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Abstract

Nanophotonics, bridging together nanoscience and photonics, is becoming a key en-
abling technology in biomedicine showing great promises in early diagnosis and less-
invasive therapies. In this context, the unique features of plasmonic and dielectric
nanoresonators to localize and/or enhance light at the nanoscale are greatly con-
tributing to biosensing and enhanced spectroscopies. Properly engineered metallic
and dielectric nanoresonators, exhibiting tunable resonant behavior, can provide an
unprecedented level of control over the light in subwavelength spatial regions. The
resonances of these objects strongly depend on their size, shape, composition, and
surrounding media. Therefore, their effective electromagnetic modeling and its con-
tinuous cross-talk with experimental observations represent the best way to meet the
demand for standardized, easy-to-use, large-scale, and low-cost optical devices for
biomedical applications.

From the theoretical perspective, the growing efforts of scientists to provide a
complete framework for the description of both metallic and dielectric nanostructures
has resulted in powerful tools, in particular spectral theories, in which the resonant
object is described by means of all its resonant modes.

From the experimental perspective, instead, scientific and technological advances
are operating a deep translation of the typical industrial microfabrication approaches
to the nanoscale to meet the demand for metallic and dielectric nanostructured de-
vices to be operated in all the fields of science, including biomedicine.

Both top-down (from bulk materials to nanomaterials) and bottom-up (from the
molecular scale to nanoscale) approaches have been proposed for the fabrication
of plasmonic and all-dielectric nanoresonators, which have been largely applied in
biomedicine for biosensing applications. However, finding an optimal trade-off be-
tween performance and fabrication cost still represents the bottleneck of their em-
ployment in everyday life. The pandemic outbreak of Covid-19 has in fact highlighted
the necessity of rapid, simple-to-use, affordable, and accurate biosensing platforms
for the screening of the population on a large scale. Such devices do not need ex-
pensive and time-consuming analytical techniques that require experienced staff and
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long waiting times.
In this context, a winning strategy for the design and application of optical

nanoresonators in biomedicine could be exploiting the continuous interplay between
theoretical predictions and experimental observations. This approach could enable
the achievement of fully-predictable systems that can be fabricated on a large scale,
with good reproducibility and satisfactory performance.

Motivated by this necessity, in this thesis, a novel paradigm in the design of mul-
tifunctional hybrid nanoresonators is proposed and experimentally validated. This
paradigm could lead to the fabrication and characterization of novel nanosystems,
which could find large applications in biosensing.

In Chapter 1, the recent highlights in the applications of metallic and dielec-
tric nanoresonators in biomedicine and their fabrication approaches are reviewed.
Moreover, due to the more standardized bottom-up approaches for their synthesis,
plasmon-based optical biosensors are thoroughly described, in which hybrid nanopar-
ticles with multiple functionalities are introduced as optical transducers.

In Chapter 2, the theoretical background of the electromagnetic scattering of opti-
cally small objects is carefully reviewed, with particular emphasis on the Mie Theory.
Moreover, a spectral scattering theory is introduced and applied to the most impor-
tant building blocks of plasmonic and dielectric nanoresonators, mainly constituted
by spherical nanoparticles and thin nanowires, respectively. The spectral theory en-
ables the understanding of the scattering of these homogeneous nanostructures in
the framework of the electroquasistatic and magnetoquasistatic approximations of
the Maxwell equations, guaranteeing the good prediction of the resonance position
and quality factor of their modes.

In Chapter 3, the concept of hybrid nanoparticles is introduced. The Maxwell
Garnett homogenization theory is introduced briefly. This theory describes the effec-
tive dielectric permittivity of a composite medium with inclusions. The composition
of these hybrid systems is found by means of a reverse engineering approach based
on the genetic optimization, the Maxwell Garnett theory, and the Mie theory. More-
over, the Mie-Kerker theory is also used for the description of the electromagnetic
scattering from coated hybrid nanoparticles. The validation of the obtained model
is proposed starting from standard hybrid plasmonic nanoparticles synthesized via
bottom-up approaches.

In Chapter 4, a novel hybrid drug delivery nanosystem is presented. It is based
on porous biosilica nanoparticles and in-situ synthesized gelatin/gold nanoparticles.
The composition of the gelatin-stabilized plasmonic nanoparticles is found by genetic
optimization. The obtained hybrid nanosystem is further coated with gelatin shells
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of increasing thicknesses. Then, a theoretical model is introduced that allows, from
simple spectroscopic measurements, to determine the shell degradation and conse-
quent drug release. The proposed nanosystem could represent a valid alternative for
thein-vivo monitoring of the drug release from a nanocarrier.

In Chapter 5, novel hybrid nanocomposites based on polyethylene glycol diacrylate
hydrogels and citrate-capped gold nanoparticles are proposed. The optimization of
the fabrication technique takes advantage of the high reproducibility, large scalability,
and simplicity of an all-solution fabrication strategy. The optical properties of the
obtained nanocomposites can be easily predicted within the hybrid nanoparticles
framework. The mechanical properties of hydrogels with different molecular weights
result to have an effect on the optical features of the hybrid nanocomposites. These
features are exploited to obtain devices with different transduction mechanisms. The
obtained devices exhibit excellent performances in the selective and sensitive detection
of a model target molecule. The presented devices direct find applications in wearable
biosensors, and food and environmental monitoring. Moreover, they could be easily
integrated within more complex microfluidic and microelectronic components due to
the intrinsic flexible nature of the polymeric matrix in which the nanoparticles are
embedded.
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Chapter 1

Introduction

In the last decades, nanotechnology has been finding large interest in the scientific
community, driving researchers from all over the world towards a technological tran-
sition from macro- to nano-scale in all the fields of application [1].

In particular, the combination of nanotechnology and photonics, namely nanopho-
tonics, has emerged as a multidisciplinary field, whose aim is the study of the com-
plex interactions between light and matter at the sub-wavelength scale for a plethora
of applications, including nonlinear optics, condensed-matter physics, light harvest-
ing, near-field/far-field optics, biomedical imaging, nanophotonic design, and optical
biosensors [2].

In this context, the unprecedented optical properties of plasmonic and dielectric
nanomaterials have largely contributed to the deep understanding and application of
this field to life sciences [3].

On the one hand, noble metal nanostructures, generally made of silver (Ag) and
gold (Au), with negative dielectric constants, exhibit coherent oscillations of their free
electron plasma, known as localized surface plasmon resonances (LSPRs), generating
a strong enhancement of the electromagnetic field in their surroundings in the visible
and near-infrared regions of the spectrum.

On the other hand, dielectric objects of small dimensions compared to the free-
space wavelength can exhibit the so-called Mie Resonances proven that their relative
dielectric permittivity is sufficiently high (ϵR ≫ 1) [4, 5].

Dielectric resonators could represent a good alternative to noble metals for sev-
eral applications. However, due to the possibility of exciting magnetic modes and
the presence of multimodal interference, their design is more complex than the plas-
monic counterpart and still requires careful theoretical investigations. While metal
nanostructures suffer from high losses, due to their intrinsic absorption, dielectric
nanostructures exhibit modest losses, but lower field enhancement.
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1.1 Metallic and dielectric nanoresonators for biomedical applications

Therefore, a promising approach could be the combination of both materials,
namely hybrid metal-dielectric nanostructures to take advantage of both low losses
and high field enhancement. However, the fabrication of these hybrid materials, is
generally expensive and time-consuming, which limits their applications to real-case
studies.

A winning strategy for the design and application of optical resonators in
biomedicine is exploiting the continuous interplay between theoretical predictions
and experimental observations. This approach could enable the achievement of fully-
predictable systems that can be fabricated on a large scale, with good reproducibility
and satisfactory performance, thus boosting their production at an industrial level,
which is nowadays the bottleneck of their employment in everyday life.

1.1 Metallic and dielectric nanoresonators for
biomedical applications

A nanoresonator is a photonic structure enabling the localization of the incident
electromagnetic wave in a volume with characteristic dimensions much smaller than
the operating wavelength. In particular, metallic objects support plasmonic reso-
nances, which can be described within the electroquasistatic (EQS) approximation
of the Maxwell equations if the resonator is very small compared to the operating
wavelength [6, 7, 8, 9, 10].

High localized electric fields can be achieved by means of EQS mechanisms, in-
cluding tip-shape effects in objects with sharp edges or capacitive coupling in closely
spaced metal objects [11]. Radiative effects can be also exploited to further enhance
the local electric field, even though they usually play a minor role [12]. The most sim-
ple plasmonic nanoresonator is represented by spherical gold or silver nanoparticles
(NPs).

Plasmonic resonances, falling in the visible region of the optical spectrum, were
first described by Gustav Mie in 1908 [13] while trying to explain the typical reddish
coloration of gold NPs. Since then, the great development of nanotechnology has
led to advanced and engineered nanosystems with tunable LSPR, whose applications
in biomedicine span from biosensing to bioimaging, and from photothermal therapy
(PTT) to drug release monitoring [14, 15].

LSPR, apart from the size, shape, and composition of the plasmonic nanores-
onator, is strongly affected by the dielectric permittivity, or refractive index, of the
surrounding medium [16]. This feature can be exploited to design refractive index-
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1.1 Metallic and dielectric nanoresonators for biomedical applications

based optical biosensors, in which the LSPR position undergoes a concentration-
dependent red-shift when a molecule of interest is immobilized on the NPs’ surface
[17].

Moreover, colloidal NPs aggregation can be engineered to achieve significant col-
orimetric variations detectable to the naked eye, in the so-called colorimetric biosen-
sors [18].

In addition, due to the electromagnetic field enhancement in their surroundings,
plasmonic NPs can be used as nanoantennas for the amplification of external signals.
For example, they can act as antennas for fluorescent dyes to amplify their emission
in the so-called Plasmon-(or Metal-) enhanced fluorescence mechanism (P(M)EF)
[19, 20], they can strongly enhance the Raman signal of molecules associated with
their vibrational modes, in the so-called Surface-Enhanced Raman Scattering (SERS)
mechanism [21, 22, 23, 24], or, similarly, they can amplify the Infrared Absorption
of molecules associated with their vibrational modes in the Surface-Enhanced In-
frared Absorption (SEIRA) mechanism [25]. By acting as external signal amplifiers,
nanoantennas can boost the sensitivity and limit of detection of these commonly used
techniques in the biosensing community, down to single-molecule levels [14, 26, 24,
27].

Concerning bioimaging, plasmonic nanoresonators generally exhibit 105 − 106

times stronger scattered light intensity than that of a fluorescein molecule. They
do not undergo photobleaching when exposed to external light. Therefore, they have
found large interest as contrast agents [28, 29]. More precisely, bigger NPs exhibit
stronger scattering efficiency than smaller NPs and can be detected via two principal
techniques: optical coherence tomography (OCT, mostly used for in-vivo imaging)
and dark field confocal imaging (DFCI, mostly used for in-vitro imaging). Plasmonic
NPs can be made site-specific, thus becoming able to recognize only specific targeted
sites [28].

Moreover, for the treatment of cancer, plasmonic photothermal therapy (PPTT)
could represent a winning strategy compared to the classical PTT since the high ab-
sorption efficiency of plasmonic NPs causes their localized heating. The photothermal
properties of gold NPs were first studied by Link and El-Sayed [30], who demonstrated
that the photo-excitation of plasmonic NPs results in fast energy conversion and dis-
sipation into heat. The dissipated energy is available for the heating of the local
environment. The used light radiation must be at a frequency that strongly overlaps
with the LSPR absorption band of the NPs. Therefore, by introducing NPs of the
opportune size and shape within the invisible range of tissues (NIR) it is possible to
locally heat the malignant cells and destroy them with external laser sources [31].
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Finally, another interesting biomedical application of plasmonic NPs is the spec-
troscopic monitoring of the release of a drug immobilized on the NPs surface. In fact,
by opportunely designing the plasmonic resonances, it is possible to correlate the re-
lease of a drug molecule with the variations in the local effective dielectric constants
of the surrounding medium. When the drug is released, a decrease in the effective
dielectric constant is observed, which induces a blue shift in the LSPR position [32,
33].

More recently, high-index, or all-dielectric, nanoresonators are emerging as alter-
native optical devices [34, 35, 36, 37, 38]. Contrarily to plasmonic nanoresonators,
the resonances in high-index nanoresonators, with sizes much smaller than the oper-
ating wavelength, can be modeled by the magnetoquasistatic (MQS) approximation
of the Maxwell equations, where the normal component of the displacement current
density vanishes on the surface of the object [39].

Among the many types of all-dielectric structures, thin wires may constitute a
promising building block of high-permittivity nanoresonators since they could play
the same important role as conducting thin wires [40]. For instance, at optical fre-
quencies, periodic arrangements of high-permittivity nano-wires have been already
proposed [41, 42] as magnetic media. The design of complex networks made of high-
index thin wires benefits from the MQS approximation of the Maxwell equations [39,
43, 44], since it represents a fast method, with low computational costs, that provide
an accurate prediction of the dielectric resonances and quality factors.

Despite being much more recent than their plasmonic counterpart, high-index
nanoresonators have been already investigated for biomedical applications, in par-
ticular for chirality and refractive index-based biosensors [45]. For instance, silicon
nanoresonators, arranged in both periodic and non-periodic arrays have been already
proposed as diagnostic platforms for the screening of cancer biomarkers [46, 47], and
for the design of sensing platforms to detect the molecular chirality (i.e., the absence
of superposition under mirror reflection exhibited by many molecules exploited in
drug research) [48, 49].

More recently, some theranostic applications of high-index NPs have been also
proposed, even though they are still in their early stages [50, 51].

In this thesis, the main theoretical background describing the electromagnetic
scattering of optically small objects is presented. Moreover, some analytical tools,
falling in the framework of the EQS and MQS approximations of the Maxwell equa-
tions are introduced. These tools allow the prediction of the resonance positions and
quality factors of plasmonic and dielectric nanoresonators.
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1.2 From top-down to bottom-up fabrication strategies

1.2 From top-down to bottom-up fabrication
strategies

Historically, the introduction of the term nanotechnology is attributed to the Nobel-
laureate Richard Feynman, who gave a talk called ”There’s Plenty of Room at the
Bottom” at an American Physical Society meeting, in 1959 [52]. With his visionary
talk, Feynman discussed both top-down and bottom-up approaches to produce mate-
rials in the range between 1 and 100 nm, most of which are still relevant today [53].
Therefore, nanofabrication methods can be classified into two groups: the top-down
and bottom-up approaches. The top-down approach relies on the etching of bulk ma-
terial to achieve the required smaller characteristic dimensions of the object, which
is generally achieved by lithographic techniques [54]. In contrast, in the bottom-up
approach, the structures are condensed into nanomaterials atom by atom or molecule
by molecule through covalent or supramolecular interactions [55].

The top-down approaches for the fabrication of nanostructured materials are dom-
inantly used in the semiconductor industry for all the electronic components of mod-
ern technologies. With these techniques, the desired structures are imprinted or
deposited on silica/silicon, but also flexible substrates via lithography-based proce-
dures.

One of them is the photolithography or optical lithography [56]. This technique
is based on a projection printing system where the features of the desired structures
are projected, through a photomask, onto a substrate that has been pre-spun with a
photoresist (light-sensitive) material using UV light. If the photoresist is positive, the
regions of the photoresist that are exposed to UV light become soluble in a particular
developing solvent. These excess regions are washed away during the developing
step, leaving a pattern of raised features on the wafer identical to the dark regions
on the mask. Conversely, for a negative resist, the regions of the photoresist that are
exposed to UV light become insoluble to a particular developing solvent, and only
the unexposed regions are washed away during the developing step, leaving a pattern
of raised features on the wafer identical to the clear regions on the mask [57].

Another very common top-down approach is the electron-beam (E-beam) lithog-
raphy (EBL). It allows the drawing of customized geometries on substrates coated
with an electron-sensitive resist. A sub-10 nm resolution can be obtained with this
technique. This fabrication procedure can be carried out with a traditional scanning
electron microscope (SEM) integrated with a control unit. Also in this case, the
crucial step is the exposure of the resist, which is done maskless, in this case, by an
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1.2 From top-down to bottom-up fabrication strategies

E-beam. The non-exposed resist, generally a polymer, is dissolved in an appropriate
solvent, thus leaving the patterned area. Finally, the combination with other comple-
mentary processes, such as dry or wet etching, lift-off of evaporated material, and/or
electro-deposition is exploited to terminate the nanofabrication [58].

In both lithographic approaches, the E-beam or thermal evaporation are the most
common techniques to deposit a plasmonic (e.g., gold and/or silver) or a dielectric
(e.g., silicon and/or germanium) material on the patterned substrate. E-beam evap-
oration is a common physical vapor deposition (PVD) process, in which a beam of
high-energy electrons is used to vaporize a material. The vaporized material con-
denses onto the selected substrate to form a thin film. E-beam evaporation is often
used to deposit thin films of metals and alloys with high purity and good adhesion
to the substrate. This type of evaporation is performed using an electron beam that
scans the sample’s surface and then evaporates or sublimates the material just from
its surface without melting it in the crucible (bulk material container). Analogously,
thermal evaporation is a type of PVD process, but, in this case, the material is vapor-
ized using heat. A crucible containing the material is heated to a high temperature,
causing the material to vaporize and condense onto a substrate, forming a thin film.

The main limitations of these fabrication procedures, at the laboratory level, but
also for large-scale production, are associated with the costs and maintenance of the
required equipment. Moreover, time-consuming protocols are required to achieve the
desired nanostructures. Concerning optical lithography, one of the main limitations
is associated with the desired size, which for a common UV light can be brought
to a resolution not lower than 50 nm. There exist UV-light sources working in
the deep UV (wavelength in between 10 − 50 nm), but they are very expensive
and require sophisticated cooling systems. In addition, the chemical nature of the
prepared nanostructures cannot be finely tuned, and this represents a critical issue
in the preparation of optical biosensors.

The currently known and commonly adopted bottom-up fabrication strategies
have been inspired by nature, in which biological atoms and molecules are pre-
programmed to self-assemble and organize driven by supramolecular interactions into
ordered and functional structures [53]. For example, hydrogen bonding, Van der
Waals interactions, electrostatic interactions, and so on . . . , represent an extremely
useful tool that combines the concepts of self-assembly and molecular recognition
for the fabrication of 1D, 2D, and 3D nanomaterials. Inspired by nature, scien-
tists have, therefore, proposed bottom-up synthesized nanomaterials by exploiting
the responsivity of atoms and molecules to external stimuli (e.g., electric field, chem-
ical/biochemical interactions, temperature, and light). Ultra-fine NPs, nanoshells,
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1.3 Plasmonic optical biosensors

and nanotubes, can be prepared with tunable size, shape, size distribution, and den-
sity.

The main advantages of this type of approach are the high throughput, low costs,
and good control of the surface chemistry of the final nanostructures, which, for
biosensing applications, enables ease of functionalization with biomolecules for the
production of specific and selective platforms for clinical and environmental appli-
cations [59, 14]. On the contrary, the main limitations arise from the poor control
of their final optical properties, their assembly on a rigid substrate, and on their
chemical stability for relatively long times. These limitations can be overcome by
carefully studying the kinetics of nucleation and growth processes of the nanoparti-
cles, by using all-solution fabrication strategies, and adopting stabilizing or coating
organic/inorganic materials, respectively [60].

While the bottom-up fabrication of plasmonic NPs is a well-established and
adopted methodology, for all-dielectric nanoresonators, the application of this ap-
proach is still an active research field.

The quest for large-scale, low-cost, and highly reproducible optical devices for
biosensing applications has become of large interest in recent years, caused also by the
pandemic outbreak of Covid-19 [61]. To this aim, bottom-up techniques, or at most
mixed techniques (the tools offered by the top-down methods are used for the large-
scale production of plasmonic substrates), could be a winning strategy. Therefore,
for the scope of this thesis, all the experimental parts, are focused on bottom-up
synthesized plasmonic NPs for biosensing applications.

1.3 Plasmonic optical biosensors

A sensor is a device used for the detection of a physical variable (e.g., temperature,
mass, light, pressure, ...) and for its conversion into a universal signal, such as an
electrical signal. The component responsible for this conversion is the transducer.
The transduced signal is generally an analog signal, which is converted into a digital
one from an analog-to-digital converter. The converted signal is finally transmitted
to a microprocessor.

Three are the main parameters that are used to evaluate the performance of a
sensor [62]:

• the limit of detection (LOD), which is the lowest measurable input signal;

• the sensitivity, which is the variation of the output signal with respect to the
input;
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1.3 Plasmonic optical biosensors

• the selectivity, which is the capability of a sensor to discriminate the input
signal among many other signals.

The term biosensor denotes a type of chemical sensor, in which the detection is
performed by means of a biochemical or biological mechanism. Therefore, a biosensor
has a biological element placed on top of the transducing element, namely a biorecog-
nition layer or bioreceptor. While the bioreceptor recognizes a specific analyte, the
target, the transducer translates this recognition into a readable and measurable
output signal [63]. In the last decade, biosensors are becoming a fast and cheap al-
ternative to the generally expensive, time-consuming, standard laboratory analytical
methods based on chromatography, and biochemical or microbiological techniques.

Optical biosensors exploit light in different spectral regions (from UV to IR) to
obtain quantitative information on the concentration of a specific target analyte.
These devices do not require instrumentation in direct contact with the sample. In
fact, the transducer can be located relatively far from both the source and detector.

In particular, in this thesis, hybrid plasmonic NPs are adopted as optical trans-
ducers of biomolecular interactions. Opportunely functionalized plasmonic NPs give
rise to plasmonic optical biosensors, whose analytical performance can be evaluated
according to the selected transducing mechanism.

Plasmonic optical biosensors can be based on inherent oscillations of the free-
plasma electrons (LSPR) and characterized by optical spectroscopy (refractive-index-
based or absorption-based), in which the position of the LSPR undergoes a shift or
an intensity variation as a function of the molecular concentration [60, 64, 65, 16],
or based on external signal amplification, in which fluorescence, Raman signal, or
infrared absorption intensity variations can be correlated to the molecular concentra-
tion [66, 14, 59].

Gold and silver nanoresonators have been adopted as platforms for plasmonic
optical biosensors, however, the ones made of gold (AuNPs) are usually preferred to
silver ones (AgNPs) for their higher chemical stability.

Specifically, AgNPs suffer from oxidative susceptibility when they come in contact
with solvents and biomolecules, thus requiring further treatments to improve their
stability [67, 68]. Moreover, many surface chemistry approaches have been introduced
and refined to improve the biocompatibility of AuNPs[69] and to hook a probe on
them, this latter being crucial in the design of optical biosensors[70, 71].

Inherent LSPR-based biosensors typically exploit two different transduction mech-
anisms: NPs aggregation and the refractive index change [72]. The choice between
these two approaches depends on several factors, such as the nanofabrication strategy,
the surface chemistry, and the specificity/non-specificity of binding events.
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1.3 Plasmonic optical biosensors

The aggregation-driven sensing mechanism is based on the strong colorimetric
variation of colloidal plasmonic NPs when they are functionalized with two binding
molecules, which cause the aggregation and a prominent red-shift of the LSPR in
the absorbance spectrum (visible to the naked eye).[73, 74, 75] Unfortunately, this
technique requires several stabilization procedures and trials to avoid the non-specific
aggregation of NPs. For example, citrate AuNPs can be destabilized by salts (i.e.
PBS buffer, NaCl solutions), strong basic or acidic pH, and some organic solvents with
a subsequent spontaneous aggregation and/or degradation.[76, 77, 78] Moreover, NPs
aggregation sensing mechanisms can be developed only when the AuNPs are in their
colloidal form, strongly limiting their application to laboratory analysis.

To meet the increasing demand for fast, easy-to-use, cost-effective, selective, and
sensitive platforms for the rapid screening of diseases and food quality analysis, several
research groups introduced innovative fabrication techniques of either transparent
or reflective substrates with immobilized nanoparticles on their surface acting as
refractive index optical sensors [79, 80, 26, 81, 82]. For such devices, top-down
methods are usually preferred in order to achieve ordered periodic arrays with ultra-
high sensitivity and ultra-low limits of detection (LODs) [83, 84, 85].

Other fabrication strategies have been proposed, which rely on the random, or
quasi-random, immobilization of AuNPs. These strategies only require a simple
bottom-up synthesis onto rigid and polymeric substrates. This is a very promising
direction to obtain low-cost, easy-to-fabricate, and large-scale optical platforms[86,
87]. Despite the continuous improvement of low-cost 2D platforms in the last few
years, they still exhibit poor analytical performance, reduced surface area, reduced
surface area-to-volume ratio, and the instability of immobilized biorecognition layers.

These limitations can be overcome by considering 3D platforms, where three-
dimensional arrays of AuNPs are embedded into polymeric substrates. In fact, 3D
optical biosensors are becoming the new paradigm in biosensing technologies with
applications in the direct sensing within 3D architectures, such as implantable de-
vices (scaffolds and patches) as well as in vitro analytical models (cell cultures, ar-
tificial tissues, and organoids) [88]. The combination of polymers with plasmonic
NPs could be applied in the field of point-of-care (POC) and wearable sensing de-
vices, which are still in their early stages, mainly due to the very accurate fabri-
cation procedures required and the lower mechanical robustness compared to their
electrical/electrochemical analogs. Polymers ensure high flexibility, adaptability to
non-planar surfaces, and ease of integration within more complex systems, such as
microelectronics and microfluidics, without compromising high sensitivity and mass
production [59, 89].
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1.4 Hybrid nanoparticles with multiple functionalities

In this dissertation, novel approaches for the design, fabrication, and characteriza-
tion of large-scale, low-cost, and hybrid plasmonic NPs are proposed for application
in biochemical sensing and are introduced with a careful description of the selected
substrates and stabilizing materials.

1.4 Hybrid nanoparticles with multiple function-
alities

The concept of hybrid plasmonic NPs is generally adopted to describe heterogeneous
NPs consisting of a plasmonic metal and, at least, one other material. As a classical
example, core–shell NPs are NPs with a core of typically gold, or silver, encapsulated
inside a shell of various materials. The shell layer can be made of polymers or
inorganic materials that are generally exploited to enhance chemical and colloidal
stability, biocompatibility, and anti-fouling properties. Furthermore, it is selected to
load and release drugs upon chemical external stimuli [90].

The incorporation of other functional materials within/onto a plasmonic NP can
also introduce other physicochemical properties/functionalities, such as magnetism,
stimuli-responsiveness, . . . [91, 92]. The combination of two or more molecular com-
pounds can lead to multifunctional hybrid NPs with enhanced performances, which
take advantage of the facile synthesis, surface chemistry, and functionalization of plas-
monic NPs [93]. The recent advances in chemical reduction and 3D nanofabrication
techniques offer new promise in the production of complex hybrid NPs, which opens
up unprecedented opportunities in their biomedical applications.

Unfortunately, Mie description of the electromagnetic scattering of plasmonic NPs
did not consider the heterogeneity of hybrid NPs occurring during their bottom-
up synthesis. Stabilizers (e.g., polyethylene glycol [94], sodium citrate [95], gelatin
[96]) are generally involved in the chemical synthesis of colloidal NPs, which possess
their own refractive index. The stabilizers affect the effective dielectric constant
of the hybrid NP, and, as a direct consequence, their optical properties, making
difficult an accurate description of their absorption spectra. To this aim, Maxwell
Garnett homogenization theory represents a validated and generally accepted tool to
include inhomogeneities and impurities in the optical characterization of materials.
The combination of Mie Theory and Maxwell Garnett approximation enables the
prediction of the absorption and scattering cross-sections of hybrid NPs [97, 98].

Hydrogels, a particular class of polymers, are becoming the most studied materi-
als, not only for the coating of plasmonic hybrid NPs, but also as 3D immobilization
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1.5 Author’s main contribution

matrices, due to their hydrophilicity, swelling capability, ease of integration within
more complex microsystems [99], and for their capability of preserving active and
functional structures of enzymes and other biomolecules, [100]. Furthermore, the
properties of hydrogels can be easily engineered, since the cross-linking density of
the polymer can be opportunely tuned to control the diffusion of biomolecules with
a specific molecular weight [101, 102]. A hydrogel/hybrid NPs nanocomposite with
a specific molecular and architectural design provides novel bio-responsive function-
alities, controllable interaction between the biological species and the matrix, and
preservation of the activity and functionality of the immobilized bioreceptor [103,
104, 105].

In this thesis, hybrid NPs with multiple functionalities are introduced. First, the
design, fabrication, and characterization of a gelatin-capped hybrid diatomite/AuNPs
colloidal nanosystem are proposed for application in drug release monitoring. Here,
multifunctionality arises from the combination of AuNPs with diatomite, providing
the system with a transducing element to monitor the polymer shell formation and
degradation, as well as, indirect monitoring of the drug release. Then, a hybrid
nanocomposite made of citrate-AuNPs and polyethylene-glycol diacrylate (PEGDA)
hydrogel is proposed as a plasmonic transducer for biosensing monitoring. In these
systems, multifunctionality arises, instead, from the mechanical properties of the
hydrogel, which allow their exploitation in both refractive-index-based and swelling-
dependent optical biosensors. Depending on the hydrogel molecular weight, the pro-
posed hybrid nanosystems enable the biosensing of both small and big molecules with
high accuracy and relatively low LODs. Moreover, the simple, low-cost, large-scale
fabrication of this nanocomposite can be applied in all fields of biomedicine since its
chemical and optical properties can be tailored to specific applications.

1.5 Author’s main contribution

Major contributions

• Maxwell Garnett approximation for the accurate prediction of the electromag-
netic scattering, absorption, and extinction of hybrid NPs by Mie and Kerker
theories: numerical implementation, data analysis, and interpretation of the
results (included in Chapters 3,4, and 5);

• Gelatin-capped plasmonic/diatomite colloidal nanoparticles for drug release
monitoring: design, optical characterization, data analysis, and interpretation
of the results [106] (included in Chapter 4);
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1.5 Author’s main contribution

• PEGDA/AuNPs nanocomposites for biosensing applications: design, fabrica-
tion, optical characterization, functionalization, data analysis, and interpreta-
tion of the results [60, 66, 107, 108] (included in Chapter 5);

• Plasmonic nanosensors in biomedicine: a review of the current state of the art
[14] (included in Chapter 1);

• Flexible optical biosensors for life-sciences applications: a review of the current
state of the art [59] (included in Chapter 1 and Chapter 5);

• Hollow microneedle-based plasmonic sensor for on patch detection of molecules
in dermal interstitial fluid: design, fabrication, optical characterization, func-
tionalization, data analysis, and interpretation of the results (not included in
this thesis, under-review paper)

• Plasmonic bimetallic nanoislands arranged in random arrays for antibody func-
tionality assessment: fabrication, optical characterization, functionalization,
data analysis, and interpretation of the results (not included in this thesis,
manuscript in preparation)

Contributions

• Electromagnetic scattering by networks of high-permittivity thin wires: numer-
ical simulations by Comsol Multiphysics, implementation of the model, data
analysis, and interpretation of the results [44] (included in Chapter 2);

• One-shot fabrication of polymeric hollow microneedles by standard photolithog-
raphy: numerical simulation by Comsol Multiphysics, data analysis, and inter-
pretation of the results [109] (not included in this thesis);

• Oxygen indicator films of PEGDA and Titania (TiO2) NPs with tunable re-
sponse times: optical characterization, data analysis, and interpretation of the
results [110] (not included in this thesis);

• Porous silicon-based optical sensors [111] for electroluminescence: design, fabri-
cation, optical characterization, and data analysis (not included in this thesis).
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Chapter 2

Plasmonic and Dielectric modes of
optically small objects

2.1 Mie Theory: Absorption and Scattering of
light by small particles

The treatment of absorption and scattering of light by arbitrary objects is a funda-
mental problem in optics, which is quite complex and large to be treated in a general
way. Therefore, for the aims of this thesis dissertation, it will be limited to isolated,
optically small particles within the framework of classical electromagnetic theory.

When an electromagnetic wave illuminates an obstacle (e.g., an electron, an atom,
a molecule, or a particle), its electric charges start to oscillate due to the interaction
with the electric field of the incident wave. From this oscillatory motion of the
electric charges, the electromagnetic energy is radiated in all directions; this secondary
radiation goes under the name of scattering, which is the sum of excitation and re-
radiation. In addition, part of the incident wave electromagnetic energy can be
converted into another form, such as thermal energy, in a process called absorption.
Scattering and absorption, which are not mutually independent processes, are the
main subject of this paragraph.

2.1.1 Basics of Electromagnetic Theory

The description of the macroscopic electromagnetic field in matter is provided by
Maxwell equations, which can be expressed as:

∇ · D = ρF , (2.1)
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2.1 Mie Theory: Absorption and Scattering of light by small particles

∇ × E + ∂B
∂t

= 0, (2.2)

∇ · B = 0 (2.3)

∇ × H = JF + ∂D
∂t

, (2.4)

where E and D are the electric field and the electric displacement, respectively, and
B and H are the magnetic induction and magnetic field, respectively; ρF and JF are
the charge and current densities associated with the free charges. In particular, D
and H are expressed as

D = ε0E + P, (2.5)

H = B
µ0

− M, (2.6)

with P being the electric polarization and M being the magnetization, representing
the average electric and magnetic dipole moments per unit volume. ε0 and µ0 are
the permittivity and permeability of the free space, respectively. The set of equa-
tions from 2.1 to 2.6 must be completed with the so-called constitutive relations,
which strongly depend on the medium under consideration. If we assume a linear,
homogeneous, and isotropic medium, they can be expressed as:

JF = σE, (2.7)

B = µH, (2.8)

P = ε0χE, (2.9)

where σ is the conductivity, µ the permeability, and χ the electric susceptibility of
the considered material. For noble metals, such as silver and gold, these constitutive
relations hold true; however, there are many classes of materials for which these
relations are not valid; therefore they must not be taken as universal laws of nature.

2.1.2 General Formulation

The evaluation of the absorption and scattering of an arbitrary particle can be per-
formed by solving a very general problem in which the size, shape, and optical prop-
erties of the particles are specified and the electromagnetic field within and outside
the particle must be determined. The particle illumination is assumed as made by a
monochromatic and arbitrarily polarized plane wave for simplicity. [13].

The scattering-absorption problem, schematized in Figure 2.1, can be solved by
exploiting the superposition principle. In this dissertation, the particle’s inner field is
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2.1 Mie Theory: Absorption and Scattering of light by small particles

Figure 2.1: Schematic representation of the field within the particle (E1,H1) and scat-
tered field (Es,Hs)in the surrounding medium caused by the incident field (Ei,Hi).

denoted by (E1,H1), while the field outside the particle (in the surrounding medium)
is denoted by (E2,H2) and can be expressed as

E2 = Ei + Es, H2 = Hi + Hs. (2.10)

Therefore, the superposition principle applies to the field outside the particle
and is given by the summation of the scattered field (Es,Hs) and the incident field
(Ei,Hi). Specifically, being a plane wave, and given the wave vector k in the sur-
rounding medium, the incident field is evaluated as:

Ei = E0 exp(ik · x − iωt), Hi = H0 exp(ik · x − iωt). (2.11)

The fields (E,H) satisfy the time-harmonic Maxwell equations in the points in which
ε and µ are continuous:

∇ · E = 0, (2.12)

∇ · H = 0 (2.13)

∇ × E = iωµH, (2.14)

∇ × H = −iωεE. (2.15)

If the curl operator is applied to equations 2.14 and 2.15, the following equations
are obtained:

∇ × (∇ × E) = iωµ∇ × H = ω2εµE, (2.16)

∇ × (∇ × H) = −iωε∇ × E = ω2εµH, (2.17)
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2.1 Mie Theory: Absorption and Scattering of light by small particles

which, in turn, can be rewritten as:

∇2E + k2E = 0 ∇2H + k2H = 0. (2.18)

Therefore, E and H do satisfy the vector wave equation in which, given the generic
vector A, ∇2A = ∇ · (∇A) and k2 = ω2εµ. Equations 2.18 are obtained from the
vector identity:

∇ × (∇ × A) = ∇(∇ · A) − ∇ · (∇A). (2.19)

To take into account the discontinuities (transition regions with thicknesses much
smaller than the particle size) of ε and µ due to the crossing of the boundaries between
the particle and its surrounding medium, the following conditions must be imposed
on the fields:

[E2(x) − E1(x)] × n̂ = 0,

[H2(x) − H1(x)] × n̂ = 0,
x on S (2.20)

where n̂ is the unit vector normally directed outward the surface S of the particle.

2.1.3 Absorption, Scattering and Extinction

Suppose that one or more particles are exposed to an electromagnetic radiation beam
and that a detector D is placed downstream from the particles. In presence of the
particles, the detector receives an electromagnetic power U , while in absence of the
particles, the electromagnetic energy is received at a rate denoted as U0, with U0 > U .
This means that the presence of the particles causes an extinction of the incident light.
The difference Uo −U is referred to as the absorption and scattering of the particles if
the medium in which they are embedded is non-absorbing. The two phenomena are
strongly affected by the particles’ size, shape, orientation, composition, and density,
by the surrounding medium optical properties, and by the incident field polarization
and frequency.

For a single particle, illuminated by a plane wave and placed within a non-
absorbing medium, it is always possible to construct an imaginary sphere of radius r
and surface A around the particle (Figure 2.2). The net rate of the electromagnetic
energy crossing A is

Wa = −
∫

A
S · êrdA.

For this dissertation, no energy is created after the interaction of an electromag-
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2.1 Mie Theory: Absorption and Scattering of light by small particles

Figure 2.2: Extinction by a single particle.

netic wave with a particle, therefore Wa is assumed as always positive (Wa > 0),
meaning that energy is absorbed within the imaginary sphere, but since the medium
is non-absorbing, the absorbed contribution can only be addressed to the particle.

Starting from the derivation of the time-averaged Poynting vector in the points
outside the particle, written as the following summation:

S = 1
2ℜe{E2 × H∗

2} = Si + Ss + Sext (2.21)

where

Si = 1
2ℜe{Ei × H∗

i }, Ss = 1
2ℜe{Es × H∗

s}, Sext = 1
2ℜe{Ei × H∗

s + Es × H∗
i },

it is possible to write Wa as

Wa = Wi −Ws +Wext, (2.22)

with

Wi = −
∫

A
Si · êrdA, Ws =

∫
A

Ss · êrdA, Wext = −
∫

A
Sext · êrdA. (2.23)

Since Wi is the result of an integral on a non-absorbing symmetric surface it goes
identically to 0. Therefore, Wext is nothing but the sum of energy absorbing and
scattering rates, respectively:

Wext = Wa +Ws. (2.24)

It is convenient to assume the incident electric field to be polarized along the
x-axis Ei = Eêx, and the wave vector k directed along êz. Considering that the
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2.1 Mie Theory: Absorption and Scattering of light by small particles

medium is non-absorbing, the energy absorption rate is independent of the radius r,
which, accordingly, can be assumed as sufficiently large to be in the far-field region
in a way that:

Es ∼ eik(r−z)

−ikr
XE, Hs ∼ k

ωµ
êr × Es, (2.25)

and êr ·X = 0. To remind that the symbol X denotes the vector scattering amplitude
[112] related to the scalar amplitude scattering matrix in the following relationship:

X = (S2 cosϕ+ S3 sinϕ)ê∥s + (S4 cosϕ+ S1 sinϕ)ê⊥s. (2.26)

After some algebraic calculations:

Wext = −k
2ωµ |E|2ℜe

{
e−ikr

ikr

∫
A
eikzêx · X∗dA

−eikr

ikr

∫
A
e−ikz cos θêx · XdA

+e
ikr

ikr

∫
A
e−ikz sin θ cosϕêz · XdA

} (2.27)

It can be shown that, as kr → ∞, the limiting value of Wext can be evaluated as:

Wext = Ii
4π
k2 ℜe{(X · êx)θ=0} (2.28)

where Ii is the irradiance of the incident field. Therefore, from the ratio of Wext and
Ii, the extinction cross section Cext can be obtained:

Cext = Wext

Ii

= 4π
k2 ℜe{(X · êx)θ=0}. (2.29)

From Eq. 2.22, it is now obvious to write:

Cext = Csca + Cabs, (2.30)

where Csca = Ws/Ii and Cabs = Wa/Ii. The scattering cross section Csca can be
derived from Eqs. 2.23 and 2.25:

Csca =
∫ 2π

0

∫ π

0

|X|2

k2 sin θdθdϕ =
∫

4π

|X|2

k2 dΩ. (2.31)

The quantity |X|2/k2 is denoted as differential scattering cross section, dCsca/dΩ.
Physically, it denotes the angular distribution of the scattered light. In the scat-
tering theory the quantity X2/k2Csca represents the phase function p, which can be
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2.1 Mie Theory: Absorption and Scattering of light by small particles

normalized as: ∫
4π
pdΩ = 1.

Moreover, it is possible to define the average cosine of the scattering angle known
as asymmetry parameter g with the following:

g = ⟨cos θ⟩ =
∫

4π
p cos θdΩ.

Particularly, when the particle isotropically scatters light or when the scattering is
symmetric about a right angle (90◦), g = 0.A positive g value denotes a higher
forward scattering (θ = 0◦), while a negative g value denotes a higher backscattering
(θ = 180◦). It is possible to define extinction, scattering, and absorption efficiencies
as:

Qext = Cext

G
, Qsca = Csca

G
, Qabs = Cabs

G
,

where G is the particle cross-section projected onto a plane perpendicular to the
incident field. Eq. 2.29 represents a particular form of the optical theorem, which
states that the extinction only depends on the scattering in the forward (θ = 0◦)
direction. This means that the extinction is nothing but the combined effect of the
absorption in the particle and the scattering in all directions by the particle [113].

2.1.4 Absorption and Scattering by a Sphere

In the theory of scattering and absorption, one of the most relevant problems is
related to small spherical particles with arbitrary size and optical constants, which
are soluble in a closed form. The solution to this problem is historically attributed
to Gustav Mie, which, in 1908, formulated his theory starting from the observation
of the brilliant colors exhibited by small colloidal particles of gold.

In this section, the mathematics behind Mie Theory is reported starting from
a time-harmonic electromagnetic field (E, H), which is a linear, homogeneous, and
isotropic medium must satisfy Eq. 2.18, and the Maxwell equation (Eqs. 2.12-2.15),
meaning that it must be divergence-free and that the electric and magnetic fields
must be dependent. Since it is always possible to construct a vector function M for
which

M = ∇ × (cψ)

where ψ is a scalar function and c an arbitrary constant vector, and since the diver-
gence of the curl of any vector function is null (∇ · M = 0), by applying some vector
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identities, it is possible to obtain:

∇2M + k2M = ∇ × [c(∇2ψ + k2ψ)].

Therefore, only if ψ is a solution of the scalar wave equation

∇2ψ + k2ψ = 0,

M identically satisfies the vector wave equation, where M results to be perpendicular
to c (M = −c × ∇ψ). Moreover, it is possible to define another vector N with
vanishing divergence and satisfying the vector wave equation:

N = ∇ × M
k

∇2N + k2N = 0.

Due to these considerations, the problem of finding the solutions to the field
equations can be simplified to the solution of the scalar wave equation. In fact, M
and N are arbitrary fields having all the requirements to describe an electromagnetic
field, since they are divergence-free, non-independent, and satisfy the vector wave
equation. In this context, ψ is generally denoted as generating function of M and N
vector harmonics, and c as the pilot or guiding vector.

Since the scattering by a sphere is the problem of this section, it is convenient to
choose a generating function ψ and a guiding vector c in a way that ψ satisfies the
scalar wave equation in polar spherical coordinates and M is a solution of the vector
wave equation in the same coordinates (r, θ, ϕ), as schematized in Figure 2.3. To do

Figure 2.3: Extinction by a single particle.
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this, c must be the radius vector r:

M = ∇ × (rψ). (2.32)

Therefore, M is everywhere tangential to the arbitrary sphere of constant radius r.
The scalar wave equation can be expressed in spherical polar coordinates as:

1
r2

∂

∂r

(
r2∂ψ

∂r

)
+ 1
r2 sin θ

∂

∂θ

(
sin θ∂ψ

∂θ

)
+ 1
r2 sin θ

∂2ψ

∂ϕ2 + k2ψ = 0. (2.33)

It is possible to seek solutions to the Eq.2.33 with the formulation

ψ(r, θ, ϕ) = R(r)Θ(θ)Φ(ϕ),

which leads to three different equations:

d2Φ
dϕ2 +m2Φ = 0, (2.34)

1
sin θ

d

dθ

(
dΘ
dθ

)
+
[
n(n+ 1) − m2

sin2 θ

]
Θ = 0, (2.35)

d

dr

(
r2dR

dr

)
+ [k2r2 − n(n+ 1)]R = 0, (2.36)

where m and n are known as separation constants, which can be obtained by imposing
some conditions to ψ.

Concerning Eq.2.34, for a given m, Φm is a solution, while Φ−m is not a linear
independent solution.

Φe = cosmϕ, Φo = sinmϕ,

are instead linearly independent solutions, with e and o subscripts are used to indicate
even and odd. It is necessary that ψ is a single-valued scalar function of the angle
phi (azimuthal angle):

lim
ν→2π

ψ(ϕ+ ν) = ψ(ϕ) (2.37)

for all the azimuthal angles at interior points of homogeneous regions (boundaries
are excluded from this treatment). The condition in Eq.2.37 forces the m values to
be zero or integers, and, in particular, positive integers are the only ones needed to
generate all the linearly independent solutions to Eq.2.34.

Concerning Eq.2.35, it can be shown that the solutions that are finite at θ = 0 and
θ = π are nothing but the associated Legendre functions of the first kind Pm

n cos(θ),
having degree n and order m, with n = m,m+ 1, ... [114]. It can be shown that these
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functions are orthogonal:
∫ 1

−1
pm

n (cos θ)pm
n′(cos θ)d cos θ = δn′n

2
2n+ 1

(n+m)!
(n−m)! , (2.38)

where δn′n is the Kronecker delta

δn′n =

1, if n = n′,

0, if n ̸= n′.

It should be noticed that when m = 0, the associate Legendre functions become the
Legendre polynomials Pn.

Finally, concerning Eq.2.36, it is possible to introduce the dimensionless variable
ρ = kr and define the function Z = R

√
ρ in such a way that:

ρ
d

dρ

(
ρ
dZ

dρ

)
+
[
ρ2 −

(
n+ 1

2

)2]
Z = 0. (2.39)

Eq.2.39 has linearly independent solutions that are known as Bessel functions of the
first and second kind Jν and Yν (or Nν), with ν = n + 1/2. In the spherical polar
coordinates, these solutions are the spherical Bessel functions

jn(ρ) =
√
π

2ρJn+1/2(ρ), (2.40)

yn(ρ) =
√
π

2ρYn+1/2(ρ), (2.41)

which, given the generic zn associable with either jn or yn, satisfy the following
recurrence relations:

zn−1(ρ) + zn+1(ρ) = 2n+ 1
ρ

zn(rho) (2.42)

(2n+ 1) d
dρ
zn(rho) = nzn−1(ρ) − (n+ 1)zn+1(ρ) (2.43)

Therefore, provided the first two orders functions,

j0(ρ) = sinρ

ρ
, j1ρ = sin(ρ)

ρ2 − cos(ρ)
ρ

,

y0(ρ) = −cosρ

ρ
, y1ρ = −cos(ρ)

ρ2 − sin(ρ)
ρ

,
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higher-order ones can be derived by recurrence. For all n, yn(kr) becomes infinite as
r approaches zero.

Although not limited to real values of ρ = kr, in Figure 2.4, the spherical Bessel
functions as a function of real-valued kr are reported for n = 0, 1, 2, 3, 4. Any linear
combination of the Bessel functions is also a solution of Eq. 2.36. Of particular utility
will be the spherical Hankel functions or spherical Bessel equations of the third kind,
which can be obtained by two linear combinations of jn and yn:

h(1)
n (ρ) = jn(ρ) + iyn(ρ), (2.44)

h(2)
n (ρ) = jn(ρ) + iyn(ρ). (2.45)

Figure 2.4: Spherical Bessel functions of the first (jn(kr)) and second yn(kr) kinds
for n =0 (blue), 1 (orange), 2 (yellow), 3 (purple), 4 (green).

Considering all the three separated equations from Eq. 2.34 to Eq. 2.36, it is now
possible to build up the generating functions that satisfy the scalar wave equation in
spherical polar coordinates:

ψemn = cos(mϕ)Pm
n (cosθ)zn(kr), (2.46)

ψomn = sin(mϕ)Pm
n (cosθ)zn(kr), (2.47)

with zn being any of the spherical Bessel functions herein defined. Reminding Eq.
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2.1 Mie Theory: Absorption and Scattering of light by small particles

2.32, and the definition of the vector N, the following is obtained:

Memn = ∇ × (rψemn), Momn = ∇ × (rψomn),

Nemn = ∇ × Memn

k
, Nomn = ∇ × Momn

k
.

(2.48)

Eqs. 2.48 can be always written in component form as follows

Memn = −m
sin θ sin(mϕ)Pm

n (cos θ)zn(ρ)

hateθ

− cos(mϕ)dP
m
n (cos θ)
dθ

zn(ρ)êϕ,

(2.49)

Momn = m

sin θ cos(mϕ)Pm
n (cos θ)zn(ρ)êθ

− sin(mϕ)dP
m
n (cos θ)
dθ

zn(ρ)êϕ,
(2.50)

Nemn = zn(ρ)
ρ

cos(mϕ)n(n+ 1)Pm
n (cos θ)êr

+ cos(mϕ)dP
m
n (cos θ)
dθ

1
ρ

d

dρ
[ρzn(ρ)]êθ

−m sin(mϕ)P
m
n (cos θ)
sin θ

1
ρ

d

dρ
[ρzn(ρ)]êϕ

(2.51)

Nomn = zn(ρ)
ρ

sin(mϕ)n(n+ 1)Pm
n (cos θ)êr

+ sin(mϕ)dP
m
n (cos θ)
dθ

1
ρ

d

dρ
[ρzn(ρ)]êθ

+m cos(mϕ)P
m
n (cos θ)
sin θ

1
ρ

d

dρ
[ρzn(ρ)]êϕ,

(2.52)

and any solutions of the field equations, in the problem of the scattering by an
arbitrary sphere, can be expanded in an infinite series of these functions. To do this,
the determination of the coefficients of the series is required and can be faced starting
from a plane wave polarized along the x-axis, which in spherical coordinates turns
into:

Ei = E0e
ikr cos θêx, (2.53)
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with
êx = sin θ cosϕêr + cos θ cosϕêθ − sinϕêϕ. (2.54)

The expansion of Eq. 2.53 into vector spherical harmonics can be written as:

Ei =
∞∑

m=0

∞∑
n=m

(BemnMemn + BomnMomn + AemnNemn + AomnNomn). (2.55)

Since sin(mϕ) and cos(m′ϕ) are orthogonal, also Memn and Momn are orthogonal
∫ 2π

0

∫ π

0
Mem′n′ · Momn sin θdθdϕ = 0 (∀m,m′, n, n′). (2.56)

The same mutual orthogonality applies for the sets of functions (Nomn, Nemn),
(Momn,Nomn), and (Memn, Nemn). Due to this, it is possible to show that the coeffi-
cients in the expansion can be expressed as:

Bemn =
∫ 2π

0
∫ 2π

0 Ei · Memn sin θdθdϕ∫ 2π
0
∫ 2π

0 |Memn|2 sin θdθdϕ
. (2.57)

Also the coefficients Bomn, Aemn, and Aomn have similar expressions.
With this expression of the coefficients, it is simple to show that, due to Eqs.

2.49, 2.52, and 2.54, and following the mutual orthogonality of the sine and cosine
functions, Bemn = Aomn = 0. For the same reasons, Bomn = Aemn = 0 with exception
from the case m = 1. Since the incident field Ei is finite in the origin, jn(kr) must
be the appropriate Bessel function in ψo1n and ψe1n. Therefore, the expansion of the
incident field can be written as follows:

Ei =
∞∑

n=1
(Bo1nM(1)

o1n + Ae1nN(1)
e1n), (2.58)

where the superscript (1) denotes that the radial dependence of the generating func-
tion is achieved by using only jn(kr).

The coefficients of the expansion can be derived by proving the orthogonality of
the component of the vector spherical harmonics, by applying Gegenbauer’s general-
ization of the integral of Poisson and some algebraic considerations [13]. Finally, the
following expansion coefficients are obtained:

Bo1n = inE0
2n+ 1
n(n+ 1) (2.59)

Ae1n = −iE0i
n 2n+ 1
n(n+ 1) . (2.60)
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Therefore, Eq. 2.58 can be rewritten as:

Ei = E0

∞∑
n=1

in
2n+ 1
n(n+ 1)(M(1)

o1n − iN(1)
e1n) (2.61)

and provides the expansion of a plane wave (electric incident field) in spherical har-
monics.

Analogously, the corresponding magnetic field is obtained by simply applying
Maxwell equations (Eq. 2.14). Therefore,

Hi = −k
ωµ

E0

∞∑
n=1

in
2n+ 1
n(n+ 1)(M(1)

o1n − iN(1)
e1n). (2.62)

Also the field within the sphere (E1, H1) and the scattered field (Es, Hs) can be
expanded in vector spherical harmonics.

First, the boundary condition (Eq. 2.20) between the sphere and its surrounding
medium must be applied, which leads to:

(Ei + Es − E1) × êr = (Hi + Hs − H1) × êr = 0. (2.63)

Then, by combining Eq. 2.63 with the orthogonality of the vector harmonics and the
expansion of the incident field, it is possible to show that the coefficients are, also in
this case, different from zero only when m = 1. Again, since the incident field is finite
in the origin, the spherical Bessel function in the generating functions must be of the
type jn(k1r), where k1 represents the wave number within the sphere. Therefore, for
the internal fields,

E1 =
∞∑

n=1
En(cnM(1)

o1n − idnN(1)
e1n),

H1 = −k1

ωµ1

∞∑
n=1

En(dnM(1)
e1n + icnN(1)

o1n),
(2.64)

where µ1 is the permeability of the sphere and En = inE0(2n+ 1)/[n(n+ 1)].
For the scattered fields, both jn and yn must be considered since, outside the

sphere, yn does not diverge. Therefore, Hankel functions are considered for this
treatment. In particular, only the Hankel function associated with an outgoing wave
at large distances from the sphere must be considered in the generating functions; its
expression is asymptotically given by:

h(1)
n (kr) ∼ (−i)eikr

ikr
, kr ≫ n2. (2.65)
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Starting from this asymptotic identity, the scattered field can be expanded as:

Es =
∞∑

n=1
En(iann(3)

e1n − bnM(3)
o1n),

Hs = k

ωµ

∞∑
n=1

En(ibnn(3)
o1n + anM(3)

e1n),
(2.66)

where the superscript (3) denotes that the radial dependence of the generating func-
tions is obtained by using Hankel functions.

To write the vector spherical harmonics components in the expansions of the
internal and scattered field in a more concise form, it is convenient to define the
angle-dependent functions πn and τn:

πn = P 1
n

sin θ , τn = dP 1
n

dθ
. (2.67)

These functions are even and odd functions of cos θ, respectively, and are obtained
by upward recurrence from the following relations:

πn = 2n− 1
n− 1 cos(θ)πn−1 − n

n− 1πn−2,

τn = n cos(θ)πn − (n+ 1)πn−1,
(2.68)

with π0 = 0 and π1 = 1. It can be shown that, despite not being mutually orthogonal
nor orthogonal, the functions πn + τn and πn − τn are orthogonal. Therefore,∫ π

0
(τn + πn)(τm + πm) sin θdθ =

∫ π

0
(τn − πn)(τm − πm) sin θdθ (m ̸= n). (2.69)

Starting from these considerations the internal (Eqs. 2.64) and scattered (Eqs.
2.66) fields can be now written as:

Mo1n = cosϕπn(cos θ)zn(ρ)êθ − sinϕτn(cos θ)zn(ρ)êϕ,

Me1n = − sinϕπn(cos θ)zn(ρ)êθ − cosϕτn(cos θ)zn(ρ)êϕ,

No1n = sinϕn(n+ 1) sin θπn(cos θ)zn(ρ)
ρ

êr

+ sinϕτn(cos θ) [ρzn(ρ)]′
ρ

êθ + cosϕπn(cos θ)(ρzn(ρ)]′
ρ

êϕ,

Ne1n = cosϕn(n+ 1) sin θπn(cos θ)zn(ρ)
ρ

êr

+ cosϕτn(cos θ) [ρzn(ρ)]′
ρ

êθ − sinϕπn(cos θ)(ρzn(ρ)]′
ρ

êϕ.

(2.70)
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The vector spherical harmonics Mn and Nn in which the scattered fields are expressed
as an infinite series represent the normal modes of the sphere. The total scattered field
is always traceable to a superposition of normal modes weighted by the coefficients an

and bn. For sake of clarity, the diagrams of the electric field lines associated with the
first four modes on a sphere, are reported in Figure 2.5 [13, 115]. For each n, two types
of modes are observable: the transverse magnetic modes, also denoted as electric type
modes or E-waves, in which the radial magnetic field component vanishes, and the
transverse electric modes, also denoted as magnetic type mode or H-waves, in which
the radial electric field component vanishes.

At this stage, it is possible to understand how absorption, scattering, and ex-
tinction of the sphere vary with its size and optical properties, and also with the
optical properties of the surrounding medium. To do this, the explicit expression of
the scattering coefficients an and bn involved in Eq. 2.66 must be derived.

Figure 2.5: Stylized version of the electric field patterns associated with the first four
(n = 1, 2, 3, 4) normal modes (TM, on the left, and TE, on the right) of a sphere.
Adapted from Ref. [115].

For any given n, the boundary conditions (Eq. 2.63) in component form, lead to
four independent equations, which can be used to find not only an and bn, but also
cn and dn involved in Eq. 2.64:

Eiθ + Esθ = E1θ, Eiϕ + Esϕ = E1ϕ,

Hiθ +Hsθ = H1θ, Hiϕ +Hsϕ = H1ϕ

(2.71)
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for all r = a. By applying the orthogonality of cosϕ and sinϕ, the orthogonality
between πn + τn and πn − τn, the derived expansions of the incident, scattered, and
internal fields (Eqs. 2.58, 2.66, and 2.64) and the boundary conditions, four linear
equations are obtained:

jn(mx)cn = h(1)
n (x)bn = jn(x),

µ[mxjn(mx)]′cn + µ1[xh(1)
n (x)]′bn = µ1[xjn(x)]′,

µmjn(mx)dn + µ1h
(1)
n (x)an = µ1jn(x),

[mxjn(mx)]′dn +m[xh(1)
n (x)]′an = m[xjn(x)]′,

(2.72)

where ’indicates the differentiation with respect to the argument indicated in the
parentheses, while the parameter x and m are the size parameter and the relative
refractive index, respectively, obtained as:

x = ka = 2πNa
λ

, m = k1

k
= N1

N
. (2.73)

In this formulation, N1 and N are the refractive indices of the sphere and surround-
ing medium, respectively. The solution to the four linear equations leads to the
coefficients cn and dn within the sphere:

cn = µ1jn(x)[xh(1)
n (x)]′ − µ1h

(1)
n (x)[xjn(x)]′

µ1jn(mx)[xh(1)
n (x)]′ − µh

(1)
n (x)[mxjn(mx)]′

,

dn = µ1mjn(x)[xh(1)
n (x)]′ − µ1mh

(1)
n (x)[xjn(x)]′

µm2jn(mx)[xh(1)
n (x)]′ − µ1h

(1)
n (x)[mxjn(mx)]′

,

(2.74)

and to the scattering coefficients an and bn:

an = µm2jn(mx)[xjn(x)]′ − µ1jn(x)[mxjn(mx)]′

µm2jn(mx)[xh(1)
n (x)]′ − µ1h

(1)
n (x)[mxjn(mx)]′

,

bn = µ1jn(mx)[xjn(x)]′ − µjn(x)[mxjn(mx)]′

µ1jn(mx)[xh(1)
n (x)]′ − µh

(1)
n (x)[mxjn(mx)]′

.

(2.75)

The couples of coefficients (cn, bn) and (an, dn) exhibit identical denominators.
This means that, if the frequency, (or the radius) has a value for which one of the
denominators is very small, its corresponding normal mode is dominant of the scat-
tered field. For example, an mode dominates the scattered field when the following
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condition is satisfied:
[xh(1)

n (x)]′

h
(1)
n

≃ µ1[mxjn(mx)]′
µm2jn(mx) , (2.76)

while bn mode dominates if:

[xh(1)
n (x)]′

h
(1)
n

≃ µ[mxjn(mx)]′
µ1jn(mx) . (2.77)

The exact satisfaction of the conditions expressed in Eqs. 2.76 and 2.77 require that
the frequencies are complex and the corresponding modes are virtual; such frequencies
are denoted as natural frequencies of the sphere [116]. By assuming the same per-
meability for the particle and its surrounding medium and introducing the following
Riccati-Bessel functions,

ψn(ρ) = ρjn(ρ), ξn(ρ)h(1)
n (ρ),

it is possible to simplify the scattering coefficients in Eq. 2.75 as:

an = mψn(mx)ψ′
n(x) − ψn(x)ψ′

n(mx)
mψn(mx)ξ′

n(x) − ξn(x)ψ′
n(mx) , (2.78)

bn = ψn(mx)ψ′
n(x) −mψn(x)ψ′

n(mx)
ψn(mx)ξ′

n(x) −mξn(x)ψ′
n(mx) . (2.79)

Of course, when m = 1, meaning that the spherical particle is transparent compared
to its surrounding medium (i.e., same refractive index), the scattering coefficients an

and bn vanish identically (no scattering occurs).
Due to the particle spherical symmetry, all the expressions derived for an x-

polarized wave can be generalized to any polarization state. This means that, once
the scattering coefficients are known, all the relative measurable quantities (e.g.,
cross sections, and scattering matrix elements) can be derived. The cross sections of
a sphere of radius a can be obtained starting from the expressions reported in Section
2.1.3. Starting from the optical theorem, for which

Wa = Wext −Ws,

and considering the surface of an arbitrary concentric sphere of radius r ≥ a, the
expression of the net rate of the extinct and scattered electromagnetic energy can be
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written as

Wext = 1
2ℜe

{ ∫ 2π

0

∫ π

0
(EiϕH

∗
sϕ − EsθH

∗
sϕ − EsθH

∗
iϕ + EsϕH

∗
iθ)r2 sin θdθdϕ

}
,

Ws = 1
2ℜe

{ ∫ 2π

0

∫ π

0
(EsθH

∗
sϕ − EsϕH

∗
sθ)r2 sin θdθdϕ

}
.

(2.80)

These two quantities are independent of the polarization state, so if an x-polarized
incident wave is assumed, the electric and magnetic incident wave components in the
first integral can be expressed as:

Eiθ = cosϕ
ρ

∞∑
n=1

En(ψnπn − iψ′
nτn), Hiθ = k

ωµ
tanϕEiθ,

Eiϕ = sinϕ
ρ

∞∑
n=1

En(iψ′
nπn − ψnτn), Hiϕ = −k

ωµ
cotϕEiϕ.

Then, the corresponding scattering field components are:

Esθ = cosϕ
ρ

∞∑
n=1

En(ianξ
′
nτn − bnξnπn),

Esϕ = sinϕ
ρ

∞∑
n=1

En(bnξnτn − anξ
′
nπn),

Hsθ = k

ωµ

sinϕ
ρ

∞∑
n=1

En(ibnξ
′
nτn − anξnπn),

Hsϕ = k

ωµ

cosϕ
ρ

∞∑
n=1

En(ibnξ
′
nπn − anξnτn).

(2.81)

By substituting the scattered field components and integrating the second of Eqs.
2.80:

Ws = π|E0|2

kωµ

∞∑
n=1

(2n+ 1)ℜe{gn}(|an|2 + |bn|2), (2.82)

where gn = −iξ∗
nξ

′
n. Given the Riccati-Bessel function χn = −ρyn(ρ), and ξn =

ψn − iχn, gn can be written as:

gn = (χ∗
nψ

′
n − ψ∗

nχ
′
n) − i(ψ∗

nψ
′
n − χ∗

nχ
′
n).

ψn and χn are real functions for real argument and by considering the Wronskian
relation

χnψ
′
n − ψnχ

′
n = 1, (2.83)
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the scattering cross section is finally derived as:

Csca = Ws

Ii

= 2π
k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2). (2.84)

Analogously, the extinction cross-section is finally derivable:

Cext = Wext

Ii

= 2π
k2

∞∑
n=1

(2n+ 1)ℜe{an + bn}, (2.85)

2.2 Quasistatic approximations

There are two main mechanisms for which, in the linear regime, a homogeneous and
nonmagnetic object, small compared to the incident wavelength in a vacuum, may
resonate:

• when the particle’s dielectric permittivity is negative, e.g. metals near their
plasma frequency, the resonance arises from the interplay between the kinetic
energy of the free electrons and the energy stored in the electric field;

• when the particle’s dielectric permittivity is high and positive, the resonance
arises from the interplay between the polarization energy stored in the particle
and the energy stored in the magnetic field.

The first type of resonances, also known as plasmonic resonances, is generally very
well described by the electro-quasistatic approximation of the Maxwell equations [117,
118], while the second one is very well described by the magneto-quasistatic approx-
imations of the Maxwell equations [39]. In this regime of the Maxwell equations, it
is possible to define a radiation quality factor Q that represents the link between the
stored energy and the energy radiated in the surrounding medium. When the modes
are non-interacting and intense enough, Q is nothing but the inverse of the fractional
bandwidth.

In this section, the electro-quasistatic and magneto-quasistatic modes and res-
onances of linear, nonmagnetic, homogeneous, and isotropic objects are introduced
using the integral formulation of the Maxwell equations. These approximations are
the ones behind the modeling of capacitors and inductors and are completed with
radiation corrections by means of a perturbation approach, starting from the size
parameter of the object defined as:

x = k0

ℓc
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where k0 is the wave number and ℓc is the characteristic length of the object. From
the proposed formulation, it is possible to derive analytical expressions of the relative
resonance shift and quality factor as a function of their radiative corrections [43].

2.2.1 Induced current density field in 3D objects

First, a linear material occupying a domain Ω, bounded by a closed surface ∂Ω
with normal n̂, is assumed nonmagnetic, isotropic, homogeneous, nondispersive in
space, time-dispersive, with relative dielectric permittivity εR, and surrounded by
vacuum. A time-harmonic electromagnetic wave (ℜe{Ei(r)e−iωt}) illuminates the
object (Figure 2.6).

Figure 2.6: A three-dimensional domain Ω, with normal n̂.

Herein, the problem of scattering is faced by considering as unknown the current
density field J(r) induced in the object. The current density field can be particularized
into:

• conduction current, in metals at frequencies below interband transitions;

• polarization current, in dielectrics at both microwaves and optical frequencies;

• sum of conduction and polarization currents, in metals at frequencies in which
interband transitions occur.

Therefore, J(r) = −iωε0χE(r), where E is the sum of the induced and incident
electric field, ε0 is the vacuum permittivity, and χ = (εR − 1) is the electric sus-
ceptibility. Both the vector fields J and E exhibit zero-divergence in Ω, since the
considered object is homogeneous and isotropic. The current density J is governed
by the full-wave volume integral equation [119, 120, 121]:

J(r)
χ

+ ∇
∮

∂Ω
J(r′) · n̂′G(r − r′)dS ′ − k2

0

∫
Ω

J(r’)G(r − r′)dV ′ = −iωε0Ei(r), ∀r ∈ Ω,
(2.86)

34



2.2 Quasistatic approximations

with k0 = ω/c0, c0 the speed of light in vacuum, and G(r − r′) = eik0|r−r′|/4π|r − r′|
the Green function in vacuum.

In Equation 2.86, the surface integral brings the contribution of the scalar poten-
tial to the induced electric field, while the volume integral the contribution of the
vector potential [119]. As stated above, it is possible to define the dimensionless size
parameter x as:

x = ω

c0
ℓc, (2.87)

where ℓc is the characteristic length of the region Ω. For example, a characteristic
dimension of an arbitrarily shaped object could be the smallest radius of a sphere
containing the object.

By normalizing the spatial coordinates by ℓc (r̃ = r/ℓc), it is now possible to
rewrite Equation 2.86 as:

J(r̃)
χ

− L {J} (r̃) = −iωε0 Ei(r̃), ∀r̃ ∈ Ω̃, (2.88)

with

L {W} (r̃) = −∇̃
∮

∂Ω̃
W(r̃′) · n̂′g(∆r, x)dS ′ + x2

∫
Ω̃

W(r̃′)g(∆r, x)dV ′. (2.89)

In Equations 2.88 and 2.89, Ω̃ now denotes the scaled domain, ∇̃ the scaled gradient
operator, and g(∆r, x) the dimensionless scalar Green’s function in vacuum defined
as:

g(∆r, x) = eix∆r

4π∆r , (2.90)

with ∆r = |r̃ − r̃′|.
The solution of Equation 2.88 can be now derived in the quasistatic limit, meaning

that the dimensionless size parameter x → 0. A complete representation of the
unknown J(r̃) is obtained from the union of two orthogonal sets [39]. The first set
{j||

h} is obtained by solving the following eigenvalue problem

Le

{
j||
h

}
(r̃) = 1

χ
||
h

j||
h(r̃), ∀r̃ ∈ Ω̃, (2.91)

with Le being the electrostatic integral operator, which provides the electrostatic field
as a function of the surface charge density [118]:

Le{W}(r̃) = −∇
∮

∂Ω
W(r̃′) · n̂′g0(∆r)dS ′, (2.92)
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where g0(∆r) is the dimensionless Green function in vacuum, defined as:

g0(∆r) = 1
4π∆r (2.93)

It can be shown that the spectrum of Le is countable infinite [118] and that the
eigenfunctions {j||

h}h∈IN are longitudinal vector fields, namely they are both div-free
and curl-free in Ω̃, but have a nonzero normal component to ∂Ω̃ [117]. Moreover,
since Le is definite negative and self-adjoint, the eigenvalues χ||

h are real and negative,
and the corresponding eigenfunctions are orthogonal according to the following scalar
product

⟨A,B⟩ =
∫

Ω
A · BdV. (2.94)

Then, by assuming this set to be orthonormal, the following relation is obtained:

⟨j||
h, j

||
k⟩Ω̃ = δh,k. (2.95)

The second set of is given by the transverse vector fields {j⊥
h }, which are divergence-

free in Ω̃ and have null normal components to ∂Ω̃

j⊥
h · n̂|∂Ω̃ = 0. (2.96)

These fields are solutions to the following eigenvalue problem in the weak form:

Lm{j⊥
h }(r̃) = 1

k⊥
h

(r̃)j⊥
h (r̃), ∀r̃ ∈ Ω̃. (2.97)

In this case, Lm denotes the magnetostatic integral operator and is defined as

Lm {W} (r̃) =
∫

Ω̃
W(r̃′)g0(∆r)dV ′. (2.98)

Moreover, as Le, Lm has a countable infinite spectrum and is self-adjoint, but differ-
ently from Le, it is definite positive. Therefore, the eigenvalues {k⊥

h }h∈IN are real and
positive, and the eigenfunctions {j⊥

h }h∈IN are orthogonal, according to the scalar prod-
uct reported in Equation 2.94, and assumed orthonormal, according to the following
expression:

⟨j⊥
h , j⊥

k ⟩Ω̃ = δh,k. (2.99)

By definition, the two sets of eigenfunctions {j⊥
h } and {j||

h} are orthogonal. and are
material and size independent. They only depend on the shape of the object. From
the union of the two sets of eigenfunctions, the current density J in the quasistatic
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regime (x → 0) can be finally expressed as

J(r̃) = −iωε0χ
∞∑

h=1

 χ
||
h

χ
||
h − χ

⟨j||
h,Ei⟩Ω̃j||

h(r̃) + k⊥
h

k⊥
h − x2χ

⟨j⊥
h ,Ei⟩Ω̃j⊥

h (r̃)
 . (2.100)

In this expansion, the dependence on the material is removed by introducing
polynomial functions of χ, while the dependence on the geometry is hidden in the
material-independent eigenvalue-eigenfunction systems [122]. The expression of the
current density J in Equation 2.100, brings to light two distinct resonance conditions
for the polynomial function of χ. The two conditions arise from the two different
resonance mechanisms highlighted previously in this section. The first condition is:

ℜe{χ} = χ
||
h, (2.101)

obtained by putting in resonance the eigenfunctions j||
h; the second one is

ℜe{χ} = k⊥
h

x2 , (2.102)

where the eigenfunctions j⊥
h are put in resonance.

Therefore, the eigenfunctions sets {j||
h} and {j⊥

h } represent the density current modes
of the small object in the quasistatic regime, while {χ||

h} and {χ⊥
h /x

2} the correspond-
ing eigen-susceptibilities. Finally, the scalar products in Equation 2.100, ⟨j||

h,Ei⟩Ω̃ and
⟨j⊥

h ,Ei⟩Ω̃, provide the description of the coupling of the modes with the incident field.

2.2.2 Electro-quasistatic modes and resonances

The detailed investigation of the electro-quasistatic resonances associated with the
eigenfunctions j||

h and the eigenvalues χ||
h within the electrostatic integral operator

Le in Equation 2.91 is herein provided. As stated in previous subsection, j||
h are the

electro-quasistatic (EQS) current modes, while χ||
h are the electro-quasistatic suscep-

tibilities. The EQS current modes represent longitudinal vector fields that are square
integrable in Ω̃, namely j||

h ∈ L2(Ω̃). Moreover, they are both divergence- and curl-free
within Ω̃, while they have nonzero normal component to ∂Ω̃,

L2
∥(Ω̃) =

{
L2(Ω̃) | ∇̃ · j∥ = 0, ∇̃ × j∥ = 0 in Ω̃ \ ∂Ω̃

}
. (2.103)

The normal component of j||
h to the object boundary ∂Ω̃ depends on the induced

surface charge density on ∂Ω̃, and must satisfy the charge-neutrality condition, ex-
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pressed as ∮
∂Ω̃

j||
h · n̂dS = 0. (2.104)

A useful property of the spectrum of Le, which does not depend on the shape of
the object, must be recalled: its eigenvalues χ||

h have a finite limit in their unique
accumulation point (h → ∞) [117], namely

lim
h→+∞

χ
||
h = −2, (2.105)

This means that, for a time-dispersive metal, well-described by the Drude model [64]
as follows:

χ = −
ω2

p

ω(ω + iν) , (2.106)

the resonance frequencies corresponding to the eigen-susceptibilities χ||
h accumulate

at ωp/
√

2, where ωp and ν ≪ ωp are the plasma and collision angular frequencies of
the metal, respectively.

Recalling Equation 2.95, which is nothing but the norm induced by the scalar
product in Eq.2.94, ||j||

h|| = 1, the scaled electrostatic energy of the h-th EQS current
mode j||

h can be expressed as

We

{
j||
h

}
= − 1

2ε0

∮
∂Ω̃

∮
∂Ω̃
g0(∆r)σh(r̃)σh(r̃′)dS ′dS = 1

2ε0

1(
−χ||

h

) , (2.107)

where σh = j||
h · n̂ is the surface charge density of the h-th EQS current mode. From

the scaled electrostatic energy We, the electrostatic energy We can be obtained by
the simple following expression:

We

{
j||
h

}
= ℓ3

c

ω2 We

{
j||
h

}

It is possible to define the electric dipole moment Ph of the EQS current mode j||
h as

Ph =
∫

Ω̃
j||
hdV =

∮
∂Ω̃

r
(
j||
h · n̂

)
dS. (2.108)

If the electric dipole moment Ph vanishes, the associated mode j||
h is a dark mode,

otherwise, it is denoted as bright mode. When the density current mode exhibited
by the object is spatially uniform in the particle scaled domain Ω̃, and directed
along a direction c, the orthogonality condition in Equation 2.95 suggests that all the
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remaining current modes have no electric dipole moment along that specific direction:∫
Ω̃

c · j||
hdV = c · Pk = 0. (2.109)

This is what happens for a sphere or a spheroid. As mentioned above, the EQS opera-
tor Le is definite negative and its eigen-susceptibilities are negative. This means that,
due to the resonance condition in Equation 2.101, the corresponding current modes
{j||

h} are resonantly excited only when the object has negative dielectric permittivity.
For example, in metal nanoparticles at frequencies near their plasma frequency,

the current modes correspond to the resonant plasmon modes and derive from the
interplay between the kinetic energy of the free electrons and the energy stored in
the electric field [118].

2.2.3 Magneto-quasistatic modes and resonances

The detailed investigation of the magneto-quasistatic resonances associated with the
eigenfunctions j⊥

h and the eigenvalues k⊥
h within the magnetostatic integral operator

Lm in Equation 2.97 is herein provided.
First, a brief demonstration to prove that the eigenfunctions j⊥

k are source-free
solutions of the Maxwell equations in small dielectric objects (x ≪ 1) with high-
permittivity (εR ≫ 1).

Under these conditions, the electromagnetic field can be determined, in first ap-
proximation, by the displacement current density field J within the object [123].
Thus, we seek the values of the parameter β = (x/ℓc)2χ for which a nontrivial solu-
tion of the source-free magneto-quasistatic (MQS) problem can be found [124]:

∇ × A = µ0 H, (2.110a)
∇ × H = J, (2.110b)

with the following constitutive relation

J = β

µ0
AΠΩ, (2.111)

where χ = (εR − 1) is the electric susceptibility, ΠΩ is the characteristic function on
the set Ω, i.e., ΠΩ = 1 for r ∈ Ω and 0 otherwise, and µ0 is the magnetic permeability
in vacuum.

The MQS vector potential A satisfies the Coulomb gauge (∇ · A = 0) in Ω and
R3 \ Ω, and both A and the magnetic field H are regular at infinity. Equation 2.111
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does not take into account the effects of the displacement current density field in a
vacuum. Since the normal component of the current density field J at the boundary
is equal to zero, the current density field J is div-free everywhere in R3; on the
contrary, the normal component of the vector potential at ∂Ω may be discontinuous.
Since J has a vanishing normal component on ∂Ω, also the normal component of
the polarization current density field must be zero. For the sake of simplicity, also
here a scaling of the spatial coordinates by the characteristic length ℓc (r̃ → r/ℓc) is
performed, and the problems in Equations 2.110 and 2.111 can be solved by expressing
the vector potential A as a function of the current density J as follows

A(r̃) = µ0ℓ
2
cLm {J} (r̃). (2.112)

Lm is the MQS integral operator reported in Equation 2.98, where the Green function
g0 arises from the neglected displacement current density in the vacuum. Finally, the
linear eigenvalue problem is obtained from the combination of Equations 2.111 and
2.112,

Lm { J} (r̃) = 1
k⊥ J(r̃), ∀r̃ ∈ Ω̃, (2.113)

where
J · n̂|∂Ω̃ = 0, (2.114)

and k⊥ = x2χ. Therefore, the eigenvalue problem in Equation (2.97) with the con-
straint in Equation (2.96) is derived.

After this brief demonstration, the eigenfunctions j⊥
h can now be denoted as MQS

current modes, and the eigenvalues k⊥
h /x

2 as the MQS eigen-susceptibilities. At this
stage, it is possible to remind also that Equation (2.113) holds in the weak form in the
functional space. This space is equipped with the inner product 2.94 and constituted
by the transverse vector fields, these being square-integrable and div-free in Ω̃ with
vanishing normal component to ∂Ω̃ [39]. Therefore,

L2
⊥(Ω̃) =

{
L2(Ω̃) | ∇̃ · j⊥ = 0, in Ω̃ \ ∂Ω̃ and j⊥ · n̂ = 0 on ∂Ω̃

}
. (2.115)

The integral operator Lm is compact, positive definite, and self-adjoint. Therefore,
Equation 2.97 admits a countable set of eigenvalues

{
k⊥

h

}
h∈IN

real and positive, which,
differently from the EQS eigenvalues χ||

h, accumulate at infinity:

lim
h→+∞

k⊥
h = +∞, (2.116)

independently from the shape of the object. The integral operator Lm, and its eigen-
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values, depend on the chosen spatial coordinates normalization. Specifically, the
eigenvalues k⊥

h show a quadratic proportionality with the characteristic size of the
object ℓc. Differently from the EQS modes, all the MQS current modes j⊥

h are dark
modes, since they exhibit zero electric dipole moment (by definition in Equation
2.108). Assuming the current modes to be unit vectors (||j⊥

h || = 1), the scaled mag-
netostatic energy of the h-th MQS current mode can be expressed as:

Wm{j⊥
h } = 1

2

∫
Ω̃

j⊥
h · A{j⊥

h }dV = µ0

8π

∫
Ω̃

j⊥
h (r̃) ·

∫
Ω̃

j⊥
h (r̃′)
∆r dV ′dV = µ0

2
1
k⊥

h

. (2.117)

From the scaled magnetostatic energy Wm, the non-scaled magnetostatic energy
Wm is obtained by the simple relation:

Wm = (ℓc)5 Wm (2.118)

The magnetic dipole moment Mh of the h-th MQS current mode j⊥
h is:

Mh = 1
2

∫
Ω̃

r̃ × j⊥
h dV. (2.119)

If the dielectric supports a mode for which j⊥
h = ˆ̃r × c, where c is a constant vector,

due to the orthogonality condition (2.99) all the remaining current modes j⊥
k have a

vanishing magnetic dipole moment along c, i.e.,

1
2

∫
Ω̃

j⊥
k · (r̃ × c)dV = c · Mk = 0. (2.120)

Among the set of MQS current modes, there exists a subset of modes, which generate
a transverse vector potential A{j⊥

h } with no normal component to ∂Ω̃:

n̂ · A{j⊥
h }
∣∣∣
∂Ω̃

= 0. (2.121)

A MQS mode belonging to this subset is a particular mode denoted as A⊥-mode.
The A⊥-modes are solutions to the problem in Equation (2.113) also in a strong form
(in the space of square-integrable vector fields). The resonance angular frequencies
ωh are expressed as

ωh = c0

ℓc

√√√√k⊥
h

χ
. (2.122)

and they accumulate at infinity. Moreover, given the radius of a sphere a, the follow-
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ing bound on the eigenvalues holds:

k⊥
h ≥

√
3

4π
1
a2 , ∀h ∈ IN, (2.123)

Equation (2.123) is obtained by multiplying both members of Equation (2.113) by
normalized j⊥

h (according to Equation (2.99)), then by integrating over Ω and using
the Cauchy-Schwartz inequality and the inequality in Ref.[125]:

∫
Ω̃

1
|r − r′|2

dV ′ ≤
∫

Ba

1
|r′|2

dV ′ = 4πa, ∀r ∈ Ω. (2.124)

where Ba has the same volume of Ω. Therefore, given Equation (2.123) and the
resonance condition in Equation (2.102), the MQS current modes {j⊥

h } can be put
in resonance in electrically small objects (x ≪ 1) only with highly positive dielectric
permittivities (εR ≫ 1).

The MQS resonances in dielectrics arise from the energy oscillations between
the polarization energy of the dielectric and the magnetic energy. It is possible to
demonstrate this resonance condition by combining Equations (2.117) and (2.122),

(ℓc)3

ω2
h

Wm{j⊥
h } = (ℓc)3

2ε0

∥j⊥
h ∥2

Ω̃
ω2

h χ
. (2.125)

On the left, the energy stored in the magnetic field associated with the current mode
j⊥
h , on the right, the energy stored in the dielectric in the form of polarization energy,

at the resonance frequency ωh, are reported, respectively.

2.3 Case Studies

In this section, two case studies are considered: plasmonic spheres and dielectric thin
wires.

On the one hand, nanospheres (or nanoparticles) made of a Drude metal (e.g.,
gold or silver) are the simplest and most studied plasmonic nanoresonators whose
fundamental mode is the electric dipole. A proper assembly of plasmonic nanospheres
(array) could lead to predictable optical responses for the design of optical devices.

On the other hand, high permittivity thin wires could represent the dual elemen-
tary geometry for the design of complex dielectric networks with repeating resonances
in different regions of the spectrum.
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2.3.1 Plasmonic Spheres

As a first case study, the plasmonic resonances of an electrically small sphere of radius
R are considered. The object characteristic length ℓc is chosen equal to the radius R,
and, as a consequence, the size parameter x becomes

x = ω

c0
R.

The formulas of the radiative corrections here presented are extrapolated by per-
turbing the denominators of the Mie coefficients in Equations 2.75 in the neigh-
borhood of their EQS resonances, or they can be directly obtained from the Padè
expansion of the Mie coefficients found in Refs. [126, 127].

In particular, the EQS eigenvalues of a sphere and their relative radiative correc-
tions are:

χ∥
n = −2n+ 1

n
, (2.126a)

χ(2)
n = − 2

n2
(n+ 1) (2n+ 1)
(3 + 2n) (2n− 1) , (2.126b)

χ(2n+1)
n = −i (n+ 1)

[n (2n− 1)!]2
, (2.126c)

where n ∈ IN, and (2n− 1)! = 1 × 3 × 5 × · · · × (2n− 1). The index n is the mode
multipolar order: the modes with n = 1 are dipolar, n = 2 quadrupolar, and so on.

Each eigenvalue χ∥
n is associated with a set of 2n + 1 degenerate current modes

j∥
pmn with m = 0, 1, 2, . . . , n. By recalling the polar spherical coordinates r = (r, θ, ϕ)

(see also Fig.2.3) and normalizing them by the characteristic length ℓc = R (i.e.,
r̃ → r/R) and hence r ∈ [0, 1], the analytical expression of the EQS modes of a
sphere are:

j∥
e
omn

(r, θ, ϕ) = 1
√
αmn

 cosmϕ
sinmϕ

nPm
n (cosϑ) r̂ +

 cosmϕ
sinmϕ

 dPm
n (cosϑ)
dϑ

ϑ̂

+
 − sinmϕ

+ cosmϕ

mPm
n (cosϑ)

sinϑ ϕ̂

 rn−1, (2.127)

where the subscript p can be e for even modes and o for odd modes according to the
azimuthal variable. Pm

n are instead the Legendre functions of the first kind having
degree n and order m as stated in the first section of this chapter. Finally, the pre-
factor αmn is needed to guarantee that ∥je

o
∥2 = 1 and therefore, given the Kronecker
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delta δm, its expression is:

αmn = 2πn(δm + 1) (m+ n)!
(2n+ 1)(n−m)! (2.128)

Figure 2.7: Catalog of the EQS modes of a plasmonic sphere. The EQS modes j∥
e
omn

with n = 1, 2, 3, 4 are ordered according to their eigenvalues χ∥
n. The second order

correction χ(2)
n and the first non-vanishing imaginary correction χ(ni)

n of the order ni

are shown on the right of each field plot. The numbers in the blue circles denote the
order ni of the first non-vanishing imaginary correction. Adapted from Ref. [43].

The catalog of resonances of a plasmonic sphere having radius R is reported in
Figure 2.7 [43]. The sphere exhibits three degenerate EQS modes j∥

e
om1 with m = 0, 1,

namely j∥
e01, j∥

e11, and j∥
o11), which are associated to the lowest eigenvalue χ∥

1 = −3
(Figure 2.7 a). These modes are bright modes and represent the three electric dipoles
(fundamental modes) oriented along mutual orthogonal directions.

2.3.2 Dielectric Networks

As stated in previous sections, within the framework of the magneto-quasistatic ap-
proximation, the induced polarization density field is solenoidal in the object and its
normal component to the surface of the object vanishes identically [128]. These prop-
erties pave the way for the research of new geometries for which high-permittivity
dielectric resonators could be treated as lumped networks when their size is smaller or
comparable to the wavelength of operation. In this context, possible candidates are
represented by arbitrary interconnections of high-permittivity dielectric thin wires,
denoted as high-permittivity dielectric networks in this section.

Although many other structures have been proposed as high permittivity optical
devices, thin wires may constitute a building block of all-dielectric nanoresonators
by assuming the same role achieved by conducting thin wires in the last century.
Moreover, the prediction of the optical properties (electromagnetic scattering) of high-
permittivity dielectric networks could be simplified through opportune reasoning,
thus reducing computational costs. A wire is denoted as thin if the linear dimension
of its cross-section is much smaller than its length. The background provided in the
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previous sections is exploited to achieve the full prediction on the catalog of resonance
frequencies and quality factors of high-permittivity thin wires networks starting from
the expansion of the Maxwell equations in terms of the MQS modes and applying the
radiative corrections, but with a lumped element-based description, which simplifies
the problem and reduces computational costs [44, 43].

Before passing to high-permittivity networks, a simple dielectric loop made of
a high permittivity thin wire of uniform cross-section and area Σ and having axis
Γ with tangent vector t̂ is considered. Γ is used also to represent the loop length.
Therefore, the volume Ω occupied by the loop can be computed as Ω = Σ × Γ. As
shown in [39], the geometry described up to now exhibits the lowest eigenvalue k⊥

1

associated with the fundamental mode j⊥
1 (r̃) far away from all the other modes of the

structure. The more the cross-section of the wire reduces, the more separated the
fundamental mode of the structure from the other ones is. Therefore, for x ≤ 1, only
the fundamental MQS mode j⊥

1 (r̃) is effectively excited. Therefore, in this case, the
expression of the induced polarization current density 2.100 simplifies in:

J (r̃) = iωχε0
1

1 − x2χ/k⊥
1

⟨j⊥
1 ,Ei⟩j⊥

1 (r̃). (2.129)

The fundamental mode j⊥
1 (r̃) of a loop with finite cross-section is directed along the

wire axis t̂, almost uniform in the cross-section, and with uniform module along the
wire axis, and almost uniform in the cross section [39].

j⊥
1 (r̃) =

 t̂(r̃)/
√

Ω̃ in Ω̃,
0 otherwise.

(2.130)

The normalization condition in Equation 2.95 can be applied leading to ⟨j⊥
1 , j⊥

1 ⟩ =
1. The corresponding eigenvalue k⊥

1 is provided by Equation 2.97, namely

Ω̃
k⊥

1
= 1

4π

∫
Ω̃

∫
Ω̃

t̂(r̃) · t̂(r̃)′

|r̃ − r̃′|
dV ′dV, (2.131)

where Ω̃ is the scaled volume of the object (Ω̃ = Γ × Σ/ℓ3
c). It must be now noticed

that apart from the multiplicative constant (ℓ5
c/Σ2)µ0, the integral of the right-hand

side is nothing but the self-inductance of the loop L. Therefore, it is possible to relate
the fundamental eigenvalue k⊥

1 to the self-inductance of the thin wire loop as:

k⊥
1 = ℓcΓ

Σ
ℓcµ0

L
. (2.132)
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Lumped element model for a single loop

Equation 2.129 can be explained starting from the polarization current density field
J induced in the loop, which is

J = iωε0χ (E + Ei) (2.133)

where E is the induced electric field. From the line integral along Γ on both sides of
Equation 2.133, the following relation derives:

1
χ

1
iωC

I = Ei + E (2.134)

where I is the intensity of the polarization current induced in the wire,

C = ε0
Σ
Γ , (2.135)

E is the induced voltage along the loop

E =
∮

Γ
E · t̂ dl, (2.136)

and Ei is the applied voltage
Ei =

∮
Γ

Ei · t̂ dl. (2.137)

On the other hand, by applying the Neumann-Faraday law the following relation
holds:

E = −iωLI (2.138)

where L is the self-inductance of the loop. By substituting Equation 2.138 in Equation
2.134, it is possible to derive the equation of the equivalent circuit in Figure 2.8, as:(

iωL+ 1
χ

1
iωC

)
I = Ei. (2.139)

Moreover, from Equations 2.132 and 2.135

1
ω2

ck
⊥
1

= LC, (2.140)

the solution of equation 2.139 becomes:

I = iωCχ
1

1 − (ω/ωc)2 χ/k⊥
1

Ei. (2.141)
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This expression is nothing but the polarization current intensity obtained from
Equation 2.129 written in a different form. The quasi-static resonance frequency,
solution of the following equation [39]:

x⊥
h = ω⊥

h

c0
ℓc =

√√√√ k⊥
h

ℜe{χ}
, , (2.142)

is the value of ω that minimizes the following relationship:
∣∣∣1 − (ω/ωc)2 χ/k⊥

1

∣∣∣ .
The derived model can be directly applied also in the case of complex susceptibilities.
Precisely, when the χ is a complex quantity, the capacitance χC reported in Figure
2.8 becomes complex. Thus, the corresponding impedance will have a non-vanishing
real part (in circuitry, this corresponds to a resistance).

Radiative corrections

In the case of the considered dielectric loop the radiative corrections k(2)
h and k

(3)
h

have the following expressions [43]:

k
(2)
1 =

(
k⊥

1

)2

8π

∫
Ω̃

∫
Ω̃

|r̃ − r̃′| j⊥
1 (r̃) · j⊥

1 (r̃)dV ′dV, (2.143)

k
(3)
0 = −i

(
k⊥

1

)2

24π

∫
Ω̃

∫
Ω̃

|r̃ − r̃′|2 j⊥
1 (r̃) · j⊥

1 (r̃)dV ′dV. (2.144)

By using Equation 2.130, Equation 2.143 simplifies to:

k
(2)
1 = −2π Σ

Γ2

(
k⊥

1

)2
∆ (2.145)

where
∆ = − 1

8π

∮
Γ̃

∮
Γ̃

t̂(r̃) · t̂(r̃)|r̃ − r̃′|dl′dl > 0; (2.146)

and where the choice ℓc = Γ/2π has been done. By using Equation 2.130, and the
Binet–Cauchy identity [129], Equation 2.144 becomes:

k
(3)
1 = i

(
k⊥

1

)2 1
6π ∥M1∥2 , (2.147)
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where M1 is the magnetic dipole moment of the fundamental mode j⊥
1 in the scaled

object (Equation 2.119). The radiation Q1 factor of the fundamental mode j⊥
1 is

instead given by
Q1 = 6π

k⊥
1 ∥M1∥2

1
x3

1
, (2.148)

where x1 = ω1/ωc and ω1 is the resonance frequency that takes into account the
radiative shift [43]. These corrections well-describe the position of the resonance
frequency and the quality factor for x ≲ 1.

The induced polarization current in the loop with the radiative corrections can
be finally obtained by substituting k⊥

1 with k1 = k⊥
1 + k

(2)
1 x2 + k

(3)
1 x3 into expression

2.141.

χC
I

L−
+Ei

Figure 2.8: Lumped element circuit for a high-permittivity loop.

Figure 2.9: Comparison between the proposed model and Comsol: (a) Resonance
frequency normalized to ωc = c0/a, that is x0 = ω0/ωc, and (b) radiative quality
factor Q of a high-permittivity circular loop with major radius a and minor radius
rw = 0.1a as a function of the permittivity εR. Adapted from Ref. [44].
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Circular loop

The illustration of the formulas above can be made by considering a circular loop
with a circular cross-section (namely, torus), major radius a, and minor radius rw.
This is the starting point since the circular loop was the structure where the dielectric
resonances have been proposed for the first time [130], and its modes were studied in
Ref. [131, 39]. For a circular loop, the expression of k⊥

1 is

k⊥
1 = 2a2

r2
w

aµ0

L
, (2.149)

where L is the inductance of the loop [132],

L = µ0

√
a (a− rw)

[(2
k

− k
)
K(k2) − 2

k
E(k2)

]
+ µ0

4 a, (2.150)

k =
√√√√4a (a− rw)

(2a− rw)2 , (2.151)

K (·) and E (·) are the complete elliptic integrals of the first and second kind [133].
The term µ0/4a in Equation 2.150 is the internal inductance of the loop [132]. The
expression of the second order correction follows from Eq. 2.145:

k
(2)
1 = −2

3
2a2

r2
w

(
aµ0

L

)2
. (2.152)

Therefore, for a non-dispersive material, the resonance frequency is obtained starting
from the derivation in Ref. [43]:

ω1 = c0

a


√√√√ r2

w

2a2

(
L

aµ0

)
Re {χ} + 2

3

(
aµ0

L

)−1

. (2.153)

The expression of the radiative quality factor Q1 is given by:

Q1 = 6
π

(
L

aµ0

)
1
x3

1
. (2.154)

Equations 2.153 and 2.154 were validated against Comsol Multiphysics (Wave
Optics package) considering a high-permittivity loop with rw = 0.1a. Specifically, in
Figure 2.9 (a) the resonance position obtained x1 = ω1/ωc derived from the model
was compared with the resonance peak position of the scattering spectrum derived by
Comsol numerical simulations, upon excitation of the loop by an electric point dipole
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source, located at a distance 3a from the center of the loop, and oriented along the
toroidal direction t̂. For very high permittivities (εR → 100), a very good agreement
between the model and numerical simulations was achieved. For smaller, but still
positive, εR the error slightly deteriorates due to the blue-shift of the resonance
wavelength becoming comparable to the dimensions of the object.

Figure 2.9 (b) shows instead the Q1 factor obtained from Equation 2.154 against
the inverse of the fractional bandwidth, namely the ratio of the full width at half
maximum to the peak frequency, obtained in Comsol. Also for the quality factor, a
good agreement between the model and the numerical simulations was found. Gener-
ally, the resonant position and the Q factor are slightly underestimated by the model
for two main reasons:

• when x1 ∼ 1 radiative effects become significant;

• in the thin wire approximation of the proposed model, the polarization current
was imposed as uniform on the wire cross-section; this is an important approxi-
mation since, in reality, the fundamental MQS mode is more concentrated near
the loop axis [39].

However, with the introduction of the radiative corrections quantitative prediction
of the resonance behavior is achieved for high permittivities, and a sufficiently high
accuracy on the resonance and quality factors prediction was achieved for lower per-
mittivities.

Two interacting high-permittivity loops

The same strategy can be applied also to a pair of high-permittivity thin wire loops
occupying two disjoint spatial domains Ω1 and Ω2 with cross sections Σ1 and Σ2,
and wire axes denoted by the closed curves Γ1 and Γ2 having tangent unit vectors
t̂1 and t̂2, respectively. The polarization current densities I1 and I2 in each loop,
respectively, are assumed as uniformly distributed across the wires’ cross-sections
and directed along their axes.

By following the methodology applied for a single circular loop, the following
system of equations for the intensities of the induced polarization currents can be

50



2.3 Case Studies

Figure 2.10: Lumped element circuit for two mutually coupled high-permittivity
loops. Adapted from Ref. [44].

derived from the lumped element circuit reported in Figure 2.10):

iωL1I1 + iωMI2 + 1
iχωC1

I1 = Ei,1,

iωMI1 + iωL2I2 + 1
iχωC2

I2 = Ei,2,

.

(2.155)

where
Cq = ε0

Σq

Γq

q ∈ 1, 2, (2.156)

L1 and L2 are the self-inductions of the loops, separately, while M is the mutual
inductance between the two loops,

M = µ0

4π

∮
Γ1

∮
Γ2

t̂1 · t̂2

|r − r′|
dl1dl2. (2.157)

The modes of the loop pair are solutions to the generalized eigenvalue problem

Lu = 1
k⊥

1
ω2

c

C−1 u (2.158)

where

L =
 L1 M

M L2

 (2.159)

and

C =
 C1 0

0 C2

 . (2.160)
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In this case, the generalized eigenvalue problem has two eigenvalues, denoted as k⊥
±,

and two current modes, u±. These modes exhibit equidirected and counter-directed
currents, recognized as Helmholtz (H) and anti-Helmholtz (A-H) modes, respectively.
They are orthogonal according to the weighted scalar product u⊺±C−1u∓ = 0 and can
be normalized as follows

ε0ℓc u
⊺
±C

−1u± = 1. (2.161)

Since the magnetic energy of each current mode is strictly definite positive, the matrix
L is strictly definite positive, therefore L1L2 > M2. The solution of the problem in
Equation 2.155 written in terms of the current modes becomes

I = iε0ωχℓc

∑
h=±

u⊺hE i

1 − x2χ/k⊥
h

uh, (2.162)

where I = (I1, I2)⊺, and E i = (Ei,1, Ei,2)⊺. For a loop pair, the second order corrections

Figure 2.11: (a) Two loops with major radii a and b, distance d, sections Σ1 and
Σ2. (b) Magnetic field lines generated by Helmholtz (H) and anti-Helmholtz (A-H)
current modes for a = b and d = a/2. Comparison between the results obtained
by the proposed model and by Comsol assuming εR = 100: resonance frequency (c)
normalized to ωc = c0/a, x± = ω±/ωc and radiative quality factor (d). Reprinted
from Ref. [44].

52



2.3 Case Studies

to k⊥
± are given by

k
(2)
± =

(
k⊥

±

)2

8π u⊺±∆(2)u±, (2.163)

and the first non-vanishing imaginary corrections (of odd order ni ≥ 3) are given by

k
(ni)
± = i(−1)(ni−1)/2

(
k⊥

±

)2

4πni!
u⊺±∆(ni)u±, (2.164)

where the elements of the matrix ∆(n) are

(
∆(n)

)
pq

=
∮

Γ̃p

∮
Γ̃q

t̂p(r̃) · t̂q(r̃)p |r̃ − r̃′|n−1
dl′dl. (2.165)

For two loops exhibiting different shapes and/or sizes, the first non-vanishing imag-
inary correction for both modes is 3, while, for two identical loops, the first non-
vanishing imaginary correction for the A-H mode is 5. As done for the single circular
loop, these corrections describe the position of the resonance frequency and the qual-
ity factor for x ≲ 1. They also take into account the radiative coupling between the
two loops. The polarization currents in the loop pair with the radiative corrections
can be obtained by substituting k⊥

± with k± = k⊥
± + k

(2)
± x2 + ik

(ni)
± xni into Equation

2.162.
The validation of the lumped model for two interacting high-permittivity loops

can be done by considering two coaxial loops with the same permittivity εR and
circular cross-section of minor radius rw. The two loops are assumed to be at a
distance d ad have major radii a and b (Figure 2.11a). On the one hand, the self-
inductances L1 and L2 are given by Equation 2.150, while the mutual inductance M
is derived in Refs. [134, 135] is:

M = µ0
√
ab
[( 2
k′ − k′

)
K(k′2) − 2

k′E(k′2)
]

(2.166)

where K (k) and E (k) are the complete elliptic integrals of the first and second kinds,
and

k′ =
√

4ab
(a+ b)2 + d2 . (2.167)

Figure 2.11 (b) shows the field lines of the magnetic field generated by the H u− and
A-H u+ current modes in the case of a = b. Figure 2.11c reports instead the resonance
frequencies of these two modes normalized to ωc, x± = ω±/ωc, as a function of the
normalized distance d/a between the two loops, and for rw = 0.1a, and εR = 100.
The red and blue full lines represent the resonance frequencies of the A-H (x+) and
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H (x−) current modes, respectively.
The obtained resonance frequencies are compared with the peak positions of the

scattering response obtained from Comsol simulations upon excitation of the two
loops by an electric point dipole (red and blue lines with dots) located in the plane
of the loop with radius a, at a distance 3a from its center, oriented along its toroidal
direction t̂.

A good agreement is observed between numerical simulations and the proposed
model, even though the A-H mode prediction exhibits a larger error since x+ ≈
1. In Figure 2.11d, the theoretical Q factors against the inverse of the fractional
bandwidth obtained from Comsol as a function of the normalized loop distance (d/a)
are reported. Again, a good agreement was found for the H mode, while for the
A-H mode, the overall magnetic dipole moment is vanishing, thus k(3)

h = 0, and the
quadrupole contribution (ni = 5) had to be considered. For values d/a > 1.5, a
quantitative agreement was found.

Nevertheless, as the distance d between the two loops decreases, the error in-
creases. This is due to Equation 2.166 that does not take into account the finite size
of the wires and becomes inaccurate for small values of d/a, where the two loops ex-
hibit a strong near-field interaction. The Q-factor of the A-H mode is more sensitive
to the approximations made because it depends on the fifth power of the normalized
resonance frequency x+, instead, for the H mode, it depends on the third power of
x− [43]. The resonance frequency is more robust because the quasistatic approxima-
tion alone already can predict the order of magnitude of the resonance frequencies,
and the radiative corrections are only associated with the second power of the size
parameter x±.

Figure 2.12: Top view of an exemplification of a dielectric network.
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High-permittivity dielectric networks

The concepts introduced in this section can be generalized to an arbitrary intercon-
nection of high-permittivity thin wires, e.g. Fig. 2.12. In fact, the proposed lumped
element model enables the study of the main properties of the electromagnetic scat-
tering from such structures: in particular, the induced polarization currents expressed
in terms of the MQS current modes, their resonance frequencies, their radiative fre-
quency shifts, and their radiative Q factors.

Since, in the MQS limit, the normal component of the polarization current den-
sity is null at the object’s surface, it can be assumed that there is not leakage of
polarization current density from the considered object. Therefore, at each node of
the network the sum of the polarization current intensity is conserved, analogous to
Kirchhoff’s law for electric currents [136].

Under these hypotheses, wires extending out of a loop or connecting two disjoint
loops have a weak or null influence on the scattering from high-permittivity dielec-
tric networks. Therefore, if available, they can be disregarded before applying the
following loop analysis.
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1Figure 2.13: (Top Layer) Graph G associated to the dielectric network shown in Fig.
2.12, the chosen tree T is highlighted in black, the corresponding links in red. (Layers
below) Fundamental loops L1-L4 are associated with the four different links. Their
orientation is defined by the direction of the corresponding link. Reprinted from Ref.
[44].
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As for electric circuits [136], it is convenient to associate to the dielectric network
a digraph G, i.e. an oriented graph, with n nodes and b branches, where eh is the h-th
branch of the digraph, t̂h its tangent unit vector, and Ih the intensity of the branch
polarization current. The digraph associated with the network of Fig. 2.12 is shown
on the top layer of Fig. 2.13. For the sake of simplicity, the analysis is restricted
to connected graphs. If the graph is not connected, it is possible to combine the
following approach with the one carried out in the case of two disjoint circular loops.

A loop Li of G is defined as a connected sub-graph with exactly two incident
branches in each node. A tree T of a connected digraph G is instead a connected
subgraph containing all the nodes of G, but no loops.

For any given digraph G, many possible choices of trees are possible. Given
a connected digraph, and chosen a tree, the branches of G are partitioned in two
disjoint sets: the ones belonging to T , called twigs, and the ones that do not belong
to T that is called links. The fundamental theorem of graphs [136] states that, given
a connected graph with n nodes, b branches and a tree T , there are n− 1 twigs and
ℓ = b − (n − 1 ) links. Every link (e.g. the p-th link) together with a proper choice
of twigs constitutes a unique loop, called the fundamental loop associated with the
link.

For instance, from the graph shown in the top layer of Figure 2.13, it is possible
to associate to every link of the particular tree T (highlighted in red), the four
fundamental loops L1, . . . ,L4, shown in the layers bottom layers of Figure 2.13. Their
orientation is defined by the direction of the corresponding link.

It is then possible to identify a set of fundamental loops through the ℓ× b funda-
mental loop matrix B associated with the corresponding tree. The jk occurrence is
defined as follows: bjk = 1 if branch k is in the loop j and their reference directions
are the same; bjk = −1 if branch k is in the loop j and their reference directions are
opposite; bjk = 0 if branch k is not in the loop j.

The loop analysis can be now applied to formulate the general electromagnetic
scattering problem from the dielectric network: the b polarization current intensities
of the network are expressed in terms of the ℓ fundamental loop currents. This choice
ensures that the polarization currents respect Kirchhoff’s law at any network node.

I now represents the (column) vector of the polarization current intensities of
the branches of the circuit {I1, I2, ..., Ib}, and J the column vector of the current
intensities of the links associated with the tree T of the network, {J1, J2, ..., Jℓ}. The
conservation of the sum of the polarization currents at the nodes of the circuit [136]
imposes that

I = B⊺J. (2.168)
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Denoted as E , the column vector representing the set of induced loop voltages
{E1, E2, ..., Eℓ} and as E i the column vector representing the set of loop external volt-
ages {Ei,1, Ei,2, ..., Ei,ℓ}, the constitutive relations of the dielectric thin wires (obtained
by solving the line integral of Equation 2.133 along each fundamental loop), leads to:

1
χ
B
(
iωC

)−1
I = E + E i, , (2.169)

where C is the diagonal matrix whose elements are Ch = (ε0Σh)/Γh with h =
1, 2, ..., b, Σh is the cross-section of the h-th wire and Γh is the length. On the
other hand, the Faraday-Neumann law imposes that

E = −iωL J (2.170)

where L is the ℓ×ℓ inductance matrix of the set of fundamental loops. By combining
Equations 2.168-2.170, the system of equations governing the set of the link currents
associated with the tree T is obtained:

iωLJ + 1
iωχ

B C−1B⊺J = E i. (2.171)

The MQS current modes {uh} of the network and the corresponding eigenvalues
{
κ⊥

h

}
are solution of the generalized eigenvalue problem:

Lu = 1
k⊥

1
ω2

c

B C−1B⊺ u. (2.172)

The number of MQS current modes and of resonances of a high-permittivity dielectric
network is therefore equal to the number ℓ of links of the digraph G of the network.
The matrices L and B C−1B⊺ are symmetric and definite positive. As a consequence,
the eigenvalues

{
k⊥

h

}
are real and positive, and the current modes satisfy the following

weighted orthogonality condition:

ε0ℓcu
⊺
h

(
B C−1B⊺

)
uk = δhk. (2.173)

The solution of Eq. 2.171 is

J = iε0ωχℓc

ℓ∑
h=1

u⊺hEext

1 − x2χ/k⊥
h

uh. (2.174)

The direct calculation of self- and mutual- inductance of fundamental loops may
not be the most efficient method to assemble the matrix L, since different loops may

57



2.3 Case Studies

L
P 99

χ
C
9

I9

χC1
LP
11

I1

χ
C
2

L
P22

I2

χ
C
4

L
P 44

I4

LP
33 χC3

I3

χC5
LP
55

I5

χ
C
6

L
P66

I6

L
P 88

I8

χ
C
8 χ

C
7

L
P77

I7

LP
13

LP
12

LP
14

LP
15

LP
16

LP
17

LP
18

LP
19

Figure 2.14: Lumped element circuit for the dielectric network in Fig. 2.12. The
self-partial inductances LP

qq of each branch of the digraph are shown. The mutual
partial inductances between the first branch and any other branch are shown in red.
The dotted convention commonly employed in magnetically coupled circuits is used
in this case. Reprinted from Ref. [44].

share several branches, resulting in redundant and hence inefficient computations. It
is instead convenient, as for electric circuits [135, 132], to preliminary assemble the
partial loop inductances matrix LP.

Its ij occurrence is the partial inductance LP
ij between the branches ei and ej. It

is defined as the ratio between the magnetic flux produced by the current density
flowing in the branch ej, through the surface between the branch ei and infinity, and
the current of the branch ej, namely:

LP
ij = 1

Ij

∫
ei

Aj · t̂idl̃. (2.175)

There are b (b+ 1) /2 independent partial inductance LP
ij, because LP

ij = LP
ji by reci-

procity. The loop inductance matrix L is given by

L = B LP B⊺. (2.176)

If the circuit is composed by an arbitrary interconnection of straight wires laying
on the same plane, then we need formulas for calculating: i) self-partial inductance of
a straight wire (Appendix A.1); ii) the mutual partial inductance between wires at an
angle to each other (Appendix A.3) which includes as a limit case the mutual partial
inductance between parallel wires (Appendix A.2), and the mutual partial inductance
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of wires meeting in a point (given by G.A. Campbell [137]). If the circuit is not planar,
then also the mutual partial inductance between skewed and displacement wires first
derived by F. F. Martens and G. A. Campbell [138, 137, 135, 132] are needed.

In Figure 2.14, the lumped circuit for the dielectric network shown in Figure 2.12
is reported, where illustrations of the self-partial inductances LP

qq, and of only the
mutual partial inductance LP

1q are shown.
The generalized expression of the second-order (real) radiative correction for the

h-th mode is

k
(2)
h =

(
k⊥

h

)2

8π u⊺hB∆(2) B⊺uh, (2.177)

and the expression of the lowest non-vanishing imaginary correction order ni (which
is an odd number ni ≥ 3) is

k
(ni)
h = i (−1)(ni−1)/2

(
k⊥

h

)2

4πni!
u⊺h B∆(ni) B⊺uh (2.178)

where the elements of the matrix ∆(n) are

(
∆(n)

)
ij

=
∮

ẽi

t̂i(r̃) ·
∮

ẽj

t̂j(r̃)|r̃ − r̃′|n−1
dl′dl. (2.179)

These corrections, also in this case, describe the position of the resonance fre-
quencies and the Q factors for x ≲ 1. They take into account the radiative coupling
among the network’s loops. The expression of the induced polarization currents in
the links of the dielectric network taking into account the radiative corrections is
obtained by substituting k⊥

h with kh = kh + k
(2)
h x2 + ik

(ni)
h xni for h = 1, . . . , ℓ, into

Equation 2.174.

Sierpinski triangle

The dielectric network shown in Figure 2.13 is assumed as made by b = 9 high-
permittivity thin wires of equal length lw, with a circular cross-section with radius
rw = 0.1lw. The wires are interconnected accordingly to a Sierpinski triangle [139].
The minimum circle circumscribing the network is chosen as characteristic length ℓc.

The graph of this network is shown in the top layer of Fig. 2.13, where the twigs
and links, associated with a chosen tree, are highlighted in red and black, respectively.
The fundamental loops associated with each link are shown in the layers below.

Figure 2.14 shows the lumped element circuit. This network has 45 independent
partial inductances, which are firstly evaluated, then the 10 independent elements
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Figure 2.15: MQS current modes of the dielectric network arranged accordingly to
a Sierpinsky triangle with generation number 1. Each wire has length lw and radius
rw = 0.1lw. The modes are arranged in a lexicographic order, which follows the
corresponding eigenvalue. Above each mode is the order ni of the first non-vanishing
imaginary correction. Reprinted from Ref. [44]

κ⊥
h 134 181 181 379
κ

(2)
h -15 -5.0 -5.0 -19.0
ni 3 5 5 3
κ

(ni)
h 7.2 0.24 0.24 8.3

Table 2.1: Eigenvalues κ⊥
h , second order (real) radiative correction κ

(2)
h , imaginary

correction κ
(ni)
h of the lowest order ni of the dielectric network of Fig. 2.12.

of the 4 × 4 symmetric inductance matrix L are computed. In this simple case, the
calculation of the eigenvalues k(2)

h can be carried out with pen and paper, returning
the four values listed in Tab. 2.1

The four current modes are shown in Fig. 2.15 (the second and the third mode are
degenerate). These modes correspond to the MQS current density modes reported in
2.15. Then, the matrices ∆(2) and ∆(ni)are assembled, where ni = 3 for the first and
fourth mode, and ni = 5 for the second and third mode. The radiative corrections
k

(2)
h and k

(ni)
h are provided in Tab.2.1.

Table 2.2 provides the normalized resonance frequencies and the Q factors of
the four current modes of the Sierpinsky network for two different values of the
permittivity, εR = 100 and εR = 15.45.

For εR = 100 the first (fundamental) resonance is located at x1 = 1.08: for
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εR = 100 x1 x2 = x3 x4 Q1 Q2 = Q3 Q4
the model 1.08 1.31 1.78 15 320 8.0
Comsol 1.04 1.26 − 31 280 −
εR = 15.45 x1 x2 = x3 x4 Q1 Q2 = Q3 Q4
the model 2.12 3.04 3.34 1.9 25 1.2
Comsol 2.29 2.89 − 3.9 8.3 −

Table 2.2: Normalized resonance frequencies xh = ωh/ωc and quality factors of the
four modes of the dielectric network of Fig. 2.12 for εR = 100 and εR = 15.45.

ℓc = 10cm it is ω1 = 3.25GHz. The scattering peak positions and the quality factors
of the four current modes have been also estimated by using Comsol Multiphysics.

The dielectric network shown in Fig. 2.12 has been excited by an electric dipole,
laying on its equatorial plane, located at 3lw on the left of its center, and oriented
along the vertical in-plane direction. The quality factor is estimated as the inverse
of the fractional bandwidth. The lumped circuit model exhibits good accuracy in
locating the resonances while returning the order of magnitude of the quality factors.

The comparison is repeated for εR = 15.45, which is nearby the optical constant
of crystalline Silicon. The first (fundamental) resonance is located at x1 = 2.12, thus
for ℓc = 250nm the resonance wavelength is located within the near-infrared spectral
range, λ1 = 740nm. The relative error in the predicted resonance position (compared
to its Comsol counterpart) worsens on average with respect to the previous scenario,
but it remains below the 15%.

For both the investigated permittivities, in the Comsol simulation, the scattering
peak associated with the fourth mode is not clearly identifiable, due to its low-quality
factor. For this reason, the position of its resonance peak and its Q-factor estimate
are omitted in Tab. 2.2.

The analysis of complex dielectric networks may benefit from the use of a lumped-
elements approach, in terms of geometry complexity and computational costs. For
example, by considering the following two networks, the first one composed of b = 81
thin wires interconnected accordingly to a Sierpinski triangle with generation number
3, and the second one composed of b = 112 thin wires, interconnected accordingly to
a square grid, it is possible to evaluate all the MQS modes, resonances and Q factors
of these structures in a few minutes.

The first (smallest) 21 eigenvalues of both networks are reported in Fig. 2.16. The
corresponding MQS current modes are shown in Figures 2.17 and 2.18, respectively.
The number reported above each mode is the order ni of the first non-vanishing
imaginary radiative correction. This number returns the power dependence of the Q
factor on the size parameter, describe in Ref. [43], and it is related to the multipolar
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Figure 2.16: (a) First 21 eigenvalues κ⊥
h of a Sierpinski triangle (generation number

3) with b = 81, n = 42, ℓ = 40, and first 21 eigenvalues k⊥
h of a 7 × 7 square grid

with b = 112, n = 64, ℓ = 49. (b) corresponding resonance wavelengths (in meters)
assuming εR = 100 and a = 3cm. Reprinted from Ref. [44].
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Figure 2.17: First 21 magnetoquasistatic modes of a dielectric network made of b = 81
thin wires interconnected accordingly to a Sierpinski triangle. Each wire has length a
and radius rw = 0.1a. The modes are lexicographically ordered in terms of increasing
magnetoquasistatic eigenvalues. Above each mode is the order ni of the first non-
vanishing imaginary correction.Reprinted from Ref. [44].
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Figure 2.18: First 21 magnetoquasistatic modes of a dielectric network made of b =
112 thin wires arranged accordingly to a square grid. Each wire has length a and
radius rw = 0.1a. The modes are arranged with a lexicographic order which follows
the increasing magnetoquasistatic eigenvalues. Above each mode is the order ni of
the first non-vanishing imaginary correction.Reprinted from Ref. [44].

components of the mode.

2.4 Conclusions

In this chapter, a theoretical background for the design of plasmonic and dielectric
nanoresonators for biosensing applications was provided.

The first one to solve, in a closed form, the scattering problem of a sphere, was
Gustav Mie in 1908. Whenever the produced particles can be assumed as spheres
of radius smaller than the operating wavelength, Mie scattering theory holds true
independently from the particle composition. In the last decades, novel approaches
for computing Mie scattering have been developed, which, with the help of numerical
calculators with high computation power, can lead to the exact prediction of the
scattering from differently shaped nanomaterials.

Although the electromagnetic scattering response of an object can be fully de-
scribed by Maxwell equations, it can be quite difficult to extract, with low computa-
tional efforts, preliminary predictions of the scattering behavior, in terms of modes,
resonance frequencies, and quality factors of an object, which are of paramount sig-
nificance in the design of new nanoresonators.

When the condition of optically/electrically small object can be applied, the com-
plexity of Maxwell equations can be split into two more manageable units: the electro-
quasistatic and magneto-quasistatic approximations, i.e., the same behind the mod-
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eling of capacitors and inductors. The electro-quasistatic approximation covers the
resonances in small particles with negative dielectric permittivity, e.g., the plasmon
resonances in metals at optical frequencies. The magneto-quasistatic one describes
the resonance mechanism in small objects of high and positive permittivity, such as
in AlGaAs and Si nanoparticles [140].

In both cases, it is possible to link the electro-quasistatic and magneto-quasistatic
resonances to two linear eigenvalue problems involving compact and self-adjoint inte-
gral operators, in which the spectral parameter is the electric susceptibility χ. These
eigenfunctions are the quasistatic current modes of the object, and the eigenvalues
are related to its eigen-susceptibilities.

The current modes and the eigen-susceptibilities only depend on the geometry of
the body, and they are material-independent. Unfortunately, both approximations
are unable to predict the resonance frequency shift and the radiation Q-factor arising
from the coupling with the radiation. For this purpose, closed-form expressions for
the radiative corrections to the quasistatic eigenvalues and modes can be derived.
These corrections only depend on the quasistatic current mode distribution.

By building on this modeling, two case studies were considered: the case of a
plasmonic sphere and the case of an arbitrary connection of high-permittivity thin
wires, whose EQS and MQS modes, resonance frequency shift, and Q-factors, respec-
tively, were accurately predicted in comparison with heuristic estimates (in the EQS
case) and with Comsol Multiphysics numerical simulations (in the MQS case). The
quasi-static approximations with radiative corrections represent a powerful tool for
the design of both plasmonic and all-dielectric nanoresonators since they provide a
useful understanding of the scattering behavior of new geometries.
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Chapter 3

Electromagnetic scattering by
hybrid plasmonic nanoparticles

In the previous chapter, the theoretical background on the electromagnetic scattering
of an object small compared to the operating wavelength was presented. When
coming to the experimental practice, to achieve resonances in the visible region of
the spectrum (observable to the naked eye), it is fundamental to produce objects with
characteristic dimensions in the range 1 − 100 nm, namely nanoparticles (NPs).

As stated in the introduction, the fabrication of plasmonic NPs can be achieved
by exploiting two different approaches: top-down and bottom-up techniques. Both
approaches have their own pros and cons. In this thesis, aiming at the design, fab-
rication, and characterization of large-scale, low-cost, and fully predictable optical
biosensors, a major focus is given to the large-scale bottom-up synthesis of plasmonic
NPs. With this fabrication approach, dealing with plasmonic NPs entirely made of
gold (or silver) is impractical, due to two main causes:

• the chemical reduction of gold (or silver) salts generally requires the addition
of other components in the syntheses process;

• the stabilization of the synthesized NPs requires the use of chemical compounds
to prevent NPs aggregation and precipitation.

Unfortunately, the concentration of these chemical species is not known a pri-
ori nor can it be obtained experimentally, immediately. Therefore, it is possible to
introduce novel strategies by combining theory and experiments to identify the con-
centration of these chemical species in plasmonic NPs. As shown later, these species
affect the scattering properties of the NPs.

Therefore, the term hybrid in this dissertation denotes plasmonic NPs synthesized
in presence of, or stabilized with, other chemical compounds. Specifically, this term
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Figure 3.1: Schematic representation of different stabilizing agents involved in the
preparation of hybrid plasmonic nanoparticles with related functions and/or charac-
teristics. Reprinted from Ref. [141].

is used to indicate NPs obtained by the chemical reduction of a metal (inorganic)
in presence of a reducing agent and/or an organic compound, or stabilizer, which
interacts with or remains stacked within the NPs.

As schematized in Fig. 3.1, according to the chemical compounds adopted during
the fabrication process, it is possible to classify hybrid NPs in four categories [141]:

• NPs obtained with conventional surfactants and ligands, for the chemical tuning
of their morphology and as reversible stabilizers, such as Citrate, Polyvinyl-
pyrrolidone (PVP), and Cetyltrimethylammonium Bromide (CTAB).

• NPs with organic/inorganic shells, providing them high colloidal stability and
simple surface chemistry. Shells can be made of synthetic (i.e. Polyethylene
glycol (PEG)) or natural (e.g., gelatin, chitosan) polymers, or of inorganic
transparent materials, such as Silica (SiO2).

• NPs with biomolecular ligands, such as proteins and nucleic acids, conferring
to them high biocompatibility and programmable assembly.

• NPs with metallic shells, conferring them additional optical properties (active
hybrid NPs) or magnetic properties (e.g., AuNPs with Iron shells).

In this chapter, the effects of the chemical compounds, used in the fabrication
of hybrid gold NPs, on their optical properties are investigated. Mie theory, intro-
duced in Chapter 2, is combined with the Maxwell Garnett homogenization approach,
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3.1 Hybrid Nanoparticles: Maxwell Garnett Theory

presented in the next section, for the reverse-engineering of the electromagnetic scat-
tering and absorption of hybrid plasmonic NPs. Moreover, also Mie-Kerker theory
is introduced and applied to take into account hybrid NPs with organic/inorganic
shells.

3.1 Hybrid Nanoparticles: Maxwell Garnett The-
ory

The determination of the average dielectric function of an object is not an easy task,
since the notion of homogeneity is not always valid. In the case of hybrid NPs, the
object of this chapter, the very complex interactions between reduced metal salts and
molecules, involved in the chemical process, can be neglected, in favor of a simpler
homogenization method.

During the past century, many different approximation strategies to derive the
average dielectric function of non-homogeneous objects small compared to the wave-
length have been proposed, but the most accredited and adopted one was proposed
by Maxwell Garnett in 1904 [142, 13].

Consider, as a model, a two-component mixture made of a homogeneous matrix of
dielectric permittivity εm with inclusions of dielectric permittivity ε. The inclusions
are assumed identical in composition and shape but can be different in size. The
electric field E can be obtained from a macroscopic field by averaging over many
molecules.

By considering inclusions in the volume V , which still contains many inclusions,
it is still possible to evaluate an average electric field ⟨E⟩ in V around the point x as:

⟨E(x)⟩ = 1
V

∫
V

E(x + ξ)dξ. (3.1)

In these conditions, ⟨E⟩ still denotes a macroscopic field, but coarsely grained.
The volume V is, therefore, made of the matrix volume and all its inclusions, which
enables the following splitting of Equation 3.1:

⟨E(x)⟩ = (1 − f)⟨Em(x)⟩ + f
∑

k

wk⟨Ek(x)⟩

⟨Em(x)⟩ = 1
Vm

∫
Vm

E(x + ξ)dξ, ⟨Ek(x)⟩ = 1
vk

∫
vk

E(x + ξ)dξ,
(3.2)

where Vm is the volume of the matrix, vk the volume of the k− th inclusion, ⟨Em(x)⟩
is the average electric field of the matrix and ⟨Ek(x)⟩ the average electric field of the
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3.1 Hybrid Nanoparticles: Maxwell Garnett Theory

k-th inclusion, f is the volume fraction of the inclusions, wk is fk/f , wk = fk/f , and
fk = vk/V .

The average polarization can be expressed as:

⟨Pm(x)⟩ = (1 − f)⟨Pm(x)⟩ + f
∑

k

wk⟨Pk(x)⟩. (3.3)

Assuming that the constitutive relation in Equation 2.9 applies for both matrix and
inclusions, and given the corresponding susceptibilities χm = εm − 1 and χ = ε − 1,
it is possible to write their average polarizations as:

⟨Pm(x)⟩ = ε0χm⟨Em(x)⟩, ⟨Pk(x)⟩ = ε0χ⟨Ek(x)⟩. (3.4)

It is possible to sum up the two constitutive equations, by introducing the average
susceptibility tensor χav of the composite medium, which does not depend on the
position if the medium is statistically homogeneous:

⟨P(x)⟩ = ε0χav · ⟨Em(x)⟩. (3.5)

By combining the last two equations with Equation 3.4:

(1 − f)(εav − εm1) · ⟨Em(x)⟩ + f
∑

k

wk(εav − ε1) · ⟨Ek(x)⟩ = 0, (3.6)

with εav and 1 being the average dielectric tensor and the unit tensor, respectively.
Since the susceptibility tensor is independent of the position, also the dielectric

tensor must be independent of it, therefore, ⟨Em(x)⟩ and ⟨Em(x)⟩ must be related
by a linear relationship of the type

Ek = λk · Em, (3.7)

where λk is a tensor whose principal components are:

λj = εm

εm + Lj(ε− εm) (j = 1, 2, 3), (3.8)

where Lj denotes the geometrical factors associated with the shape of the inclusions
(for a sphere, L1 = L2 = L3; for an ellipsoid, L1 = L2 &L1 ̸= L3 [13]).

Assuming that Equation 3.7 holds also for the average electric fields, namely
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3.1 Hybrid Nanoparticles: Maxwell Garnett Theory

⟨Ek(x)⟩ = λk⟨Em(x)⟩, Equation 3.6 becomes:

(1 − f)(εav − εm1) + f(εav − ε1) ·
∑

k

wkλk = 0. (3.9)

In Equation 3.9, the only unknown is the sum over the product between the
principal components of the tensor λk, which depends on the shape and orientation
of the inclusion, and the ratio of the k − th inclusion volume over the volume of all
the inclusions.

Assuming the inclusions to be ellipsoids with uncorrelated volume, shape, and/or
orientation and with equally probable orientations:

∑
k

wkλk ≃ β1,

β =
∫ ∫

P(L1, L2)
λ1 + λ2 + λ3

3 dL1dL2,

(3.10)

where P(L1, L2) denotes the shape probability distribution function [13].
With Equation 3.10, the average dielectric function becomes:

εav = (1 − f)εm + fβε

1 − f + fβ
. (3.11)

Equation 3.11 must be used carefully since it requires that the dielectric functions of
the matrix and of the inclusions are decided upstream.

In fact, if they are interchanged they would lead to a different average dielectric
function. Moreover, to understand the physical meaning of this approximation, it
is important to study the behavior in the two limit cases. In the case of f → 1
(inclusions occupying the whole volume V ):

lim
f→1

εav = ε,

while, if f → 0 (no inclusions within the matrix in the volume V ):

lim
f→0

εav = εm.

Equation 3.11 can be further generalized to multicomponent inhomogeneous objects,
in which the average dielectric function becomes:

εav = (1 − f)εm +∑
fjβjεj

1 − f +∑
fjβj

. (3.12)
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3.2 Identification of the optical properties of hybrid Nanoparticles

where f = ∑
fj, βj is obtained from Equations 3.8-3.10 by simply substituting ε with

εj, and fj denotes the volume fraction of the j− th inclusion with dielectric function
εj.

Finally, the Maxwell Garnett approximation can be derived by further assuming
spherically-shaped inclusions. With this approximation, which still well describes the
optical response of hybrid NPs, β coefficient used to describe the ∑k wkλk simplifies
to

β = εm

ε+ 2εm

and, therefore, Equation 3.9 simply becomes

εav = εm

1 +
3f
(

ε−εm

ε+2εm

)
1 − f

(
ε−εm

ε+2εm

)
. (3.13)

3.2 Identification of the optical properties of hy-
brid Nanoparticles

The accurate prediction of the LSPR absorption spectra and corresponding peaks of
hybrid NPs is a problem of interest for biosensing applications [106]. In fact, it is
possible to carefully predict the spectra of hybrid NPs after the identification of their
average dielectric constant. The theoretical fitting of the experimental absorption
spectrum of hybrid NPs can be performed by minimizing the norm of the difference
between theoretical and experimental absorption spectra. This optimization allows
the derivation of the inclusions volume fraction f in hybrid NPs. Genetic Algorithm
(GA) can be used to solve the abovementioned minimization problem [12, 143]. In
this section, this methodology is introduced.

3.2.1 Genetic Algorithm

Many are the available tools for solving optimization problems. Among them, the
genetic algorithm (GA), useful for both constrained and unconstrained optimization
problems, is based on natural selection, the process driving biological evolution. This
algorithm iteratively modifies a population of individual solutions. At each step,
individuals are randomly selected from the current population to be parents and are
used to produce the children of the next generation. Over successive generations, the
population evolves towards an optimal solution. The GA well applies to problems
in which the objective function (function to be minimized), also denoted as fitness
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3.2 Identification of the optical properties of hybrid Nanoparticles

function is discontinuous, non-differentiable, stochastic, or highly nonlinear [144].
Three main types of rules at each step are used in this algorithm to create the next
generation from the current population:

• Selection rules select the individuals, called parents, that contribute to the
population of the next generation.

• Crossover rules combine two parents to form children for the next generation.

• Mutation rules apply random changes to individual parents to form children.

The GA differs from the classical optimization algorithms, based on derivatives,
for two main reasons. First, differently from classical algorithms that generate a single
point for each iteration, GA generates a population of points for each iteration, whose
best point approaches an optimal solution. Second, while classical algorithms select
the subsequent point in the sequence in a deterministic way, the GA selects the
subsequent population using random number generators. First, an initial population
of elements, whose number can be opportunely decided, is randomly by the algorithm,
it is always possible to set some boundaries in which they should be located. At each
step, the GA derives the children for the next generation starting from the current
population. More precisely, only some elements of the current population are selected
as parents for the next generation. Generally, individuals that have better fitness
values as parents are selected. Three are the main types of children for the next
generation (Figure 3.2):

• Elite children are the individuals in the current generation with the best fitness
values.

• Crossover children are created by combining the vectors of a pair of parents.

• Mutation children are created by introducing random changes, or mutations, to
a single parent.

Elite children are obtained from the best fitness of the previous generation, and
for this reason, they automatically survive to the next generation. Crossover chil-
dren arise from the combination of parent pairs in the current population. At each
coordinate of the child vector, there is a crossover function, which randomly selects
an entry (a gene), at the same coordinate from one of the two parents and assigns
it to the child. The crossover function is designed to create the child as a random
weighted average of the parents. Finally, mutation children are created by randomly
changing the genes of individual parents. By default, for unconstrained problems,
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3.2 Identification of the optical properties of hybrid Nanoparticles

Figure 3.2: Schematic representation of the three main types of children of the GA:
elite, on the left; crossover, in the middle; mutation, on the right.

Figure 3.3: On the left, initial random population (n = 20) generated in Matlab®

with the Optimization Toolbox for the Rastrigin’s function and elite (red squares),
crossover (blue crosses), and mutation (black triangles) children second generation
after the first iteration. Blue and red circles denote the minima and maxima locations,
respectively, of Rastrigin’s function.

the algorithm adds a random vector from a Gaussian distribution to the parent.
For bounded or linearly constrained problems, the child remains feasible. Figure 3.3
shows the children of the initial population (parents), that is, the population in the
second generation (first iteration), and indicates whether they are elite, crossover,
or mutation children. Several conditions, denoted as stop(ping) conditions can be
imposed to halt a GA optimization:

• Generations — The algorithm stops when the number of generations reaches
the value of Generations.

• Time limit — The algorithm stops after running for an amount of time in
seconds equal to the Time limit.

• Fitness limit — The algorithm stops when the value of the fitness function for

72



3.2 Identification of the optical properties of hybrid Nanoparticles

the best point in the current population is less than or equal to the Fitness
limit.

• Stall generations — The algorithm stops when the average relative change in
the fitness function value over Stall generations is less than Function tolerance

• Stall time limit — The algorithm stops if there is no improvement in the ob-
jective function during an interval of time in seconds equal to the Stall time
limit.

• Stall test — The stall condition is either average change or geometric weighted.
For geometric weighted, the weighting function is 1/2n, where n is the number
of generations prior to the current. Both stall conditions apply to the relative
change in the fitness function over Stall generations.

• Function Tolerance — The algorithm runs until the average relative change in
the fitness function value over Stall generations is less than Function tolerance.

• Nonlinear constraint tolerance — Nonlinear constraint tolerance is not used
as a stopping criterion. It is used to determine the feasibility with respect to
nonlinear constraints. Also, a point is feasible with respect to linear constraints
when the constraint violation is below the square root of Nonlinear constraint
tolerance.

Therefore, upon verification of one of these conditions, the algorithm stops. Gen-
erally, the fitness limit condition is the criterion chosen to stop the optimization. If
the algorithm stops because of one of the other conditions, it means that the param-
eters can be improved to achieve the desired fitness limit. It is possible to control
how the GA creates the next generation in terms of elite count, crossover fraction,
and mutation fraction. The elite count represents the number of individuals with the
best fitness values in the current generation that are guaranteed to survive to the
next generation. The default value of the elite count is 2. Setting the Elite count to a
high value causes the fittest individuals to dominate the population, which can make
the search less effective. The crossover fraction indicates the fraction of individuals
in the next generation created by crossover. Finally, the mutation fraction can be
evaluated from the difference between the population size and the sum of the elite
count and crossover fraction.
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3.2 Identification of the optical properties of hybrid Nanoparticles

3.2.2 Reverse Engineering based on Genetic Algorithm

The absorption of hybrid AuNPs can be theoretically predicted from the combination
of Mie Theory with the Maxwell Garnett homogenization approach. This can be done
under the hypothesis of non-interacting NPs, which, given the radius of the NP (r)
and the interparticle distance (d), means r ≤ d.

The hypothesis of non-interacting hybrid NPs holds true for diluted stabilized
suspension of NPs, for non-aggregated NPs on a substrate and/or embedded in a
polymeric matrix, or, more in general, for systems whose density/concentration is
low enough to avoid the NPs optical interaction.

In this condition, all hybrid NPs can be modeled as complex systems made of
two or more constituents, depending on the number of compounds involved in their
synthesis. The identification of the average dielectric function of the hybrid NP
can be made starting from the knowledge of the permittivities εm of the matrix,
namely gold or silver, and of the molecular compounds used to stabilize them ε.
The chemical compounds are modeled as spherical inclusions within the metallic
matrix. Finally, given the experimental absorption spectra, it is possible to define
the following objective, or fitness, function F (f):

F (f) = ∥Cabsth
(λ, εav(f)) − Cabsexp(λ)∥, (3.14)

where λ is the operating wavelength, Cabsth
and Cabsexp are the theoretical and ex-

perimental absorption spectra, respectively, and f is the volume fraction occupied by
the inclusions.

In Equation 3.14, the unknown parameter is represented by the volume fraction
f of the inclusions. In the experimental practice, in fact, it is non-trivial to derive
the fraction of chemical compounds, which effectively react with gold and silver salts
during their chemical reduction. Therefore, by optimizing the objective function by
means of the GA, the inclusions volume fraction can be derived and the experimental
absorption curve can be exactly fitted.

In particular, spherical inclusions can be modeled as a gaussian distribution N(f)
of spheres within the single plasmonic particle, expressed as

N(f) = 1
σ

√
2π
e− (f−µ)2

2σ2 , (3.15)

where µ and σ denote the mean and standard deviation of the inclusions volume
fraction. The hybrid NPs modeling is schematized in Figure 3.4. The goal of opti-
mization is to search for the optimal values of µ and σ that minimize the standard
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Figure 3.4: Schematic representation of the hypothesis made for the description of
hybrid NPs, namely non-interacting NPs and gaussian distribution of spherical in-
clusions.

deviation between the theoretical solution and the experimental absorption spectra.
The condition on µ remains the same imposed by the Maxwell Garnett condition

in Equation 3.13, i.e. f ∈ [0, 1]. The GA takes as an input a function dependent on
these two parameters and returns the optimal values that minimize it. The adopted
optimization algorithm, developed in Matlab ®, for the description of hybrid NPs is
schematized in Figure 3.5. The input parameters are:

• hybrid NPs size/size distribution;

• experimental absorption spectrum;

• dielectric permittivity of the matrix (gold and/or silver);

• dielectric permittivity of the inclusions.

Once all these parameters are known, it is possible to run the genetic algorithm with
the Matlab® global optimization toolbox as a function of a vectorial variable [µ, σ].
T

he convergence of the algorithm is achieved when the norm of the difference be-
tween Cabsth

and Cabsexp is lower or equal to the imposed fitness limit. The fitness limit
imposed for this modeling is 0.1, corresponding to a difference between the predicted
and the experimental absorption spectra lower or equal to 10%. This fitness limit is
considered accurate enough for further studies. The outcome of this model provides
an accurate estimation of the mean value and standard deviation of the inclusions
volume fraction.

When the input parameters or the hypothesis are not sufficiently precise, no con-
vergence can be reached, and returning back to them becomes a necessary step for
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Figure 3.5: Schematic representation of the iterative optimization approach used to
fit the experimental absorption spectra of Hybrid NPs.

further improvement. In the next section, two case studies are considered for the
direct application of this model to the fitting of hybrid AuNPs optical spectra.

3.3 Case Studies

In this section, the abovementioned reverse engineering approach is applied to hybrid
plasmonic NPs synthesized via bottom-up technique. More precisely, the classical
Turkevich synthesis [145] for citrate-capped AuNPs and the more biocompatible pe-
gylated AuNPs [146], which are the most common ones and whose optical response
prediction can be significantly improved with the proposed method.

3.3.1 Citrate-capped gold nanoparticles

The most adopted method for the controlled synthesis of spherical plasmonic NPs
is the citrate reduction method. Citrate anions operate the reduction of metal ions
to atoms and stabilize them, thus forming colloidal NPs. Citrate-capped AuNPs
have been largely exploited for biosensing applications since they are very stable in
solution, even for long periods of time. Moreover, they represent the intermediate
product before further treatments or functionalization steps [141].

In the past, the exact interaction between citrate ions and gold was not well
understood. Recent studies have shown that AuNPs alone would have a positive
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charge during the reduction, then this charge is neutralized and made negative by
the citrate ions’ adsorption on their surface [147]. The negative charges guarantee
AuNPs stability thanks to the electrostatic repulsion.

Turkevich synthesis is herein proposed to effectively show the efficiency of the
proposed model.

Experimental part

Chemicals - Tetrachloroauric acid trihydrate (HAuCl4 · 3H2O), trisodium citrate
dihydrate (C6H9Na3O9), were purchased from Merck KGaA (DE).

Synthesis of citrate-capped AuNPs - All glassware was cleaned with Aqua
Regia, a mixture of nitric and hydrochloric acids (1 : 3 v/V), prior to its use.
HAuCl4 · 3H2O was dissolved in MilliQ water (0.25 mM, 50 mL) and was heated
under stirring on a magnetic hot plate up to boiling. After boiling incipit of the
solution, citrate was added (0.06 M, 0.875 mL). The solution color turned from
yellow to grey, then pink, and after 10 min it became red, denoting the formation of
colloidal citrate-capped AuNPs.

Citrate-capped AuNPs characterization - The hydrodynamic diameter
(size) and the surface charge (ζ-potential) of NPs dispersed in water, were measured
by dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument (Malvern
Instruments, Malvern, U.K.) equipped with a He-Ne laser [633 nm, fixed scattering
angle of 173°, room temperature (25°)]. The experimental absorption spectra of
AuNPs were recorded using a Cary 100 (VARIAN), in the range between 400-900 nm.

Transmission Electron Microscopy - The morphology of citrate-capped
AuNPs was performed by using an FEI Tecnai 12 transmission electron microscope
(TEM) FEI Company, Hillsboro, OR). The NPs were purified by centrifuge and
incubated for 10 min on a standard copper grid (100 mesh) covered with a Formvar
film. Next, the drop was removed, and the grid was air-dried overnight at room
temperature. From TEM images, a particle analysis was performed by ImageJ
software to estimate the AuNPs mean radius (r).

Results

Citrate-capped AuNPs were characterized both in terms of size and ζ-potential. The
obtained results are reported in Table 3.1. Moreover, TEM imaging was performed
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to verify the spherical shape of the prepared AuNPs.
DLS measurements provide the NPs hydrodynamic diameter, while the average

radius can be extrapolated from TEM images (see Figure 3.6). The two measured
average diameters are in excellent agreement. However, the two standard devia-
tions are significantly different. This difference finds an explanation in the different
methodologies used for morphological characterization. While DLS measurements
are performed on a large amount of NPs, directly in solution, TEM images of only a
few particles can be acquired and analyzed by using the Image J software. Mainly,
TEM characterizations are performed to confirm the spherical shape of the obtained
NPs. Then DLS measurements, exhibiting one single peak, can be performed to
attribute the exact average size and size distribution to the synthesized NPs.

Figure 3.6: Synthesized citrate-capped AuNPs: schematic representation; TEM im-
ages at different magnifications for their morphological evaluation; size distribution
histogram obtained by ImageJ freeware software, plotted in OriginPro and fitted by
a gaussian curve.

Therefore, the radius r = 7.5 nm of the prepared AuNPs was considered for the
theoretical modeling. Then, the measure of the absorption spectrum was performed
by UV-Vis spectrometer in the range 400−900 nm, upon suitable dilution of the NPs
to avoid instrumental saturation and have maximum absorption intensity in between
[0.2, 1.0] (a.u.), which is the range in which the Lambert-Beer law holds.

DLS size (nm) ζ-potential (mV) TEM radius (nm)
15 ± 5 −29 ± 6 8.8 ± 0.2

Table 3.1: Hydrodynamic diameter, and ζ-potential of citrate-capped AuNPs (ob-
tained from DLS) and radius r estimation by TEM images.

The measured absorption spectrum is reported in Figure 3.7 (black-dashed line).
It exhibits LSPR wavelength (λmax) at 524 nm. By applying the standard Mie theory
to a homogeneous AuNP of radius 7.5 nm, the predicted absorption peak has λmax =
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519 nm, which is good in first approximation. However, the functionalization of
AuNPs generally leads to a few nanometers of redshift. Therefore, a better prediction
could ensure higher accuracy in the theoretical prediction of the LSPR redshift as a
function of the surrounding medium refractive index.

Figure 3.7: Synthesized citrate-capped AuNPs: experimental absorption spectrum
(black-dashed line), Mie Theory prediction (red solid line), MG-modified Mie Theory
(blue solid line).

At this stage, the application of the Maxwell Garnett (MG) homogenization in
combination with Mie Theory requires the knowledge of the matrix and inclusions
refractive indices.

Concerning the matrix, namely gold, the optical constants were derived by John-
son and Christie [148] in 1972, while the refractive index of citrate was assumed as
(nCitrate = 1.39423). Finally, the parameter f was derived by applying the GA.

For Turkevich citrate-capped AuNPs, the best parameters to minimize (%error <

10%) the norm between the experimental and theoretical absorption spectra resulted
to be µ = 0.05 and σ = 0.001. Therefore, citrate-capped AuNPs can be well
approximated as gold spheres containing citrate inclusions with a volume fraction
f = (5 ± 0.1)%.

By applying these parameters to the Mie theory combined with the MG approx-
imation, a more accurate prediction of λmax was finally achieved (see blue solid line
in Figure 3.7).

Another parameter that is important to predict is the full width at half maximum,
which, as stated in the previous chapter, is inversely proportional to the quality factor
Q of the nanoresonator. From the experiment, the estimated FWHM is 82 nm, which
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becomes half of the estimation by Mie theory, and is quite in good agreement with
the proposed approach (see Table 3.2). The mismatch between the FWHM of the
experimental and theoretical absorption spectra arises from the size distribution of the
synthesized spherical AuNPs. However, due to the intrinsic non-fully-homogeneous
nature of bottom-up approaches, the agreement between the proposed model and the
experimental observation is considered more than satisfactory. Moreover, a gaussian
distribution of NPs, as done for the inclusions, can be implemented in the model to
reduce the partial mismatch between theory and experiments.

Experiment Mie Theory Mie Theory+MG

λmax (nm) 524 519 524
FWHM (nm) 82 43 61

Table 3.2: LSPR wavelength (λmax) and full width at half maximum (FWHM)
comparison between experimental, Mie prediction, MG-modified Mie prediction for
citrate-capped AuNPs.

It should be now clear the effect of citrate on hybrid AuNPs. On average, it was
shown that it led to a redshift of the resonance, compared to a homogeneous AuNP
of the same size. This was confirmed by the predicted absorption spectra obtained
from the Mie theory and from the Mie theory combined with MG approximation.
Moreover, a damping of the resonance was observed causing a broadening of the
LSPR peak, as confirmed by the increased value of the FWHM.

Whether peak resonance redshift and broadening represent a disadvantage or not
strongly depends on the application. Generally speaking, inherent-based LSPR opti-
cal transducers require that the peak is as sharper as possible, in order to improve the
final sensitivity. On the contrary, plasmonic NPs acting as external signal amplifiers
should exhibit the broadest resonances to maximize the probability of matching the
localized electromagnetic field enhancement with the external signal spectral proper-
ties [17].

3.3.2 Gold nanoparticles with PEG inclusions

Besides citrate, polyethylene glycol (PEG) represents another usual chemical com-
pound, leading to PEG-stabilized NPs for a large range of applications [146, 94].
The generally recognized advantage of PEG as a stabilizer is its biocompatibility for
in-vivo applications. In fact, PEG improves gold biocompatibility, by imbuing resis-
tance to protein adsorption and uptake from the phagocytic system [149]. In many
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theranostic (therapeutics+diagnostics) applications, Ag and AuNPs can be function-
alized with thiolated-PEG ligands, where thiol groups (-SH) can form strong metal–S
bonds. These bonds enormously improve their stability even in the highly complex
media [71]. Also for PEG-stabilized plasmonic spheres, it is possible to apply the
MG-modified Mie theory.

Experimental part

Chemicals - Tetrachloroauric acid trihydrate (HAuCl4 · 3H2O), polyethylene glycol
diacid (DPEG, MW = 600 Da), and sodium borohydride (NaBH4) were purchased
from Merck KGaA (DE).

Synthesis of PEG-stabilized AuNPs - All glassware was cleaned with
Aqua Regia, a mixture of nitric and hydrochloric acids (1 : 3 V/V), prior to its use.
PEG-stabilized AuNPs were synthesized by using a one-pot method, in which DPEG
was used as the stabilizer molecule in spite of the citrate molecules. The reduction is
here performed at room temperature (RT) with the aid of a strong reducing agent,
namely NaBH4. Briefly, pure DPEG (600 µL) was mixed to HAuCl4 · 3H2O (0.25
mM, 25 mL) under vigorous stirring for 10 min. Afterward, NaBH4 (10 mM, 20
mL) was added at once. The solution color instantaneously turned from yellow to red.

PEG-stabilized AuNPs characterization - The size and the ζ-potential of
NPs dispersed in water, were measured by DLS. The experimental absorption
spectra of the AuNPs were recorded in the range between 400-900 nm, as reported
in section 3.3.1. The morphology of PEG-stabilized AuNPs was observed by TEM
imaging (see section 3.3.1).

Results

PEG-stabilized AuNPs were synthesized by the abovementioned method and charac-
terized both in terms of size and ζ-potential. The obtained results are summarized
in Table 3.3. Moreover, to verify the spherical shape of the prepared AuNPs, TEM
imaging was performed. DLS measurements provided the NPs hydrodynamic diam-
eter, while from TEM images (see Figure 3.8), the average radius was extrapolated
by image analysis.

The radius rPEG-AuNPs of the obtained PEG-AuNPs was 3nm. Then, the measure
of the absorption spectrum was performed by UV-Vis spectrometer in the range
400 − 900 nm, upon suitable dilution of the NPs. PEG-stabilized AuNPs resulted in
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Figure 3.8: Synthesized PEG-stabilized AuNPs: schematic representation; TEM im-
ages at different magnifications for their morphological evaluation; size distribution
histogram obtained by ImageJ freeware software, plotted in OriginPro and fitted by
a gaussian curve.

a much smaller size than citrate NPs due to the reducing agent. One of the main
drawbacks of this synthesis compared to the Turkevich method is that it leads to NPs
whose size cannot be easily tuned.

DLS size (nm) ζ-potential (mV) TEM radius (nm)
6 ± 3 −25 ± 9 3.3 ± 0.3

Table 3.3: Hydrodynamic diameter, and ζ-potential of PEG-stabilized AuNPs (ob-
tained from DLS) and radius r estimation by TEM images.

The measured absorption spectrum (not shown here) exhibits LSPR wavelength
(λmax) at 525 nm. By applying the standard Mie theory to a homogeneous AuNP
of radius 3.0 nm, the predicted absorption peak has λmax = 519 nm with a lower
intensity than the ones of 7.5 nm reported before.

However, the functionalization of AuNPs generally leads to a few nanometers of
redshift. Therefore, the 5 nm redshift is only ascribable to PEG molecules surround-
ing and, probably, entrapped within the AuNP during the chemical reduction. By
assuming the refractive index of PEG (nP EG = 1.468), much higher than citrate, it
was finally possible to derive the parameter f with the application of the GA.

For PEG-stabilized AuNPs, the best parameters to minimize (%error < 10%) the
norm between the experimental and theoretical absorption spectra resulted to be µ =
0.1 and σ = 0.025, which mean that PEG-stabilized AuNPs can be well approximated
as gold spheres containing PEG inclusions with a volume fraction f = (10 ± 2.5)%.

By applying these parameters to the Mie theory combined with the MG approx-
imation, a more accurate prediction of λmax was finally achieved. The experimental
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FWHM was 117 nm, and differently from the Mie theory as it is, its theoretical pre-
diction resulted to be in quite good agreement with the Mie theory combined with
MG approximation (see Table 3.4).

Experiment Mie Theory Mie Theory+MG

λmax (nm) 525 519 525
FWHM (nm) 117 60 93

Table 3.4: LSPR wavelength (λmax) and full width at half maximum (FWHM) com-
parison between experimental, Mie prediction, MG-modified Mie prediction for PEG-
stabilized AuNPs.

Also for PEG-stabilized AuNPs, on average, a significant redshift of the resonance,
compared to a homogeneous AuNP of the same size was observed. Moreover, PEG
inclusions caused a broadening of the LSPR peak, as confirmed by the increased value
of the FWHM.

By using this model, further functionalization with biomolecules of these hybrid
AuNPs can be in principle predicted to derive the functionalization yield, sensitivity,
and figure of merit of the designed biosensor.

3.4 Coated hybrid nanoparticles: Mie-Kerker
Theory

Mie-Kerker theory can be combined with the MG approximation to take into account
the formation of shells around the plasmonic NPs. As shown in the first section of this
chapter, the addition of an organic/inorganic/metallic shell around the plasmonic NPs
can provide the hybrid NPs with increased functionalities, such as enhanced colloidal
stability, additional resonances, the capability of releasing molecules, in response to
an external stimulus, such as pH, temperature, ionic strength, and so on...

The first theoretical description of coated nanoparticles was provided by Kerker
in 1951 [150], who provided the analytical solution to the problem of scattering from
a sphere with a concentric spherical shell, known as Mie-Kerker theory. A schematic
representation of a coated sphere is reported in Figure 3.9.

The coated sphere can be assumed as a core with a concentric spherical shell. The
orientation of the incident plane wave is also reported in the same Figure. The inner
sphere, the shell, and the surrounding medium are denoted as regions 1, 2, and 3,
respectively, while the inner and outer radii of the first two regions are denoted as a
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Figure 3.9: Electromagnetic plane wave incident on a sphere with a spherical shell
coating.

and b, respectively.
The coated sphere is illuminated by the incident electromagnetic wave reported

in Equation 2.61. The Equation of the electromagnetic field (E1,H1) in the region
0 ≤ r ≤ a is reported in 2.64, while the scattered field (Es,Hs) is reported in Equation
2.66. By imposing the finiteness of the field at the origin, the radial part of the scalar
wave equations (see Equation 2.46) is constrained to be jn.

Differently, in the region a ≤ r ≤ b(a ̸= 0), the spherical Bessel functions (jn and
yn) are finite. Therefore, the expansion (E2,H2) can be written as:

E2 =
∞∑

n=1
En[fnM(1)

o1nignN(1)
e1n + vnM(2)

o1n − iwnN(2)
e1n], (3.16)

H2 = − k2

ωµ2

∞∑
n=1

En[gnM(1)
e1n + ifnN(1)

o1n + wnM(2)
e1n + iwnN(2)

o1n], (3.17)

where all the vector harmonics M and N are generated from the scalar wave
equations in Equations 2.46.

The Bessel function yn is dependent on k2r in this region. By imposing the
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boundary conditions:

(E2 − E1) × êr = 0, (H2 − H1) × êr = 0 r = a

(Es + Ei − E2) × êr = 0, (Hs + Hi − H2) × êr = 0, r = b,
(3.18)

a system of eight equations is obtained, in which the only unknowns are represented
by the eight coefficients an, bn, cn, dn, fn, gn, vn, wn.

fnm1ψn(m2x) − vnm1χn(m2x) − cnm2ψn(m1x) = 0,
wnm1χ

′
n(m2x) − gnm1ψ

′
n(m2x) + dnm2ψ

′
n(m1x) = 0,

vnµ1χ
′
n(m2x) − fnµ1ψ

′
n(m2x) + cnµ2ψ

′
n(m1x) = 0,

gnµ1ψn(m2x) − wnµ1χn(m2x) − dnµ2ψn(m1x) = 0,
m2ψ

′
n(y) − anm2ξ

′
n(y) − gnψ

′
n(m2y) + wnχ

′
n(m2y) = 0,

m2bnξn(y) −m2ψn(y) + fnψn(m2y) − vnχn(m2y) = 0,
µ2ψn(y) − anµ2ξn(y) − gnµ3ψn(m2y) + wnµ3χn(m2y) = 0,
bnµ2ξ

′
n(y) − µ2ψ

′
n(y) + fnµ3ψ

′
n(m2y) − vnµ3χ

′
n(m2y) = 0,

(3.19)

with m1 and m2 being the refractive indices of regions 1 and 2, respectively with
respect to the refractive index of region 3; mu1, mu2, and mu3 are the permeabilities
of regions 1, 2, and 3, respectively; x = ka and y = kb; and χn(z) = −zyn(z), is the
Riccati-Bessel function.

By assuming µ = µ1 = µ2 = µ3, it is possible to solve the system of equations to
find the scattering coefficients an and bn:

an = ψn(y)[ψ′
n(m2y) − Anχ

′
n(m2y)] −m2ψ

′
n(y)[ψn(m2y) − Anχn(m2y)]

ξn(y)[ψ′
n(m2y) − Anχ′

n(m2y)] −m2ξ′
n(y)[ψn(m2y) − Anχn(m2y)] ,

bn = m2ψn(y)[ψ′
n(m2y) −Bnχ

′
n(m2y)] − ψ′

n(y)[ψn(m2y) −Bnχn(m2y)]
m2ξn(y)[ψ′

n(m2y) −Bnχ′
n(m2y)] − ξ′

n(y)[ψn(m2y) −Bnχn(m2y)] ,

An = m2ψn(m2x)ψ′
n(m1x) −m1ψ

′
n(m2x)ψn(m1x)

m2χn(m2x)ψ′
n(m1x) −m1χ′

n(m2x)ψn(m1x) ,

Bn = m2ψn(m1x)ψ′
n(m2x) −m1ψn(m2x)ψ′

n(m1x)
m2χ′

n(m2x)ψn(m1x) −m1ψ′
n(m1x)χn(m2x) .

(3.20)

The obtained expressions of the scattering coefficients can be validated in the case
of m1 = m2, in which the case of an isolated homogeneous sphere is recovered. In
fact, for m1 = m2, it results that An = Bn = 0. Moreover, in the limit of a → 0,
the coefficients an and bn reduce to the case of a homogeneous sphere of radius b and
refractive index m2.
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3.5 Case studies

In this section, the abovementioned reverse engineering approach is combined with
the Mie-Kerker theory applied to hybrid and coated plasmonic NPs synthesized via
the bottom-up technique.

More precisely, silica-coated AuNPs are chosen as model hybrid systems. The
accurate prediction of the optical response of these coated hybrid NPs can find large
applications in the biosensing community.

3.5.1 Silica-coated gold nanoparticles

Silica SiO2 has emerged as a coating material of plasmonic colloidal NPs due to
its chemically inert nature and its optical transparency. It prevents the AuNPs ag-
gregation, but at the same time, it does not affect the solid-state properties of the
particles.

Gold has a very low affinity for silica because it does not form any oxide film, when
in solution. Moreover, the chemical reagents involved in their bottom-up synthesis,
such as citrate, make the gold surface vitreophobic.

One of the simplest ways to avoid vitreophobicity is using silane (APTES) cou-
pling agents as surface primers, as first reported by Liz-Marzán et al. [151]. Moreover,
many functionalization protocols, exploiting the surface of the silica coatings, have
been developed to graft a biorecognition layer for biosensing applications [152].

In this subsection, the Mie-Kerker theory is combined with MG approximation
to predict the optical response of citrate-capped AuNPs coated with silica shells
of increasing thickness. The obtained theoretical spectra are compared with the
experimental absorption spectra reported in Ref. [153].

First, Gontero and coworkers [153] synthesized citrate-capped AuNPs with a mean
diameter of 41 nm (r ∼ 20.5) nm. Then, they stabilized them with polyvinyl-
pyrrolidone (PVP) prior to dispersion into ethanol solutions of tetraethyl-orthosilicate
(TEOS) and ammonia to achieve a basic pH. They added TEOS at different percent-
ages to achieve shells with different thicknesses. The obtained spectra are reported
in Figure 3.10 (a), as a function of the silica shell thickness.

The theoretical prediction of the experimental absorption spectra reported in Ref.
[153], was performed starting from the Mie Theory with MG approximation. It was
applied to derive the citrate fraction for the accurate prediction of the LSPR of
non-coated AuNPs. Then, the Mie-Kerker theory was implemented in Matlab®, and
assuming the measured silica shell thicknesses having a refractive index nSiO2 = 1.45,

86



3.5 Case studies

Figure 3.10: Experimental (a) and theoretical (b) absorption spectra of AuNPs and
Au@SiO2 core-shell NPs with increasing SiO2 shell thicknesses: 20.5 nm -radius
AuNPs (red), AuNPs with 7-nm thick SiO2 shell (blue dots), AuNPs with 14-nm
thick SiO2 shell (light blue dash-dots), AuNPs with 20-nm thick SiO2 shell (violet
dashes), and AuNPs with 25-nm thick SiO2 shell (magenta, short dashes). The
experimental absorption spectra are reprinted from Ref. [153].

the absorbance cross-sections were calculated. The obtained theoretical predictions
are reported in Figure 3.10 (b).

The very good agreement between experimental and theoretical absorption spec-
tra further confirms the validity of the proposed model. The obtained LSPR positions
as a function of the silica shell thicknesses are summarized in Table 3.5 to show the
high accuracy of the proposed modeling.

tSiO2 (nm) λexp
max (nm) λth

max(nm)
0 539 539
7 545 545
14 547 548
20 547 549
25 548 550

Table 3.5: LSPR wavelength (λmax) comparison between experimental (λexp
max)[153],

and predicted (λth
max) of silica-coated citrate-capped AuNPs, as a function of the silica

coating thickness (tSiO2).
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3.6 Conclusions

In this chapter, the identification of the optical properties of hybrid plasmonic
nanoparticles was proposed. The hybrid nature of the NPs resulted in a signifi-
cant modification of their optical properties, compared to homogeneous AuNPs of
the same size.

In particular, the Maxwell Garnett homogenization approach was adopted to de-
rive the effective dielectric constants of hybrid NPs as a function of the stabilizer
inclusion fractions. These latter were modeled as gaussian distributions of spheres
within the metal matrix.

However, the experimental evaluation of the inclusions fraction within the hy-
brid nanoparticles is generally unfeasible or requires expensive and time-consuming
equipment (e.g. cryo-TEM, SEM-EDX) for its efficient derivation.

Therefore, by applying a reverse-engineering approach, based on the genetic al-
gorithm and on the experimentally measured absorption spectra of hybrid AuNPs,
it was possible to achieve an accurate prediction of the LSPR position and FWHM
both for citrate-capped and PEG-stabilized AuNPs. In both cases, the presence of an
external chemical compound resulted in a redshift and in a broadening of the LSPR
absorption peaks, caused by the increase of the average dielectric permittivity of the
hybrid NPs.

Moreover, Mie-Kerker was introduced to include in the treatment of the case
of coated hybrid NPs. Silica-coated citrate-AuNPs, as a case study, were used to
validate the proposed modeling.

The obtained results confirmed the validity of the proposed approach that are
adopted in the next chapters to model NP-based optical transducers as a function of
both the stabilizing agents and coating materials. The proposed approach can have a
strong impact on the analysis and design of biosensors based on large-scale assemblies
of optically small nanoresonators.

88



Chapter 4

Gelatin-capped
plasmonic/diatomite colloidal
nanoparticles for drug release
monitoring

Plasmonic NPs also represent valid candidates for the design of not only diagnostic,
but also therapeutic, namely theranostic, nanodevices for in-vivo applications, includ-
ing bioimaging [154], photo(thermal)-therapy [155], and drug delivery [156]. This is
due to their low toxicity [157], ease of functionalization, and, as abovementioned,
optical properties [71].

Plasmonic NPs with different sizes and shapes have been synthesized by several
research groups to optimize their optical response and enhance their sensitivity [14].
However, spherical AuNPs remain the most studied for their rapid, well-understood,
and controllable synthesis, which can be easily repeated in any laboratory without
the need for expensive equipment [158].

Their combination with organic/inorganic materials can lead to nanodevices with
multifunctional capabilities arising from the properties of the single materials involved
in their fabrication. For example, the combination of AuNPs with Diatomite NPs
(DNPs) and gelatin polymeric shells (Gel) has been already shown as a promising
strategy for the delivery of Galunisertib (LY) to colorectal cancer cells (CRC) and
real-time monitoring of its release by SERS spectroscopy [159].

DNPs are made of natural biosilica and can be obtained through a powder of
diatom frustules, by mechanical crushing. Moreover, the mesoporous structure, sur-
face tunability, and the efficient intracellular uptake of DNPs offer the possibility to
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develop drug delivery systems for the controlled delivery of therapeutic compounds
[160, 161].

Unfortunately, most nanocarriers, including DNPs, display a relatively low loading
capacity (capability to load and keep drug molecules prior to release), hindering their
clinical application [162].

To overcome this limitation, several strategies have been proposed for the produc-
tion of drug delivery systems with higher loading capacity. Among them, the post-
loading approach provides the drug delivery system with external stimuli-responsive
properties [163].

As the name suggests, in the post-loading approach, NPs are loaded with the
drug and then coated with, generally, an organic material (e.g, polymers, or pro-
teins). This polymer forms a shell in the NPs’ surroundings. As a polymer, gelatin is
widely used for biomedical applications due to its biocompatibility, biodegradability,
thermoresponsivity, and ease of functionalization [164].

The choice of gelatin as a polymeric shell has been shown to improve the drug
loading capacity of drug delivery nanosystems avoiding burst release phenomena.
Gelatin also provides the carrier with both pH and MMP-2 responsive features [165].

In the treatment of colorectal cancer (CRC), the small molecule LY represents an
orally-administered molecule capable of inhibiting the metastatic progression of CRC
[166]. However, the high dose of LY drug, as well as its fast metabolization, can be
highly toxic for the treated patients [167].

For such therapeutic agents, nanocarriers-based drug delivery systems may offer
a double benefit [168]:

• protecting LY from the liver’s primary mechanism of drug metabolization

• reducing the dosing frequency

As shown in Ref. [159], the encapsulation of LY in gelatin-capped, AuNPs-DNPs
(AuDNPs@Gel) provided the nanocarrier with a pH-responsive drug release profile.
Moreover, it improved the capability of the drug to revert the metastatic process in
CRC, re-establishing the epithelial cell phenotype.

Therefore, in this section, the identification of the optical properties of DNPs
combined with gelatin-stabilized AuNPs (gel-AuNPs) is proposed for the development
of an optical platform for LY delivery, as a drug molecule model.

To improve the AuDNPs loading capacity, they were capped with gelatin shells of
increasing thicknesses. The optical modeling of the hybrid system was obtained by
applying MG approximation combined with Mie and Mie-Kerker theories, described
in Chapter 3. The model provided the nanosystem with the possibility to monitor the
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gelatin shell formation, degradation, and subsequent LY release by simple absorption
spectroscopy measurements.

The shell thickness was optically estimated as a function of the polymer concen-
tration by exploiting the LSPR shifts ∆λmax of the Gel-AuNPs immobilized on the
surface of DNPs.

The proposed theoretical modeling can represent an efficient predictive tool for
the design of polymer-coated nanocarriers, as drug delivery systems. Monitoring
the gelatin shell formation and degradation by LSPR measurements and theoretical
predictions could overcome the limitations of electron microscopy investigations, in
which differences in the gelatin shell thicknesses could not be opportunely estimated.

4.1 Experimental Part

Materials and reagents

Diatomite was supplied by DEREF Spa (Castiglione in Taverina, Viterbo, Italy);
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide-hydrochloride (EDC), N-hydroxy-
succinimide (NHS), (3-Aminopropyl)triethoxysilane (APTES), type-B gelatin from
bovine skin, tetrachloroauric acid (HAuCl4), sodium borohydride (NaBH4), sulfu-
ric acid (H2SO4), trifluoroacetic acid (TFA), acetonitrile HPLC grade, Millex-GP
syringe filter 0.22 µm, and acetone were purchased from Sigma-Merck KGaA (DE).
Phosphate buffered saline (PBS) was purchased from GIBCO (IE). Hydrochloric acid
(HCl) was purchased from Romil (UK). Absolute ethanol (EtOH) and hydrogen per-
oxide (H2O2) were purchased from Carlo Erba (IT). Galunisertib (LY 2157299) was
purchased from Axon Medchem (Groningen, NL). All reagents were of analytical
grade and all aqueous solutions were prepared with Milli-Q water.

Preparation of AuDNPs-LY@Gel nanosystem

The detailed fabrication procedure of AuDNPs-LY nanosystems is reported in Ref.
[106]. Briefly, ultrasounds were applied to diatomite powder to reduce its average
size to the nanometric scale, and a uniform distribution was obtained by repeating
cycles of settling and recovery.

Then, the DNPs were purified with HCl and Piranha solution to remove organic
and inorganic contamination. The silanization of DNPs was carried out by immersing
DNPs in 10% APTES ethanol solution for 30 min. After the silanization, DNPs were
recovered by centrifugation (13,500 rpm, 15 °C, 10 min) and underwent a curing
process for 1 h at 40circ C before their collection.
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A dispersion of amino-modified DNPs (DNP-APT) was immersed in the HAuCl4
solution for 5 min and 0.5 mL of gelatin solution 0.025% was added as a stabilizing
agent (weight ratio between gold salts and gelatin 10:1). The dispersion was stirred
for further 5 min and an aqueous solution of sodium borohydride 100 mM NaBH4 was
added dropwise to the dispersion until the color turned from yellow to purple/red.

Gold-decorated DNPs were left to rest for 30 min before purification by centrifu-
gation (4500 rpm, 10 °C, 10 min). The supernatant was discarded and the gelatin
stabilizing AuNPs was cross-linked by EDC and NHS in PBS solution (weight ratio
gelatin: EDC: NHS = 10:14:7) for 90 min in mild stirring to weld Gel-AuNPs to
the silica substrate firmly. At this stage, the cross-linked gelatin, used at a very low
concentration (0.025%) was considered as the Gel-AuNPs stabilizer.

The as-prepared NPs dispersion is referred to as AuDNPs. For drug loading,
AuDNP dispersion was shacked in a 1 mg/mL LY solution for 2 h at 37◦ C and the
excess of the unloaded drug was discarded after centrifugation at 4500 rpm. The
dispersion was washed with water and PBS solution twice. These NPs are referred
to as AuDNPs-LY.

The loaded system was then re-suspended in gelatin aqueous solutions at pH 4.0
at the following concentrations: 0%, 0.125%, 0.25%, 0.5%, 0.75%, and 1.50% (w/v).
The mixture was stirred for 30 min, and then EDC and NHS were added for cross-
linking the gelatin matrix (weight ratio gelatin: EDC: NHS = 10:14:7) for 1 h at
room temperature. At this stage, gelatin solutions, at much higher concentrations,
are used to promote the growth of a shell of the cross-linked matrix surrounding the
silica substrate and protect the system from drug dispersion phenomena. Finally,
the dispersion was centrifuged, and NPs were washed twice in water and collected
for analysis (AuDNPs-LY@Gelx, where x denotes the different concentrations in the
gelatin shell).

Apparatus and characterizations

All the characterizations were performed using 50 µg of DNPs in an aqueous solu-
tion in triplicate. Hydrodynamic diameter and surface ζ−potential of bare DNPs,
AuDNPs, and AuDNPs-LY@Gelx were measured as reported in section 3.3.1.

The morphology of DNPs after each surface modification was conducted by TEM
imaging (see section 3.3.1). From TEM images, a particle analysis was performed by
ImageJ software to estimate the Gel-AuNPs mean radius (rGel-AuNPs).

Absorption spectra of amino-modified DNPs, AuDNPs-LY, and AuDNPsLY@Gelx
were recorded on Cary 100 UV-Vis double beam spectrometer (Agilent, CA, United
States) using quartz cells of 10 mm path at room temperature. Samples were dis-
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persed in Milli Q water immediately before the measurement. The peak analysis and
first derivatives of the measured spectra were performed by OriginPro.

Numerical simulations

Each Gel-AuNP was modeled as a sphere made of two main components, namely
gold, and gelatin. A schematic diagram of this identification is reported in Figure
4.2(a). Gelatin inclusions were modeled as a Gaussian distribution of spheres within
the AuNP, with mean volume fraction µGel and standard deviation σGel. Starting
from the knowledge of their permittivities, and the measured absorption spectra, as
done for citrate-capped AuNPs in Chapter 3, µGel and σGel were obtained through
the GA. The fitness function to be minimized F (µGel, σGel) had the same form of
Equation 3.14.

The effective relative dielectric permittivity of Gel-AuNPs was obtained by the
Maxwell-Garnett homogenization theory by using experimental constants derived by
Johnson and Christie for gold and gelatin refractive indices (nGel = 1.54). These
parameters were substituted in the expression of the MG approximated average di-
electric function ε(fGel) in Equation 3.13.

The theoretical spectrum of the Gel-AuNPs (Cabsth) was predicted analytically by
the Mie Theory. The radius of AuNPs (rGel) was set to 3 nm, as a result of the particle
analysis carried out on TEM images, and the medium effective refractive index (neff)
in the AuNPs surroundings was assumed to be made of DNPs (nDNPs = 1.45) and
water (nH2O = 1.33), in which the whole system (AuDNPs) was suspended during the
spectroscopic measurements. The root mean square of the difference between Cabsth

and Cabsexp was used as the fitness function. The GA fitness value was set to 0.1,
corresponding to a 10% deviation between theory and experiments.

Then, the nanosystems made of Gel-AuNPs on DNPs were immersed in solutions
with increasing concentrations of gelatin to form uniform coatings on the AuDNPs
hybrid complex. The gelatin layers of increasing thickness tGel were assumed to
uniformly cover the Gel-AuNPs on the DNPs described so far. The absorption spectra
of AuDNPs-LY@Gel systems with increasing gelatin-coating thicknesses tGel were
predicted by applying the Mie-Kerker theory (see Chapter 3). A redshift of the
resonance peak was observed by increasing tGel. The first derivatives of the predicted
spectra were computed to correlate the theoretical optical response as a function
of tGel and the experimental optical response as a function of gelatin concentration
(cGel).
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In-vitro drug loading and release studies

In vitro drug release of LY was performed in PBS solution containing the proteolytic
enzyme trypsin to allow the digestion of the gelatin shell. For each sample with a
different gelatin shell, 0.1 mg of AuDNP-LY@Gelx were immersed in a PBS solution
containing trypsin (60 µg/mL, 1 mL) and stirred at 200 rpm at 37◦C. An excess of
trypsin was used to guarantee that the same amount of gelatin was degraded in each
sample at the same time intervals. After 5 minutes, the AuDNP-LYGelx dispersion
was centrifuged (3500 rpm, 37◦C, 5 minutes) to separate the nanoparticles from the
release solution. At each time interval, freshly prepared PBS solution was added
to the dispersion in presence of trypsin and stirred at 200 rpm, 37 37◦C until the
subsequent withdrawal. Release solutions were collected at time intervals of 5, 10,
20, 30, 60 minutes, and 16 hours for the quantitative analysis by Reverse-Phase-
High Performance Liquid Chromatography (RP-HPLC) reported in Ref [106]. The
cumulative release was calculated by using the following equation:

CumulativeRelease = R(t) +R(t+ ∆t) (4.1)

where t denotes the time, and ∆t the time interval from the initial one and R denotes
the released drug. The loaded drug was estimated as the total drug released after 16
hours in a solution containing a large excess of trypsin (60 µg/mL).

4.2 Results and Discussion

4.2.1 Fabrication of plasmonic/diatomite nanoparticles as a
drug delivery system

The development of the hybrid nanosystem (AuDNPs-LY@Gel) with increasing shells
of crosslinked gelatin was performed according to the fabrication procedure reported
in Ref. [106]. Briefly, the in-situ synthesis of Gel-AuNPs on the surface of DNPs
(AuDNPs) was performed via a bottom-up approach. First, DNPs were modified with
APTES (DNP-APT) to promote the electrostatic interactions between Au precursors
and the DNPs surface. Second, DNPs were suspended in HAuCl4 solutions in presence
of gelatin as a stabilizing agent. After the suitable mixing of the solutions to enable
interactions, sodium borohydride (NaBH4) solution, as a strong reducing agent, was
added drop-wise. The dispersion immediately turned from light yellow to deep red,
after the effective reduction of the AuNPs. Thereafter, the cross-linking of the gelatin,
as a stabilizer, was carried out via EDC/NHS chemistry. The complex AuDNP was
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suspended in an aqueous solution of LY (1 mg/mL) and washed. Finally, AuDNPs-
LY complex system was capped by a shell of gelatin to prevent the burst release effect
[165].

To form gelatin shells with increasing thicknesses, AuDNPs-LY complexes were
dispersed in gelatin aqueous solutions at different concentrations (0.125%, 0.25%,
0.50%, 0.75%, 1.5%) and crosslinked via EDC/NHS chemistry to achieve shells with
different thicknesses. A preliminary assessment of the presence of the gelatin shell in
the AuDNP-LY@Gel complex was performed via transmission electron microscopy
(TEM), Dynamic Light Scattering (DLS), and ζ-Potential analysis, summarized in
Figure 4.1.

The in-situ synthesis of Gel-AuNPs on the surface of the DNP-APT was observed
by TEM analysis, as shown in Figure 4.1 (b-I), according to which, the irregular
surface of DNPs resulted to be decorated by a uniform distribution of Gel-AuNPs
with mean radius rGel-AuNPs of ∼ 3 nm (Figure 4.1 (c)).

The gelatin shell formation was confirmed by the color and roughness change in
AuDNPs, which became darker and smoother with the increase in gelatin concentra-
tion (Figure 4.1 (b-II,b-III)) [169, 170].

DLS and ζ-potential investigations, in Figure 4.1 (d), show, on average, an in-
crease in the average size of AuDNPs as a function of the gelatin concentration. This
is mainly caused by the formation of DNPs aggregates (not Gel-AuNPs aggregates)
arising from the sticky nature of the gelatin. Concerning the ζ-potential measure-
ments, from positively charged DNPs, without gelatin shells due to the presence of
positively charged APTES, the Gel-AuDNPs complexes exhibited a less-positive sur-
face, due to the almost neutral charge of gelatin. The zeta-potential measurements
confirmed the proper coating with gelatin and the lower stability of the complexes,
in the solution.

4.2.2 Estimation of coating thickness as a function of the
gelatin concentration

The morphological characterization in the previous subsection provided the first evi-
dence of the increase in the cross-linked gelatin shell thickness on AuDNPs-LY@Gelx
systems.

Unfortunately, the accurate estimation of this parameter, which is crucial in the
design of polymer-coated drug delivery systems with enhanced drug loading capacity,
could not be provided by classical TEM imaging due to the heterogeneity of the
involved sizes, namely the gelatin shell thickness tGel, the radius of the Gel-AuNPs
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4.2 Results and Discussion

Figure 4.1: (a) Schematic representation of the fabrication procedure. (b) TEM in-
vestigations of the AuDNPs (I), AuDNP-LY@Gel0.125% (II) and AuDNP-LY@Gel0.5%
samples (c). Particle size analysis of Gel-AuNPs decorating the surface of the DNPs
fitted by a Gaussian curve. (d) Hydrodynamic diameter (black) and ζ-potential (blue)
of the samples AuDNP-LY@Gelx as a function of the different gelatin concentrations
in the outer shell. The vertical bars are representative of the standard deviation
(SD) on a minimum of three independent measurements (n ≥ 3). Reprinted from
Ref. [106].
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rGel-AuNPs, and the radius of DNPs rDNPs (rGel-AuNPs < tGel ≪ rDNPs).
For this reason, to derive the missing information (tGel), Mie Theory and Mie-

Kerker theory combined with MG approximation were adopted to predict the ab-
sorption of the hybrid nanosystem.

The small AuNPs, grown in-situ on the DNP surface, and stabilized by gelatin
(Gel-AuNPs), had mean radius rGel-AuNPs = 3.0 ± 1.5 nm. Moreover, as highlighted
from TEM image in Figure 4.1 (c), on average, their spacing (dGel-AuNPs) resulted to
be sufficiently larger than their size (rGel-AuNPs < dGel-AuNPs). For this reason, they
were assumed as non-interacting NPs (Figure 4.2 (a)).

Figure 4.2: (a) Schematic representation of the approximations followed in the optical
description of hybrid gel-AuDNPs. (b) The normalized experimental absorption spec-
trum of Gel-AuDNPs without gelatin shells (red line) exhibiting LSPR λmax = 540
nm and inflection point λ2 = 598 nm; normalized theoretical absorption spectrum of
Gel-AuDNPs with no gelatin shells obtained by applying the optimized parameters
µGel = 0.11 and σGel = 0.03 (blue line). The minimized root mean square between
theoretical and experimental spectra %error was 0.09. Reprinted from Ref. [106].

The application of the classical Mie theory to very small AuNPs dispersed in
water would result in an LSPR peak (λmax) located at a wavelength of ∼ 515 nm in
the visible spectrum. Instead, a huge redshift of the LSPR (∼ 25 nm) was observed
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(λmax ∼ 540 nm) from the experimental measurements on the AuDNPs-LY systems
without gelatin coatings. This huge shift can be attributed to two main factors:

• the formation of gelatin inclusions during the reduction of gold ions, in presence
of the gelatin, which remains entrapped in the Gel-AuNPs during nucleation
and growth processes [96];

• the higher, as compared with water, medium effective dielectric constant due
to the partial presence of DNPs in the Gel-AuNPs surroundings.

These hypotheses were validated by the comparison between theoretical and predicted
absorption spectra of a 3 nm radius-AuNP, Gel-AuNP, and Gel-AuNP on DNP, as
shown in Figure 4.3.

For these reasons, the effective dielectric constants εeff (µGel, σGel) and εm.eff were
introduced to describe the absorption of the Gel-AuNPs. εeff (µGel, σGel) describes
the hybrid nature of Gel-AuNPs, while εm.eff denotes the dielectric constant of the
medium.

As highlighted in Chapter 3, and schematized in Figure 4.2, the gelatin inclusions
were assumed as a Gaussian distribution of spherical particles occupying a volume
fraction fGel(µGel, σGel), and, by applying the GA, the parameters µGel and σGel

were optimized. The root mean square value between theoretical and experimental
absorption spectra of the AuDNPs-LY returned by GA was 0.09 (< 0.1) and the
optimized parameters were µGel = 0.11 and σGel = 0.03. Therefore, in Gel-AuNPs,
gelatin was occupying a volume fraction fGel = 11 ± 3%, in good agreement with the
initial weight ratio (w/w) between gelatin and HAuCl4 of the reaction volume.

The medium refractive index was also obtained with this optimization. It corre-
sponded to 10% silica (DNPs) and 90% water. Finally, the accurate optical modeling
of the hybrid AuDNPs-LY system immersed in water was achieved, confirming the
consistency of the initial hypotheses (see Figure 4.3).

As shown in Figure 4.2 (b), the theoretical modeling of the hybrid AuDNPs system
is in very good agreement with both mean LSP resonance λexp

max and the inflection
point λexp

2 of the experimental absorption spectra, corresponding to 540 nm and 598
nm, respectively. The inflection point λ2 is nothing but the minimum of the first
derivative of plasmonic absorption spectra.

The 9 % variation between theory and experiments resulting from these simula-
tions was attributed to the different absorption intensities between 450 and 500 nm,
which arose experimentally from both LY and gelatin showing non-negligible absorp-
tions in the UV and visible region (450-500 nm) of the spectrum, as shown in Figure
4.4.
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4.2 Results and Discussion

Figure 4.3: Normalized theoretical (on the left) and experimental (on the right)
absorption spectra of ∼ 3 nm radius AuNPs, Gel-AuNPs, and Gel-AuNPs on DNPs.
Reprinted from Ref. [106].

Figure 4.4: Intrinsic absorptions of the single components of the AuDNP-LY@Gel0.5%
system: absorption of Gelatin at a concentration 0.5 % (black line), DNPs at a
concentration of 100 µg/mL (red line), and LY drug at a concentration of 5 µg/mL
(blue line). The summation of all the contributions is also reported (purple line).
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4.2 Results and Discussion

Figure 4.5: Optical monitoring of the drug loading step on the AuDNP system:
Experimental first derivative and absorption spectra (in the inset) of AuDNP system
before (black line) and after (red line) drug loading process.

However, both λmax and λ2 were not affected by absorption in that region, and,
consequently, they could be considered negligible. The small molecule LY, with re-
fractive index = 1.75, was not considered in the model optimization owing to its
low molecular weight and tiny concentration. LY in fact did not affect the LSPR
response of the system. This hypothesis was confirmed by experimental absorption
measurements, in Figure 4.5.

The accurate prediction of the optical absorption in terms of λmax and λ2 of the
Gel-AuNPs on DNPs in presence of LY was applied to the AuDNPs-LY@Gelx to
obtain an estimation of the gelatin shell thicknesses as a function of the increasing
gelatin concentrations. It was performed by using the Mie-Kerker theory presented in
Chapter 3. The correlation between Gel concentrations and tGel represents a crucial
design parameter to monitor the shell formation.

First, the LSPR response of the AuDNPs-LY systems with shells of increasing
thicknesses in the Gel-AuNPs surroundings was simulated. An LSPR redshift was
observed with the increasing gelatin shell thickness. Indeed, crosslinked gelatin pos-
sesses a refractive index higher than water and silica nGel = 1.54, thus causing a
redshift of the LSPR λmax. The simulations were performed for average tGel in the
interval [0 - 20] nm. The obtained results are reported in Figure 4.6 (a).

Instead, from the experimental perspective, the chemical crosslinking of gelatin
at different concentrations cGel on the AuDNPs-LY@Gelx hybrid nanosystem (Figure
4.6 (b)) was monitored spectroscopically.
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Figure 4.6: Correlation between gelatin concentration (cGel) and shell thickness (tGel):
(a-c) theoretical absorption spectra and first derivatives of AuDNPs with increasing
tGel. The black arrows (redshifts of (a) λth

max and (c) λth
2 ) correspond to increasing

tGel. (b-d) Experimental absorption spectra and first derivatives of AuDNPs with
increasing cGel: 0 % (red), 0.125 % (blue), 0.25 % (purple), 0.5 % (green), 0.75
% (violet), 1.50 % (orange). The red arrows (redshifts of (b) λexp

max and (d) λexp
2 )

correspond to increasing cGel. (e) Comparison between λth
2 versus tGel (theoretical

model, white squares) and λexp
2 versus cGel (experimental data, colored squares). (f)

Correlation between the gelatin concentration and estimated coating thickness. The
red line is a fitting of the scatter plot (Equation 4.2). Reprinted from Ref. [106].
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However, the redshift of tiny AuNPs LSPR, exhibiting very poor sensitivity to
refractive index variations, was better visualized by considering the inflection point
λ2 in both theoretical and experimental absorption spectra. The use of the second in-
flection point of the absorption spectra significantly enhances the plasmonic response
sensitivity [171, 172]. Therefore, the first derivatives of the spectra were computed
and the minima of the curves in Figure 4.6 (c-d) were considered as λ2.

Another inflection point (λ1), corresponding to the maxima of the first derivatives,
could have been evaluated. However, it has been already demonstrated that the
highest sensitivity for refractive index sensing can be obtained by considering the
λ2 values [171, 172]. Moreover, the first inflection points are affected by the a-
specific absorption of the other chemicals involved in the nanocarrier fabrication,
thus hindering the accuracy of their theoretical prediction (recall Figure 4.4). For
these reasons, from here on, only λ2 points are considered for further analysis.

The λth
2 underwent a redshift as a function of the tGel. More precisely, λth

2 redshift
from 600 to 616 nm was observed, following a saturation curve with a linear range from
0 to ∼ 11 nm of tGel and achieving saturation at tGel,max ∼ 18 nm (white squares in
Figure 4.6 (e)). The saturation behavior, herein observed, finds an explanation from
the rapidly decaying field enhancement of Gel-AuNPs, whose plasmon resonance is
localized within the NPs’ surroundings. Therefore, even if thicker gelatin shells could
be easily simulated, the inflection points of the absorption spectra would have been
not affected anymore by the increase of the tGel. For this reason, the simulations were
stopped at tGel = 20 nm.

Meanwhile, the experimental evaluation of λexp
2 was performed by measuring the

absorption spectra of the AuDNP-LY@Gel systems obtained by different cGel, namely,
0%, 0.125%, 0.25%, 0.5%, 0.75% and 1.50% on the AuDNP-LY systems. Accordingly,
a redshift of λexp

2 was observed for the different cGel.
The theoretical and experimental results reported in Figures 4.6(c-d-e) enabled

the correlation between cGel and tGel on the hybrid AuDNPs-LY nanosystem. This
relationship could be described by a Michaelis-Menten-like kinetics in the investigated
thickness range [173], whose representation is reported in Figure 4.6(f):

tGel = tGel,max
cGel

kt + cGel
(4.2)

where tGel,max ∼ 18 nm is the maximum gelatin thickness at which a redshift of λ2 in
the first derivatives of absorption spectra was still detectable and kt = 0.63 % is the
gelatin concentration at which the cGel on the AuDNP-LY@Gel system corresponds
to half of the tGel,max (∼ 9 nm).
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The modeling for the estimation of the average gelatin thickness of the proposed
drug delivery system was crucial for the nanocarrier design since it provided the
reverse design of a hybrid system in which the gelatin concentration could be tuned
to achieve the desired average coating thickness.

4.2.3 Evaluation of the loading capacity of the nanosystem
AuDNP-LY@Gelx

The capability of gelatin polymeric shells to guarantee a sustained release, demon-
strated in Ref. [159], enabled the investigation of the benefits arising from the increase
in the gelatin concentration cGel in the proposed AuDNP hybrid nanosystems. Among
them, the loading capacity increase to enhance the effects of the drug with a lower
dose was the targeted objective.

To prove this, in vitro-drug release studies were performed to quantify the amount
of drug released through Reversed-Phase High-Performance Liquid Chromatography
(RP-HPLC) (Figure 4.7 (a). The loading capacity (LC) of AuDNP-LY@Gel with
increasing gelatin concentration was compared with the AuDNP control sample to
evaluate the influence of the shell thickness (estimated in the previous subsection) on
the nanosystem LC.

In Figure 4.7 (a), the increase of gelatin concentration/thickness resulted in a
higher amount of LY entrapped in the system and available for delivery. Indeed, the
control sample AuDNP exhibited a lower LC of LY 2.4 ± 0.2 µg per 100 µg of DNPs
(LCmin) When the gelatin concentration increased to 1.5%, the released drug was
about 5.6 ± 0.6 µg of LY (LCmax).

The different drug LC displayed by the samples in response to increasing cGel

followed a typical sigmoidal behavior, as shown in Figure 4.7(b). As obvious from
Figure 4.7 (c), the drug LC of AuDNP-LY@Gelx systems followed the same sigmoidal
curve as a function of the estimated tGel.

No significant enhanced LC was observed for tGel ≤ 5 nm. At 5 ≤ tGel ≤ 11 nm
instead, a direct proportionality with the nanosystem drug LC was observed, finally
reaching a plateau region in the sample with cGel = 1.5% and tGel ≥ 11 nm. The
increment of the LY LC in the nanosystem was explained by considering the non-
covalent interactions between the gelatin molecules and LY. Moreover, by increasing
the cGel, the larger polymeric shell slowed down the diffusion of the drug molecules
out of the system.

The sigmoidal relationship between the drug Loading Capacity (LC, µg) of
AuDNPs-LY@Gelx systems, and the estimated gelatin shell thickness (tGel, nm) can
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4.2 Results and Discussion

Figure 4.7: (a) Cumulative release of LY from AuDNP-LY@Gel samples with increas-
ing concentration of the gelatin shell. (b) Experimental estimation of the drug LC
as a function of cGel. (c) Theoretical estimation of the drug LC as a function of the
estimated tGel. The vertical bars are representative of the SD on a minimum of three
independent measurements (n ≥ 3). Reprinted from Ref. [106].
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be fitted by a Boltzmann-type equation:

LC = LCmax + (LCmin − LCmax)/(1 + e(tGel − (tGel,m/2))/∆tGel) (4.3)

where LCmax and LCmin are the maximum and minimum amounts of LY loaded
on the AuDNP-LY@Gelx systems reported previously, tGel is the estimated gelatin
thickness, tGel,m ∼ 18 nm, and ∆tGel can be expressed as:

∆tGel = LCmax − LCmin

4d(LC)
dtGel

∣∣∣∣
tGel=

tGel,m
2

(4.4)

The LC trend of the AuDNP-LY@Gelx systems as a function of tGel reported
in Figure 4.7 (c) exhibited three different regimes: a toe region in which the tGel

did not affect the LC capacity of the system (0-5 nm); a linear region in which
the LC was directly proportional to the tGel (5-11 nm) due to the increase of the
interactions between the drug and gelatin molecules; and a saturation region (11-
14 nm) in which the drug, whose experimental concentration was kept constant (1
mg/mL), represented the limiting factor of the entrapment efficiency in the gelatin
matrix. It is worth mentioning that the drug LC enhancement due to the tGel could
be fully considered in the estimation model we described earlier.

4.2.4 Application of the model to the monitoring of in vitro
drug release

As discussed in the previous sections, the complete optical modeling of the AuDNPs-
LY@Gel system enabled the monitoring of the gelatin shell formation on the surface
of the nanocarrier. Furthermore, the presence of Gel-AuNPs on DNPs provided the
nanosystem with another useful functionality: the possibility to directly monitor
the gelatin degradation in presence of an external stimulus directly, such as trypsin
enzyme (Figure 4.8 (a), and indirectly monitoring the drug release of LY.

As an example, once half of the gelatin thickness was degraded by trypsin, about
half of the drug loaded in the nanocarrier is expected to have been released. This
could be evaluated by a spectroscopic measurement without the need for expensive
equipment. As a proof of concept, the blue shift associated with the gelatin degra-
dation of the AuDNP-LY@Gel0.125% system was reported in Figure 4.8 (b).

From the theoretical point of view, the Trypsin enzyme used during the release
studies reduced the medium effective refractive index from 1.54 (in presence of gelatin)
to 1.33 (water refractive index) in the surroundings of AuNPs on the DNPs. For this
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reason, 100 % of gelatin shell degradation would result in a blueshift in both λmax)
and λ2 of the Gel-AuNPs absorption spectra.

Ideally, the blueshift due to the gelatin degradation should be equal and opposite
to the redshift caused by the gelatin shell formation on the AuDNP system. To
show this, in Figure 4.8 (b), the theoretical first derivatives of the absorption spectra
highlighting the perfect overlapping between blue and purple lines corresponding to
the AuDNP system before the gelatin shell formation and after gelatin degradation,
respectively, are reported.

Figure 4.8: (a) Schematic representation of the in-vitro gelatin degradation and drug
release in a solution containing the Trypsin enzyme. (b) Theoretical and experimental
first derivatives of the absorption spectra of the AuDNP-LY system (blue lines),
AuDNP-LY@Gel0.125% (green lines), and after drug release test, during which gelatin
degradation occurs (purple lines). Reprinted from Ref. [106].

To validate the proposed model for the prediction of the gelatin degradation,
the AuDNP-LY@Gel0.125% system after the in-vitro release, in presence of the trypsin
enzyme, was optically monitored. The experimental first derivatives of the absorption
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spectra were accurately predicted by the model, as shown in Figure 4.8 (b), since a
blue shift of the inflection point in the first derivative occurred.

However, from the experimental point of view, the perfect overlapping between
the AuDNP-LY system (blue line) and AuDNP system after the drug release study
(purple line), was not achieved. The inflection wavelength of the AuDNPs system
underwent a slighter blue shift compared with its initial position, after gelatin degra-
dation. This phenomenon was attributed to the intrinsic hybrid nature of the Gel-
AuNPs, which was theoretically hypothesized and experimentally validated in this
study.

Indeed, as highlighted in the inset of Figure 4.8 (a), the AuNPs synthesized on
DNPs contained gelatin inclusions, which could be partially available, on the surface,
to trypsin degradation. Therefore, since the effective relative dielectric constant of
Gel-AuNPs was strictly dependent on the gelatin volume fraction, also their optical
properties could be affected by gelatin degradation. However, due to the very slight
variation in root mean square between theoretical and experimental results, this
unwanted effect could be safely neglected.

4.3 Conclusions

The recent trends in nanobiotechnology have led to the development of numerous
porous drug-loaded nanoparticles for therapeutic applications. To face challenges
such as low drug loading efficiency, these nanoparticles can be coated by a polymeric
shell that acts as a gatekeeper enhancing the carrier drug loading capacity.

In this chapter, it is shown that the drug loading capacity of diatomite-based
carriers can be significantly enhanced by means of polymeric shells made of natural
gelatin via post-loading modifications. Herein, the Galunisertib loading capacity of
the proposed nanocarrier AuDNP-LY@Gel displayed a sigmoidal growth from 2.4 to
5.6 µg · mg of AuDNPs in response to the amount of gelatin in the outer shell.

Moreover, the presence of Gel-AuNPs provided the proposed nanocarrier with
optical features suitable for the monitoring of the generation of growing gelatin shells
on the nanocarrier. The LSPR of the Gel-AuNPs offered an additional and valid
means to monitor the functionalization, thus overcoming the limitations of the stan-
dard methods. The formation of the gelatin shell embedding the hybrid nanocarrier
AuDNP-LY@Gel, indeed, was confirmed by absorption spectroscopy investigations,
and the shell thickness was estimated through numerical simulations.

First, the optical modeling was performed by reverse engineering of the optical
response of Gel-AuNPs to extract the gelatin volume fraction in the NPs by applying
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Mie theory combined with the Maxwell-Garnett homogenization approach. Secondly,
the correlation between theoretically estimated average shell thickness, and the exper-
imental concentrations of gelatin on AuDNP was found by monitoring the variations
in the inflection points of both simulated and experimental absorption spectra. Fi-
nally, the gelatin degradation and subsequent drug release were confirmed from both
theoretical and experimental points of view.

The proposed platform suggests the possibility of directly monitoring gelatin
degradation and indirectly monitoring the drug release with an optically modeled
system that may be exploited for in-vivo applications. Indeed, the LSPR response of
differently shaped AuNPs could be tuned to exhibit LSPR position in the invisibility
region of human tissues, namely in the range 700-1100 nm.

In this way, the optical response of plasmonic nanoparticles could be followed by
simple spectroscopic measurements with no need for expensive equipment. Similarly,
the gelatin degradation profile - directly correlated to the drug loading capacity -
could be optically monitored to evaluate drug release within the targeted tissues.
Finally, since the overexpression of gelatin-degrading enzymes is altered in the tumor
microenvironment, the choice of gelatin as a capping material offers two advantages:
it improves the nanocarrier loading capacity and makes the drug release triggerable
by external stimuli.
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Chapter 5

Hydrogel-based plasmonic
transducers for biomolecular
interactions monitoring

With the advent of flexible electronics, several conventional fabrication techniques,
generally adopted for the large-scale fabrication of electronic components on rigid
substrates, have been shifted and re-adapted to polymeric substrates [174]. The same
applies to nanophotonics and optical biosensors, in which the capability of polymers
to adapt to non-planar substrates [59] directly finds application in wearable sensors,
conforming to the skin [175, 176], food-packaging (sensors for food monitoring) [177],
real-time monitoring of healing processes [178].

From the combination of polymers with plasmonic NPs hybrid nanocomposite
transducers can be designed. These platforms are generally low-cost, highly pro-
cessable, and relatively simple to fabricate. Moreover, with their ease of integration
within microfluidic and microelectronic devices, they represent a promising alterna-
tive toward always more smart and efficient technologies due to the following reasons:

• rigid substrates are difficult to employ as wearable sensors since they cannot
easily adapt to the skin, as they would not find patient’s compliance [179];

• point-of-Care Testing (POCT) optical devices generally possess a microfluidic
polymeric component to reduce sample volumes and enhance the capability of
an analyte to interact with the bioprobe, therefore a polymeric transducer could
be much easier integrated within [180, 181, 182];

• in food quality assessment, polymeric optical devices can be easily integrated
into food packaging and interrogated remotely or to the naked eye, without the
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need for electronic components [183, 184];

• the mechanical properties of polymers (elasticity, bending capability, and
stretchability) over/in which plasmonic NPs can be immobilized open novel
fundamental studies on the coupling mechanisms between plasmonic NPs that
can be exploited for novel transducing mechanisms (optomechanics) [185];

These polymeric plasmonic transducers can be classified into 2D and or 3D optical
sensors according to the fabrication strategy employed to combine the plasmonic NPs
on/within the selected polymer. In 2D architectures, the NPs are immobilized on a
surface, usually by grafting them on the polymeric substrate with physicochemical
strategies. In 3D platforms, the NPs are all distributed within a volume, typically
embedding nanomaterials within a pre-polymer precursor [59].

Even though most of the biosensing platforms are 2D architectures with their
biorecognition elements immobilized on the top, the effective amount of biomolecules,
which can be immobilized in the sensing area, strongly depends on the surface area
and surface-area-to-volume ratio. These two parameters are generally very small
when dealing with 2D nanostructured devices thus causing important limitations,
such as bioprobe instability, narrow dynamic range, and high LODs due to sur-
face rapid saturation [88]. In this context, polymers offer the possibility to obtain
3D miniaturized architectures, which significantly enhance the available surface area
and surface-area-to-volume ratio to achieve higher analytical performances. In fact,
polymer characteristic dimensions can be tailored in a volumetric context from the
nanometer scale to the mesoscopic scale with a large variety of techniques such as
UV-photolithography, 3D bioprinting, and stencil lithography, among others, [186].
Figure 5.1 provides a summary of the main fabrication strategies (i.e., soft lithogra-
phy, stencil lithography, nanospheres lithography, electrospinning), polymers proper-
ties and types (i.e., natural vs synthetic, transparent vs large-area), plasmonic NPs
composition, size and shape, and potential biomedical applications (i.e., wearable
(bio)sensors, POCT, and food quality assessment).

Among all the polymers, hydrogels represent the ideal candidates for 3D optical
biosensors since both plasmonic NPs and biomolecules can be embedded in a highly
tunable 3D network and optically investigated. Hydrogels are, in fact, highly hy-
drophilic regular networks obtained from the crosslinking reaction of specific polymer
chains, which can be of synthetic or natural origin [187]. They have been extensively
used in biomedical applications, ranging from tissue engineering [188, 189] to drug
delivery [190, 191]. Their swelling behavior (i.e., capability of absorbing big amounts
of water, up to 99 % of their volume) arises from the strong hydrophilic nature of the
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Figure 5.1: Summary of the fabrication strategies, polymer types, plasmonic NPs,
and applications of plasmonic polymer nanocomposites. Reprinted from Ref. [59].

polymeric chains, conferring them appealing properties also in the biosensing field.
Recent studies have demonstrated the role of hydrogels as 3D matrices for the

entrapment of plasmonic NPs since they are usually anti-fouling, biocompatible, and
biodegradable. Moreover, they preserve the activity and functionality of biomolecules
within their network [99, 100].

Hydrogel plasmonic nanocomposites that are functionalized with bioprobes can
undergo significant variations in response to target analytes becoming bio-responsive
hydrogels.

The fabrication processes of these particular polymers are generally very simple
and straightforward. Starting from a pre-polymer solution of the selected monomer,
a crosslinking reaction transforming the monomers into a polymeric network is gen-
erally performed. The crosslinking reaction can be made according to several proce-
dures: polymer-polymer bonding or the use of crosslinkers, photo-responsive agents,
and/or enzymes. The crosslinking reaction leads to a polymeric network that can be
tuned in terms of patterning, mesh size, and crosslinking density. The mesh size and
crosslinking density are strongly affected by the monomer molecular weight (MW)
and the selected curing agent concentration [192].

In this chapter, hydrogel nanocomposites transducers made of polyethylene glycol
diacrylate (PEGDA) and AuNPs are presented as novel optical platforms for both
inherent resonance-based biosensors and external signal amplification-based biosen-

111
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applications

sors.
A state-of-the-art of the currently available hydrogel nanocomposites for low-cost,

large-scale biosensing is presented, followed by a full description of the fabrication,
characterization, and physicochemical properties description of PEGDA and AuNPs,
separately.

Then, the investigation of the hybrid properties obtained from the combination
of these two materials is described together with their application to different sensing
schemes. More in detail, a low MW PEGDA is used for refractive index sensing of
small molecules, while a high MW PEGDA is exploited for big molecules sensing in
both label-free and MEF modes.

5.1 Towards low-cost, large-scale hydrogel
nanocomposites for biosensing applications

Biosensors made of nanocomposite hydrogels have been shown to possess all the re-
quirements to become a great alternative to the common rigid 2D biosensors since
they exhibit distinguishable performance and minimized platform cost. Depending
on the polymer composition, hydrogels can be classified as natural, synthetic, or
composite polymer hydrogels. Natural polymer hydrogels show great biocompatibil-
ity and biodegradability, and hence they find large applications in biomedicine (i.e.,
drug delivery, tissue engineering, and repairing).

On the contrary, synthetic components also possess excellent properties and are
extremely tunable in terms of mesh size, crosslinking degree, and, as a consequence,
swelling capability. These properties make them the ideal candidates for ex-vivo
biosensing applications, in which the target analyte to be tested may possess from
very low MW (i.e., small molecules, such as sugars, amino acids, and hormones) to
very high MW (i.e. large molecules, such as enzymes, antibodies, and proteins in
general).

More often, hydrogels are required to simultaneously possess many properties such
as biocompatibility, biodegradability, controllable hydrophilicity, sufficient mechani-
cal strength, availability of functional groups, and, in the case of biosensors, optical
and/or electrical properties too. However, many natural or synthetic polymers do
not fulfill all the requirements, as they are.

Therefore, it is possible to design multifunctional composites by selecting the
proper combination of natural and synthetic polymers or by doping the selected
polymer with optical or electrical nanomaterials (i.e., AuNPs). Mechanical properties
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should be opportunely designed according to the required specifications. Hydrogels
that possess high mechanical strength can be obtained by improving the degree of
cross-linking [193], or by reducing the monomer MW. On the contrary, hydrogels pos-
sessing large-swelling capability can be obtained by reducing the crosslinking degree
and increasing the monomer MW.

To provide hydrogels with multiparametric functionalities one of the key strategies
is the nanoscale dispersion of different materials within the polymeric network to
form nanocomposite hydrogels [194]. In this context, nanomaterials ranging from 1
to hundreds of nm in size can be dispersed within the polymeric branched and/or
crosslinked network with different approaches. The uniform dispersion of inorganic
components within the hydrogels goes under different names, such as nanocomposite
hydrogels and hybrid hydrogels. Therefore, plasmonic nanocomposite hydrogels are
nanocomposite hydrogels in which plasmonic NPs are integrated.

There are three main fabrication strategies with which plasmonic NPs can be
integrated within a hydrogel network:

• in-situ chemical reduction of plasmonic NPs within a pre-polymerized hydrogel;

• immobilization of pre-synthesized plasmonic NPs on a pre-polymerized hydrogel
by surface functionalization;

• polymerization of a pre-polymer hydrogel solution containing pre-synthesized
plasmonic NPs.

In the first case, noble-metal salts precursors, such as silver nitrate (AgNO3)
and Gold(III) chloride trihydrate (HAuCl4·3H2O) are diffused within a physically
or chemically crosslinked hydrogel and then reduced by reducing agents, includ-
ing sodium borohydride and trisodium citrate. It is the case of Thomas and
coworkers that demonstrated the in-situ reduction of silver NPs within swollen
poly(acrylamide-co-acrylic acid. The presence of the plasmonic NPs was confirmed
by Transmission Electron Microscopy (TEM) and Uv-Vis spectroscopy by obtain-
ing an LSPR typical absorption spectrum at 406 nm. They optimized the silver
nitrate concentration to achieve the best antimicrobial activity on Escherichia Coli
[195]. Similarly, Zhu et al., proposed the in-situ synthesis of thermosensitive poly(N-
isopropylascrylamide)(PNIPAM)/AuNPs nanocomposite hydrogels by gamma radi-
ation. In this case, AuNPs and hydrogel network were formed simultaneously un-
der the action of gamma radiation. The size of the synthesized AuNPs resulted to
be correlated to the monomer concentration so that bigger NPs could be obtained
by increasing the monomer concentration. The proposed nanocomposite exhibited
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a temperature-dependent catalytic activity in the reduction of o-nitroaniline [196].
Even though the in-situ chemical reduction represents a fast fabrication strategy for
hydrogel nanocomposites, the main limiting factor in its application is the lack of
control on the generated NPs size distribution and shapes. In fact, in the proposed
examples, only spherical and very tiny NPs have been obtained and when coming
to larger spherical NPs, almost always a large size distribution was reported. Due
to these motivations, despite being largely applied to antimicrobial and catalytic ac-
tivity, their application to biosensing is generally limited. Moreover, their optical
response is not easily predictable and suffers from reproducibility issues.

A second fabrication strategy to obtain hydrogel nanocomposites is to immo-
bilize plasmonic NPs on the surface of a hydrogel film or microparticle. Choe et
al., demonstrated the fabrication of a stretchable and wearable colorimetric patch
based on plasmonic NPs immobilized on thermoresponsive microgel particles [197].
Based on the hydrogel swelling/shrinkage behavior, they exploited plasmon decou-
pling/coupling to achieve a colorimetric temperature sensor. To avoid the instability
issue of large colloidal plasmonic microgels, they incorporated them in a flexible film
made of polyacrylamide (PAAm). The immobilization of plasmonic NPs requires
several stabilization and functionalization procedures to selectively and permanently
fix them on the surface of a hydrogel with a uniform distribution and reproducible
optical signal. Unfortunately, this can be time-consuming and generally not straight-
forward because the surface chemistry of plasmonic NPs requires several trials to
avoid their non-specific aggregation. For example, citrate AuNPs are generally not
stable in saline buffers (i.e. PBS buffer, NaCl solutions), strong basic or acidic pH,
and organic solvents [76, 77, 78]. For these reasons, the functionalization steps are
strongly limited by the medium properties that must keep NPs stable.

Finally, pre-synthesized plasmonic NPs can be incorporated in the monomer so-
lution prior to polymerization in a way that the size distribution, shape, and com-
position of the plasmonic NPs can be selected ab-initio and the incorporation does
not require any significant chemical procedure to enable the interaction between the
two components. With this technique, large-scale, low-cost, and highly reproducible
plasmonic hydrogel nanocomposites can be obtained and fabricated at the indus-
trial level. The crucial parameters here are the concentration and volume ratios of
NPs and monomers, the mixing time to achieve uniform NPs dispersion, the poly-
merization approach, and time. Randriantsilefisoa et al., reported on the use of
AuNPs embedded in polyol-based hydrogels for influenza A virus detection. Briefly,
they started from a pre-polymer solution of dendritic polyglycerol cyclooctyne (dPG)
and diazide-poly(ethylene) glycol (PEG) and sialic acid-stabilized AuNPs, the latter
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showing high specificity and affinity with the hemagglutinin (HA) protein in influenza
A virus (IAV). The naked-eye detection of the virus was made by monitoring the
colorimetric variation of the hydrogel as a function of the virus concentration [103].
Analogously, a quantitative LSPR enzyme biosensor obtained from AgNPs embedded
in a pre-polymer polyvinyl-pyrrolidone (PVP) hydrogel solution was used for glucose
sensing. The platform was functionalized with glucose oxidase enzyme (GOx), and
upon the soaking of the platform in a glucose solution, a decrease in the absorbance
spectrum of AgNPs was observed due to the proportional hydrogel swelling [65].

The high flexibility and transparency together with the intrinsic mechanical prop-
erties of hydrogels can be combined with plasmonic NPs. From this combination,
low-cost, large-scale optical transducers can be obtained, which can work both in
label-free and non-label-free modes. Their biosensing applications span from drug
release monitoring, ex-vivo and in-vitro biomarkers monitoring, to food quality as-
sessment [59].

Hydrogels do provide physical entrapment and enhanced stability of plasmonic
NPs. Moreover, within the matrix, the NPs surface is still partially exposed, allowing
the chemical immobilization of a biorecognition element.

5.2 Hydrogels physicochemical properties: the
case of polyethylene glycol diacrylate

Due to the large applicability of hydrogels in the biomedical field, their synthesis
and physicochemical characterization have been the focus of extensive research [198].
Concerning their fabrication, despite many other methods that have been imple-
mented for the gelation, curing, or crosslinking of the hydrogel monomer solutions,
the most commonly used is photopolymerization.

Photopolymerization is a light-induced reaction converting liquid monomers into
a crosslinked hydrogel, by means of an appropriate photoinitiator. A photoinitiator,
as the word suggests, is a light-sensitive molecule capable of producing an active
species upon irradiation with UV, visible, or infrared light. Differently from thermal
polymerization, which usually requires elevated temperatures, photopolymerization
can be performed at or below room temperature, which is of paramount importance
in biology and biochemistry to preserve the integrity of biomolecules, such as proteins
and enzymes [199]. Moreover, light-induced polymerization enables the fabrication of
complex geometries directly in-situ, by exploiting soft photolithographic techniques
without the need for expensive molds.
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Polyethylene glycol (PEG) has a simple molecular structure, as reported in Figure
5.2 (a). Such a chemical structure confers to this polymer’s unique characteristics:
high hydrophilicity, non-toxicity, and flexibility. It has found large applications in
tissue engineering and drug delivery systems alone or in combination with other
materials. As reported in Chapter 3, this polymer is generally used to coat or cap
plasmonic NPs to improve their biocompatibility.

PEG diacrylate (PEGDA) is a chemical derivative of PEG. It contains two acry-
late groups at the two terminations, which allow the formation of chemical gels by
themselves or with other co-polymers (Figure 5.2 (b)). The photopolymerization of
PEGDA, schematized in Figure 5.2 (c), involves the preparation of a pre-polymer
solution containing the PEGDA monomer and the photoinitiator. Under the action
of light (UV-light for Darocur 1173), the photoinitiator dissociates and forms a free
radical, which breaks the acrylate double bond forming two crosslinking functionali-
ties, which are free to interact with other broken functionalities. Therefore, a cascade
free radical reaction is activated and a polymeric network is formed. Many studies
have unrevealed the effect of the PEGDA MWs on the final mechanical properties
and morphological microstructure of hydrogels starting from the same polymer con-
centration [198].

Figure 5.2: Chemical structure of PEG (a) and PEGDA (b). Photopolymerization
chemical schematization from PEGDA monomer to PEGDA hydrogel by using a
photoinitiator as Darocur 1173. n stands for the repetition number of units associated
with the monomer molecular number or molecular weight. The chemical structures
are obtained from the online version of MolView software.

The increase in the PEGDA MW generally results in an increase in the swelling
capability and a decrease in the crosslinking density and elastic modulus [199]. The
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swelling ratio (SR) definition chosen for this thesis is:

SR = Ws −Wd

Wd

, (5.1)

where Ws is the weight of the swollen hydrogel, while Wd is the weight of the dried
hydrogel. The crosslinking density (CD) is measured in [mol/mL] and can be obtained
from the Flory-Renher equation [200]:

CD = − ln (1 − v2) + v2 + χ12v
2
2

V1(v1/3
2 − 2v2/f)

, (5.2)

where χ12 is a coefficient associated to the polymer-solvent interaction (χ12 = 0.45
for PEGDA), V1 is the molar volume of water (V1 = 18.062 mL/mol), f is the
crosslinking functionality (f = 4 for PEGDA), and v2 is the polymer volume fraction
at the swelling equilibrium. As expected, while the SR increases with hydrogel MW,
the CD decreases since, at fixed polymer weight, the available number of double
bonds decreases with the MW.

Also, the microstructures and permeability of PEGDA hydrogels are affected by
the monomer MW and must be taken into account for biosensing purposes according
to the target analyte molecular weight. In this chapter, four PEGDA monomers
are investigated, namely PEGDA 700, 2000, 6000, and 10000, where these numbers
denote the final molecular weight of the hydrogel due to the repetition number of the
units n in the brackets in Figure 5.2.

5.2.1 Thin film hydrogels preparation

The comparison between PEGDA hydrogels with different MWs was performed by
preparing transparent pre-polymer solutions with the same polymer mass, curing
agent (PI) amount, and final volume, as schematized in Table 5.1. The prepared

# PEGDA MW Polymer Mass PI Fraction Final Volume
1 700 108 mg 10% (w/w) 270µL
2 2000 108 mg 10% (w/w) 270µL
3 6000 108 mg 10% (w/w) 270µL
4 10000 108 mg 10% (w/w) 270µL

Table 5.1: Pre-polymer solutions composition for the preparation of transparent
PEGDA hydrogel thin films

117



5.2 Hydrogels physicochemical properties: the case of polyethylene
glycol diacrylate

solutions were poured in between two 24 × 24 mm coverslips and cured by UV-Light
for 5 minutes to allow full polymerization of the monomers. After the removal of the
coverslips, the obtained thin films of hydrogels were soaked in MilliQ water for 24
hours to remove eventual unreacted PEGDA monomers and Darocur (PI) moieties,
prior to further characterizations of the material.

5.2.2 Chemical properties

A correct polymerization of a monomer can be validated by performing Fourier Trans-
form InfraRed (FTIR) spectroscopy, which provides information on the chemical
structure of the materials.

Instead of measuring the absorption of the materials at each wavelength, with
this technique many frequencies at once are shined on the sample to measure how
the material absorbs that combination of light frequencies. The same is repeated
for different combinations of frequencies. Then, a Fourier Transform algorithm is
applied to produce an interferogram. This technique can be applied to both PEGDA
monomers and dried polymers, and the differences between the obtained interfero-
grams can provide information on the chemical structure of the prepared materials,
in terms of stretching vibrations.

In particular, in Figure 5.3, the FTIR spectra of the PEGDA monomers at differ-
ent MWs and the dried hydrogels are reported. As marked out in purple, the peaks
centered around 1635 cm−1, 985 cm−1 , and 810 cm−1 denote the C = C double bonds
of the acrylates, which greatly reduce after the polymerization step. While the peaks
at 1730 cm−1, and 1110 cm−1, marked in blue, denote the C = O stretching vibration
and C−O asymmetric stretching vibration, respectively. The intensity of these peaks
in thin film hydrogels decreased in intensity, suggesting that the UV-light intensity
for polymerization was proper but weak since no significant damages were provided
to the inherent structure of PEGDA, with exception of the C = C double bonds
[198].

It must be also noticed, as anticipated above, that the peaks associated with
C = C double bonds significantly reduce from low MW weight hydrogels to high
MW hydrogels, thus denoting a lower CD due to the lower probability of breaking a
double bond during polymerization.

Therefore, from the chemical point of view, the structural integrity, after poly-
merization and incubation in water for 24 hours, makes these polymers the ideal
matrices to embed plasmonic NPs for biosensing purposes, which generally require
several functionalization steps prior to target recognition.
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Figure 5.3: FTIR spectra of PEGDA 700, 2000, 6000, 10000 before (monomers) and
after photopolymerization (thin film).
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5.2.3 Mechanical properties

The mechanical properties of PEGDA hydrogel thin films with different MW were
evaluated in terms of SR, mechanical deformation, and elastic modulus.

The measure of the swelling ratio, i.e., the absorbency capacity of the hydrogel
thin films, measurements at fixed time intervals of 24 hours, after fabrication and
immersion in MilliQ water of the hydrogels, were performed. The as-synthesized
hydrogel thin films with different MWs were dipped in an exceeding amount of MilliQ
water for 24 h and weighed. Prior to each weighing step, the nanocomposites were
placed on a dry cloth and gently wiped with another dry cloth to remove excess and
weakly bound water. Finally, the hydrogel nanocomposites were put in a vacuum
oven at 40°C overnight to achieve their complete drying and measure the Wd value,
as reported in Equation 5.1.

In Figure 5.4 (a), the SR histogram of the different hydrogels is reported. As ex-
pected, an increase in the swelling capability with the increase in the MW is achieved.
While, PEGDA 700 exhibits a SR = 2±0.2, PEGDA 10000 exhibits a SR = 12±0.8,
denoting its six times larger capability of absorbing water compared to PEGDA 700.

To further characterize the hydrogels from a mechanical point of view, the thin
films were cut into 6 × 24 rectangles, which were used to perform tensile tests on
them to derive maximum deformation and elastic modulus of the material. The
elastic modulus and deformation at the break of hydrogel thin films were evaluated
by means of quasistatic mechanical tests, performed with a TA-DMA Q800 equipped
with tension film clamps. The used standard system was ASTM D-882 for the tensile
testing of thin films having thicknesses lower than 1 mm, widths greater than 5 mm,
and a width-to-thickness ratio greater than 8. The Young modulus was evaluated at
RT in displacement-ramp mode, according to the stress–strain slope up to 2 % strain.

Figures 5.4 (b-c) report the deformation at break ε and Young Modulus E of the
thin films. As expected, the larger the molecular weight of the hydrogel, the larger the
maximum deformation and the lower the elastic modulus. Generally speaking, higher
deformation means higher deformability and adaptability to non-planar substrates,
which is a must for flexible biosensors. However, higher deformation also means
lower handling possibility and mechanical instability of the material, especially when
it absorbs large amounts of water. This explains the larger standard deviations of
the box chart in Figure 5.4 (b) with the increase in the MW. Therefore, according
to the desired application of the hydrogel as an optical platform, it is important to
take into account its mechanical properties. By looking more in detail at the elastic
moduli, it is important to recognize that even if the elastic modulus decreases from
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Figure 5.4: (a) Swelling ratio at 24 hours, (b) maximum tensile deformation ε (%),
and (c) elastic modulus E (MPa) of PEGDA 700, 2000, 6000, 10000 thin films.

∼ 1.3 MPa, for PEGDA 700, to ∼ 0.1 MPa, for PEGDA 10000, it is still possible to
handle this material, since its mechanical modulus is still high enough to be included
in the following analysis.

Therefore, from these data, all the selected hydrogels are still in consideration to
become excellent substrates for AuNPs for plasmonic biosensing purposes.

5.2.4 Optical properties

Finally, a good polymeric substrate for 3D plasmonic transducers must have good
optical transparency to allow the investigation of the optical properties of the NPs
embedded within it and known optical constants (refractive index) to allow the the-
oretical fitting of the plasmonic response, as done in Chapter 3.

Therefore, the transmission spectra of PEGDA hydrogel thin films after 24 hours
of swelling, were evaluated by using a customized transmission optical setup. A
halogen light source covering the visible and near-IR spectrum (400–900 nm) was
connected to a Thorlabs optic fiber conveying light to the sample through a collimator.
The transmitted light was collected by another Thorlabs optic fiber connected to a
spectrometer (Filmetrics F20). The thin films were placed on a coverslip, whose
background was subtracted, and wiped with a tissue to remove the excess water.

The spectra were collected in the range 400–900 nm with a resolution of ∼ 0.5
nm and are reported in Figure 5.5 (a). As it can be observed, all the PEGDA exhibit
excellent transparency between 500 and 900 nm, which is a bit lost in the range 400 -
550 nm, as it generally happens for all organic compounds. However, all the selected
hydrogels can be considered sufficiently transparent for the monitoring of the optical
signal of a suitable density of plasmonic NPs.

Moreover, when performing absorption measurements of plasmonic NPs, the back-
ground coming from the non-perfect transparency of the substrate can be subtracted
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Figure 5.5: (a) Transmission, and (b) refractive index of PEGDA 700, 2000, 6000,
10000 thin films measured at wavelengths in between 400 and 900 nm.

by using a naked (without NPs) thin film as a reference standard, as shown in the
next sections.

Also, the refractive index of the substrate was characterized as shown in Fig-
ure 5.5 (b). While the refractive indices of the PEGDA monomers generally come
with a datasheet, the refractive indexes of the polymerized hydrogels dried on sili-
con were measured by variable angle spectroscopic ellipsometry (UVISEL, Horiba,
Jobin–Yvon). The spectra were recorded in the spectra range 300 − 1600 nm,
and only the range 400 − 900 was selected, to be in agreement with the other
recorded spectra. The measurements were performed at five different incident an-
gles (50◦, 55◦, 60◦, 65◦, and 70◦). The Sellmeier transparent model [201] was used:

n2(λ) = A+ Bλ2

λ2 − λ2
0

k(λ) = 0
(5.3)

where n is the real part of the refractive index and k is the imaginary part of the
refractive index, generally associated with materials’ intrinsic absorption and, there-
fore, set to 0, as imposed from the Sellmeier transparent model. A, B, and λ0 are
empirical parameters that are derived from the fitting of the measured dispersion
curves.

The curves in Figure 5.5 (b), show a slight increase in the refractive index n as
a function of the hydrogel MW. More precisely, PEGDA 700 and 2000 (red and or-
ange curves) show similar behavior with exception of the range 400 − 550 nm, while
the refractive indices of PEGDA 6000 and 10000, are significantly higher than the
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others, and mostly overlap between them (yellow and green curves). All of them
are significantly larger than the PEGDA monomers. This significant difference may
be attributed to the formation of the crosslinked network operated by the photoini-
tiator (PI), which makes the hydrogel network more dense and viscous than the
uncrosslinked monomers.

5.3 Bottom-up synthesis of citrate-capped AuNPs
with controlled size

In this section, the synthesis and characterization of the AuNPs to be embedded in
the PEGDA hydrogel thin films are reported. During the past decades, tremendous
efforts have been made to achieve good control of the size and shape of plasmonic
NPs. Despite Turkevich method [145] for the synthesis of citrate-stabilized AuNPs
remains the most common (see Chapter 3) to obtain AuNPs from 5 to 150 nm, the size
and size distribution (but also the shape) of the obtained NPs is quite non-uniform.

More recently, seed-mediated synthetic strategies have represented the most effi-
cient strategies to achieve good control of AuNPs quality, since nucleation and growth
processes are temporally separated. Based on this, Bastus et al., proposed a mod-
ification of the Turkevich method, namely seeded-growth method, to achieve great
control over the size and shape of the spherical NPs. Their strategy focuses on the
inhibition of secondary nucleation during the growth process. This latter is kineti-
cally controlled by adjusting the reaction conditions in terms of temperature, seed
concentration, and pH level [95]. The obtained AuNPs are quasi-spherical, highly
monodispersed, and highly concentrated. These three main properties are highly de-
sirable to achieve ease of predictability of the AuNPs optical response, stable optical
signals, and reduced centrifugation steps to achieve the desired optical density in
plasmonic nanocomposites.

Experimental part

Chemicals - Tetrachloroauric acid trihydrate (HAuCl4 · 3H2O), trisodium citrate
dihydrate (C6H9Na3O9), were purchased from Merck KGaA (DE).

Synthesis of monodisperse AuNPs - AuNPs from ≈ 20 to ≈ 70 nm were
obtained by adapting the protocol reported in Ref. [95]. All glassware was cleaned
with Aqua Regia, a mixture of nitric and hydrochloric acids (1 : 3 V/V), prior to
its use. Briefly, a citrate solution (2.2 mM, 150 mL) was heated up to 100 ◦C.
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Thereafter, HAuCl4 (1 mL, 25 mM) was added to the boiling solution to obtain the
Au seeds (∼ 10 nm, ∼ 3 · 1012 NPs/mL). In 10 minutes, the color of the solution
changed from yellow to bluish-gray and finally to soft pink. In the same flask, the
solution was cooled down to 90 ◦C.Then, 1 mL of HAuCl4 solution (25 mM) was
injected. After 30 min reaction time, the injection was repeated. After 30 min,
part (55mL) of the obtained solution was picked up and the remaining part was
diluted with 53 mL MilliQ water and 2 mL of 60 mM sodium citrate. The diluted
solution represented the new seed for the subsequent growth step. The 55 mL
solution that was picked up represented the 1st growth step, corresponding to AuNPs
with mean diameter of ∼ 20 nm. The synthesis proceeded until the 9th growth
step, corresponding to nanoparticles of ∼ 70 nm. Since evaporation was prevented
during the reaction process, the final volume was kept constant. Therefore the final
concentrations of all the NPs solutions (from the 1st to the 9th growth step) were
approximately equal to the ones reported in Ref. [95].

5.3.1 AuNPs Characterization

Freshly synthesized AuNPs were characterized in terms of size distribution and ab-
sorbance spectra. The size and size distribution measurements were performed by
DLS, as reported in section 3.3.1. The UV-Vis absorbance spectra were measured
from 400 to 900 nm. The samples were opportunely diluted in order to obtain ab-
sorbance peaks between 0 and 1 (see section 3.3.1). Finally, a peak analysis was
performed. Both DLS and UV-Vis characterization are reported in Figure 5.6.

In Figures 5.6 (a-b), the AuNPs size and LSPR wavelength λmax are reported
as a function of the growth step. DLS measurements confirmed the presence of
monodisperse and stable NPs colloidal suspensions with a single scattering peak both
in intensity and volume, having a polydispersity index (PDI) always well below 0.2.
As a result of the seeded-growth reaction, the mean diameter of the NPs increased
from ∼ 20, for the 1st growth step, to ∼ 70 nm, for the 9th step. As a comparison,
starting from SEM images of Figure 5.6 (c), particle analysis was performed and,
as a result, the measured mean NPs diameters well-agree with the values obtained
from DLS. The differences in the standard deviations can be certainly ascribed to
the number of particles that can be optically detected by DLS, which is higher than
the number of imaged particles. On the contrary, DLS produces higher standard
deviations since also bigger and smaller NPs that were not resolved in SEM images
are considered. For this reason, DLS results were taken into account for the following
sections.
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Figure 5.6: Characterization of colloidal gold nanoparticles, synthesized by the
seeded-growth method reported in Ref.[95]. a)Comparison of Dynamic light scat-
tering (DLS) size measurements (black squares) and particle analysis by SEM images
(red circles) revealing an increasing mean diameter of AuNPs as a function of the
growth step. b) LSP resonances (λmax) as a function of the growth step are obtained
via a peak analysis of absorbance spectra measured by UV-Vis spectroscopy (black
squares). The vertical bars represent the standard deviations on a minimum of three
independent measurements. The simulated extinction cross-section resonance peaks
of the distributions of gold nanoparticles in water (n=1.33) are reported (red cir-
cles). (c) SEM images of the 9 populations of gold nanoparticles, showing spherical
or quasi-spherical gold nanoparticles with increasing size as a function of the growth
step. The reported scale bars correspond to 100 nm. Adapted from Ref. [60].
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The increasing size distribution of AuNPs was also confirmed by UV-Vis spec-
troscopy (Figure5.6 (b), in which a red-shift of the λmax from ∼ 522 nm to ∼ 547
nm can be observed. The very low standard deviations highlight the good repro-
ducibility of the NPs synthesis. In Figure5.6 (b), the simulated λmax, starting from
DLS size distributions, are also reported. They are obtained by using the Mie The-
ory combined with MG approximation presented in Chapter 3. The hypothesis of
non-interacting NPs holds true also for this modified Turkevich synthesis since no
absorption peaks were observed at wavelengths between 600 and 800 nm. Moreover,
the presence of dimers, or trimers, would have caused huge resonance shifts both for
smaller and larger particles, as reported in refs. [202, 203]. The simulation results are
in very good agreement with the measured spectra, confirming both DLS and UV-Vis
spectroscopy measurements. The SEM images, in Figure5.6 (c), are further proof of
the controlled growth of the AuNPs, which appear spherical, or quasi-spherical, and
with few clusters, which can be mainly attributed to the drying process on the silicon
wafer.

5.4 PEGDA/AuNPs nanocomposites: fabrication
and characterization

Chemicals - Tetrachloroauric acid trihydrate (HAuCl4 · 3H2O), trisodium citrate
dihydrate (C6H9Na3O9), PEGDA with MWs of 700, 2000, 6000, and 10000 Da, 2-
Hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173), and cysteamine (C2H7NS)
were purchased from Merck KGaA (DE).

Fabrication, Functionalization, and Characterization - Once the PEGDA
hydrogel thin films and the AuNPs have been selected and characterized, it is
possible to study the optical performances arising from their combination. In
this section, the effect of the PEGDA on AuNPs with fixed size (60 ± 20 nm) is
unrevealed. The all-solution fabrication strategy, ensuring high reproducibility of
the optical signal, is schematized in Figure 5.7. The nanocomposites with different
PEGDA were prepared by following Table 5.2 where the AuNPs weight per mL was
obtained by drying the AuNps in a calibrated plastic tube. The amount of polymer,
AuNPs, PI, and final volume were kept constant to study the different behaviors of
hydrogel nanocomposites obtained from PEGDA monomers with different MW.

The thin films embedding AuNPs were characterized by the customized transmis-
sion mode setup at normal incidence included in Section 5.2.4. A schematic represen-
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Figure 5.7: Schematic representation of the all-solution fabrication strategy consisting
of: stirring of a PEGDA pre-polymer solution with a suitable concentration of AuNPs;
polymerization by exposing the solution in between two coverslips to UV-light; and
cutting by a puncher to ensure controlled samples sizes. Adapted from Ref. [66].

PEGDA MW PEGDA Mass PI fraction AuNPs (60nm) Volume
700 108 mg 10% w/w 0.3% w/w 270µL
2000 108 mg 10% w/w 0.3% w/w 270µL
6000 108 mg 10% w/w 0.3% w/w 270µL
10000 108 mg 10% w/w 0.3% w/w 270µL

Table 5.2: Pre-polymer/AuNPs solutions composition for the preparation of
PEGDA/AuNPs hydrogel nanocomposites
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tation of the optical setup is reported in Figure 5.8 (a). The absorption spectra were

Figure 5.8: (a) Schematic representation of the customized transmission mode optical
setup to identify the optical properties of PEGDA/AuNPS nanocomposite transduc-
ers. Adapted from Ref. [60]. (b) Mean absorption spectra (solid lines) with confi-
dence interval (dashed lines) of PEGDA/AuNPs (60 nm) nanocomposites obtained
from hydrogels with increasing MW.

collected in the range of 400 − 900 nm, after dipping the nanocomposites in MilliQ
water, whose excess was removed before measurements.

The spectra reported in Figure 5.8 (b) show very low standard deviations, owing
to the high reproducibility of the all-solution fabrication strategy. Moreover, a de-
crease in the LSPR signal with the increasing MW of the hydrogel can be observed.
This is due to the optical density of the AuNPs, which decreases as the hydrogels
undergo swelling, and to the light beam spot, which was kept constant during all the
measurements.

The chemical stability of the AuNPs within the PEGDA hydrogels was assessed
by incubating the nanocomposites for 15 days in buffers at different pH (2.5, 4.5,
6.5, 8.5, and 11) and different NaCl concentrations (from 0.01 mM to 1 M). The
pH was adjusted by using sodium hydroxide (NaOH) and hydrochloric acid (HCl).
The experiments were performed at room temperature in sealed multiwells to avoid
solvent evaporation. The nanocomposites were finally washed with water to restore
the swelling equilibrium. The results of this investigation are summarized in Figure
5.9. The mean absorption intensity spectra demonstrate the chemical stability of
AuNPs. No significant variation of the absorption nor shift of the plasmonic response
was registered after 15 days of incubation.

To have an idea of the hydrogel nanocomposite sensing performances a small
molecule, namely the cysteamine, was used to monitor the LSPR signal variation as
a function of this model molecule concentration.
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Figure 5.9: (a) Mean absorption spectra of the nanocomposites after 15 days incu-
bation in buffers with increasing pH (from 2.5 to 11). (b) Mean absorption spectra
of the PEGDA/AuNPs nanocomposites after 15 days of incubation in water with
increasing salt concentrations (from 0.01 mM to 1 M). The optical measurements are
obtained from a minimum of three independent samples (n ≥ 3)..

Cysteamine, having a MW = 77.15 Da is a chemical compound that can be
biosynthesized in mammals, including humans, from the degradation of coenzyme A
[204]. It is a very advantageous compound to screen the sensing capabilities of a new
platform, due to its −SH thiol group, which can be exploited for S-metal bonds.

Cysteamine solutions at different concentrations, ranging from 0 mM to 2.0 mM,
were prepared and the different hydrogel nanocomposite samples were incubated
overnight in these solutions at room temperature.

After washing, the optical spectra of the AuNPs within the hydrogels were
recorded and the variations of the LSPR both in terms of position and intensity
were monitored as compared to the hydrogels in water. The obtained results are
summarized in Figure 5.10.

Interesting behaviors were observed for the different hydrogels. First, it must be
noticed that the variation in absorption intensity, denoted as |∆Abs.|, is actually a
decrease in the absorption intensity from an initial state (hydrogels in water) to a
final state (after the incubation of the hydrogels within cysteamine solutions). The
variation in intensity was recorded at λmax and it increased, in absolute value, as a
function of cysteamine concentration following saturation kinetics (Michaelis-Menten
type). In particular, the highest |∆Abs.|, corresponding to a relative decrease of the
∼ 50% ([cysteamine] = 2.0 mM) was achieved for the PEGDA with the highest MW,
while only a 5% variation was observed for the PEGDA 700 nanocomposites. This
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Figure 5.10: On the left, absorption intensity variations |∆Abs.| at a fixed wavelength
λmax as a function of the cysteamine concentration for hydrogel nanocomposites with
increasing MW. On the right, LSPR shift ∆λmax as a function of the cysteamine
concentration for hydrogel nanocomposites with increasing MW.

behavior arises from the hydrophilic nature of the cysteamine, which, ones linked
to the AuNPs within the hydrogel, tends to favor the absorption of water from the
hydrogel. Then, since the swelling capability increases almost linearly with the MW,
the hydrogel that mostly benefits from this behavior is PEGDA 10000.

Contrarily, concerning LSPR position variations, denoted as ∆λmax, the exact
opposite behavior is observed. In this case, a significant redshift is achieved only for
low MW hydrogel nanocomposites (PEGDA 700), where a small molecule as cys-
teamine, led to a 2 nm redshift. The other hydrogels, instead, because of their larger
swelling capability, tended to restore the refractive index variations in the surround-
ing of the NPs with water, and therefore, no significant shift, or even blueshift (for
PEGDA 6000 and 10000), in the LSPR signal was observed. The blueshift in high
MW hydrogels was caused by the reduction of the effective medium refractive index.

Therefore, at this stage, it is clear that low MW hydrogel can be used as refrac-
tometric plasmonic biosensors, with the classical approach of monitoring ∆λmax as a
function of a target analyte concentration, while high MW hydrogels can be exploited
as a new paradigm of plasmonic biosensors, dominated by a swelling-dependent re-
sponse.

For small molecules, such as hormones and small oligonucleotides, both ap-
proaches can be adopted. Contrarily, for large molecules, such as antibodies and big
proteins, a large-swelling hydrogel is required to ensure the diffusion of the molecules
within the network [60, 66, 59]. In the next sections, these statements are further
clarified.
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For low MW PEGDA, a study also on the AuNPs size on the sensing performance
will be reported; while for high MW the optical intensity achieved with 60 nm AuNPs
will be shown to be sufficient enough for the design of an excellent optical transducer.

5.5 Low MW PEGDA nanocomposites as refrac-
tometric biosensors

In this section, a 3D plasmonic sensing platform combining the properties of citrate-
capped AuNPs and low MW PEGDA hydrogels is described as a nanocomposite
hybrid material for refractive index-based biosensing.

In particular, the optical properties and sensitivity were tuned by varying the
AuNPs’ mean size and accurately predicted by the Mie theory modified with the MG
approximation (Chapter 3). The increased stability of citrate-capped AuNPs, when
embedded in the hydrogel network, and compared to the colloidal aqueous solutions,
is also, herein, demonstrated.

Low MW PEGDA hydrogel physically entraps the AuNPs even after their full
swelling, thus overcoming the aggregation effects usually seen in colloidal aqueous
solutions. Such property was confirmed by dipping the hydrogel nanocomposites in
organic solvents and buffers, which would generally cause the aggregation of the same
AuNPs if they were in solution. Moreover, biotin, as a small molecule model, was cap-
tured, and optically detected with the transmission mode customized setup reported
in Figure 5.8 (a). The final result was a hybrid device, which can be functionalized
with a bio-recognition element for specific detection of a target.

5.5.1 Experimental Part

PEGDA/AuNPs nanocomposites fabrication - The synthesized citrate-capped
AuNPs with controlled size were embedded with low MW hydrogel thin films
(PEGDA 700). To achieve a suitable optical density of all the AuNPs sizes within
the hydrogel, they were all centrifuged and concentrated 10× (e.g., ∼ 1.9 · 1013

NPs/mL for the 1st growth step). AuNPs were centrifuged at 1920 g at 10◦ C
for time intervals ranging from 10 minutes for bigger nanoparticles (∼ 70 nm)
to 60 minutes for smaller ones (∼ 20 nm). PEGDA 700, with Darocur 1173 as
photoinitiator (2% v/v), was prepared and gently mixed with the concentrated
AuNPs in a volume ratio 2:1, respectively, by means of a magnetic stirrer. All the
9 pre-polymer solutions containing nanoparticles with increasing size (from 20 to 70
nm), from the 1st to 9th growing step, were obtained with the same procedure. A
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part from the size and concentration of AuNPs, the fabrication procedure is the same
reported in Section 5.4 and schematized in Figure 5.7. This fabrication resulted in
hydrogel thin films (24 mm × 24 mm × 0.47 mm) embedding AuNPs and having
the typical coloration of colloidal AuNPs (from pinkish to reddish, for smaller NPs;
from purplish to violetish for bigger NPs), as shown in Figure 5.11 (a).

Optical Characterization of PEGDA/AuNPs hydrogels - The low MW
hydrogel thin films embedding AuNPs were characterized as reported in Section
5.2.4, after removal of PEGDA and Darocur moieties. The spectra were collected in
the range of 400-900 nm with a resolution of 0.2 nm. The spectra were zoomed in
the range of 475 − 650 nm for better visualization of the LSPR peak. The absorption
of hydrogel nanocomposites was evaluated by using naked PEGDA 700 thin films
(with no AuNPs) as a reference standard. The raw absorbance spectra were fitted
with a polynomial curve and the resonance wavelength λmax was measured through
a peak analysis, performed in OriginPro.

Scanning Electron Microscopy - Scanning Electron Microscopy characteri-
zations were performed using a Carl Zeiss NTS GmbH 1500 Raith Field Emission
Scanning Electron Microscope (Carl Zeiss, Oberkochen, Germany), equipped with
an InLens detector. The voltage was set at 5 kV and the aperture at 10 µm. The
imaging was performed on PEGDA embedding AuNPs with a size distribution of
65 ± 20 nm.

Sensitivity Analysis - To obtain information about the sensing performance
of the fabricated LSPR refractive index-based transducers, different sensitivity
measurements, involving dipping of the nanocomposites into different organic
solvents with known refractive index (RI) were performed. Briefly, the thin
hydrogel patches were cut into disks and placed in cuvettes. The disks were
immersed in Water (n = 1.33303), Ethanol (n = 1.3617), and Isopropanol
(n = 1.3776), and the LSPR variations ∆λmax were measured by using the
optical setup reported in Section 5.2.4. To confirm the data and being sure of
negligible swelling effects, the same analysis was performed with glycerol-water
mixtures with percentage weight ratios 0%, 20%, 40%, 60%, 80% and 100%, and
whose refractive index is proportional to the concentration of glycerol, namely
n = 1.33303, 1.35749, 1.38413, 1.41299, 1.44290, 1.47399, respectively. A linear fitting
of the collected λmax was performed, and the slopes of the obtained straight lines
were taken as Sensitivity values and plotted as a function of the growth step,
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Figure 5.11: (a) Colorimetric variation of low MW PEGDA/AuNPs nanocompos-
ites as a function of the citrate-capped AuNPs growing step shown. (b) Normal-
ized absorption spectra from 475 nm to 650 nm; in the legend, the growth step
and the mean diameter of the synthesized AuNPs. (c) Predicted absorption spectra
of PEGDA/AuNP patches, by using MG-modified Mie Theory, and a surrounding
medium effective refractive index obtained as the weighted average of PEGDA and
Water refractive indexes, respectively. (d) SEM images of the PEGDA hydrogel
nanocomposites with size distribution 65 ± 20 nm at different magnitudes. A good
dispersion of the AuNPs on the hydrogel surface can be observed. The scale bars
correspond to 10µm, 200 nm and 100 nm, respectively.
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Performance Parameters Comparison
Sample Medium RI Range S

(nm/RIU)
FWHM
(nm)

FOM

AuNPs Org. Solvents 1.33 - 1.37 N/D 95 N/D
PEGDA/AuNPs Org. Solvents 1.33 - 1.37 110 80 1.4
AuNPs Gly/Water 1.33 - 1.47 110 95 1.2
PEGDA/AuNPs Gly/Water 1.33 - 1.47 70 80 0.9

Table 5.3: Comparison of Sensitivity (S), Full Width at Half Maximum (FWHM) and
Figure of Merit (FOM) of AuNPs (65 ± 20 nm) in solution and after their embedding
in PEGDA. The analysis is performed both for organic solvents (RI range = [1.33 -
1.37]) and glycerol/water solutions of w/w 0%, 20%, 40%, 60%, 80%, and 100% (RI
range = [1.33 - 1.47]). Due to AuNPs spontaneous aggregation in organic solvents
(Ethanol and Isopropanol) S and FOM cannot be defined (N/D).

as reported in Figure 5.12. The highest sensitivity of low MW PEGDA/AuNPs
nanocomposites was compared with the sensitivity of a colloidal solution AuNPs
of the same size. The analysis was performed for both organic solvents and glyc-
erol/water mixtures. The results are briefly schematized in Table 5.3 and Figure 5.13.

Numerical Simulations - Numerical optimization was performed by combining the
genetic algorithm (GA) and the Mie Theory modified with MG approximation, as
done in Chapter 3 for citrate-capped AuNPs, under the hypothesis of non-interacting
NPs. The diameter of the AuNPs was described through a Gaussian distribution,
with mean value and standard deviation obtained by DLS measurements (section
5.3.1). The optical absorption spectra were predicted after the inclusion of the
AuNPs in PEGDA hydrogel. In this case, the refractive index of the medium was
assumed to be the arithmetic mean of water and PEGDA refractive indices. The
refractive index of PEGDA 700 with Darocur (2% V/V) was measured by variable
angle spectroscopic ellipsometry (UVISEL, Horiba, Jobin–Yvon), and is reported in
Figure 5.5 (b - red solid line).

Low MW PEGDA/AuNPs functionalization The low MW PEGDA with ∼ 65
nm AuNPs was pre-swollen in MilliQ water for 24 h and then soaked into a water
solution of cysteamine with concentrations varying from 10 µM to 2 mM (ON, RT)
to allow the interaction of cysteamine with AuNPs. After accurate washing in MilliQ
water, a peak analysis was performed on the monitored absorption spectra. Then,
biotin, as a small molecule model, was allowed to interact with cysteamine-capped
AuNPs. To do this, hydrogel nanocomposites were soaked into sulfo-NHS-Biotin
in Dimethyl Sulfoxide (DMSO) and 0.01 M PBS (pH = 7.4) in a ratio 1 : 1V/V
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Figure 5.12: PEGDA/AuNPs nanocomposite sensitivity measurements. a)
PEGDA/AuNPs composite mean LSP Resonance with respect to water (n = 1.3303),
ethanol (n = 1.3617), and isopropanol (n = 1.3776). b) A linear fitting of the scatter
plot is performed and the slope of the straight line (S) is reported as a function of
the growth step. To be noticed the 8th growth step corresponding to a mean NPs
diameter of ∼ 65 nm shows a sensitivity S ∼ 110nm/RIU). c)PEGDA/AuNPs
composite mean LSP Resonance with respect to glycerol/water solutions of 0%
w/w (n = 1.33303), 20% w/w (n = 1.35749), 40% w/w (n = 1.38413), 60% w/w
(n = 1.41299), 80% w/w (n = 1.44290), 100% w/w (n = 1.47399). d) A linear fitting
of the scatter plot is performed and the slope of the straight line (S) is reported as
a function of the growth step. All the sensitivity values are lower compared to the
previous refractive index interval, but follow nearly the same trend confirming the
patch with AuNPs having a mean diameter of ∼ 65 nm as the most sensitive and
suitable for refractive index sensing.
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Figure 5.13: a-c) PEGDA/AuNPs nanocomposites and AuNPs mean LSPR in H2O
(n = 1.3303), EtOH (n = 1.3617) and IPA (n = 1.3776). b-d) PEGDA/AuNPs
nanocomposites and AuNPs mean LSPR in glycerol/water solutions. e) Sensitivities
comparison of PEGDA/AuNPs and AuNPs in solvents. f) Sensitivities comparison
of PEGDA/AuNPs and AuNPs in glycerol/water solutions.
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at RT for 2h. The tested concentrations varied from 25 µM to 10 mM, followed
by three washing steps in MilliQ water. The same optical analysis was performed
on the patches to monitor the ∆λmax as a function of the biotin concentration. A
dose-response curve was used to fit the λmax variations in biotin concentration. The
functionalization strategy approach and the results are reported in Figure5.14 and
discussed in the next section.

5.5.2 Results and Discussion

In this section, the optical response of citrate-capped AuNPs in terms of stability,
sensitivity, and bio-functionalization into a low-MW PEGDA hydrogel thin film is re-
ported. By varying the AuNPs size distribution, the optimal combination of PEGDA
and AuNPs size distributions was selected to achieve the highest sensitivity (S) as a
refractive index-based biosensor, with S being defined as:

S = dλmax

dn
(5.4)

where n is the medium effective refractive index. PEGDA with MW = 700 Da
provided AuNPs with enhanced stability. The PEGDA/AuNPs volume ratio (2:1
V/V) and the thickness were accurately defined to obtain a good compromise between
having a sufficiently large number of AuNPs and adequate transparency to allow the
optical characterization in transmission mode.

The nine thin films, shown in Figure5.11 (a), exhibited the typical coloration of
AuNPs with increasing size; they were optically characterized at normal incidence.
Their normalized absorption spectra are shown in Figure 5.11 (b).

In agreement with the LSPR λmax of the AuNPs in solution, reported in Figure
5.6 (b), a resonance red-shift, due to the growing AuNPs, was measured also for
PEGDA/AuNPs nanocomposites (Figure 5.11 (b)). This is the first evidence of the
AuNPs stability within the hydrogel since no other peaks could be optically detected
at higher frequencies. Moreover, the absorption spectra exhibited a further redshift,
compared to the counterpart colloidal suspensions, due to the hydrogel environment.

By increasing the NPs size, a continuous broadening of the absorption spectra of
the nanocomposites was observed. This is due to two mechanisms:

• the wider size distribution of the colloidal AuNPs, shown in Figure 5.6, which
implies that the scattering response is a superposition of many contributions
arising from nanoparticles of different radius, exhibiting a different resonance
frequency,
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Figure 5.14: (a) Citrate displacement by cysteamine modification of AuNPs and
Biotin grafting. (b) Absorption spectra of PEGDA/AuNPs nanocomposites as a
function of cysteamine concentrations in the range between 10 µM and 2 mM; milliQ
water was used as control. (c) LSP resonance λmax as a function of the cysteamine
concentrations from 0.01 to 2 mM; the red line represents the Hyll Type curve used
to fit the data. (d) Absorption spectra of PEGDA/AuNPs nanocomposites with
cysteamine-capped AuNPs as a function of the Biotin concentrations in the range
between 25 µM to 10 mM; a patch without cysteamine, soaked into a 10 mM biotin-
NHS concentration was used as control (black curve). e) LSP resonance λmax (black
squares) as a function of the biotin concentration (from 25 µM to 10 mM); the red
line represents the Hyll Type curve used to fit the data, while the red circle is the
LSP resonance λmax of the negative control. The black square referring to a 0 mM
biotin concentration has to be considered the one with 1 mM cysteamine with no
biotin.
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• the increase of the FWHM of the absorption power spectra of each individual
NP as its size increases, due to the coupling with the radiation [43, 205].

This could be detrimental for applications requiring very narrow absorbance bands,
however, in our case, we were principally interested in the peak shift as a function of
the medium refractive index (n).

The broadening and redshift of the plasmon resonances observed in the experi-
ments were consistent with the numerical simulations reported in Figure5.11 (c). For
accurate prediction, a Gaussian distribution of non-interacting AuNPs diameters was
assumed, which were immersed in a homogeneous medium, whose refractive index
was chosen as the average between the ones of the PEGDA hydrogel and water. The
hypothesis of non-interacting nanoparticles was confirmed both by SEM images and
by absorbance spectra measurements. Further, the sensing capabilities as a function
of the refractive index variations were analyzed by monitoring the shifts of the LSPR
λmax with respect to the refractive index n of the surrounding medium, as reported
in Equation 5.4.

The sensitivity analysis is reported in Figure 5.12. The analysis was performed
for all obtained nanocomposites, by dipping them in solvents with different refractive
indexes, e.g. water, ethanol, and isopropanol, and also in glycerol mixtures at several
concentrations, as described in the experimental part.

In Figure 5.12 (b), it is apparent that there was not a clear trend of the sensitivity
with respect to the AuNPs size. In fact, after a sudden increase for the first three
growth steps, there was a decrease in sensitivity for the 4th step (mean diameter of
33 nm). After this, from the 5th to the 9th growth step, there was an approximately
constant sensitivity of ∼ 70 nm/RIU, except for the 8th growth step, which exhibited
the highest sensitivity of ∼ 110 nm/RIU.

The sensitivity trend shown in Figure 5.12 (b) was different from the correspond-
ing trends of the 2D AuNPs platform reported in the literature [206, 207, 208],
showing an increase of the sensitivity up to a certain threshold, followed by a sudden
decrease. To exclude that the trend in Figure 5.12 (b) was not due to a different
swelling behavior with different solvents, the same analysis was repeated with glyc-
erol/water solutions, as reported in Figure 5.12 (c). In this case, a larger refractive
index interval was investigated, spanning from 1.33 to 1.47, nevertheless, the same
trend was observed (Figure 5.12 d). This different behavior arises from the 3D hy-
drogel architecture, which exhibits a complex dependence on the swelling capability,
crosslinking density, refractive index, and on AuNPs concentration and size. There-
fore, it can be concluded that the nanocomposite embedding ∼ 65 nm AuNPs is
the most promising substrate for refractive index sensing, and for this reason, only

139



5.5 Low MW PEGDA nanocomposites as refractometric biosensors

this patch was considered for the subsequent analysis, functionalization, and sensing
experiments.

First, a direct comparison of the performance parameters of AuNPs in solution and
PEGDA/AuNPs thin films, in terms of Sensitivity (S), Full Width at Half Maximum
(FWHM), and Figure of Merit (FOM), was performed, where the FOM can be defined
as:

FOM = S

FWHM
. (5.5)

The results of this comparison are summarized in Table 5.3, while the absorption
spectra are reported in Figure 5.13.

A direct comparison in the refractive index range from 1.33 to 1.37 was not possi-
ble, since, as expected, a colloidal suspension of citrate-capped AuNPs spontaneously
aggregated in both Ethanol and Isopropanol. This confirmed that AuNPs in hydro-
gels are much more stable. The nanocomposites exhibited a sensitivity S ∼ 110
nm/RIU in this RI interval and a FOM ∼ 1.4, which is very competitive with many
reported flexible LSPR-based platforms.

On the contrary, by using glycerol/water mixtures, a direct comparison was
achieved. The analysis revealed better performances of AuNPs with respect to
PEGDA/AuNPs in the RI range from 1.33 to 1.47. In particular, a FOM of ∼ 1.2 was
measured for AuNPs and ∼ 0.9 for PEGDA/AuNPs. This result can be explained
by simply considering the effective medium refractive index, which undergoes a jump
from NPs in solution and PEGDA/AuNPs. The medium RI is not anymore due to
100% water content (RI = 1.33), but is higher, on average, due to PEGDA refractive
index (see Figure 5.5 (b)). Despite this 25% decrease in the FOM of the platform, it
still resulted to be very competitive also in this very broad RI range.

Ensuring NPs stability can enable many functionalization schemes that would
have been unfeasible in colloidal suspensions. To demonstrate the possibility of func-
tionalizing the AuNPs also when they are already embedded within the hydrogel
network, a surface modification via citrate displacement in favor of cysteamine was
performed. Thereafter, biotin, as a small molecule model, was easily anchored to the
amino groups of cysteamine and successfully recognized.

The performed functionalization and biotin recognition are briefly schematized in
Figure 5.14 (a). Measurements of the absorption spectra as a function of the different
cysteamine concentrations (from 10 µM to 2 mM) were performed to evaluate the
efficiency of the surface modification. The results are shown in Figures 5.14 (b-c).
The absorption spectra revealed the saturation achievement at a 1 mM cysteamine
concentration with a 2nm redshift (in agreement with Figure 5.10).

Finally, the nanocomposites modified with 1 mM cysteamine were soaked in
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DMSO/PBS solutions of biotin and the optical signals were recorded. The results,
reported in Figures 5.14 (d-e), show that saturation is achieved starting from a 1 mM
biotin concentration, where an LSPR shift of ∼ 5 nm is measured. It is important
to notice that small molecules, such as biotin, of size much smaller than the AuNPs,
do not lead to large resonance shifts, because they weakly couple with the LSPRs of
AuNPs. The LOD of the proposed platform was evaluated by the consolidated linear
regression intercepting the control data plus three times the SD.

The possibility to effectively detect the biotin interaction with low MW PEGDA
hydrogel/AuNPs nanocomposites offers promising opportunities for novel biosensing
platforms based on refractometric sensing. The achieved results, with a LOD =
25µM, are definitely competitive with other well-performing 2D randomly assembled
plasmonic platforms on rigid substrates [26, 209], as well as flexible substrates[210,
211]. This hybrid device could be further improved by exploiting tip-shape effects by
embedding differently shaped NPs within the polymer (e.g. nanostars, nanotriangles,
...) to achieve better optical response and performance.

5.6 High MW PEGDA nanocomposites as
swelling-dependent biosensors

In this section, hybrid plasmonic transducers made of high MW PEGDA (PEGDA
10000) hydrogel thin films and 60 nm citrate-capped AuNPs are described. They were
exploited for the chemical sensing of a high MW protein, namely streptavidin (SA),
as a model molecule. SA was specifically recognized by a biotin-based biorecognition
layer, immobilized on the AuNPs within the hydrogel. LSPR absorption signals were
exploited to quantify the biorecognition process in the 3D architecture.

The proposed platform is label-free and can represent a low-cost, flexible, and
easy-to-use platform for sensing applications in biomedical or environmental diag-
nostics [66]. In the previous section, the description of a low MW PEGDA (700)
hydrogel embedding AuNPs, for refractometric biosensing, was proposed, resulting
in a flexible transparent film that could be chemically functionalized to selectively
interact with biotin, achieving a sensitivity up to 110 nm/RIU and a LOD of 25 µM
[60]. However, low MW PEGDA exhibits a poor swelling capability, as shown in Fig-
ure 5.4 (a), thus limiting their application to small molecules. Vice versa, high-MW
PEGDA can be exploited, as a matrix, to obtain a hydrogel-based, high-sensitivity,
hybrid transducer to be used as a label-free optical biosensor, even in case of high
MW target analytes, such as the streptavidin (SA) protein.
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SA is a protein secreted by Streptomyces avidinii. It can specifically bind up
to four biotin molecules with very high affinity. Biotin/streptavidin interactions are
recognized as the strongest non-covalent interactions available in nature and have
been extensively employed in the detection of target analytes in biomedical applica-
tions [212, 213, 214]. For this reason, this type of interaction is generally used as a
proof-of-concept for the validation of a novel platform in the biosensing field [215,
216].

The large swelling capability of a high-MW PEGDA is exploited to monitor the
absorption variations of the AuNPs within the hydrogel as a function of the SA
concentration ([SA]) in label-free mode. Indeed, the swelling ratio of the hydrogel is
demonstrated to increase as a function of the [SA], with a consequent decrease in the
absorption of the AuNPs within the transducer, achieving a LOD of 1.6 nM. These
promising results are achieved by exploiting the high reproducibility, flexibility, and
stability of the nanocomposite and to the possibility of functionalizing the AuNPs
directly within the hydrogel matrix, which prevents their spontaneous aggregation or
degradation [60].

5.6.1 Experimental Part

Chemicals and Reagents - Trisodium citrate (Na3C6H5O7), tetrachloroau-
ric acid (HAuCl4), Poly(Ethylene Glycol) Diacrylate (PEGDA, average Mn
10000), 2-Hydroxy-2-methylpropiophenone (Darocur 1173), cysteamine, sulfo-N-
hydroxysuccinimide biotin (biotin-NHS) water-soluble, Bovine Serum Albumin
(BSA), Phosphate Buffered Saline (PBS), Tween20, Streptavidin (SA) from Strep-
tomyces avidinii, and Streptavidin−Cy3TM (Cy3-SA) from Streptomyces avidinii,
Protein G from Streptococcus sp. were purchased from Merck KGaA (DE); Wheat
Germ Agglutinin (WGA), Alexa FluorTM 555 Conjugate was purchased from Thermo
Fisher Scientific.

High MW PEGDA/AuNPs nanocomposites fabrication- The freshly
synthesized citrate-capped AuNPs (60 ± 20 nm) were centrifuged at 1920 g at 10◦

C for 10 min and concentrated 10×. Poly(ethylene glycol) diacrylate (average Mn
10000), with Darocur as photoinitiator (1% v/v), was prepared and gently mixed
with the concentrated AuNPs in a volume ratio of 2:1, respectively, using a magnetic
stirrer at 300 rpm. The polymerization was performed as schematized in Figure 5.7.

Absorption spectroscopy - The thin hydrogel patches embedding AuNPs
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were characterized by the customized transmission mode setup at normal incidence
Figure 5.8. The samples were placed on a coverslip, whose background was removed
in the reference measurements. The raw absorption spectra were smoothed to
remove noise and the absorption increasing and decreasing were evaluated at the
peak position (∼ 540 nm). All the measurements were performed by removing
the excess water with delicate text wipes to avoid light scattering during the
measurements and minimize noise. The size of the collimated light spot conveyed on
the samples and the distance between the two optical fibers were kept constant for
all the measurements.

SEM imaging of AuNPs and H3 transducer - SEM images have been
performed at 5 kV accelerating voltage and 20 µm wide aperture by a Field Emis-
sion Scanning Electron Microscope (Carl Zeiss NTS GmbH 1500 Raith FESEM).
Secondary Emission and InLens detectors have been used.

Fluorescence Microscopy and Image Analysis - Fluorescence images were
acquired by using a Leica AF6000LX-DM6M-Z microscope (Leica Microsystems,
Mannheim, Germany), controlled by LAS-X (Leica Application Suite; rel. 3.0.13)
software and equipped with a Leica Camera DFC7000T. Both BF and Fluorescence
images were acquired by focusing on the hydrogel surface with a 10× objective.
Fluorescence images were obtained by using a Quad-band LED filter cube and
setting the excitation filter at 535(25) nm, the dichromatic mirror at 555 nm, and
the suppression filter at 575(30) nm. Exposure time and contrast were set at 1.0
s and to 1.0, respectively. Before imaging, the excess water from H3 transducers
exposed to or functionalized with Cy3-SA was removed. A minimum of three images
was acquired on three independent samples. The obtained images were analyzed
by the ImageJ freeware software by measuring the fluorescence intensity values
from fixed regions of interest (ROI = 300 pixels × 300 pixels). Mean fluorescence
intensity values ± SD were calculated and normalized according to the minimum
and maximum fluorescence values of each measurement session.

High MW PEGDA/AuNPs Functionalization - Before use, the fabri-
cated nanocomposites were pre-swollen in MilliQ water for 24 h to remove the
excess Darocur and some eventual unreacted PEGDA. The hydrogel disks were
placed in 24-well plates and each reaction was carried out separately. First, they
were soaked into a water solution of cysteamine (1 mL) with concentrations varying
from 50 µM to 2 mM (overnight, 4circ C). After one washing step in a Tween20
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buffer (0.2 % v/v, 10 min, 25circ C), to remove the unreacted moieties, and three
washing steps in MilliQ water, to restore the swelling equilibrium, the absorption
spectra were measured and the variation in the absorption intensity as a function
of the cysteamine concentration was analyzed. Secondly, the covalent interaction
of cysteamine-capped AuNPs with biotin was performed by soaking the hydrogel
in biotin water solutions (0.25 mL) with concentrations ranging from 0.1 mM to
4.0 mM (2 h, at RT). The same washing steps and optical analysis were performed
on the patches to detect the absorption intensity variations to increasing biotin
concentrations. A dose-response type equation was used to fit both the absorption
intensity decrease as a function of the cysteamine concentration and the absorption
intensity increase as a function of the biotin concentration. The variation of the
absorption intensity was denoted as the absolute value of the difference of the
current absorption intensity compared to the reference value (|∆Abs.|). Then, the
nanocomposites were soaked in a BSA-PBS (1×, pH 7.4) solution (0.1 µM, 1 mL)
to reduce non-specific interactions (2 h at RT). Finally, fixed volumes (0.25 mL) of
PBS solutions of SA (from 0.375 nM to 750 nM) and with increasing concentrations
were incubated in the biotinylated PEGDA/AuNPs nanocomposites (2 h at RT).
The dose-response curves obtained, after the washing steps, were fitted by the
four-parameter Hill equation (Equation 5.6). The negative controls were performed
by incubating SA (750 nM), in absence of biotin (2 h at RT). The specificity tests
were performed by incubating the biotin-modified transducers with PrG (750 nM)
for label-free mode and AlexaFluor555-WGA (150 nM) for MEF mode (2 h at RT).

Numerical Simulations - The optimization of the optical response of the
high MW/AuNPs nanocomposites was carried out as done in previous chapters.
Also for high MW hydrogels, the hypothesis of non-interacting nanoparticles was
assumed valid to predict the experimental absorption spectra. This approximation
was made starting from the SEM images, which confirm that the interparticle
distance is always less than or comparable with the size of the AuNPs. The effective
medium refractive index was assumed as a weighted average of water and PEGDA
10000 optical constants (Figure 5.5).

Statistical Analysis - Mean absorption spectra were calculated as the aver-
age of 5 spectra collected on different substrate positions on 10 different samples
treated in the same way (n ≥ 10). The plots of the absorption spectra were obtained
by smoothing and, when specified, normalization by using OriginPro. The absorption
variations |∆Abs.| as a function of cysteamine, biotin, and SA concentrations are
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reported by considering the peak position of the absorption spectra. The mean ± SD
is representative of at least three independent experiments (n ≥ 3). For fluorescence
analysis, a minimum of 3 images on 3 independent samples was acquired in the same
conditions (n ≥ 3). Fluorescence intensity was evaluated by using ImageJ software.
Mean fluorescence intensities were analyzed and normalized by using OriginPro. The
obtained data are reported as mean ± SD. The difference in data between groups
for specificity tests was analyzed by ANOVA by using OriginPro. p < 0.001 were
considered statistically significant. Unless otherwise stated, the other data were
expressed as mean ± SD. SD is reported as vertical bars and is representative of at
least three independent experiments (n ≥ 3).

5.6.2 Results and Discussion

The high MW PEGDA/AuNPs transducer was fabricated by following the same
approach reported in Figure 5.7. The obtained hydrogel thin films (24 × 24 × 0.47
mm3) were cut by a puncher into disks (7 mm in diameter), which were easier to
handle and could be functionalized in multiwells with controlled volumes. One run
of this process generated nine transducers.

Since PEGDA 10000 is a transparent polymer, as shown in Figure 5.5, also the
resulting nanocomposites were transparent. Therefore, straightforward optical char-
acterization in transmission mode with the same optical setup in Figure 5.8 was
feasible.

High MW PEGDA transducers revealed a well-detectable swelling (shrinkage)
behavior once the AuNPs, within the network, were functionalized with hydrophilic
(hydrophobic) molecules. The two phenomena had opposite effects on the optical
properties of the patch, in particular on its absorption (Figure5.15).

The LSPR peak at 540 nm, due to the ∼ 60 nm AuNPs inside the polymeric film,
decreased its intensity on swelling. In fact, the number of AuNPs intercepted by the
probe light beam, which was kept constant for all the measurements, was diluted in a
greater 3D volume. On the contrary, the absorption peak value increased on shrinkage
due to the AuNPs density increase in a smaller volume. The swelling ratio of the
high-MW PEGDA was affected by the hydrophilicity/hydrophobicity of the molecules
immobilized on the surface of the AuNPs within the hydrogel, which overall made
the effective transducer surface more hydrophilic/hydrophobic, accordingly [217, 218].
At the equilibrium, after soaking the nanocomposites in water for the washing steps,
a decrease in the absorption intensity was observed, together with an increase in
the size and swelling ratio of the hydrogel disk in presence of hydrophilic molecules
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Figure 5.15: Absorption intensity variations due to shrinkage/swelling capabil-
ity of the hydrogel when the embedded AuNPs are functionalized with hydropho-
bic/hydrophilic molecules. The functionalization of the high MW PEGDA/AuNPs
nanocomposites with hydrophobic molecules leads to an increase in the absorption
spectrum intensity due to the hydrogel shrinkage (blue line) compared to the bare
transducer (black line). On the contrary, the modification of the nanocomposites
with hydrophilic molecules results in a decrease in the absorption spectrum intensity
due to the hydrogel swelling (orange line).
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(cysteamine and SA). On the contrary, an increase in the absorption intensity, and a
decrease in the size and swelling ratio, in presence of hydrophobic molecules (biotin)
were observed, as reported in Figure 5.16.

Figure 5.16: a) Discs diameter variations and b) swelling ratio variations as a function
of the functionalization step. The measurements are obtained from a minimum of
three independent samples (n ≥ 3).

Both the effects were dose-response, i.e., and they depended on the concentration
of the hydrophilic/hydrophobic molecules used in the functionalization steps and the
label-free detection of SA. On the one hand, the AuNPs acted as transducing elements
and enabled the very well-known functionalization schemes reported in the literature
for liquid plasmonic assays, on the other, high MW PEGDA acted as a stabilizer
for the AuNPs and as a responsive matrix, allowing the diffusion of the analytes of
interest. Moreover, the high flexibility and stretchability of the PEGDA could be
exploited for their application to non-planar substrates (Figure 5.17).

SEM imaging of the AuNPs was performed before (on a flat Si wafer) and after
embedding them within the polymeric network (Figures 5.18(a-b), respectively). No
aggregation nor degradation of AuNPs was observed. They preserved their size dis-
tribution after their embedding in the hydrogel. The images show that the AuNPs
(∼ 60 nm in size) preserved their spherical shape and homogeneity even after the
embedding within the hydrogel.

The optical characterizations revealed an LSPR peak positioned around 540 nm
(Figure 5.18 (c)). The spectroscopic measurements were performed on a minimum of
3 hydrogel disks (n ≥ 3) after their stabilization in MilliQ water for 24 hours. The
resulting optical signal always confirmed the high reproducibility of the platform.
The theoretical fit in Figure 5.18 (c) was performed by applying the MG-modified
Mie Theory, as done in Chapter 3. The assumption of non-interacting nanoparticles
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Figure 5.17: (a) Digital photographs showing the adaptability (flexibility) of the
high MW PEGDA/AuNPs nanocomposites to non-planar (concave and convex) sub-
strates. b) Digital photographs obtained by applying tensile stress to the nanocom-
posites, which show the strong deformation that it can undergo before rupture.

Figure 5.18: SEM images of freshly synthesized AuNPs before (a) and after (b)
embedding in PEGDA 10000 hydrogel. No aggregation nor degradation of AuNPs
was observed. (c) Experimental and theoretical absorption spectra of high MW
PEGDA/AuNPs nanocomposites.
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held also in this case, as confirmed by the SEM images. An excellent between the
experimental results and the numerical simulation was obtained.

Therefore, the first step for the chemical functionalization of the high MW was
thus the substitution of the citrate molecules with a proper linker, the cysteamine,
able to bind the bioprobe molecule, in this case, the biotin.

Schematized in Figure 5.19 (a), the process was developed acting directly on the
AuNPs when embedded into the polymeric layer. Being hydrophilic, cysteamine
caused, at the equilibrium, an enhanced swelling ratio of the high MW PEFDA, with
a consequent decrease in the absorption intensity Figure 5.19 (b). By quantifying
the relative absorption intensity variations |∆Abs.|, as a function of the cysteamine
concentration, the proper amount of the linker to be used was again found to be equal
to 1 mM.

After citrate displacement and cysteamine anchoring, the biotin was covalently
bound to the AuNPs within the hydrogel. The hydrophobic nature of the biotin on the
AuNPs surface caused a volumetric shrinkage depending on the biotin concentration
(Figure 5.19 (c)). The shrinkage was caused by the tendency of the hydrophobic
molecule within the hydrogel to repel the aqueous component. Consequently, an
increase in the absorption intensity was measured, compared to the absorption of
the patch functionalized by cysteamine (1 mM). A dose-response curve was used to
fit the data as a function of the biotin concentration and a saturation value was
achieved at a biotin concentration of 4 mM (inset in Figure Figure 5.19 (c)). The
correct functionalization of the nanocomposites was also confirmed by fluorescence
microscopy (Figure 5.19 (d)), using a fixed concentration of Cy3-labeled SA. The
dose-response curve reported in the right panel of Figure Figure 5.19 (e) shows the
same saturation behavior as in Figure 5.19 (c).

This result validated the absorption measurements and confirmed the chosen bi-
otin concentration (4 mM) as the most suitable to achieve the optimal immobilization
of the biorecognition layer. The curve in Figure 5.19 (e) was obtained by measuring
the fluorescence of a minimum of three independent hydrogel disks (n ≥ 3) at dif-
ferent biotin concentrations (from 0 mM to 4 mM) after interaction with the same
concentration of Cy3-labeled SA (150 pM). From the same figure, a first control on
the specificity of the platform can be also argued. Indeed, no significant fluorescence
was observed in absence of biotin, meaning that the non-specific interaction of the
Cy3-SA with the platform was prevented. However, to further reduce non-specific in-
teractions, a blocking step was added between biotin and SA incubations, as reported
in the following sections.

Once the best biotin concentration for the AuNPs functionalization was fixed, the
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Figure 5.19: (a) In-situ functionalization of high MW PEGDA/AuNPs nanocompos-
ites: citrate-displacement by cysteamine, enabling an enhanced SR; biotin interaction,
responsible for the reduction of the SR. (b) Absorption spectra of the nanocomposites
as a function of the cysteamine concentration. In the inset, the absolute value of the
mean absorption variation (|∆Abs.|) at λmax against cysteamine concentration (from
0.05 mM to 2.0 mM). (c) Absorption spectra of the nanocomposites as a function
of the biotin concentration. In the inset, the |∆Abs.| at λmax against biotin concen-
tration (from 0.1 mM to 4.0 mM). The optical measurements are obtained from a
minimum of three independent samples (n ≥ 3). SD is reported as vertical bars. (d)
Validation of the functionalization by fluorescence imaging at a fixed concentration
of Cy3-SA (150 pM). Scale bars are 250 µm. (e) Fluorescence intensity as a function
of the biotin concentration on a minimum of three independent images (n ≥ 3). SD
is reported as vertical bars.
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interaction with solutions having different content of SA was monitored by LSPR
absorption variations by using non-labeled SA molecules. Figure 5.20 (a) shows
a schematic representation of the functionalization approach: the nanocomposites
containing biotin-modified AuNPs were incubated for two hours in a BSA solution to
block the remaining active sites, which could have been not saturated on the AuNPs
surfaces. Then they were soaked in solutions at different concentrations of SA to
obtain a dose-response calibration curve of the transducer. In Figure 45.20 (b-d), the
experimental results are shown. Since SA is a hydrophilic molecule, its biorecognition
by the biotin molecules resulted again in an enhancement of the SR.

More water permeated inside the hydrogel, thus causing a volume increase of
the nanocomposites and, as an optical consequence, the decrease of the absorption
value measured at the LSPR wavelength (Figure 5.20 (b)) compared to the patch
blocked by BSA. Again, this phenomenon was correlated to the SA concentration
([SA]) according to the dose-response curve shown in Figure 5.20 (c), from which the
sensitivity and the LOD of the platform in the LSPR mode could be quantified.

More precisely, the experimental data were fitted by the common four-parameters
Hill equation:

|∆Abs.([SA])| = |∆Abs.1| + (|∆Abs.2| − |∆Abs.1|)

(1 +
(

k
[SA]

)n (5.6)

where |∆Abs.1| = 0.002 ± 0.001 (a.u.), |∆Abs.2| = 0.08 ± 0.01 (a.u.), k = 6 ± 1 nM,
and the Hill coefficient n = 0.9 ± 0.2. The dynamic range of the transducer extended
from 1.5 nM to 750 nM, a LOD of 1.6 nM was estimated by considering the |∆Abs.|
threshold as three times the standard deviation (SD) of the control value, while the
sensitivity of (3.0 ± 0.3) × 10−3 nM−1 could be quantified by considering the linear
region of the fitting curve.

Additionally, the negative control experiment and the specificity test are reported
in Figure 5.20 (d). The functionalized high MW transducer generated a higher re-
sponse than the patch without biotin on exposure to the highest SA concentration
(750 nM). An almost four-time percentile variation in the absorption was achieved,
thus confirming the in-situ functionalization. Also, the specificity test performed
against a random target, Protein G (PrG, 750 nM), did not lead to significant ab-
sorption variation compared to the SA. The results obtained with the proposed trans-
ducer were very promising and competitive with other platforms, which have been
recently reported [215, 216, 219].

The high MW PEGDA hydrogel combined with AuNPs enabled the design of
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Figure 5.20: (a) Schematics of the biotin-SA interaction for LSPR sensing associated
with the SR variation. BSA blocking does not cause significant swelling variations,
while non-labeled SA interaction with biotin causes a further increase of the swelling
in the nanocomposites. (b) Mean absorption spectra of the as a function of the SA
concentration (from 0.375 nM to 750 nM). (c) Absolute value of the mean absorption
variation (|∆Abs.|) at λmax is plotted against [SA]. A four-parameter Hill model is
used to fit the data. The optical measurements are obtained from a minimum of three
independent samples (n ≥ 3). (d) Control and specificity test against a random target
(PrG). The control is performed in absence of biotin ([SA] = 750nM). The specificity
test is performed by incubation with PrG ([PrG] = 750 nM). The percent absolute
value of the mean absorption variation (|∆Abs.|) at λmax associated with the control
and with PrG is monitored and compared with its corresponding value in presence
of biotin ([SA] = 750 nM). The experiment is performed on a minimum of three
different samples (n ≥ 3) and the results are reported as mean ± SD (reported as
vertical bars). ∗∗∗p < 0.001 resulting from ANOVA test were considered statistically
significant.
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a simple and efficient platform with a good LOD in label-free mode and a broad
dynamic range, which could be mainly ascribed to the 3D nature of our platform. 3D
architectures possess, in fact, the advantage of increasing the contact area between
the biorecognition element and the target analyte, and this interaction was easily
readable by simple spectroscopic measurements due to the swelling capability of the
hydrogel and its high transparency [66].

5.7 Metal-Enhanced Fluorescence in hydrogel
nanocomposites

Plasmonic nanomaterials have found large interest also in the amplification of external
signals, such as Fluorescence, Raman signals, and Infrared Absorption [14].

The phenomena for which, plasmonic NPs act as nanoantennas for the ampli-
fication of external signals are known as Metal- (or Plasmon-) Enhanced Fluores-
cence (MEF) [26], Surface-Enhanced Raman Scattering (SERS) [220], and Surface-
Enhanced InfraRed Absorption (SEIRA) [221].

When proposing novel biosensing platforms, based on optical nanoresonators,
such as plasmonic NPs, a winning strategy to further reduce the achieved LODs
and sensitivity is to exploit immunoassays for which an external molecule, such as a
fluorescent dye, or a Raman reporter, is used to push the detection limits down to
the single-molecules levels [17, 59].

In this section, for the first time, hydrogel nanocomposites based on PEGDA and
citrate-capped AuNPs are exploited to design a MEF-based biosensor.

The detection of biomolecular interactions through fluorescence avoids the han-
dling of radioactive tracers. In fact, for this technology, fluorescent dyes are employed.
In nature, many fluorescent dyes have been recognized and utilized. The main char-
acteristic that joins all the fluorescent dyes is the possession of a couple of aromatic
rings structure [20].

When these fluorescent molecules are excited by light, they collect energy from
the photons, passing from a ground state (basal state S0) to unstable excited states
(S1 and S2). Being in an unstable condition, the molecules will tend to lose the excess
energy and return back to the ground state. There are several ways in which this
process happens, according to the excited molecule configuration.

For the most part of the molecules, two phenomena happen at the same time:
emission of photons at the identical wavelength as that of the initial light irradiation
and release of the excess energy through molecular rotations and/or vibrations (inter-
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nal energy U), or production of heat (Q). Due to the energy loss, the emitted light is
attenuated, and so there will be different absorption values at different wavelengths,
giving rise to a spectrum. This is due to the fact that the energy conversion, from
the photons, is higher at certain wavelengths and lower at others. For the fluorescent
dyes, the phenomenon is instead quite different: they absorb more photons at a spe-
cific wavelength, and the excited electrons return back to S0 just emitting photons
and without internal energy or heat exchange [222].

The energy loss of these molecules happens in two phases: the Stokes shift, in
which the excited electrons shift to the less excited state, and a secondary shift at
lower energy, in which a large amount of energy is lost until the ground state. From
this, the emitted light carries less energy than the incident light. The energy of light,
but in general of an electromagnetic wave, is related to the wavelength[20]:

E = ℏc
λ

(5.7)

where E = energy, ℏ = Planck’s constant = 6.6 · 10−34Js, c = speed of light = 3 · 108

m/s, λ = wavelength. Given this equation, the emitted light results in a longer
wavelength than the incident (excited) light.

A schematic representation of the reported phenomenon has been given by Jablon-
ski diagrams that explain, in a synthetic way, how the molecules do respond to ex-
citation from light (Figure 5.21). The emission of the fluorescent dyes is generally
associated with a thermally equilibrated excited state that corresponds to the vibra-
tional state of S1 at the lowest energy. The absorption phenomenon happens on a
very fast scale (femtosecond regime), while the emission from an isolated fluorophore
is described through two parameters: Quantum yield Q0 and lifetime τ . These optical
variables are defined in terms of the radiative decay (kr) and nonradiative decay rate
(knr). In particular,

Q0 = kr

kr + knr

(5.8)

and
τ = 1

kr + knr

(5.9)

are the expressions used for the computation of these two parameters [20].
In Equations 5.8 and 5.9, the radiative decay rate (kr) is the one associated with

the emission (from S1 to S0), while the non-radiative decay rate is associated to the
internal conversions (from excited singlet states higher than S1 to the first excited
singlet state S1).

The radiative decay (in a scale of nanoseconds) corresponds to a light emission

154



5.7 Metal-Enhanced Fluorescence in hydrogel nanocomposites

Figure 5.21: One form of a Jablonski diagram (Reprinted from Ref. [20]).

specular to the absorption just from S0 to S1 and not of the total absorption (see also
Figure 5.21).

For dilute solutions, Beer’s law has been proven to be valid and so the measured
absorbance is:

A = ϵℓc = logP0 − logP (5.10)

where ℓ is the optical path length of the sample, c is the analyte concentration, P0

is the excitation power (photons/s), and ϵ is the analyte molar absorption coefficient
(M−1cm−1)[26].

The measured signal F (photons/s) is finally computed as:

F = QP0(1 − 10ϵbc) ≈ QP0ϵbc, (5.11)

so fluorescence increases linearly with concentration and excitation power, before
saturation.

These types of measurements depend on the used imaging techniques and micro-
scopes, and, for this reason, F intensity is usually expressed as arbitrary units. Flu-
orescence detection is quite easy by using fluorescence microscopy. Nowadays, one of
the most used approaches for fluorescence microscopes is epi-illumination[223]: the
objective works both for imaging and as a condenser that illuminates the specimen.

The physics behind fluorescence enhancement induced by metallic nanomaterials
is still an object of study [224]. It represents one of the most interesting topics in
fluorescence-based bio-medical and biochemical applications, in which quantum yield,
lifetime, and photostability are observable quantities.

Given the distance z between fluorophore and nanostructures, three are the most
recognized mechanisms that actually contribute to the MEF phenomenon. First, if
the fluorescent dye is in close proximity to the NPs surface (1 ≤ z ≤ 10 nm), the
local field of one dipole can excite the second one. This phenomenon is recognized

155



5.7 Metal-Enhanced Fluorescence in hydrogel nanocomposites

as Förster resonance energy transfer (FRET) mechanism. FRET is favored when the
LSPR of the nanostructure and the excitation of the fluorescent dye are matching
[20, 225] (Figure 5.22 (a)).

Second, the LSPR can enhance the radiative rate of the fluorophore via the Purcell
effect, which dominates at distances far from the FRET region (z > 10 nm), when
the LSPR matches with the emission of the fluorescent dye (Figure 5.22 (b)).

Finally, a combination of both at distances 10 ≤ z ≤ 15 nm, known as dual-
mechanism can be observed [17] (Figure 5.22 (c)).

Figure 5.22: a) Excitation mode enhancement due to the spectral overlap between
the plasmon extinction and the fluorophore absorption. b) Emission mode enhance-
ment due to the spectral overlap between the plasmon extinction and the fluorophore
emission. c) If the plasmon extinction encompasses both the absorption and emis-
sion peaks of the fluorophore, a dual-mechanism enhancement takes place. d) Ex-
citation (solid green line), emission (solid red line), and dual-mechanism (solid blue
line) enhancement as a function of the nanostructure-fluorophore separation distance.
Reprinted with permission from Ref. [17]

The capability of a nanostructure to amplify the fluorescence signal can be mea-
sured through a parameter known as EF , defined as:

EFMEF =
[
Ep(ω)
E0(ω)

]2Qp(ω′)
Q0(ω′)

κp(ω′)
κ0(ω′) , (5.12)

where, E, Q, and κ denote the electric field, quantum yield, and collection efficiency
of the fluorescent dye. The suffix ’p’ denotes the presence of the nanostructure, while
the suffix ’0’ denotes the absence of the nanostructure (vacuum). Finally, ω and ω′

are the excitation and emission frequencies, respectively.
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To significantly enhance the sensing capabilities of PEGDA/AuNPs nanocompos-
ites, the excitation of a fluorescent dye (Cy3) was coupled with its absorption. The
detection of Cy3-labelled SA molecules (Cy3-SA) is, therefore, proposed. A fluores-
cence EF of ∼ 10 and a LOD of ∼ 0.1 pM were achieved. The 10-fold EF is obtained
by working in excitation mode enhancement (FRET mechanism), where the non-
interacting AuNPs enhance the fluorescence signal of Cy3 in their close proximity
(1 ≤ z ≤ 10 nm).

5.7.1 Results and Discussion

Having selected a Cy3-SA molecule for the MEF-based sensing mechanism, only the
high MW hydrogels were explored. The fabrication and characterization of high MW
PEGDA/AuNPs nanocomposites was performed as reported in section 5.6.

Figure 5.23 (b) shows the excitation/emission spectra of the selected Cy3 fluo-
rophore. The spectral overlapping of the fluorescent dye excitation with the absorp-
tion of the fabricated transducer can be immediately visualized in Figure 5.23 (a).

Figure 5.23: (a) Experimental and theoretical absorption spectra of H3 nanocompos-
ites confirm the hypothesis of non-interacting NPs. (b) Fluorescence excitation and
emission spectra of the Cy3-SA show a good overlap between Cy3 excitation (peaks
at 530 and 550 nm) and H3 transducer absorption (peak at 540 nm).

In particular, the fluorescent dye excitation spectrum exhibited two peaks located
at ∼ 530 and ∼ 550 nm, while the nanocomposites absorption peak was located
around 540 nm, making Cy3 a suitable candidate for MEF in excitation enhancement
mode.

Moreover, SA labeled by Cy3 was selected as the target molecule to prove the
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sensing approach with MEF in excitation enhancement mode. Indeed, the hydrody-
namic radius of SA has been reported to be ∼ 5 nm [226], and, for this reason, even
in presence of the biotin small molecule, as a biorecognition element, the value of z
was reasonably expected to be well below 10 nm.

To experimentally evaluate the possibility of using the hydrogel nanocomposites
as a MEF substrate, Cy3-SA (150 nM, 1 mL), was simply allowed to diffuse overnight
into a high-MW PEGDA photopolymerized in absence of AuNPs (Figure 5.24 (a)) and
into PEGDA/AuNPs nanocomposite transducer (Figure 5.24 (b)) having the same
physical volume and processing conditions. For this comparison, no functionalization
steps were performed since PEGDA without AuNPs did not possess any functional
group to be used to link a biorecognition layer for SA.

Figure 5.24: (a) Fluorescence images of PEGDA without AuNPs in presence of Cy3-
SA (150 nM) and its corresponding background. (b) Fluorescence images of the
PEGDA/AuNPs transducer in the presence of Cy3-SA (150 nM) and its correspond-
ing background. (c) Fluorescence intensity counts of Cy3-SA diffused in pure PEGDA
and in the transducer to evaluate the fluorescence EF are expressed as mean ± SD
on a minimum of three independent experiments (n ≥ 3). Scale bars are 250 µm.

Therefore, this preliminary study on the enhancement factor (EF) evaluation was
performed with no chemical modification of the transducer. Fluorescence images were
acquired on the two samples (PEGDA and PEGDA/AuNPs nanocomposite) and on
their counterpart with non-labeled SA, in the same conditions, to collect informa-
tion also on the auto-fluorescence of the material. Fluorescence EF was evaluated
as the ratio of the fluorescence intensity measured in presence of the AuNPs and
the one measured in absence of the AuNPs, both normalized to their corresponding
backgrounds, as shown in Figure 5.24 (c). An EF of ∼ 10 was obtained due to the in-
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teraction between the fluorophore and the AuNPs surface, compared to the PEGDA
hydrogel thin films without AuNPs. Moreover, the nanocomposites did not suffer
from auto-fluorescence, when excited at 530 nm, thus confirming their applicability
in fluorescence-based sensing strategies in this optical range.

The optical characterizations and the fluorescence EF determination reported
in Figure 5.24 were exploited for the monitoring of the in-situ functionalization of
the AuNPs and the selective detection of a labeled target analyte. Fluorescence
spectroscopy is the generally adopted method to boost the sensitivity of many plat-
forms when, for a certain target, the required clinically-relevant LODs are very low.
Moreover, labeling target molecules has become a standardized and straightforward
technique for many biomolecules, including DNAs, RNAs, proteins, and aptamers
[227]. For this reason, based on the achieved EF, the investigation of the sensing
performance of the platform in MEF mode was performed by directly screening a
Cy3-labelled SA as the target element. The proper functionalization until biotin is
reported in the previous section. The results of this detection mode are reported in
Figure 5.25.

Figure 5.25 (a) is a schematic representation of the proposed approach starting
from the biotinylated AuNPs within the hydrogel at the optimized biotin concentra-
tion reported in the previous section (4 mM). Even in this case, the nanocomposite
was first passivized by BSA to minimize non-specific interactions and then used for the
quantification of different Cy3-SA concentrations. A much lower LOD was achieved,
due to the enhancement of the fluorophore-metallic NPs interaction.

The fluorescence images in Figure 5.25 (b), which were all acquired in the same
experimental conditions were analyzed by ImageJ to derive the fluorescence intensity
counts. The dose-response curve, in Figure 5.25 (c), was obtained by reporting the
average intensity counts, of at least three different and independent images for each
SA concentration (n ≥ 3). The experimental data were fitted by the same standard
four-parameter Hill curve used for the label-free case, according to the following
equation:

F ([Cy3 − SA]) = F1 + F2 − F1

(1 +
(

k
[Cy3−SA]

)n (5.13)

where F1 = 0.4 ± 0.2 (a.u.), F2 = 56 ± 3 (a.u.), k = (2.5 ± 1.2) × 102 pM and the Hill
coefficient n = 0.37 ± 0.04 are the four fitting parameters. The dynamic range of the
transducer extended from 0.01 pM to 150 nM, and a LOD of 0.1 pM was achieved
by considering the fluorescence threshold as three times the SD of the control value
(Figure 5.25(c)), while a sensitivity value of (8.8 ± 0.5) × 10−1 pM−1 was estimated
by considering the linear region of the Hill Curve.
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Figure 5.25: (a) Schematic representation of the biotin/Cy3-SA interaction for MEF
sensing. (b) Representative bright-field and corresponding fluorescence images of the
nanocomposites incubated with 50 nM, 1 nM, 1 pM, and 1 fM of Cy3-SA (dashed
green). The control is performed by incubating Cy3-SA (150 nM) in absence of biotin
(dashed blue). The specificity test is performed against a random target (WGA)
labeled with a Cy3 equivalent fluorescent dye (AF555) at a concentration of 150
nM (dashed red). Scale bars are 250 µm. (c) The dose-response curve is obtained
by measuring the mean ± SD of the fluorescence intensity on a minimum of three
independent images on three independent samples (n ≥ 3). A four-parameter Hill
model is used to fit the data. A LOD of 0.1 pM is achieved. (d) The percent
fluorescence intensity associated with the control (no biotin and [SA] = 150 nM) and
with AF555-WGA (150 nM) is monitored and compared with its corresponding value
in presence of biotin ([SA] = 750 nM). The experiment is performed on a minimum of
three different samples (n ≥ 3) and the results are reported as mean ± SD (reported
as vertical bars). ∗∗∗p < 0.001 resulting from the ANOVA test were considered as
statistically significant.
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5.8 Conclusions

Also in MEF-based sensing modality, the negative control experiment and the
specificity test against a random target (Wheat Germ Agglutinin – WGA protein
labeled with Alexa Fluor 555) (Figure 5.25 (d) confirmed the relevance of the in situ
AuNPs functionalization. When properly biotin-modified, the AuNPs within the hy-
drogel generated a ∼ 10× higher fluorescence response than the non-functionalized
one and the one with a random target. The significantly lower LOD achieved in fluo-
rescence mode was mainly due to the FRET mechanism described earlier, confirming
the hypothesized threshold of the fluorophore-NPs distance z below 10 nm.

5.8 Conclusions

In this chapter, the design, fabrication, and characterization of hybrid transducers
made of PEGDA hydrogels, and spherical citrate-capped AuNPs were proposed.

First, the physicochemical properties of PEGDA hydrogels as polymeric matri-
ces to embed and stabilize plasmonic NPs were examined. PEGDA resulted in a
chemically stable, inert polymer with excellent optical transparency and mechanical
properties that could be tuned as a function of the MW.

Then, monodispersed citrate-capped AuNPs were chemically synthesized by fol-
lowing the seeded-growth method proposed by Bastus et al. [95]. The optimization
of the fabrication technique took advantage of the high reproducibility, large scala-
bility, and simplicity of an all-solution fabrication strategy, as pre-polymer solution
photocuring under UV light.

Interestingly, it was found that the diverse nature of PEGDA hydrogels with dif-
ferent MW had an effect on the optical properties of the hybrid materials. More
precisely, low MW hydrogel nanocomposites exhibited an optical dependency of the
LSPR wavelength position (λmax) on the effective refractive index of the AuNPs sur-
rounding medium. On the contrary, high MW hydrogels exhibited an optical depen-
dency of the LSPR absorption intensity (Abs.) on the large swelling behavior, which
in turn was affected by the hydrophilic/hydrophobic nature of the molecules used
for its functionalization. The proposed nanocomposites exhibited a fully predictable
optical response based on the Mie Theory modified with the Maxwell-Garnett ho-
mogenization approach and ensured high stability of the AuNps as compared to their
colloidal counterpart.

As proof of concept, low-MW hydrogel nanocomposites were used as refractomet-
ric biosensors for the detection of a small molecule as biotin, achieving a LOD of
25µM, while high MW hydrogel nanocomposites were used for the label-free detec-
tion of a large molecule, namely the streptavidin, by exploiting its highly specific
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interaction with biotin, achieving a LOD of 1.6 nM. The obtained results are very
competitive with the flexible biosensors reported in the literature.

Finally, to further boost the sensing capabilities of the proposed platforms, for
the first time, it was tested as an amplifier of the external fluorescence of the Cy3 flu-
orescent dye, by exploiting FRET-based MEF sensing. A 10-fold enhancement factor
was achieved, pushing the LOD of a fluorescent streptavidin molecule down to the
picomolar level, this representing an unprecedented result. The hybrid combination
of these two simple materials was optimized and can now find applications in several
fields of the biosensing community. Such a 3D flexible platform offers challenging
opportunities in the design of real-time optical biosensors for cell cultures [228, 229],
and in diagnostics, exploiting the capability of hydrogels of adapting to non-planar
surfaces to design wearable sensors [179]. Moreover, they could find large applications
in wound healing [230], drug-release [106], and food-quality monitoring [59].

Further improvements could be provided to the proposed system by exploiting,
tip-shape plasmonic effects (for example by using nanostars, nanobipyramids, ...),
which would confer to the nanocomposites higher sensitivity to refractive index vari-
ations and multiple resonances to be simultaneously monitored, spectroscopically, for
multiplexed detection (sensing of multiple targets). Moreover, it could be possible to
integrate the sensing element with polymer-based light-emitting diodes (LEDs) and
photodetectors to obtain a fully-integrated portable system, as point-of-care testing
(POCT) devices. By basing on the achieved results, new outcomes in biosensing
research are, therefore, envisaged.
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Conclusions and Future
Perspectives

In this thesis, the design, fabrication, and characterization of multifunctional hybrid
nanoresonators have been proposed.

The theoretical background describing the electromagnetic scattering of optically
small objects has been briefly introduced. It is based on the electroquasistatic and
magnetoquasistatic approximations of the Maxwell equations and allows the predic-
tion of the resonance positions and quality factors of both plasmonic and dielectric
nanoresonators. This theory has been applied to plasmonic spherical nanoparticles
and networks of high-permittivity thin wires. These analytical tools are very pow-
erful since they require very low computational costs and provide a clear idea of the
scattering behavior of homogeneous nanoresonators. Second, the main fabrication
techniques for the production of nanoresonators have been described, with a main
focus on the bottom-up techniques, which better meet the demand for large-scale,
low-cost, and highly reproducible optical devices for biosensing applications.

However, when coming to experimental practice, rarely bottom-up synthesized
(mainly plasmonic) nanoresonators result in their homogeneous composition. In-
deed, the reduction and stabilization procedures of the colloids require the addition
of impurities within or around the nanoparticles, namely hybrid nanoparticles. To
accurately predict the material composition of hybrid nanoparticles, a genetic opti-
mization method based on the combination of the classical Mie and Mie-Kerker theory
with Maxwell-Garnett homogenization was introduced. This proposed novel approach
can be exploited for the analysis and design of multifunctional hybrid nanosystems.

In particular, for the first time, the engineering of the optical properties of a hybrid
drug delivery system has been proposed. It is made of porous biosilica nanoparticles,
gelatin-stabilized gold nanoparticles, and gelatin polymeric shells In this nanosystem,
porous biosilica acted as a nanocarrier for a model drug, gold nanoparticles as the
transducing element, and gelatin shell as a pH-responsive polymer capable of retaining
the drug for long times at neutral conditions and releasing it in acidic environments
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(e.g., a tumor site). A correlation between polymer concentration and polymer shell
thickness has been achieved starting from theoretical predictions. This enables the
monitoring of gelatin shell formation, degradation, and indirectly, drug release by
simple spectroscopic techniques.

With a similar approach, hybrid nanocomposite transducers have been optimized
for biomolecular interaction monitoring. They are made of plasmonic nanoparticles
and polyethylene glycol diacrylate hydrogels with increasing molecular weights. The
mechanical properties of the hydrogel matrix allow the use of this device in both
refractive-index-based and swelling-dependent optical biosensors, depending on the
hydrogel molecular weight. The sensing of both small and large molecules with high
accuracy and relatively low LODs has been demonstrated. Moreover, the simple,
low-cost, large-scale fabrication of these nanocomposites enables their application to
a wide range of biomedical applications, since their chemical and optical properties
can be tailored to specific applications.

By basing on the results of this thesis, it is possible to appreciate the impact
that bottom-up synthesized hybrid nanoresonators can have in biomedicine when
properly engineered. It is possible to achieve extremely competitive large-scale, low-
cost nanosystems with no need for expensive and time-consuming equipment upon
an accurate prediction of their optical features.

It is envisaged that hybrid nanocarriers embedding plasmonic nanoresonators
could find large applications for drug formulation, drug discovery, and patient treat-
ment. For example, differently shaped plasmonic nanoparticles could be introduced
as nanoresonators in the near-infrared region, known as the invisibility region of the
tissues. They could enable simple spectroscopic monitoring of the release of a drug
directly in-vivo, at the accumulation site.

Concerning hybrid hydrogel nanocomposites, they could find large applications in
the fields of wearable sensing, food quality assessment, and environmental monitoring,
owing to the flexible nature of the polymeric matrix. Moreover, such a 3D platform
could offer opportunities in the design of real-time optical biosensors for cell cultures,
exploiting the high percentage water content of hydrogel, which makes them the ideal
candidates for the design of scaffolds. Finally, they could be easily integrated within
microsystems, such as microneedles for the monitoring of the dermal interstitial fluid;
microfluidic devices, for optofluidic platforms; and with microelectronics components,
such as integrated LEDs and photodiodes, for the fabrication of fully portable devices.

The current limitations of the proposed model are associated with the dielectric
counterpart. At the moment, the bottom-up synthesis of all-dielectric nanoparticles,
exhibiting lower losses and extremely narrow Mie resonances, is still an active and
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not standardized research field. However, with the recent nanotechnology and in-
organic chemistry advances, it is envisaged that some controlled synthetic routes to
produce high-index nanoparticles with controlled sizes will be reached, and, at that
stage, the description of their hybrid optical properties will benefit from the proposed
approaches and will enable their large-scale application in biomedicine.
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Appendix A

Partial Inductances Calculation

For the prediction of the electromagnetic scattering from high-permittivity dielectric
networks, instead of solving Maxwell equations, it is possible to import concepts and
formulas that have been produced by scientists and engineers working on electric in-
ductive network [132], in particular the analytic formulas produced in the first twenty
years of the XX century and summarized in the manuscripts of Rosa [231], Grover
[135], and Weber [232]. These concepts can be applied to the polarization current
densities, rather than to the electric currents, consistently with the framework pro-
posed by Engheta and co-workers in Refs. [233, 234, 235, 236]. In particular, one
of the main strengths of the proposed model lies in its simplicity: when the net-
work consists of only a few loops, the calculation of the magneto-quasistatic current
modes and the associated resonances can be carried out with just paper and pencil,
together with their radiative frequency shifts and quality factors. It also enucleates
the connection between the current modes, resonances, radiative corrections, and the
topology of the underlying graph. It may also help the comprehension of lasing in
complex photonic graphs and networks [237, 238, 239, 240].

rw

a

Figure A.1: Self partial inductance of a wire of length a and circular cross section of
radius rw.
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Figure A.2: Mutual partial inductance of two wires of lengths a and b, equal circular
cross section of radius rw, at distance d and offset z.
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Figure A.3: Mutual partial inductance of two wires of lengths a and b, at an angle
to each other.
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A.1 Self partial inductance of a straight wire

A.1 Self partial inductance of a straight wire

The self partial inductance LP of the wire of Fig. A.1 with radius rw and length a is

LP = aµ0
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A.2 Mutual partial inductance between two un-
equal parallel wires that are offset

The mutual partial inductance Mp between the two wires shown in Fig. A.2 of
negligible cross section, length a and b. at a distance d, with an offset δ, is given by
[241, 135]:

MP = µ0
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+
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]

(A.2)

where z2 = a+ b+ δ and z1 = a+ δ.

A.3 Mutual partial inductance between wires at
an angle to each other

Let us consider the two wires of Fig. A.3, of length a and b, of negligible cross section
(filaments). The wires are coplanar, forming an angle θ to each other [137, 135, 132].
Their mutual inductance has the following expression:

MP = µ0

4π

[
(β + b) ln r24 + r14 + a

r24 + r14 − a
− β ln r23 + r13 + a

r23 + r13 − a

+ (a+ α) ln r24 + r23 + b

r24 + r23 − b
− α ln r14 + r13 + b

r14 + r13 − b

]
(A.3)
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A.3 Mutual partial inductance between wires at an angle to each other

if the two wires are touching in P0 then the above equation reduces to [137]:

MP = µ0

4π cos θ
(
a ln r24 + a+ b

r24 + a− b
+ b ln r24 + a+ b

r24 + b− a

)
. (A.4)
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