure 2.12: Comparison between the resonance responiggesto-line andcrossdevices for ROL1 arrays

Measurediave beemcquired with perpendicular polarized light.

As can be seen, there is a substantial difference in terms of resonance intensity between the
two structures. In particulatjne-to-line structures promoted resonance curves with an
intensity up to 0.13 a.u., whilerossgeometry structures provide resonance curves up to
0.76 a.u. for the same ROI. Moreover, also the line shape of the resonance curve is different
between the two systemsideed, the differences in terms of resonance intenaitybe
primarily justified considering the different geometry of the two deviéesreported in

section 1.3.3the dimensions of the nanoantennas gaps strongly influence the enhancement
capabilities dthe structures. As known by numerical calculati@s[13], for nanoantennas
separated by a nanometer size gaps the field intensity is enhanced of several orders of
magnitude.Closer is the gap, higher is the resulting field intensity. Device of second
generation were designed with a gapesmaller than those dihe-to-line devices. Thus

the stronger response can be consequent also to this variation. Moreover, it has to be taken
in account thatrossdevices are made by a higher number of nanoaasgrdue to the
increased density in the vertical directionyi® for line-to-line devices, the nanoantenna
length plus the nanometer gapsdarsssdevices)Nevertheless, we cannot exclude tifnt

different fabrication efficiency of the two structuresalissed in section 2.3, could influence

the quality of thenanoantenneesponsas well

Nevertheless, independently form the reasons evbgsdevices offer better performances

in respect tdine-to-line ones,they do not require the use of polarizechtignaking such
structures more versatile. Thetterperformance of crossdevices resulted also in a better

signal response for protein analydesChapter 3.2, the great advantages for protein sensing
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and conformational analyses offered by this second geometry will be discuesedn
depth

2.4.2 NanelR measurements: distribution of the electric field

The scope ohanoantenmais toconvertthe propagating radiation intenhanced optical
fields localizedon nanometric regions of their surface, flwecalled finot spots [6], [13].
This effect arisesfrom the resonant coupling of light witbollective oscillations of
conduction electronsf metal nanoparticles called localizeslirface plasmon resonances
(LSPR).Theenhancemerdf the EMfield at this hot spot region enabledramatic increase
of the vibrational signal of molecules locatdterein In literature, he different spatial
distributions of the enhancdiglds in the IR regimehave been studied binite difference
time domain (FDTD) numerical calculatiofit3]. Such calculations defined thdtet hot

spots in the IR at thindamental resonance are localized at the antapmaes

116 nm 118 nm
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Figure 2.13: AFM-IR measurements. In the upper panel the morphological characterization of the samples is
reported. In the lower panel, the EM field distribution is show using the third harmonic of the recorded optical

signal.

An experimental wafor mappinghe EM-field distribution of the IR signand highlighting

the hotspot positionis to performscatteringScanning Neafield Infrared Microscopy
(sSNIM) measuremen{d.4]. To this aim we did a preliminary characterization of our device
at two different facilitiesline-to-line arrays were measured at Neaspec GmbH, Munich,
using a Difference Frequency Generation (DFG) laser as a source, wtreiesssevices
were measured advanced Light Source (ALS) in Berkeley, usimgrared synchrotron
radiationas a source. Results are reported in Figure 248an be seen, the maximum of
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the midIR responsdor line-to-line samples is located at the nanoantergass. Instead,

EM field of crossdevices isconcentratedt the center of the crosses and follows both the
nanoantennas direction. Despite this, intensity is higher for the horizontal axis.

The presented results do not aim to be a comprehensive characterization of the optical
response of our devices. This is beyond the scope of this PhD thesis and it would require a
continuous access to this type of instrumentation that we did not have during the PhD period.

However, they are sufficielgtinformative onthe proper plasmonic havior of our devices.

2.5 Protein response

The results shown irsection 2.4, clearly demonstrate the need to localize the target
molecules in the hedpot regions of nanoantennas arrays. All the steps for the
immobilization of target proteins onto the gold nanoantennas will be discussed in the Chapter
3. In this section, we & to present the general aspects for the interpretation of the data

obtained from of our CEIRA measurements.

2.5.1 Matching between simulation and experimental data

As a first step, protein CEIRA response was simulated by numerical calculatgmreys
coupled wave analygisWe assumed to cover the CEIRA structures with a uniform layer of
protein namely BSAHeight of the layer was set toi& and protein signals were simulated
consideringa resonator which was imposed to vibrate at the conpositions of Amide |

and Amide Il bands. For the protein layee assumethatits retractatiorhas a dispersion
that can be modeled with a setresonators with a Lorentzian linewidd the vibrational
absorption frequencied the amide bands of BSA.

Resultsof the simulation on bare nanoantenaad fully proteincovered nanoantenna array

(red curvefor ROI-L1 are reported in Figure 21a (dark gray curve)and they are compared

with the correspondingexperimental acquisitianin Figure 2.8b. As can be seen
experimental results match the simulations. Resonance curves are well coupled with the
vibrational fingerprint of selected biomolecules. Protein fingerprints appear as peaks at the
bottom of the overall resonance curvas highlighted by bldcarrows inFigure2.14. Both

in simulations and real data, a red shift0f12pum (about 30 cm) of the resonant curve is
detectable as a consequence ofdh@ngeof the refractive index at the array surfatg].

Such shift was detected for all thegaged ROIs, and can be considered as a marker of the

protein linking to the surface of the CEIRA chip.
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Figure 2.14: (a) FTDT simulation of the resonance response of bare antennas (dark gray spectrum) and a
protein covered array (red spectrum) in the R®I (b) Corresponding experimental acquisitions for a bare
array (dark gray spectrum) and the same array covered watigetprotein BSA (red spectrumin order to

facilitate the matching between FTDT calculations, in this case we reported the acquisitions as transmittance
spectraas a function of the lighvavelength Extra-transmittancegoroteinpeaksare highlighted byhe black

arrows.

2.5.2 Protein signal in the entire MIR domain

As presented, the purpose of the PhD thesis was to develop a sensor which allowed a signal
enhancement in different region of interest within the-NMRdegime. BotHine-to-line and
crossdevices were made bghips containingadjacentarrays with nanoantennas with
different length, and the resonance tuning was demonstrated.

In Figure 2.5 the resonance responsestlod structures functionalized with proteins are
reported in the four ROISAs can be seen, despite antennas provided resonance tuned with
respect the different vibrational features of proteins in the diverse ROIs, enhanced protein
signals were detectable only in certain regions.

In particular, the deteatn of the Amide | and Il bands in RQWL is quite straightforward,

since these are the strongest protein sigiralsigure 2.15 is possible to appreciate that also
enhanced signals of aliphatic moieties are visible for-BDlInstead for those arrays toh

for the Amide 11l (ROtL2) and the ROL3 it was very hard to detect any protein feature.
This can be because, except few cases, such as for some collagéb8lygestein Amide

lIl is much weaker than Amide | and Il bands. Despite the plasmoniceaiment, such

weak signals are very hard to extract from resonance curves. Finally, as mentioned before,
ROI-L3 can be used for monitoring the phosphorylation and glycosylation status of target
proteins. However, the model proteins employed in our studgesyell as the ones of

biomedical relevance, do not present such post translational modifications (PTMs).
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