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Abstract

Metamaterials emerged in the early years of the 21st century as artificial materials with
unusual parameters, presenting an exotic electromagnetic behavior, with more possibilities
for the control of electromagnetic radiation. Since their first experimental realization, the
research in the field of electromagnetism had a great momentum and, as a result, numerous
designs based on metasurfaces (the planar version of metamaterials) have been proposed
for various applications such as telecommunications, security, spectroscopy, imaging, or
sensing, among others. This Thesis investigates the use of devices inspired by the
metasurfaces paradigm for sensing applications, operating in the terahertz frequency
regime. The content of the Thesis can be divided into three distinct parts that are related to
the different studies carried out in these years. First, the numerical and experimental design
of metasensors for thin films, biological and chemical samples sensing applications. For this
purpose, two types of metasurface-based structures are presented: a design with a
complicated geometry that allows obtaining results with high sensitivity, and a design based
on hole arrays that exploits the phenomenon of extraordinary transmission. On the other
hand, the effect of geometry on metasensor patterns and its influence on detection quality
is investigated by geometrical modification of a very simple tripod-based design. Finally, the
application of mid-infrared spectroscopy for the analysis of oxidative products in animal
meat is investigated.

Resumen

Los metamateriales aparecen en los primeros anos del siglo XXI como materiales
artificiales con parametros inusuales, que presentan un comportamiento electromagnético
ex6tico, con mas posibilidades para el control de la radiacién electromagnética. Desde su
primera realizacion experimental, la investigacion en el campo del electromagnetismo tuvo
un gran impulso y, como resultado, se han propuesto numerosos disefios basados en
metasuperficies (la versidn plana de los metamateriales) para diversas aplicaciones como
las telecomunicaciones, seguridad, espectroscopia, imagen, sensado, etc. En esta Tesis se
investiga el uso de dispositivos inspirados en el paradigma de las metasuperficies para
aplicaciones de sensado, operando en el régimen frecuencial de los terahercios. El contenido
de la Tesis se puede dividir en tres partes diferenciadas que se relacionan con los diferentes
estudios que se han llevado a cabo. En primer lugar, el disefio numérico y experimental de
metasensores para el sensado de peliculas delgadas, muestras bioldgicas, y quimicas. Para
ello, se presentan dos tipos de estructuras basadas en metasuperficies: un disefio con una
geometria complicada que permite obtener resultados con una elevada sensibilidad; y un
disefio basado en matrices de agujeros que explota el fendmeno de la transmision
extraordinaria. Por otra parte, se investiga el efecto de la geometria en los patrones de los
metasensores y su influencia en la calidad de la detecciéon, mediante la modificaciéon
geométrica de un disefio basado en tripolos. Por dltimo, se investiga la aplicacién de la
espectroscopia de infrarojo medio para el andlisis de productos oxidativos en carne de
origen animal.
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Chapter I:
Introduction

The use of metasurfaces in sensing applications has garnered significant interest in the
last decades, due to their unique properties, such as the ability to manipulate the wavefront
of electromagnetic waves and their compact size, which make them ideal for integration
into sensing systems. However, there is still much to be explored and understood in this
field. The goal of this thesis is to advance our understanding of the potential of metasurfaces
for sensing applications and to develop novel sensing systems that can exploit these unique
properties. The results of this research will have significant implications for the
development of new sensing technologies in a wide range of fields, and will contribute to
the growth of this important field of research.

This first chapter tries to make a general introduction in which the main concepts or
topics to be discussed throughout the thesis are explained, focusing on the history of
metamaterials and metasurfaces, as well as on the frequency bands used throughout this
work.
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Giving a general and exact definition of a wave is complicated. According to Griffiths [1],
a wave is a disturbance of a continuous medium that propagates with a fixed shape at a
constant velocity. For other authors, wave motion consists in the propagation of a physical
property or a perturbation (variation of some physical magnitude) described by a certain
field, through a medium. However, this is a somewhat abstract definition. We could
concretize by saying that, in a wave motion, a dynamic condition is transmitted or
propagated, i.e., quantity of motion and energy.

Electromagnetic (EM) waves are waves that are created as a result of vibrations
between an electric field (E) and a magnetic field (H), that oscillate in phase and in
directions perpendicular to each other, as depicted in Fig. 1.1. Thus, a change in the
magnetic field produces a change in the electric field both in time and space, and vice versa.
In brief, EM waves carry energy that is exchanged between the electric and magnetic
components as they travel.

., Propagation
direction
ElectricField

Figure 1.1: Schematic representation of an EM wave.

Unlike other types of waves, such as sound, which would need a material medium to
propagate, EM waves can propagate in vacuum at a constant speed (speed of light in
vacuum, cp = 3 x 108 m/s). An EM wave propagating through any other medium will travel
at the speed of light, ¢, with ¢ < ¢y always [1]. Moreover, EM waves are capable of showing
interference or diffraction (as any other type of wave). The main parameters that define an
EM wave are its frequency, f, that determines the number of oscillations per unit time and
is measured in Hertz (Hz); and its wavelength, A, the spatial period of the wave and
measured in meters (m). Therefore, EM waves can be classified according to these two
parameters in what is known as the Electromagnetic Spectrum.

The control of EM waves has been one of the most important topics for the scientific
community throughout history, long before Maxwell equations came out and the birth of
modern electromagnetism. Long before this, humankind had already invented devices
capable of controlling light, such as mirrors or lenses, by simply observing and repeating
phenomena occurring in nature, without even knowing that light was an EM wave. In 1895
and after a process of research by different scientists of that time, Maxwell succeeded in
formulating the classical theory of EM radiation, unifying for the first time electricity,
magnetism, and light as distinct manifestations of a single phenomenon. In fact, Maxwell's
most important contribution was to demonstrate theoretically the existence of EM waves
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and, in addition, to postulate that light was an EM wave when he saw that his prediction
about the speed of propagation coincided with the experimental results of the speed of
propagation of light. He also predicted the existence of more EM waves at different
frequencies/wavelengths beyond the visible. Later, Maxwell compiled in the laws that bear
his name previous experiments and theoretical developments (Gauss's law, Faraday's law,
and Ampere's law, which after Maxwell's development is the Ampére-Maxwell law).

Finally, Hertz corroborated Maxwell’s theory of the existence of EM waves in a
laboratory, and compiled these results in his book [2].

Today, the control of light remains one of the most important research fields of
electromagnetism. At the beginning of the 21st century a major milestone in
electromagnetism occurred, with the birth of a new class of materials that could be designed
to exhibit unusual EM properties, impossible to occur in nature, and named metamaterials.
This opened up the possibility of having total control over EM waves, giving rise to many
real applications such as perfect lenses [3], or cloaking [4], among others.

The main objective of this chapter is to contextualize and highlight the main
characteristics of the aforementioned concepts. First, a brief introduction of the frequency
bands of the EM spectrum covered in this thesis is discussed. Then, the basics of
metamaterials are explained, paying special attention to those applications studied in this
thesis.

1.1.Infrared, MID-Infrared, and THz waves
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= N N\ ANAAARRR
R VAVAVAVITIIIT]

181 ¢V UREYRYYVE VNI
1m 1 mm 1pm 1nm
.

Wavelength 1 1 1 1 1 1 1 1 1 1 1 1 1 L pll'l'l
A(m) 102 10 1 10! 102103 10%10>10° 107 108 10°10-1010-1110-12
Electronics Photonics g
- Ll
Terahertz

Radiowaves Microwaves Infrared X-rays y-rays

1 MHz 1 GHz 1 THz
Frequency _. 1 I I 1 L 1

(Hz) 106 107 10% 10° 100 10! 10!2 10!3 10!* 105 1016 107 108 101 102° 102!

1PHz 1 EHz 17ZHz
1 L

1 1 1 L L

1 1

Figure 1.2: Full electromagnetic spectrum representation

EM waves can be classified by their frequency (or equivalently wavelength) within the
EM spectrum. Within it, we can distinguish different regions (see Fig. 1.2). At the bottom
and top spectrum limits there are waves with a wavelength as long as kilometers (radio
waves), and as short as picometers (gamma rays) respectively. Amongst the extremes, there
are different bands, where each of them has their own characteristics that make them more
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appropriate for some applications than others. Within these regions, we can highlight the
Infrared (IR), the Mid Infrared (MIR), and the Terahertz - Far Infrared (THz-FIR) bands, on
which we will focus in this thesis.

1.1.1. The Infrared band

Thanks to some discoveries made in the time of Isaac Newton, Huygens, and de Broglie,
we know that the white light of the visible spectrum is actually a mixture of different
wavelengths, which can be refracted through a prism, and perceived in the visible as colors
[5]. Despite the important discoveries reported in his work Optiks in 1704, Newton was an
advocate of the corpuscular theory (light was composed of tiny particles or corpuscles
emitted from a light source) as opposed to the wave theory of Huygens. It was after
Huygens' experiments that it was determined that light was a wave [6]. Huygens'
explanation was based on the fact that light had a wave behavior, since rectilinear
propagation, reflection, diffraction, interference, and refraction (phenomena observed in
light) were perfectly explainable by waves. In fact, the definitive argument in support of the
wave theory was the double-slit experiment carried out by Young’s, in which he tested an
interference pattern in the light coming from a distant source as it diffracts through two
gratings. Finally, it was concluded (for the time being) thatlight has a corpuscular (photons)
and ondulatory character at the same time [6].

On this basis, it was in 1800 that the IR band was discovered by Friedrich Wilhem
Herschel. In his experiments, Herschel used a prism to refract the Sun light into its different
colors (or wavelengths), and with the help of a thermometer, he discovered that the
temperature in each of these wavelengths was different. Thus, the temperature at the
wavelength corresponding to the blue color (470nm) was lower than the temperature
measured at the red color (665nm). The most remarkable feature of the experiment was
that, when the thermometer was placed beyond the red region (undetectable to human
eye), the temperature rose even higher, and was also higher than the room temperature.
Thanks to this, he came to the conclusion that there were other wavelengths or, as Herschel
called them, other "calorific rays", which were not visible to the human eye, but which had
a higher energy than the temperature of the room [7]. Now we refer to these rays as IR
radiation (below the red). Other experiments were made by Herschel related to the heat
capacity of IR radiation, and discovered that it could be reflected, absorbed, and transmitted,
just like visible light [8]. Nowadays, we know as well that a source of IR radiation is heat
itself, so that any object being at room temperature will emit this kind of radiation.

IR radiation has been widely used both in the past and in our present days. Nowadays,
IR radiation is used in industrial, scientific, and medical applications [9]; being very
important in fields such as photonics, within which we can highlight applications such as
the design of quantum cascade lasers (QCL), fiber optic communications, optic data storage,
chemical sensing, or xerographic laser printing. Recently, the National Aeronautics and
Space Administration (NASA) has launched an orbital infrared laser communications
system. According to its publications, the Laser Communications Relay Demonstration
(LCRD), will leverage the power of infrared light to send and receive information encoded
into invisible laser beams from one location to the next. Including benefits such as increased
data in a single downlink, or reduced size, weight, and power requirements for a
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communications system on a spacecraft [10].Within the electromagnetic spectrum, IR
radiation is located between microwaves and the visible, and can be classified in three
regions:

e Far Infrared (FIR): 3-12 THz (25 - 100 um)
e Mid Infrared (MIR): 12 - 120 THz (2.5 - 25 pm)

e Near Infrared (NIR): 120 - 374 THz (0.8 - 2.5 pum)

1.1.2. The Mid Infrared band

MIR waves are considered a subfamily of IR waves and are located between 2.5 and
25 um (see Fig. 1.3). The importance of this subregion lies in two fundamental facts:

Firstly, one of the most important features of MIR region lies in its potential for
molecular spectroscopy applications. Despite the fact that the entire IR band of the EM
spectrum contains a high degree of molecular information, since it is the region in which
molecular vibrations take place, the main molecular vibrations occur in the MIR band. Here,
the two most important areas (the functional group region, and the fingerprint region) are
located [11], as will be discussed in more detail in Chapter V.

In addition to spectroscopy, there are several interesting applications taking place in
this band. Night vision equipment using IR illumination allows increasing visibility in the
dark without actually using a visible light source. In astronomy applications, imaging at IR
wavelengths allows observation of objects hidden by interstellar dust, as well as to study
the atmospheres of cool stars and planets [12]. IR imaging cameras also have a high
potential to detect heat loss in insulated systems[13], to observe changing blood flow in the
skin or muscles [14], and to detect overheating of electrical appliances [15], among others.
IR radiation is often used to identify structures and molecules because different functional
groups give rise to unique band characteristics, as explained in detail in future chapters of
this thesis.

1.1.3. The Terahertz band

The THz band is the portion of the EM spectrum placed between microwaves and IR
radiation. Although there is no complete consensus about its exact location (depending on
the reference consulted, one can find that the lower and upper frequency limits are put
either at 100 GHz-10 THz (3 mm - 30 pm) or 300 GHz-30 THz (1 mm - 10 pm), it
encompasses the radiation with wavelengths ranging from a few tens to thousands of
microns. This lack of consensus comes from the multidisciplinary character of the THz band,
wherein scientists of diverse disciplines came together in this relatively new band. In one
way or another, we set here in a practical way the limits of the THz band of 0.1 and 10 THz
being aware that there is some overlap with the microwave regime at the lower limit, and
with the FIR band at the upper limit (see Fig. 1.3).
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Wavelength A (m)
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Figure 1.3: Portion of the electromagnetic spectrum covering microwaves, THz, and
Infrared frequencies.

Historically, this band has been elusive, to the point that it was known as the “THz gap,”
due to the difficulty to generate and detect this radiation efficiently at ambient temperature,
and the typically high loss of materials at these frequencies. To make things worse, THz was
largely eclipsed by the vast development of microwave and infrared technology. All these
factors together restricted THz applications in the past to narrow specific niches mainly
related with basic science like astronomy and spectroscopy [16], [17]. The classical sources
of THz were based on bulky, expensive, and low efficiency solutions, including tube-based
sources (carcinotrons, klynstrons and inverse wave oscillators), and free electron lasers
(FELSs). As for the THz detection mode, it used to be based on bolometers in which cryogenic
cooling was necessary in order to achieve good sensitivity levels.

However, a series of recent breakthroughs, such as more efficient THz sources working
at ambient temperature like QCLs, or the improvement of classical microwave up-
converters based on solid state multipliers gave rise to important advances. It is also worth
mentioning the use of devices such as photoconductive antennas (PCAs), since they are the
key elements on which commercial instruments like Terahertz Time Domain Spectrometers
(THz-TDS) are usually based. A photoconductive antenna usually consists of a thin
semiconductor layer with two metallic patches on it (dipole antenna) through which an
optical pulse is incident. Because the laser photons have a higher energy than the energy
gap of the semiconductor, they are absorbed by the film, generating photoconductors. These
photoconductors are accelerated, producing a transient current that drives the dipole
antenna and is ultimately re-emitted as a THz frequency pulse [18]. PCAs can also be used
as THz detectors. Broadband THz radiation can also be generated by the use of non-linear
properties in crystals. Optical rectification (OR), for example, refers to the development of
a direct current (DC) or low frequency polarization when intense laser beams propagate
through a crystal. This linear electro-optic effect describes a change in polarization of a
crystal from an applied electric field [19]. When the applied electric field is delivered by a
femtosecond pulse width laser, the mixing of different frequency components produces a
beating polarization, which results in the emission of electromagnetic waves in the THz
region [19].Concerning the detection techniques, cheaper receivers such as those based on
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photomixing or microwave heterodyne detection had a great contribution to the
improvement of THz systems. An extensive variety of review articles treating the generation
and detection of THz waves can be found in the literature [20]-[25].These technological
advances opened the way to several potential applications. In space applications, THz has a
key role in cosmos research, among other fields, since much of the space radiation is in this
band (cosmic background radiation) [26]. In addition, THz waves have very attractive
characteristics for communications. The requested data rate in wireless communications
will soon reach from 100 Gbit/s up to 1 Tbps, which will require systems with ultra-high
bandwidths of several tens of GHz that are only available above 200 GHz. This is why both
academia and the technology industry are focusing attention on the development of the so-
called THz communications, which are expected to play a vital role in future wireless
networks [27], [28].

THz radiation has some characteristics that make it a suitable technology for sensing
applications, complementing or enhancing conventional solutions [29]-[32]. Unlike X-rays
used in medical diagnosis, THz waves are non-ionizing and do not damage biological tissues,
a property of utmost importance for health applications and critical for biodetection in
general [21], [29], [33]. Moreover, THz waves are sensitive to weak resonances such as
hydrogen bonds, van der Waals forces, and non-bonding (hydrophobic) interactions not
detectable by classical MIR spectroscopy, offering new means for substance detection and
opening new paths for identification of macromolecules like amino acids, proteins, RNA, or
DNA in biological and/or medical investigation [29], [34], [35]. Furthermore, THz
instrumentation gives both magnitude and phase information, allowing for a direct
extraction of the refractive index and attenuation constant of the materials or substances
under test. In addition, the strong sensitivity of THz waves to water is perhaps the most
exploited feature in biomedical applications, and has been intensely investigated due to the
promising perspectives it offers in cancer detection [36]-[40] and also in other diseases like
otitis media [41]. Finally, THz waves can penetrate materials composed of non-polar
molecules such as paper, plastic, and textile materials (opaque to visible and NIR waves),
enabling easier security checks and safer inspection without direct contact between the
operator and the measured substance. These properties have given rise to a powerful
research line, and indeed, the list of biological applications of THz is extensive and in
continuous development [29], [33], [42]-[45]. Although different technologies for THz
sensors can be found in the literature, in this thesis, resonant structures based on
metamaterials and metasurfaces will be proposed as ultrasensitive THz sensing devices for
both thin film, biological, and chemical samples.

Detection techniques and instrumentation

Within the world of THz generation/detection systems, we can distinguish two main
groups depending on the type of frequency conversion performed. On one hand, there are
systems based on downconversion techniques, among which THz-TDS are placed.
Regardless of the type of emitter/detector used, the operation of a THz-TDS works as shown
in Fig. 1.4. The heart of any THz-TDS system relies on an ultrafast laser that emits a
femtosecond pulse. This pulse is split at a beam splitter. One portion (“pump” beam) is
directed to the THz emitter, generating a single-cycle of THz radiation. The THz radiation is
collimated and radiated through the sample, and focused on the THz receiver. The other
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portion of the pulse (“probe” beam), is directed through a variable delay stage before
reaching the detector. This arrangement effectively samples the value of the THz field, with
a resolution given by the laser width. By recording the detector value as a function of the
delay time, the electric field (both magnitude and phase) of the THz radiation as a function
of time is achieved.

Delay stage

“probe” beam L e - d

Beam splitter Sample

/ “pump” beam r

= A

/i\. |=

Femtosecond THz emitter THz detector

laser
Figure 1.4: Schematic of a THz-TDS-based system and its components

Conversely, there are also upward frequency conversion systems, such as Vector
Network Analyzers (VNAs). In a standard VNA, the underlying emission and detection
mechanisms are based on microwave or millimeter-wave signals. The VNA generates an
electromagnetic wave that is sent through the sample under test. The wave then reaches the
detector, where the measurement results are used to calculate the complex transmission or
reflection coefficients of the sample. For that, the VNA includes a tunable microwave source
and a detector, frequency stabilization unit, data acquisition and data processing system.
Commercial VNAs are typically limited to 60-70 GHz, so THz measurements require
upconversion modules, usually by the use of multipliers. In this thesis, a VNA MVNA-8-350-
4-based system has been used for the experimental measurements, which is shown at Fig.
1.5. In the MVNA, a millimeter-wave beam is generated by a corrugated horn antenna, and
converted to higher frequencies by a Schottky diode harmonic mixer. Then, the signal
generated goes through a quasioptical bench formed by two pairs of elliptical mirrors that
confine the signal beam and collimate it on the sample, avoiding diffraction. After that,
another pair of mirrors focuses the beam into the receiving antenna, and the high frequency
signal is processed in the heterodyne vector receiver.
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Figure 1.5: Architecture of the VNA-based system employed in this work

1.2. History of metamaterials and metasurfaces

The term metamaterials (MTMs) is a compound word and comes from the Greek prefix
“meta” that means “beyond”. Therefore, the term “Metamaterials” refers to something that
is beyond conventional materials, i.e. materials whose EM properties cannot be found in
nature, but whose parameters can be engineered to obtain a la carte responses [46].

The first MTM definition was suggested by Roger M. Walser in 1999 as follows [47]:
“Metamaterials are macroscopic composites having a man-made, three-dimensional, periodic
cellular architecture designed to produce an optimized combination, not available in nature,
of two or more responses to specific excitation.”. However, there is no universally accepted
definition, and at the beginning, there was no consensus among different authors.

In a narrower sense, some consider a metamaterial to be a periodic structure whose
unit cell period lattice maximum dimension is smaller than the wavelength with which it
will work (sub-wavelength structures). In this way, the designed structure could be
considered as an atom or molecule, and its properties could be modeled by means of
constitutive parameters, permittivity (&), and permeability (), exactly as it is done with
atoms and molecules present in nature. Consequently, the principal idea of MTMs lies in
using the same homogenization principle which consist in achieving the effective
constitutive parameters (&g te) by introducing a periodic structure of unit cells known as
meta-atoms (analogous to natural molecules and atoms) to obtain the global response of
the metamaterial to EM waves (See Fig. 1.6).
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Figure 1.6: Schematic comparison between natural materials and metamaterials

Another important feature regarding MTMs is that their behavior on a global scale does
not depend directly on the material composition, but rather on how these meta-atoms are
distributed and structured in space. Thus, by changing the meta-atoms arrangement and/or
geometry, it is possible to manipulate the effective parameters to obtain, for example,
negative values of permittivity or permeability. In general, materials may be classified
depending on the values of the real part of ¢ and g into double-positive (DPS), epsilon-
negative (ENG), double-negative (DNG) and mu-negative (MNG) media, as shown in Fig. 1.7.

The beginning of the study of exotic EM phenomena in artificial materials dates back to
1898, when Bose demonstrated, in the microwave range, a rotation of the EM wave
polarization in structures with twisted geometries [48], now known as artificial chiral
elements. Later in 1946 in the antenna community, Kock developed for the first time a lens
antenna capable of focusing EM waves by using conductive plates (known as artificial
dielectrics) [49].

However, the real interest in MTMs increased at the end of the 20th century , even
though Veselago already theoretically predicted a medium with negative values of both ¢
and g [50], and thus, a negative refractive index (n), in 1968. These characteristics lead to
what we know as a left-handed medium (labeled as LHM in Fig. 1.7), in which the energy
carried by the wave travels in the opposite direction as the wave propagates. In contrast, in
almost all conventional dielectrics available in nature, the energy flows in the same
direction as the propagation of the wave, giving rise to right-handed mediums (labeled as
RHM in Fig. 1.7). Probably, the most fascinating consequence of LHM was its reverse effects,
such as reverse Snell's law [51], or reverse Doppler effect [50].

Within a few decades, Pendry and his coworkers presented the first artificial MNG
material. In its publication of 1999 [52], Pendry proposed the split ring resonator (SRR).
The proposed single-cell SRR consisted of a pair of circular loops made of a non-magnetic
metal, with partitions at opposite ends (shown in the fourth quadrant of Fig. 1.7). Since then,
the SRR has been the most important and most frequently studied meta-atom exhibiting
this type of response. Today, there is a wide variety of SRR designs: circular SRRs, nested
SRRs, single SRRs, spiral SSRs, or squared SRRs, among others [53].

The first experimental demonstration of MTMs was carried out in 2000, when Smith
and coworkers developed the first artificial DNG material (See Fig. 1.7) by combining a wire
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medium (ENG) and a set of SRR elements (MNG) [54]. From then on, multiple theoretical
and experimental works were reported, among which the proposal of the perfect lens
concept introduced by Pendry [3], or the first experimental demonstration of a negative
refractive index in microwaves by Shelby et al [55], are worth mentioning. These
experiments evolved these concepts to the development of “superlenses”, with the ability
to overcome the diffraction limit [56]; or the invisibility cloak, which contemplates the
possibility of guiding EM waves around an object, allowing its concealment [57]. In the
context of cloaking, the experimental realization drew the attention of the scientific
community. Even though the initial studies had imperfections with bulky devices that
targeted mostly the lower-frequency part of the spectrum, principally microwaves [58],
more experiments were later proposed in other EM regimes [59]-[61].
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Figure 1.7: Materials classification in the £- ¢ plane (real part).

Nowadays, metamaterials research has progressively leaned towards metasurfaces,
their two-dimensional version. Hence, thin substrate slabs with an array of subwavelength
resonating elements patterned on the surface are used instead of the volumetric structures
used in the early days of its discovery. From this perspective, much more compact and
manageable designs can be achieved [62]-[65].

Despite having appeared in some previous works [66], [67], the term metasurface
acquired its maximum splendor after the work of Yu et al. in 2011, with the design of a two-
dimensional array of non-uniform and gradient metasurfaces consisting of an array of V-
antennas, able to modify the phase variation and steer the incident wave in a desired
manner. This made it possible to break the limitations of standard optical components,
which rely on the gradual accumulation of phase along the optical path to change the wave
front of the propagating light, and to revise Snell's laws of reflection and refraction to
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rewrite and rename them as generalized Snell's laws. Since then, metasurfaces have given
rise to a new wave of revolutionary applications in the whole EM spectrum like ultrathin
carpet cloaks [61], antireflection temporal coatings [68], analog computing [69], or even
time-dependent metasurfaces capable of changing the direction of the energy propagation
of EM waves, known as temporal aiming [70].

Regarding the THz region, a large number of THz metasurfaces have also been proposed
for several applications. According to [71], THz metasurfaces can be divided into three
categories depending on its modulation function: spectrum modulation, wavefront
modulation, or polarization modulation.

Based on the electromagnetic resonance, metamaterials provide an effective way to
manipulate the EM spectrum. Metasurfaces for spectral modulation can be used as filters,
absorbers, or sensing devices for the modulation of THz transmission, reflection, or
absorption spectrum. At the top of Fig. 1.8. are plotted two examples of spectrum
modulation metasurfaces consisting of a tunable multiband THz absorber composed of a
kind of periodic array square graphene ring with a Jerusalem cross graphene sheet (top left)
[72]; and a wide band metasurface-based band pass filter working in the THz defined based
on random hill climbing algorithm (top right) [73].

Applications of
THz

Al @@l metasurace
EIEX|

D)o

Figure 1.8: Examples of different applications of metasurfaces working on the THz band,
including a perfect metasurface absorber [72] (top left), a digital metasurface filter [73] (top
right), a Polarization selective amplitude holographic multiplexing metasurface [74]
(bottom left), and a zigzag metasurface acting as a THz Half-Wave Plate device [75] (bottom
right).

Since Yu et al proposed the generalized law of reflection and refraction [51], more and
more metasurfaces used for wavefront modulation have been proposed and verified[76].
The basis of wavefront manipulation by a metasurface consist of the capability to modulate
the intensity and phase distribution of THz waves. There are several wavefront modulation
applications, among which can be highlighted focusing, special beam generation, or
holographic imaging (see Fig. 1.8), to name a few [71].
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Regarding functional metasurfaces, polarization modulators are also of great
importance, allowing us to shape the polarization state of THz waves. In this category, many
devices have been proposed such as polarizers, polarization filters, converters, or wave
plates, among others. Fig. 1.8 shows, at the bottom right corner, a schematic of a quarter-
wave plate (QWP) designed in [75] based on a zigzag metasurface to convert linear
polarization in circular one in a very compact design.

In addition to those exciting realizations, metasurfaces are emerging as true game
changers in the quest for designing ultrasensitive sensors all along the electromagnetic
spectrum but with special relevance at THz frequencies.

In this thesis, we focus on the design of metasurfaces operating in the THz band, for
sensing applications. In the following chapters, different designs for sensing thin-films,
biological and chemical samples are presented and characterized.

1.3.Structure of the thesis

The objective of this thesis is to provide a detailed description of the main results
obtained in the research work on MTMs-based sensing devices in the THz band and the use
of spectroscopy techniques in the IR spectral region carried out by the author, covering the
following main issues:

e Numerical and experimental design and study of different MTM-based structures
for sensing purposes, covering thin-film, biological (fungi), and chemical (Polycyclic
Aromatic Hydrocarbons, (PAH)) sensing.

e Geometric modification of meta-atom-based devices with the aim of improving the
detection limit and sensitivity of these structures.

e Application of MIR spectroscopy for chemical analysis of oxidative compounds in
foal meat.

Since this thesis has been conceived is a compilation of papers published in different
journals throughout the thesis, this document has been structured in such a way that each
chapter presents a review of the theoretical aspects and the state of the art of each topic to
be addressed, followed by the article published by the author, including a small introduction
containing the most striking results and conclusions of each work.

Chapters Il to VI are devoted to the work carried out during these years. The published
articles and a discussion for each of them are presented.

= Chapter Il and III - THz Metasurfaces and Sensing: Labyrinth Metasurface Absorber
[PAPER A] - Labyrinth Metasurface for Terahertz Thin Film Sensing

A so-called labyrinth metasurface sensor working at THz is presented. The
intricate geometry of the design leads to a high electric field confinement all over
the structure surface, leading to ultrasensitive performance for thin-film sensing
applications. The structure is coated with extremely thin analytes with thicknesses
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varying from 24nm to 345nm of tin dioxide (Sn02) and its sensing capabilities are
numerically and experimentally evaluated.

[PAPER B] - Labyrinth Metasurface for Biosensing Applications

The same labyrinth metasurface is now rescaled in frequency to extend the
previous concept towards biosensing applications, evaluating the performance of
the labyrinth as a fungi detector.

[PAPER C] - Metageometries for PAH Detection in Food Systems

The labyrinth metasurface is, as a final step, experimentally tested for Polycyclic
Aromatic Hidrocarbons THz detection and identification, with a design able to
detect different concentrations and distinguish between different compounds at the
same concentration.

Chapter IV - Alternative Metasurface Designs

[PAPER D] - Tripod-Loop Metasurfaces for THz-Sensing Applications

Different devices based on metaatoms and called "tripod metasurfaces" are
proposed and studied as thin film sensors. We carry out a comparison between
different types of tripod metasurfaces by studying metastructures with increasingly
complex geometries: from simple tripod metasurfaces formed by solid blades
(arms) to a hollow tripod metasurface where it will be shown that the confinement
of the electric field is much higher.

[PAPER E] - THz Sensing with Anomalous Extraordinary Transmission
Hole Arrays

We demonstrate the superior performance of a different resonant regime of
Subwavelength Hole Array (SHA) metasurfaces called anomalous extraordinary
transmission (ET) by performing a numerical and experimental study of its
behavior in thin-film sensing applications. First, a numerical analysis for the sensing
behavior for both regular and anomalous polarizations in ideal structures is
performed. Finally, we present a numerical and experimental analysis of the sensing
capabilities of several SHAs loaded with dielectric films of different thicknesses, so
that some of the structures support the anomalous ET resonance, and others are in
the limit or do not support it at all.



Structure of the thesis 15

= Chapter V - MIR spectroscopy for food quality determination

[PAPER E] - Lipid and Protein Oxidation Marker Compounds in Horse
Meat Determined by MIR Spectroscopy

This work extends the study of marker compounds of lipid and protein
oxidation in foal meat, using ATR-FT/MIR technology. Marker compounds were
extracted from 23 foals and their absorbance spectra were measured to establish
prediction models between them and the classical analysis of compound
quantification. The same process is performed on raw meat samples, in order to
determine if a previous extraction of the marker compounds is preferable before
performing their MIR analysis.

Chapter VI contains some general conclusions of the presented work, as well as the
current and future research lines.

To conclude, the list of references are given, followed by the author’s merits achieved
during this time.
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Chapter II: THz
Metasurfaces and
Sensing

As explained in Chapter 1, THz radiation presents interesting characteristics that make
it a suitable option for many applications, among which sensing can be highlighted.
Nevertheless, a challenge still open is how to achieve reliable sensing when the measured
sample amount is very small [77]. In this situation, the substance under test simply does not
interact sufficiently with the electromagnetic waves inducing negligible changes in the
response and making detection extremely difficult or even impossible with conventional
techniques. This problem, which arises in every sensing application, is especially serious in
the THz band because of its relatively long wavelength. This type of measurement is called
thin-film sensing and becomes indispensable in the characterization of dangerous samples
(i.e., toxic substances, explosives, etc.) that use very small amounts of the substance, or
when the samples are functionalized because monolayers are easier to process as thin-films,
such as in biological and chemical sensing.

In this context, metamaterials (and more specifically, metasurfaces) have emerged as
true game changers in the quest towards designing ultrasensitive sensors all along the EM
spectrum but with special relevance at THz frequencies. The key idea behind this type of
sensors is to engineer (usually metallic) patterns with small details (slots or patches) to
produce a strong field concentration at localized spots under an external source
illumination. This intense field confinement enhances light-matter interaction with the
analyte (i.e., the substance under test), giving rise to a strong change in the spectral
response.

In this part of the thesis, we will summarize the advances achieved in THz sensing using
metasurfaces from both a historical and application-oriented perspective. The initial part,
is dedicated to the important topic of thin-film sensing using metasurfaces, due to its
historical importance, as it was crucial in launching the topic and merging metamaterials
and metasurfaces with sensing applications. Then, several strategies are highlighted,
starting from the classical SRR arrays and the evolution of the topic towards more
sophisticated structures such as metageometries. Then, we will focus on the important topic
of biological sensing based on metasurfaces at THz frequencies and, finally, our contribution
to this field will be presented, with the design of a metasurface with an intricate geometry,
which we have named as Labyrinth metasurface.
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2.1. Motivation of Thin-film Sensing

The characterization of very thin homogenous samples by THz radiation is attracting an
increasing interest from the scientific community in recent years, especially in areas where
measuring substances in a thin-film form becomes essential, as in biomedicine or biological
sensing. In addition, thin-film sensing becomes crucial in situations where traditional THz
sensing methods, such as THz-TDS, do not reach enough sensitivity to obtain sufficiently
good results. Some of these circumstances, as mentioned in [77] are: when the amount of
sample is very small (for instance, when our desire is to characterize biological samples,
such as DNA, microorganisms, or when manipulating dangerous samples); when the sample
is easier to be processed in thin-film form; when a thin-film sample has different properties
from its bulk counterpart; when one can obtain better sensitivity using a thin film; or when
the sample characterization is complementary to other thin-film techniques, such as atomic
layer deposition.

Although different solutions have been proposed (resonators, plasmonic structures,
etc.), metasurfaces have emerged as a revolutionary alternative due to their exciting
properties. Metasurface-based sensors have been crucial in alleviating one of the biggest
problems in THz thin-film and biological sensing, which is the stark difference between the
typical analyte thickness or size of microorganisms (1 pm), and the wavelength at THz
(*10 to 1000 um), that makes this radiation largely myopic to these small details. Thus,
classical THz spectroscopy of thin-film analytes and microorganisms needs thick samples
or many individuals and the response is taken as an average, making it very difficult to
distinguish subtle differences in complex film samples, not to mention the identification of
a single microorganism in biosensing applications. Metasurface biosensors hold the
promise to overcome these limitations taking advantage of the unprecedented freedom to
engineer the metasurface parts properly. In addition, in metasurface devices, when
radiating with THz waves on very thin samples, small changes occur in the spectral response
with respect to the empty structure.

Therefore, one of the biggest challenges in thin-film sensing is to obtain designs with
high sensitivity and figure of merit (FOM), which are the two main parameters for
evaluating the quality of a sensing device. Although it can be defined in multiple ways and
there is not a single universally accepted definition, generally speaking, the sensitivity
represents the variation in frequency (or, in some cases amplitude) in the spectral response
of a sensor device when an analyte (i.e., the substance under test) is deposited on it.
Generally, a weak point of THz metasurface sensors literature is the lack of a universally
adopted sensitivity metric, making it difficult to compare the performance of different
devices. It must be taken into account that in the most common definitions, where the
sensitivity depends on both the frequency shift and analyte thickness, the analyte refractive
index is not taken into account, so analytes with higher refractive index tend to give better
results. With the aim of clarifying this issue, here a definition that takes into account all these
parameters is proposed, and the frequency sensitivity (FS) is defined as:

Af
_ 2.1
S = (2.1)

where Af = f,—fo with f; the resonance frequency at each analyte thickness, ha; fo the
resonance frequency of the empty structure; and n, the refractive index of the analyte. In
some occasions, the parameter used to sense is the change in the amplitude of a peak or a
dip in the spectrum and the sensor quality is measured with the amplitude sensitivity, AS.
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In our definition, we consider again both the analyte thickness and refractive index as
shown in equation 2.2, where 44 is the amplitude variation.

AS = (2.2)

The FOM is a more accurate parameter defined as the ratio between the sensitivity and
the full width at half maximum (FWHM). This parameter usually gives a better measure of
the performance of a sensor because not only it is important to have a noticeable frequency
shift in the spectral response but also to have resonances with narrow FWHM (narrow
peaks or dips) to minimize the overlapping between the detection thresholds.

2.2.Evolution of metasurfaces towards sensing applications

The first metasurface design reported in the literature specifically used for thin-film
sensing applications was proposed by Driscoll et al. in 2007 [78]. Their design consisted of
asquare periodic matrix of gold SRRs patterned on a silicon (Si) substrate of thickness equal
to 1 mm and coated with a thin layer of 6 pm of benzocyclobutane, used as a low-loss
adhesion layer for the metallization. The empty metasurface was experimentally measured
in an Fourier-Transform Infrared (FTIR) spectrometer using TE-polarized radiation
impinging at 45° and showed a resonance dip at 1.20 THz corresponding to the magnetic
mode of the SRR (i.e., its fundamental quasi-static resonance) [79]. To evaluate the sensing
performance, the metasurface was then covered with an homogeneous layer of Si
nanospheres many times thinner than the skin depth of THz radiation, and a redshift of 0.05
THz was observed in the spectral response with respect to the empty structure. As the
authors noted, the solution contained an insignificant amount of Si (they estimated it below
1 ng), so small that it would be undetectable using a standard transmission-amplitude
experiment.

The SRR metasurface allowed the detection by transforming the typical transmission-
amplitude change scheme to a new paradigm, where the parameter that changes is the
spectral location of the metasurface resonance frequency (see Fig. 2.1.), which is often much
more accurate.
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Figure 2.1: (a) THz thin-film sensing scheme and sample interaction with traditional
spectroscopy methodologies. (b) THz thin-film sensing scheme using metamaterials.
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This work was soon followed the same year by another one by Debus and coworkers
[80], who proposed a metasurface made of asymmetric double split ring elements of 50 pm
radius and two gaps working at 0.875 THz The rationale behind this new particle was to
break the symmetry by adding a second gap in the ring, opening the possibility to excite
additional resonant modes. The study was based uniquely on numerical simulations, and it
was observed that when the metasurface was coated with a dielectric material of
permittivity 3.2 (typical for organic systems) and thickness of 10 nm (corresponding to a
typical monomolecular film) covering completely the area of the structure, a redshift of
0.005 THz appeared in the spectral response of the reflection coefficient magnitude.
However, the most interesting aspect of this work was the observation that placing the
analyte only in the ring gaps, which are the zones of highest electric field concentration, led
to a shift of 0.004 THz, comparable to the previous case but using a much smaller amount
of material. Obviously, this strategy is optimal in terms of sensitivity, as it leads to a similar
performance with a significantly smaller volume of analyte.

Both works were pioneering in the emerging topic of thin-film sensing using
metasurfaces and, indeed, the strategy since then has evolved but using practically the same
principles. Since then, numerous studies have been carried out with respect to
metasurfaces, which have revealed some key insights for the design of more efficient
devices.

O’Hara et al. performed in [81] a systematic study of the sensing performance of SRR
metasurfaces as a function of the dielectric thickness. The SRR elements were made of
aluminum with thickness 200 nm laying on 0.64 mm thick Si substrates, with a photoresist
layer deposited on the top. Although its thickness was gradually varied up to 90 um, it was
observed that the frequency shift saturated at approximately 16 um and no further
significant shifts were observed afterward. This suggests that a critical feature in the
sensing performance of a metasurface sensor is the effect of the substrate permittivity and
its thickness.

Intending to better understand the concept of frequency shift saturation, we have
plotted the frequency behavior of one of the structures designed in this thesis [82], that will
be fully studied in further sections. Fig. 2.2 shows the reflection coefficient of the empty
metasurface (black line), and when it is coated with different analyte thicknesses, ranging
from a few nanometers to 40 um. Panel (b) represents the frequency shift obtained from
each reflection coefficient. As shown there, for very small values of analyte thickness the
variation between different thicknesses is quite high (greater curve slope). However, as the
analyte thickness increases, it reaches a point where it saturates (orange area), being
practically impossible to discern between thicknesses from that point on.

This was addressed in detail subsequently in [83] by analyzing two types of planar THz
metamaterials manufactured on ultrathin silicon nitride (SiNx) substrates and bulk Si
substrates. The main idea behind this study was that high-permittivity substrates
contribute a large capacitance to the resonator, hiding the spectral variation (typically a
shift of a dip or peak) induced by the changes in the capacitance due to the analyte. In the
thorough investigation done in that work, it was demonstrated that ultrathin substrates led
to an order of magnitude improvement in the sensitivity of planar THz metasurface sensors.
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Figure 2.2: (a) Reflection coefficient when the metasurface is loaded with different analyte
thicknesses, from 0 to 40 um. (b) Frequency shift representation as a function of the analyte
thicknesses, with saturated region in orange.

A challenge in reliable sensing is to achieve a high quality factor resonance and hence
improve the sensitivity. A problem with the typically used far-field setups is that they
require a minimal area of analyte deposited on the metasurface. This is even worse due to
the fundamental limitation imposed by diffraction which restricts the smallest possible
beam waist size to approximately half-wavelength in free space, although in practice the
beam waist is usually larger. A direct consequence of this setup is that one needs a large
volume of analyte to cover fully the area of excited resonators. This collective excitation
causes resonance broadening due to enhanced scattering, decreasing ultimately the quality
factor. This limitation was overcome by Withayachumnankul and coworkers in 2012 by
proposing a near-field experimental setup using a SRR metasurface sensor operating at
0.4 THz [84]. The main concept is that with a near-field setup only a small number of
resonators participate in the resonance process and therefore the analyte area can be
reduced. The improvement of the quality factor comes as a consequence of the weak near-
field interactions among a reduced number of resonators, leading to an effective sub-
diffraction sensing capability. Putting these ideas into test, a successful detection of a thin-
film with a thickness of only /375 was achieved.

In a further step towards improving the performance of THz metasurface sensors, it was
found that absorbers working in reflection have better performances than metasurfaces
working in transmission. This was firstly analyzed in detail in [85] by comparing the
behavior of metasurfaces working in absorption and transmission. The basic principle of
operation of the proposed devices was based on the concept of perfect metamaterial
absorbers that evolve from metamaterial absorbers and whose main mission is to minimize
the reflection, enhancing this way the absorption by enforcing impedance matching to free
space. At the same time, transmission can be avoided by using a metallic ground plane. With
this configuration, the electromagnetic field can be locally stored inside the structure, thus
improving the interaction with the analyte under test. Another advantage of the use of a
ground plane is that it prevents the electric field decay inside high-index substrates leading
to an enhanced interaction between the incident wave and the analyte. To date, similar
studies have confirmed the effectiveness of working in a reflection configuration [86], and
designs based on perfect absorbers are gaining increasing support in the scientific
community, allowing multispectral and flexible designs to be obtained [69], [86]-[89].
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Aside from the previously mentioned near-field operation [84], another strategy to
increase the quality factor of metasurface sensors is based on the use of high-order
resonances supported by asymmetric resonators following the strategy already pointed out
in one of the pioneering articles [80]. This idea was further followed in [90] by Singh et al.
who achieved high quality factor sensing by exploiting quadrupole and Fano resonances
excited by breaking the symmetry of the metamaterial unit cells. The symmetry breaking
was realized by an array of asymmetric split ring resonators made of aluminum, 200 nm
thick, laying on a high-resistivity Si substrate, 0.5 mm thick, by using photolithography. The
asymmetry in the resonators was introduced by displacing the lower gap 5 um from the
central vertical axis. The characterization of the structure was done using a broadband THz-
TDS working in transmission mode at normal incidence. Depending on the polarization of
the incident wave, either the quadrupole or the Fano resonance could be excited. The first
one happened at 1.14 THz, whereas the second was located at 0.52 THz for the empty
structure. It is worth mentioning that the quadrupole resonance was tuned to coincide with
the onset of the first diffraction order to enhance the quality factor. Interestingly, the
performance of the Fano resonance was found to be better suited for sensing purposes, as
it led to higher sensitivity values. This important aspect could be attributed to the different
electric field mode profiles in the capacitive gaps of the resonators. In a subsequent step, a
simulation analysis reducing the Si thickness was carried out to evaluate the effect of the
substrate. With this study, it was noticed that the sensitivity of the Fano resonance could be
enhanced by a factor of two and that of the quadrupole resonance by a factor of three when
the substrate thickness was below 20 um for a 1 um thick analyte. This can be explained
because of the stronger interaction of the analyte layer with the electric field in the gaps
when the metasurface is implemented on ultrathin substrates. Nevertheless, high quality
factor resonances are not restricted to asymmetric structures. Rather, a narrowband
response (and hence high quality factor) can be found in simple symmetric structures but
introducing the asymmetry in the excitation by impinging, for instance, at oblique incidence
[91].

The path of Fano-based sensing was further extended using more refined and disruptive
concepts such as toroidal resonances. Concretely, Gupta et al. presented in 2017 a
metamaterial device based on a planar toroidal dipole [92]. Originally, toroidal resonances
are related with currents flowing on a torus surface. To implement the toroidal
characteristic in two dimensions, Gupta et al. proposed a 2D metasurface made of mirrored
asymmetric split ring resonators coupled through a toroidal moment due to an anti-aligned
set of magnetic dipoles. In the context of sensing platforms, an interesting feature of toroidal
resonances is that they have a remarkably high quality factor. Hence, the toroidal
metasurface introduces an improvement in both sensitivity and FOM with respect to typical
sensing metasurfaces based on traditional uniform (as opposite to mirrored) Fano
resonator arrays.

There are currently many examples of THz metasurface sensors with very good
performance in thin-film sensing applications, able to achieve high sensitivity as well as
FOM values for thicknesses as fine as a few tens of nanometers. However, those designs
suffer severe restrictions when the thickness of the thin-film analyte falls below 10 nm due
to the large dimensional difference between the thickness and THz wavelength. This fact
renders metasurface designs based on conventional photolithography unable to detect
extremely subwavelength analytes due to the insufficient interaction between the
electromagnetic wave and the material.

To enhance this interaction, one should be able to squeeze the electric field within a very
small volume and implement environments with a high electric field strength, increasing
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the light-matter interaction. In fact, this is at the core of the metasurface sensors discipline
and the main reason for their success all along the electromagnetic spectrum. The problem
is that it is intrinsically difficult to create sub-nanometer gaps uniformly distributed on a
length scale of a few dozen microns using conventional manufacturing techniques.

This limitation can be circumvented by other manufacturing techniques different from
classical photolithography, such as the one known as atomic layer lithography (ATL). ATL
is based on atomic layer deposition and able to produce sub-nanometer details in large
areas, of the order of millimeters or even centimeters, by the combinations of electron beam
lithography (EBL) or ion beam milling, and atomic layer deposition (ALD). The key aspect
of ATL is that the sub-nanometer dimension is decoupled from the rest of the pattern. This
way, it is possible to manufacture structures in the centimeter-scale with gaps in the atomic
scale [93], [94].

The first report on this type of manufacturing was presented in [93] and, thanks to the
ultrathin gap created, the authors were able to increase the local surface-enhanced Raman
scattering by a factor of 109 when the nanogap size was 5 nm.

A drawback of the previous structure is that the elements were hollow (i.e.,, slits or
holes) and the nanogap was placed in the perimeter of the aperture (i.e., in the case of the
holes is a narrow ring slot around the hole). Therefore, transmission measurements
suffered from a significant background due to the direct transmission through the central
aperture. In addition, the structural dimensions were not suited for THz frequencies. Those
issues were addressed in [94] by implementing a new planarization scheme to obtain
structures where all the apertures were nanogaps, avoiding any other hollow. This way, a
structure consisting of metallic islands separated by alumina nanogaps was obtained. It is
important to remark that this manufacturing technique can be applied to large areas
because the overall footprint is defined by standard lithography, whereas the nanogap size
depends uniquely on atomic layer deposition, which can have nanometer resolution.
Applying this method to the THz characterization of the structures, an extraordinary field
enhancement factor as high as 25 000 was estimated from the experimental measurements
for a 1 nm nanogap structure.

These more complex manufacturing techniques open interesting avenues in thin-film
sensing applications with exquisite sensitivity, as demonstrated in many works and reviews
available in the literature [95]-[99].

In summary, new manufacturing techniques, among which ATL stands out, allow the
design of increasingly complex structures based on nanogaps, which translates into the
possibility of detecting ultrathin films with excellent sensitivity values and field
confinement. This opens the door to designs capable of detecting materials with atomically
thin thicknesses, such as graphene, or some biological samples. Nevertheless, we have seen
that these techniques are much more complex, time-consuming, and expensive than
conventional procedures. In this thesis, all the designs have been manufactured by classical
procedures, and tried to achieve higher sensitivities by focusing on the pattern geometries.

2.3.Biological Sensing with Metasurfaces

Biological sensing has always attracted a great interest from the scientific community,
for obvious reasons. The fundamental process for chemical analysis and medical diagnosis
is based on the specific interaction between molecules. THz radiation has expanded the
possibilities of biomolecular detection, thanks to its sensitivity to weak intermolecular
interactions, giving access to significant information about the chemical composition of
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substances and/or biomolecules not available using traditional detection methods such as
IR spectroscopy. In addition, THz radiation has proven to be a non-invasive, contactless, and
non-ionizing technique innocuous to living organisms exposed to it. Moreover, THz
radiation is very sensitive to water, making it a good option for cancer and tumor
treatments, since the tumor cells contain different aqueous percentages than healthy cells.
Hence, nowadays THz technology stands out as a competitive option for replacing or
complementing other techniques that have proven to be harmful, such as X-rays. This facts,
added to its strategic location in the middle of the EM spectrum that allows for an
extrapolation of concepts borrowed from other bands, has led to a fast technological
development of biosensing devices in this range, and the biological-related THz research
activity has spread throughout the world covering a wide variety of fields such as diagnosis
of diseases [100]-[103], detection of protein concentrations [104]-[106], DNA sequencing
[107]-[109], detection of cancer cells and tumors [39], [110]-[113], or detection of
microorganisms [114]-[118], among others. In this regard, metasurfaces are probably one
of the most successful realizations, as they respond to changes in the refractive index of the
device, a measurement that is relatively easy and cheap to perform, allowing for a
quantitative and kinetic measurement of molecular interactions [119]. Fig. 2.3 shows a
scheme with different real biosensing applications of THz metasurface-based devices
available in the literature. Further information can be found in [45].
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Figure 2.3: Examples of different biosensing applications using THz metasurfaces such as
tumor detection and diagnosis [112], protein detection [104], skin implantable devices
[120], DNA sequencing [107], virus recognition [121], and microorganism detection [116].

A pioneering antecedent of metasurface biosensors can be found in the infrared range
in the work of Brolo et al. who in 2004 proposed the use of arrays of nanoholes in a gold
film to monitor the binding of organic and biological molecules to the metallic surface [122].
This line was continued at THz by Debus et al, in the report already discussed in the
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previous section [80]. There, a thin layer of 10 nm of a dielectric slab with a permittivity
typical of organic systems was used as analyte material, with good results in terms of
sensitivity. From that work to the present, many articles have been published in this field.
For example, a new method of analyte deposition by 3D printing was used in [123] to
develop a label-free biosensor based on the resonant transmission of a metallic mesh with
the objective of detecting a small amount of protein horseradish peroxide. The obtained
results demonstrated that the designed device could achieve a sensitivity equal to that of a
conventional method based on the use of antibody-labeled horseradish protein. These
results gave an evidence that metasurface sensors at THz are a cost-effective alternative for
protein detection in biomedicine applications.

As in thin-film applications, the geometrical design and effect of the substrate on the
performance of metasurface biosensors is also relevant in biosensing and thus it has been
exhaustively analyzed. One well-known study that is often cited in research on substrate
effect is that of Wu et al. (2013), where two different substrates of Si (¢ = 11.56) and quartz
(¢ = 4) were compared in a label-free and specific sensor for streptavidin-agarose [124].
This sensor was fabricated by the functionalization of octadecanthiols and biotins in the THz
range, and its behavior was numerically and experimentally tested by the study of the first
two resonant modes present in the designed metasurface. Interestingly, it was shown that
the frequency shift towards lower frequencies was larger in the case of the second dip, and
this was more evident for the quartz substrate. These results highlight the importance of
the choice of the substrate materials when designing a biosensor, corroborating the findings
of the thin-film metasurface sensors.

The previous papers, among others, led to a surge of interest in the possibilities of
metasurfaces for biosensing. Since then, numerous studies have been carried out in order
to detect multiple types of substances, such as proteins, amino acids, and sugars. Among all
these substances, there are some that present special interest for health. For example,
carbohydrates perform essential roles in most living organisms in energy metabolism
processes, or cell to cell communications. Nevertheless, they lead to an increment of the
blood sugar, and it is very important to have control on the intake amount to avoid
hyperglycemia and illnesses related to it. This control becomes even more important in
patients suffering from carbohydrate-specific diseases such as diabetes. Therefore, finding
new ways to detect and differentiate sugars is of great scientific and practical interest. This
is the case of the work presented in [125] where a nano-slot antenna array working in the
THz range was presented for selective carbohydrate detection and discrimination method,
able to discern molecules with concentrations ranging from hundreds to tens of moles. In
this work, two different antennas were designed to selectively detect fructose and glucose
respectively, by matching the fundamental antenna resonance with the absorption peak of
each substance. These results give evidence of the fact that these antennas, specifically
designed for a certain sugar molecule, work properly for the targeted molecule with strong
absorption features at the design frequency, but are insensitive to other molecules.
Therefore, this type of sensor presents an efficient way to isolate molecules of interest by
simply engineering the antenna at the optimal frequency.

As we have seen up to now, the detection of some biomolecules is of great importance
as they might be related to specific diseases and an early identification can be crucial to treat
them in time. Antibiotics have revolutionized healthcare and are one of the main factors for
the rise of life expectancy during the last century. In fact, they are essential in the treatment
of infections and fighting bacteria or other pathogenic microorganisms. Recently, an
antibiotics-loaded flexible metamaterial device as a degradable antibacterial skin patch was
designed by Sun and coworkers, for controlled drug release when doped with appropriate



26 Chapter II: THz Metasurfaces and Sensing

pharmaceutical molecules [126]. However, an excessive use of antibiotics can generate
bacterial resistance decreasing the treatment effectiveness leading ultimately to a serious
health risk. In order to keep a safe health environment, a proper control of the residues of
antibiotics present in food becomes of vital importance. In recent years, it has been shown
that metasurfaces are an interesting option in this field, with high sensitivity in the detection
of some kinds of antibiotics [105], [127], [128].

Aside from the detection of molecules, drugs, or proteins, the study and sequencing of
DNA and RNA has become very important in recent years. To begin with, many human
genetic diseases are caused by single-base mutations in the genetic information. Since DNA
molecule mutations are extremely difficult to differentiate and the existing methods are
invariably complex and time-consuming, new alternatives based on THz devices and
metamaterials are being proposed nowadays [107], [108]. Moreover, the study of
transgenic foods has also become very important, and there is a great debate about whether
its use is beneficial or not for human health. Transgenic foods are those that have been
produced from an organism modified by genetic engineering and to which genes from
another organism have been incorporated to produce the desired characteristics. According
to the World Health Organization (WHO), the transgenic foods available in the market have
passed risk assessments and are unlikely to pose health risks. However, it seems important
to perform more exhaustive studies and monitoring, field where metasurfaces are also
emerging as a good alternative [129], [130].

Microorganisms such as fungi, bacteria, or viruses are the cause of many human
diseases, so the demand for tools to detect them in a quick and effective manner has grown
and is continuously increasing over the years. Usually, the methods used for this purpose
are very slow due to the growth time of the bacteria (from days to weeks). Although some
techniques, such as molecular methods or mass spectrometry, have managed to reduce the
time necessary for correct detection, they are still relatively complex and difficult to apply
in the point-of-care.

Metasurfaces operating in the THz regime are an emerging alternative in this regard, as
they have already shown a great potential in high-speed and on-site detection of
microorganisms. One of the first examples was found in 2014, where a metasurface-based
sensor for the high-speed detection of live microorganisms was numerically and
experimentally studied [115]. The structure proposed consisted of metallic arrays of a
square ring with a gap in the center deposited over a Si substrate. The advantage of this type
of structure with respect to direct detection without a metasurface is that the size of the
microorganisms is very similar to the micro-gaps of the resonators. In this way, the
microorganisms that are placed in the metallic gap will undergo a high interaction with the
incident wave due to the high electric field intensity in those areas, when the metasurface
is at resonance, causing important changes in the frequency response. In the same work, a
study in a dry environment was conducted varying the number of microorganisms (N) of
penicillin in the gap area, from 0 to 5. Several transmission spectra were obtained, obtaining
in all the cases a measurable frequency shift. As the authors mentioned, one of the
advantages of sensing microorganisms is that they usually can be cleaned. Once the
measurement of the resulting spectrum was obtained, the structure was treated with a
fungicide, and the resulting spectrum returned to the original, showing the possibility to
reuse metasurface sensors [115]. Since then, this has been addressed by the scientific
community, and new designs for sensing microorganisms such as bacteria and/or fungi
have been presented in recent years [116]-[118].

Even though it has been demonstrated that properly designed metasurfaces are capable
of efficiently detecting microorganisms such as fungi or bacteria, the detection of viruses is
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more complicated due to their extremely small size, typically less than 100 nm. This would
imply the creation of new metasurfaces with a metal gap size 103 orders of magnitude lower
than the designs produced for the detection of bacteria, adding some difficulty to the
manufacturing process. However, the technological improvements in manufacturing
techniques allow us to design smaller metallic structures, that demonstrate the great
potentials of virus detection with metamaterial devices [114], [131]-[133].

Regarding cancer and tumor diseases, Basal cell carcinoma (BCC) is the most common
type of skin cancer as about eight out of ten cases of skin cancer are BCCs. These cancers
tend to grow slowly, and although it is very rare for BCC to spread to other parts of the body,
if a BCC is left untreated, it can spread to nearby areas and affect the bones as well as other
tissues under the skin. Detecting cancer when it is in its early stages is often critical as it
allows for the possibility of having more treatment options with better life expectancy.
Current diagnosis of BCC is usually based on visual inspections, skin biopsies, or histologic
techniques. Among the histological techniques, Moh's micrographic surgery has proven to
be the best reported method for this application [134]. This technique allows identifying
the direction of tumor spread without the need for extensive excisions and has reported
cure rates of 99% for primary tumors and 96% for secondary tumors after 5 years of
treatment. This is a type of controlled microscopic surgery, in which the patient remains in
the operating room while the study of the extracted tissue is carried out. This technique
allows the removal of the exact cancerous tissue, saving the healthy tissue. The main
disadvantage is that Moh's micrographic surgery is very expensive and time-consuming.

Over the years, other imaging techniques have been proposed. The use of high-
frequency ultrasound allows an axial and lateral resolution of 80 and 200 um, respectively,
and has a penetration depth of 7 mm [135]. However, it does not have chemical specificity,
so it is not able to differentiate between healthy and diseased cells. Magnetic resonance is
only effective if the tumor extends more than 15 mm below the surface [136]. Among the
disadvantages of this technique is the need of the whole subject for inspection, as well as
the fact that it is an expensive and time-consuming technique. Several NIR imaging
techniques such as confocal microscopy have also been studied, able to provide a high
resolution in real time with values of axial and lateral resolution of 4 and 2 um [137]. The
disadvantage is that this technique provides a very low penetration depth of just a few
hundreds of micrometers.

The first report of THz spectroscopy applied for ex vivo cancer detection was published
several years ago using THz pulsed imaging (TPI) technique with the purpose of
differentiating between BCC and normal tissue [138]. For that, both a BCC and a healthy
sample of the same patient were analyzed and images were taken in both visible and THz
range. As mentioned in the work, THz images gave a lot more information. These results are
explained due to the fact that BCC absorbs more water and therefore shows an increased
THz absorption in comparison with normal tissue. The results of this study show that the
level of contrast obtained by means of TPI is higher than that obtained by histology
techniques. After this work, other studies were published for ex vivo skin cancer detection
by the use of TPI. However, it was in [139] where a systematic in vivo study of the response
of THz radiation to normal skin was conducted in order to evaluate the interaction of THz
radiation with normal skin on the hand palm.

Expanding the reach of metasurface sensors, structures based on metasurfaces in
detection and distinction between healthy and cancer cells have also been developed in
recent years for many applications, such as the detection of apoptosis in oral cancer cells
[140], monitoring of living cervical cancer cells [113], or detection of malignant glioma cells
[112], among others.
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2.4.0ur work (A, B): From Meta-atoms to Metageometries

Metasurfaces operating in the THz band have been shown to have great potential for
very thin-film and biochemical sensing applications, as seen in the examples above.
Although all the previous examples reported here work well as sensing platforms, they
present some limitations in their sensitivity and FOM.

Although it has been seen that fabrication techniques such as ATL can enhance the
electric field concentration by a high percentage, this procedure is time-consuming, and
difficult to implement for complex patterned designs. Thus, in this section of the thesis we
address a solution that allows the implementation of much more sensitive sensors, without
resorting to complex fabrication techniques.

The main disadvantage of meta-atom-based devices is that the metasurface resonances
are very localized at discrete points of the surface (see Fig. 2.4, panel (a)). This makes it
difficult to detect any analyte when deposited in areas with not enough interaction with the
surface electric field. A stronger interaction with the dielectric analyte and hence better
performance can be possible by enhancing the electric field confinement in the surrounding
of the metallic parts of the structure. To tackle this challenge, more complicated geometries
can be designed to distribute the electric field more evenly over the entire surface.

(a) (b) Distributed resonances
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Figure 2.4: (a) Electric field distribution of a meta-atom-based structure, with localized
resonances. (b) Electric field distribution in a metageometry, with distributed resonances.
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[PAPER A]: Labyrinth metasurface for thin-film sensing

In our work [PAPER A], we propose a paradigm shift from classical meta-atoms to more
elaborated metageometries resulting in an ultrasensitive performance. Our design is known
as Labyrinth metasurface (see Fig. 2.5) due to its intricate labyrinth pattern that produces a
high electric field confinement on the whole surface of the structure, and not only at
discrete. The major improvement of having this electric field distribution over classical
meta-atom devices is that the place where the analyte is deposited becomes no longer so
critical. Thus, wherever the analyte falls, there will be enough interaction with the
metasurface resulting in an improved sensitivity and FOM, as well as in the ability to detect
much smaller analyte concentrations, or thicknesses.
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Figure 2.5: Schematic of the layers composing the designed labyrinth structure (left).
Schematic of the designed structure when coating its surface with a thin-film layer.

The work done in [PAPER A] can be divided in the following steps:

=  We made an extensive numerical study of the metasurface behavior as an absorber.
First, we studied the simulated spectral transmittance of the labyrinth metasurface
without ground plane at different angles of incidence, showing excellent angular
stability.

= We added a ground plane to the labyrinth metasurface and consider the reflection
coefficient in the following steps. We analyzed the metasurface absorber without
any analyte on top assuming normal incidence and both vertical and horizontal
polarizations, and proved again that the response is independent of the polarization
angle (for the next steps, vertical polarization was chosen).

= The sensing capability of the labyrinth metasurface as a thin-film sensor was
numerically and experimentally evaluated. For that, we coated its surface with thin
tin dioxide (Sn0O>) films, with dielectric permittivity, € = 4, and thicknesses ranging
from 24 nm (1.1 x 1075 4p) to 345 nm (15.6 x 1075 4y).

= With the achieved results, the labyrinth metasurface is able to discriminate
differences in Sn0; thickness of less than 25 nm even for a relatively low dielectric
constant.
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Author contribution to this work:

Numerical simulations obtained with the commercial simulator CST Studio Suite.
Experimental characterization with an ABmm Vector Network Analyser (VNA)
MVNA-8-350-4 equipped with a quasioptical bench working in the reflection
configuration.

Results validation and graphical representation.

Manuscript preparation and writing
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[PAPER Bj]: Labyrinth metasurface for fungi detection

Motivated by the great results obtained with the previous work, in [PAPER B] we
extended the scope of metageometries towards biosensing applications, performing a
thorough numerical analysis of the labyrinth metasurface as a fungi detector. The reason
for choosing fungi as an analyte is that it is one of the preferred analytes in the biological
sensing literature, due to its size, which is comparable to the gaps of metasurfaces operating
atthese frequencies (see Fig. 2.6), as well as its ease of modeling and experimental handling.
Due to the small size of fungi elements (1-2 um), we had to downscale the labyrinth design
reported in [PAPER A] by approximately 6.7 times to put the absorption resonance within
the frequency range of 0.6-1 THz, and have metasurface gaps of a size similar to that of the
fungi elements, thus enhancing its detection (see Fig. 2.6), as follows:

N=100 N=5 N=15

Arbitrary deposition Manual deposition

Figure 2.6: From view of the designed labyrinth when coating its surface with fungi
elements arbitrarily distributed (left), and when placing the elements manually (right).

=  Asa first step, we made a statistical numerical study in order to guarantee that the
results have adequate repeatability. Several simulations were done for different
number of fungi elements distributed arbitrarily in the surface of the labyrinth
metasensor, ranging from N = 5, to N = 100.

= Once the repeatability of the results and the correct detection thresholds were
ensured, the sensing capability was evaluated by obtaining the sensitivity and FOM
values, showing that the labyrinth metasensor is able to detect just a few number of
fungi elements with good results in comparison with other works available in the
literature.

= For the above results, the elements were arbitrarily deposited on the surface.
However, in order to know the maximum performance of this structure, a discrete
number of fungi elements of N = 5 and N = 15 were manually deposited in the micro-
gap of the metasurface, where the electric field concentration is maximum, showing
that the frequency shift of the resonance was much larger in this case, and
demonstrating the high importance of the analyte location over the surface.

The great performance of the labyrinth metasurface achieved in both previous works
demonstrates that the use of convoluted metageometries instead of meta-atoms improves
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the electric field concentration within the surface and not only at discrete points. These new
type of structures where the enhanced electric field is distributed over a much larger
surface area of the device, allow us to detect analytes up to 5 times thinner than the
operating wavelength. Moreover, metageometries can be of high interest for biological
sensing when the amount of sample under measurement is relatively small. However, the
technological aspects of the device fabrication are more complex at higher frequencies,
especially with such intricate designs.

Author contribution to this work:

= Design of the structure at the operational frequency of at 0.856 THz.

= Randomizing function creation for the fungi arbitrary deposition with Matlab
software.

= Numerical simulations obtained with the commercial simulator CST Studio Suite.
= Results validation and graphical representation.

= Manuscript preparation and writing.
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Abstract: The use of metasurfaces operating in the terahertz regime as biosensor devices has attracted
increased interest in recent years due to their enhanced sensitivity and more accurate detection
capability. Typical designs are based on the replica of relatively simple unit cells, usually called
metaatoms. In a previous paper, we proposed a new paradigm for ultrasensitive thin-film sensors
based on complex unit cells, called generically metageometries or labyrinth metasurfaces. Here,
we extend this concept towards biosensing, evaluating the performance of the labyrinth as a fungi
detector. The sensing capabilities are numerically evaluated and a comparison with previous works
in this field is performed, showing that metageometries improve the performance compared to
metaatoms both in sensitivity and figure of merit, by a factor of more than four. In particular, we find
that it is able to detect five fungi elements scattered on the unit cell, equivalent to a concentration of
only 0.004/pum?.

Keywords: metasurface; terahertz; biosensor

1. Introduction

Due to its importance in human health as well as basic research, biological sensing, or biosensing,
is gaining an increased interest amongst the scientific community. Biological sensing refers to the
measurement of biological or chemical parameters and is based on the specific interaction between the
entity under test (usually called analyte) and the sensing platform itself [1]. Most biomolecules have
characteristic vibrational modes in the terahertz (THz) range (0.1-10 THz), which makes this band an
excellent candidate for the development of new biosensing devices, or as an aid to complement and
enrich the performance of existing ones [2]. Contrary to other traditional techniques, such as X-rays,
THz radiation is non-ionizing and therefore harmless to living organisms. Some other advantages
of THz waves are their sensitivity to water, making it suitable for tumor or cancer detection and
diagnosis, since tumor cells contain a different water percentage than healthy cells [3]. For these
reasons, THz waves have been investigated in a wide variety of biosensing applications, such as
diseases diagnosis [4], DNA sequencing [5], detection of antibiotics [6] and protein concentrations [7],
and detection of bacteria [8] and viruses [9], among others.
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Metamaterials can be defined as artificial materials engineered to present desired electromagnetic
properties by controlling their shape and geometry. They are usually composed of an array of resonators
much smaller than the operational wavelength. As a consequence of their reduced electrical size, they
produce high electric field confinement at localized spots giving rise to strong changes in the spectral
response, a property that can be exploited in sensing applications [1]. In the last years, they have
been proposed to implement high quality biosensing devices. Metasurfaces—the planar version of
metamaterials—have also emerged as an excellent alternative in the design of label-free sensing devices
in biological applications [10]. They are very sensitive to changes in the refractive index near the
structure, making possible a relatively cheap and easy way to detect samples deposited on the surface,
with a great potential in sensitive label-free detection. In this way, metasurface sensors overcome the
limitations of classical techniques [11], such as time-domain spectroscopy, where the major problem is
the difference in sizes between the wavelength of the THz wave (~10-1000 um), and the thickness
of the sample to be analyzed (<1 pm), sometimes causing the sample to be invisible to the radiation.
With the use of metasurfaces this problem is solved since sensing is based on the response of the
structure itself, instead of measuring the sample response. As discussed in [12] there are other popular
strategies for THz sensors, such as waveguides (both dielectric and metallic) and plasmonic structures.
A crucial advantage of metasurface sensors is the flexibility they have to adapt to experimental setups,
with direct wave illumination. This simplicity along with their enhanced sensitivity have put them in
the vanguard of THz sensing applications. To date, metasurfaces operating in the THz regime have
also shown promising results in microorganism biosensing, with designs capable of detecting very low
concentrations of bacteria [8], yeast [13], and viruses [9,14].

Since their first conception, many different designs have been proposed, from the simplest
designs [15,16], to more complex ones including graphene [17], or combination of slot antenna arrays
with silver nanowires [14]. Whichever the structure employed, the main challenge in biosensing
applications is how to achieve a high quality sensor when the analyte has an extremely small size
compared to the wavelength, and hence it does not interact sufficiently with the radiating waves.
The main goal of metasurface sensors is to provide high electric field confinement within the structure
and enhance the detection of small analytes [10]. In order to address this challenge, a new paradigm
shift from metaatoms (metasurfaces with discrete resonators) to more elaborated metageometries has
been recently proposed [18]. Metageometries are designed to have the electric field highly confined all
along the surface and not only at discrete points, which is a clear advantage for sensing applications
compared to the “metaatom” approach. A further discussion comparing the performance of different
metasurface sensor geometries at THz can be found in a recent review [10].

In a previous work [18], we demonstrated the excellent performance of metageometries in thin-film
sensing applications by means of a labyrinth metasurface absorber working at THz. This structure is
able to detect thin-films with a thickness of 10~ times less than the operation wavelength, improving
largely the results of metaatom-based sensors realized with the same manufacturing techniques. In this
paper, we extend the scope of metageometries towards biosensing applications, performing a thorough
numerical analysis of the labyrinth metasurface as a fungi sensor and compare its performance with
previous works [8]. Our results demonstrate that the labyrinth metasurface is also promising in
biosensing applications.

2. Materials and Methods

The metasurface sensor investigated in this work was designed to operate in absorption and
was configured as a tri-layer structure with a metallic labyrinth pattern deposited on a flexible
polypropylene (PP) slab 29 um thick with back metallization (ground plane or GP), as shown in
Figure 1. The geometry of the labyrinth pattern, which utilizes convoluted-shape apertures arranged
on a triangular lattice, was taken from [18] and then downscaled by approximately 6.7 times to put the
absorption resonance within the frequency range of 0.6-1 THz. The relevant metasurface dimensions
are periodicity, d = 36.4 um; distance between metallic strips, s = 1.5 um; strip width w = 1.5 pm;
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metallization thickness ¢ = 0.4 um. In a practical implementation, the small-scale thin-film structure of
this kind should be supported by a massive wafer (e.g., fabricated on top of a carrying silicon substrate).
Evidently, thanks to the GP layer that blocks the transmission, the presence of the wafer would not
affect the sensor’s performance.

(a) (b) (o)

THz wave

Metallic pattern

Ground plane

PP substrate

z

Figure 1. Front (a) and cross-sectional (b) views of the designed labyrinth metasurface unit cell.
Metallization is shown in gray and polypropylene (PP) substrate in blue. Relevant dimensions:
hpp =29 um, d =36.4 um, t = 0.4 um, s = 1.5 um; w = 1.5 um. (c) Schematic of the labyrinth metasurface
working as a fungi metasensor. Fungi are modeled as cylinders of radius 7 = 2 um, height if =1 um,
and dielectric permittivity ¢ = 8 and are randomly distributed on the unit cell surface.

The designed labyrinth metasurface was simulated in the band of 0.6-1 THz using the commercial
simulator CST Microwave Studio®. To model the labyrinth metasurface as an infinite array, the regime
of Floquet ports and periodic boundary conditions applied to the designed unit cell was employed. PP
was modeled as a low-loss dielectric with a relative permittivity epp = 2.25-(1 — j-10~) extrapolated
from our previous study [18,19]. The metallic layers of the labyrinth pattern and GP were modeled as
a lossy metal with electrical conductivity o = 1.5 X 107 S/m which mimics aluminum (Al) deposited on
PP; as found in [20], this value is reduced compared to the nominal conductivity of bulk Al due to
inherent surface roughness and granularities of PP films [19]. The excitation of the metasurface was
done at normal incidence and vertical polarization, as shown in Figure 1c. It is worth noting that the
labyrinth geometry is polarization insensitive under normal illumination [18]. The response of the
analyte-free structure exhibits a narrow dip in the reflection coefficient at 0.856 THz (see the black
curve in Figure 2¢).

The performance of the labyrinth metasurface as a biosensor was evaluated numerically by placing
fungi onto the patterned layer of the metasurface. The reason for using fungi as analyte is that their
size, of the order of micrometers [8], is similar to the metasurface gaps, so they can be “trapped” in
those gaps where high electric field confinement occurs, thereby enabling high sensitivity detection.
Fungi were represented as dielectric cylinders with a radius 7y = 2 um, height iy = 1 um and dielectric
permittivity of ¢r = 8, following the model obtained for yeast reported in [8]. Fungi elements were
arbitrarily scattered within the unit cell using a randomizing function for the fungi position in both
x and y axes, ensuring that all the cylinders fall within the cell limits. We considered possible fungi
overlapping since this may occur in a real deposition scenario. Note that, due to computational
restraints, in our approximation we are assuming the same fungi distribution for all unit cells of the
structure, which is not completely realistic in practical sensing applications. An analysis of the whole
structure would be preferable but extremely demanding in computation resources. The approximation
done here gives a good hint about the performance of the labyrinth metasurface and allows for a
sufficiently accurate analysis of its potential as biosensor. The deposition thresholds (i.e., number
of cylinders deposited in each case) were chosen after a thorough study, selecting the cases to avoid
overlap between the response of different concentrations of fungi.
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Figure 2. (a) Front view of the structure with N = 5; 20; 50; 100 fungi (purple cylinders). (b) Resonance
frequency for all the simulations carried out for different fungi concentrations: N = 5 (blue curve),
N =20 (red curve), N = 50 (purple curve), and N = 100 (dark cyan curve). (c) Reflection coefficient for
different fungi concentrations, cases nearest to the mean values.

3. Results and Discussion

As a first step, we performed a statistical numerical study in order to guarantee that the results
have adequate repeatability. The number of fungi was varied from N =5 to N = 100 elements and
10 different simulations were done in each case. A schematic of the fungi location over the surface
is shown in Figure 2. For the sake of clarity, only the four most significant results are presented in
Figure 2, N =5, 20, 50, and 100. Note that our main objective is to find the minimal amount of sample
detectable by the proposed metasensor.

As can be observed in Figure 2b, for an identical number of fungi the resonance frequency
experiences slight variations depending on the fungi position within the unit cell. This is explained
by a non-uniform electric field distribution over the metasurface unit cell. Despite these variations,
the detection thresholds were chosen to avoid overlap between consecutive cases allowing for an
unambiguous detection. To get a better description of the metasurface performance, the results of
Figure 2b were represented in terms of a fractional area defined as Af = Al/Ar, where A, represents the
area occupied by the microorganisms (extracted directly from the simulator), and At the total area
of the metasensor surface (calculated analytically). Since Ay has some variations, depending on the
fungi overlap, we took an average of all cases, obtaining mean fractional areas of 5.23% (N = 5), 17.2%
(N =20), 34.1% (N = 50), and 51.13% (N = 100).

The spectral performance of the labyrinth metasensor can be grasped from the selected
representative curves of Figure 2c. To select these curves, we calculated in the first place the
mean value of the resonance frequency for each N. Afterwards, we looked for the simulation case
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whose resonance frequency was closer to the calculated mean resonance frequency value. These are the
curves represented in the figure. From the simulation results of Figure 2b,c, we find that the maximum
resonance frequency shift happens for N = 100, with a variation of nearly 19% (from 856 to 696 GHz)
and a standard deviation of 10.3 GHz. The minimum is obtained for N = 5, with a resonance frequency
shift of 1.6% and a standard deviation of 8.5 GHz. These results suggest that the metasensor designed
is able to discriminate small concentrations of microorganisms deposited on top.

In order to characterize quantitatively the performance of the structure, we calculated its sensitivity
(S) and figure of merit (FOM). Although there are many different definitions for the sensitivity in the
literature, see [10,21], almost all of them link the resonance frequency shift with some other parameter
that indicates the quantity of sample deposited on the metasensor. Thus, in this work we defined
the sensitivity as S = Af/Apn where Af = fy — fo, with fy the resonance frequency for each fungi
concentration, N, and fj the resonance frequency without the analyte; As the fractional area occupied
by the fungi; and n the refractive index of the fungi. The FOM is a more refined parameter defined as
the ratio between the sensitivity and the full width at half minimum (FWHM) in frequency dimensions:
FOM = S/FWHM, which takes into account the spectral linewidth of different curves, making structures
with a small FWHM more appropriate for biosensing applications, as in that case, the discrepancy
between different curves becomes easier to detect. Thus, a narrower spectral line will lead to higher
FOM values. With these definitions, we obtained a mean sensitivity of 80 GHz/RIU, and a mean FOM
of 0.85 (RIU)~!, where RIU stands for refractive index units (RIU). All the values of fractional area,
resonance frequency, sensitivity, and FOM for each fungi concentration are summarized in Table 1,
at the end of this section. The remaining results and specific values for every simulated case are
presented in the Supplementary Material.

Table 1. Comparison of the most relevant performance parameters of the labyrinth metasurface
structure, for different numbers of fungi deposited on top. The cases highlighted with (*) correspond to
fungi placed in the regions of maximum field intensity.

N Fractional Area (%)  Af (GHz) Af (%) Standard Deviation Sensitivity (GHz/RIU) FOM (RIU)-1
0 0 856 - - - -
5 5.23 842 1.64 8.5 67.3 0.73

20 17.21 797 6.85 5 85.2 0.89

50 34.08 736 13.94 7.5 87.6 0.92

100 51.13 696 18.68 10.3 782 0.87

5* 5.48 778 9.02 - 3519 2

15* 16.45 722 15.64 - 203.4 1.36

To evaluate more deeply the labyrinth metasensor, we compared its performance with other
sensors found in the literature. We chose for this comparison the work presented in [8], which is one of
the most significant in terms of microorganism detection using metasurfaces, due to the high sensitivity
values achieved. Therein, a metaatom-based metasurface made of a square ring with a gap at the center
unit cell was used to detect different types of fungi. Microorganisms were deposited arbitrarily at a
minimal density of 0.09/um? (calculated as the ratio between the average number of microorganisms
in the capacitive gap of the metasurface, and the gap area) and showed a displacement of the resonant
frequency of 9 GHz (corresponding to 1% of the resonant frequency of the bare structure). In our
case, we arbitrarily deposited fungi elements at a minimal density of 0.004/um? (corresponding to
N =5 fungi and calculated as the ratio between the fungi elements and the total surface area), and we
obtained a frequency shift of 14 GHz (1.6% of the resonant frequency). This means a large improvement
of the previous work, as we get a larger shift with a much lower density.

To find the maximum performance of the designed structure in [8], N = 5 fungi elements were
deposited in the micro-gap of the metasurface, where the electric field concentration is maximum.
In that case, Park et al. [8] achieved a frequency shift of 2% (~15 GHz). Applying a similar procedure
to the labyrinth metasurface, we find that with the deposition of N = 5 fungi elements in the area
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of maximum electric field magnitude (see Figure 3a), a frequency shift of 9% (77 GHz) is obtained,
improving the previous results by a factor of more than 4.

|S11| (dB)

(b)

|s11| (dB)

Frequency (THz)

Figure 3. (a) Electric field distribution over the labyrinth surface for the designed structure with N = 5
(Af = 5.48%) fungi placed at the regions of maximum electric field confinement (left) and reflection
coefficient comparison with the bare structure (right). (b) Electric field distribution (left) and reflection
coefficient (right) when placing N = 15 (Ay = 16.45%) fungi elements in the places where the electric
field confinement is maximum (pink curve), and comparison with the bare structure (black curve).

This excellent performance is due to the intricate geometry of the metasensor, which provokes a
strong electric field confinement between the adjacent metallic strips of the surface, scattered within
the unit cell area and not concentrated at discrete spots. In fact, as it can be seen in Figure 3, there
are more regions with high electric field confinement. If we cover systematically all these zones with
N =15 fungi elements, as shown in Figure 3b, the frequency shift of the resonance is much larger.
Thus, with only 15 fungi elements, which represent a fractional area of 16.45%, we obtain a frequency
shift of 134 GHz similar to the case of N = 100 fungi elements analyzed above, demonstrating the
importance of the element’s location. We obtained sensitivity and FOM values that are well above
those obtained with a much larger number of randomly deposited fungi elements. Concretely, we
reached a maximum sensitivity of 351.9 GHz/RIU, and a maximum FOM of 2 (RIU)™! for the case of
coating the surface with N = 5 fungi placed in the microgap of the surface. If we look at the comparison
described in Table 1, we can verify that the values for this case almost triple those obtained in the rest
of the study. It is also noticed that the sensitivity and FOM values are greater for the case of N =5
fungi instead of N = 15 fungi ordered in the area of interest. Although the frequency shift is larger in
the second case, the fractional area occupied is also higher, causing a decrease in the sensitivity.

4. Conclusions

To conclude, we reported here a labyrinth metasurface operating at THz with high sensitivity
and FOM working as a fungi biosensor. The use of convoluted metageometries instead of metaatoms
improves the electric field concentration within the surface and not only at discrete points. The behavior
of the structure was numerically tested obtaining a mean sensitivity of 80 GHz/RIU, and a mean FOM
of 0.85 (RIU)~! when depositing different fungi concentrations, from N = 5 to N = 100 arbitrarily at
random positions. Furthermore, a study of the electric field distribution over the metasensor surface
was done. By identifying the regions of high electric field concentration, it was determined that with a
number of fungi elements as low as N = 5, a high frequency shift of 9% (77 GHz) is obtained, improving
previous works based on metaatoms by a factor of more than 4. Moreover, depositing N = 15 fungi



PAPER B 47

Sensors 2019, 19, 4396 70f8

along all the area where the electric field distribution is maximum, a frequency shift of 134 GHz is
achieved, similar to the case of having N = 100 fungi elements at random positions. This highlights
the importance of the fungi location in the device and the better performance of metageometry-based
designs in comparison with classical structures utilizing metaatoms. These new structures, where
the enhanced electric field is distributed over a much larger surface area of the device, can be of high
interest for biological sensing when the amount of sample under measurement is relatively small.

The study presented in this work is limited to numerical investigations. Fabricating the proposed
metasurface biosensor and its experimental testing is under consideration now. The technological
aspects of the sensor’s fabrication, as well as the issues of sensor’s viability and contamination of the
substrate, are beyond the scope of this paper and will be published elsewhere.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/20/4396/s1,
Table S1: Frequency resonance for all the simulations carried out for each fungi concentration, average and typical
deviation for each case.
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Chapter III:
Metasurfaces for
Food Safety

In this part of the thesis we change our sensing target to chemical substances,
specifically Polycyclic Aromatic Hydrocarbons, that have shown to have a detrimental effect
on human health. This chapter provides an introduction to these substances, and puts into
context the interest in their effective detection. As final part, we present our own
contribution to the topic.
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3.1.Polycyclic Aromatic Hydrocarbons (PAHs) - What are they?

Polycyclic Aromatic Hydrocarbons (PAHs) encompass hundreds of organic compounds
containing two or more fused aromatic rings, composed of carbon and hydrogen atoms.
Depending on the number of aromatic rings in a compound, they can be classified into light
or heavy. Thus, compounds with 2-3 rings, extremely volatiles, comprise light PAHs;
whereas less volatile compounds with more than 4 rings are classified as larger or heavy
PAHs [141], [142]. These PAHs are non-biodegradable, persist in the environment, and are
classified as harmful to human health. The pyrolytic process of formation of these
compounds depends fundamentally on three factors (high temperatures, low O3 levels, and
the presence of organic matter), resulting in incomplete combustion [143]. This process
generates a mixture of PAHs that tend to accumulate in the environment, affecting the air
or water among others, and entering the food chain.

Of the total human exposure to these compounds, more than 80% is through food
consumption, especially in non-smokers [142]. This food contamination may be due to two
main factors: environmental contamination, and food processing [141]. Environmental
contamination leads to a concentration of PAHs in the atmosphere (water, air), which ends
up in vegetation. In turn, this vegetation acts as feed for livestock or aquatic species and
therefore leads to contamination of meat and marine products and their derivatives. On the
other hand, PAHs can also be generated during food processing, especially in processes
involving fuel partial combustion[141], [143], high temperature preparations [144], [145],
and cooking involving direct exposure to flames [145], [146].

At the turn of the century, the Scientific Committee on Food, on the basis of their
occurrence and toxic effects, selected 33 individual PAHs from the several hundred
environmentally persistent compounds that presented risks to human health [147]. In
recent years, the International Agency for Research on Cancer (IARC), the Agency for Toxic
Substances and Disease Register (ATS-DR), the US Environmental Protection Agency (EPA),
the Scientific Committee on Food (SCF), the Joint Food and Agriculture Organization
(FAO)/World Health Organization (WHO) Expert Committee on Food Additives (JECFA),
and the European Union (EU) have classified PAHs regarding their carcinogenic and
mutagenic properties of PAHs present in food (see Table 3.1). Among all of them, The
European Commission (EC) has identified four major PAHs (PAH4) in foods:
benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), and
benzo[a]pyrene (BaP) [148]. Within this group, the IARC classifies BaP as carcinogenic to
humans (group 1), whereas BaA, BbF, and Chr, are classified as possibly carcinogenic to
humans (group 2B).

3.1.1. Health risks and regulation

PAHs have a lipophilic nature, which means that they have an increased solubility in
fats. This lipophilic nature allows them to be easily attached to the cell membrane,
producing structural changes in the cells that can affect their normal behavior [149]. This is
why foods with a high fat content are excellent delivery systems for these molecules, and
allow their absorption by the intestinal tract [150], [151]. Recently, Emel Oz [151] evaluated
the formation of BaP and PAH4 in several barbecued meatballs formulated with different
animal fats (beef intermuscular and/or sheep tail). The study showed that the use of
different animal fat significantly affected the amount of BaP and PAH4, with quantification
values that ranged between 2.33-4.30 and 8.41-15.48 ng/g, respectively. It was also shown
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that using a mixture of intermuscular and sheep tail fat reduced the PAH formation in about
46% compared with the meatballs made only with sheep tail fat, which have a higher
proportion of polyunsaturated fatty acids.

Table 3.1. Chemical, carcinogenic, and mutagenic properties of PAHs.

Compound name Abbreviation (l‘;‘l(l)(:'miucl:ll Genotoxicity classli?il::tiona
Acenaphthene ACE Ci12H1o Questionable Not evaluated
Acenaphthylene ACY C12H10 Questionable Not evaluated
Anthracene ANT C14H10 Negative 3
Benz(a)anthracene BaA CisH12 Positive 2B
Benzo(b)fluoranthene BbF C20H12 Positive 2B
Benzo(k)fluoranthene BkF C20H12 Positive 2B
Benzo(gh,i)perylene BPe C22H12 Positive 3
Benzo(a)pyrene BaP Cz20H12 Positive 1
Chrysene Chr CisH1z Positive 2B
Dibenz(a,h)anthracene DBA C22H14 Positive 2A
Fluoranthene FLT Ci6H1o Positive 3
Flourene FLR Ci3H1o Negative 3
Indeno(1,2,3-cd)pyrene IcP C22H12 Positive 2B
Phenanthrene PHN C14H10 Questionable 3
Pyrene PYR Ci6H1o Questionable 3
Naphthalene NAP CioHs Positive 2B

a1 - Carcinogenic, 2A - Probably carcinogenic, 2B - Possibly carcinogenic and 3 - Not classifiable
Adapted from [142].

Chronic human exposure to PAHs favors the growth or the prevalence of some diseases
such as lung cancer (in smokers), or intestinal diseases (in non-smokers). The toxic effects
of PAHs depend largely on the duration and mode of exposure [152]. Although the ability of
PAHs to induce short-term effects is unclear, exposure to high levels may result in eye
irritation, nausea, diarrhea, or confusion. Specifically, Naphthalene (NAP) and BaP are direct
skin irritants, and may cause allergic reactions in animals and humans [152], [153]. Long-
term adverse effects (chronic exposure) include decreased immune system, liver and
kidney damage, respiratory problems, asthma, cataracts, and abnormalities in lung
function. In addition, NAP can cause red blood cell rupture if inhaled or ingested in large
amounts [152], [154]. One of the main concerns about this is the ability of some PAHs
reactive metabolites (toxic substances produced by the body during the breakdown of food)
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to bind to cellular proteins and DNA, leading to mutations, malformations, tumors, and/or
cancer [152], [154], [155]. BaP was the first carcinogenic chemical discovered, and is the
most common PAH that causes cancer in animals and, until 2008, the European Food Safety
Authority (EFSA) used it as the only marker for the occurrence of PAHs in food [143].
However, in 2011 the EU amended the previous legislation through the EU Regulation No
835/2011, which introduced the maximum permitted levels of BaP, but also the sum of
PAH4 in foodstuff, with 5 ug/kg and 35 pg/kg being the maximum levels allowed for BaP
and PAH4, respectively [148].

3.1.2. Factors affecting food contamination

Food contamination can occur at different stages, from agriculture, with contamination
of water, air, etc., which will result in contamination of livestock pasture; to the processing
or cooking techniques of the food itself. It is therefore essential to know the content of
harmful compounds in raw and unprocessed foods before scrutinizing processing/cooking
techniques alone [151], [156]. Regarding processing and cooking, PAH formation depends
on the type of product and its processing method, as well as other factors such as the
combustible type, the oxygen levels, or the smoke generator used in the process.

Cooking techniques

The use of heat sources in the cooking of food provides several benefits, among which
the following are noteworthy [157]:

e Improved sensory quality, due to changes in odor, taste, or visual appearance in
contrast to the raw food.

e An improvement in nutritional quality, and it provides an aid to food digestibility
and nutrient bioavailability (the rate and amount at which that nutrient, or part of
it, is absorbed and becomes available at its site of action).

e Enhancement of microbiological quality by the elimination of bacteria and other
organisms harmful to health.

However, some processes can lead to the formation of harmful compounds, PAHs
among others, especially if they involve high temperatures [144], [158]. Cooking techniques
involving heat sources can be classified in two major types: dry and wet cooking. Dry
cooking refers to a direct exposure of food to heat without a thermal transfer medium, such
as water or oil, and comprises the procedures of baking, roasting, grilling, or microwave use.
On the contrary, wet cooking refers to the thermal food procedures using a liquid transfer
medium, and comprises procedures such as boiling, poaching, stewing, braising, or
steaming [157]. Regarding this, many studies have been carried out concerning the PAHs
formation in various cooking methods, where almost all of them agree in the fact that wet
cooking techniques are safer than dry cooking ones [156], [159]-[161].

Due to the public concern about PAH contamination, the FAO and the WHO also
published a code of good practice that establishes variables that influence PAH
contamination, as well as guidelines to make some cooking techniques safer [162]. In
addition to the recommended cooking methods, techniques and strategies mentioned in this
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document, there are other specific procedures that have shown to reduce PAH levels in food,
among which the following can be highlighted:

a) Marinades

Marinating meats and fish is a very common practice used to improve the flavor, aroma
and texture of products. Moreover, this technique has also been shown to have effects on
the formation of PAHs, depending on the ingredients used in this pretreatment [143], [150].
Thus, marinating with ingredients that present antioxidant properties, such as spices, garlic,
or onion, as well as acidic ingredients such as fruit juice, or some herbs and teas [146], have
been shown to inhibit the formation of PAHs [144], [158], [163]. Conversely, other type of
ingredients such as alkalines (pH > 7.5) or some oils (sodium bicarbonate, palm/sunflower
oil, etc.) have been shown to produce an increase in the total amount of PAH compounds in
some foods when using them in marinades [146], [164].

b) Use of additives

The addition of additives such as some water-soluble vitamins (especially
pyridoxamine), molar sugar in an adequate quantity (9-15%), or sulfur-containing (like
sodium bisulfite) organic compounds and nitrites have shown to mitigate the formation of
heterocyclic amines during cooking processes, as explained in more detail in [165].

c¢) Washing/peeling

According to the EC, the JECFA, and other studies, suggest that washing the surface
of smoked fish, or peeling the surface of smoked or grilled products also help to reduce the
dietary amount of PAH levels in food [146], [147], [162], therefore making it safer for
consumption.

d) Irradiation

Irradiation at some frequencies may also have beneficial effects in contamination levels.
Gamma irradiation effects on different PAH have been investigated when irradiating wheat
grains [166], or pea seeds [167]. More recently, a study carried out by Rosinka [168]
measured the influence of UV radiation on PAHs in wastewater, showing that after UV
radiation, a total decrease of 66.1% in the total amount of PAH concentration was achieved.

e) Packaging

The effect of the packaging material used to preserve some foods or liquids, plastics
specially, may also have an effect on PAH contents. Several studies have shown that the use
of different types of plastics in the packaging and preservation of food products can reduce
contamination, because PAHs tend to adhere to these types of materials, especially to high-
density and low-density polyethylene (HDPE and LDPE) [169], [170].

3.1.3. Detection and quantification techniques. Chromatography

Due to their great importance, PAHs have been extensively studied throughout history
and there is a wide range of methods for their analysis. At present, the most widely used
technique for the determination and quantification of these compounds, is chromatography.

Chromatography is an analytical technique for separation and quantification of the
components of a mixture. The system is composed of two phases: the stationary phase (SP),
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which hinders the passage of the components through the system; and the mobile phase
(MP), which contains the sample. The different components of the MP pass through the
system at different speeds, with different retention times depending on each component. It
is essential that the retention time of the analyte differs from that of the other sample
components. To evaluate the quality of this process, there are three key factors: the speed
of the process, the economic cost of the process, and the efficiency in the separation of the
components [171], [172].

Although there are several chromatographic techniques, the most commonly used for
PAHs are gas chromatography (GC) and liquid chromatography (HPLC). The general
operating scheme, as well as the parts of which the chromatograph equipment is composed,
are shown in Figure 3.1.

Sample
injector

O—<to

o

Column PC

Pump Detector

Figure 3.1: Scheme of the parts composing a chromatographic equipment. Adapted from [172].

The MP is the carrier substance of the mixture in charge of conducting it through the
system. Depending on the technique used, this MP will be liquid (HPLC) or gaseous (GC).
The SP, on the other hand, can be in solid (liquid-solid chromatography or gas-solid
chromatography) or liquid (liquid-liquid chromatography or gas-liquid chromatography)
state. The most important part of this equipment is the column, since it is the place where
the separation of the different components of the mixture takes place. This column contains
the SP inside, which will act as a resistor for the components of the mixture. There are two
different types of columns: open tubular or capillary; and packed. The separation will be
favored by the difference in chemical properties between the different molecules of the
sample, as well as by their relative affinity for the SP of the column itself. The pump is the
part of the equipment in charge of providing the column with a constant flow of MP. This
MP may be pumped at constant speed or not, depending on the type of components in the
sample to be analyzed. The injector is responsible for introducing the sample under analysis
into the MP stream. Thus, once it reaches the column, the different components of the
mixture will leave the column (elute from the column) at different retention times, allowing
the detector to analyze each of the components independently. As for the detector, it can be
of different types in both techniques (GC and HPLC), the most common being the mass
spectrometer in GC, which analyzes the components by their mass-to-charge ratio; and the
fluorescence detector in HPLC, which is more selective than other types because few
substances emit fluorescence (some PAHs do) [173]-[175].

Because in GC the MP is gaseous (a single gas or a mixture of gases: He, Ar, N2, H2), most
of the time the pump is replaced by a bottle containing the carrier gas(es) at the given
pressure. Although this technique offers high resolution, in the case of PAHs it is difficult to
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achieve PAH fragmentation without damaging the SP of the column. High temperatures
would not affect PAHs (because of their high thermal stability) but they could decompose,
or evaporate, the SF [172].

In contrast, the MP is liquid in the case of HPLC, so the use of a pump is necessary for
the MP to flow through the column. In this technique, the sample is sometimes first passed
through a pre-column in order to filter out larger particles and protect the column from
chemical contaminants and particles. Thus, HPLC technique increases the separation
efficiency and shortens the elution time (time it takes for the solute to enter and leave the
column) without losing resolution; however, the process is more complicated and expensive
[172].

There are several studies that have employed these techniques as well as multiple
combinations and variants of them by the use of different stages and/or type of detectors,
with results that reach very high sensitivities and can be consulted in different reviews
[143], [150], but this is beyond the scope of this work.

3.2.0ur work (PAPER (C): Metasensor for PAH detection and identification

PAHs, when presented in food systems, have been shown to have a potential
detrimental effect on human health due to its genotoxicity, and can be carcinogenic to
animals and humans if the exposure to them occurs in large concentrations, or chronically.
Because of this, since their discovery, they have arisen great interest within governmental
and regulatory institutions that have studied them exhaustively and have regulated the
maximum quantities allowed in foodstuffs. This field has also motivated a large part of the
scientific community, especially those dedicated to biochemistry, health, and food
technology, to search for the best alternatives for its control in human consumption. Thus,
in this part of the thesis our aim is to join two very different fields of study, such as
metamaterials engineering and food safety, proposing new methodologies for PAH
detection and quantification, and studying their usefulness in comparison with the current
official techniques.

In our work [PAPER C], we use the labyrinth metasurface designed in [PAPER A] and
try to detect and identify different PAH compounds. Thus, the main objective of this work is
to use this metageometry as a possible alternative to chromatography, in PAH
determination. For this purpose, we made a complete experimental work, where the
following tasks were undertaken:

1. Choosing target compounds (analytes): the compounds chosen for the study
were those identified as PAH4 group (BaP, BaA, BbF, and Chr), due to their
consideration within the current regulations as the most dangerous compounds and
present in foodstuff.

2. Choosing physical state of the analyte: after making several initial tests with the
pure compounds (provided by Scharlab), and making measurements with those
compounds in solid state (powder), or dissolved in different solvent types, it was
concluded that the most efficient way to calculate concentration and volumes (so
that all measurements were made under the same conditions), was with the
compounds in solution form.
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3. Choosing the best solvent: different polar (acetone, acetonitrile) and non-polar
solvents (ethyl acetate, ciclohexane) were measured alone. After testing the
behavior of all of them (evaporation process and effect on the metasurface
resonance, ease of cleaning, possible damages caused to the metasurface materials,
etc.), a mixture of cyclohexane-ethyl acetate in a proportion of 9:1 was chosen.

4. Choosing measurable PAH concentrations: for each of the PAHs, lower
concentrations were measured each time until the lowest level of detection allowed
by our labyrinth metasurface was identified. This lowest value was of 100 pg/ml
(ppm) in the case of BaP, BaA, and Chr; and 250 ppm in the case of BbF.

For each measured compound, we poured 300 uL of the solutions at different
concentrations (100 ppm, 250 ppm, 500 ppm, and 250 ppm, 500 ppm, and 1000 ppm in the
case of BaP, BaA, Chr; and BbF, respectively) and let the solvent evaporate by air-drying the
sample for 10 minutes. After the solvent evaporation and because the concentrations used
were quite high, traces of the analyte could be observed on the surface of the metasensor,
as shown in Fig. 3.2.

Figure 3.2: Images of a BbF sample on the labyrinth metasurface at concentrations of 250 ppm
(left), 500 ppm (center), and 1000 ppm (right).

The results shown in this work are still very far from even approaching the legal
detection levels (order of pg/ul). However, we wanted to open a door to the design of other
possible methodologies in the detection and identification of hazardous substances present
in human food. Although a much more exhaustive study is needed, by taking the design of
metasurfaces to higher frequencies, it could be possible to improve the minimum detectable
concentrations, getting results closer to conventional techniques.

Author contribution to this work:

= Experimental design and Sample preparation.

= Experimental characterization with an ABmm Vector Network Analyser (VNA)
MVNA-8-350-4 equipped with an horizontal quasioptical bench working in the
reflection configuration.

= Results validation and graphical representation.

= Manuscript preparation and writing.
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Chapter 1V:
Alternative
Metasurface
Designs

Up to this point, we have made an extensive review of different metasurfaces based on
the paradigm of metageometries. In this section, we explore other sensor models based on
alternative designs. In the first paper, we focus on the modification of the geometry of basic
structures based on meta-atoms to improve the concentration of the electric field on the
entire sensing surface, thus improving the metasensor sensitivity levels without the use of
complex manufacture techniques.

The second paper explores the physical phenomenon of extraordinary transmission
(ET), testing its potential in sensing applications through the design of structures based on
subwavelength hole arrays (SHAs).



62 Chapter IV: Alternative Metasurface Designs

4.1. Alternative meta-atom designs

Up to this point of the thesis, we have seen that the world of metasurface design for
sensing applications is very broad, and is gaining more and more importance within the
research community. Whatever the type of metasensor employed, one of the biggest
challenges of THz sensing is how to achieve a high-quality device in terms of sensitivity and
FOM.

As seen in the previous chapters, metageometries have become a very good option to
achieve these high values of sensitivity and FOM, due to the way in which the electric field
is distributed along its entire surface. Although having been demonstrated to present clear
advantages in terms of quality achieved in sensing applications, they are also more
elaborated, and difficult to manufacture, especially at high frequencies.

We must bear in mind that in order to develop a sensing device with which to be able
to detect minute thicknesses, or even living organisms as efficiently as possible, we must be
able to adapt to the design of structures of similar dimensions to our targets. This implies
working with designs in which the track thickness is, most of the time, less than 1 pm. In
structures with intricated geometries, this process becomes tedious and complicated.

4.2. Our work (D): Sensitivity enhancement on tripod-based metasurfaces

In this work [PAPER D], we start from a very simple metasurface consisting of a tripod-
based meta-atom (we called this tripod metasurfaces). Its geometry consists of three blades
separated from each other by 120 degrees, as shown in Fig. 4.1.

/

/ / 4

~/ . [

Figure 4.1. (a) Representation of the changes introduced in the tripod metasurface in
[PAPER D].

We carry out modifications to its geometry to improve its detection limit and its
sensitivity in thin-film sensing applications based on this design. Our objective is to obtain
designs based on meta-structures that are easy to design and manufacture but whose
electric field is distributed over the unit cell as much as possible. For this purpose, the design
procedure in this work was done as follows:

- Choosing a starting design: as an initial point, we designed a solid tripod
metasurface consisting of a layer of aluminum metallic blades printed over a 150
um thick PP substrate with back metallization acting as a ground plane.

- Hollow tripods: another design of the same pattern of blades was made, but this
time we performed a hollowed design. As shown in Fig. 4.1, by creating a cavity
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between the blades, the electric field is highly concentrated inside it, resulting in an
important improvement of the sensitivity.

- Refining the design: after several tests and modifications that are detailed in the
work, as a final step, we resized the tracks widths of our design and incorporated
some arms, achieving a significant increase in the field concentration and therefore,
in the final sensitivity.

As afinal step, we made a comparison with other similar designs found in the literature,
showing that our final tripod design was on the top of the list.

According with the results achieved in this work, we corroborated that the higher the
electric field concentration on the surfaces, the larger the frequency shift and sensitivity
results, what emphasizes the importance of the use of metageometries with complex
geometries for sensing purposes.

Author contribution to this work:

= Design of the tripod-loop initial and improved structures.
= Numerical simulations obtained with the commercial simulator CST Studio Suite.
= Results validation and graphical representation.

= Manuscript preparation and writing.
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Abstract: The high electric field intensity achieved on the surface of sensors based on metasurfaces
(metasensors) makes them an excellent alternative for sensing applications where the volume of the
sample to be identified is tiny (for instance, thin-film sensing devices). Various shapes and geometries
have been proposed recently for the design of these metasensors unit-cells (meta-atoms) such as split
ring resonators or hole arrays, among others. In this paper, we propose, design, and evaluate two
types of tripod metasurfaces with different complexity in their geometry. An in-depth comparison
of their performance is presented when using them as thin-film sensor devices. The meta-atoms of
the proposed metasensors consist of a simple tripod and a hollow tripod structure. From numerical
calculations, it is shown that the best geometry to perform thin-film sensing is the compact hollow
tripod (due to the highest electric field on its surface) with a mean sensitivity of 3.72 x 107> nm~".
Different modifications are made to this structure to improve this value, such as introducing arms in
the design and rotating the metallic pattern 30 degrees. The best sensitivity achieved for extremely
thin film analytes (5-25 nm thick) has an average value of 1.42 x 10~ nm, which translates into
an extremely high improvement of 381% with respect to the initial hollow tripod structure. Finally,
a comparison with other designs found in the literature shows that our design is at the top of the
ranking, improving the overall performance by more than one order of magnitude. These results
highlight the importance of using metastructures with more complex geometries so that a higher
electric field intensity distribution and, therefore, designs with better performance can be obtained.

Keywords: terahertz; metasurfaces; tripod; thin-film; sensing; metasensors

1. Introduction

The use of metasurfaces operating in the terahertz (THz) band for sensing applications has
gained increased attention in the last few years. This is because of the recent and unprecedented
advances achieved in the development of technology in this spectral region [0.1-10 THz], such as
more efficient sources and detectors added to commercial instrumentation like THz time-domain
spectrometers (THz-TDS) [1]. The particular characteristics of the THz band such as the sensitivity
to weak molecular interactions, water absorption, and penetrability through non-polar materials,
have attracted the attention of the scientific community in a wide variety of fields such as security,
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medicine, communications [2], as well as sensing applications [3-9]. Metasurfaces are usually designed
by assembling arrays of subwavelength resonators (meta-atoms), whose electromagnetic response can
be arbitrarily manipulated by selecting the best suitable materials, geometries, and spatial arrangement.
Of particular interest in sensing applications is the fact that meta-atoms produce a high electric field
intensity at their resonance frequency, leading to an enhancement of the interaction of any substance or
analyte under analysis placed on, or at the vicinity of, the metasurface. As a result of such light-matter
interaction enhancement, observable changes in its frequency response arise. This is advantageous
compared to traditional detection methods, whose main weakness lies in the difference of wavelength
and analyte size: the THz wavelength size is of the order of tens to thousands of microns, whereas
typical analyte sample sizes are often below one micrometer [4,5,9-12]. For this reason, there is usually
not enough interaction between the radiation and the sample, and thus, the sensing becomes very
difficult or even impossible.

Thin-film sensing is of high interest in practical applications, especially when measuring substances
in a thin homogeneous sample becomes essential or when the sample amount is too small. Additionally,
it can be used for situations in which it is easier to process a thin-film form of the sample due to
the nature of the substance, such as in biological and chemical sensing [13]. There are different
examples in the literature of metasurfaces designed to perform this type of sensing such as designs
based on split-ring resonators (SRRs) [10,14,15], crosses [8,16], metastructures that exploit very sharp
resonances such as Fano devices or hole arrays [10,17], or more complex geometries or materials such
as graphene-based metasurfaces [18]. There are recent reviews that summarize all this information and
the different types of device proposed in the literature [5]. Whichever the type of metasensor employed,
one of the biggest challenges of THz thin-film sensing is how to achieve a high-quality device in terms
of sensitivity (a parameter that gives a measure of the frequency shift compared to the response of
the empty structure) and figure of merit (FOM, that relates the sensitivity and resonance linewidth).
In practice, it is found that the higher the electric field confinement, the higher the sensitivity and
FOM [4]. The main advantage of metastructures based on meta-atoms lies in the ease of their design
and manufacture since their unit-cell geometries are not very complex. Meta-atoms based on crosses
or SRRs have been extensively studied in other works [8-10,12,14-16].

Motivated by the promising capabilities of metasurfaces for sensing and their importance for
thin-film detection at THz frequencies, in this work we propose metasensors using meta-atoms
with a geometry consisting of three blades separated from each other by 120 degrees, called “tripod
metasurfaces”. An in-depth comparison between different types of tripod-loop metasurfaces is
performed by studying metastructures with increasingly complex geometries: from simple tripod
metasurfaces made of solid blades (arms) to a hollow tripod metasurface where the electric field
confinement will be shown to be much higher. To carry out a qualitative comparison, we study
the behavior of both metastructures as thin-film sensing devices. As a final step, we analyze more
complex tripod metastructures, to which we add arms or rotations in the metallic pattern (hollow
tripod + arms, hollow tripod + arms, rotated) and compare their performance with other designs
found in the literature.

2. Materials and Methods

The metasensors proposed in this work are designed to operate in absorption within the THz band
of 0.4-0.7 THz. All metastructures were configured as tri-layer designs consisting of a layer of aluminum
(Al) metallic blades printed over a 150 um thick polypropylene (PP) substrate with back metallization
acting as a ground plane. It is important to note that metals within the designed THz frequency range
can still be considered as conductors that can be modeled using finite conductivity [4,19], hence the
back metallic sheet acts as a reflecting layer. The structure dimensions are: periodicity, d = 162.5 pm;
distance between metallic strips, a = 26 pm; metallic strips width, ¢ = 9.5 pm; metallic layers thickness,
t = 0.4 um; and blade width, w = 58.5 um; as shown in Figure 1.
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Solid tripod Hollow tripod

Figure 1. Front view of the designed tripod metasurfaces unit cells. Metallization is represented in
grey and polypropylene (PP) substrate in red.

The designed metasurfaces are simulated using the commercial simulator CST Microwave
Studio™. Floquet ports and periodic boundary conditions are applied to the designed unit cells to
model the metasurfaces as an infinitely replicated array. The PP substrate was modeled as a low-loss
dielectric with a complex relative permittivity epp = 2.25(1 — j1073). The aluminum used for the
pattern and the ground plane was modeled as a lossy metal with electrical conductivity o = 1.5 X
107 S/m, as in [4,19] with the nominal conductivity of aluminum reduced to account for losses due to
roughness. The metasurfaces were illuminated under normal incidence using a vertically polarized
(Ey) plane wave. To evaluate the performance of the designed metasurfaces working as thin-film
sensors, their outer face was coated with different thin-film thicknesses, ranging from 200 nm to 800 nm.
The dielectric permittivity of the analyte used for this purpose was ¢, = 8, as this value has been used
in other studies dealing with biosensing applications [19,20].

3. Results and Discussion

The numerical results of the reflection coefficient for the designed metasensors are shown in
Figure 2. As shown in the figure (black curves), the response of the analyte-free metastructures exhibits
a dip in the reflection coefficient at 551 GHz (hollow tripod, Figure 2b) and 620 GHz (solid tripod,
Figure 2a). Before coating the surfaces with different analyte thicknesses, a study of the electric field
distribution over the surface of the analyte-free structure was carried out, and the results are shown
as insets in the same figure. As shown in Figure 2a,b, there are apparent differences between both
metastructures. While in the solid tripod metastructure (Figure 2a) the electric field is confined only at
the tips of the metallic blades, in the hollow tripod structure, the electric field is also confined inside
the hollow blades, due to the capacitance generated between the metallic strips (see Figure 2b).
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Figure 2. Reflection coefficient for different analyte thicknesses: 0 nm (black line), 200 nm (red line),
400 nm (blue line), 600 nm (cyan line), and 800 nm (dark pink line), for the solid tripod structure (a),
and the hollow tripod structures (b,c). Insets: electric field magnitude over the empty (analyte-free)
tripod metasurfaces. Frequency shift as a function of the analyte thickness, for extremely thin analytes
with average sensitivity for the solid tripod structure (d), and the hollow tripod structures (e,f).

When using this type of unit cells for sensing applications, it becomes essential to have the
maximum possible electric field concentration to increase the sensitivity to dielectric changes in the
vicinity of its surface. The sensing performance of both metastructures was studied by coating them
with a dielectric thin-film acting as an analyte, with dielectric permittivity ¢, = 8, and thicknesses
ranging from h,; = 200 nm to /i, = 800 nm. The reflection spectra for the different analyte thicknesses are
plotted in Figure 2a,c. As observed, a redshift of the resonance dip occurs when the analyte thickness
increases, as expected. For completeness, this frequency shift as a function of the analyte thickness
is plotted in Figure 2d,e where the redshift is clearly shown. To obtain a quantitative estimation of
the sensing performance, we calculate the sensitivity of each structure, defined as S = (Af/fy)/h; and
measured in nm~!, where Af = f — fo, with f the resonance frequency for each analyte thickness, /,, and
fo the resonance frequency without the analyte. With this definition, we obtain an average sensitivity
of 3.54 x 107> nm™! for the solid tripod structure, and an average sensitivity of 3.72 X 107> nm™! for
the hollow tripod structure. These results translate into an improvement of the hollow structure of
approximately 5% with respect to the solid tripod. As mentioned above, this can be because the electric
field confinement is more distributed along the surface of the hollow tripod, making it more sensitive
to changes in the refractive index around the surface of the structure.
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The previous results suggest that one of the most critical factors for a good sensing device is to
have large electric field confinement. To verify this, new metastructures were designed, based on the
hollow tripod. First, we modify the strip width g (see dimensions in Figure 1) and the gap between
strips, a, to optimize these parameters, and to achieve as deep a resonance as possible. Based on this
analysis, it was found that the best dimensions are those in the inset of Figure 2e with: 2 = 30 pm and
g ="7.5pm. As observed in the curves of the reflection coefficient for different analyte thicknesses
(Figure 2c), the frequency shift obtained is significantly larger than in the previous cases. Specifically,
a maximum frequency shift of 4.36% is achieved for an analyte thickness of 800 nm (Figure 2f). This
provides a mean sensitivity of 6.4 X 107> nm™1, giving rise to a 172% improvement regarding the hollow
structure. In addition to being easy to design and manufacture, this structure is largely insensitive to
the angle of polarization (as shown in the Supplementary Material), which is advantageous for sensing
applications where it is vitally important to position the sample in the correct alignment.

Once the optimal dimensions of the structure have been found, we continue this work by
introducing changes in the design to improve the sensitivity and, therefore, the quality of the
metasensor device. One way to enhance the electric field concentration is by adding arms to each of
the three vertexes of the metallic pattern, as shown in the insets of Figure 3. In order to know the
optimal length of these arms, we performed a parameter sweep of their length. The length of the arms
(larm) varied from 5 pm up to the maximum, limited by the size of the unit cell, see Figure 3. The best
results were achieved for an arm’s length equal to or less than 10 pm, obtaining a higher quality factor
resonance in the bare structure. Thus, due to the greater ease of manufacture, we have chosen an arm’s
length of 10 pm.

Reflection coeff. (dB)

-16{ P~ " ‘2
450 500 550 600 650

Frequency (GHz)

Figure 3. Reflection coefficient for different arm lengths (linear sweep from 0 to 95 um) of the hollow
tripod structure. Insets: schematic representation for arm lengths of 0 um (top) and 95 pm (bottom).

To compare the sensitivity achieved with the previous metastructures, we coated the new design
with the same analyte thicknesses as before, obtaining the reflection coefficient results plotted in
Figure 4a. When varying the analyte thickness between 200 and 800 nm, a maximum frequency
shift of 5.09 GHz was obtained (see Figure 4c) with a mean sensitivity of 7.32 x 107> nm~!, leading
to an improvement of 196% with respect to the hollow tripod. As can be observed in Figure 4a,
this structure allows us to detect much thinner thicknesses than 200 nm, so we coated the structure
with very thin films, with thicknesses ranging from 5 nm to 25 nm. The reflection coefficient and
corresponding frequency shifts for these thicknesses can be seen in the inset of Figure 4a. With these
results, we calculate a mean sensitivity of 1.27 X 107 nm~! (improvement of 341% respect to the hollow
tripod structure, which is not able to detect such ultrathin thicknesses, as shown in the supplementary
material). As a final step, we rotate the metallic pattern of the metasurface unit cell 30° to perform
the last comparison. The reflection coefficient and frequency shift achieved are shown in Figure 4b,d.
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As observed, the performance of this design is similar to the previous one (without rotation), which
agrees with the results found in [21] for single particles (non-periodic) plasmonic tripods with Cj
rotational symmetry. If we calculate the maximum frequency shift and the mean sensitivity again,
the resulting values are 5.1 GHz, and 7.35 X 10™ nm~! for analyte thicknesses between 200 and 800 nm,
respectively, which are approximately identical to the previous case. The mean sensitivity with very
thin films (5 to 25 nm) was also calculated obtaining a mean value of 1.42 x 10~ nm~!, leading to
an improvement of 381% with respect to the hollow tripod, and thus becoming the best option for
sensing applications. Table 1 summarizes the maximum frequency shift and sensitivity achieved for

the different metastructures studied in this work.
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Figure 4. Reflection coefficient for different analyte thicknesses for the hollow tripod structure with

arms (a), and the hollow tripod structure with arms, and rotated (b). Insets: zoom of the reflection

coefficient for both metastructures and extremely thin film analytes (0—25 nm). Frequency shift as

a function of the analyte thickness, with average sensitivity for the hollow tripod structure with arms

(c), and the hollow tripod structure with arms, and rotated (d).

Table 1. Comparison of the most relevant quality parameters of the three tripod-metastructures studied

in this work when working as thin-film sensors where the analyte thickness deposited varies between
200 and 800 nm (top), and for ultra-thin analytes between 5 and 25 nm (bottom).

h,; (nm) Tripod Structure Af max (%) Mean Sensitivity (nm~1)
Solid 1.89 3.54 x 107
Hollow a = 26 um 255 3.72 x 1070
200-800 Hollow a = 30 pm 436 6.40 x 107>
Hollow + arms 5.09 732 x107°
Hollow + arms, rotated 5.11 7.35 x 107>
505 Hollow + arms 0.50 127 x 1074
B Hollow + arms, rotated 0.60 142 x 1074

As a final step, a comparison with other works found in the literature was carried out, in which
similar designs in terms of complexity and dimensions were analyzed (note that we tried to keep
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the dimensions compatible with standard photolithography techniques). To make a fair comparison
of all designs, we used a new sensitivity definition that also takes into account the operational
frequency, and the analyte refractive index (otherwise, we would be benefiting those works in which
the refractive index is higher) as S = (Af/fo)/(ha'114), with h, the analyte thickness, and 7, the analyte
refractive index. This comparison can be seen in Table 2. As shown, this work could be on the top of
the ranking, achieving a high sensitivity for thicknesses of analyte several orders lower than other
designs. A possible explanation for this better performance could be that the hollow tripod has a field
distribution with more distributed hot spots along the unit cell and not concentrated at small areas,
similar to what happened in our previous paper [4].

Table 2. Comparison of different values of sensitivity achieved in different works, calculated as
S = (Af/fo)/(ha'ng), with h, the analyte thickness and 1, the analyte refractive index, in refractive index
units (RIU), and ordered chronologically.

Reference hg (nm) n, (RIU) fo (GH2) Af (GHz) Sensitivity (nm-RIU)~1
Ref [22], 2018 2000 1.01 2250 16 3.52x 1070
Ref [23], 2018 16 000 1.6 2260 200 3.45x 1070
Ref [24], 2019 250 1.6 396 1 6.3 x 107°
Ref [7], 2019 10 000 1.4 1550 10 4.6 x 1077
Ref [12], 2019 7 8 1000 3 5.35 x 107
This work 5 V8 604 0.6 7 %1070

4. Conclusions

To conclude, we have reported in this work three different tripod-based metasurfaces working as
thin-film sensors in the THz band. We have shown that the higher electric field concentration on the
surfaces, the larger the frequency shift, and sensitivity results. To corroborate this fact, two different
metastructures have been initially studied, a solid tripod and a hollow tripod metasurface, with higher
electric field confinement, obtaining average sensitivities of 3.54 X 107> nm™! and 3.72 x 107 nm™!,
respectively. Other metastructures have been designed, to improve the sensitivity, by changing the
unit cell parameters, including additional elements in the metallic pattern of the unit cell, such as
arms, or rotating the structure pattern, thus obtaining the best design with an average sensitivity of
1.42 x 10~* when measuring extremely thin analytes, meaning an improvement of 381% with respect
to the initial hollow tripod structure. Finally, we have performed a comparison with other designs
found in the literature, with similar complexity and dimensions, showing that our designed structure
is on top of the list, improving most of the previous works by more than one order of magnitude.
These results emphasize the importance of using metastructures with complex geometries for sensing
applications, in which the electric field is distributed throughout the surface and not only at discrete
points, such as metageometries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/18/6504/s1:
Figure S1: Spectral transmission of the simple tripod metasurface plotted as a function of the polarization angle.
Figure S2: Reflection coefficient for different ultrathin analyte thicknesses.
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4.3.Extraordinary Transmission Metasurfaces for sensing

4.3.1. Extraordinary transmission phenomena

An alternative way to design metasurface-based THz sensors with interesting and
competitive characteristics is to exploit the so called extraordinary transmission, a
phenomenon discovered in 1998 by T.W. Ebbesen [176]. After the first evidence of ET,
extensive research has been conducted on it. ET is manifested as high transmittance peaks
arising in the cutoff region of thin metallic plates perforated with a periodic matrix of
subwavelength holes. In other words, ET can be defined as the ability to transmit waves
through sub-wavelength holes drilled in a metal plate. Therefore, high transmittance is
observed below the cutoff of the holes.

This first experimental realization was done for the first time in the infrared range
[176] and was explained as a result of the coupling of the incident light to surface plasmon
polaritons (SPPs), supported by the periodic metallic surface. At optical frequencies (as well
as in microwaves and millimeter waves), metals are known to behave differently than at
lower frequencies such as microwaves and millimeter waves. In fact, electrons are not
attached to the nucleus, but move freely in the conduction band, as in a plasma medium.
Thus, the finite conductivity model has to be modified by more accurate models, such as a
Drude dispersion model. Particularly, Drude’s effective permittivity, &4 is defined as shown
in equation 4.1:

2
Wb

gq(w) =¢€,— (4.1

Wz_jW'Vc’

where w, is the plasma frequency [es(wp) = 0] and y. is the collision frequency which
accounts for damping effects due to the collision between electrons in motion.

However, it was soon noticed that the phenomenon of ET was more general and could
exist in other frequency ranges such as microwaves and millimeter waves where metals
admit both a Drude and a high conductivity model, although for simplicity they are usually
described assuming high conductivity. Indeed, the theoretical derivation proposed by L.
Martin-Moreno et al. in [177], already predicted similar peaks even with a perfect electric
conductor metal model. This opened the way toward the replica of the ET resonance all
along the electromagnetic spectrum. M. Beruete et al. [178] replicated the experimentin the
millimeter wave range where SPPs could not take place, since at these frequencies metals
are modeled by a classical finite conductivity model. Thus, the ET phenomenon was then
explained in terms of classical complex wave theory, instead of a model based on SPPs
excitation. Subsequently, a new perspective of equivalent circuit concepts was proposed in
[179] by reducing the periodic problem to a single unit cell of an equivalent virtual
waveguide with a circular diaphragm inside.

4.3.2. Subwavelength Hole Array metamaterials

Generally speaking, the fundamental difference between the metasurfaces studied up
to this point and ET SHAs lies in the type of resonance supported by the structure.
Conventional metasurface-based sensors rely on the excitation of local self-resonances
supported by the unit cell elements. This means that the effect of the periodic structure is
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second-order as, loosely speaking, the exact frequency location is marked by each resonator
and the coupling between them mainly affects the resonance bandwidth. In contrast, the ET
resonance is a collective effect that arises due to the interaction of the overall structure
because, by definition, each element is non-resonating (recall that the extraordinary fact of
this resonance is that the apertures are working in cutoff which inherently implies that the
holes must be non-resonating). More specifically, the ET peak can be explained as the
interaction between the incident wave and leaky-modes excited by the periodic hole matrix
that run along the surface as they leak away energy from it [180]. In this sense, it is
remarkable that the operation of metageometries such as the labyrinth metasuface
mentioned before are midway between self-resonances and collective resonances. In fact,
metageometries consist of the periodic replication of a unit cell but it is clear from the field
analysis that the energy distribution is spread along the unit cell and not confined
exclusively at some particular spots. In other words, there are internal interactions in the
unit cell that contribute to the resonance process, and furthermore, although these
interactions might change depending on the polarization of the incident wave, the
frequency response remains unaltered, giving an indication of a collective response of the
intricate structure that composes the unit cell.

Returning now to ET SHAs and focusing now on sensing applications, the first
realization of a thin-film sensor based on this resonance operating at the THz band was
published by Miyamaru et al. in 2006 [181]. The structure used in that work was a metal
sheet 500 um thick perforated with an array of circular holes with a diameter of 680 pum
distributed along a triangular array with a periodicity of 1130 um. To demonstrate the
sensitivity of the metallic grid to variations near the surface, it was coated with two different
paper sheets 240 pm thick, one clear and another printed. As the printed paper possessed
an estimated ink thickness of less than 5 um, the transmission response experienced a slight
frequency shift to lower frequencies with respect to the bare paper. Remarkably, in the
comparison between the bare hole array response and the hole array with a clear paper on
top, it was noticed that the frequency response of both cases was almost identical. Thus, it
was concluded that the structure was capable of detecting extremely small amounts of
substance (ink) in thin films.

Miyamaru et al. also studied the effect of dielectric thin-films on the reflection
properties of hole arrays in 2010 [182]. In particular, they investigated the dependence of
the sensing performance of the structure on the SHA thickness and the side on which the
analyte is deposited. They found that when working in transmission configuration the
redshift in the frequency response was also accompanied by a significant attenuation as the
thickness of the polypropylene was increased. This attenuation can be explained due to two
different reasons: the cutoff effect of the metal holes and the mismatch between both sides
of the structure. This effect does not become so important in the reflection spectrum, which
shows that for sensing purposes, working in reflection configuration may be a better option
in terms of signal-to-noise ratio. However, when placing the analyte film on the non-
illuminated side of the metal, the reflection dip became very weak due to the fact that the
contribution of that side of the structure is much smaller. This presents a huge disadvantage
for high-sensitivity applications, even though this problem could be resolved by the use of
thinner dielectric films, where the mismatch between both sides of the structure is reduced.

More recently, a study of a structure composed of two stacked hole arrays (i.e., the so-
called fishnet structure) was also evaluated for thin-film sensing applications, by depositing
a thin film overlayer and studying numerically and experimentally both the amplitude
modulation and the frequency shift of the spectral response. This study by Yahiaoui et al.



Extraordinary Transmission Metasurfaces for sensing 77

[183] showed that both sensing strategies, amplitude and frequency modulation, could be
successfully used for thin-film sensing purposes.

Up to this point, we have only considered SHAs with identical periodicity in both axes.
Nevertheless, SHAs with a rectangular unit cell such as the one shown in Fig. 4.2 have a
richer physical behavior and open novel possibilities for applications, among them sensing.
One of the first reports on rectangular SHAs was published in in the context of miniaturized
and low-loss fishnet metamaterials [184].
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Figure 4.2. (a) Schematic representation of SHAs in rectangular lattice, and illustration of a
single unit cell with relevant dimensions and polarization options. (b) Anomalous ET for
SHA with dy =350 um, and different slab thicknesses for F=0.11, F=0.16, F=0.24, and
F=0.32.

However, the interest in rectangular SHAs spurred some years later while studying the
frequency response of doubly periodic single-layer SHAs supported by a polypropylene
slab. Interestingly, two different resonances were identified, each one of them
corresponding to orthogonal polarizations along the two principal unit cell lattice vectors.
The resonance associated with the polarization parallel to the large SHA periodicity was
identified as the normal ET resonance, and thus it was termed as regular ET. It occurs when
the distance between the holes in the structure is comparable to the wavelength and is much
larger than the hole size, being unnecessary the presence of any substrate [182], [183],
[185]. Additionally, if the structure is loaded with a dielectric slab and the polarization is
parallel to the short SHA periodicity, an unexpected resonance peak was noticed in the
spectrum. This came as a surprise because for this polarization the periodicity of the SHA
would not be compatible with ET and, in fact, it did not appear in previous reports [184].
This fact led to the denomination of this resonance as “anomalous ET”. After several
analytical and experimental studies, now it is clear that this phenomenon is tightly linked
to the excitation of a grounded dielectric slab surface wave that becomes leaky due to the
periodic structure [186], [187], and its appearance depends on the dielectric slab
characteristics (h and &) as well as the large SHA periodicity, d, (see Fig. 4.2). Concretely, an
auxiliary factor can be defined [186] as follows (equation 4.2):

poove-l 4.2)
dy

Consequently, if F > 0.25, the spectrum will show a peak of transmission followed by a
null (also known as Wood’s anomaly), as showed by the pink line of Fig. 4.2. Nonetheless, if
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F < 0.25, a peak of transmission will not take place in the spectrum (blue and red line), but
a local maximum can emerge at that frequency.
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4.4.0ur work (E): ET based Hole Array metasurface

The anomalous ET resonance contributes to the rich variety of possibilities offered by
SHAs for the design and test of sensing devices. Before, we have seen examples where one
can use one face or another for deposition, or excite different resonances or even use
frequency or amplitude modulation for sensing. The question one can then ask is: what is
the best strategy? The truth is that there is not a single optimal approach suitable for all
cases and, rather, the best solution will depend on the application scenario.

In our work [PAPER E], we present a comprehensive analysis of the sensing capabilities
of SHAs operating at both regular and anomalous ET by coating our SHA surface with
different thicknesses of a photoresist material, ranging from 3 pum to 13 pum. For that, we
tested different types of structures and deposition and polarization scenarios trying to
discover the best one for thin-film sensing applications:

- Two SHA designs: we designed and manufactured two aluminum SHAs laying on
polypropylene (PP) slabs of two different thicknesses, 50 and 75 pm. These two
thicknesses allowed us to have a SHA where the anomalous ET resonance is deeply
in cutoff (50 um); and a second SHA where the anomalous ET is also below but near
the cutoff condition (75 um).

- Two polarization options: we considered both vertical and horizontal
polarizations in order to excite both regular and anomalous ET, respectively. With
the results achieved, the anomalous ET resonance seemed to allow greater
sensitivity values, and the possibility of sensing in amplitude in those cases in which
the resonance is deeply in cutoff (F << 0.25).

- Two deposition options: one in which the analyte was placed on the non-patterned
side of the SHA (physical equivalent to increasing the substrate thickness); and
another where the analyte was deposited on the patterned side of the SHA
(achieving better impedance matching of both sides of the structure), as shown in
Fig. 4.3.

Non-patterned side deposition Patterned side deposition

Figure 4.3. Schematic representation of designed SHAs and the two deposition methods
employed in this work.

According to all the cases studied, the best performance (with a maximum frequency
shift) was achieved when the analyte was deposited on the polypropylene side of the 75 pm
thick metasurface. This result can be easily explained by considering the mentioned effect
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of the substrate on the appearance of the anomalous ET resonance. As said above, to excite
it, one needs a minimum substrate thickness and in the case considered, 75 pm is near but
not sufficiently thick enough. Certainly, depositing the analyte on top of the substrate layer
can be considered equivalent to increasing the overall dielectric thickness, breaking the
cutoff condition, and exciting effectively the anomalous extraordinary transmission peak.

Author contribution to this work:

= Hole Array metasurfaces design.
= Numerical simulations obtained with the commercial simulator CST Studio Suite.
= Results validation and graphical representation.

= Manuscript preparation and writing.
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Abstract: Subwavelength hole array (HA) metasurfaces support the so-called extraordinary optical
transmission (EOT) resonance that has already been exploited for sensing. In this work, we
demonstrate the superior performance of a different resonant regime of HA metasurfaces called
anomalous EOT, by doing a thorough numerical and experimental study of its ability in thin-film
label-free sensing applications in the terahertz (THz) band. A comprehensive analysis using both the
regular and anomalous EOT resonances is done by depositing thin layers of dielectric analyte slabs
of different thicknesses on the structures in different scenarios. We carry out a detailed comparison
and demonstrate that the best sensing performance is achieved when the structure operates in the
anomalous EOT resonance and the analyte is deposited on the non-patterned side of the metasurface,
improving by a factor between 2 and 3 the results of the EOT resonance in any of the considered
scenarios. This can be explained by the comparatively narrower linewidth of the anomalous EOT
resonance. The results presented expand the reach of subwavelength HAs for sensing applications by
considering the anomalous EOT regime that is usually overlooked in the literature.

Keywords: metasurface; sensing; thin film; terahertz; anomalous EOT

1. Introduction

The discovery of extraordinary optical transmission (EOT) through a subwavelength hole array
(HA) by Ebbesen et al. [1] contributed decisively to relaunch the topic of plasmonics opening new
avenues towards the use of apertures much smaller than the operation wavelength [2,3]. Although
initially interpreted as the coupling of light to surface plasmons, it was soon noticed that similar peaks
could be obtained even with perfect conductors [2—4]. This enabled the replica of the phenomenon at
frequencies in which metals do not follow a Drude model (typical of the plasmonic approach), such as
millimeter-waves [5]. Nowadays, EOT has been found all along the electromagnetic spectrum [2,3]
giving rise to disruptive technological applications such as structural color pixels [6,7], metamaterial
devices [8-10], etc. Interestingly, the high field intensity near the subwavelength apertures at the
EOT resonance has been exploited for sensing applications [11-13] and nowadays one can find
in the literature several examples of EOT biosensors [14], sensors combining nanofluidics and
nanoplasmonics [15], and even sensing platforms for a direct detection and monitoring of viruses [16].
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There are excellent reviews in the recent literature accounting for the latest progress in this exciting
and expanding topic [17-20].

Sensing applications are also gaining momentum in the terahertz (THz) range. This portion of
the electromagnetic spectrum goes from 0.1 to 10 THz and is far less developed than the infrared (or
microwaves) due to the historical difficulties in generating and detecting radiation at these frequencies.
However, a series of breakthrough discoveries made this band accessible, bridging effectively the “THz
gap” [21]. Currently, THz spectroscopy and imaging are emerging fields that find applications in a
variety of sectors such as security, defense, pharmaceutics, etc. [22,23]. THz spectroscopy is considered
to be promising for label-free sensing of substances because this radiation is sensitive to weak molecular
interactions, it can deeply penetrate optically opaque materials of non-polar structure and is crucial
to detect and identify biological samples, explosives, plastics, semiconductors, superconductors,
while having a non-ionizing impact on matter due to a low energy of electromagnetic quanta [24,25].
Nevertheless, a major limitation is the relatively large wavelength that makes THz waves largely
myopic when the amount of the substance under test is very small. Metasurfaces (of which EOT
HAs are a particular example) are revolutionizing sensing all along the electromagnetic spectrum and
especially at THz [24-26], because they produce a high electric field intensity near the metasurface,
enhancing the light-matter interaction with the substance analyzed and producing a sharp change in
the spectral response, usually a shift of the metasurface resonance. This allows for a reliable detection
even with minute amounts of analyte, a feature that is optimal for label-free thin-film sensing analysis.

The first example of a thin-film sensor based on EOT HAs operating at THz was reported
in [27]. In [28], a thorough study of the sensing performance of a fishnet structure composed of two
stacked EOT HAs was evaluated. The sensing capability was assessed in terms of both the amplitude
modulation and the frequency shift of the EOT resonance, showing that both strategies could be used
for thin-film sensing. Typical EOT sensors consist of HAs with a square unit cell. Nevertheless, as we
demonstrated in the past, a rectangular unit cell provides a richer response allowing for the excitation
of two different EOT resonances depending on the polarization of the wave, called regular and
anomalous EOT [29]. As demonstrated in that paper and analyzed in depth in [30,31], the anomalous
EOT resonance is excited when the wave is polarized along the short hole periodicity and the HA is
loaded with a dielectric slab with a minimum thickness and permittivity. On the other hand, the regular
EOT is the classical EOT resonance that happens for a polarization parallel to the long HA periodicity
and can exist even in absence of a dielectric slab. It is worth mentioning that the effect of adding a
dielectric layer to an EOT HA had been studied in the past [32,33], but always considering the effect
on the regular EOT resonance. Up to now, anomalous EOT has been exploited to develop compact
THz polarizers even with dual band operation [34,35], and has been combined with an artificial wire
medium for an accurate control of the resonance [36]. In that paper, its potential as a biosensor was
pointed out, although it was not realized in practice. Despite the fact that other types of sharp spectral
peaks such as Fano resonances have been extensively exploited for metamaterial sensing [37-39],
these structures usually suffer from frequency shift saturation when the analyte rises a few dozens
of micrometers. Interestingly, there is no theoretical saturation in the anomalous EOT resonance
frequency. Hence, the only limitation is the attenuation of the peak due to material loss.

In this paper, we perform a thorough analysis of the sensing capability of several HAs loaded
with dielectric slabs of different thicknesses, in such a way that some of the structures support the
anomalous EOT resonance whereas others are in the limit or do not support it at all. We start the
analysis by comparing the features of anomalous and regular EOT in idealized structures, based
on purely numerical simulations. Then, we do a thorough analysis of the sensing performance by
considering realistic structures in a variety of scenarios. To do this, we deposit thin layers of a dielectric
analyte on the structures, and calculate both the sensitivity and the Figure of Merit (FOM, a finer
parameter to assess the performance of sensing devices) of each structure. We conclude the study by
comparing quantitatively the results obtained both for the regular and anomalous EOT resonance
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regimes and demonstrate that the optimal operation occurs at the anomalous EOT resonance with
deposition on the non-patterned side.

2. Materials and Methods

As shown in the unit cell representation of Figure 1a, the metasurfaces studied in this work
consist of a periodic array of circular holes etched on an aluminum (Al) layer of thickness f = 0.4 pm
laying on polypropylene (PP) slabs of two different thicknesses hpp = 50 and 75 um. The PP film
from GoodFellow Company [40], whose permittivity is evaluated as epp ~ 2.25 x (1 — j10_3) [41,42],
was intentionally chosen as a substrate material to minimize the dielectric losses of the metasurfaces.
The relevant dimensions of the HA unit cell are d, = 115.5 um, d;, = 350 um and a hole diameter of
a =105 pm. In this study the excitation of the HA was done at normal incidence using two different
linear polarization states: parallel to the large period of the structure (dy), which corresponds to the
regular EOT resonance excitation [5]; and parallel to the short period of the metasurface (dy), which,
under the appropriate conditions, gives rise to the anomalous EOT resonance [29-31].

(a) (b)

A (um)
750 500 375 300 250

02 04

06 08 10 12
Frequency (THz)
Figure 1. (a) Front view and (b,c) cross-section of the metasurface unit cell, showing the metallization
(gray), PP substrate (blue) and analyte (red). Deposition of the analyte is done on the HA (b) and PP
(c) faces. Dimensions: dy = 115.5 um, d,, = 350 um, a = 105 um, hpp = 50; 75 um, t = 0.5 um, h, = 3; 7;
10; 13 um. (d) Measured frequency response of the complex analyte permittivity, with error bars: real
(blue, left axis) and imaginary (red, right axis) components.

The sensing performance of the metasurfaces was evaluated by depositing a photoresist material
(AR-P 3250 produced by ALLRESIST GmbH [43]) of variable thickness (from 3 um to 13 um) on them,
either on the PP or the HA side using a standard spin coating deposition technique. The photoresist
complex permittivity, plotted in Figure 1d, was extracted experimentally from direct transmission
measurements of a 100 um thick liquid cell. In the initial study presented in the next section,
a non-dispersive and lossless analyte with permittivity e, = 2.65 was considered. This value was
chosen as the mean value of the permittivity in the experimental frequency span.

All the design and numerical results in the paper were obtained using the commercial
electromagnetic solver CST Microwave Studio®. To model the HA metasurface as an infinite
array, the regime of Floquet ports and unit cell boundary conditions applied to the designed unit
cell was employed. The Al-layer was modeled as a non-dispersive medium with conductivity
o =15 x 107 S/m whose value, according to our earlier study [42], was found to be reduced versus
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the nominal conductivity of bulky Al due to inherent surface roughness and granularities of PP
films [41]. After the design stage, the structures were fabricated via a standard contact photolithography
technique [41,44,45] which was specifically adapted to flexible PP-film substrates, whose industrial
production does not allow obtaining a liquid material suitable for posterior film deposition via spin
coating. Al-metallization was sputtered onto the PP films by using a vacuum thermal deposition
method. Prior to sputtering, the PP substrates were treated with a glow discharge in O, atmosphere to
improve adhesion of Al to PP.

The experimental characterization of the designed HA metasurfaces was done on a custom-made
terahertz time-domain spectrometer (THz-TDS) developed in the Laboratory of Information Optics
at the Institute of Automation and Electrometry SB RAS (Novosibirsk, Russia). This instrument
utilizes a conventional TDS scheme based on a mode-locked Er-fiber laser with a second harmonic
generation module (A =775 nm, T = 130 fs, P = 100 mW) and a multi-slit photoconductive antenna
iPCA-21-05-1000-800-h (Batop GmbH, Germany) used as an emitter of THz waves, which are
further detected via electro-optic sampling [46]. The spectrometer enables the complex transmission
measurements within the spectral range of 0.1-2.5 THz with a spectral resolution of 10 GHz and a
dynamic range of more than 60 dB (@ 0.85 THz).

3. Results and Discussion

Before characterizing the sensing performance of the fabricated HA metasurfaces, we begin the
study by analyzing the response of an ideal lossless structure. Thus, we model the metallic parts as
perfect electric conductors with zero thickness and all dielectric materials are described only by a
non-dispersive real permittivity with values epp = 2.25 and ¢, = 2.65. We consider both vertical and
horizontal polarizations in order to excite regular and anomalous EOT, respectively, and ascertain
which of the two options offers the best results for sensing purposes. As discussed in [30,31] the
appearance of the anomalous EOT depends on the dielectric slab characteristics (lpp and epp) as well as
the large HA periodicity, d,. More specifically, the anomalous EOT resonance cutoff can be calculated
with the auxiliary factor F = hpp+/(epp — 1)/dy, so that if F > 0.25, the anomalous EOT peak will appear.
In this initial study we fix the thickness of the PP substrate at ipp = 78.25 um so that F = 0.25 and hence
the anomalous EOT is exactly at cutoff. On the other hand, the regular EOT resonance exists even
in absence of a dielectric substrate, so for this study a free-standing structure without PP substrate
is considered.

As shown in Figure 2a,b (black line) in absence of analyte, the regular EOT resonance takes place
at 0.81 THz, whereas the anomalous EOT resonance occurs at 0.84 THz. To evaluate the performance
of each resonance in label-free thin-film sensing applications, a dielectric slab acting as an analyte with
permittivity &, = 2.65 and thickness ranging from h, = 3 pm (8.5 x 1073 A, where 1~0.35 mm) to
15 um (42.9 x 1073 A() with a step of 3 um is added on top. In the anomalous EOT study, the analyte is
put on the external face of the PP substrate, whereas, obviously, in the regular EOT case (free-standing)
the analyte touches the holey metal. As the analyte thickness increases, the transmission peak redshifts
for both resonances, see Figure 2. To have a quantitative assessment of the behavior, the wavelength
shift is plotted as a function of &, in panels (c) and (d). Comparing both plots, it is clear that the shift
is stronger for the regular resonance, suggesting at first sight that this regime is more appropriate
for sensing purposes. Nevertheless, to clarify this aspect we must carry out a formal evaluation of
the performance in terms of the sensitivity (S) and Figure of Merit (FOM), represented in Figure 2ef.
The sensitivity is defined as the ratio between the variation of the resonance wavelength and the analyte
thickness, S = AA/h,. With this definition, the average sensitivity is equal to the slope of the regression
lines in Figure 2¢,d. However, in many cases this value alone is not enough to determine the quality
of a sensor. That is why the more refined FOM parameter is usually preferred. The FOM relates the
sensitivity and the full width at half minimum (FWHM) in wavelength dimensions, FOM = S/FWHM,
and has units of mm~!. A sensor with high quality factor would present a narrow spectral line and is
able to achieve a relatively high FOM.
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Figure 2. Transmission coefficient for the regular EOT (a) and anomalous EOT (b) resonance of an ideal
lossless HA and several analyte thicknesses (in um). (c) Wavelength shift as a function of the analyte
thickness for extremely thin analytes, for the regular EOT resonance, calculated as AA = A; — Ay, with
Aq the resonance wavelength at each i, and A the resonance wavelength without the analyte. (d) Idem
for the anomalous EOT. FOM as a function of the analyte thickness, for the regular (e) and anomalous
EOT (f) resonance. Labels Sayg in (c), (d) and FOMayg in (e), (f) refer to average values of S and
FOM, respectively.

With these definitions, we find that the regular EOT configuration is slightly better than the
anomalous EOT in terms of average sensitivity: 2.04 vs. 1.19. However, the FOM shows that the
anomalous EOT is clearly superior to the regular EOT resonance, with an average value of 153.7 mm ™.
This is much higher than the value of 45.4 mm ! calculated for the latter and is due to the comparatively
narrower FWHM of the anomalous EOT resonance. With these results, it can be affirmed that the
anomalous EOT presents a better behavior for sensing purposes than the regular EOT, improving the
FOM by a factor of more than 3.

After this initial study, we concentrate now on the analysis of the designed and fabricated
HA metasurfaces. As our aim here is to evaluate in depth the performance of the anomalous EOT
resonance for sensing applications, two different substrate thicknesses are used hpp = 75 pm (Figure 3)
and hpp = 50 um (Figure 4), that correspond to F = 0.24 and 0.16, respectively. The first case is chosen
to have the anomalous resonance very near cutoff, so that a slight change provoked by an analyte can
give rise to a strong spectral variation. Conversely, in the second case the anomalous EOT resonance
is deeply in cutoff and we do not expect a sharp response, at least with thin analytes. The sensing
performance of the structures is evaluated by depositing four different analyte thicknesses: h; = 3 pm
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(8.5 x 1073 Ap,); 7 um (19.8 x 1073 Ap); 10 um (28.3 x 1073 Ap); and 13 pm (36.8 x 1073 Ag). Numerical
results are shown in the upper panels (a), (b), (e), (f); and experimental measurements on the lower
panels (c), (d), (g), (h) of Figures 3 and 4. To have a complete picture of the performance, two
different scenarios were considered: when the analyte is deposited on the HA side and on the PP side,
schematically depicted in Figure 1b,c.
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Figure 3. Transmission coefficient magnitude at the anomalous EOT regime in HA metasurfaces with
hpp =75 um (a-d) and hyp = 50 pm (e~f) pm under normal incidence and different analyte thicknesses:
ha = 0 um (black); ; =3 um (red); 7 um (green); 10 um (dark blue); 13 pm (cyan) for the anomalous EOT.
Simulated (top) and measured (bottom) results. The dashed ellipse in panel (a) highlights the region
where sensing based on frequency shift is feasible. The dashed grey lines in panels (f,h) highlights the
resonance frequency (0.85 THz) where the amplitude sensitivity analysis can be done. Insets in panels
(a,b,e,f) depict schematically each scenario, following the colour convention of Figure 1.
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Figure 4. Transmission coefficient magnitude at the regular EOT regime in HA metasurfaces with /1,
=75 pm (a-d) and /i = 50 pm (e—f) pm under normal incidence and different analyte thicknesses:
hs = 0 um (black); h; = 3 pm (red); 7 pm (green); 10 pm (dark blue); 13 um (cyan) for the anomalous
EOT. Simulated (top) and measured (bottom) results. The dashed ellipse in panels (f,g) highlights the
regions where sensing is feasible. Insets in panels (a,b,e,f) depict schematically each scenario, following
the colour convention of Figure 1.

Focusing first on the horizontal polarization (anomalous EOT), we find that the transmission
coefficient without analyte (h; = 0) shows in all considered cases clear resonant features at ~0.85 THz,
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with very good concordance between simulation and measurement, see black curves in Figure 3.
Although in the case of the 75 um thick PP film (Figure 3a-d) the anomalous EOT resonance is slightly
below cutoff, it is close enough so that it gives rise to a high transmission peak followed by a minimum
in the spectrum. This is in contrast with the behavior of the 50 um thick PP film (Figure 3e-h) that
shows only a local maximum (a “kink”) with reduced amplitude (~0.5), as expected [29-31]. Now, the
sensing performance of each configuration is analyzed by increasing the analyte thickness. It can be
seen that the best scenario for sensing purposes is the one in which the analyte is deposited on the
PP side of the hpp = 75 um thick metasurface (Figure 3a,c), with an average sensitivity of ~0.8 (~1.24)
and an average FOM of ~28.6 mm ™! (~46 mm™~!) in the experimental (numerical) results. This is in
agreement with our analysis above, since depositing on the PP side is equivalent to increasing the
substrate thickness (as a side comment, note that the peak amplitude decreases as &, increases due
to the growing ohmic loss because, unlike the previous study, we are considering here a lossy and
dispersive analyte. Note also that this effect is more evident in the simulation than in the experimental
results, probably because in the experiment the characteristics of the analyte might differ between
successive depositions and, in addition, it is rather difficult to have a proper characterization of metal
and dielectric losses). When the analyte is deposited on the HA side (Figure 3b,d) the frequency shift
of the anomalous EOT resonance is negligible, rendering this configuration ineffective for sensing
purposes. As explained in our previous paper [31], two different anomalous EOT peaks can be excited
independently by placing dielectric slabs on both sides of the holey metal. In the configuration
considered here, the analyte slab is too thin and hence unable to excite its own anomalous EOT
resonance (i.e., F << 0.25 in that side). This is why in the spectral response we only see the peak
corresponding to the PP slab, which is largely insensitive to the analyte deposition on the other face.

For the 50 um PP thick structure with the analyte deposited on the PP side we find that the
“kink” becomes narrower and its amplitude grows faintly as /, is enlarged, see Figure 3e,g. This
is because we are approaching gradually towards, but never reaching cutoff, even with the largest
analyte thickness. In practice, this means that it might be feasible to perform sensing by looking at
the peak amplitude variation. At least in simulation (Figure 3e) this looks viable, but it seems hardly
attainable experimentally (Figure 3g), probably due to fabrication tolerances, and to the fact that high
Q resonances are greatly affected by losses. When the analyte is placed on the HA side (Figure 3fh)
we notice a negligible frequency shift but, interestingly, a clear amplitude increment of the “kink”.
This enhancement in the transmission coefficient is associated with a better impedance matching of
the structure. From the specialized literature [47], it is known that the optimal operation of frequency
selective surfaces and spatial filters is achieved when both faces of the metallic film are coated with
dielectric slabs of identical characteristics. In our case, increasing the analyte thickness leads to a better
matching of the impedance seen at both interfaces, giving as a result a higher peak amplitude. In this
way, it is possible to define a new sensitivity, referred to as Amplitude Sensitivity (AS) and calculated
as the ratio between the variation of the amplitude at the resonant frequency and the variation of the
analyte thickness: AS = AA/h,. With this definition, we experimentally obtain AS = 0.02 um ™. Note
that in this case it is impossible to define a FOM, due to the inexistence of a valid FWHM. If we define
the amplitude sensitivity as done in [28], ASy, = AA(%)/h., we achieve a maximum experimental
value for the case of h; = 3.2 um of 35%/um. Although this value is much lower than the 66%/um
reported in [28], note that in our case it is only needed to tune the spectrum at a single frequency. In
addition, our amplitude modulation is done “positively”, and does not experience vanishing of the
signal as the analyte increases. Indeed, our device exhibits an amplitude rise as we add the analyte
material, because when the analyte thickness is increased, the F factor gets closer to the limit condition
in which the anomalous peak appears. Obviously, a saturation of the response will arise when we get
the condition F = 0.25.

We consider next vertical polarization (regular EOT) just for comparison purposes; see all results
in Figure 4. In this case, the response is very similar regardless the PP thickness, as this parameter is
not critical for the performance (in contrast to anomalous EOT). Therefore, we will study both cases,
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hyp = 50 and 75 pm, in parallel. The first difference we observe in the spectral response in comparison
with the previous study is that there are two resonance peaks, at 690 and 847 GHz. Each peak is
related to the EOT resonance principally at the PP and air interfaces [48]. Therefore, depositing the
analyte on the PP side mainly shifts the lower frequency peak whereas depositing on the air side
mainly affects the higher frequency one. Although in the simulation both peaks can be potentially
employed for sensing purposes, in the measurement only the lower frequency resonance presents a
noticeable redshift. Furthermore, the structure with f,, = 50 um has a better performance in practice,
probably due to the thinner substrate, which is further from the saturation point of the maximally
achievable frequency shift. Consequently, we only select the cases highlighted with a dotted ellipse for
the calculation of the sensitivity and FOM as these are the ones in which we can appreciate a frequency
shift large enough to use the structure as a sensing device, and we have a good agreement between the
simulated and measured results. Note that in the case of the second resonance when depositing on the
HA side, the FOM cannot be calculated due to a low magnitude of the peak.

To ease the comparison all the values of the cases of interest extracted from the experimental
measurements are collected in Table 1. As shown there, although the sensitivity in the anomalous EOT
case is below the regular EOT case, the FOM is higher, corroborating our initial study.

Table 1. Average sensitivity and FOM achieved in the configurations shown in Figures 3 and 4,
experimental results.

Resonance hpp (um)  Analyte Side S FOM (mm~1)
PP . 28.
75 s 0_8 Ei 6
Anomalous PP _ _
50 HA 0.02 pm—1 * -
75 PP - —
Regular HA - N
50 PP 12 12.9
HA 1.85/0.68 ** 16.6/— **

* Note that in these cases we are referring to the amplitude sensitivity, AS = AA/h,. ** The first/second number
refers to the first/second resonance

As a final study, we compare our structure with others found in the literature that also exploit
sharp peaks in transmission, such as Fano resonances. For this comparison, we use the sensitivity as
defined before, S = AA/h,. In [37], a dual flexible THz asymmetric split ring resonator (TASR) was
used to detect a thin film of 100 nm with refractive index n = 4, by coating both sides of the structure,
and achieved an experimental sensitivity of 67 and 85 for the analyte deposited in the non-patterned
and patterned side, respectively. In [38], a toroidal TASR was designed with a sensitivity of 3.74 for a
13.8 um thick analyte with n = 1.6. Finally, a TASR based on a Fano resonance operating at 0.52 THz
was designed in [39]. The sensitivity achieved for a 1 um thick analyte of n = 1.6 was 11.3. As seen
in this comparison, our designs present lower sensitivity values. Nevertheless, the sharp peak of the
EOT resonance leads to higher values of FOM. Moreover, the use of the EOT resonance instead of Fano
resonances brings the advantage of not having any theoretical limit in the achievable frequency shift.

4. Conclusions

To sum up, we have demonstrated the superior performance of a HA metasurface when it operates
at the anomalous EOT resonance, exceeding largely the results obtained at the regular EOT in label-free
thin-film sensing applications. Although the frequency shift and hence the sensitivity of the anomalous
EQOT resonance are smaller than those of the regular EOT resonance, its comparatively narrower
FWHM leads to an increment of the FOM. In our initial study considering idealized structures we
have achieved an average FOM of 153.7 mm~!, which improves the results obtained with the regular
EOT by a factor of more than 3. Two HA metasurfaces of different PP thicknesses have been fabricated
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and measured to analyze the effects on the sensing quality parameters depending on the side on
which the analyte under measurement is deposited. We have demonstrated that, for sufficiently thick
substrates, sensing in the anomalous EOT resonance and depositing on the non-patterned side of the
metasurface is a much better option with lower sensitivities but higher FOMs, with an improvement
of a factor between 2 and 3 as compared to the best case of the regular EOT resonance. Using the
optimal configuration provides a benefit that in routine operation the structure can be cleaned without
damaging the metallic pattern. Additionally, we have found an alternative for thin-film sensing based
on a variation of a peak amplitude. This can be used when the substrate thickness is too thin to exhibit
the anomalous EOT resonance and takes place when the analyte is deposited on the patterned side of
the metasurface. The obtained results demonstrate the excellent performance of the anomalous EOT
resonance in practical thin-film sensing platforms.
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Chapter V: MIR
spectroscopy for
food quality
determination

Up to this point, we have focused our research on the THz regime. In this part of the
thesis, we now move into the MIR regime, and explore another type of sensing based on MIR
spectroscopy. Here the basis of this technique is explained, and our contribution, based on the
detection of oxidation parameters in animal meat, presented.
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5.1. Fundamentals of Infrared spectroscopy

Spectroscopy is based on the study of electromagnetic radiation interaction with matter.
The nature of this interaction will depend on the energy of the radiation itself, but also on
the properties of matter. Thus, depending on the region of the EM spectrum different types
of interactions can be found: ionizing (Gamma and X-rays), chemical-electronic (Ultraviolet-
Visible), vibrational and rotational (IR), or magnetic (microwave and lower rays), as shown
in Fig. 5.1.

12500 cm™* (0.8um) 12.5 em (800um)

Frequency 108 106 104 102 1
| (em™) |

Microwaves
Inner
Nuclear Valence Electron — .
e Shell . o Molecular Vibrations Molecular Rotations
Transitions Electronic Transitions
Transition

Figure 5.1: The electromagnetic spectrum bands and types of interaction representation.

Infrared spectroscopy is one of the classical methods for determination of small
molecules due to the high information content in an infrared spectrum, and its high
sensitivity to chemical composition and architecture of molecules. When passing through a
sample with infrared light, certain frequencies are absorbed by the chemical bonds of the
substance, leading to molecular vibrations [188]. Therefore, chemical bonds vibrate at
specific frequencies determined by the shape of the molecule, the type of bond (single,
double, triple), or the mass of the constituent atoms. This absorption and its corresponding
vibrations are characteristic of each substance or molecule, so this technique allows us to
obtain a different and unique fingerprint for each compound. For a molecule to be able to
absorb infrared light, its dipole moment must undergo changes during vibration [189],
[190]. When the frequency of a specific vibration is equal to the frequency of the IR radiation
directed at a molecule, the molecule absorbs the radiation, and the associated energy is
converted into various types of motions [188]. Thus, homonuclear molecules (such as O,
Ny, or Cl) that are unable to undergo a net change during vibration or rotation are not able
to absorb in the IR band [191]. On the contrary, more complex molecules have many bonds,
and the frequencies at which these molecular oscillations occur are determined by the
nature of those individual bonds within the molecule and by the different types of functional
groups that would be directly associated with the oscillation [192]. Vibrations can also be
conjugated, leading to two possible modes: stretching and bending (see Fig. 5.2).

Stretching vibrations:

They involve movements related to valence bond vibrations. These can be symmetrical,
where the atoms of a molecule either move away or towards the central atom, but in the
same direction; or asymmetrical, in which one atom approaches towards the central atom
while the other departs from it.
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Bending vibrations:

They are related to deformation vibrations, in which there is a change in the bond angle
between the bonds of the central atom and the rest of the molecule. Depending on the plane
in which the motion occurs, we can distinguish between four types of vibrations, depending

on whether the motion occurs “in-plane” (scissoring and rocking), or “out-of-plane”
(wagging and twisting).

e Scissoring: atoms move back and forth with respect to the central atom.
e Rocking: atoms swing back and forth with respect to the central atom.

e Wagging: two atoms oscillate up and below the plane with respect to the central
atom.

e Twisting: one atom moving up the plane while the other moves down with
respect to the central atom.

— — —
Scissoring Rocking
BENDING
N
N 4N
MOLECULAR Wagging Twisting
VIBRATIONS
Ny /7 Ny~
STRETCHING
Symmetrical Asymmetrical
stretching stretching

Figure 5.2: Schematic of molecular vibration types and classification.

In a molecule with more than two atoms, all types of vibrations are possible. Moreover,
an interaction or coupling of different kind of vibrations can occur if they involve bonds with
the same central atom. This coupling results in a change in the characteristics of the
vibrations involved. When doing experiments in practice, it is common to observe a lower

number of absorption peaks in these cases. According to Seamus, this can be due to some
factors [193]:

e  When the symmetry of the molecule is such that there is no change in the dipole
moment due to one or more possible molecular oscillations.
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e Ifamolecule can have two or more distinct vibrations that have nearly identical
energy, the infrared absorption peaks of those processes can merge, and appear
as a single one.

e Ifamolecular vibration produces an extremely small absorption, in some cases
it will be too weak to be detected.

Although the infrared range covers a wide band of frequencies (12500 - 12.5 cm™ or
374 - 0.374 THz respectively), these type of fundamental molecular vibrations occur
mainly in the MIR region, where two general areas can be found [11], [194]:

e The Functional Group Region (4000 - 1500 cm™): peaks characteristic of
specific types of bonds, which can be used to identify whether a specific
functional group is present.

e The Fingerprint Region (1500 - 400 cm™): peaks arising from complex
deformation of molecules, which may be characteristic of its symmetry, or
combined bands arising from simultaneously deformed multiple bonds.

5.2.1IR Instrumentation

IR spectrometers are instruments to measure the electromagnetic radiation
transmission of a sample as a function of wavelength (1), or wavenumber (v). The most
important element must isolate the radiation from defined spectral regions, allowing us to
differentiate between two types of instruments: Dispersive IR spectrometers and FTIR
spectrometers, as shown in both panels of Fig. 5.3. IR radiation (both in dispersive and FTIR
spectrometers) is obtained from the thermal emission of an appropriate source that
produces a continuous radiation. Moreover, unlike UV-VIS spectrometers, in IR instruments
the sample and reference compartment are always placed between the source and the
monochromator (in dispersive instruments). This arrangement is possible because the IR
radiation, unlike the UV-VIS radiation, is not energetic enough to cause the photochemical
decomposition of the sample [191], [195].

Dispersive spectrometers were employed for the first time in the 1940s as a common
analytical technique for organic compound characterization in laboratories [188], [196],
[197]. This kind of devices are sometimes referred to as grating or scanning spectrometers,
and its operating scheme is shown at Fig. 5.3 (a). In dispersive spectrometers, the source
radiation passes alternately through the sample or the reference (in double-beam
spectrometers), through a chopper that moderates the energy reaching the detector, and
directed to a diffraction grating that disperses the light, separating the different
wavelengths of light in the spectral range which are individually directed through a slit to
the detector by moving the grating. Thus, each wavelength is measured one at a time and
the grating-slit combination selects each wavelength being measured. In these
measurements, a significant amount of energy is lost at both the input and output slits.
Furthermore, in order to get a good signal-to-noise ratio (SNR), a certain amount of time
must be spent at each position, until a good average signal is obtained. This is why,
nowadays, it is a quite obsolete technology overcome by more modern, faster, and more
accurate instruments, such as FTIR spectometers.
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FTIR spectrometers were developed for commercial use in the 1960s, but due to initial
disadvantages such as lack of versatility or high cost of components, its use has only recently
become widespread in laboratories. The major difference between a FTIR spectrometer and
a dispersive IR spectrometer is the use of an interferometer instead of a monochromator
(see Fig. 5.3 (b)). Most commercially available FTIR instruments are based on the Michelson
interferometer, although other types of optical systems are also available [188], [195],
[197].The interferometer modulates radiation by splitting a beam light into two paths of
similar strength and then recombines them in such a way that the intensity variations of the
recombined beam can be measured as a function of the differences in the path lengths of the
two beams. One beam of radiation from a source is collimated and incident on a
beamsplitter, which transmits about half of the radiation and reflects the other half. The
resulting twin beams are reflected by two mirrors, one of which is stationary and the other
moving. The two beams are reflected from the mirrors and are recombined at the
beamsplitter, resulting in an interference pattern [196]. The interferometer produces
interference signals, which contain IR spectral information generated after a beam has
passed through a sample, where some energy is absorbed and some is transmitted. The
transmitted portion reaches the detector, which records the total intensity. Instead of
examining each wavenumber in succession, as in dispersive IR spectroscopy, all frequencies
are examined simultaneously. After the beam has passed through the sample or has been
reflected, the measured signal is the resulting interferogram, which contains information
from the entire IR region. Finally, the beam passes to the detector and the measured signal
is digitalized and sent to the computer, where it is processed by the Fourier transform
algorithm. This Fourier transformation of the signal can be viewed as a mathematical
method of converting the individual frequencies from the interferogram, by using a
mathematical procedure able to transform a function from the time domain to the frequency
domain. The final IR is identical to that obtained from dispersive IR spectroscopy [195].
However, FTIR spectrometers has major advantages over a typical dispersive IR
spectrometer, among which the following can be highlighted [195], [196]:

e Performance: because they are composed of few optical elements and due to the lack
of slits that attenuate radiation, more energy reaches the sample and thus, FTIR
instruments offer higher SNR than dispersive instruments.

e Speediness: in FTIR instruments, the emission time of a pulse is less than 1 second.
In addition, every point in the interferogram contains information from each
wavelength of light being measured unlike in dispersive instruments, where every
wavelength across the spectrum must be measured individually as the grating scans.

e Very high resolution (0.1 - 0.01 cm™). This makes it possible to analyze complex
spectra where the total number of lines and spectral overlap make it difficult to
determine individual spectral features.
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Figure 5.3: (a) Main components and operation scheme of Dispersive IR spectrometer.
(b) Main components and operation scheme of Interferometer FTIR spectrometer.

In FTIR transmittance techniques, the sample is placed in the path of the IR incident
radiation and scanned before reaching the detector (see Fig. 5.4(a)). However, there are
times when transmittance measurement is not possible due to the sample’s nature, or is not
interesting for the study purpose. For these cases, accessories are available based on
attenuated total reflectance (ATR).

ATR occurs when a beam of radiation enters from a denser medium (with higher
refractive index, n;) into a less dense medium (with lower refractive index, nz). The fraction
of the incident beam reflected increases as the angle of incidence increases. All incident
radiation is reflected at the interface when the angle of incidence is greater than the critical
angle, &, which is a function of the refractive index of both mediums, as shown in equation
5.1[198].

. N
0, = arcsin— (5.1)
ny

Thus, the incident beam penetrates a very small distance beyond the interface into the
less dense medium before complete reflection occurs and creates an evanescent wave,
which extends beyond the surface of the crystal and projects into the sample in close contact
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with the ATR crystal [172]. Some of that energy of the evanescent wave is absorbed by the
sample, whereas the reflected radiation reaches the detector as it exits the crystal, as shown
in Fig. 5.4 (b). In FTIR-ATR spectroscopy, the sample is placed onto an optically dense
crystal that should present two main characteristics: it must be optically transparent at the
IR frequency, so that little or no radiation is absorbed by the sensor material; besides, the
ATR sensor crystal must have a higher refractive index than the surrounding medium, so
the ATR acts as a waveguide and internally reflects light energy. Unlike the transmission
technique, where the light must pass through the sample, the thickness of the sample is not
relevant in FTIR-ATR because the intensity of the evanescent waves decreases
exponentially with distance from the surface of the ATR crystal. This makes ATR ideal for
studying a wide range of chemical reactions, as no sample preparation or dilution is
required to obtain useful spectra [199].

(a) ) ) (b) Source

Incident Transmitted

radiation radiation . Evanescent wave Sample
. ............ [ R AR > ’ .. | A A A | R
Source Detector Inc.l de.:nt .‘". S ."'. Detector

radiation Ol O O
" * *o
Sample + holder ATR crystal

Figure 5.4: (a) Scheme of a transmittance FTIR detection method. (b) Schematic of FTIR-
ATR detection method.

IR absorption information is usually presented as wavenumbers (v), or wavelengths (1)
in the x-axis, and absorption intensity or percent transmittance as the y-axis. Wavenumber
is a frequency quantity that indicates the number of times a wave vibrates in a unit of
distance (cm™ in spectroscopy applications) [188]. Although wavenumber representation
is normally preferred, wavenumbers and wavelengths can be related using the equation 5.2:

1
v(iem™!) = —— x 10*

A (um) (5.2)

The incident power can be theoretically divided into transmitted, reflected, and
absorbed powers, which are related through the transmittance (T), absorbance (A), and
reflectance (R) coefficients, as expressed in equation 5.3:

1=T+R+A4 (5.3)

However, in practice, reflectance is typically negligible in FTIR applications and
therefore not taken into account. In such cases, T and A can be related as well by using the
equation 5.4:

A= logyo (1/T) = —logyo (T) = —logio (I/1y) (5.4)

where | is the light transmitted by the sample, and Iy is the incident light on the sample at a specific
wavelength. Transmittance ranges from 0% to 100%, and provides better visual contrast
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between the intensities of strong and weak bands, whereas absorbance extends from zero
to infinity [200].

5.3.MIR applications in Food Systems

Due to increasing globalization in the food supply chain, food quality and safety has
become a concern for producers, consumers, and governments [201], [202]. Although
within the EU there is no precise definition of what is considered to be food fraud, the
European Commission defined four criteria in 2018 including violation of food legislation,
intentionality, economic benefit, and deception of consumers [202]. This adulteration can
be defined more concretely as the process in which the quality of food is intentionally
degraded, either by the addition of low-quality materials or by the removal of valuable
ingredients [203]. Therefore, it is of great interest to investigate food fraud not only from
an economic point of view, but also from a health perspective. In addition to intentional
adulteration, degradation of food products can also occur due to changes in their chemical
and structural composition in the process of transport and storage. So, studies on the quality
of the food products and information on their chemical composition have also generated
great interest in the scientific community in the past decades [204]-[208].

FTIR spectroscopy has become an “analytical fingerprinting technique”, which allows
to identify structurally different compounds, since no two chemical structures have the
same spectrum [206]. Because the Functional Group Region and the Fingerprint Region are
contained in the MIR region, it has been of great interest in determining the structure of
molecules. Although FTIR spectra are commonly complex and difficult to interpret,
chemometrics has emerged as an effective tool for analytical purposes. Chemometrics was
firstly introduced in 1972, and consists of an interdisciplinary method involving
multivariate statistics, mathematical modeling, computer science, and analytical chemistry
designed with the intention to describe the procedure for optimal measurement, and collect
as much chemical information as possible by analyzing the data [209]. For all these reasons,
the union of these two tools (FTIR and chemometrics) has been employed for several
applications regarding food quality and security assessment since 1990s [188],[199], [210].

In the last years and with respect to food quality control, FTIR has been employed to
estimate orange firmness and pectin content [211], to control the changes in cow milk
production during the pregnancy stage [212], to determine fresh tomato quality [213], or
to analyze the oxidation levels in oil-in-water emulsions [207], to highlight some of them.
There are other types of products, such as wine or vinegar, which are under a protected
designation of origin, according to specifications related to their chemical and sensory
characteristics. In this context, spectroscopy techniques are able to provide a lot of
information from a single measurement, allowing simultaneous consideration of both the
individual contribution and the interactions of the different chemical components of a
sample [214].

FTIR together with chemometrics also plays an important role in chemical
characterization of meat products, and there are numerous studies using FTIR and
chemometric techniques for meat-product applications, among which the following are
worth mentioning: (1) the prediction of protein, fat, and moisture content in meat samples
[215], [216]; (2) the determination of quality attributes of meat such as color, pH, or
tenderness [217]-[219]; and (3) the monitoring of time-dependent changes in storage
processes [220], [221].
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5.3.1. Meat Oxidation

Meat and meat products are considered important sources of protein for the human
body and have become an essential dietary ingredient due to their appreciated flavor and
aroma. Among all the meats consumed in the world, foal meat presents some distinctive
characteristics and marked differences in terms of composition with respect to other types
of more commonly consumed meats such as beef, or pork [205], and its popularity is
growing among the consumers. This is mainly because of its low fat content (around 2% of
total lipids ) and healthy fatty acid (FA) profile, and its high protein content [222]. Anyway,
these physical and chemical properties of meat can undergo alterations during the process
of preservation, transport or refrigeration and storage leading to low quality products.
Specifically, one of the chemical processes that has a key role in terms of spoilage of meat
quality is the oxidation of lipids and proteins (lipid and protein oxidation, respectively).

Lipid oxidation (L_OX) has been the object of numerous studies over the years, what
has led to gain knowledge on the principal mechanisms involved in fatty acids oxidation and
parallel degradation. However, this is a complex process, and finding a suitable method for
quantifying lipid oxidation remains a difficult task. The two most commonly used
procedures for this purpose are the following:

e Thiobarbituric Acid Reactive Substances method (TBARS analysis), based on the
detection of Malondialdehyde (MDA) and other aldehydes generated in the
oxidative breakdown of polyunsaturated fatty acids (PUFAs). Despite its ease and
simplicity, the method is not selective for MDA, and also reacts with other aldehydes,
carbohydrates, amino acids, and nucleic acids [223], resulting in considerable
overestimation, and low reliability due to the variability of the results.

e Chromatography, within which we can use Gas Chromatography coupled to Mass
Spectrometry (GC-MS), for the analysis of lipid hydroperoxides (prior extraction of
these hydroperoxides is necessary) [224]; or HPLC, which allows analyzing
compounds with different characteristics of volatility, molecular weight or polarity
[225]. However, sample preparation is often tedious and also requires prior lipid
extraction. Thus, these chromatography-based techniques involve much harder and
time-consuming experimental work, as well as a high level of complexity in data
processing.

On the other hand, protein oxidation (P_OX) has not been as extensively studied in meat
quality research, despite the fact that protein oxidation has been shown to significantly
affect the functional properties of meat and, in particular, foal meat [226]. It was not until
the mid-90s when it was observed that proteins could also be susceptible to oxidation
reactions. Today we know that protein oxidation is responsible for the appearance of
abnormal textures in fresh meat and meat-based products, but it also triggers an
irreversible loss of essential amino acids and an alteration in the digestibility of oxidized
proteins, leading to a loss of nutritional value in meat and meat products [227]. To quantify
this oxidation process, two main groups of quantification methods are usually employed:

e The quantification of the total content of protein carbonyls by using the
Dinitrophenylhydrazine (DNPH) technique. The procedure involves a
simultaneous determination of carbonyl derivatives and protein content of the
sample [228]. The original method from Oliver et al. (1987) [228] was
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developed for analyzing oxidative stress in biological samples and has been
afterwards employed with slight modifications by food scientists in recent
years. Despite its popularity, drawbacks of this procedure include lack of
specificity and a possible overestimation of the carbonyl due to other artifacts,
which may result in an underestimation of the overall oxidative damage of
proteins, and an overestimation of the amount of protein carbonyls.

e The Specific Protein Carbonyls Method, referred to the study of a-aminoadipic
(AAS) and y-glutamic semialdehydes (GGS) as protein oxidation biomarkers.
Both semialdehydes are very sensitive to acid hydrolysis and because of this, a
derivatization procedure is required for stabilization of the compounds. In
comparison with DNPH method, these procedures of AAS and GGS detection are
more complicated and equipment demanding, as for example preprocesses of
derivatization are needed and the reagents employed are more expensive than
those of the DNPH method.

5.4.0ur work (Paper F): Application of MIR spectroscopy to Lipid and

Protein Oxidation Quantification in Foal Meat

According to the demands of the agricultural industries, it is of vital importance to
develop food analysis methods that combine speed, ease of use, little or no sample
preparation, and no sample destruction. As far as we have seen, most classical techniques
show several weaknesses regarding sensitivity, susceptibility, and/or overestimations
(TBARS and DNPH); while more accurate ones present much more complex experimental
procedures and tedious preparations and post-processing data (GC-MS and HPLC).

Our work [PAPER F] broadens the study of lipid and protein oxidation marker
compounds in foal meat, employing the technology of Attenuated Total Reflectance-Fourier
Transform Mid-Infrared Spectroscopy (ATR-FT/MIR). Starting from the marker
compounds extracted from a total of 23 foals from two groups differentiated by age at
slaughter and type of feeding, a study of their absorbance spectra is carried out in order to
try to establish prediction models (calibration and validation). Thus, the main objectives of
this work are three:

e Todecide if this technique (ATR-FT/MIR) is useful to estimate the value of oxidation
marker compounds, due to its greater ease of use compared to the traditional
methodology.

o To determine whether it is preferable to perform a pre-extraction of the oxidation
marker compounds before performing the analysis of the spectra, instead of
performing the measurements directly on raw meat.

e To determine the influence of slaughter age and feeding regime of the animals used
on the degradation of lipids and proteins of foal meat.
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In order to achieve these objectives, the following series of experimental and numerical
tasks have been performed:

i.  ATR-FT/MIR spectroscopy analysis of previous L_OX and P_OX extracts and spectral
characterization.

ii. ATR-FT/MIR spectroscopy analysis of direct raw meat samples and spectral
characterization.

iii. =~ Construction and comparison of prediction models for both ATR-FT/MIR analysis
carried out in previous steps.

As a final point, a comparison of the results with those obtained by means of the
classical techniques in a previous work, has been carried out [205]. This study has shown
that prediction models were promising to estimate the values of protein and lipid oxidation
markers, but with more consistent results in previously extracted compounds rather than
making the analysis on raw samples. Therefore, more research is needed on the application
of MIR spectroscopy directly on raw meat to improve the estimation of the predictive
models. Nevertheless, MIR spectroscopy emerges as an interesting alternative to traditional
meat composition analytical methods, which are time-consuming and expensive.

Author contribution to this work:

= ATR-FT/MIR spectroscopy analysis and spectral characterization.

=  Manuscript preparation and writing.
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Abstract: This work broadens the study of lipid and protein oxidation marker compounds in foal meat,
employing the technology of Attenuated Total Reflectance-Fourier Transform Mid-Infrared Spectroscopy
(ATR-FI/MIR, shortened in the following as MIR). As a main objective, marker compounds from
23 foals were extracted and their absorbance spectra were measured to establish prediction models
(calibration and validation) between them and classical quantification analysis of the compounds.
Another objective was to ascertain whether a previous extraction of the marker compounds before
executing their MIR analysis is preferable compared to direct MIR measurements on the raw meat
samples. In this context, marker compound results (TBARS between 0.4387 and 2.1040, and carbonyls
between 4.07 and 4.68) showed more consistent predictive models than the ones achieved using
quantitative analysis of the spectra obtained from the raw meat. Lipid oxidation compounds predictive
models obtained in this work offered an R2, of 63.18% and protein oxidation R2., obtained in this
project showed a value of 54.24%. Thus, MIR technology arises as a promising tool to identify and
quantify products derived from lipid and protein oxidation in fresh foal meat.

Keywords: MIR (Mid-Infrared) spectroscopy; lipid oxidation markers; protein oxidation markers;
foal meat

1. Introduction

While historically horse breeds used for consumption came from old animals previously employed
for field labor, nowadays these animals come from selected breeds with meat production purposes [1].
Around 700,000 foals graze in Spanish lands [2] and thousands of livestock heads are slaughtered
annually, e.g., 38,200 during the year 2019, according to the data provided by the Ministry of Agriculture,
Fisheries and Food of the Spanish Government [3]. Thus, Spain is positioned as an important foal
meat exporter and it is one of the biggest European producers. Foals raised for commercialization
are animals between 7 and 9 months of slaughter age (lechales foals), or between 15 to 16 months of
slaughtering age (quincenos foals) [4], demystifying the extended belief that horse meat always comes
from old and rejected animals employed for other purposes.

Foal meat composition presents several differences with other types of meat. Its main peculiarity
is its higher protein content and lower fat content than other popular meats. Concretely, foal meat
presents a 2% of total lipids in its composition, 32% of which are saturated fatty acids (SFA), while lean

Foods 2020, 9, 1828; d0i:10.3390/foods9121828 www.mdpi.com/journal/foods


http://www.mdpi.com/journal/foods
http://www.mdpi.com
https://orcid.org/0000-0002-6662-6394
https://orcid.org/0000-0003-3331-8560
https://orcid.org/0000-0001-8370-0034
https://orcid.org/0000-0002-3821-814X
http://www.mdpi.com/2304-8158/9/12/1828?type=check_update&version=1
http://dx.doi.org/10.3390/foods9121828
http://www.mdpi.com/journal/foods

106 Chapter V: MIR Spectroscopy for Food Quality Determination

Foods 2020, 9, 1828 20f19

beef has up to 5.4% of fat, of which 41% are SFA [5]. In the last years, several works and results about
foal meat’s lipid composition can be found in the literature and it has been observed that, regarding fatty
acids (FA) in intramuscular fat foal muscles, the most predominant ones are Polyunsaturated Fatty
Acids (PUFA), ranging from 41.1 to 48.2% of the total methyl esters [6]. With respect to proteins,
foal meat is characterized by having a higher proportion of protein content than beef or pork, and with
a high biological value, as it presents around 40% of essential amino acids [7].

Oxidation is one of the main causes, if not the principal, of meat quality loss during the meat
preservation process as it affects lipids, proteins, carbohydrates and vitamins in meat, producing changes
in the meat consistency, texture, color and sensory properties in general. During the aging and storage
time, the close relationship between lipid and protein oxidation (L_OX, P_OX) in fresh meat and
its influence on the deterioration of meat quality is already known [8]. Over the years, L_OX has
been the subject of plenty of studies, leading to a substantial knowledge of the principal mechanisms
involved in PUFA oxidation and parallel degradation. The oxidation process involves the degradation
of PUFA or vitamins, among others, giving rise to the generation of free radicals, more susceptible to
suffer oxidation, leading to changes in the meat composition and its nutritional value [9]. L_OX s a
convoluted mechanism that involves complex chains of reactions that gives rise to different primary
(peroxides), and secondary oxidation compounds [10]. Associated changes to L_OX constitute the
principal cause of degradation in meat and meat products, as they trigger bad odors and flavors
formation, as well as color alteration, all of it consequently leading to a loss in the organoleptic quality
of the final product. In addition, this L_OX also leads to a loss in the meat’s nutritional value, and to
the formation of potentially harmful compounds related to different pathologies [11].

L_OX, through the oxidant activity of primary and secondary L_OX products, is also thought to
promote the oxidation and degradation of proteins. According to Pignoli et al. [11,12], the different
chemical modifications in specific amino acid chains, or the peptide backbone, can lead to changes in
the physical properties of the proteins, with different chemical manifestations, such as gain of carbonyl
derivatives, formation of intra and intermolecular cross-links, or loss of tryptophan fluorescence,
among others. Color changes in foal meat occur more quickly than in other meats such as beef due to a
higher iron content, which affects the myoglobin [13]. Besides, tenderness is usually greatly affected by
P_OX. Meat becomes harder and less juicy due to changes in protein cross-linking, due to oxidation
reactions [14]. P_OX is mainly produced due to the presence of free radicals that act as oxidizing
agents. These oxidation agents act on the side chains of amino acids, causing the loss of the amino
group, and the formation of carbonyl groups. In addition, L_OX usually has a direct influence in
P_OX. Nevertheless, the protein degradation can also occur without L_OX. The carbonyl formation
is also favored by refrigerated storage and freezing of the meat, as well as by culinary treatments.
Contrary to what happens to L_OX, protein degradation has not been as deeply studied in foal meat
quality researches [15], despite having been proved that P_OX has an important effect on the functional
properties of meat, and on foal meat in particular [12].

In this context, Lipid/Carbonyl radicals, hydroperoxides and malonaldheyde (MDA) play a
vital role in promoting in vivo oxidative reactions, which have been proven to not only reduce the
quality of meat and food but also to increase health risks. That is why through the years different
techniques have been developed in order to detect and measure some of these compounds. Concretely,
quantification of milligrams of MDA per kilogram of meat sample by the Thiobarbituric Acid Reactive
Substances (TBARS) analysis; and quantification of the total amount of carbonyls by using the
Dinitrophenylhydrazine (DNPH) technique are frequent methods for assessing L_OX and P_OX,
respectively. These techniques are time consuming, though. Thus, there is an increasing interest in the
food industry on the application of new, fast, and reliable techniques. In this way, Attenuated Total
Reflectance-Fourier Transform Mid-Infrared Spectroscopy (ATR-FI/MIR, shortened in the following
as MIR) might be a practical option. MIR spectroscopy applications in food analysis are diverse,
although its current use is limited [16,17]. In this context, the objective of this research was to study the
usefulness of MIR technology to estimate the values of L_OX and P_OX marker compounds in foal meat,
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due to its high susceptibility to oxidation. To do so, MIR spectra were recorded on L_OX and P_OX
marker compounds previously extracted from raw meat samples. Then, a second objective, was to
study if MIR technology is more useful when applied on previously extracted oxidation compounds or
when measured directly on raw meat samples.

2. Material and Methods

2.1. Animal Management and Meat Sampling

In this study, two different types of animals (differing in age and feeding diet) and four meat
aging times were used in order to obtain samples with potentially different oxidation levels.

Foals were kept with their mothers and allowed to suck freely on the pasture from birth to weaning at
the age of 6 to 7 months. Then, foals were randomly divided in two groups to be slaughtered at two different
ages: 12 foals were slaughtered at 26 months of age (784 + 37 days) which correspond to the “Adult”
(A) group. The diet (Appendix A) of the A group was supplemented with a standard/conventional
concentrate (C). Then, 11 foals were slaughtered at 13 months (403 + 30 days), which corresponds
to the “Young” (Y) group, whose diet was supplemented with a linseed-rich concentrate (L) (5%).
This fattening period lasted around 104 days (+10 days) in both groups.

Foals were transported 50 km to the abattoir the day before slaughter in compliance with current
European regulations (Council Regulation 1/2005EC, 2005), and were stunned with a captive bolt, slaughtered,
and dressed according to the specifications outlined in the European legislation (Council Directive 93/119/EC,
1993). Twenty-four h post-mortem, Longissimus dorsi (LD) muscles of each of the animals were
extracted from the left half-carcasses. The LD muscle was sliced into 20 mm (+0.2) thick cuts, and steaks
were aged under vacuum (99%) and in refrigerated chambers at 2 + 1 °C and under dark during the
corresponding days (0, 4, 8, or 12 days for the Y-L group; and 4 days for the A-C group). Once these
periods elapsed, samples were frozen during 3 months (+10 days). After that, samples were thawed
during 24 h under refrigerated conditions (2 + 1°C) before analysis. Meat from the A-C group was
aged 4 days, as this is the standard aging time for this type of meat. Meat from the Y-L group was aged
longer in order to promote potential oxidation of the meat due to the linseed diet fed to the foals.

2.2. Experimental Design

Once the meat cuts from each animal were fridge-stored for the time required in the analysis,
two different parts in the design were performed according to two analyses: L_OX quantification
by TBARS and MIR spectroscopy analysis; and P_OX quantification by DNPH method and MIR
spectroscopy analysis. In both L_OX and P_OX analysis, MIR spectra were recorded to previously
extracted oxidation compounds, and directly on raw meat samples. A scheme of the experimental
design is shown in Figure 1.
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Figure 1. Scheme of the experimental design for both models performed in this work (nac: number adults
on concentrate; nyy : number youngs on linseed; TBARS: Thiobarbituric Acid Reactive Substances;
DNPH: Dinitrophenylhydrazine; L_OX: lipid oxidation; P_OX: protein oxidation).

2.3. Analytic Method for Both Lipid and Protein Oxidation Quantification

2.3.1. Lipid Oxidation Quantification: Thiobarbituric Acid Reactive Substances (TBARS) Analysis

L_OX was evaluated through the method proposed by [18], with some variations applied.
Two grams of meat were minced and 10 mL of 5% trichloroacetic acid (TCA) was added. Then, it was
homogenized with an Ultra-Turrax (IKA T25 digital ULTRA-TURRAX, IKA-Werke GmbH & Co.,
Staufen im Breisgau, Germany) for 1 min at 11,500 rpm. The homogenized sample was stored at —10 °C
for 10 min and was centrifuged at 5000 rpm, for 10 min at 4 °C. Supernatant was filtered using a
Filter-lab no 1246 filter on ice. One mL of the filtered substance was taken and reacted with 1 mL
0.02 M TBA. Immediately, it was incubated in a water bath at 96 °C for 40 min. Then, tubes were chilled
and centrifugated at 10,000 rpm for 4 min at 20 °C. Part of the extract was used for MIR measurement
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(L_OX marker compound). Absorbance was measured on the rest of the extract at 530 nm employing
a UV/vis Spectrophotometer with diodes detector, model Shimadzu UV-2101PC. TBA values were
calculated from a pattern curve of 1,1-3,3 tetraethoxypropane (TEP) and expressed as mg of MDA /kg
of meat sample.

2.3.2. Protein Oxidation Quantification: Dinitrophenylhydrazine (DNPH) Method

P_OX, measured as total carbonyl content, were quantified according to the method described by
Oliver [19] and modified by Vuorela [20], commonly known as the DNPH method. Each of the meat
samples was homogenized with 20 mL of 0.6 M NaCl for 60 s using an Ultra-Turrax homogenizer (IKA T25
digital ULTRA-TURRAX, IKA-Werke GmbH & Co., Staufen im Breisgau, Germany). Two aliquots of
homogenate were taken (0.1 mL) and were transferred into Eppendorf vials. Proteins were precipitated
with 10% (1 mL) TCA and were centrifuged for 5 min at 10,000x g. One of the pellets was treated
with 2N HCl (1 mL) in order to quantify proteins and the other one with 0.2% 2,4-dinitrophenyl
hydrazine (DNPH) in HCl 2M (1 mL) to quantify carbonyls. Part of the extract was used for
MIR measurement (P_OX marker compound). Protein concentration samples (p) were measured
spectrophotometrically attending to absorbance at 280 nm (Spectrophotometer UV/vis with diode
detector, Shimadzu UV-2101PC, Mettler-Toledo S.A.E. L'Hospitalet de Llobregat, Barcelona, Spain)
using Bovine Serum Albumin (BSA) as the standard. Carbonyl content was expressed as nmol of
carbonyl compounds per milligram of protein using an extinction coefficient of 21.0 mM~! cm™! at
370 nm.

2.4. MIR Spectra Acquisition

The measuring instrument used in this research was a FTIR Vertex 80v spectrometer (Bruker, Ettlingen,
Germany). The measurements were made with an ATR Platinum (Bruker, Rheinstetten, Germany)
inserted in the FTIR. The spectrometer was equipped with a Globar source (operation bandwidth,
6000-50 cm™1), a beam splitter of KBr (10,000-400 cm~!), and DLaTGS detector (10,000-250 cm™).
The active area of the ATR Platinum was a diamond crystal (2 X 2 mm, approximately) on top of which
the samples under test were deposited.

First, a reference spectrum was taken with the ATR device empty, and then the spectrum of each
of the samples was measured. The different samples were placed on the diamond crystal of the ATR,
ensuring that the entire crystal surface was completely covered and that there was a perfect contact
between the samples and the crystal. Once every sample measurement was performed, the ATR
diamond crystal was cleaned with a piece of Berkshire Durx® 670 optic cleaning wipe using distilled
water and isopropyl alcohol to leave it ready for the next sample’s reference measurement. In order to
stablish the adequate number of replicates, 32 scans were averaged in the 4000 to 400 cm~! spectral
range and were recorded with a resolution of 4 cm~Ll. Tt was observed that, on average, 1 out of
15 measurements of the same sample showed outlier or anomalous spectral results in comparison to
the others (this was performed for a total of 105 measurements from 10 different samples). In this way,
it was stablished that repetitions of the same sample would be enough to obtain consistent and similar
results. Thus, taking into account the number of extracts used (see Figure 1) a total of 240 measurements
were performed for L_OX determination, and a total of 108 measurements were carried out for P_OX
determination. Every measurement provided a single and unique spectrum, which was saved in the
PC in order to employ them for the chemometric model of the data obtained. The spectra acquisition
of the raw meat samples was done and described in a previous work [21].

2.5. Statistical/Chemometric Treatment

The analysis of variance (ANOVA) was performed using the General Linear Model (GLM, SPS523.0,
Chicago, IL, USA) to study the TBARS and carbonyl content of the samples. Significant differences
(p < 0.05) between groups were tested using Tukey’s test.
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In order to perform the quantitative analysis, the software package QUANT 2, from Bruker’s
Opus v.7.0, was used. The purpose of QUANT 2 is to perform quantitative analysis of unknown
multicomponent samples. A chemometric model, using a number of calibration samples of known
composition that were representative of the studied system, was used. Outliers and negative bands
were discarded and MIR spectra of the remaining samples would then be used by QUANT 2 to calculate
a calibration function, which essentially is the model used for the analysis of unknown samples.

The cross validation method was employed, which uses the same set of samples for calibration
and validation. In this method, a representative set of samples for a multicomponent system is used
to calibrate and validate a system. Before starting the calibration, one of the samples was excluded
from the entire set of samples, and used for the validation process. The remaining samples were
then used to calibrate the system. In order to do this, a set of calibration samples was measured by
MIR spectroscopy. With the obtained spectral results, the main absorption peak amplitudes for each
substance were determined and plotted versus different known concentrations. Thus, the resulting
calibration graph was used to evaluate the concentration of an unknown sample, by measuring its
absorption peaks and comparing them with the resulting graph. The information contained in the
calibration samples spectra was then compared to the information of the known concentration values
using a Partial Least Square (PLS) regression. This method assumes that systematic variations observed
in the spectra are a consequence of the changes in the concentration of the components.

Multivariate calibrations make use of not only a single spectral point but they take into account
spectral features over a wide range. Therefore, the analysis of overlapping spectral bands or broad
peaks becomes feasible. Multivariate calibrations require a large number of calibration samples and
yield a large amount of data (several spectra with hundreds or thousands of relevant data points).
In order to conveniently handle so many results, the spectral response and its concentration values were
written in a matrix form, where each row in the spectral data matrix represented a sample spectrum,
and the concentration data matrix contained the corresponding concentration values of the samples.
The matrices were decomposed into their Eigenvectors, by which it is possible to define a spectral
characteristic without using all its components. Thus, only the relevant principal components were
taken into account, leading to a considerable reduction in the data amount. Finally, a PLS regression
algorithm was deployed to find the best correlation function between spectra and concentration
data matrix.

Data Preprocessing

In order to ensure the reproducibility of the calibration samples, several spectra of each sample
were acquired. Due to the inhomogeneity of the samples, a spectral normalization was first performed.
Then, data preprocessing procedures were applied to align the different spectra. Data preprocessing
can eliminate variations in offset or different linear baselines and is useful to ensure a good correlation
between the spectral data and the concentration values. In this study, different preprocessing methods
were used for L_OX and P_OX results. When working with the marker compound samples,
two preprocessing steps were applied. First, a whole calibration/validation, using the entire data
set with all the studied samples, was made. Due to the fact that there were many samples, and in
order to homogenize the spectral results, a second calibration/validation model with reduced data was
also elaborated by taking the average of six repetitions for each sample, and were referred to as the
Mean Set.

Regarding the L_OX results acquisition, two methods were employed: Standard Normal Variable
Vector Normalization (SNV), which normalizes a spectrum by first calculating the average intensity
value and subsequent subtraction of this value from the spectrum; and then calculates the sum of
the squared intensities, and divides the spectrum by the square root of that sum; and a Linear Offset
Subtraction, which shifts the spectra in order to set the absorbance minimum to zero.

In the case of P_OX results, a combination of two methods was employed. First, a Multiplicative
Scatter Correction, which performs a linear transformation of each spectrum for it to best match the
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mean spectrum of the whole set. Second, a First Derivative method, which calculates the first derivative
of the spectrum, emphasizing the steep edges of a peak, was employed to obtain the carbonyl content
results. Finally, a Min-max Normalization method (first subtracts a linear offset and then sets the
absorbance-maximum to a value of 2 by multiplication with a constant) was employed to obtain the
results of the carbonyl content using the Mean Set.

As a final step, a discussion of the results obtained with the quantitative analysis of the spectra
from the oxidation marker compounds (L_OX and P_OX) vs. the ones obtained in the quantitative
analysis of the spectra analyzed directly from raw meat in a previous work [22] was carried out.

3. Results and Discussion

3.1. Lipid and Protein Oxidation Quantification

The L_OX and P_OX quantification was done using the analytically obtained lipid (TBA) and
protein (DNPH) oxidation values from Y-L and A-C animals. As shown in Table 1, TBA content showed
an increasing trend, though non-significant, with ageing time (0-12 days), meaning a higher L_OX
in aged samples, as it was expected from the results found in [8]. As it can be observed in Table 1,
the results for the A-C group in TBA analysis at day 4 showed higher MDA content, with 2.1 mg
MDA/kg, in comparison to the 0.44 mg MDA/kg of meat obtained for the Y-L group, at an ageing
time of 4 days (p < 0.001). These results suggest that the MDA content in foal meat increases as the
slaughter age increases, most likely due to a higher intramuscular fat percentage of older animals [23].
Nevertheless, if redoing the statistical analysis by subtracting the AC group, significance in the data is
still found for different days of ageing (data not shown).

Table 1. Lipid and protein oxidation quantification of Young-Linseed (Y-L) and Adult Conventional
(A-C) foal meat.

TBA (MDA/kg) Total Carbonyl (nmole/mg)

Y-L 0d 0.45252 4072
Y-L 4d 0.4387 2 4204b
Y-L 8d 0.505 2 4352
Y-L 12d 0.52872 4284ab
A-C4d 21042 P 468"
SEM 0.054 0.059
p-VALUE 0.000 0.009

TBA: Thiobarbituric Acid; Means within a column lacking a common superscript letter differ (p < 0.05).

According to Zakrys-Waliwander [14] and Ruiz [21], P_OX in beef samples increases with oxygen
and conservation ageing time. For this reason, similar behavior was expected for P_OX of foal meat
than the one obtained for TBA. Nevertheless, the results presented in Table 1 do not show any apparent
increase or decrease, nor any clear pattern followed by the samples. As shown in Table 1, differences in
the carbonyl content were only due to the differences observed between the A-C group and the Y-L-0d
group (p < 0.01). This way, although it is demonstrated that TBA increases as the slaughtering age does,
there is no evidence that it occurs in a similar way in the case of carbonyls. Regardless, both oxidative
processes should be taken into account for a correct determination of meat quality, allowing the
evaluation and differentiation of the oxidative changes that take place in lipids and proteins.

3.2. Spectral Characterization

In this section, the spectral MIR characteristics of the analyzed substances are studied, with a total
of 348 analyzed spectra, shown in Figures 2 and 3. As it can be observed, a moderate variability is
shown in L_OX and P_OX content extract samples’ spectra (see Figure 3). In order to study the different
peaks present in the spectra, a bibliographic revision of the main absorption peaks of these kinds of
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substances was performed. Table 2 contains a compilation of the main wavenumbers associated to their
functional groups according to the bibliography consulted, in relation to the compounds considered.
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Figure 2. (a) ATR MIR spectra (Attenuated Total Reflectance-Fourier Transform Mid-Infrared Spectroscopy)
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Figure 3. (a) ATR MIR spectra of P_OX (protein oxidation) samples (108 analyses) and expanded areas
of interest: (b) 2750-3100 cm™1; (c) 950-1500 cm .

Table 2. Compilation of principal wavenumbers associated to functional groups.

Wavenumber (cm~1) Assignment Reference
3700-3200 Stretching vibration of( aZTiejig?iigﬁ?-bonded -O-H groups [24]
3500-3300 Amines [25]

~3400 Amide A (N-H stretching vibrations) [25]
~3100 Amide B (N-H stretching vibrations) [26]
oy Smmenclad wmmemding dos o G
i shionfaide C-Osmhing sy
1680-1620 Stretching vibration of C=H groups (Alkenes) [29]
~1640 Hydrogen covalent bonds bending of water [30]
1580-1540 c-O Vibrati.ons/zikmid.e II (N-H bgnding vibratio.n mi>fed vyith [31]
C-N stretching vibration)/Aromatic -C=C stretching vibrations
1400-1200 Amide IIT (N-H, C-C and C-N vibrations) [26]
970-920 Trans = C-H out-of-plane bending [32]
610-711 Amide V (C-N and N-H vibrations) [26]
900-400 Stretching of O-H (water vibration) [24]
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3.2.1. Spectral Characteristics of Lipid Oxidation Marker Compounds

Among all the absorption peaks shown in the Figure 4, the most significant one is the band
located between 3700 cm ™! and 3100 cm™!, which corresponds to the wide band of high absorption
associated to the hydroxyl groups O-H of water. In this case, it hides the possible presence of other
peaks. In the same way as before, vibrational oscillations of these O-H groups provoke the apparition
of another wide band between 900 cm~! and 400 cm™!. After these two regions, the band with the
highest absorption appears between 1680 cm~! and 1590 cm™!, with a peak at 1636 cm™!. This area,
according to [29], corresponds to the stretching vibrations of C=H groups (Alkenes). However, the peak
placed at 1640 cm™! corresponds to the hydrogen covalent bonds bending of water. This way, results are
not clear enough to determine the type of bond that provokes that absorbance. Moreover, a weak
peak can also be observed at 2981 cm™~!, again associated to the different vibrational oscillations
of C-H bonds. This one in particular was assigned to the stretch of C-H in the study of Tertiary
Amine-Triethylamine [33]. Finally, it can be clearly observed that an isolated peak in the Fingerprint
Region (from 1500 to 400 cm™') [29] was present in each of the 240 samples measured. The peak
is located at 1336 cm™! and has a low but repeated absorption from 0.086 to 0.095 (mean = 0.088).
No reference regarding this particular peak has been found in any of the works consulted in the
literature. Nevertheless, it is located in the region correspondent to CH3 symmetric deformation and
CH2 wagging band (1400-1200 cm™1), so it is supposed to belong to this kind of peptide complex
band. As a curiosity, the only reference found regarding the apparition of a peak at this particular
frequency was in the study of [34], in which they found that the band corresponding to 1336 cm™!
may be considered a sensitive marker for the identification of Lactobacillus casei, used to evaluate lactic
fermentation in fermented foods production.
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Figure 4. Example of MIR spectrum corresponding with L_OX (lipid oxidation) compounds.
3.2.2. Spectral Characteristics of Protein Oxidation Marker Compounds

Regarding MIR analysis of a carbonyl sample, two areas can be differentiated in order to perform a more
detailed study (Figure 3); the Functional Group Region, between 4000 and 1500 cm~!, which corresponds
to hydrogen bonds atoms (C-H, O-H, and N-H) vibrational oscillations; and the Fingerprint Region
(1500-400 cm~!). Among all the absorption peaks that can be seen in the graph, the most remarkable
ones are those located in the Functional Region, and more concretely between 3700 and 3100 cm™.
This range presents high absorption associated to the hydroxyl groups O-H, where water appears.
Usually, these absorption peaks hide the N-H associated peaks [35]. However, Figure 5 shows two
clearly differentiated peaks, corresponding to Amide A group, at 3350 cm™~!; and Amide B group, at
3175 cm~!, which is originated from a Fermi resonance between the first overtone of Amide I and N-H
stretching vibrations [25]. If we observe both graphs, there is another peak that stands out over the
rest. It is found at 1650 cm~! and corresponds to the Amide I band, the most intense absorption band
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in proteins. This is primarily due to the stretching vibrations of the C=0O (70-85%) and C-N groups
(10-20%), and its frequency can be found in the range between 1600 and 1700 cm~'. Next to Amide I
group, another less pronounced peak appears between 1588 and 1565 cm™! known as Amide II. This is
a more complex region than Amide I, and derives mainly from in-plane N-H bending (40-60% of the
potential energy). The rest of the potential energy arises from the C-N (18-40%) and the C-C stretching
vibrations (about 10%) [36]. Finally, Amide III band can be found at the region between 1400 and
1200 cm™!, and corresponds to complex bands dependent on the details of the force field, the nature of
side chains and hydrogen bonding [26].

1.6 &Illlﬁﬁ_\& AmideB ~—— Carbonyl spectrum
1.4

Amide ITI
f_iﬁ

Absorbance (ATR units)
5
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ljﬂ :
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Figure 5. Results of MIR absorbance spectra from P_OX (protein oxidation) compounds.

If we observe how the weaker peaks, we find moderate absorbance at 3000 cm™!, associated to
the C-H bonds different vibrational oscillations. The highest peak among them is the one located at
2980 cm~! and corresponds to the asymmetrical stretching vibrations of Alkanes, which could represent
the fatty acids backbone (carbon atom basis of fatty acids), for both methyl (-CH3) and methylene
(-CHy) groups. Finally, a wide band with large absorption is observed in the region between 900 and
400 cm~!, which again corresponds to hydroxyl groups O-H of water, and thus they do not give any
substantial structural information [24].

3.3. Multivariate Analysis and Data Processing

In this section, the validation and calibration models for both protein and lipid oxidation results,
for the two kinds of samples studied, raw meat, and marker compounds, were performed. All of these
results are shown in Table 3, where the two first columns correspond to TBA and carbonyl content of
raw meat samples; whereas the rest of the columns correspond to L_OX and P_OX marker compounds.
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Table 3. Results of the predictive models (calibration and validation), of the TBARS, carbonyls studied in raw meat and L_OX (lipid oxidation) and P_OX (protein
oxidation) marker compounds.

Parameter TBARS Raw Carbonyl Raw L_OX Entire Set L_OX Mean Set P_OX Entire Set P_OX Mean Set
Meat Samples Meat Samples
R? 9.96 94.99 75.19 92.74 41.44 98.46
Calibrati RMSEE 0.143 0.136 0.338 0.262 0.00809 0.00199
atbration RPD 1.05 447 2,01 3.71 131 8.06
Rank 1 8 10 9 5 8
R%., 243 24.6 63.18 60.84 24.09 54.24
Validati RMSECV 0.146 0.492 0.402 0.527 0.00894 0.00769
ahdation RPDg, 1.01 115 1.65 16 1.15 1.48
Rankcy 1 8 10 9 5 8
Preprocessing First Omﬂ_ v Vectorial mmno:n._ Deriv. . SNV Normalization Linear Offset Subtraction MSC Min-Max Normalization Straight C:.m mcvqwn:o.:
Treatment Normalization (SNV) (3998-3637; 3278-2918; 32782918 cm~! Between 3998-3637 cm~!  1839-1478 cm™! 3638-3277 cm~ 3278-2918; 2198-1118;
(2559-2199 cm™1) 2559-478cm™1) 760-399 cm™!
Outliers (spectra) 6 3 13 0 5 0 0

RPD: Ratio of (standard error of) Prediction to (standard) Deviation. R?: proportion of the variance for a dependent variable that is explained by the independent variable in the regression
model. RMSEE: root mean square error of estimation. RMSECV: root mean square error of cross validation.
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3.3.1. Lipid Oxidation Results

As observed in Table 3, several differences can be found among the obtained results. With regard
to TBA results, there are significant differences between the raw meat samples, and the ones obtained
from the compounds themselves (marker compound samples), showing a calibration R? of 9.96% and
75.19% respectively, which means a difference of 65.23%. Regarding the validation models, there are
also similar differences between both kinds of samples, showing an R?, of 2.43% for raw samples;
and 63.18% for the marker compounds samples. The rest of the studied parameters presented less
consistent results in the raw meat samples than in the compound markers.

In this section, a total of 240 spectral analyses from 40 L_OX samples were employed for the
model construction. The samples were extracted from a total of 19 different animals from two different
groups (n =7 Y-L and n = 12 A-C). Results of the first validation were not very consistent, as they
presented a poor R?, and a high Root Mean Square Error of cross validation (RMSECV). Because of
that, some preprocessing methods were applied to the spectral data, and the most remarkable outlier
points were subtracted from the cross validation in order to obtain a stronger and more reliable result.
From all the possibilities, we selected the one with minimum RMSECV and higher rank and regression
point displacement (RPD) values.

The resulting validation model after the preprocessing procedures showed a R? of 63.14% (33.83%
without preprocessing), RMSECYV of 0.402 (0.685 without preprocessing), and RPD of 1.65 (1.23 without
preprocessing). In order to make the validation, we employed a cross validation model with one sample
exclusion. In this case, 13 outlier spectra were subtracted from the results, so a total of 227 spectral
data were employed for the calibration/validation model. The studied spectral range can be divided
in two different regions: the region between 3278 and 2918 cm™!; and the area between 1.839 and
759 cm~!. The L._OX concentration suffered variations in a range between 0.28 and 3.58 mg/kg so,
in order to homogenize the results, a new calibration/validation model for the mean of each group
of six spectral measurements performed for each L_OX sample was elaborated. This way, the set of
spectra was reduced from n = 240 to n = 40. Following the same procedure as previously explained,
a first calibration equation was given.

The validation model after the second preprocessing procedure (Linear Offset Subtraction),
showed a Coefficient of Determination of 60.84%, a RMSECYV of 0.527 and a RPD of 1.6, unlike the
first results of validation, which showed a poorer R? of 33.63%, a quite higher RMSCV of 0.686,
and a lower RPD of 1.23. The type of validation employed was cross validation with one sample
exclusion. In this case, no outlier spectra were subtracted, so a total of 40 spectra data were employed
for calibration/validation model. Table 4 shows the calibration and validation results for both the entire
and mean set of data.

Table 4. Calibration and cross validation results for entire and mean sets in the L_OX (lipid oxidation) spectra.

Parameter L_OX Entire Set (n = 240) L_OX Mean Set (n = 40)

R? 75.19 92.74

o RMSEE 0.338 0.262

Calibration RPD 201 371
Rank 10 9

R?%. 63.18 60.84

Validati RMSECV 0.402 0.527

alidation RPD., 1.65 1.6

Rank.y, 10 9

As observed in Table 4, the most remarkable improvements appear in the calibration model when
performing the mean of the group of spectral data. In that case, R? increases from 75.9% to 92.74%.
The root mean square error of estimation (RMSEE) decreases from 0.338 to 0.262, and the RPD goes
from 2.01 to 3.71. However, the validation model shows worse results for the mean than for the whole
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set of spectra. This is directly related to the use of a noticeably smaller set of spectra (40 in comparison
to 240), so differences between samples have stronger repercussions over the results.

3.3.2. Protein Oxidation Results

In the case of carbonyl content validation model results, R2., values for raw meat showed similar
results than the ones obtained through the predictive model of the entire set, with values of 24.6%
and 24.09%, respectively. However, when comparing these results with those obtained with the
predictive model using the mean set, a significant improvement was observed, showing a R2., of
54.24%, which means an improvement of 29.69%. This suggests that when studying carbonyl content
through MIR spectroscopy, it is preferable to perform a mean of the obtained spectra before constructing
the predictive model.

In the same way as previously explained, the procedure consisted of introducing the spectral
measurements into QUANT 2 software, versus their carbonyl quantitative values. A first calibration
equation was given, but, in this case, the results of first validation were not consistent at all, as they
presented really poor R?, and high RMSECV. The negative values of R%., were due to their low value
of rank (1), as the residuals were larger than the variance in true values. Again, as happened with
L_OX sets of spectra, a preprocessing treatment for the spectral data was performed. In the case
of carbonyls, Derivative + Multiplicative Scatter Correction (MSC) was first performed as it offered
almost the minimum RMSECYV with the highest rank (5). After that, outlier points were subtracted
and the validation was repeated. The validation model after the preprocessing procedure showed
a R? of 24.09%, a RMSECV of 0.00894 and a RPD of 1.15, unlike the first results of validation which
showed a poorer R? of 3.33%, a quite higher RMSCV of 0.0116, and a lower RPD of 0.984. This time,
cross validation with one sample exclusion was employed. In this case, five outlier spectra were
subtracted, so a total of 103 spectra were employed for the calibration/validation. The spectral range
was focused on one particular area, between 1839 and 1478 cm™!, and the carbonyls concentration
range was between 0.088 and 0.134 mM.

Following the same procedure as the one followed with the L_OX compound markers, calibration/
validation models were set for the mean of the spectral measurements of P_OX compounds. Sample sets
in this case were reduced from n = 108 to nn = 18 to get better results compared to the analysis of the
whole set of spectra of P_OX. As was expected, attending to the calibration results, the first validation
outcomes were not consistent at all, as they presented the worst R? values of the whole study (—24.41%),
and quite high RMSECV values. As happened in all the previous analysis, a preprocessing treatment
for the spectral data was done. Min-Max Normalization was performed as it offered the minimum
RMSECYV with an acceptable rank (8). In this case, the validation model after the preprocessing
procedure of P_OX mean spectra showed a R? of 54.24%, a RMSECYV of 0.00769 and a RPD of 1.48.
This time, cross validation with one sample exclusion validation model was chosen. In this case,
no outlier spectra were subtracted, so the total spectra for calibration/validation employed were 18.
The spectral range was focused between 3638 and 3277 cm~!. The concentration range for Carbonyls
was 0.088-0.134 mM. Calibration and validation results from the entire set of spectra are presented and
compared with mean sets results in Table 5.

Table 5. Calibration and cross validation results for entire and mean sets in P_OX (protein oxidation) spectra.

P_OX Entire Set (1 = 108) P_OX Mean Set (n = 18)

R2 41.44 98.46
Calibration RMSEE 0.00809 0.00199
RPD 1.31 8.06
Rank 5 8
R2., 24.09 54.24
Validation RMSECV 0.00894 0.00769
RPDcy 1.15 1.48

Ranky 5 8
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As in L_OX results, the most remarkable improvements in the results shown at Table 5 appear in
the calibration model when performing the mean of each group of spectra, and comparing the results
with their entire sets. Thus, R? ascends from 41.44% to 98.46% in P_OX, and as for RMSEE, it descends
significantly from 0.00809 to 0.00199. Not only that, but RPD also shows a great increment in P_OX
from 1.31 up to 8.06.

In the case of validation models, P_OX results show an improvement when performing means
compared to the ones obtained with the whole set of spectra. R?, value in the entire set increases from
24.09 to 54.24 when employing the mean spectra set. Here, the most important factor is the rank chosen.
When performing preprocessing methods in the entire set of P_OX, a very low rank was chosen,
something that might have affected these results. However, in the P_OX mean set, a higher rank was
obtained and this could have helped to obtain more consistent results of R2.,, RPD., and RMSECV.

3.3.3. Raw Meat vs. Marker Compounds Quantitative Analysis Results

In this section, we discuss the results achieved for both type of samples, oxidation marker
compounds (L_OX and P_OX), and the ones obtained in the quantitative analysis of the spectra
analyzed directly from raw meat [22].

As an approach to this comparison, some spectra are presented in Figure 6, showing L_OX and
P_OX responses of some of the randomly selected samples compared to their correspondent raw meat
MIR spectra. Moreover, a quantitative comparison of both groups of spectra is shown in Table 6.
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Figure 6. Comparison of marker compounds spectra vs. its raw meat samples: (a) L_OX (lipid oxidation)
compound (brown) vs. raw meat animal (blue) (b) P_OX (protein oxidation) compound (red) vs.
raw meat animal (blue).
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Table 6. Results of the predictive models (calibration and validation), of the TBA, and carbonyls content studied in raw meat and L_OX (lipid oxidation) and P_OX

(protein oxidation) markers compounds.

Calibration Validation Preprocessing Treatment Outliers (Spectra)
Parameter R? RMSEE RPD Rank R2, RMSECV  RPD., Rankcy
First Deriv. + Vectorial Normalization (SNV)
TBA Raw Meat Samples 9.96 0.143 1.05 1 2.43 0.146 1.01 1 (2559-2199 cm~1) 6
Second Deriv.

Carbonyl Raw Meat Samples 94.99 0.136 4.47 8 24.6 0.492 1.15 8 (3998-3637; 3278-2918; 2559-478 cm~1) 3

: SNV Normalization
L_OX Entire Set 75.19 0.338 2.01 10 63.18 0.402 1.65 10 (3278-2918 cm™1) 13

Linear Offset Subtraction
L_OX Mean Set 92.74 0.262 3.71 9 60.84 0.527 1.6 9 (Between 3998-3637 cm™1) 0
. MSC

P_OX Entire set 41.44 0.00809 1.31 5 24.09  0.00894 1.15 5 (1839-1478 cm-1) 5
P_OX Mean Set 98.46 000199 806 8 5424  0.00769 1.48 8 Min-Max Normalization 0

(36383277 cm™1)
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As it can be observed, only slight differences can be appreciated between L_OX and raw meat
samples, with both spectra being quite similar; however, raw meat spectra present several absorption
peaks in the 1.650 to 1400 cm™! region that L_OX samples do not show, as can be appreciated, for example,
at 1336 cm™!. There, a weak absorption peak can be appreciated in L._OX spectra, which does not appear
in raw meat samples, and it is related to the CH3 symmetric deformation and CH2 wagging group.

Regarding the protein comparison, the differences observed in the P_OX spectral response are
more significant. The main difference is the appearance of a double absorption peak in the band
located between 3500 and 3000 cm~! (Amide A, and Amide B group), which represents the N-H
bond stretching vibrations. A higher absorption peak appears around 1650 cm~!, corresponding to
Amide I group. This one is the most intense absorption band in proteins and is due to the stretching
vibrations of the C=0 (70-85%) and C-N groups (10-20%). It makes sense that these peaks present
higher absorption values in the P_OX spectra than in the raw meat one, as these peaks are associated
to peptide bonds. These bonds may be much more concentrated in the P_OX marker compounds than
in raw meat samples, which present a much more complex tissue matrix and, hence, may interfere
with the measured results.

Several differences can be found among the results observed in Table 6. Regarding L._OX extracts,
very significant differences can be found between raw samples and compounds results, from calibration
values of R?> = 9.96% in raw meat to R?> = 75.19% in L_OX entire set calibration (dif. = +65.23).
Focusing on the validation models, the differences observed are of the same order, with a value of
R2., = 2.43% in the raw samples, to a value of 63.18% in the entire set of L_OX samples. In the rest of
the studied parameters, the results are less consistent in raw meat samples than the ones obtained
through L_OX compounds through MIR analysis. It should also be noted that the highest RPD value
of the whole group of predictive models was obtained through the L_OX entire set, achieving a value
of 1.65.

On the other hand, the results found of the entire set and the mean set of carbonyls are strikingly
different in the case of P_OX. Concretely, in the validation models, R? in raw meat samples showed
a very similar result to the one obtained through the predictive model of the entire set of P_OX,
with values of 24.6% and 24.09%, respectively. However, when comparing it to the result obtained
through the predictive model of the mean set, a significant improvement can be observed in the latter
one, with a R, = 54.24% (diff. = +29.69). This may suggest that when studying P_OX content through
MIR spectroscopy, it is preferable to perform a mean of the spectra obtained before constructing the
predictive model.

4. Conclusions

The spectra showed some remarkable differences between protein and lipid oxidation marker
compounds. Prediction models were promising for the usefulness of MIR technology to estimate the
values of lipid and protein oxidation marker compounds from previously extracted samples or when
applied directly on raw meat samples. However, marker compound results showed more consistent
predictive models than the ones achieved using quantitative analysis of the spectra obtained from the
raw meat. From a practical point of view, given the results, the use of regression treatments delimiting
the range of the spectrum coinciding with the wavelengths in which a large number of protein and
fatty acid bonds are recognized could be useful in future research. Besides, it has been proved that
performing a previous extraction of the marker compounds notably helps to achieve more consistent
results for lipid and protein oxidation assessment in horse meat products. Considering the potential of
this technique, MIR spectroscopy arises as an interesting alternative to traditional meat composition
analytical methods, which are time consuming. Regardless, more research is needed on the MIR
application directly on raw meat in order to improve the estimation of the obtained predictive models.
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Appendix A

Table A1. Concentrates Composition.

Standard Concentrate Linseed Concentrate
Ration (%) Dtille::lll/)li; %‘ll\e/lr)gy % Brute Protein/kg DM Ration (%) Diij::llfjli‘; lgll\e/[r)gy % Brute Protein/kg DM
Ingredients
Oat flour 30.03 2.5 74 45.95 2.5 74
Barley flour 30.10 29 8.3 13.07 29 8.3
Cornmeal 15.47 3.0 6.5 14.54 3.0 6.5
Wheat Bran 7.95 2.3 13.0 5.92 2.3 13.0
Soybean meal 9.99 3.0 38.2 9.06 3.0 38.2
Glycerol 3.96 32 3.96 3.2
Linseed 5.01 3.9 19.1
TOTAL 97501 2.69 10.57 97.511 2.70 10.61

12.5 % added to the total ration addition (%) (vitamins + salt + calcium carbonate + calcium phosphate).
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Chapter VI.:
Conclusions and
Future Lines

This last chapter aims to summarize the main conclusions reached in this thesis. In
addition, future lines of work are proposed to continue the studies discussed in this work,
as well as new lines of research in the field of sensing with metamaterials, metasurfaces,
and metageometries.
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Chapter VI: Conclusions and Future Lines

6.1. Conclusions

In this thesis several MTM-based structures working on the THz regime have been
proposed, for sensing applications. For the different designs, numerical,
experimental results, or both, have been presented.

A new structure based on the metageometries paradigm, called labyrinth
metasensor, and based on an absorber structure has been designed for the detection
of thin-films, biological elements (fungi), and chemical elements (PAHs).

- The labyrinth metasensor operating at ~136 GHz was able to detect
variations of only 1.1 x 105X in SnO; films even for a relatively low
dielectric constant, with high values of sensitivity and FOM, and good
agreement between numerical and experimental results.

- This structure has also demonstrated the ability to experimentally discern
between different health-risky PAH compounds at the same concentration
but with very similar chemical structures. Moreover, the labyrinth
metasensor was able to experimentally detect different concentrations of
the same compound, ranging from 100 ppm to 500 ppm.

- The great performance achieved is explained due to its intricate labyrinth
design, which provokes a strong electrical coupling between adjacent
metallic strips, with resonances distributed all along the device surface
(metageometries).

- Scaling to higher frequencies (0.8 - 0.9 THz), allowed us to improve the
detection limit, and gave us the possibility to detect analytes of a much
smaller size, fungi in our case (numerical results only).

Starting from a very simple blade structure based on the concept of meta-atoms, we
made several modifications to its geometry in order to enhance its electric field and
achieve higher sensitivities, without losing the ease of its manufacture with
traditional techniques.

- Hollow designs were found to be better for sensing purposes, due to the
large electric field confinement generated between metallic plates, what
emphasizes the importance of the geometry design and the electric field
distribution in sensing devices.

An exhaustive study of two-dimensional structures composed of perforated annular
apertures in metallic screens (SHAs), with different substrate thicknesses (50 and
75 um), with and without a dielectric substrate has been carried out based on the
study of the ET phenomenon and its possibilities in sensing applications.

- Both ET with vertical and horizontal polarizations, this is, regular and
anomalous ET regimes, were studied for thin-film sensing applications. The
results showed that the anomalous ET regime, despite being the most
unknown polarization in this kind of approaches, worked better in terms of
sensitivity/FOM.



Conclusions

127

The effect of depositing the analyte to be sensed on the patterned or the non-
patterned side of the SHAs was studied, with different interpretations
depending on the substrate thickness, which will indicate the ET regime to
be excited in each case.

For the ET established regular regime (50 um SHA and vertical
polarization), both deposition options allowed us to detect film
thicknesses ranging from 3 um to 13 um. Nevertheless, depositing
on the patterned side offers somewhat better values in terms of
sensitivity/FOM.

For the non-established anomalous ET regime (50 pum SHA and
horizontal polarization), it was not possible to perform the typical
frequency shift based sensing procedure, due to the insufficient
substrate thickness to fully excite the anomalous resonance.
However, an alternative for thin-film sensing based on a variation of
a peak amplitude was achieved.

For the 75 um SHA, the only option to perform a reliable thin-film
sensing was in the case of depositing on the non-patterned side of
the structure, in the anomalous regime (horizontal polarization).

e We have employed MIR spectroscopy to analyze, estimate and establish prediction

models of protein and lipid oxidative processes in foal meat, in both pre-extracted
oxidative marker compounds, and directly on raw meat.

Previously extracted compounds showed more consistent results in the
prediction models rather than making the analysis directly on the raw meat.

Although prediction models were promising to estimate the values of
protein and lipid oxidation of the samples, there is still a long way to go, and
the results obtained are far behind those that can be obtained with
traditional methods, despite the fact that these methods are time-consuming
and expensive.
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6.2. Future lines

Although the first metamaterial-based sensor appeared more than a decade ago,
research in this field is still ongoing, and the scientific community is nowadays still trying
to come up with ever more sensitive and effective designs. Thus, as part of the current work,
new lines of work that are not covered in this thesis are open at present:

e Design and manufacture of the labyrinth metasurface at higher frequencies. We
propose to design it in the 1-2 THz band to be able to detect much lower
concentrations, or even smaller biological elements than those detected so far, e.g.
viruses.

e The design of new structures based on the metageometry paradigm, such as designs
based on fractal structures, or space-filling curves (Peano’s, Hilbert’s, etc.), with
intricate designs that allow us to increase the distribution of the electric field over
the entire surface of the metasensor unit cell.

e Study and explore new sensing mechanisms, such as the one based on Surface
Enhanced Infrared Absorption Spectroscopy (SEIRA) technique.

e Employ of MIR spectroscopy techniques for the spectral characterization of PAH
compounds, for the previous appearance identification in meat samples cooked
with different cooking methods.
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