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Abstract 
 

The functionality of a protein is interwoven with its structure, small variations in the latter 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/multi-technique approach to 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 pivotal role is played 

by those techniques that elucidate the secondary structure of proteins, such as Fourier Transform 

Infrared (FTIR) spectroscopy. However, despite its several advantages, FTIR dramatically suffers 

for sensitivity limitations.  

The aim of my PhD 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 in different Regions 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 nanomolar concentrations, in 

both static and dynamic 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: the tyrosine-kinase inhibitor (TKI), Lapatinib, validating the great 

potentialities of our technique for protein conformational analyses. 

In conclusion, we developed a non-destructive label-free technology for in vitro detection of 

structural information of protein monolayers 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 base of protein-ligand 

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 induce local conformational changes and possible misfolding, 

giving rise to new possibilities in the understanding of disease-related conformational changes in 

proteins. 
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Introduction  

 

The aim of my PhD is to exploit Collective Enhanced Infrared Absorption (CEIRA) 

microscopy for the investigation of secondary structure of proteins of biological and 

biomedical relevance in aqueous environment and 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 the Mid-IR signal 

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 on the acquired experience to assess the subtle 

secondary structure modifications undergone by Epidermal Growth Factor Receptor, EGFR, 

interacting with tyrosine-kinase 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 I performed both CEIRA measurements and more 

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 Tecnologia (IIT) in 

Genova under the supervision of Dr. Andrea Toma, where I 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 summarizes the performed activities and the outcomes of my PhD 

project. 

Chapter 1 is intended to provide the reader background information on the state of the art 

of structural characterization of proteins, with both standardized and more innovative 

methods. The structural characterization of proteins is of paramount importance for 

understanding the molecular mechanisms which tune their activity and, consequently, their 
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proper function. X-ray crystallography plays the main role in the 3D characterization of 

proteins at atomic resolutions, while, for the investigation of protein structure and dynamics 

under nearly physiological conditions, Nuclear Magnetic Resonance (NMR) spectroscopy is 

the methodology of choice. However, severe limitations to protein structural characterization 

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 diseases). In the last 

decades, different techniques have been developed and optimized for protein conformational 

analysis, such as Small Angle X-ray scattering (SAXS) or cryo-Electron Microscopy (cryo-

EM). However, all these analytical tools have their pros and cons, and notably no one 

technique alone can provide all the answers to the questions of structural biology (section 

1.1). This has motivated researchers to combine 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 studies. In this field, a pivotal role is played by those techniques that 

elucidate the secondary structure of proteins, such as Fourier Transform Infrared (FTIR) 

spectroscopy. Specifically, Mid-infrared spectroscopy is a widely employed tool for protein 

secondary structure analyses, since it is label-free and it is particularly sensitive to little 

protein conformational changes. Despite its potential, IR measurements on small quantities 

of molecules using conventional approaches are extremely challenging due to limitations in 

sensitivity of the technique: for diluted solutions (micromolar and sub-micromolar 

concentrations) and thin samples (such as monolayers), the IR signal becomes prohibitively 

weak (section 2.2).  

A challenging method for increasing FTIR sensitivity is to take advantage from the electric 

field enhancement associated with the excitation of plasmonic resonances when light is 

incident on ad-hoc shaped metallic structures. This method is called Surface Enhanced 

InfraRed Absorption (SEIRA). ñConventionalò SEIRA substrates, usually made by 

roughened gold or silver islands, provide only a modest Mid-IR signal enhancement, in the 

range of 1-2 orders of magnitude. The exploitation of nanofabrication technologies and 

electron beam lithography, in particular, allows the fabrication of controlled nanostructures 

that can produce enhancement factors of several orders of magnitude, for the so-called 

ñresonance SEIRAò. Comparable enhancements can be obtained for nanoantennas arrays 

through the mutual tuning of the single antenna parameters (shape and material) and array 

lattice parameters (periodicity), making Collective Enhanced IR Absorption (CEIRA) 
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suitable for protein structural characterization at very low concentration, up to nanomolar 

detection sensitivity (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 sensitivity should be carefully assessed, since strongly influenced by the protein 

deposition or anchoring method, that could lead to the formation of protein layers also 

outside the nanoantenna ñhot-spotsò. Section 3.1 of this thesis draw out on this issue. 

Chapter 2. The second chapter of the thesis concentrates on the strategy adopted for 

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 in section 2.1 and section 2.2 respectively. CEIRA devices have been produced 

during the three years of PhD activity with two different geometries, namely line-to-line and 

cross-geometry. The characterizations of the morphology of the two forms of devices and of 

their infrared response will be reported in section 2.3 and section 2.4 respectively. Finally, 

the interpretation of the enhanced protein signals will be discussed in section 2.5. 

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 sections. In section 3.1 will be described the 

strategies that have been tested for anchoring the protein target molecules at the hot-spots of 

the CEIRA arrays, validating their performances by using line-to-line devices. In the second 

section (section 3.2) the improved performances of second generation cross-geometry 

CEIRA devices with both conventional and infrared synchrotron radiation (IR-SR) will be 

examined. Section 3.3 will report the main results achieved in the secondary structure 

analysis of thin dried layers of model proteins, Bovine Serum Albumin (BSA) and 

Concanavalin A (ConA). Section 3.4 will focus on the difficulties being addressed in protein 

secondary structure assessment in aqueous buffer conditions. Plasmonic Internal Reflection 

(PIR) approach, developed by Adato and co-workers, will be introduced, and the results of 

its exploitation for hydrated BSA and ConA conformational analysis will be discussed. 

Finally, in section 3.5 the use of PIR-CEIRA technique will be considered for the secondary 

structure characterization of a protein of biomedical interest at ultra-low concentrations. 

Static and dynamic experiments aimed to investigate both wild-type and mutate form of 

EGFR, and to assess the minimal conformational changes undergone by EGFR, interacting 

Lapatinib will be described. 
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The outcomes of the PhD thesis will be then summarized in Chapter 4, Conclusions, aiming 

attention at the points of novelty and perspectives applications of the strategies developed 

during the PhD thesis. 

The present manuscript incudes also an appendix, Appendix A, which summarizes the main 

results obtained during these three years on a side project on biospectroscopy, developed in 

collaboration with the group of inelastic ultraviolet scattering (IUVS) beamline at Elettra 

Sincrotrone Trieste. This minority activity was focused onto the development of two 

different tailored protocols which enables to obtain Nucleic Acids solutions extracted from 

cell cultures with a spectroscopic quality satisfactory for routine FTIR and UV Raman 

analysis.  
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Chapter 1 

 

This chapter will introduce the reader to the context of protein structure analysis. After a 

general introduction to protein structure, the first part will provide an overview on the 

principal techniques devoted to their structural analysis, highlighting potentials and 

limitations of each technique (section 1.1). In the second section (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) spectroscopy, paying particular attention to 

the advantages offered by this technique for conformational analyses of biomolecules, but 

also to the technique limitations. The third part (section 1.3) will contain a short overview 

on plasmonic optics, focusing then on the surface-enhanced infrared absorption (SEIRA), 

which underpins nanoantenna-assisted plasmonic effect that will be used to enhance the 

vibrational modes of proteins, allowing conformational studies with few attomoles of 

sample. 

 

1.1 Structural analyses of proteins 

1.1.1 Protein structure 

Proteins are the most abundant and versatile biological macromolecules in the cell, and they 

constitute most of its dry mass. They are cellular building blocks and execute nearly all the 

cellôs functions: they are involved in catalysis, transport, immune response and mechanical 

support. They also provide cellular motility, transmit nerve impulses and promote cell 

replication, controlling growing and differentiation [1], [2].  

Proteins are organic compounds composed of long chains of amino acids folded into 

complex structures. There are 20 types of amino acids in proteins, each with different 

chemical properties. Amino acids sub-units are made by the same core element: onto the so-

called CŬ are bound a carboxylic group, an amino group, a hydrogen and a side chain which 

is different for each amino acid and which governs the chemical property of the monomer 

(Figure 1.1a). In the macromolecule, amino acids monomers are linked by covalent peptide 

bonds as shown in Figure 1.1b.  
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Figure 1.1: (a) Chemical structure of a representative amino acid in its zwitterionic state. (b) The peptide bond: 

the condensation of the carboxylic group with the amino group of two neighboring amino acids results in the 

formation of a covalent amidic bond. 

 

The repetitive sequence of atoms along the core of the polypeptide chain is the polypeptide 

backbone, while those portions of the amino acids that are not involved in making a peptide 

bond are the amino acid side chains (Figure 1.2). The sequence of the amino acids, their 

nature and number, is unique for each protein and determine the so-called protein primary 

structure. 

 

Figure 1.2: Structural components of a protein: a protein consists of a polypeptide backbone ñdecoratedò with 

side chains. Image adapted from [2]. 

 

The two ends of a polypeptide chain are chemically different: the end carrying the free amino 

group (in its neutral, NH2, or protonated form, NH3
+) is the amino terminus (or N-terminus), 

and that carrying the free carboxyl/carboxylate group (COOH/COOï) is the carboxyl 

terminus (or C-terminus). The amino acid sequence of a protein is always presented in the 

N-to-C direction, reading from left to right. However, proteins are not simple linear 

molecules, but they have highly complex folding patterns which depend on the amino acid 

sequence and on environmental influences [3], [4]. Protein folding is one of the fundamental 

examples of self-assembly in nature and it is determined by different sets of weak 

noncovalent bonds. Three types of noncovalent bonds are involved: hydrogen bonds, ionic 

bonds, and van der Waals interaction. As a result of all of these interactions, each type of 
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protein has a particular three-dimensional structure. The final folded structure adopted by 

any polypeptide chain is generally the one in which the free energy is minimized [2]. 

Conventionally, biologists distinguish four levels of organization in protein structure. The 

amino acid linear sequence is considered the primary structure, as already mentioned, while 

the stretches of the polypeptide resulting from intra-chain interactions constitute the protein 

secondary structure. Such interactions arise from hydrogen-bonding between the NïH and 

C=O groups in the polypeptide backbone. The two main recognized classes of secondary 

structures are the Ŭ helix, where the backbone is arranged in a spiral-like coil, and the ɓ 

sheet, where the polypeptide backbone is arranged side by side [5] (see Figure 1.3a). An Ŭ 

helix is generated when a single polypeptide chain turns around on itself to form a rigid 

cylinder. In this conformation, a hydrogen bond is made between every fourth peptide bonds, 

linking the C=O of one peptide bond to the NïH of the other, giving rise to a regular helix 

with a complete turn every 3.6 amino acids. Other transient helix structures have been found, 

the most representative of which is the 310 helix (nearly 10ï15% of all helices in protein 

secondary structures) [6], [7]. Such structures differ from Ŭ helix for the backbone of the 

hydrogen-bonding network and usually are made by no more than 7ï11 residues [7]. ɓ sheets 

can form either from adjacent chains that run in the same direction (parallel chains) or from 

strands that folds back and forth upon itself, with sections running in opposite directions 

(antiparallel chains). Both types of ɓ sheet produce a very rigid structure. The helix and sheet 

structures are joined with connecting loops, known as random coils, that do not fall into the 

previous defined categories. These secondary structural elements are represented in ribbon 

models of proteins as shown in Figure 1.3b.  

 

Figure 1.3: (a) Regular conformation of the polypeptide backbone in the Ŭ helix and the ɓ sheet stretches, 

highlighting the hydrogen bonding network. Image adapted from [2]. (b) Ribbon model of the kinase domain 

of Epidermal Growth Factor Receptor (EGRF), from [8]. The main secondary structural elements of proteins 

are showed with differently colored graphical elements: red ribbons ï Ŭ helix; yellow arrowsï ɓ sheet; green 

lineï random coils. 
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The organization of all the secondary structural elements in a full three-dimensional is 

described as the tertiary structure of the protein and defines it (see ribbon model in Figure 

1.3b). Hydrogen bonding and ionic interactions between side chains mostly influence protein 

secondary structure. Instead, hydrophobic force is an essential contributor that drives the 

protein 3D folding. Generally, the nonpolar side chains in a protein tend to cluster inside the 

macromolecule, in order to limit  the contact with the surrounding polar environment 

(namely, cellular water). On the contrary, polar side chains have the tendency to arrange 

themselves near the outside of the molecule, where the formation of hydrogen bonds with 

water and with other polar molecules is allowed. Notably, many proteins are either attached 

to the outside of the cell membrane or secreted as part of the extracellular matrix, and are 

directly exposed to extracellular conditions. In order to maintain their structures in such 

environment, the polypeptide chains are often stabilized by covalent cross-linkages. The 

most common cross-linkage in proteins is the covalent sulfurïsulfur bond, which forms 

between two pairs of ïSH groups of cysteine side chains that are adjacent in the folded 

protein, and act as atomic staples to reinforce the protein most favored conformation. It is 

noteworthy that disulfide bonds generally fail to form in the cell cytosol, where a high 

concentration of reducing agents converts SïS bonds back to cysteine ïSH groups [2]. 

When different individual protein macromolecules, called subunits, are arranged into a 

singular functional complex, the complete structure is defined as the quaternary structure 

[9]. Biologist recognized another unit of organization distinct from the four just described, 

called protein domain [10], which is a substructure produced by any part of a polypeptide 

chain that can fold independently into a compact, functional, stable structure [11]. The 

diverse domains of a protein are often associated with different functions. For instance, 

protein kinases-like superfamily (PK-like), a class of protein effectors essential for the 

maintenance of cell cycle control, are characterized by a homologous catalytic domain, 

called Kinase Domain (KD) [12]. Such domain is commonly made by 250-300 amino acid 

residues and it contains the active site of the protein, by which PKs control the activation of 

target proteins thanks to their catalytic activity [13].  

1.1.2 Conventional techniques for protein structural analyses 

It is a well-established paradigm that the function of a protein is related to its structure. 

Therefore, structural characterization of proteins is of paramount importance for 

understanding the molecular mechanisms which define their activity. Such analyses are used 
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also to recognize the molecular basis of diseases, leading, for instance, to the development 

of novel drugs [14]ï[17]. Structural biology is the branch of life science which focuses on 

this topic [14]. The two principal techniques employed for the 3D characterization of 

proteins at atomic resolutions are X-ray crystallography [18]ï[20] and Nuclear Magnetic 

Resonance (NMR) spectroscopy [21]ï[23].  

X-ray crystallography is the most powerful analytical technique for structural biologists, and 

it is the key tool for providing high resolution protein 3D structure [18] having been used for 

about the 90% of the total protein structures nowadays deposited in the Protein Data Bank 

(PDB) [24]. By using this technique, the structure of a protein can be reconstructed from its 

X-ray diffraction pattern [25], obtained from an ordered crystal of the protein. A scheme of 

the workflow for protein structure determination using X-ray crystallography is reported in 

Figure 1.4. By X-ray crystallography, the entire three-dimensional structure of a protein 

(tertiary structure in case of single polypeptides, quaternary structure in case of multiple 

polypeptides) can be resolved at very high resolution, down to 0.5 Å [18], [26].  

 

Figure 1.4: Workflow for protein structure determination using X-ray crystallography. When proteins crystals 

are illuminated with X-ray radiation in conditions satisfying the Braggôs law [18], light is diffracted due to the 

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

produces a diffraction pattern, formed by the interference of the diffracted X-ray beams, from which is possible 

to obtain the 3D image of the electron density within the crystal, getting the position of atoms and chemical 

bonds within the structure to be determined. Image adapted from [27]. 

 

X-ray crystallography is widely employed also for visualizing the interactions between the 

protein and exogenous molecules [19], both natural ligands [20] or synthetic drugs such as 

enzyme inhibitors [28]. This is possible after co-crystallization of proteins with their target 

molecules [19], providing accurate and highly informative structural data on the mechanisms 

of such interactions. Despite its great potentials for 3D structural determination and drug 

discovery, X-ray crystallography suffers from some intrinsic drawbacks mostly related to 

the sample preparation. Making well-diffracting crystals is mandatory for performing such 

analyses [18], and crystal preparation is often time consuming and expensive in terms of 
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protein and laboratory consumables. Indeed, it is the major bottleneck in protein structural 

determination [29], [30]. Not all proteins can be easily produced in such ordered crystals. 

Although it is not possible a priori to recognize problem cases, it is known that some classes 

of protein are hard to crystallize [31], such as membrane proteins [32], protein-ligand 

complexes with ligands having low affinity [33] and large protein aggregates. In particular, 

for membrane proteins the use of detergents, required for protein isolation from the cellular 

membrane, induces the formation of micelles around the protein hydrophobic regions, 

significantly reducing the possibility of forming crystals [31]. Also, even when crystals can 

be obtained, they are often small and diffract poorly. Moreover, it is a matter of fact that 

proteins in crystals are not in their physiological conditions and their movement is limited, 

thus not allowing to obtain information on protein dynamic behavior. 

The second principal technique for protein 3D structural studies at high resolution is Nuclear 

Magnetic Resonance (NMR) [21], [22]. This technique offers several advantages, since it 

does not require to prepare protein in crystalline form for being analyzed and it can work 

either in solid state [22] or in solution [23]. NMR spectroscopy is the only method that allows 

the determination of the 3D structure of protein molecules at atomic resolution in the liquid 

phase, and to follow protein dynamic behavior [1]. Despite these clear advantages for protein 

structural determination, its application is usually limited to small proteins (less than 30 

kDa), due to the technique intrinsic limitations and the complexity of the spectral data 

provided [21]. Moreover, usually, expensive media are required, because of the cost of 

isotopes used for protein preparation [23]. Since only certain isotopes are capable of intense 

NMR signals, proteins require to be labeled with such isotopes, such as Hydrogen-2 (2H), 

Carbon-13 (13C) and Nitrogen-15 (15N) [21]. Moreover, due to the inherent insensitivity of 

the technique, usually high concentrated solutions (about 1 mM) are required for obtaining 

intense profiles.  

In the last decades, structural biology had a substantial progress in terms of available 

instrumentation, techniques and protocols allowing to get further insight of larger molecules 

and multi-protein complexes [34]. In this context, solution-based small- and wide-angle X-

ray scattering (SAXS/WAXS) are other possible methods for observing protein structure and 

dynamics [35]. Such techniques are not highly resolved, but they can provide a way to 

explore the full extent of the conformational landscape as a function of a wide range of 

solution conditions [36]. More significantly, solution scattering represents a straightforward 

way to perform time-resolved studies [37]. Such analyses are employed in particular for 
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disordered systems. However, SAXS cannot provide structural details with high resolutions 

and require protein concentration in the range of mg/mL (in the order of tens of µM).  

While NMR and X-ray crystallography are limited to structural studies of certain classes of 

proteins, most of the time small ones, cryo-Electron Microscopy (cryo-EM) is an emerging 

tool for the structural determination of large proteins or multi-protein complexes [38]. 

Furthermore, recent developments in cryo-EM combined with image analysis provided 

unique information on the conformational variability of macromolecular complexes [39]. 

However, the biochemical quality of the sample remains the major bottleneck to routine 

cryo-EM-based determination of structures at very high resolution (less than 10 Å) [40]. In 

addition, this technique is difficult to apply to molecules smaller than approximately 50 kDa, 

a cut-off larger than the average size of cellular proteins [41], while it performs better for 

proteins in the range of 160-300 kDa [42]. 

As seen, all these analytical tools have their pros and cons, and notably the requests of 

structural biology cannot be satisfied by a single technique. Moreover, they cannot be 

applied to all kinds of proteins and systems. This has motivated researchers to combine 

different techniques in order to fully understand protein structure, its function and dynamics 

[34]. Thus, methods offering complementary information to the aforementioned 

conventional methods are of great interest for integrated structural biology studies. In this 

field, a pivotal role is played by those techniques that can provide valuable insight to 

secondary structure analysis of proteins, such as Circular dichroism (CD) [43]ï[45] and 

Fourier Transform Infrared (FTIR) spectroscopy [46]ï[49]. These are the tools most 

commonly applied as complementary to X-ray crystallography and are particularly useful 

for analyzing proteins in a variety of environments, not being limited to the study of 

crystalline proteins. CD is generally employed to determine whether an expressed and 

purified protein is folded, or if a mutation affects its conformation, stability [50] and for 

folding thermodynamics [51]. Protein CD spectroscopy is also used for secondary structure 

estimation [50], but secondary structure content cannot be accurately calculated from CD 

spectra for the majority of proteins [44]. In fact, a reliable secondary structure content can 

be calculated only from CD spectra of all-Ŭ proteins and all-ɓ proteins [44]. On the other 

hand, Fourier Transform InfraRed (FTIR) spectroscopy [52] is a widely used technique for 

analyzing the protein structure [49], since it is label free, not damaging and sensitive to subtle 

protein conformational changes [43], [53]. Due to these advantages, FTIR spectroscopy is 

especially useful for probing proteins that are difficult to be measured by other spectroscopic 
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techniques. In the next section, the basic principles for FTIR protein measures and structural 

analysis are presented.  

 

1.2 FTIR spectroscopy for protein analysis 

This section aims to provide a brief introduction to FTIR spectroscopy and underline the 

basic principles of the technique. Different sampling methods are discussed and their 

application for protein conformational studies is presented. 

1.2.1 Infrared spectroscopy basic principles 

In general, spectroscopy deals with the interaction of electromagnetic (EM) radiation and 

matter. It is based on the analysis of the energy of the transmitted or reflected light after 

illuminating a sample with a definite radiation source. IR light was discovered for the first 

time by Frederick William Herschel (1738-1822) basing on the studies of Sir Isaac Newton 

(1643-1727). In 1800, Herschel performed a famous experiment where, by promoting the 

dispersion of light with a prism, he tried to measure the temperature of different colors of 

the visible spectrum by placing a thermometer on each color. In this experiment he 

discovered that the warmest part of the spectrum was where there was no color at all, below 

the red. Therefore, this hot light became known as InfraRed (IR). In March of the same year, 

Herschel made another discovery: by placing a sample in the path of the IR light, he observed 

that by changing the part of the spectrum that passed through the sample, in some points the 

temperature rapidly decreased, concluding that the decreasing in temperature was 

consequent to the absorption of IR light from the sample. On this evidence, he defined IR 

spectroscopy as the "measurement of light absorption in the infrared", and this definition is 

still perfectly correct [54]. 

Actually, the InfraRed (IR) radiation covers a wide range of the EM spectrum, extending 

from visible to microwaves (Figure 1.5). Photons in this range have energies which span 

from 1.25 meV to 1.7 eV. Such energies cannot generally excite electronic transition, but 

they can induce vibrational excitation of covalently bonded atoms and groups.  

The IR range is conventionally divided into three spectral regimes, named accordingly to 

their distance from visible light: 

V near-infrared regime (NIR): 14000ï4000 cmī1 (0.8ï2.5 ɛm); 

V mid-infrared regime (Mid-IR or MIR): 4000ï400 cmī1 (2.5ï25 ɛm); 

V far-infrared regime (FIR): 400ï10 cmī1 (25ï1000 ɛm). 
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Figure 1.5: Electromagnetic Spectrum of light. The IR range and its sub-regions are highlighted. 

 

In this thesis we will focus on the Mid-IR regime, which is the most useful IR region for 

analyzing organic compounds, since their transition energies are from about 44 meV to 440 

meV (1-10 Kcal/mol), and therefore in the same range of the vibrational energies of covalent 

bonds [55]. 

Covalent bonds in molecules are usually simplified as rigid 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 photons with appropriate energy can be absorbed by the molecule, inducing 

transitions between vibrational energy states. The frequency of the transition depends on 

different factors, the main of which is the type of vibration, the bond strength and the masses 

of the involved atoms. For instance, in order to stretch (or compress) a bond, higher energies 

are required than to bend it. Accordingly, the frequency that characterizes the stretching 

vibration of a given bond is higher than the one of the bending modes.  

The stretching frequency of a diatomic molecule can be approximated by the Hookeôs Law: 

Hookeôs model treats two atoms and their connecting bond as a simple harmonic oscillator 

composed of two masses joined by a spring. According to Hookeôs law, the frequency of the 

vibration of the spring (ɜ) depends on its force constant and the masses involved, as 

summarized in the Eq. 1.1: 

’ =    [Eq. 1.1] 
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where ɜ is the frequency, k the spring constant of the bond and ɛ the reduced mass of the 

system, which, in the case of a diatomic molecule, is calculated as follows [Eq. 1.2]:  

‘  
 

   [Eq. 1.2] 

where ά1 and ά2 are the masses of the two atoms of the diatomic molecule. 

As can be seen, equation 1.1 provides a link 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 increase, while an increase in the atom mass corresponds to frequency 

decrease. The potential energy (E) of a simple harmonic oscillator is given by Equation 1.3: 

Ὁ   Ὧὼ Ὤ’  [Eq. 1.3] 

where x represents the displacement of the spring from its equilibrium position and h is the 

Plankôs constant.  

However, at the atomic scale, molecular systems cannot assume a continuous energy profile 

as predicted by the classical "balls-and-spring" model [Eq. 1.3]. Indeed, quantum mechanics 

[56] describes a diatomic molecule in terms of discrete energy levels En, defined as in Eq. 

1.4. 

Ὁ  ὲ Ὤ‡  [Eq. 1.4] 

where ɜ is the frequency, n the vibrational quantum number (0, 1, 2, 3, . . .) and h the Plankôs 

constant. Furthermore, for harmonic potentials, only transitions between neighboring energy 

levels that determine a net change in the dipole moment are allowed (ȹn = ±1, selection 

rule).  

In Figure 1.6a, a schematic representation of the potential energy for the harmonic model is 

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 modeling, limits in bond 

compression and extension need to be considered. All the deviations from the simple 

harmonic oscillator model bring actually to a more appropriate anharmonic oscillator model, 

as shown in Figure 1.6b. This model account also for overtone (ȹn = ±n, with n integer and 

n > 1) and combination (~ ɜn + ɜm) bands often detected in the NIR for real molecules. 

Letôs now move from the "balls-and-spring" model, which defines the basis for the simple 

vibration of a diatomic molecule, to models describing molecules made by a number of 
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atoms (N) higher than two. For such complex systems, there is a wide number of possible 

vibrations and all of them can be described as the combination of the motions of each atom 

in the 3D space. Each 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 molecule in space and three additional 

describe the whole molecule rotation. The remaining 3N ï 6 degrees of freedom are the 

fundamental vibrations for nonlinear molecules, each of them describing the motion of all 

its atoms at the same frequency and with a fixed phase relation. Linear molecules possess 

3N ï 5 fundamental vibrational modes because only 2 degrees of freedom are sufficient to 

describe the entire molecule rotation. However, among the 3N ï 6 (or 3N ï 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 active [57].  

 

 

Figure 1.6: Representation of harmonic (a) and anharmonic (b) models of the vibrational energy levels of a 

diatomic molecule. r0 is the equilibrium distance that minimize the Potential Energy (E). Adapted from [58].  

 

According to the normal mode description, the vibrations of the two (or more) bonds are 

coupled. As one bond contracts, the other bond can either contract (in-phase) or expand (out-

of-phase) in a vibration known as stretching mode. The stretching is defined symmetric (ɜs) 

when the bonds stretch in-phase, while it is defined asymmetric when it is out-of-phase (ɜas). 

Vibrations involving a change in bond angle are known as bending. The bending vibration 

that determines a variation of the angle between two bonds is called scissoring or 

deformation. Rocking, wagging and twisting are bending vibrations that produce a change 

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

and the rest of the molecule. Some molecules with a preferred orientation cannot freely 

rotate. They can however turn slightly back and forth with respected to the fixed orientation 
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in a motion known as libration. This is the case of liquid water, where the network of 

hydrogen bonding imposes a preferential orientation to the molecules. In order to better 

understand these concepts, in Figure 1.7 the vibrational modes of water are shown. 

 

Figure 1.7: Vibrational modes of water. Image adapted from [59]. 

 

The number of experimentally observed IR absorption bands is generally different from the 

total number of active fundamental vibrations, since more than one mode of vibration can 

be characterized by the same frequency. Conversely, additional bands can be seen. These 

are overtones, which are integral multiples of the fundamental absorption frequencies, and 

combination bands, originating from the combination, either sum or difference, of 

fundamental frequencies.  

Summarizing, when IR light hits a sample, absorption occurs if the frequency of the IR 

photons matches the one of a mode of vibration. The frequencies at which absorption of IR 

radiation occurs are directly correlated with the types of chemical moieties in the analyzed 

sample, and information about the molecular architecture of the sample can be retrieved. The 

superimposition of all the IR absorption bands generates a unique IR spectrum for each 

compound which can be considered as the fingerprint of the molecule. 

1.2.2 Fourier Transform InfraRed (FTIR) spectroscopy 

First IR experiments were made with the so called ñdispersive spectrophotometersò, which 

exploited dispersive optical elements in order to monochromatize either illuminating or 

transmitted IR light. Conversely, modern instrumentation is based on interferometric 

systems. In contrast to dispersive spectrophotometers, Fourier Transform InfraRed (FTIR) 

interferometers perform the spectral splitting with the help of an interferometer, allowing 

wavelength dependent radiation modulation. The simplest interferometer is the Michelson 

one, shown in Figure 1.8. In the figure caption, a brief description of the working principle 

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

and partially reflected by the beamsplitter, illuminating both M1 (fixed) and M2 (moving) mirrors. The shift 

in position of M2 generates a difference in the optical path modulated by the velocity of the mirror shifting. 

Therefore, for each wavelength of the source, constructive/destructive interference conditions are created over 

time. This generates and interferogram as a function of the movable mirror displacement from the zero-path-

difference position (x, [cm]), characterized by an intense central burst for a continuous polychromatic source. 

The interferogram, recorded by the detector, is converted by Fourier Transformation to a spectrum in the x-1 

space, also known as wavenumber,  [cm-1]. 

 

Among the advantages provide by FTIR interferometers with respect to dispersive systems, 

we should highlight the faster data acquisition and the improved signal to noise (S/N) ratio 

by a factor of ãM (where M is the number of sampled points comprising the spectrum), both 

deriving from the simultaneous observation of all the wavelengths at once. This advantage, 

known as ñmultiplex advantageò is one of the reason why the widespread diffusion of 

infrared spectroscopy is consequent to the development of FTIR interferometers. 

1.2.3 FTIR Sampling techniques 

Whether a sample is in the optical path between the beamsplitter and the detector (see Figure 

1.8), the interferogram of the sample is collected, and the transmission spectrum, T [%], of 

the samples can be retrieved as the ratio between its spectrum to the spectrum of the 

background or reference. Alternatively, the spectrum can be plot as ïlog10(T), called 

Absorbance (A) which is expressed in arbitrary unit [a.u.]. 

A wide number of sampling techniques are available for performing FTIR measurements. 

This versatility in sampling allows the technique to be applied to solids, liquids and gases 

making it a powerful tool for a label-free identification of molecular species [60]. In this 

paragraph, the focus will be on the techniques functional for the understanding of the 

measurements done during this thesis, namely transmission and Attenuated Total 

Reflectance (ATR) of liquid samples and FTIR microscopy in the Mid-IR.  
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(i) Transmission FTIR spectroscopy 

The most common FTIR sampling method of FTIR is the transmission, where IR light passes 

through the sample before detection of its attenuation. The extent of attenuation obeys to 

Beer-Lambert law [Eq. 1.5]: 

ὃ ‐ὦὅ  [Eq. 1.5] 

Where the absorption intensity, A [a.u.], is proportional to the molar concentration of the 

sample, C [M], and the optical path, b [cm], through a constant known as the molar extinction 

coefficient, Ů [cm-1M-1]. According to the molar extinction coefficient of the specific band 

of sample under investigation, the sample concentration and optical path need to be accorded 

in order to avoid the total absorption of light by the sample, i.e. to reach the regime of non-

linear detector response. Considering liquid samples, they are usually confined within two 

IR transparent windows (commonly Calcium Fluoride, Barium Fluoride, or Zinc Selenide in 

the Mid-IR) spaced apart by a spacer, either commercial or fabricated [61]ï[63]. The path 

lengths are typically in the range of few microns between the two IR transparent windows 

[60], and this constraint is particularly severe in the case of aqueous samples (see below in 

section 1.2.4).  

(ii) Attenuated total reflection (ATR)-FTIR spectroscopy 

Attenuated Total Reflection (ATR) [46], [53] is a sampling method that overcomes the path 

length limitations of conventional transmission measurements. The basic principle of ATR 

technique is illustrated in Figure 1.9. 

 

Figure. 1.9: Scheme of infrared path through an ATR crystal where the angle of incidence of the IR beam (ɗ) 

is greater than the critical angle. In the inset, a zoom of the propagating evanescent electric field at IRE/sample 

interface.  

In this method, the IR beam is directed to a prism made of an IR transparent material with a 

high refractive index (n1), higher than the refractive index of the sample (n2). Such crystals 

are known as Internal Reflection Elements (IREs). Germanium (n1=4 at 1000 cm-1), Silicon 

(n1=3.4 at 1000 cm-1), ZnSe (n1=2.4 at 1000 cm-1) and diamond (n1=~2.4 at 1000cm-1) are 
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among the most common IRE crystals. The critical angle (ɗcrit) is dependent on the refractive 

indices of the internal reflection element (n1) and the sample (n2), according to Snellôs law 

[Eq. 1.6]. 

ÓÉÎʃ    [Eq. 1.6] 

Upon reflection at the interface between sample and crystal, an evanescent field is generated 

that propagates into the sample. The evanescent field has the same frequency of the incoming 

light but the its amplitude decays exponentially with the distance from the interface. The 

sample absorbs IR radiation, attenuating the evanescent wave and this attenuation is 

measured. The penetration depth (dp) of the evanescent electric field depends on the 

wavelength (ɚ), on the angle of incidence and on the ratio of the refractive indices of crystal 

and sample, as defined in Eq. 1.7. 

Ὠ Ⱦ  [Eq. 1.7] 

For the most common IRE materials, considering an average refractive index of the sample 

about 1.5, the penetration depth varies from hundreds of nanometers to few microns in the 

MIR (i.e. 0.65 µm for Germanium IRE or 1.65 µm for Diamond crystals at 1000 cm-1). 

ATR-FTIR spectroscopy has been extensively used for protein studies. Usually a protein 

film is prepared on the crystal surface [64]ï[66], often by controlled drying/hydration cycles 

for creating a protein film onto the IRE and keeping the film hydration constant. [49]. Since 

the penetration depth of the technique is ruled by equation 1.7, for relatively thick protein 

layers, the volume of the buffer layer on top of the protein film does not dramatically 

influences the measured spectrum [46]. ATR-FTIR is a method relatively simple and very 

flexible. However, the preparation of a stable film can be difficult and sometimes impossible. 

Furthermore, the relatively high concentration of the protein at the IRE interface can drive 

aggregation phenomena not easy to control and identify, inducing to possible spectra 

misinterpretation. 

(iii) FTIR microscopy 

FTIR microscopy allows correlating morphological information on the sample to its 

chemistry/biochemistry, by recording spatially resolved vibrational spectra at specific 

sample locations. Morpho-chemical correlation is possible thanks to the coupling of FTIR 

interferometers with specially designed Visible-Infrared (Vis-IR) microscopes. The Vis-IR 

microscope looks like a standard visible microscope, but it uses basically all-reflective 
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optical elements and Cassegrain focusing elements, achromatic optics able to focus both 

visible and infrared light at the same sample location. The optical scheme of Cassegrain 

objective is reported in Figure 1.10a, while in Figure 10b the photo of a 15X objective is 

shown. The photo of the Vis-IR microscope of the Chemical-Life Sciences branch at SISSI 

beamline at Elettra, where FTIR measurements reported in this thesis were done, is displayed 

in Figure 1.10c. 

Different kinds of objectives are available for different applications, from standard normal 

incidence objectives, as well as grazing incidence (GI) and attenuated total reflection (ATR). 

In general, they have Numerical Apertures (NAs) ranging from 0.4 to 0.65 and working 

distances varying accordingly from less than 1 mm to few centimeters. Therefore, spatially 

resolved studies can be done sampling in transmission, reflection and ATR. In Figure1.11 a 

schematic representation of different sampling techniques is reported. 

The light transmitted or reflected by the sample is then collected by an IR detector. For Mid-

IR, conventionally Mercury Cadmium Telluride (MCT) detectors are employed. They can 

be made as a single point detector or arranged in an array, linear or bi-dimensional, 

commonly known as Focal Plane Array (FPA) detector. FTIR hyperspectral images can be 

obtained either by FTIR mapping of the sample with MCT single-point detector or by direct 

imaging of larger areas with bi-dimensional FPA one. The workflow is summarized in 

Figure 1.12. 

 

Figure 1.10: (a) Scheme of the optical path of a Cassegrain objective, also known as Schwarzschild objective. 

Working principle: Cassegrain objective is composed by two concentric spherical mirrors: the ñprimaryò mirror 
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has a smaller diameter, while the ñsecondaryò mirror has a larger diameter and presents a center aperture, 

through which visible and IR light enters the objective. Light is back reflected by the convex primary mirror, 

and is focused by the concave secondary one. (b) The 15X Schwartzschild objective at SISSI beamline. (c) 

Bruker Hyperion 3000 Vis-IR microscope, equipped with both single-point MCT and 64x64 FPA imaging 

detectors, and the vertex 70v interferometer of the Chemical-Life Sciences end station at SISSI beamline.  

 

Figure 1.11: Schematic representation of different FTIR microscopy sampling techniques: (a) Transmission: 

two faced Cassegrain optics are used as focusing condenser and collecting objective; (b) Reflection: For both 

normal and grazing incidence, only one objective is used for both sample illumination and reflected light 

collection. This dual operational mode is made possible by the insertion of one splitting mirror along the optical 

path, which blocks almost 50% of the incoming light; (c) ATR: ATR micro-sampling is done in reflection 

geometry, but the incoming light is focused at the interface between the sample and the IRE.  

In the FTIR mapping mode, the image pixel size is defined by closing knife-edge apertures 

that, for the Bruker Hyperion 3000 microscope used during this thesis, are placed after the 

sample. Isolated single spectra or maps can be measured by raster scanning the sample 

translating the microscope stage. On the contrary, in FTIR imaging thousands of FTIR 

spectra from a large sample area are collected at once and the pixel resolution is determined 

by the individual detector element size and by the magnification of the combined optical 

system. FPA detector available at SISSI- Chemical and Life Science branch is made by 

64x64 pixels, but larger bi-dimensional arrays exist. 

It is important to notice that knife-aperture setting and FPA sensitive element size represent 

the pixel resolution of hyperspectral images, while the sampling lateral resolution is mostly 

limited by diffraction phenomena. In far-field microscopy, the lateral resolution is imposed 

by the Rayleigh criterion. 
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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 knife-edge apertures of the microscope are closed to the desired pixel 

resolution and the sample is raster-scanned in order to collect an infrared spectrum every point (hyperspectral 

image). In the simplest case, by integrating specific absorption bands of the acquired spectra, an image of the 

chemical distribution of the molecule/moiety of interest is obtained. This procedure is known as univariate 

functional group mapping. b) Process flow for the IR imaging procedure. The bi-dimensional detector can be 

seen as a matrix of sensitive elements, made by 64x64 or 128x128 pixels. At once, 642 or 1282 spectra can be 

acquired. The chemical image of the sample is then obtained as in the case of IR mapping.  

As can be deduced by Eq. 1.8, two objects can be resolved at a fixed wavelength when their 

distance, ŭ, 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 of 0.6. Since 

NA of IR objectives fits in this range, the diffraction limit imposes lateral resolutions in the 

range of several microns for Mid-IR microscopy.  

ɿ
Ȣ  

      [Eq. 1.8] 

The diffraction limit is the principal limitation to IR microscopy lateral resolution, while 

deviation of optical elements from ideal and factors affecting the signal to noise spectral 

ratio, S/N, such as source brightness, detector sensitivity, or sampling geometry, further 

reduce the effective resolution of IR microscopy. In practice, diffraction-limited lateral 

resolution is hardly achievable employing a conventional thermal Mid-IR source. For thin 

and/or poor absorbing samples, diffraction-limited measures can be performed at 

synchrotron facilities, thanking advantage from the brightness benefit offered by InfraRed 

Synchrotron Radiation (IR-SR). SISSI (Synchrotron Infrared Source for Spectroscopy and 

Imaging) [67] is the IR beamline at Elettra Sincrotrone Trieste, and the FTIR measurements 

performed during this thesis 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 with IR-SR, panel a, and globar source, panel b, by 

decreasing the pixel size from 20x20 to 3x3 ɛm2. Spectra have been acquired in transmission mode using 15X 

condenser/objective with a scanner velocity of 40 kHz for both globar and IR-SR, averaging the same number of scans 

(128) at 4 cm-1 spectral resolution. The better quality of IR-SR spectra is also associated to a shorter acquisition time (about 

1/3). 

It is far beyond the scope of this thesis to detail on the IR-SR properties and on the SISSI 

beamline design and performances, while the reader is refereed to [67] and cited literature 

herein for more details. However, in order to give to the reader insight into the S/N advantage 

offered by IR-SR in comparison to conventional thermal Mid-IR source (also known as 

globar), Figure 1.13 reports the comparison between transmission spectra in air acquired 

from 20x20 to 3x3 ɛm2 pixel resolution averaging 128 scans at 4 cm-1 spectral resolution 

(40KHz scanner velocity) in the 4000-500 cm-1 spectral range at SISSI - Chemical al Life 

Sciences branch with IR-SR (panel a) and globar source (panel b). As can be easily 

appreciated by the spectral quality, the brightness advantage offered by IR-SR reflects in 

improved S/N ratio, that can be estimated as the ratio between the detected intensity I and 

the rms of the 100% transmission line (I/RMS). At 10X10 ɛm2, I/RMS evaluated in the 

1200-1000 cm-1 spectral range, sets at about 104 (a.u.) and 101 (a.u.) for IR-SR and globar 

source respectively, showing a S/N improvement of about 3 orders of magnitude.  

1.2.4 FTIR spectroscopy of proteins  

The non-damaging nature of IR light had boosted its application as label-free, non-

destructive technique for measuring biological samples in the last decades. FTIR 

spectroscopy and microscopy have been widely employed for probing the molecular 

composition and the structure of biological samples, from single biomolecules [49], [68], 

[69] and simplified mixtures [70], to complex systems such as cells and tissues [71]ï[73]. 
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Mid-IR measurements are nowadays employed in automated tissue classification [74], 

cancer [75] or disease identification [76], cell sorting [77] and several other applications 

[78]. Specifically, FTIR spectroscopy is one of the oldest and well-established analytical 

methods for the assessment of protein secondary structure. One of the strengths of infrared 

spectroscopy for protein studies is that it is sensitive to a variety of sample forms including 

solid films or powder [47], solutions [79], or liquid crystals [80], and therefore it is able not 

only to provide information about protein structure in their native environment, but also 

giving insight into conformational alternations associated with environmental changes, such 

as pH, temperature, pressure, solvent and hydration state. 

As reported in the section 1.1.1, a protein is defined as a repetition of amino acids sub-units 

bounded each-other by the amide bonds. This series of amide groups composes the protein 

backbone which folds, giving the polypeptide structure characterizing each protein. The 

polypeptide chain gives rise to characteristic normal modes of proteins, the so called amide 

bands. The stretching and bending modes of C=O, C-N, N-H and O-C-N groups of the amide 

bond originate nine amide bands, called Amide A, Amide B and Amides I-VII in order of 

decreasing wavenumber [81]. Amide A band (~3310-3270 cmī1) results from the N-H 

stretching vibration, and it is insensitive to the conformation of the polypeptide backbone. 

The amide B band is the second protein mode associated to NH stretching, that absorbs 

weakly between 3100 and 3030 cmī1 [82],[83]. The IR spectrum of the Bovine Serum 

Albumin (BSA) is reported in Figure 1.14, and is used as representative of protein vibrational 

profile.  

 

Figure. 1.14:  Typical protein absorbance spectrum in the Mid-IR regime. In the picture the absorbance 

spectrum of Bovine Serum Albumin (BSA) protein is reported. The spectrum has been acquired by 

transmission microscopy at SISSI beamline, onto the coffee ring [84] formed upon dehydration of a drop of 20 

µM BSA solution onto a CaF2 window. The most relevant protein spectral features are highlighted. 
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The Amide A band is pointed out by an arrow in the figure, together with two other intense 

and well-defined bands, called Amide I (1700-1610 cm-1) and Amide II (1595-1480 cm-1). 

The Amide I vibration arises mainly from the C=O stretching vibration (~80%), with minor 

contributions from the out-of-phase CN stretching vibration (~10%), the CCN deformation 

and the NH in-plane bend (~10%) [49]. Among the amide bands sensitive to protein 

secondary structure, Amide I band is the most intense, and therefore, it is the most commonly 

used feature for secondary structure analysis (see below). The amide II mode (1595-1480 

cm-1) is the out-of-phase combination of the N-H in plane bending (~60%) and the CN 

stretching (~40%) vibrations with smaller contributions from the CO in plane bend and the 

CC and CN stretching vibrations. The Amide II vibration is definitely less sensitive than 

Amide I band to protein secondary structure, and its spectral profile is also more affected by 

spectral contributions of amino acid side chain vibrations [85]. The Amide III mode (1400-

1200-cmī1) is the in-phase combination of the NH bending and the CN stretching vibration 

with small contributions from the CO in plane bending and the CC stretching. The Amide 

III band is very sensitive to protein conformation, since the different secondary structures of 

proteins have more resolved differences in their Amide III spectra with respect to Amide I 

[86]. However, despite this, it is not often used for the purpose of secondary structure 

determination, due to its relatively low intensity [86], [87]. Amides IV to VII, that are in the 

spectral range from ~800 cm-1 to ~200 cm-1, are much less intense and basically neglected 

in protein studies. 

From a more general point of view, the contribution of amino acid side chains to the protein 

spectrum is usually negligible, with the exception of the methyl/methylene stretching and 

bending modes, at 3000-2800 cm-1 and 1480-1360 cm-1 respectively. Another region that 

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

stretching, between 1280-1191 cm-1; symmetric stretching between 1150-990 cm-1) [72].  

As stated, Amide I is the most exploited band for the characterization of the secondary 

protein structure. Its position is sensitive to the network of hydrogen bonds involving the 

carbonyl group and to the coupling of transition dipoles, thus to the protein secondary 

structure. This band originates from the overlapping of the different contributions coming 

from helices, sheets, turns and random structures that are present in the secondary structure 

of each protein. Roughly speaking, stronger is the hydrogen bonding network involving the 

peptide carbonyl groups, weaker will be the C=O bond, and consequently lower the energy 

of its vibration. The spectral interval of Amide I sub-components is summarized in Table 
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1.1, while a representative deconvolution of such contributions for the Amide I bands of 

Concanavalin A (ConA) is presented in Figure 1.15. 

Functional group Vibrational mode Frequency range (cmī1) Comments 

R-CONHR 

Amide I (C=O stretching 

~80%; CN stretching 

~10%); CCN 

deformation and the NH 

in-plane bend ~10% ) 

1610ī1695 
Whole range; sensitive to 

hydration and H-bonding 

1692-1681 ɓ-Turns and loops 

1671-1679 

antiparallel pleated 

sheets and ɓ -turns of 

proteins 

1671-1658 Turns and Bends 

1657-1651 Ŭ-helical structures 

1647-1641 Random coil 

1640-1631 Native ɓ-sheet  

1630-1620 
Inter-chain ɓ-sheet 

typical of aggregates 

Table 1.1: Amide I band components, diagnostic for proteins structure and conformation accordingly to [88]. 

The assignments reported in literature have been obtained by theoretical calculations and by spectra-structure 

correlations established from experimentally measured model peptides and proteins of well-known 3D 

structure. 

By the direct observation of the Amide I band, the individual sub-components cannot be 

identified. This is due to the fact that the spectral width of each constitutive component of 

the Amide I is usually larger than the separation between the maxima of adjacent peaks. In 

order to perform secondary structure analysis from 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 reported [48]. 

 

Figure 1.15: Fitting of the Amide I band of Concanavalin A (ConA) protein with its sub-components. 

Vibrational modes are associated in the picture to their structural elements. ConA is mainly ɓ-sheet folded, as 

highlighted by the main peak at 1637 cm-1. Figure adapted from [89].  
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The easier and possibly more direct method for identifying the components of Amide I band 

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

commonly on second derivative analysis [53], [90]. [91]. An example of the details that can 

be obtained by second derivative analysis is shown in Figure 1.16, where the ATR-FTIR 

absorbance spectrum of dry BSA and its second derivative are plotted. In second derivative, 

the number and position of negative peaks indicates the number and the type of the main 

contributions to the broad Amide I absorption band, allowing to recognize the different 

secondary structural elements of the protein. Specifically, BSA second derivative in Figure 

1.16a highlights that in addition to the main peak centered at 1656 cm-1, assigned to Ŭ helix 

structures, there is also a spectral component centered at about 1686 cm-1, commonly 

assigned to loops and turns in proteins (see Table 1.1). It important to remember that, for 

derivative analysis high quality spectra with good S\N ratio are required, since derivation 

procedures increase the noise significantly. It is a matter of fact that spectral noise can 

introduce additional peaks which leads to ñover-deconvolutionò, and therefore 

misidentification of structural contributions [92]. For this reason, usually routines for 

performing second derivative analyses includes smoothing functions, such as the Savitzkyï

Golay smoothing filter [93], in order to counteract the tendency for derivatization to enhance 

noise. Finally, we should highlight that second derivative analyses can provide only 

qualitative information on the secondary structure of the protein. 

 

Figure 1.16: ATR-FTIR spectrum and its second derivative of dehydrated BSA (a) FTIR-ATR absorbance 

spectrum of dry BSA in the amide spectral window (b) Second derivative of BSA protein spectrum in (a). 

Second derivative analysis allows to identify the position of hidden peaks in the Amide I and Amide II bands. 

The second derivative peaks relevant for BSA secondary structure are highlighted by vertical dashed lines and 

discussed in the text. 

Comparable considerations can be done also for another method employed for resolution 

enhancement, known as Fourier Self-Deconvolution (FSD) [94], not used for the analysis of 
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the data presented in this thesis. Once defined the components of the band, quantitative 

analysis of their contribution to protein secondary structure can be done by Amide I curve 

fitting [95], exploiting the results of derivation or FSD [96] for selecting input fitting 

parameters, such as number of components and their position (See Figure 1.15). Despite 

considered quite accurate, providing results within an accuracy of 2-3% with respect to X-

ray structures, curve fitting procedures always have a certain degree of uncertainty. The 

subjectivity in the choice of the input parameters, first of all the shape of the constitutive 

bands (Gaussian curve, Lorentz curve or a mix of the two), and the large number of 

parameters to be fitted (at least three for each contributing band: position height and width) 

do not guarantee a unique solution for the fitting. In addition, the band fitting implicitly 

assumes that the molar absorptivity of the different conformers of Amide I band is the same, 

but this assumption is not true. Last, but not least, the accurate estimation 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 protein. 

Due to all the aforementioned limitations and doubts, another method can be chosen for 

detecting changes in protein conformations, namely Difference Spectroscopy. In this 

approach, spectra of the same protein into two different states are subtracted, to yield 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 measurements have to be done for 

exploiting difference spectroscopy, possibly without changing the measurement setup, while 

performing dynamic experiments in well-controlled environments. If the aforementioned 

requirements are fulfilled, the method allows to follow small transitions such as changes in 

functional groups and hydrogen bonding network [97]. Molecular information on protein-

protein or protein-ligand interactions have been retrieved on the base of this analyses [49], 

[87]. Especially, in recent works [97], [98] it has been demonstrated the capability to analyze 

the conformational effects of a series of enzyme inhibitors with distinct conformational 

binding modes (helix and loop binder) on target proteins, by using such data processing [98].  

1.2.5 Issues for FTIR protein measurements 

Despite the great potential of FTIR spectroscopy for protein analyses, this technique suffers 

two main limitations for the analysis of diluted protein solutions: (i) the so called ñwater 

absorption barrierò and (ii) the sensitivity limit . 
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(i) The water absorption barrier: A huge limitation of FTIR spectroscopy of aqueous 

solutions is the strong absorbance of water in the Mid-IR spectral region. Liquid water has 

three normal modes of vibration: (i) the asymmetric stretching mode, ɜ3, centered at about 

3490 cm-1; (ii) the symmetric stretching mode, ɜ1, centered at about 3280 cm-1; (iii) the 

bending mode of water, ɜ2, centered at about 1640 cm-1 [99]. Figure 1.17 shows the ATR-

FTIR spectrum of water in the 3800-900 cm-1 spectra region. It is possible to appreciate that 

the stretching modes of water give a very broad contribution, extending from about 3600 to 

2800 cm-1, that also include the overtone of the water bending mode. Moreover, a further 

band characteristic of liquid water centered at ~2127 cm-1 can be seen, that results from the 

combination of ɜ2 with the librational bands [100].  

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 is easy to deduce that the study of aqueous protein samples is challenging because 

of the overwhelming of the protein modes by those of water in all the Mid-IR range. 

Especially, the overlapping of the bending mode with the Amide I band in the 1700-1600 

cm-1 spectral range is the major drawback for the analysis of the secondary structure of 

proteins in water solution. It is noteworthy to mention at this stage that water extinction 

coefficient at ~1650 cm-1 is about 20 L mol-1 cm-1. Indeed, this value is on average 20 times 

smaller than the protein extinction coefficient, but the water concentration is much higher 

than the protein one. As reported in [100], considering a protein solution 0.3 mol/L and that 

the concentration of pure water is about 55 mol/L, the bending water mode and Amide I 

band intensities are 9:1 in proportion, meaning that 90% of the protein spectrum will be 

dominated by water contribution in the Amide I band region. This can be easily appreciated 

in Figure 1.17.  

The band overlapping can be overcome through the use of deuterated water (2H2O or D2O), 

since D2O bending mode is downshifted to Ḑ1210 cmī1. However, the use of D2O can affect 

the native secondary structure of the protein and it modifies the spectral behavior of proteins. 

For example, N-deuteration converts the Amide II mode to largely a CN stretching vibration 

at 1490ï1460 cmī1 (named Amide IIǋ mode) [49].  
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Figure 1.17: ATR-FTIR (Ge IRE) raw spectrum of BSA water solution 1 mg/mL (red line) and the spectrum 

of milliQ water in the Mid-IR regime (blue line). Main water features are highlighted. As shown, they dominate 

both spectra and protein contributions can be barely discerned. 

On the other hand, water contribution can be potentially subtracted. Several papers present 

guidelines for accurate subtraction of the water band, in order to avoid over subtraction 

issues [53], [81]. It is important to notice that, due to the strong water absorption, short path 

length for aqueous samples, typically less than 10 ɛm, are demanded in order to avoid HOH 

bending saturation. ATR-FTIR sampling partially addressed this issue, due to the limited 

penetration depth of the evanescent filed, but it does not have the adequate sensitivity for 

probing diluted samples. 

(ii)  FTIR sensitivity limitation:  FTIR sensitivity is limited as a result of the Beerôs law. Due 

to the low molecular absorption cross-sections of Mid-IR vibrations (ůabs å 10
ī20 cm2), a 

considerably large amount of material, or relatively high concentrations, are needed for 

obtaining spectra with good S/N. Typical concentrations in infrared spectroscopy are 0.1 to 

1 mM for proteins and 1 to 100 mM for small molecules [49], [101]. A major problem for 

such concentrated protein solutions is the tendency for the proteins to aggregate in a non-

specific way at this concentration levels [57]. Virtually, monolayers of proteins anchored 

onto a flat surface can be measured using either ATR or polarized-dependent grazing angle 

incidence setups for ultrathin films on metallic surfaces [102]. Nevertheless, both these 

techniques require the fully homogenous coverage of large areas, from few millimeters up 

to centimeters, causing the consumption of large quantity of sample. Indeed, in biology, for 

an ideal screening process, the amount of used material should be minimized, due to the time 

and the costs of protein production/expression and the large number of tests to be performed.  
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In conclusion, without good signal amplification, spectroscopic characterization of minute 

amounts of analytes is prevented, as in the case of protein monolayers or protein solutions 

at typical concentration employed for biological assays, in the order of micromolar (µM) 

regime, but often even lower. 

1.3 Overcoming the FTIR detection limit 

A promising strategy for overcoming the sensitivity limitations of conventional FTIR 

technique is to take advantage from the collective electron oscillations at a metal-dielectric 

interface when they are excited by an incident light [103]. The discipline which exploits such 

interactions is called plasmonics, which is an emerging area of research in the field of 

nanophotonics, with many applications in spectroscopy [104], [105], fluorescence 

microscopy [106], [107], biosensing [108], [109], non-linear [110], [111] and quantum 

optics [112]. Plasmonics is based on the interaction between electromagnetic (EM) radiation 

and conduction electrons at metallic interfaces leading to enhanced optical near-fields 

confined in subwavelength dimensions. Under appropriated conditions, collective 

oscillations of the electron plasma can be resonantly excited in close proximity of metallic 

nanostructures. Such localized oscillations, which are called localized surface plasmon 

resonances (LSPRs), strongly depend on the nanostructure geometry and material. When 

these oscillations are propagating along metal/dielectric or metal/air interfaces, they are 

defined surface plasmon polaritons (SPPs) [113], [114]. The collective/resonant nature of 

plasmon excitation is associated to highly confined (down to the nanometer scale) and 

enhanced EM fields. As a consequence, strongly localized EM radiation can be used to boost 

light-matter interactions. The ability to increase the signal with field enhancements is the 

basis for surface enhanced infrared absorption (SEIRA) spectroscopy [115], in analogy to 

surface-enhanced Raman scattering (SERS) [116]. For SERS, the EM field enhancement is 

effective for both the probing and the scattered radiation; it is proportional to 4th power of 

| E|,  and usually it takes advantage from resonant wavelengths in the visible [108]. In the 

case of SEIRA, the EM field enhancement is effective only for the probing radiation, and it 

is proportional to the 2nd power of | E| [117]. Although the enhancement factor of SEIRA is 

smaller than that of SERS, the cross-section for IR absorption is several orders of magnitude 

higher than the corresponding Raman cross-section and SEIRA does not suffer of 

fluorescence background effects often detected in Raman spectroscopy [118].  

At the beginning of 1980s, SEIRA effect obtained with rough metal islands films was 

identified [119]. The so called SEIRA-active surfaces used for conventional SEIRA 
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spectroscopy are made in a similar way: they consist of large areas of random arrangements 

of metallic particles, usually silver or gold nanoparticles. By using such systems, no more 

than three orders of magnitude of direct vibration signal enhancement have been achieved 

[119], [120], [121]. In recent years, a significant stronger IR enhancement, was obtained by 

using the so-called Mid-IR resonant nanoantennas [122], [123], which offer the opportunity 

to resonantly tune the SEIRA response in specific regions of interest in the Mid-IR regime.  

In the following subsections a brief overview on conventional SEIRA substrates will be 

given. Next, the prerequisites for SEIRA with resonant nanoantennas will be discussed. 

Finally, advantages offered by the so-called Collective Enhanced IR Absorption (CEIRA) 

microscopy will be presented. 

1.3.1 Conventional SEIRA 

A SEIRA-like effect was described for the first time in 1980 by Hartstein et al. They obtained 

an IR enhancement by taking advantage from the electric field enhancement provided by 

collective electron resonances associated with the island nature of the thin metal films coated 

with their target molecules [119]. Conventional SEIRA spectra were typically measured in 

transmittance mode on transparent substrates (Figure 1.18 a) or in ATR geometries, with the 

metal particles placed on the ATR prism (Figure 1.18 b). The multiple reflection ATR 

geometry [124] was successfully applied for biomolecular sensing and for monitoring 

molecular reactions on a microsecond time scale [125].  

It is important to notice that conventional SEIRA was found to be strongly dependent on the 

metal surface morphology [117], [128], [129]. Since conventional SEIRA experiments 

adopted randomly grown island films, the local field enhancement spatially varied on the 

layer with respect to the morphology of the substrate as a consequence of the random nature 

of such structures. Due to the distribution of particle sizes and distances, the resulting IR 

resonant spectra were significantly broadened [130]. The corresponding enhancement 

factors, defined as the ratio between enhanced vibrational signal and unenhanced reference 

measurement, were limited to 1-3 orders of magnitude [117], [124], [129]. It is important to 

notice that it has been demonstrated that the Mid-IR signal enhancement can also appear for 

metal islands which have the main absorption in the NIR regime, since the resonance tail fall 

in the Mid-IR range [126], [119]. Thus, due to the very broad plasmonic absorption, the 

importance of resonance tuning for ñconventionalò SEIRA enhancement is low. 
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Figure 1.18: Schematic representation of conventional SEIRA acquisition modes: (a) Transmission mode: 

figure shows the 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 p 

induced in an island generates a local EM field stronger than the incident infrared photon field around the 

island. (Adapted from [126]). (b) ATR mode. Metal islands films are spread onto the ATR crystals. Tailored 

protocols are used for immobilize the molecules of interest. (Adapted from [127]).  

 

At least two different mechanisms are speculated to contribute to the total SEIRA 

enhancement: (i) the electromagnetic effect, that is the plasmonic effect, related to the free 

electron collective/resonant response previously mentioned; and (ii) a chemical effect, that 

is related to charge transfer upon adsorption. The chemical effect has been first deduced by 

the fact that molecules chemisorbed on a metal surface had a larger enhancement than 

physisorbed molecules, suggesting that the absorption coefficients of chemisorbed 

molecules are larger than those of condensed overlayers. More details on this topic can be 

found in the ref [103]. In order to fully exploit the chemical enhancement, a well-defined 

and perfect functionalization of the metal surface is required. Unfortunately, metal roughness 

hampers the formation of such ordered layers of functional molecules leading, most of the 

times, to the suppression of the enhancement effect. 

Despite their limitation and low enhancement factor, metal-island films are still interesting 

structures for surface-enhanced vibrational spectroscopy since they are much easier to 

produce and cheaper than those which requires nanolithographic methods for being 

fabricated, as in the case of resonant nanoantennas for SEIRA.  

1.3.2 Resonant nanoantennas for SEIRA applications 

Recent advances in nanofabrication techniques have allowed nanoscale engineering of the 

optical properties of metallic nanostructures from the UV to the FIR, enabling different 

applications in many interdisciplinary fields [131]. By changing size and shape of the 
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plasmonic nanoparticles and their inter-particle separation, the LSPR spectral position can 

be finely tuned/manipulated across a wide spectral range [109].  

It has been demonstrated that strong plasmonic enhancement of optical near fields can also 

be extended to the Mid-IR regime by using plasmonic nanoantennas [35]. In many studies, 

simple linear nanorods with micrometer lengths and nanometer cross-sectional geometries 

were used as model systems [123], [132], [133]. Such linear antennas give rise to pronounced 

plasmonic resonances in the infrared spectral region caused by collective oscillations of 

electrons, enabling dramatic signal enhancement for IR spectroscopy [122], [123], [109]. 

The possibility to finely tune such narrow resonances with the vibrational fingerprints of 

biomolecules allowed to obtain signal enhancement of several orders of magnitude when 

they are arranged in arrays (see section 1.3.3 ñInteraction between Resonant Nanoantennas: 

the Collective enhancementò). In 2008, Neubrech et al. demonstrated for the first time the 

possibility to perform SEIRA based on sharp plasmonic resonances provided by such 

nanostructures [122]. They described the phenomenon in terms of plasmonic resonance and 

antenna resonance, stating that both terms describe the identical physical phenomena, where 

with the term ñplasmonicò they aimed to emphasizes the electronic nature of the system, 

while the term ñantennaò represented the photonic one.  

In the IR regime, for a half-wave dipole antenna, the resonance frequency (ɚ) is given by 

[Eq. 1.7]: 

ʇ ςὲ ὒὥ ὅ  [Eq. 1.7] 

where m is the mode number and neff is the refractive index of the surrounding medium. The 

constant C accounts for the phase associated with the reflection at the antenna end, and the 

parameter a depends on the antennaôs geometry and its material [108]. It is important to note 

that the effective index, neff is a function of the surface plasmon wave vector supported by 

the nanorod and therefore it depends both from the background refractive index and the 

material and geometrical properties of the antenna [122]. The possibility to scale the 

resonance by modifying the geometry of the nanostructures in a controlled way is ideal for 

a practical SEIRA spectroscopy platforms, allowing to tune the resonance of the system to a 

vibrational mode of interest. This tunability provides the opportunity to maximize field 

enhancements demonstrating the ability of such structures to act as plasmonic biosensors for 

measuring the absorption spectra of a protein monolayer [123]. A scheme of the principle of 

resonant SEIRA is reported in Figure 1.19. More details on the pre-requisites for resonant 
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SEIRA as well as on the fundamental properties of this approach, including details on the 

resonant coupling mechanism and the signal enhancement, can be found in references [103], 

[109]. 

In their simplest form, Mid-IR SEIRA platforms consist of multiple arrays of rod-shaped 

gold nanoantennas, nanopatterned on substrates and engineered for plasmonic resonant 

excitations of their dipole mode in the mid-IR frequency range. Conventional FTIR 

interferometers, coupled to IR-Vis microscopes, are employed to perform such 

measurements, eventually with the implementation of a microfluidic system to deliver the 

analyte to the sensing area [134]. 

 

Figure 1.19: Principle of resonant surface-enhanced infrared spectroscopy (SEIRA). (a) The IR vibrations of 

molecules located in the enhanced electromagnetic near-field of a plasmonic nanostructure (nanoantenna) are 

enhanced when the resonance plasmonic response of the nanoantenna (red) is resonantly matched to the 

molecular vibration (green). (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 from ref [103]. 

1.3.3 Interaction between Resonant Nanoantennas: the Collective enhancement 

The sensitivity of resonant SEIRA can be further increased if interacting nanostructures are 

used. Commonly, it is possible to distinguish between near-field interaction of pairs of 

nanoantennas separated by nanometer sized gaps (dimers) [133], [135] and the excitation of 

collective plasmonic oscillations in arrays of periodically arranged nanostructures, in the so 

called Collective Enhanced IR Absorption (CEIRA) microscopy [123].  

Near-field coupling offers high field intensities for structures separated with small gaps and 

filling those gaps, also called ñhot-spotsò, with target molecules [132], [133]. This 

phenomenon was predicted by numerical calculations as reported in Figure 1.20a and was 

first reported for SEIRA by Dregely et al. [135] and fully demonstrated by Huck et al. [133]. 

An increase of 1 order of magnitude of near-field intensity enhancement was found when 
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decreasing the gap size from 50 to 3 nm, corresponding to enhancement factors on the order 

of 105, demonstrating that this approach is particular efficient for spectroscopic applications.  

On the other side, in arrays of plasmonic structures, another type of interaction mediated by 

the far-field can provide a further increase the near field intensity, as shown in Figure 1.20b 

[109]. Far field interaction requires an ordered and periodic arrangement of nanostructures 

with distances in the order of the incident wavelength, enabling the excitation of collective 

oscillations [103], [109], [123]. Adato and coworkers defined this surface enhanced 

spectroscopy technique, based on collective plasmonic excitations, CEIRA (Collective 

Enhanced InfraRed Absorption). They demonstrated that such collective interaction on the 

far-field can provides enhancement factors of several orders of magnitude of the vibrational 

absorption signatures of the layered protein, with high signal to noise ratios [123]. 

 

Figure 1.20: (a) Nanoantennas dimers: Representation of near-field distributions of a single antenna and an 

antenna dimer with a gap size of 10 nm at respective resonance frequencies obtained from FDTD simulations. 

The intensity of the single antenna was multiplied by a factor of 20. Adapted from ref [133]. Copyright 2014 

American Chemical Society. (b) Numerically calculated distribution of near-field intensity for an isolated 

antenna and a periodic antenna array (d = 1.6 ɛm). Collective resonances in periodic arrangements of 

nanoantennas can give rise to nearly an order of magnitude larger near-field intensity enhancements compared 

with the isolated antenna. Adapted from [123]. Copyright 2009 National Academy of Sciences. 

 

1.3.4 The Fano-type effect 

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

interact with molecular vibrational dipoles. When vibrational dipoles are in resonance with 

the plasmonic excitation, they strongly modify the plasmonic extinction and, most of the 

times, the enhanced vibrational signatures do not appear as conventional Lorentzian-type 

line shape, but the show asymmetric line shape with a Fano-type profile [103]. The 
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modification of the line shape is due to the interaction with the narrowed vibration of 

molecules and the broad plasmonic resonance. For giving an intuitive understanding of the 

experimental SEIRA data, different models have been developed.  

In particular, the Fano formalism model, states that Fano-resonances features with an 

asymmetric profile (Fano-profile) can be described by the expression [eq 1.8]: 

Ὅ θ
 

  
   [eq. 1.8] 

where ɤ0 is the resonance frequency, ɔ is the width of the resonance and q is the Fano-

parameter, introduced by Ugo Fano in 1961 [136], which describe 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 

spectral line or continuum, while the other one is a narrow or discrete 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 interaction, which is described by the 

parameter q in the Fano-model [136], different kinds of line shapes can be observed: q0 

correspond to the anti-phase relation resulting in Lorentzian anti-absorption like peaks; 

asymmetric lines for intermediate detuning; without coupling, ȿήȿ  Њ, the Lorentzian line 

shape is recovered [103]. The asymmetry parameter q, adopted as a measure of the coupling 

is CEIRA, depends on the oscillator strength of the narrow vibrational excitation and on that 

of the plasmonic continuum at the same frequency, thus on the spectral tuning between the 

vibrational and the plasmonic extinction [103].  

1.3.5 Effects of the spectral tuning 

As we have seen, the enhanced vibrational signals arise as a consequence of the molecule-

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 match the plasmonic response (ɤres) and 

vibrational frequency (ɤvib): in fact, only at their best matching, or on in a close proximity 

of it, the strongest signal enhancement can be obtained [109], [122] (see Figure 1.21). 

Moreover, as shown in Figure 1.21, it has been reported that when a target molecule is placed 

onto the surface of a nanoantenna, a red-shift of it ɤres occurs. However, for SEIRA and 

CEIRA applications this shift is of minor importance and in particular, if broad vibrational 
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absorptions are investigated, such as amides vibrations of proteins with a bandwidth of more 

than 100 cm-1, this shift can be considered negligible. [137].  

 

Figure 1.21: Exemplificative case: in the image normalized enhancement factor of the seven strongest modes 

of an organic molecule in the considered spectral fingerprint range versus the ratio of molecular and plasmonic 

resonance frequencies ɤvib/ɤres. In order to better understand the trend, a Lorentzian curve was fitted to the 

measured data (red curve). The vibrational signal enhancement peaks at ɤvib/ɤres = 0.95 revealing a red shift of 

the maximum plasmonic near-field intensity with respect to the far-field antenna resonance (ɤvib/ɤres = 1, black 

line). Adapted from ref [137]. Copyright 2015 The PCCP Owner Societies.  
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Chapter 2 

  

Chapter 2 focuses on the fabrication and characterization of the devices used during the PhD 

for Collective Enhanced InfraRed Absorption (CEIRA) microscopy. The design of the 

nanoantennas array and the main fabrication steps for making such structures will be 

illustrated in sections 2.1 and 2.2. Section 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 Nanotechnology Research Laboratory at the Istituto Italiano di Tecnologia (IIT) 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 

protein signal enhancement was done at Chemical-Life Science branch of the SISSI 

beamline at Elettra-Sincrotrone Trieste [1].  

 

2.0 Introduction 

The aim of my PhD project is to apply the CEIRA approach for conformational studies of 

proteins of biological and biomedical relevance in physiological environment, overcoming 

the sensitivity issue of conventional FTIR spectroscopy.  

In order to cover the entire Mid-IR domain, we proposed to develop ad-hoc substrates 

suitable for CEIRA microscopy made by four adjacent arrays of nanoantenna having 

resonance curves centered respectively at: 2900 cm-1 (Region of Interest-L0, ROI-L0), 1600 

cm-1 (ROI-L1), 1400 cm-1 (ROI-L2) and 1100 cm-1 (ROI-L3). As introduced in Chapter 1, 

CEIRA technique guarantees an enhancement of Mid-IR signal of several orders of 

magnitude exploiting the coupling of the resonances provided by ordered engineered 

nanoantenna arrays with the vibrational signals of target molecules [2]. The importance of 

the matching between resonance response of nanoantenna assemblies and the target 

vibrational fingerprint of molecules has been highlighted in section 1.3.4. In Figure 2.1 the 

overlap between the measured resonance responses of the four different arrays and the 
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signals of a model protein is presented. In particular, ROI-L0 is centered on the vibrational 

signals of aliphatic moieties, belonging mainly to amino acid side chains of proteins. On the 

contrary, ROI-L1 deals the main protein backbone signals: Amide I and Amide II bands, 

which are sensitive for the conformational details of secondary structure of proteins. ROI-

L2 is designed for enhancing Amide III signals, while ROI-L3 refers to a spectral region 

relevant for phosphates and sugar moieties, which can be used to follow eventual post-

translational modification such as protein phosphorylation and glycosylation.  

 

Figure 2.1: Ideal overlap between the antenna resonant response and protein signals in the different Regions 

of Interest (ROIs). Upper panel: the reference FTIR spectrum of a model protein (bovine serum albumin ï 

BSA) is reported. Squares highlight the four ROIs. Lower panel: measured resonant response for each ROI. In 

the figure curves and boxes follow this color code: Black ï ROI-L0; Red ï ROI-L1; Blue ï ROI-L2; Green ï 

ROI-L3. 

Since the most relevant vibrational signals of proteins for secondary structure analysis, are 

those of amide bands (ROI-L1), 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 in the so-called 

CEIRA approach. Moreover, also the dipole effect between neighboring antennas separated 

by a nanometer inter-particle gap provides an increased near-field enhancement. Hence, we 

decided to build up plasmonic sensors which take advantage from both these phenomena: 

ordered 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. 

The basic layout of our devices comprehends the repetition of 4 arrays (50x50 µm2 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 Mid-IR spectral range. The proposed strategy has the following 

advantages: 

1. It allows to reduce the device fabrication time increasing the 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 produced at high-purity and very 

low amounts, i.e. the typical situation for protein of biomedical relevance. 

In order to discriminate between the responses of the different arrays, the capability to focus 

at 50x50 µm2 or better the IR light is mandatory, and therefore the need of FTIR microscopy, 

possibly coupled with InfraRed Synchrotron Radiation (IR-SR) to push further the lateral 

resolution. A schematic representation of the final plasmonic device is reported in Figure 

2.2. In the text, the terms ñCEIRA devicesò and ñplasmonic devicesò are used as 

synonymous. 

 

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

the CaF2 substrate window. (b) Single chip is made by 4 adjacent nanoantennas arrays. Each array has a 

resonant response in a specific ROI, accordingly to the label (from L0, to L3). (c) Single nanoantenna array. 

For more details on antenna disposition, which defines the array geometry, see section 2.1. A single gold 

nanoantenna is highlighted in the figure. 

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

first, a ñconventionalò geometry for the nanoantennas assemblies was adopted, where the 
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repeated arrays were composed by linear chains of nanorod shaped antennas spaced by a 

nanometer gap (see the scheme in the Figure 2.3 a-b). Hereafter we refer to these structures 

as line-to-line devices. Then, we developed a second geometry, which we called cross-

geometry, where nanoantenna assemblies were composed by antennas disposed to form 

centrosymmetric crosses (see the scheme in Figure 2.3 c-d). Since cross-devices are an 

evolution of the basic design adopted for the first generation, the fabrication steps for both 

geometries are the same. The characterization of both devices is discussed in parallel in this 

chapter and principal advantages offered by second generation devices are highlighted in the 

section 2.4. 

 

2.1 Structure design and numerical simulations 

The nanoantennas design and the plasmonic material employed for their fabrication strongly 

influence the absorption cross-section of nanostructures and, consequently, their signal 

enhancement capabilities [2]. As stated, in order to promote the so-called ñcollective 

enhancementò, nanoantennas were engineered in periodic arrays [3]. Furthermore, 

nanoantennas were separated by nanometer gap in order to take advantage from both near-

field and far-field nanoantennas interactions (see section 1.3.3 ñInteraction between 

Resonant Nanoantennas: the Collective enhancementò). Linear repetitions of nanorod 

shaped antennas are the model systems usually adopted for both resonant SEIRA and CEIRA 

experiments, due to their high performances and simplicity [4]ï[6]. 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 Drude-type behavior in the IR 

regime with a low damping rate, leading to sharp plasmonic resonances [7]; (ii) its superior 

stability under different environmental and ambient conditions; (iii) its biocompatibility and 

the wide range of functionalization processes that have been set for gold surfaces [8], [9]. A 

material transparent both to both visible and IR light was needed as substrate for the chip 

fabrication. Moreover, since our final goal is to measure proteins in aqueous solution, an 

insoluble material was required as well. Among others, we chose calcium fluoride (CaF2) 

since it represents a good compromise in terms of IR transparency (nearly 95% between 

66666-1110 cm-1, depending on the window thickness) and low solubility in water 

(0.00151g/100g H2O at 20°C) [10]. 

A schematic view of a CEIRA nanoantenna array and the gap regions is presented in Figure 

2.3. In the upper panels the line-to-line geometry is presented, while the cross-geometry is 
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reported in the lower panels. Figure 2.3 shows an infinite repetition of dipole antennas with 

nanometric height (h) and width (w) and micrometric length (L), coupled end-to-end through 

a fixed gap (Gx) along their long-axis direction. For line-to-line geometry arrays, Gy is the 

spacing along the antenna short-axis direction, while for cross-geometry arrays this 

parameter was defined as the sum of the distances between the repeated elements and the 

nanoantennas length (L). 

 

Figure 2.3: Plasmonic nanostructure and CEIRA array design a) Schematic view of antennas disposition in 

line-to-line devices on the CaF2 windows. b) Sketch showing the details of the gap between two adjacent 

antennas. c) Schematic view of antennas disposition in cross-geometry devices on the CaF2 windows. 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 antennas. In order to 

estimate the best geometrical parameters in terms of spectral matching between antenna 

resonances and different protein ROIs, EM simulations have been performed through 

rigorous coupled wave analysis (Synopsysô Optical Solutions, RSoft). The present approach 

has been specifically developed for providing the transmission/reflection/absorption spectra 

of periodic structures. For the purpose of the simulations, the refractive index of CaF2 

substrate was assumed constant at nsub = 1.38 in the Mid-IR regime (wavelength between 

3.1 to 9.1 µm), while the complex permittivity of gold was taken from literature [11]. 
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We considered nanoantenna with the following geometrical parameters: for line-to-line Gx 

was considered about 50 nm, and Gy 5 µm, while for cross-geometry Gx was considered 25 

nm. Antenna dimensions were kept constant in height and with (80nm) while the 

nanoantenna length was varied in the range between 2-10 µm to tune the array resonance 

peak position in the different ROIs. All the nanoantenna sharp edges were rounded with a 

radius of curvature of 20 nm, except the ones perpendicular to the substrate in 

correspondence of the gaps, where a curvature of 40 nm was introduced to better resemble 

the fabricated structures. The response of an infinite nanoantenna array was obtained by 

imposing appropriate periodic boundary conditions in the plane of the array. 

For the input illumination conditions, we employed a linearly polarized plane wave. The 

plane of incidence was tilted by an angle ű = 45° with respect to the nanoantenna long axis, 

while the angle of incidence in this plane was set to ɗ = 18° (in accordance with the mean 

incidence angle of the Cassegrain objective used in FTIR microscopy measurements). The 

polarization state of the wave was then set taking into account the input polarization (parallel 

to the nanoantenna long axis) impinging on the Cassegrain objective. A scheme representing 

the input illumination conditions is reported in Figure 2.4.  

 

Figure 2.4: Schematic representation of the input illumination conditions employed in the simulations. The 

vector k points the direction of incidence light. The angle of incidence was set to ɗ = 18Á. The electric field of 

the linearly polarized plane wave (E) was tilted by an angle ű = 45Á with respect to the nanoantenna long axis. 

 

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

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

Arrays of rod-shaped gold nanoantennas were fabricated by electron beam lithography 

(EBL) on CaF2 windows. EBL is a powerful tool for the fabrication of nanostructures, which 

cannot be realized by conventional photolithography techniques due to their nanometer 

dimensions. State of the art EBL systems can reach resolution down to sub-10 nm using an 

accelerated beam of electrons for patterning structures on substrates coated with an electron 

sensitive polymeric material, called resist. The electron beam, acting as a sort of pencil on 

the resist film, introduces changes on its molecular structure and solubility. After electron 

exposure, the resist is developed in a suitable solvent to selectively dissolve either the 

exposed or unexposed areas with respect to the resist characteristics (positive or negative). 

Afterward, the resist layer remaining onto the substrate can be used as a mask or a template 

for either transferring the pattern into the substrate or depositing metallic films onto it. 

The fabrication of the devices employed in this thesis was carried out in a cleanroom 

environment (ISO6, or equivalently class 1000) to prevent sample contamination from 

environmental pollutants. A schematic representation of the various fabrication steps is 

provided in Figure 2.5, and briefly described in the following. As first step, 1x1 cm2 CaF2 

(100) windows 1 mm thick were cleaned briefly with a plasma cleaner (100W, 100% O2, 

1min) and then in an ultrasonic bath of acetone and isopropyl alcohol (Figure 2.5a). A 160-

nm thick poly(methyl methacrylate) (PMMA) layer was spin-coated at 1800 rpm on the CaF2 

windows. Subsequently, annealing was performed at 180 °C for 7 minutes (Figure 2.5b). In 

order to prevent charging effects during the electron beam exposure, a 10-nm thick Al layer 

was thermally evaporated on the PMMA surface (Figure 2.5c). Electron beam direct-writing 

of the nanoantenna arrays was carried out using an ultrahigh resolution Raith 150-Two e-

beam lithography and imaging system, which enables nanostructures fabrication with a 

resolution down to few nanometers (Figure 2.5d). During exposure of the nanoantennas, a 

beam energy of 20 keV was employed. The exposure dose, on average 550 ɛC/cm2, was 

adjusted with respect the EBL status. The Al conductive layer was then removed by a 1 M 

KOH solution, and consequently the exposed resist was developed in a solution of methyl 

isobutyl ketone (MIBK)/isopropanol (IPA) (1:3) for 30 seconds (Figure 2.5e). Electron beam 

evaporation in a high vacuum chamber (base pressure 10-7 mbar) was exploited to produce 

first a 5-nm adhesion layer of titanium and an 80-nm Au film, with a 0.3 Å/s deposition rate 

(Figure 2.5f). Finally, the unexposed resist was removed through a conventional lift-off 

process in hot acetone (Figure 2.5g). To improve the lift-off efficiency, sonication for 2 

minutes at 40 kHz frequency was employed. The substrate was then rinsed out in IPA for 30 
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second and dried with a nitrogen stream. Patterned windows (Figure 2.5h) were finally O2 

plasma cleaned (power 100 W) for 10 minutes in order to remove organic residues. 

 

Figure 2.5: Schematic representation of the principal EBL fabrication steps. 

 

2.3 CEIRA structures characterization 

After the fabrication, the morphology of the samples was characterized by means of scanning 

electron microscopy (SEM) and atomic force microscopy (AFM) in order to verify the 

quality of the fabricated nanostructures and their final dimensions.  

2.3.1 SEM imaging 

A Helios NanoLab 600i scanning electron microscope (SEM) was used to acquire the images 

of nanoantenna arrays. In order to avoid the charging of the surface during the SEM 

acquisitions, a representative sample for each batch of fabrication was chosen and coated 

with a 10 nm layer of carbon. In Figure 2.6 the SEM images for both line-to-line (upper 

panels) and cross (lower panel) devices are reported. For both geometries, a zoom of their 

elementary cell, at the nanometer gap region, is presented. Width and length of antennas 

were evaluated, together with the gap dimensions. In general, dimensions of line-to-line 

antennas were slightly smaller than designed: they were 75 nm wide, with gaps of 52±3 nm. 

Instead, in cross-devices nanoantenna arrays showed dimensions consistent with the 

drawings. However, since the efficiency of EBL depends on the writing direction, the 

resulted crosses were not perfectly centrosymmetric. Nanoantennas disposed along the 

vertical axis of the arrays were slightly shifted with respect of the direction of the e- beam 

exposure. Thus, nanogaps between antennas resulted smaller in one direction (22±3 nm) 

with respect to the other (27±3 nm).  
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Figure 2.6: SEM images of the nanoantenna array arrangement of our CEIRA devices. (a) SEM image of 

chains of nanorod-shaped gold nanoantennas in line-to-line arrays for the L1 ROI. (b) Zoom showing the details 

of the gap between two coupled nanoantennas. (c) SEM overview of cross-geometry arrays for the L1 ROI. 

(d) Zoom of (c), showing the centrosymmetric crosses composed by 4 nanoantennas with the long axes 

perpendicular each other. As can be appreciated from the image, resulting crosses are not perfectly 

centrosymmetric. 

 

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

order to match the four different ROIs, arrays containing 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: ROI-L0, L=810nm; ROI-

L1, L=1120nm; ROI-L2, L=1410nm, ROI-L3, L=1910nm. Arrays in cross-devices were 

made by antennas with a length: ROI-L0, L=1200nm; ROI-L1, L=2040nm; ROI-L2, 

L=2800nm, ROI-L3, L=3200nm.  

2.3.2 AFM characterization 

AFM images were acquired using the available microscope at 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 tapping-mode. A 

commercially available silicon cantilevers (NSC19, Mikro-Masch, 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 set-point. High resolution images (512 x 
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512 pixelsô frames) were acquired at 0.6÷1 lines/s scan speed. In Figure 2.7, the AFM 

topography of structures with both geometries is reported. 

AFM results were complementary to those obtained by SEM acquisitions. Due to tip-effects, 

it was hard to obtain information onto the distance between nanoantennas in the nanoantenna 

gap region. However, such measurements allowed to make a validation of the height 

distribution of the fabricated structures. Antennas of cross-geometry arrays were more 

uniform in terms of dimensions than those of line-to-line array, which instead presented 

antennas with heights between 60-85 nm, while antennas in the cross-arrays were 80 nm 

high in average. Indeed, the poorer quality of line-to-line arrays could have been for sure 

improved if we kept working on this geometry. Nevertheless, we decided to focus on cross-

geometry arrays almost at the beginning of the PhD activity, in order to be independent from 

light polarization, and on these devices we also concentrated the efforts for the optimization 

of the fabrication parameters. Overall, this accounts the higher quality of the second 

generation devices with respect to the first. 

 

Figure 2.7: AFM images of fabricated structures. Upper panels: Line-to-line devices. Lower panels: Cross-

devices. In panels (a) and (c) the topography of the sample is reported. In panel (b) and (d) the estimation of 

the nanoantennasô height is reported. AFM images were analyzed using Gwyddion, open-source modular 

program for scanning probe microscopy (SPM) data visualization and analysis. 

As last remark, also AFM measurements highlighted that antennas disposed in the horizontal 

and vertical axes were fabricated with a different efficacy. While antennas along the 

horizontal axis 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 of FTIR microscopy. Preliminary nano- FTIR spectroscopy 

experiments were also performed.  

2.4.1 IR response 

The resonant response of the arrays was evaluated by FTIR microscopy. Due to the 

dimensions of repeated arrays, 50x50 ɛm2, a Vis/IR microscope was required. FTIR spectra 

were collected by a conventional thermal source (Globar) using a Bruker Hyperion 3000 

Vis-IR microscope equipped with a mid-band HgCdTe detector having a 100 µm sensitive 

element, coupled with a Bruker Vertex 70v interferometer. Spectra were collected in 

transmission mode using 15x Schwarzschild condenser and objective and setting knife-edge 

apertures to 50x50 µm2 in order to acquire the entire array of nanoantennas. Each spectrum 

was collected from 4000 to 800 cm-1 in double side, forward/backward acquisition mode 

with a scanner velocity of 40 kHz. For each spectrum 1024 scans were averaged with a 

spectral resolution of 4 cm-1. Fourier transform was carried out with Mertz phase correction, 

Blackman-Harris 3-terms apodization function. Spectra were normalized with respect to a 

background signal taken on a 1 mm thick CaF2 window. 

It is widely documented that for linear nanoantennas the resonance response strongly 

depends on the polarization of light [4]. In fact, it is well established that the relative IR 

transmittance spectrum of individual metal nanowires show an intense resonance plasmonic 

feature only for parallel polarization (//-polarization) of the IR radiation with respect to the 

long antenna axis, while the nanoantenna response is suppressed for perpendicular 

polarization ( -polarization) of the incoming IR radiation [4], [12]. For the same reason, 

arrays composed by coupled antennas that are disposed all in the same direction require the 

use of //-polarized light for excite the resonance response. It is the case of line-to-line arrays 

which were used for our first CEIRA experiments. In order to characterize these structures, 

light polarization was set by using a Mid-IR polarizing filter before the sample. In Figure 
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2.8, the comparison of three acquisitions made on the same line-to-line array with both light 

polarization directions (//- blue spectrum and -red spectrum) and not-polarized light (black 

spectrum) are reported.  

 

Figure 2.8: Line-to-line array response for ROI-L1 with respect the polarization status of input IR light. In the 

figure, the resonance response of L1 arrays is shown, as representative of the systems.  

Results confirmed that the resonance response is completely suppressed for  light 

polarization. Moreover, the comparison of the substrate response with not-polarized light 

highlighted the needed of using //-polarization in order to collect the maximum resonance 

response for such structures. As mentioned before, our CEIRA substrates consist of adjacent 

areas containing arrays of nanoantennas with different length in order to enhance signals in 

the entire Mid-IR domain. The resonant response of the four arrays in a device chip (see 

Figure 2.2) can be seen in Figure 2.9.  

Figure 2.9 clearly shows that the resonant curves are properly centered in the four ROIs and 

that resonant peaks are shaper and more intense at lower frequencies. Furthermore, for both 

L1 and L2 ROIs, the resonance curves seem to present at least two different contributions, 

the main of which is centered at the right position (1600 cm-1 for ROI-L1 and 1300 cm-1 for 

ROI-L2) and a second lower contribution red-shifted for L1 arrays and blue-shifted for L2 

arrays. The resonant behavior of such nanoantenna assemblies may be due to some in-

homogeneities in the fabrication, as seen by AFM. Nevertheless, the resonance intensities of 

the fabricated structures were consistent with those observed in literature for similar 

structures [5], [12].   
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Figure 2.9: Response for the four different ROIs of one representative chip of a line-to-line device. 

 

During the second year of the PhD, we developed the cross-design 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 and therefore work with not-

polarized light. As a first step, the resonant response of such cross-devices was characterized 

by using polarized light. Results are reported in Figure 2.10.  

 

Figure 2.10: Cross-arrays resonance response with respect the polarization state of light in the ROI-L1. 

Figure 2.10 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 related to the writing 

efficiency of EBL, already highlighted in sections 2.3.1 and 2.3.2. However, such differences 
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in resonance are negligible if compared to those of line-to-line arrays. Thus, cross-devices 

can be considered equally responsive to both parallel and perpendicular polarization. In 

Figure 2.10 the dashed line represents the resonance response of the same structure acquired 

with not-polarized light. As can be seen, it matches very well with former acquisitions. 

Results clearly show that the response of our cross-devices can be exploited without the need 

of polarizing the light. 

The resonance response in the different ROIs was characterized also for cross-devices (see 

Figure 2.11).  

 

Figure 2.11: Average resonance response in the different ROIs of cross-devices. 

As can be seen from the image, differently from line-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 wavenumbers. For reaching 

resonances that match such ROIs, nanoantenna length increases from 1.2 to 3.2 mm from L0 

to L3 ROI. Since the density of these structures decreases in both vertical and horizontal 

direction by extending antenna length, while for line-to-line antennas the vertical spreading 

remains constant, the number of resonators for longer antennas in cross-devices dramatically 

decreases. As a consequence, the resonance curves appear weaker than those of shorter 

antennas. 

Resonance response of ROI-L1 arrays of line-to-line and cross-devices is compared in 

Figure 2.12.  
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Figure 2.12: Comparison between the resonance response of line-to-line and cross-devices for ROI-L1 arrays. 

Measures have been acquired with perpendicular polarized light.   

As can be seen, there is a substantial difference in terms of resonance intensity between the 

two structures. In particular, line-to-line structures promoted resonance curves with an 

intensity up to 0.13 a.u., while cross-geometry 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 systems. Indeed, the differences in terms of resonance intensity can be 

primarily justified considering the different geometry of the two devices. As reported in 

section 1.3.3, the dimensions of the nanoantennas gaps strongly influence the enhancement 

capabilities of the structures. As known by numerical calculations [6], [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 gap size smaller than those of line-to-line devices. Thus, 

the stronger response can be consequent also to this variation. Moreover, it has to be taken 

in account that cross-devices are made by a higher number of nanoantennas, due to the 

increased density in the vertical direction (5 µm for line-to-line devices, the nanoantenna 

length plus the nanometer gaps for cross-devices). Nevertheless, we cannot exclude that the 

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

the quality of the nanoantenna response as well. 

Nevertheless, independently form the reasons why cross-devices offer better performances 

in respect to line-to-line ones, they do not require the use of polarized light, making such 

structures more versatile. The better performances of cross-devices resulted also in a better 

signal response for protein analyses. In Chapter 3.2, the great advantages for protein sensing 
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and conformational analyses offered by this second geometry will be discussed more in 

depth. 

2.4.2 Nano-IR measurements: distribution of the electric field 

The scope of nanoantennas is to convert the propagating radiation into enhanced optical 

fields localized on nanometric regions of their surface, the so-called ñhot spotsò [6], [13]. 

This effect arises from the resonant coupling of light with collective oscillations of 

conduction electrons of metal nanoparticles called localized surface plasmon resonances 

(LSPR). The enhancement of the EM field at this hot spot region enables a dramatic increase 

of the vibrational signal of molecules located therein. In literature, the different spatial 

distributions of the enhanced fields in the IR regime have been studied by finite difference 

time domain (FDTD) numerical calculations [13]. Such calculations defined that the hot 

spots in the IR at the fundamental resonance are localized at the antenna apexes. 

 

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 way for mapping the EM-field distribution of the IR signal and highlighting 

the hot-spot position is to perform scattering-Scanning Near-field Infrared Microscopy 

(sSNIM) measurements [14]. To this aim we did a preliminary characterization of our device 

at two different facilities: line-to-line arrays were measured at Neaspec GmbH, Munich, 

using a Difference Frequency Generation (DFG) laser as a source, whereas cross-devices 

were measured at Advanced Light Source (ALS) in Berkeley, using infrared synchrotron 

radiation as a source. Results are reported in Figure 2.13. As can be seen, the maximum of 
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the mid-IR response for line-to-line samples is located at the nanoantennas-gaps. Instead, 

EM field of cross-devices is concentrated at 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 sufficiently informative on the proper plasmonic behavior of our devices. 

 

2.5 Protein response 

The results shown in section 2.4, clearly demonstrate the need to localize the target 

molecules in the hot-spot 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 aim 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 calculations (rigorous 

coupled wave analysis). We assumed to cover the CEIRA structures with a uniform layer of 

protein, namely BSA. Height of the layer was set to 3 nm and protein signals were simulated 

considering a resonator which was imposed to vibrate at the common positions of Amide I 

and Amide II bands. For the protein layer, we assumed that its retractation has a dispersion 

that can be modeled with a set of resonators with a Lorentzian linewidth at the vibrational 

absorption frequencies of the amide bands of BSA.  

Results of the simulation on bare nanoantennas and fully protein-covered nanoantenna array 

(red curve) for ROI-L1 are reported in Figure 2.14a (dark gray curve), and they are compared 

with the corresponding experimental acquisitions in Figure 2.14b. 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 curves, as highlighted by black arrows in Figure 2.14. Both 

in simulations and real data, a red shift of ~0.12 µm (about 30 cm-1) of the resonant curve is 

detectable as a consequence of the change of the refractive index at the array surface [15]. 

Such shift was detected for all the acquired 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 ROI-L1. (b) Corresponding experimental acquisitions for a bare 

array (dark gray spectrum) and the same array covered with a target protein BSA (red spectrum). In order to 

facilitate the matching between FTDT calculations, in this case we reported the acquisitions as transmittance 

spectra as a function of the light wavelength. Extra-transmittance protein peaks are highlighted by the black 

arrows.  

2.5.2 Protein signal in the entire Mid-IR 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 Mid-IR regime. Both line-to-line and 

cross-devices were made by chips containing adjacent arrays with nanoantennas with 

different length, and the resonance tuning was demonstrated.  

In Figure 2.15 the resonance responses of the structures functionalized with proteins are 

reported in the four ROIs. As 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 detection of the Amide I and II bands in ROI-L1 is quite straightforward, 

since these are the strongest protein signals. In Figure 2.15 is possible to appreciate that also 

enhanced signals of aliphatic moieties are visible for ROI-L0. Instead for those arrays tuned 

for the Amide III (ROI-L2) and the ROI-L3 it was very hard to detect any protein feature. 

This can be because, except few cases, such as for some collagen types [16], protein Amide 

III is much weaker than Amide I and II bands. Despite the plasmonic enhancement, 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 studies, as well as the ones of 

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


