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Abstract

The application of gold nanoparticles (AuNPSs) to the biomedical field is generally
framed around the myriad of different applications that would benefit from their
incorporation. However, in contrast to the thousands of publications that highlight
every year the fantastic potential of AUNPs in the biomedical fields, their real-
world application remains scarce, especially for therapeutic purposes in clinical
environment. The main objective of this thesis rests on improving the applicability
of gold nanopatrticles to the biomedical sector by two action lines: 1) the study of
the physicochemical properties of different AuUNP shapes related with their
performance in biosensing and photothermal therapy applications and 2) the
search for a complementary manner to improve their inherent properties for
therapeutic applications by their entrapment in chitosan hydrogels. In the first part
of this thesis, the lack of a suitable clinical methodology for the detection of
MiRNA led us to pursue new strategies for their detection using AuNPs as signal
enhancers due to its highly adequate properties: high density, proper size and
easiness for functionalisation with proteins. In addition, the comparative study of
different AUNP shapes and different strategies of biofunctionalisation for their
interaction with the miRNA are carried out to discover its suitability for a clinical
setting miRNA detection. In a second part of the study we continue with the
comparative study of different AUNP shapes for photothermal therapy, focusing
on its optical properties, cell interaction and effectiveness motivated by the lack
of knowledge about AuNP shape importance for this topic. Thanks to the
conclusions extracted from this study concerning the low cell internalisation of
AuNRs, we propose an innovative strategy entrapping the AuNRs in chitosan
hydrogel due to the cell-adhesive chitosan properties which results in a
remarkably improvement of the AuNRs efficacy. Finally, a novel methodology for
entrapping AUNPs in chitosan hydrogels based on the automatic inkjet technology

is developed to improve the encapsulation methodology, which makes the

Xl



process more scalable, effective and controllable. This methodology offers a
continuous automatic production technology for chitosan microcapsules
containing AuNPs providing materials with interesting properties for biomedical
applications. As a result, the research carried out as part of this doctoral thesis
contributes to strengthen our understanding of the importance of different AUNP
shapes for sensing and therapeutic applications, while simultaneously providing
new tools to increase their applicability through surface functionalization and

entrapment in chitosan hydrogels.
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Resumen

Un sinfin de aplicaciones en el campo de la biomedicina se verian beneficiadas
por el futuro uso de nanoparticulas de oro (AuNPs). Sin embargo, a pesar de las
miles de publicaciones cientificas que destacan cada afio las fabulosas
propiedades de estas nanoparticulas en este area, su empleo mas alla del ambito
cientifico es testimonial, especialmente cuando hablamos de su uso con
finalidades terapéuticas en el ambito clinico. El objetivo principal de esta tesis
consiste en mejorar la aplicabilidad de las nanoparticulas de oro con diferentes
geometrias mediante dos lineas de accidn: 1) el estudio de la relacién entre sus
propiedades fisicoquimicas y su rendimiento para las aplicaciones de bio-
deteccion y terapia fototérmica y 2) la bisqueda de una manera complementaria
de mejorar sus propiedades intrinsecas para aplicaciones terapéuticas mediante
su encapsulaciéon en hidrogeles de quitosano. En la primera parte de esta tesis
la inexistencia de una metodologia clinica adecuada para la detecciéon de miRNA
nos ha llevado a buscar nuevas estrategias para su deteccion mediante el
empleo de nanoparticulas de oro como amplificadores de la sefial de deteccion
gracias a sus idéneas propiedades: elevada densidad, tamafio adecuado y
facilidad para su funcionalizacion con diferentes proteinas. Ademas, para
descubrir su utilidad en la deteccion de miRNA en condiciones similares a las
necesarias en el ambito clinico, se ha llevado a cabo un estudio comparativo
empleando nanoparticulas de oro con diversas geometrias y diferentes
estrategias de biofuncionalizacién para su interaccion con los miRNA. En la
segunda parte de esta tesis se ha continuado con el estudio de la aplicacion de
diferentes geometrias de nanoparticulas de oro para su uso en terapia
fototérmica, centrdndonos en sus propiedades opticas, su interaccién celular y
eficacia, ya que hay una falta de conocimiento acerca de la importancia que tiene
la forma de las nanoparticulas en este tema. Gracias a las conclusiones extraidas
durante este estudio concernientes a la baja internalizacion celular de los

nanorods, hemos propuesto una estrategia innovadora consiste en su

XV



encapsulacion en hidrogeles de quitosano motivada por las propiedades de
adhesion celular del quitosano que han permitido una mejora remarcable de su
eficacia. Finalmente se ha desarrollado una nueva metodologia para la
encapsulacion de nanoparticulas de oro en hidrogeles de quitosano empleando
la tecnologia de eyeccion automética de tinta o inkjet para mejorar su
encapsulacion, la cual permite que el proceso sea mas facil de escalar, efectivo
y controlable. Esta tecnologia ofrece una metodologia automatica para la
produccién continua de microcapsulas de quitosano que contengan las
nanoparticulas de oro en su interior, proporcionando biomateriales con
propiedades muy interesante para las aplicaciones biomédicas. Como resultado,
la investigacion llevada a cabo durante esta tesis doctoral contribuye a ampliar
nuestro conocimiento en la importancia del empleo de diferentes geometrias de
nanoparticulas de oro para las aplicaciones terapéuticas y de deteccion a la vez
gue proporciona nuevas herramientas para aumentar su aplicabilidad gracias a
la funcionalizacién de su superficie y a su encapsulacion en hidrogeles de

guitosano.
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1. Introduction

1.1. Biomedical applications of nanoparticles

Over the last few decades, the importance of nanotechnology in our daily lives
has increased exponentially. Although nanotechnological advances remain at an
early stage of development in comparison with original predictions,3
nanotechnology is already in the market in a wide range of fields as diverse as
information and communications technology (ICTs), vehicles, biotechnology,
aerospace, the food industry, medical and pharmaceutics, textile, cosmetics,
entertainment, construction, energy, catalysis and military.*> However, when
talking about nanotechnology appearance in the market, the costumers should
pay attention to differentiate products where nanomaterials have been employed
as a strategy to attract consumers and enhance the perception of value from
those where nanotechnology is really improving the properties of the materials.
Because at the nanoscale, when one of its dimensions is reduced between 1 and
100 nm, the behaviour of nanomaterials is different than the macroscopic one due
to their reduced dimensions, degree of arrangement or interaction between
particles which results in novel or improved physicochemical properties (optical,
magnetic, electric, structural, etc.).%” One particular advantage of the dimensions
and properties of nanomaterials is their unique ability to interact at the same size
scale with most types of biomolecules essential for life and replication: proteins,
nucleic acids, carbohydrates and lipids (see Figure 1).” This advantage is of
interest mainly in nanoparticles, which are particles made of a large variety of
materials with sizes in the nanoscale. This fact combined with their improved
physicochemical properties offers a new world of possibilities in the biomedical
field.
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Figure 1. Comparative size scale of different biological elements in the micro and
nanoscale. Adapted with permission from?®

Nanotechnology for biomedical applications, sometimes indistinguishable from
the term nanobiotechnology that appeared in the literature in 1995, is
revolutionizing the research in the biomedical field.® Althought some researchers
have insisted in the languisihing of nanomedicine research, on the contrary,
innovative nanotechnology-based products are developed as fundamental
knowledge about this topic is expanded, as recently highlighted by the
Nanomedicine and Nanoscale Delivery Focus Group of the Controlled Release
Society.'® Nanoparticles have noteworthy applications in biomedicine, particularly
in diagnostics, drug delivery systems, prostheses and implants.’! The most
commonly employed nanoparticles in the biomedical field includes polymeric,
lipid, metallic and other inorganic materials like metal oxides, among others.1?13
Each nanoparticle poses specific properties that make them useful for different

applications. For example, polymeric and lipid nanoparticles are commonly



employed for drug delivery and several of these nanocarriers are already
approved by Food and Drug Administration (FDA).}* Also other types of
nanoparticles (NPs) have been approved for treatment, including several
hydroxyapatite NPs for bone substitution and several iron oxide NPs for iron
deficiency and as imaging agents.*® In Europe, the Commission of the European
Communities has been working on the regulation of nanomaterials in relation to
health, safety, environment, research and related measures (see for example
communication COM(2008) 366 for more details) and around 15 clinical trials
involving nanoparticles have been already registered in the EU Clinical Trials
Register. These clinical trials are mainly focused on cancer treatment employing

lipid-based, polymeric, magnetic, gold and protein-based nanoparticles.

Apart from their physicochemical properties, the potential application of
nanoparticles for biomedical applications increases dramatically when they are
combined with biomolecules that provide a specific biological function. Using this
approach several functionalities can be added to the nanopatrticles to work in a
synergistic way, increasing the effectiveness, efficiency and range of applications
where these nanoparticles can be of great utility. Such new functionalities can
confer properties that allow the nanoparticles to interact and detect specific
compounds (for sensing applications) or to direct drugs and/or biomolecules to
desired locations (for co-delivery treatments), among others (see Figure 2). A
large list of biomolecules can be linked to the nanoparticles by an extensive
number of methodologies and strategies,'5-'® mainly by the use of polymers that
can be linked to the nanomaterial and to the molecule of interest. By this way,
nanoparticles can be surface-functionalised with a large list of useful ligands
including small molecules (such as drugs and vitamins), lipids, sugars, peptides,
fluorophores as well as larger biomolecules like nucleic acids (DNA or RNA),

antibodies and cell signalling proteins.t’
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Figure 2. Overview of different biomolecule functions that can be employed to improve
nanoparticle properties and their subsequent application in the biomedical field.*®

From all of the nanoparticles employed for biomedical applications, gold
nanoparticles (AuNPs) stand out due to their unique optical properties and their
relative inertness and corresponding biocompatibility coupled with the ability to
control their size, shape and surface functionalisation on the nano and molecular
level, in contrast to other inorganic carriers such as silica nanoparticles, iron oxide
nanoparticles and quantum dots.?° Gold nanoparticles (AuNPs) have shown
promising results in a wide-variety of biomedical applications. However, if
anything can be derived from the vast amount of literature on the subject it is that
there is no universal AuNP for biomedical applications.?° In contrast, one of the
principle advantages of using AuNPs is that they can be engineered specifically
for the desired application by the design of the most appropriate size and shape.
These are the primary considerations that should be taken into account for AUNP-

mediated biomedicines, which will be discussed in detail in the following sections.



1.2. Shape-controlled synthesis of AUNPs

One of the major advantages of employing AuNPs is the vast knowledge
concerning the synthesis of different shapes of AUNPs. Although Faraday carried
out the first documented studies on gold colloid synthesis in 1857,%! the previous
two decades have witnessed an exponential increase in the number of
publications and nowadays thousands of scientific papers concerning gold
nanoparticle synthesis are published each year. This exponential increase in the
interest of the scientific community is highly related with the development of
AuNPs with different shapes (see Figure 3). These variety of shapes allow to
increase the functionalities and applications where the AuUNPs can be of great
interest.

Number of AuNP publications reported over the last 30 years highlighting the
emergence of different shapes
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Figure 3. Bar plots showing the increase in scientific publications related with gold
nanoparticle along the years. The year when the initial studies concerning the different
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shapes of AuNPs were performed are also highlighted, including gold nanorods,?? gold
nanoshells,?® gold nanoplates,?* gold nanocages®® and gold nanostars.?® The number of
publications related with AUNPs and treatment (in blue) and with AUNPs and detection (in
orange) is differentiated from the rest of publications (in grey). Search terms: “gold
nanoparticles” (top), “gold nanoparticles treatment” (medium), “gold nanoparticles
detection” (down). These data were acquired from Scopus database.

Currently, the synthesis of AuNPs with almost any size and geometry can be
found in the scientific literature including but not limited to nanospheres, shaped
nanorods, nanoshells, nanocages, tetrahedral, icosahedral, octahedral, cubes,
dodecahedra, tetrahexahedra, bipyramids, trisoctahedra and triangular
nanoprisms (see Figure 4). In the majority of cases the size of the AuNP can be
controlled with ease by changing one of a few key experimental parameters
during their synthesis, e.g. reagent concentration, reaction time, solution pH,
reduction potential, ionic strength, and so forth.?”-?° However, for the shape
control of the AuNPs a vast list of different synthetic strategies and methodologies
can be found in the literature. By this way, nowadays is possible to tune the shape
and dimensions of AUNPs by controlling the synthesis to obtain almost any AuNP
with particular properties on demand. Sizes and morphologies of AuNPs
represent critical factors for determining their properties and other important

properties such their interaction with biological structures.?°



Figure 4. A summary of some of the many gold nanoparticle (AuNP) morphologies
that can be accessed via conventional synthetic methodologies: small (a) and large
(b) nanospheres, (c) nanorods, (d) sharpened nanorods, (e) nanoshells, (f)
nanocages/frames, (g) hollow nanospheres, (h) tetrahedra/octahedral
/cubes/icosahedra, (i) rhombic dodecahedra, (j) octahedra, (k) concave
nanocubes, (I) tetrahexahedra, (m) rhombic dodecahedra, (n) obtuse triangular
bipyramids, (0) trisoctahedra, and (p) nanoprisms. Reproduced with permission
from®°



The synthesis methods of any type of nanoparticles are normally classified in
bottom-up or top-down methodologies (Figure 5). Bottom-up or constructive
method is the synthesis of nanoparticles from atomic components to molecular
clusters and nanoparticles while the top-down or destructive method is the
reduction of a bulk material to nanometric-sized particles.3! Top-down strategies
for AuNPs in nanomedicines are less common than bottom-up due to its
limitations in size resolution, scalability, colloidal instability in solution and 3D
patterning. As examples of top-down strategies employed for AuNP synthesis,
plasma etching,®? electron-beam litography,3® laser ablation,** sputtering® and
thermal descomposition®® can be listed. However, the majority of AuNPs for

biotechnology are produced by bottom-up methodologies.

| |
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etching lithography  ablation decomposition  reduction Assisted
|
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Methods

Figure 5. Schematic classification of AUNP synthesis methodologies, divided in top-down
and bottom-up.

Bottom-up methodologies available for AuNPs synthesis can be classified in
chemical reduction methods, biosynthesis, electrochemical methods, wave-
assisted chemical methods and pyrolysis. Although pyrolysis is the most
commonly process in industry for large scale nanoparticle production due to its
cost effectiveness, continuous processing and high yielding,3! this technique is
not commonly employed for AUNP synthesis probably due to the specificity of the
equipment required and the high polydispersity obtained.3"3 Despite of its
infrequent use in AUNP synthesis, wave-assisted chemical methods offer a really

useful approach for hybrid nanoparticles made of gold and other materials. For
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this purpose different waves are employed to provide the energy ned for the
nanoparticle synthesis, including but not limited to ultrasounds for sonochemical
synthesis,*®* gamma rays,*® x-rays,** UV-light,*? visible light*®* or NIR light.*
Electrochemical synthesis of AUNPs has been proposed as an easy of control,
low cost and high quality method,*® however its use is scarce.

Biosynthesis is a green and environmentally friendly approach for the synthesis
of AuUNPs that has growth exponentially in recent years. Emerged as a response
to avoid the use of expensive, environmentally dangerous and toxic reagents
involved in other types of synthetic procedures, biosynthesis also reduces the
subsequent toxicity of the nanopatrticles in biomedical applications. Biosynthesis
employs enzymes, bacteria, plants, fungi or extracts obtained from them to
reduce the precursor gold salt. Although a large list of organisms have been
employed for AUNP synthesis, biosynthesis is of great interest when the biological
compounds contribute to the functionality of the AuNPs, as is the case of AUNPs
synthesis with antibacterial and antifungal properties.*® The main disadvantage
of this methods is the polydispersity and low control over the size of the AUNPs*6
along with the inconvenience that anisotropic shapes of AuNPs are extremely

difficult to obtain.

Due to the aforementioned considerations of other methodologies and because
of its numerous advantages, chemical reductions methods for AUNPs synthesis
are by far the most employed until the date. With low cost, a low equipment
requirement, simplicity, relative easiness to scale-up and the possibility to control
almost perfectly the size and shape of the AuNPs produced, chemical reduction
methods represent the preferred method by researchers for designing AuNPs for
biomedical applications with desired properties. The most common and
extensively utilised methods for gold nanospheres production includes Turkevich-
Frens method*” and Brust-Schiffrin method.*® However, anisotropic AuNPs

possess modified physicochemical properties respect to the spherical ones due



to its shape and these properties described in Subsection 1.3 are of great utility

for some of their biomedical applications.

The synthesis of gold nanospheres (AuNS) is quite simple as confirmed by the
precocity of the studies carried out by Faraday in 18572 in contrast to the
relatively recent development of the rest of AUNPs morphologies (Figure 3). In
the case of AUNS it is only necessary the increase of the crystalline structure
without controlling the place where these atoms are linked. However, to produce
an anisotropic shape of AuNPs, the synthetic procedure must control the position
where the structure is growing. In a synthesis of metal nanocrystals, three distinct
stages can be differentiated: nucleation, transformation of nuclei into seeds and
growth of seeds into nanocrystals. In the colloidal synthesis of gold nanocrystals,
shape control is achieved by accurately tuning the nucleation and growth
processes, which may be under either thermodynamic or kinetic control.#®* When
crystal growth is under thermodynamic control, surface energy plays a crucial role
in determining the morphology of gold nanocrystals since the surface-area-to-
volume ratio is high for nanoparticles, and a crystal in equilibrium tends to have

the lowest surface energy for a given volume of material.*°

Although examples of anisotropic AUNP synthesis in organic solvents have also
been reported,>°5! this text is focused on their synthesis in aqueous media which
is the more commonly employed solvent due to its convenience for biomedical
applications. Different strategies collected in Figure 5 are commonly employed
for anisotropic AUNP synthesis in aqueous media, including but not limited to
adsorbate-directed synthesis, seed-mediated synthesis, template-assisted
synthesis and growth-kinetics control. In the adsorbate-directed synthesis a wide
variety of molecules such as metal ions, small organic molecules, surfactants,
polymers and biomolecules are employed for selectively adsorbing to specific
crystal planes, lowering its surface energy and directing shape control of gold
nanocrystals. This methodology can be achieved by two different mechanisms:

directed growth (the metal atoms addition to the structure only occurs in the
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crystal planes without adsorbates) or oriented aggregation (preformed seeds

attach between them by the crystal planes not occupied by the adsorbates).

One of the most commonly employed strategies for anisotropic AUNPs synthesis
is the seed-mediated synthesis. The nucleation of the nanocrystals is favoured
by conditions of high chemical supersaturation, ensuring a rapid growth of all
crystal surfaces, what is contraindicated for shape control.5? For this reason, in
seed-mediated synthesis, the nucleation and the growth of seeds into
nanocrystals is divided in two different steps with different chemical conditions. In
the first step, small and almost monodisperse nanoparticles are generated and
subsequently the conditions are altered and more gold ions and other compounds
are added to produce the morphological-defined growth. The separation in two
steps allows an advantageous rational design of nanocrystal shape through the

choice of seed structure and growth conditions.*°

Template-assisted synthesis and growth kinetics control represent two less
employed methods for anisotropic AuNP synthesis. In the template-assisted
synthesis of AuNPs, a structure with well-defined dimensions is employed as a
template to spatially determine the shape of the AuNP. Traditional templates
physically confine the growth of the AUNPs®2 but in the last years other nanometric
solids with a specific shape are used as sacrificial templates for anisotropic AUNP
synthesis, which adopt the underlying shape of the template.>*% By controlling
the growth kinetics, it is possible to produce anisotropic AuNPs by substantially
slowing down the reaction.*® This strategy is of great interest for star-shaped or

dendritic nanostructures.>6

From all the previous methodologies for shape-controlled synthesis of AUNPs the
use of surfactants as shape-directing agents is the gold standard. A large number
of surfactants with different polar head-groups, hydrophobic chains, counterions
and molecular structures have been employed for this end, i.e.

cetyltrimethylammonium bromide (CTAB) as a usually employed surfactants for
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a wide variety of AUNP shapes. However, recently an interesting work carried out
by Wall et al. employs a green-method without the employment of surfactants or
polymers to produce gold nanostars, nanorods, triangular nanoprisms and
nanospheres from the same gold seeds. The authors develop a unified theoretical
framework for designing shape-controlled nanoparticles just by controlling the
concentrations of gold salt, sodium hydroxide, seeds and hydrogen peroxide that
provide AuNPs with surface free of non-desired molecules.5” Although these
methods normally involve production on a relatively small scale (miligrams),
which represents one inherent disadvantage for potential real world applications,

recently a large scale synthesis in the order of grams has been reported.>®

The AuNP shape not only determines its physicochemical (detailed in next section
1.3) but also it is crucial for determining other important factors for biomedical
applications, such as protein corona formation,> cellular internalisation®6! and

biodistribution,®%62 among others.

1.3. AuNPs physicochemical properties

Many of the applications were AuNPs can be of great interest are related with
their physicochemical properties. As a noble metal, AUNPs stand out due to its
chemical inertness, density and electron conductivity. Gold is one of the densest
elements, with 19700 kg/m? it almost doubles the density of lead (11300 kg/m?)
normally employed as counterweight and it is only slightly overcame by other
uncommon transition metals such as Osmium (22600 kg/m?), Iridium (22400
kg/m3) or Platinum (21400 kg/m?3). For this reason, gold is probably the best
material for applications where nanoparticles with high density are required. Gold
is also one of the best electrical conductors with 4.1x107 S/m at 20 °C, only slightly
poorer than copper or silver, a property of great interest that has been exploited

for sensing (see Section 1.4.1).
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Metallic gold, as is the case of AUNPs, is highly unreactive and as such, artefacts
made of gold retain their brilliant lustre for thousands of years without oxidizing.
This property is also very useful for using AuNPs in biomedical applications since
Au(0) is inert and thus stable nanoparticles do not chemically react with biological
elements. In this aspect, gold, in contrast to other heavy metals, does not produce
a marked associated-cytotoxicity. Cadmium, lead, chromium and mercury tend to
accumulate in living organism and are considered as systematic toxicants that
induce multiple organ damage and carcinogenicity.®® There has been
considerable on-going controversy about the cell-toxicity of commonly employed
inorganic nanoparticles such as silver or titanium dioxide nanoparticles,* this
reported toxicity should be analysed carefully. While for silver nanoparticles it has
been shown how the toxicity of the nanoparticles increases due to low dissolution
and release of silver ions into the medium,8> for the AuUNPs most in vitro studies
have indicated the complete absence of toxicity where the cases of reported
toxicity are mostly associated to their surface-coating coverage, for example for
some types of positively charged AuNPs.%4¢ |n addition, even if gold in AUNP
has shown accumulation in different tissues after intravenous administration,82:67
it is considered to be a relatively safe nanomaterial for biomedical applications
because this accumulation was not associated with any detected toxicity or

mortality.®”

Another advantage of AUNPs is the easiness to attach a large variety of molecules
to its surface. Most employed method to anchor molecules to the gold surface is
by the employment of thiol-containing molecules that interact by the thiol with the
gold surface to form a pseudo-covalent bond, although the gold surface can be
covered with other ligands containing different chemical groups such as
phosphorous, amine, carboxyl, carbonyl and phenol.®8 Thanks to this facility to
attach to the gold surface, AuNPs are usually coated with molecules that confer
colloidal stability and improve their properties. This chemical surface coating of

the AuNP determines the interaction with all the components of the physiological
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medium. This fact is of special importance in the case of nanomedical applications
where the AuNPs is exposed to complex biological environment with different
components, such as different proteins, ions, hydrophilic or hydrophobic
molecules as well as with the other nanoparticles. The interaction of the AuNPs
with their environment affect different critical phenomena for their application, i.e
immune response, extravasation, cellular internalisation or accumulation in a cell-
type dependent manner, in addition to their intracellular location and elimination.
Although some approaches use the reducing agent required for the AuNP
synthesis as a final stabiliser (e.g., citrate), the most interesting results are
obtained when the coating is designed specifically for the desired application, as
an example, when it can be used for subsequent functionalisation with other
molecules of interest. Most frequently, AuNP surfaces are stabilised with
coordinating thiol groups where the most common coating agents include
different types of polymers and surfactants, e.g. thiolated poly(ethylene glycol)
(PEG), thiolated end-capped polystyrene, poly(ethylenimine), thiolate poly(vinyl
pyridine), polyamidoamine dendrimers and cetyltrimethylammonium bromide,
among others.%8 This facility to link to the gold surface can be also exploited to
link functional molecules for specific applications. As an interest example, the use

of gold nanopatrticles for oligonucleotides delivery has been widely studied.?°

However, the most important physicochemical property for much of the
applications related with the use of AUNPs is their unique optical properties. The
optical properties of metal nanoparticles are mainly governed by the surface
plasmon effect. When a metal particle is exposed to light, the oscillating
electromagnetic field of the light induces a collective coherent oscillation of the
free electrons (conduction band electrons) of the metal. This electron oscillation
around the particle surface causes a charge separation with respect to the ionic
lattice, forming a dipole oscillation along the direction of the electric field of the
light (see Figure 6).%° Further, surface plasmon resonance (SPR) of conduction

electrons depends on the nature of the metal, but is also sensitive to refractive
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index changes around the metal such as changes in the surrounding medium.?2870
The surface plasmon effect induces a strong absorption of the incident light and
it is much stronger for plasmonic nanoparticles (noble metal, especially Au and

Ag) than other metals.®®

Longitudinal electron oscillation Transverse electron oscillation
Electric

Plasmonic
Nanoparticle Electron

Figure 6. LSPR excitation scheme for plasmonic gold nanospheres and nanorods.
Inspired from 71

When the electromagnetic waves are confined on a metallic nanostructure the
localised surface plasmon resonance (LSPR) is produced.”? The LSPR effect is
related with the nature of the metallic material but is particularly affected by the
shape of the nanostructure and size. For pseudo-spherical AuNPs, the LSPR
band depends on their diameter and remains in the visible region of the
electromagnetic spectrum with slight changes of their optical properties.”
However, when the AuNPs pose an anisotropic shape the optical properties are
highly-size dependent and change dramatically depending on their dimensions,’
with their LSPR peak corresponding with the in-plane dipolar mode lying in the
Near-Infrared (NIR) range of the electromagnetic spectrum (see Figure 7).”® As
a result of this and the easiness to control the synthesis of AuNPs detailed in
section 1.2, nowadays is possible to tune the shape and dimensions of AUNPs
by controlling the synthesis to obtain almost any AuNP with particular optical
properties on demand. The possibility to control the optical properties of the AUNP
is crucial for the most important applications in the biomedical field. The optical

properties of AUNPs combined with the sensing of biomolecules along with the
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light-to-heat transduction properties used for photothermal therapy are described

and discussed in the following Subsections 1.4.1, and 1.4.2.
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Figure 7. Various gold nanostructures commonly applied in biomedical applications.
Graphical illustrations, transmission electron micrographs, and synthetically tunable
extinction spectra with their real colour produced by their LSPR including (a) gold
nanorods, (b) gold nanoshells, and (c) gold nanocages. Spectral red-shifts and real
colours are indicated for increasing aspect ratio, decreasing shell thickness, and
increasing gold displacement, respectively. Adapted with permission from.30.76

1.4. Applications of AuNPs in biomedicine

If anything can be derived from the vast amount of literature on the subject it is
that there is no universal AuNP for biomedical applications.?° In contrast, one of
the principle advantages of using AuNPs is that they can be engineered
specifically for the desired application by the design of the most appropriate size,

shape, surface coating and functionalisation strategies for each purpose. These
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are the primary considerations that should be taken into account for AuNP-
mediated biomedicines. Gold nanoparticles (AuNPs) have shown promising
results in a wide-variety of biomedical applications, ranging from photothermal
therapy,®® drug delivery,?® biosensing’’ and imaging techniques such as
optoacustic imaging’® and surface enhanced Raman spectroscopy (SERS).”® The
versatility of AUNPs has been assessed in a diverse set of fields, including but
not limited to anticancer,® antiviral,®® stem cell differentiation,®> gene
expression,?® and to treat a large list of diseases as pancreatitis,® diabetes,®*
psoriasis,® etc. From the aforementioned applications, the most important
research of today and probably their daily use in the future is related with their

capability for sensing and treatment.

1.4.1. AuNPs for sensing

In AuNP-based sensing, the analyte (molecule to detect) is recognised by a
recognition element linked to the AuNP surface, where the AuNP acts as a
transducer that produces a signal-transduction event based on the
physicochemical properties of the nanoparticle, which is in turn recognised by a
processor (see Figure 8). The optical properties, high density, electrical
conductivity, stability and ease of surface-functionalisation to link sensing
molecules have rendered AuNPs as one of the most frequently studied and
extensively employed models for chemical and biological sensing. Consequently,
many types of AuNPs specifically designed for detection can be purchased from
commercial suppliers and AuNPs can already be found in hundreds of
commercial detection kits.2¢ Depending on the molecule to detect and the limit of
detection to achieve, a large number of strategies have been applied with several
levels of complexity and different needs of equipment, from simple and portable
colorimetric tests to be used in the moment to complex equipment to massive-
sequence DNA. Thousands of publications can be found in the literature with

different strategies to detect a vast a number of analytes, so diverse as vapours,
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metal ions, anions, small organic molecules, toxic chemicals, drugs, proteins,

oligonucleotides, viruses, pathogens and mammalian cells.®”
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Figure 8. Physical properties of AuNPs that are usually employed for sensing and
schematic illustration of an AuNP-based detection system, including the AuNP that acts
as a transducer of the recognition between the recognition element and the analyte to
produce the signal.

Most AuNPs-based strategies for sensing take advantage of the optical properties
of AuNPs and their interaction with light, however another physical property of
gold that has been employed for sensing is the electrical conductivity. Several
electrochemical sensing strategies have used AuNPs, most frequently whereby
the AuNPs are functionalised with molecules that undergo an electron-producing
chemical transformation upon interaction with the analyte and the AuNPs serve
to conduct and transfer the electrons to the surface of the electrode. This strategy
has been employed for a long time and between the pioneers the work carried
out by Willner and co-workers in 2003 deserved a special mention. In this work
they anchored AuNPs functionalised with flavin adenine dinucleotide to the
surface of the electrode to interact with the enzyme glucose oxidase and detect
the presence of glucose.® Nowadays this strategy is increasingly been exploited

using graphene oxide hybridised with gold nanoparticles since graphene oxide is
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a very efficient conductor of electrons from the AuNPs to the electrodes and the

gold nanoparticles are perfect points for the functionalisation with the detection

AuNP for Sensing

| |
Electrical conductivity Optical Properties

molecules.89:%0

I
[ | | [ |
Reflection or Absorbance Quartz Crystal SPR
scattering of light i nee of light Microbalance sensors
| |
| | | [ | |
SERS Colorimetric Rayleigh LSPR Thermal Quenching
I Scattering Change Sensors  Fluorescence
[ I | I Gold
Aggregation Etching Disaggregation Growth Nanobeacons

Figure 9. Schematic classification of biosensing technigues that employs AuNPs based
on the transducing AuNP physicochemical property used for the sensing technique.

As previously described, most of the strategies including the use of AuUNPs for
sensing are related with their unique optical properties (Section 1.3). In the
Figure 9 it can be found a complete summary of the most usually employed
strategies for sensing depending on how the AuNPs interact with the light. Mainly,
the sensing employing AuNPs occurs when they absorb, scatter or reflect the
light. However, gold nanoclusters, which consist of an aggrupation of gold atoms
smaller than conventional AuNPs, present fluorescence behaviour when
irradiated at the proper wavelength. Thanks to their ultrasmall size, low toxicity,
and their low photobleaching compared with other organic fluorophores, make
them excellent probes for biological applications.®* However, more efforts are still
needed to improve their synthesis because of their low quantum yield, which is
usually less than 20 %.°92 Another aspect to highlight is that nanoclusters not only

are employed for sensing due to their fluorescent properties but also thanks to
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their fluorescence properties they can be exploited for imaging of cells and in

animal testing.®?

AuNPs ability to absorb light at specific wavelengths can also be harnessed for
sensing and the absorbance spectrum of AuNPs changes depending on the
refractive index of the surrounding medium. By this way, the refractive index
change produced by an adsorbate on the surface of the AuNP can be used to
monitor molecular binding events.®® This strategy has been proposed for
applications as delicate as HIV-detection,®® however, the slightly changes
produced in the absorbance spectrum and the requirement of specific equipment

such an spectrophotometer complicate commercial application.

The high light absorption capacity of AuNPs has also been exploited for
fluorescence quenching sensing. In fluorescence quenching the AuNPs are
employed for decreasing the fluorescence intensity of a molecule. Although the
mechanism by which the energy transfer between the molecule to detect and the
AuNP is still to be resolved with certainty, the applications on this field are still
growing.®® A very interesting application of this strategy has been employed in the
molecular beacons. Firstly described in 1996, molecular beacons are
sequences of nucleotides with a fluorophore in an end and a quencher in the other
end that specifically recognise complementary sequences of nucleotides. When
the complementary sequence is present, the molecular beacon opens and binds
to the complementary sequence, decreasing the intensity of the quenching and
emitting fluorescence. Since their discovery, molecular beacons have been
extensively employed for DNA sequencing and quantitative polymerase chain
reaction (g-PCR). AuNPs have appeared as very efficient quenchers for
molecular beacons, allowing the in situ imaging and silencing of mMRNA in living

cells.%”

But probably the most intelligent strategy for taking advantage of AuNPs highly

efficient light absorbance properties for sensing is their use in plasmonic-driven
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thermal biosensors. Firstly reported by Qin et al.,*® this type of biosensors employ
a gold nanopatrticle functionalised with a molecule able to specifically recognise
the analyte (most frequently an antibody). By this way, if the molecule to detect is
present in the sample the AuNPs interact with it and remain linked to a solid
support that after that is irradiated with a laser. If the analyte was present the
AuNP produce heat that burns a thermosensitive paper or it is monitored by a
specific system such as a thermocouple or an infrared camera. An interesting
improvement of the system was achieved by the use of anisotropic AUNPs that
enable to use a NIR laser, enabling lower limit of detection and a higher
specificity.® In recent times, this strategy has been improved by the combination
with other photothermal-sensing materials and the lateral flow immunoassay in

order to facilitate the processing of the sample.%®

Although an abundance of complex strategies that employ the scattering or
reflexion of light from AuNPs for sensing (e.g. gold-bridged nanoprobes for the
identification of single point DNA mutations by Rayleigh scattering),'°* the most
important and simple method involves simple change of colour related with
changes in the degree of aggregation or morphology of the AuNPs that modify
their interaction with light and LSPR absorbance spectrum. Compared with other
sensing methods, AuNP-based colorimetric assays are promising because
normally the whole reaction occurs without any washing step and the colour-
change can be directly assessed with the naked eye. In addition, nowadays such
colorimetric assays are easily adaptable to smartphone-based devices to
automatically translate the result in quantitative information. Therefore, these
approaches remarkably simplify the detection process in less time and reduce
costs and without the need of complex equipment. Several strategies have been
employed to take advantage of the change of colour, including but not limited to
aggregation and disaggregation of the AuNPs, etching to change their shape or
reactions that catalyses the growth of the AuNPs.'%2 However, these

methodologies present some disadvantages such as the limit of detection is quite
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limited, difficult to detect more than one analyte and problems in sensitivity and

background colour in real complex samples.1%?

One of the most employed recent applications of light scattering employing
AuNPs for sensing is the surface-enhanced Raman scattering (SERS). Raman
spectroscopy detects inelastic light scattering related to vibrational energy levels
of the probed molecules, leading to molecularly specific Raman
fingerprints.1% The main problem of Raman scattering is that it is a highly
inefficient process thus resulting in weak signals that are insufficient for sensitive
analysis.1% However, this inefficient process can be dramatically enhanced by the
use of surface-enhanced Raman scattering, with enhancement factor of 10%-
108.1% |In SERS, the molecule to be detected has to be located in close proximity
to plasmonic surfaces of AUNPs and the enhancement of the signal is supposed
to be produced by a combination of two mechanisms: an electromagnetic
mechanism produced by the local field of plasmonic AuNPs and a chemical
mechanism due to charge transfer between the substrate and probed
molecules.’%® One of the main advantages of SERS is that it can be also

combined with cell microscopy imaging.°’

Most of the reported strategies for sensing take advantage of the optical
properties of AUNPs and their interaction with light, however a small part of them
employ other physicochemical property of AUNPs: their high density. As detailed
in section 1.3, gold is one of the densest elements. Due to its density and the
ability to interact with the molecule to detect at the same size level, AUNPs are
one of the best candidates if not the best to enhance the signal of molecules in
techniques where the signal depends on the mass or density of the complex to
detect. In this line, most important sensing techniques where AuNPs are of great
utility include surface plasmon resonance (SPR) sensors and quartz crystal
microbalance (QCM) sensors. Quartz crystal microbalances (QCM) are
ultrasensitive piezoelectric devices that use frequency changes on a quartz

crystal resonator to monitor changes in mass arising from molecule binding.®’
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This strategy has been employed mainly for the detection of oligonucleotides by
the use of AUNPs-complementary DNAs'%8 or the detection of proteins employing

AuNPs with a recognition protein.10®

Surface plasmon resonance (SPR) was initially used to study the details of
molecular interactions, but more recently it has emerged as a rapid label-free
optical biosensing tool that can be used in a wide variety of fields, including
medical diagnostics, environmental monitoring, food safety and security.'*° This
optical technique detects the changes in the refractive index of a planar metallic
surface (typically silver or gold), which has been functionalised with specific
molecular probes to absorb a target analyte, thereby enabling direct real-time
detection without the need for prior labelling (see Figure 10). However, the main
problem of SPR biosensing relies on the low signal produced by most of the
biological molecules of interest and their very low concentration. For this reason,
an intense area of research in this field is focused on SPR signal enhancement
using dual-functional elements that are able to both recognise the target analyte
(or the ligand/target interaction) and also increase the refractive index change
related to the analyte recognition.''* Among all these enhancing strategies, AUNP
have proven to provide outstanding amplification for the SPR detection
signal.””12 Furthermore their stability and the ease by which biomolecules can
be conjugated to their surface (“biofunctionalisation”) makes them even more
attractive.?’ For these reasons the use of AUNPs as SPR signal enhancers is one

of the most attractive biosensing applications howadays.
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Figure 10. Detection mechanism by Surface Plasmon Resonance (SPR) biosensors. A
light beam is reflected on a gold film and the intensity of the light depending on the
reflection angle is collected. Depending on the molecules attached to the gold surfaces
this reflected light changes its intensity at different reflection angles. Adapted with
permission from**3

1.4.2. AuNPs for treatment

The other main biomedical application where AuNPs have been extensively
employed is their use as potential therapeutic agents in medicine. Gold was
already employed as a therapeutic agent as far back as 2500 BC.**4 In modern
medicine, gold salts were extensively employed in the 1920s for tuberculosis
treatment with doubtful results but this therapy laid the foundation for their
subsequent successful employment for rheumatic treatment.!* Gold
nanoparticles have been brought to the forefront of disease treatment in recent
years because of their facile synthesis and surface modification, excellent
biocompatibility and enhanced tuneable optical properties. In this line, the
research involving AuNPs has been mainly focused in their application for
photothermal treatment and as carriers for the delivery of pharmaceuticals,

among other therapeutics. There are currently five clinical trials involving AUNPs
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registered in U.S. National Library of Medicine. From them, two are focused in
their use as photothermal agents, two are based on their employment as drug
carriers and the other one is focused in cavity treatment. However, AUNPs have
been recently proposed for other types of treatments, including but not limited to
radiotherapy, antibacterial, rheumatoid arthritis and as angiogenesis modulators.

AuNPs are usually employed as drug carriers due to the easiness to functionalise
them with a wide variety of molecules. AlImost any biomolecule can be anchored
to the surface of a gold nanoparticle when its covered with the proper surface
coverage and so AuNPs have been extensively employed for the delivery of
peptides, enzymes, antibodies, lipids, other drugs and oligonucleotides, among
others.'’> AuNPs have been employed to increase drug efficiency or to direct
them to the site of action for traditional drug delivery such as antibiotics and
anticancer drugs. Antibodies conjugated to the AuNPs have been employed
mainly for cancer treatment and to direct nanopatrticles to the target cell. Lipids
have been anchored to AUNPs to increase their interaction with membranes and
as an attempt to treat diseases related to incorrect balances of lipids, like
atherosclerosis. AUNPs have also shown interesting results as vaccine platforms
due to their advantages over traditional vaccine platforms.'6 In particular, the
ability to tune AuNP sizes, shapes and surface properties enables an appropriate
design platform to enhance interaction with the target receptors. However,
perhaps the most important results have been obtained for delivering
oligonucleotides. The use of AUNPs as DNA carriers initially and as RNA carriers
some years after have allowed their use for gene transfection and RNA
interference allowing to control the expression of potentially almost any protein in
the organism in order to try to treat a large list of diseases.?® Each of these
molecules can be linked to the gold nanoparticle or to their organic coverage
employing different strategies involving but not limited to covalent linking, ionic
interaction or adsorption (the linkage of RNA as an example can be observed in
Figure 11).
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Figure 11. lllustrative example of the most common siRNA functionalisation strategies
for AUNPs based on electrostatic association, covalent/coordination bonding and
hydrogen bonding. siRNA can be directly linked to the gold surface by thiol-bonding
(A) to form a RNA monolayer (A.1) or a mixed monolayer with other thiolated
molecules (A.2). Covalent bonding between siRNA and AuNP coating can be
obtained by the employment of a crosslinker (B). Electrostatic interaction (C) takes
advantage of negative charge of siRNA to interact with different positively charged
parts of the AuNPs, including the surface of AUNP coating (C.1), the inner part of
block copolymers in the AuNP coating (C.2) or different positive layers surrounding
the nanoparticle in a layer-by-layer assembly (C.3). Specific sequence
hybridisation can be obtained using ssDNA linked to AuNP complementary to
ssRNA by hydrogen bonding (D). Adapted with permission from?°

Although the enhanced cellular internalisation is one of the main reasons to
employ AuNPs for drug delivery, arriving to the target cell site of interest and
subsequent specific internalisation represents a complex task in living organisms
like humans. Especially in the case of a systemic administration, the AUNP and
the drug carried have to avoid several delivery problems (see Figure 12). AuNPs
should avoid the mononuclear phagocyte system that captures most of
nanoparticles and organs that retire most of compounds from blood such as

kidneys and liver. AuNPs should protect the drug against serum enzymes
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degradation in the case it is necessary. AUNPs with the drug should perform
extravasation from blood torrent to the desired tissue across the vascular
endothelium. After that, they should be internalised by the target cells which
occurs through a host of different mechanisms such as phagocytosis,
macropinocytosis, clathrin-mediated endocytosis and caveolae-mediated
endocytosis depending on the cell type.'” After all this process, the drug-AuNP
should remain functional to exert its biological function inside the cell. For these
reasons, when possible normally a local administration is preferred for AUNP

delivery carriers.
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Figure 12. Overview of AUNP delivery problems that must be overcome after systemic
administration to achieve and exert its biological function in the target cell. Adapted with
permission from 20,

However, another strategy that has been extensively explored for AUNP systemic
administration is the employment of target molecules linked to the AuNP. The
objective of targeted delivery consists of the predominant accumulation of the
desired drug at the zone or cells of interest. To improve the targeting effect, an

active targeting approach involving the conjugation of targeting ligands to the
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nanoparticle that interacts specifically with molecules in the target cells can be
employed.?® In the case of AuNPs, cell-penetrating peptides, small ligands
molecules recognised by cell surface receptors and antibodies are the most

commonly utilised.

Although normally gold salts are preferred for arthritis treatment and some
approved drugs based on gold salts are already in the market and employed in
clinics to this end,''® some researchers have explored the use of gold
nanoparticles for this application. Although it is not clear the mechanism by which
gold nanoparticles are useful to treat this disease, in the case of gold salt
Auranofin is able to slow disease progression by suppressing inflammation and
stimulating cell-mediated immunity.*'® The mechanism of action of this compound
is through the inhibition of redox enzymes due to the high affinity for thiol and
selenol groups, forming stable and irreversible adducts.**? It should be highlighted
that in the last years the use of gold salts in clinics for arthritis treatment is been
replaced by other disease-modifying antirheumatic drugs such as methotrexate
due to its higher efficiency and lower number of side-effects.'*® Anti-arthritic
activities of AUNPs have been investigated in an effort to avoid these side-effects
which include loose stools, abdominal cramping, watery diarrhoea, skin irritations,

rash, conjunctivitis or proteinuria.12%:12

As angiogenesis modulators, AuNPs have shown interesting results and they
have even been qualified as the most promising nanoparticles with anti-
angiogenic properties.'??2 Angiogenesis is the formation of new blood vessels from
pre-existing vessels under conditions of hypoxia, inflammation, or vascular injury
by the interplay between pro-angiogenic and anti-angiogenic factors that mediate
the transition of vascular endothelium through different stages of vascular growth.
However, certain diseases such as cancer, inflammation, arthritis, atherosclerosis
and some types of blindness are related with pathological angiogenesis.
Pathological angiogenesis involves the formation of vessels which are

hyperpermeable to plasma and its proteins and possess heterogeneous functions
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with irregular sprouting and non-uniformed vessel distribution.'?® The anti-
angiogenic effect of AUNPs has been demonstrated in several models, including
but not limited to human umbilical vein endothelial cells,’?* human retinal
microvascular endothelial cells,'?® ex vivo models'?® and in vivo tumour models.?”
Multiple molecular pathways have been shown to contribute to the anti-
angiogenic effects of AUNPs (see Figure 13 for details).
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Figure 13. Molecular pathways affected by the anti-angiogenic effects of AUNPs. Anti-
angiogenic effects of AUNPs are mediated by suppressing activation of VEGFR2, Tie2R,
FGFR, and their downstream signalling pathways. AUNPs suppress intracellular calcium
release mediated by VEGF-165. AuNPs upregulate E-cadherin and downregulate
vimentin reducing epithelial-to-mesenchymal transition (EMT). AuNPs reduce ILs, MMPs,
and TNF-a expression and inhibit neovascularisation via induction of autophagy.
Abbreviations in the image: Ang-1, angiopoietin 1; Ang-2, angiopoietin 2; Ca?*, calcium;
FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; ILs, interleukins;
MMPs, matrix metalloproteases; Tie2R, angiopoietin receptor; TNF-a, tumour necrosis
factor-a; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth
factor receptor. Reproduced with permission from?*23
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Other therapeutic applications of AUNPs that have also been exploited include
radiotherapy and as antibacterial agents. AuNPs have shown very promising
properties as “radiosensitisers” in oncology. Their role as radiosensitisers
consists in the enhancement of radiation effects on biological tissues treated with
radiotherapy. The use of AuNPs for radiotherapy can be achieved by two different
strategies: the employment of external sources of radiation (X-ray and gamma
beams) or by brachytherapy, where the source of radiation is located near the
target tissue, normally inside the body (see Figure 14). When an external source
of radiation (X-radiation and/or gamma radiation beams) is applied to the AuNPs
the interaction between the photons with the AUNPs produce the emission of low-
energy and short-range secondary electrons, which in turn increase the dose
deposited in the tissues.'?® Another alternative remains in the employment of
traditional brachytherapy radiation sources such as radioisotopes 2% or %P in
combination with the AuNPs. The other strategy consist in the use of AuNPs as
sources of radiation in the target tissue either by the use of radioactive AUNPs or
by the employment of radiolabelled AuNPs (AuNPs functionalised with

radioactive elements), as explained in Figure 14.128
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Figure 14. Different radiotherapy scenarios involving GNPs as radiosensitisers to
enhance dose deposition. The size, shape, and functionalisation of GNPs can be varied
depending on the target organ and requirements of the administration routes. The
interaction of GNPs with photons, either through external beam therapy, brachytherapy,
radioisotopes, or in/at the GNPs surface, generates secondary products (e.g., photons
and electrons), which, in turn, enhances the efficacy of the radiotherapy treatment.
Reproduced with permission from?*28

The use of gold nanoparticles as antibacterial agents has been extensively
investigated both for combat infections caused by pathological bacteria and for
their use in surfaces. Although AuNPs have been classified as nanoparticles with
intrinsic antibacterial activity, the best results are obtained when they are
combined with other antimicrobial agents.’?® In such applications gold
nanoparticles can be functionalised with dozens of antibiotics by several
methodologies depending on the final specific application.'*® As an alternative,
their conjugation with enzymes with antibacterial activity not only increase their
efficacy but also enhance their antibiofilm activity.'?° It should be highlighted that

ultrasmall AuNPs (nanoclusters) with core diameters of 0.8 and 1.4 nm have
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shown an intrinsic antibacterial activity, especially effective in the case of the
smallest ones, suggesting a size-depending effect.'3! Other approaches in the
use of AuNPs against bacteria include their use as antibacterial vaccines and
taking advantage of their optical properties for laser irradiation in order to kill

bacteria, as is explained in subsequent paragraph.

The most important application of AUNPs for biomedical treatment is related with
their unique optical properties. As explained in Section 1.3, the optical properties
of AUNPs are governed by the LSPR effect. This LSPR effect provokes that at
specific wavelengths the AuNPs absorb light extremely efficiently and most of the
energy of this light is converted in thermal energy in a process named
photothermal effect. The photothermal effect has been employed in a wide-variety
of biomedical therapeutic applications such as the photothermal therapy (PTT),
photothermal antibacterial activity and light-mediated drug release. In addition,
the photothermal effect has been exploded for other biomedical applications, as
is the case of photothermal sensing (explained in Subsection 1.4.1).
Photothermal therapy (PTT) involves the use of a light source to produce heat to
destroy or weaken the target cells (cancer cells in most of the cases). The
destructive effect of increased temperature corresponds to damage of cellular
structures, mainly lysosomes, releasing their content and inducing cell death,**?
while the aim of weakening the cells is generally to make them more susceptible

to other treatments.5?

The main problem of photothermal effect is to heat dangerous cells without
affecting the surrounding healthy tissues. To avoid this, lasers in the near infrared
(NIR) wavelength are employed because the light absorbance of the biological
tissues is highly decreased between 750-1200 nm (NIR ‘biological window’) (see
Figure 15). Consequently, by using light at this wavelength, radiation can
penetrate deeper in the biological tissues without damaging the biological

structures. As detailed before, the LSPR absorbance band of anisotropic AUNP
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can be fine-controlled (see Figure 7), making them one of the best if not the best

candidates for nanoparticle-mediated PTT.
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Figure 15. Absorbance spectrum showing the two first optical windows in some biological
tissues and fluids. These plots of effective attenuation coefficient (on a log scale) versus
wavelength show the quantitative relevance of different body substances (oxygenated
blood, deoxygenated blood, skin and fatty tissue) when aiming for deep sub-skin imaging.
Reproduced with permission from?*33

As an example of anisotropic AUNPs potential for PTT, the first successful clinical
trial in humans involving AuNPs employed a NIR wavelength laser to produce a
temperature increase when irradiating silica coated AuNPs to reduce atheroma
volume in coronary artery.'34 In this clinical trial, involving 180 patients, a total
atheroma volume reduction of 38 % was achieved. Recently, the initial results of
a successful clinical trial employing gold nanoshells for the localised ablation of
prostate tumours was reported by N. Halas and co-workers.'* In this study, the
feasibility and safety data from 16 cases of patients diagnosed with low- or
intermediate-risk localised prostate cancer was assessed. After gold nanoshells
infusion and high-precision laser ablation, the evolution of the prostate cancer
was monitored by magnetic resonance imaging and biopsies during 12 months.

In 15 of the 16 patients, the gold nanoshell-mediated focal laser ablation was
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successfully achieved and their treatment protocol did not show serious
complications or deleterious changes in genitourinary function. These clinical
trials will help usher in novel therapies employing AuNPs for PTT, especially in
the cases where PTT employing AuNPs can be combined with traditional
therapies as is the case of several types of cancer.

Although several manuscripts describing interesting results employing different
AuNPs for PTT are published every day, it is almost impossible to elucidate which
is the appropriate shape of AuNPs for a determined application. The lack of
standardisation and proper characterisation is one of the major problems in
nanomedicines nowadays'3¢ and makes comparison of studies between different
authors almost impossible to compare. In addition, the number of direct
comparisons of the physicochemical properties of anisotropic AUNPs is rare and
in vitro and in vivo comparisons of these AuNPs for PTT are almost unheard in
literature.®0.137.138 Taking into account that the protein corona can completely
change depending on the media and the nanoparticle affecting the cell
internalisation and that cell internalisation can differ between different cell lines,
any comparison between the optical properties and cellular interaction of

different-shape gold nanoparticle for PTT is very useful to seed light to this topic.

1.5. AuNPs hydrogel entrapment

As previously described, AuNPs are being studied intensely for numerous
potential biomedical applications, especially for treatment (therapy). However,
there has yet to be a clinical breakthrough using gold nanoparticles and,
according to the United States National Library of Medicine, only five clinical trials
have been proposed to date. One such approach to improve the applicability of
AuNPs in real conditions as well as improving some of their properties is their
combination within polysaccharide hydrogels. The structural combination of a
polymer hydrogel network with a nanoparticle holds the promise of providing

superior functionality to the composite material with applications in diverse fields,
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including catalysis, electronics, bio-sensing, drug delivery, nano-medicine, and
environmental remediation.'3® One of the objectives of such hybrid materials is to

provide a synergistic property enhancement of each component.

Hydrogels consist of three-dimensional, highly hydrated networks of polymeric
chains electrostatically or covalently cross-linked. Although they can be
synthesised by different methods, the ionotropic gelation method is one of the
most commonly employed, based on the establishment of electrostatic
interactions between the charged polymer chains and an oppositely charged
appropriate ion or polyion, which acts as an ionic cross-linker.14° The polymers
employed for hydrogel synthesis can be classified between synthetic polymers
(such as polyethylene glycol, poly(hydroxyethyl methacrylate), poly(acryl amide)
Poly(vinyl alcohol), poly(N-isopropylacrylamide) and poly(vinylpyrrolidone)) and
natural polymers. Natural polymers highlights for biomedical applications for its
biocompatibility, biodegradability, and low toxicity.4° Between the most usually
employed natural polymers for hydrogels, gelatin, alginate, cellulose and chitosan
are the most usually employed, among others.'#! Gelatin is produced from animal
collagen and it is commonly employed in food, medications and cosmetics.
Alginate is a negatively charged polysaccharide normally obtained from cell walls
of brown algae normally employed as additive in dehydrated products and
pharmaceutical preparations and wound dressings. Cellulose is a not-charged
polysaccharide with applications in a large number of fields, such as construction,
pharmaceuticals, biofuels, fibre and paper production, etc. Chitosan is a positively
charged mucopolysaccharide obtained by deacetylation of chitin, a polymer
extracted from the exoskeletons of crustacean, insects and the cellular wall of
fungi. This polymer has low toxicity and immunogenicity and it is biocompatible,
biodegradable, cheap and bioadhesive.'*?> The mucoadhesive properties of
chitosan are due to the fact that it is one of the richest natural polymers in amino

groups.'#3
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The innovative combination of nanoparticles and hydrogels create synergistic,
unique and potentially useful properties that are not found in the individual
components.'®® Although AuNPs-hydrogel hybrid materials have been employed
for applications as diverse as SPR-based sensors,'# antibacterial applications,4°
between the fields where the hydrogels provide new functionalities to AUNPs until
date, PTT, thermal-responsive and oral administration highlight. Hydrogels can
be of great utility to improve the AuNP applicability for PTT. As an example,
hydrogels can be employed for containing AUNPs and anticancer drugs, to obtain
nanocomposites for photothermal-chemotherapies.'#¢14” They can also be used
to increase the cell-adhesion of AuNPs with low cell internalisation in order to
provide an effective PTT.143 Macroscopic hydrogel patch containing two different
types of AuNPs have also been implanted adjacent to colorectal tumours to
provide a triple-combination therapy using RNA interference, drug release and

phototherapy (see Figure 16).148
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Figure 16. a) Scheme of implantable hydrogels containing the gold nanorods and siRNA-
gold nanospheres with all of the molecules employed for their functionalisation. b)
Strategy utilised for in vivo local triple therapy, before and after surgical removal of the
tumour in an in vivo colon cancer model mouse. c) Thermographic surveillance of
photothermal heating in mice implanted with hydrogels doped with drug—gold nanorods,
siRNA—gold nanospheres or their combination, 72 h after the first NIR treatment. d) Ex
vivo images of tumours and whole body organs (T, tumour; Lv, liver; K, kidneys; S, spleen;
H, heart; Lu, lung; Int, intestines) and live imaging of SCID hairless congenic mice with
colorectal tumour xenografts implanted with the hydrogels and the NIR treatment, either
with no tumour resection or after tumour resection. Adapted with permission from.4®

The use of stimuli-responsive hydrogels is highly extended, with responsive
materials to changes in pH, temperature, electricity, magnetism, light, humidity,
redox state or biomolecules.'*® However, the most interesting stimulus-
responsive hydrogels for its combination with AuNPs are the thermal-responsive
ones, due to the high efficiency of AuNPs as heater producers upon laser
irradiation. Commonly studied temperature-sensitive polymers include
acrylamide-based hydrogels, especially poly[N-isopropylacrylamide], as well as
elastin-like polypeptides.’®® At a temperature-sensitive polymer’s lower critical
solution temperature, a reversible volume phase transition occurs.'* At lower
temperatures, it is thermodynamically favourable for water molecules to form
hydrogen bonds with polar groups on the polymer chains, causing the hydrogel
to be in its swollen state. At higher temperatures, the increase in Gibbs free
energy causes hydrogen bonding between the water molecules and polymer
chains to become thermodynamically unfavourable compared to polymer—
polymer and water—water interactions, causing the water to move into bulk
solution and the polymer chains to collapse onto themselves diminishing its
volume.'® This effect has been employed for drug release upon laser
irradiation,*®! and even for microfluidic valves control using hydrogels with gold
nanospheres and gold nanoshells by the employment of two different wavelength
lasers.®? This property could be also used for self-healing hydrogels, control of

mechanical properties of the hydrogels or adhesive materials.*>?
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Another field where AUNP entrapment in hydrogels could be of great interest is
the oral administration. Oral administration of drugs is usually preferred over any
other route of administration because it is not invasive and shows patient
acceptance and long-term compliance.®* However, most nanocarriers currently
approved by the FDA depend on intravenous administration and no one has been
yet approved for oral drug delivery.!>> Only near a dozen of publications have
explored this approach for AuNPs and most of them have just explored the
biocompatibility, absorption and biodistribution of AUNPs after oral administration.
In these studies, gold nanoparticles did not show any acute toxicity in vivo,56-158
and only minor side-effects (e.g. activation of immune system,%%1€0 increase of
alkaline phosphatase activity'®’, etc.) are described but these side-effects were
reversible even after 30 days of administration.° It is remarkable that AUNPs
have rarely been studied for applications after oral administration, but two of the
few studies were employing AuNP-chitosan nanoparticles.61162 Chitosan has
been demonstrated as crucial for the intestine absorption of the AuUNPs.62 In this
two studies, chitosan-AuNPs systems have been employed as oral vaccines
proof of concept'®! and for colorectal liver metastasis cancer treatment as small
interfering RNA delivery agents,%? with promising and interesting results in both
cases. This low employment of oral administered AuNPs is almost certainly due
to the fact that most of the AUNPs without chitosan appear in the faecal content
without been absorbed by the intestine,'%3 probably because of the aggregation
and loss of functionality caused by the gastric environment during digestion.
Consequently, could be of crucial interest to develop novel strategies to protect

and increase AuNPs absorption to facilitate the oral administration of AUNPs.

The hydrogel-AuNP entrapment can be made at different size scales, including
nanometric hydrogels (nanogels), micrometric hydrogels (microgels) or
macrometric hydrogels (bulk hydrogels). For nanogels production, several
methodologies can be applied, including but not limited to the polymerisation in

templates (such as miniemulsion, suspension, liposomes, and so forth), cross-
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linked micelles, polymer reaction of linear chain, nanoparticles and
nanocomplexes or physical nanogels produced by hydrogen bonding, ionic
bonding, coordination bonding or hydrophobic interaction or protein
denaturation.'®* However, a precise nanogel production control is limited
technologically due to its small size and the number of AuNPs that they can carry
is very limited. There is an extensive technological development of bulk hydrogel
synthesis for biomedical applications,'%>1¢6 however its high size limits is
application mainly to tissue engineering, 3D printing and surgically implantable

hydrogel patch.

Precipitation Complex Imprint .
Polymerization Lithography Photolithography

Molecular Association Lithography
Microgel Production Methods
Acoustic jet Benchtop
extrusion emulsion

Piezoelectric m Mechanical Method m Microfluidics
Inkjet
Jet Micromoldin: Mombrans
Cutting o 9 emulsification
Atomization

Spinning Disk Spray
Atomization Spray Chilling
Drying

Figure 17. Schematic classification of microgel production methodologies.

Due to its proper ratio between small size and number of AUNPs encapsulation
capacity, together with a high controlled synthesis technology development,
microgels offer an interesting option for AUNP entrapment for a wide variety of
biomedical applications. Microgels have played centre stage in the biomedical
sector with an extensive employment in applications such as drug delivery,
controlled release and cellltissue targeting systems.¢” The high number of
microgel production technologies can be classified depending on the strategy

40



employed to provide the micrometric in molecular association methods (such as
precipitation polymerisation, self-association or more complex coacervation
strategies), mechanical methods and lithographic techniques (see Figure 17),
such as imprint technology, photolithography and flow lithography.1¢816% Between
the mechanical methods, the hydrogels can be produced by extrusion, shearing
methods, atomisation, micromolding or emulsion; with several techniques for
each of the methods. From all these wide variety of approaches that have been
developed to manufacture microgels, all of them have own advantages and

disadvantages making them more or less suitable for specific applications."°

When talking about microparticle production methodologies, microfluidics is
emerging as one of the leading production techniques due to the possibility of
having a continuous and automatic production of microparticles with high
reproducibility, size control and ease by which to encapsulate molecules in multi-
compartments.t’* Although especially useful for microemulsion production or
microparticle synthesis that involves several liquid immiscible phases, the use of
microfluidic for microgel production presents some challenges when all the
components of the microgel are dissolved in the same phase (i.e. aqueous
phase). In these cases, a common strategy relies on using an extra hon-miscible
phase to separate the microdroplets that will form each microgel particle, 172173
where a subsequent phase separation step is also required.'’> The challenge
increases when it is necessary to mix a gelling agent with the polymer, where a
careful optimisation of the set up parameters is required in order to avoid the
clogging of the system.'’> The need of complex channel geometries for this
strategy and the slow production rate of each nozzle along with the fact that
AuNPs for biomedical applications are commonly dispersed in agueous phase
make the use of microfluidics for microgel entrapment of AUNPs a complicated

and rarely employed technique.

Taking the aforementioned factors into account, inkjet technology represents an

alternative technique that should be considered for AUNP hydrogel entrapment in
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microparticles for biomedical applications such as, therapeutic agents and for
tissue engineering. Although it has been previously employed for gold
nanoparticle printing specially for sensor-related applications, inkjet printing
represents an entirely unexplored technique for AuNP-containing microgel
production. Although this technology has been extensively employed for ink
printing in a large number of commercial printers, it has only employed few times
for microparticles production made of alginate,'’417° poly lactic-co-glycolic acid!’®
or lipids.”” The inkjet ejection system is formed by a header with a small nozzle
(typically 20-100 pm) filled with liquid and with a surrounding piezoelectric
element in contact with the fluid (Figure 18). A controlled voltage is applied to the
piezoelectric and it generates a sudden deformation of the fluid cavity and induces
a pressure impulse, origin of the ejected drop.'”® With this method, droplets with
sizes in the range of the nozzle orifice diameter and linear speeds of few metres
per second are typically generated at frequencies of 1 to 20 kHz.'’® Main
advantages of inkjet as a highly interesting technology are excellent control and
reproducibility of particle synthesis, high efficiency encapsulation, easiness to
scale-up and continuous and automatic production. However, nozzle obstruction
in the case of impurities and the need to carefully optimise the ejection
parameters to achieve a stable ejection of the fluid makes the inkjet technology a
technique that required a trained specialist to optimise the system and a re-

optimisation for each system.
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Figure 18. Schematic representation of drop on demand piezoelectric inkjet technology.
Adapted with permission from'78
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2. Objectives

The main goal of this thesis consists of improving the potential of AuNPs for
biomedical applications by 3 principal objectives: 1) understanding how AuNP
shape and surface functionalisation affects their use in biosensing 2)
understanding how AuNP shape influence their use for photothermal therapy and
3) how hydrogel encapsulation methodologies can be used to improve their
therapeutic application. This research was aligned with the aims of the project
Nanogram (Plan Nacional de 1+D+l (SAF2014-54763-C2-2-R)) and the project
NanoplasmiRNA (European EuroNanoMedll Project (Call 2015)) in order to focus

in the next specific objectives:

o Development of novel strategy to take advantage of gold nanoparticle
inherent physicochemical properties for their use as SPRi signal
enhancers of miRNA sensing, detailed in Section 3.1.1.

¢ Comparison of different biofunctionalisation strategies, shapes and sizes
of AuNPs for the SPRi signal enhancement of miRNAs in order to achieve
the most effective AUNP with the best functionalisation for the future
clinical setting of this technique, detailed in Section 3.1.2.

e Comparison of different physicochemical properties of AuNRs and
AuNPrs related with its applicability as photothermal therapy agents,
optimising its synthesis for the application and focusing on its
photothermal properties, cell death efficacy and cell interaction, detailed
in Section 3.2.1

o Improvement of the AuNPs performance for photothermal therapy by
exploring an alternative strategy based on hydrogel encapsulation to
increase its cell interaction, detailed in Section 3.2.2

e Optimisation of novel methodologies for high efficiency encapsulation of
AuNPs in chitosan hydrogels to increase its future applicability and

improve its physicochemical properties, detailed in Section 3.3.
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3. Results and discussion

3.1. Harnessing of the physicochemical properties of
AuNPs for SPRi signal enhancement

3.1.1. Establishing a universal approach for multiple miRNA
detection using a single AuNP SPRi enhancer

Despite the great potential of microRNAs (miRNAs) as circulating stable
diagnostic markers or predictive markers of disease progression, they have not
yet been screened in large patient cohorts thus delaying their introduction into
clinical practice. The small size, low concentrations, varying abundance and
sequence similarity of miRNAs make them challenging to detect using current
profiling and quantifying methods, such as PCR, deep sequencing and
microarrays.’® Therefore, there is a need to develop new and technologically
improved analytical approaches and surface plasmon resonance (SPR) has
made a large contribution to the research field of miRNA detection.'8 However,
the low molecular weight of miRNAs and their low concentration in clinical
samples require of SPR enhancers.!8! In addition, most of the proposed strategies
require the use of as many sequence-specific regents as the number of miRNAs

sequences to be detected or multiple enhancing steps.

In multiple sclerosis (MS), a highly heterogeneous, chronic and immune-mediated
demyelinating disease,*®? a clinical evaluation and magnetic resonance imaging
constitute the only available means of diagnosing and monitoring MS.*8 Some
miRNAs have been also reported as promising MS markers,84185 put these still
need to be validated in large patient cohorts. MS is therefore an exemplary and
pertinent disease for which the development of efficient and versatile multiplexing

mMiRNA detection methods may help patient care.

The aim of this study is to develop a single, universal SPR enhancer capable of
simultaneously detecting multiple miRNAs with sensitivity below pM by a simple

approach and without the use of enzymatic reactions, sandwich strategies, partial
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seguences hybridisation steps, multiple reagents or multiple enhancing steps. To
this end, and as showed in Figure 19, we combined: 1) the universal sequence-
independent recognition of miRNA thanks to the use of an Ab against all
DNA/RNA hybrids,*® 2) the SPR-enhancing properties of gold NPs due to its
physicochemical properties, properly functionalised with the mentioned Ab and 3)
the use of a SPR-imaging (SPRi) instrumentation that offers the capability to
simultaneously detect in real-time multiple (potentially hundreds) molecular
interactions in a multi array format. To the best of our knowledge, anti DNA/RNA
Abs have never been conjugated with spherical gold nanoparticles (herein AUNS)
for enhanced SPR-based strategies before. Thanks to the employment of
neutravidin-coated gold nanospheres (AuNS@Neutrav) that interacted with a
previously biotinylated antibody (Ab) against DNA/RNA hybrids, this nano-
enhancer guarantees the recognition of any miRNA sequence adsorbed on a
surface properly functionalised with different DNA probes at the same time, even

at a low ligand concentration, by performing a single enhancing injection.
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Figure 19. Schematic representation of the strategy used for the simple and simultaneous
detection of multiple miRNAs using the same nanoenhancer. Spherical gold nanoparticles
(AuNSs) were covalently functionalised with neutravidin in order to interact with a
biotinylated antibody anti DNA/RNA hybrids and to recognise the specific hybridisation of
each miRNA sequence with the complementary sequence of DNA previously deposited
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on the SPRi chip, increasing several orders of magnitude the signal in the SPRi equipment
until detectable levels.””

3.1.1.1. AuNS preparation

Gold nanoparticles were chosen for this study based on the high density of gold
along with the ease by which AuNPs can be functionalised with biomolecules
(detailed in the Introduction section). These two properties make gold
nanoparticles one of the best candidates for SPRi signal enhancement, as SPRi
signal is directly proportional to the weight of the molecules attached to the
surface. Due to initial problems of stability of different AUNPs during the first trials
using SPRI, for this study we decided to employ the simplest and most stable
AuNP that we could subsequently functionalise with the proteins needed for the
RNA recognition. Spherical gold nanoparticles with a diameter of around 14 nm
(AUNS) were stabilised using a PEG-carboxylated coverage employing a
previously reported protocol with minimal modifications.'®” The AuNS were
prepared using a commonly employed protocol that utilises citrate as the reducing
agent, producing AuNS of 14+1 nm with a narrow size distribution (see Figure
20). After the synthesis AuNSs were coated with PEG chains with carboxyl end-
groups. The coated nanopatrticles showed excellent colloidal stability and no sign
of aggregation, even after many months of storage. The carboxylic groups of the
AuUNS surface not only provide a remarkable stability in the buffers employed for
SPRi sensing but also enabled the subsequent protein functionalisation (detailed
in subsequent section). The gold concentration of the AUNS was quantified by
ICP-AES and it can be correlated with its absorbance at 450 nm in order to
calculate its extinction coefficient, which resulted 11.3 mL-mg*-cm. Taking into
account the diameter of the AuNS, the density of gold (19.3 g/cm?) and assuming
a spherical shape it is possible to estimate the nanoparticle gold weight in

1.67x107 g/mol. It should be noted that the possibility and influence of employing
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different AuNPs from the AuNS described in this section for the same SPRi

application is investigated in Section 3.1.2.
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Figure 20. A) Transmission Electron Microscopy (TEM) image of AuNS, scale bar = 50
nm. D) Size distribution of AUNS measured from TEM images. Adapted with permission
from™”

3.1.1.2. AuNS direct functionalisation with Ab anti DNA/RNA

Our first approach consisted in the direct functionalisation of the AuNSs with the
antibody against DNA/RNA hybrids by covalent bonding. The antibody was
conjugated onto the AuNSs using EDC/sulfo-NHS commonly employed protocol
that permits the linkage between the carboxylic end-groups of the PEG with the
terminal amine groups of the proteins to form a covalent amide bond. As a proof
of concept of this strategy, and in order to understand the maximum number of
antibodies that could be linked per nanoparticle, we functionalised the AuNS with
antibody against horseradish peroxidase (HRP). The main advantage of this
model is that the functionalisation of the AuNPs with the antibody and its
functionality can be easily tested and quantified by a simple colorimetric reaction
catalysed by the HRP. By this way the AuNPs were functionalised with increasing
ratios of Ab:AuNPs, and incubated with HRP. After that, the unbound (not-

conjugated) HRP was discarded in the supernatant following centrifugation of the
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particles and the activity of the AuNP-bound HRP was monitored by colorimetric
reaction of ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)). The
HRP catalyse the reaction of ABTS with hydrogen peroxide producing a change
of colour in the ABTS that could be easily monitored by its absorbance at 420 nm.
By this approach it was possible to confirm that the anti-HRP antibodies maintain
their functionality and calculate the proper number of antibody per AuNS that
should be employed for further studies (see Figure 21). All the AuNS covalently
functionalised with the antibodies possessed a higher activity than the negative
controls (without HRP, without the antibody or just by adsorption of the antibody
to the AuNS surface without covalent bonding due to the absence of EDC during
the functionalisation). From the different AUNS:Ab ratios tested, the ratio 1:3.3
was the selected because it showed the best compromise between high activity

and quantity of antibody needed, as can be seen in Figure 21.
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Figure 21. HRP enzymatic activity of various AuNS functionalised with Ab against HRP
with increasing AuNS:Ab ratios (1:1, 1:2, 1:3.3 and 1:5) after incubation with HRP. Three
negative controls were also tested: the AuNS functionalised with the antibody but not
incubated with the HRP (HRP -), the AuNS without antibody (Ab -) and the AuNS linked
to the antibody just by adsorption of the antibody to the AuNS surface without covalent
bonding due to the absence of EDC during the functionalisation (EDC -). An increasing
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HRP activity can be observed due to the covalent bonding of the Ab and the increasing
ratio of Ab per AuNS.

Using this strategy, we functionalised in the same manner the AuNS with anti
DNA-RNA hybrid antibody and including as a positive control of the
functionalisation protocol the previously described anti-HRP antibody. However,
even in the parallel case of the anti-HRP linked to the AuNP, which retained its
activity, in the case of the AuUNPs functionalised with anti-DNA/RNA they were not
able to recognise the RNA/hybrid as demonstrated in the SPR sensogram in
Figure 22. In this experiment, it can be clearly seen how the Ab anti-DNA/RNA
alone was able to highly amplify the signal of the miRNA miR-103 while the AUNS
functionalised with the Ab anti-DNA/RNA were not able to amplify the signal
displaying similar small signal both for the sensing of miR-103 and the negative
control that has not been added of miR-572. We attributed this lack of activity to
a higher sensibility to denaturation of the anti-DNA/RNA during the
functionalisation protocol in comparison with the anti-HRP antibody or to a
different orientation of the antibody during the functionalisation caused by the
different isoelectric point of both antibodies. For this reason we tried an alternative

strategy, described in Section 3.1.1.3.
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Figure 22. SPRi sensogram of the activity of AUNS functionalised with the Ab anti
DNA/RNA hybrid (AUNS@ADb) and just the single Ab anti DNA/RNA hybrid (Ab) after the
injection of mMiIRNA miR-103 at 500 nM in the chip spots functionalised with DNA to detect
the miR-103 (red) or miR-572 (black) which was not injected. It can be clearly seen that
the single Ab anti DNA/RNA hybrid produced a high specific amplification of the signal
while the AUNS@ADb only displayed a low non-specific signal.

3.1.1.3. AuNS functionalisation with neutravidin

After the unsuccessful attempt to directly link the antibody to the AuNS surface
through a covalent amide bound, we proposed an alternative strategy based on
avidin/biotin interaction. This strategy consists of using AuNS functionalised with
neutravidin (AuNS@neutravidin) that interacts with anti-DNA/RNA hybrid Ab
previously functionalised with biotin. Subsequently, this bio-complex was utilised
to recognise the miRNA presented in the SPRi chip enhancing its SPR signal, as
previously described (Figure 19). In order to define the best approach to
guarantee a good neutravidin conjugation, but also to prevent a loss in the stability
of the AuNS, we optimised the protocol in order to define the best amount of
neutravidin required to functionalise each AuNS. Neutravidin was conjugated

onto the AuNPs using the previously described EDC/sulfo-NHS coupling strategy
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and the neutravidin conjugation was followed by gel electrophoresis and UV-vis
spectroscopy and TEM measurements (Figure 23). Among these approaches,
gel electrophoresis was mainly used to visually select 32 nM as final optimal
neutravidin concentration corresponding to the minimum amount of neutravidin to
obtain the functionalisation of all AUNS (i.e. no residual band related to non-
conjugated AuNS was visible).
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Figure 23. A) Gel agarose electrophoresis used to follow and optimise the conjugation
between neutravidin and AuNS with increasing ratio Neutrav/AuNS. The fourth line from
the left represent the reaction using 32 nM neutravidin as final concentration and it is the
best condition used for further experiments in this study. This condition was selected
because the amount of neutravidin used here was the minimum to guarantee the
functionalisation of all the AuNS (i.e. no residual bands related to non-conjugated AuNS
were visible in this line); B) UV-visible spectra of AuNS (black), AUNS covered by PEG
(red) and AuNS@Neutrav (i.e. AuNS+PEG+neutravidin) (blue) showing the small
displacement in the LSPR band. Adapted with permission from?’

In order to precisely quantify the neutravidin that was linked to the AuNS a non-
common radiolabelling technique employing iodine-125 radionuclide for protein
quantification was carried out.'88 Radio-labelling permits the precise quantification
of very low protein levels and is one of the few methods that can be used to
measure the amount of protein bound and unbound to the nanoparticles at the
same time.18 For this reason, radiolabelling is a very useful and reliable tool for

protein functionalisation of nanoparticles when you are able to easily separate the
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non-linked proteins from your nanoparticles. Radiolabelling of proteins with
iodine-125 is based on the use of chloramine T that acts at oxidising agent
catalysing the covalent binding of iodide to several amino acids of the proteins.
Before starting with the neutravidin quantification, we evaluated a separation
strategy utilising PD MiniTrap G-10 columns to separate unbound iodine-125 from
the proteins (see Figure 24). In this study, neutravidin, iodide and tyrosine were
passed through the column and eluted in the same conditions that would be
employed in the radiolabelling protocol. The eluted fractions of 1 mL were
collected and the concentration of each of these compounds was determined by
UV-Vis absorbance, showing that all the neutravidin appeared just in the first
elution fraction while the iodide and tyrosine appeared between the fourth and the
sixth elution fraction, demonstrating that the separation methodology was perfect
for our radiolabelling study as the not covalently linked iodide would remain

retained in the column.
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Figure 24. Elution profile of neutravidin (blue), iodide (red) and tyrosine (black) from a PD
MiniTrap G-10 column, collecting elution fractions of 1 mL and measuring the UV-Vis
absorbance of each compound.

After that the radiolabelling protocol of neutravidin was performed and the
functionalisation of the AuNS with the neutravidin-1*?> was carried out, measuring
the gamma emission of both the AuNPs and the supernatants as an internal

control and compared with gamma emission of the original amount of neutravidin-
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1125 employed for the functionalisation. The selected concentration of neutravidin
was functionalised employing EDC/sulfo-NHS linkage and compared with a non-
covalent absorption control performed in the same conditions but without EDC.
Coupling the theoretical average weight of the AuNS (1.67x107 g-mol!) with data
acquired by means of ICP-AES and by radio-labelling protein determination using
iodine-125 radionuclide made it possible to quantify the number of neutravidin
molecules attached to each nanoparticle (see Table 1 for details). Surprisingly,
1.60+0.25 neutravidin molecules per AuNSs were linked in the case of non-
covalent adsorption, probably due to unspecific adsorption of the proteins to the
AuUNS surface. However, the results showed that a mean of 2.58+0.19 neutravidin
molecules per AuUNS were conjugated in the case of EDC/NHS covalent coupling
thus demonstrating the utility of covalent conjugation, which was employed in all
the subsequent experiments.

Table 1. Radiolabeling results related to the quantification of neutravidin molecules
conjugated on average on single AUNS.”’

Neutravidin
- AuNS used | linked to
Neutravidin |
used in the Irr(l.atlrc]teion ?gr:\:ﬁfingiion SD Neutravidin Neutravidi | SD
reaction mix mix (calc byg (n=3) |linked (pmol) | n/AuNS (n=3)
(pmol) (pmol) Gamma
emission)
Neutravidin + o
AUNS (+EDC) 7.82% 0.58 3.65 2.58 0.19
Neutravidin +
AuUNS 46.7 1.42
(-EDC) 4.84 % 0.76 | 2.26 1.60 0.25
(non-
covalent
absorption)

3.1.1.4. Interaction of AuNS@neutrav with the Ab anti DNA/RNA
and their enhancing efficiency for miRNA detection

After the unsuccessful direct covalent functionalisation attempt described in
Section 3.1.1.3 and taking into account the importance of using a robust and

controlled procedure for the production of the nanoenhancer,®® before
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functionalising the AUNS@Neutrav with the biotinylated anti-DNA/RNA antibody,
several Ab:biotin molar ratios (1.5, 1:25, 1:50 and 1.75) were tested taking into
account a biotinylation reaction yield of around 10 % according to protocol
suggested by manufacturer. This test was done in order to compare the activity
of the original Ab and with that of the differently biotinylated Abs injected
immediately after the injection of a high concentration of miRNA (500 nM) and
determine signals at equilibrium binding conditions (Figure 25a). As expected,
increasing the biotinylation molar ratio led to a progressive reduction in Ab activity

due to the chemical modification of the antigen-binding site (Figure 25a).
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Figure 25. A) Biotinylated Ab activity tests. The sensograms relates the activity of the
original Ab and the differently biotinylated antibodies (Ab:biotin molar ratios 1:5, 1:25,
1:50, and 1:75) injected (5 nM, 500 pL, 10 pL ml-1) after the injection of miR-223 (500
nM, 500 pL, 10 pL min-1) (not shown). B) Enhancement test (see Figure 26 for larger
graphs). The sensogram relates the injection of AUNS@Neutrav (0.25 O.D. at Abs. A 524
nm) mixed with 5 nM of the original Ab and the differently biotinylated antibodies (Ab:biotin
molar ratios 1:5, 1:25, 1:50, 1:75) (800 pL, 10 pL min-1) after the injection of 1 nM of
miRNA 223 "(1)" (500 pL, 50 pL/min). Each Ab+AuNS injection, was followed by a
dissociation phase (running buffer "(2)") and chip regeneration phase (double injection of
NaOH 50 mM "“(3)"). The signal in A and B are the average of three spots after the
subtraction of the signals from the negative references (PolyA sequences) spotted in
parallel on the same chip. Both sensograms also show the signal related to miR-159 (not
injected).
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On the other hand, Figure 25B and Figure 26 show the results when the different
Abs were mixed with AUNS@Neutrav and injected in the SPRi machine after the
injection of a low concentration of mMiIRNA (1 nM). This experiment was carried out
with the aim of selecting the optimal Ab:biotin molar ratio and verifying the best
conditions for SPRi enhancement. The biotinylated Abs mixed with
AuNS@Neutrav greatly enhanced SPRi, thus confirming AuNS@Neutrav
functionalisation, neutravidin activity and Ab coupling. The SPRi signal
progressively increased when moving from the non-biotinylated Ab (Ab:biotin
molar ratio 1:0) to a ratio of 1:25 biotinylated antibodies, which led to
approximately 900-fold enhancement (compared to non-enhanced SPRi miRNA
detection), and began to decrease when the higher ratios of 1:50 and 1:75 were
used. All of these experiments were carried out with a sequence of miRNA miR-
223 that specifically bound DNA with the complementary sequence linked to the
chip and compared with a negative control that consisted of a DNA sequence
against a miRNA that was not injected, showing a very sequence-specific SPRi
response in all the cases. As shown in Figure 26, the AUNS@Neutrav alone did
not show any significant signal arising from non-specific interactions between the
AuNS@Neutrav and the SPRi chip surface. In the same experiment, it can be
seen that the original non-biotinylated Abs used alone showed similar
enhancement to that observed when the AUNS@Neutrav were mixed with non-
biotinylated Abs (19-fold and 17-fold, respectively). This suggests that the non-
biotinylated Abs do not spontaneously bind AuNS@Neutrav and that their
combination does not lead to any significant additional signal due to non-specific
interactions. It is finally worth noting that in these experiments and all of the further
experiments involving model or real samples, the mixture of AuUNS@Neutrav/Ab
used as only enhancing reagent was stable for days without any further

purification if stored at 4°C.
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Figure 26. Enhancement derived by AUNS@Neutrav and Ab only. For each panel the
injection of miR-223 (1nM, 500 pL, 50 pL/min) is followed by the injection of
AuNS@Neutrav alone (0.25 O.D. at Abs. A 524nm) and anti-DNA/RNA Ab 5 nM or
AuNS@Neutrav mixed with differently biotinylated antibodies (ab:biotin molar ratios 1:5,
1:25, 1:50, 1:75) 5 nM (800 pL, 10 pL/min). All the signals were corrected by subtracting
the corresponding negative control reference signals (PolyA). For each panel a negative
control miRNA spot (miR-159) was also reported as additional negative control signal.””
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As previously described, the 1:25 ratio of biotinylated antibodies give the better
response while increasing the amount of biotins produced a decrease in the SPRIi
signal. In order to clarify these data and to determine the number of Abs
effectively linked to the AUNS@Neutrav, radio-labelling experiments were also
used to understand the importance of Ab biotinylation, (Figure 27C). They were
performed similarly to the methodology employed in Section 3.1.1.3 but in this
case radio-labelling the antibodies instead of the neutravidin, the gamma
emissions produced by antibodies was quantified after AuNS@Neutrav
interaction. By this way the number of linked Ab can be easily calculated (see
more details in Materials and methods section and Table 2). The result
confirmed that, under our experimental conditions and considering all the
biotinylation ratios tested, the number of biotinylated Abs linked to each
AuNS@Neutrav are between 0.7 to 4.1 and this is compatible with the number of
biotin-binding sites provided neutravidin molecules immobilised on the
nanoparticles (i.e. 2.58 neutravidin molecules/AuNS multiplied by maximum four
neutravidin binding sites = a maximum of ~10 Abs/AuNS@Neutrav). More in
details, AUNS@Neutrav conjugated with 1.5 biotinylated antibodies were linked
with less than one Ab (0.73); the most active AuNS@Neutrav (i.e. those
conjugated with an Ab:biotin ratio of 1:25) were linked with an average of 1.9 Abs,
whereas the less active AUNS@Neutrav conjugated with more biotinylated Abs
(i.e. at molar ratios of 1:50 and 1:75) were linked with respectively 2.4 and 4.1
Abs. These numbers are also close to the number of biotins supposed to be
covalently bound to each Ab considering the biotinylation reaction yield of around
10 % as claimed by manufacturer (i.e. 0.5, 2.5, 5, 7.5 biotin/Ab for 1:5, 1:25, 1:50
and 1:75 molar ratio respectively). As the enhancement factor did not linearly
correlate with Ab activity or the number of immobilised Abs (see Figure 27),
different biotinylation ratios may not only affect Ab activity and functionalisation
efficiency but also the orientation of the immobilised Abs. When taking into
account these data with the previously described studies of the activity of the

biotinylated antibodies alone and together with the AUNS@neutrav (Figure 27),
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it can clearly be seen that the AuUNS@Neutrav linked with high biotin content Abs
were less active due to Ab damage, wrong Ab orientation or steric hindrance. In
addition the best results were obtained with intermediate biotin ratios because a
high biotinylated ratio produced non-functional antibodies and with low
biotinylated ratio the antibodies did not link to the particles. These experiments
demonstrate that for the preparation of active nanoparticles-Ab conjugates it is
required proper screening, control and optimisation steps, as previously

described.190
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Figure 27. A) Activity of Abs functionalised with increasing amounts of biotin; the SPRIi
signals were normalised using a non-biotinylated Ab as the reference (100 %). B) SPRi
enhancement induced by the original Ab, the AUNS@Neutrav, and the AUNS@Neutrav
conjugated with differently biotinylated Abs; enhancement was calculated by dividing the
SPRi signals produced by the Ab+AuNS@Neutrav by those produced by 1 nM of miR-
223 alone injected before the Ab+AuNS@Neutrav. See the sensograms in Figure 26 for
the enhancement produced by the AUNS@Neutrav and the original Ab alone. C) Results
of the radio-labelling experiments; the values refer to the average number of Abs linked
to each AUNS@Neutrav (see Table 2 for details). Adapted with permission from™.
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Table 2. Radiolabelling results related to the quantification of Ab anti DNA/RNA hybrid
molecules conjugated on average on single AUNS@Neutrav depending on the Ab
biotinylation degree.””

% Ab linked to
Ab used in |AuNS@Neutrav :\thj(le\lrS@Neutrav igtlo
the reaction |used in the . . SD Ab linked | SD
) . . centrifugation _ :AuNS |7~
mix reaction mix (n=3) |(pmol) (n=3)
(pmol) (pmol) (calc. by G
Gamma rav
emission)
Antibody
?:ég:t'?vz 4.81 030 [0.14 032 [0.02
control)
Ab 4.18 0.46 0.13 0.28 0.03
(Al?é*)?'o“” 3.00 0.45 10.84 043 [0.33 073 |0.03
(Al?;_g')o“” 28.94 053 [0.87 1.94 |0.04
(Alt_’é%')o“” 35.54 0.44 |1.07 239 |0.03
'(“1‘3_’;2')0“” 60.73 1.98 |1.82 408 [0.13

3.1.1.5. Analytical performance of miRNA detection

As previously stated, the specificity of the signal produced by the
Ab+AuNS@Neutrav can be seen in the sensogram (Figure 27a) and the chip
CCD differential image (Figure 28a), neither of which shows any significant signal
related to the chip surface or negative control spots. Two different negative
controls (a PolyA sequence used as a blank for the surrounding spot and a
specific recognition sequence of the miRNA miR-159 without the injection of this
mMiR-159 used as a negative control) were employed to ensure the specificity of
the system and in any of them could be observed any remarkable signal. The
interaction between the Ab+AuNS@Neutrav and the SPRi chip was also
investigated by SEM at the end of an enhancement experiment without the

regeneration steps normally used to remove interacting/adsorbed molecules.
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Figure 28. SPRi chip images. a) CCD differential image (reflectivity variation) of the SPRi
chip acquired during Ab+AuNS@Neutrav-enhanced detection of four different miRNAs
[100 pM]; the PolyA spots were used as references for each miRNA family, miR-159 was
used as negative control. The two letters indicate the chip positions visualised by means
of SEM (panels below). b) SEM image of the positive spot showing AUNS@Neutrav
adsorbed on miR-223:DNA probe hybrids. ¢) SEM image of one negative spot relating to
miR-159, which was not injected in this experiment. Scale bar = 400 nm (200000x). The
two regions indicated by the dashed lines are magnified in the boxes enclosed by the
solid lines (scale bar = 50 nm (450000x)).7”
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As shown in Figure 28b and Figure 28c, the positive spots are covered by
nanoparticles of the expected size and probably clustered in correspondence with
the presence of SH-DNA/MIRNAs hybrids; the negative spots do not show any
significant interactions and an absence of AuNS on their surface, demonstrating
the specificity of the miRNA detection by this strategy. It should be taken into
account that both cases have been incubated with the same miRNA solution and
the same AUNS@Neutrav-Ab solution and this almost perfect specificity is clearly

controlled just by the initial DNA sequence linked to the surface of the chip.

In order to evaluate the enhancing properties and dynamic range of the proposed
method, two mMiRNAs (miR-422 and miR-223) injected in a wide range of
concentrations were detected without enhancement, using only the Ab or using
the Ab+AuNS@Neutrav. Figure 29 shows all of the calibration curves, which
demonstrate the improvement in detection when using the two enhancing
strategies. The dynamic ranges of the three approaches were from about 1 nM to
>500 nM for direct detection (1x), from about 50 pM to 100 nM (20x enhancement)
for Ab-enhanced detection, and from about 0.5 pM to 1 nM (1000-2000x

enhancement) for Ab+AuNS@Neutrav-enhanced detection.
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Figure 29. Calibration curves of the detection of miR-422 and miR-223 by means of
standard SPRi (blue and red), Ab-enhanced SPRi (jade and orange) and Ab+AuNS-
enhanced SPRi (grey and violet) showing the dynamic range and the amplification
improvement thanks to the employment of AUNS@Neutrav-Ab.””

The sensitivity and the multiplexing capacities of the proposed method were
tested by the simultaneous detection of four miRNAs that have been suggested
as potential multiple sclerosis biomarkers (miR-422, miR-223, miR-126, and miR-
23a).191-194 These miRNAs were mixed, serially diluted (1:2.5) in running buffer
from 0.16 pM to 100 pM, injected in the SPRi instrument, and then detected using
Ab+AuNS@Neutrav as a single enhancing reagent at the same time for all the
seguences. Most of the binding curves (Figure 30a) were clearly separated from
noise and their maximum values were plotted using a log-log scale for each
mMiRNA (Figure 30b). The data can be interpolated linearly through most of the
tested concentrations, and the linear equation was used to calculate the limit of

detection (LOD: the average of three replicated blank injections + 3 SD) for each
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mMiRNA: 0.55 pM for miR-422, 0.88 pM for miR-223, 1.19 pM for miR-126, and
1.79 pM for miR 23a. The amounts of detectable miRNA given the 500 pL of
injected volume are therefore between 275 and 890 attomoles. These data show
that the developed universal enhancement strategy does not seem to be much
affected by different sequences as the four calibration curves reside in similar
SPRi signals intensity ranges. This is in line with the findings of a previous
fluorescence microarray-based study that used an anti-DNA/RNA Ab to analyse

small RNA expression.1%
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Figure 30. a) Single sensograms related to the enhancing steps for the detection of
increasing amount of different miRNAs, performed to define the calibration curves and
related to the injection of increasing concentration of miRNAs (500puL, 10 pL/min) each
one followed by the injection of Ab+AuNS@Neutrav (800 pL, 10 pL/min) and by the
injection of NaOH 50 mM (50 pL, 100 pL/min). All the signals were corrected by
subtracting the corresponding negative control reference signals (PolyA). b) Calibration
curves of all of the studied miRNA families plotted using a log-log scale and fitted linearly.
The LOD values shown were calculated as the blank (0 pM signal + 3 SDs). Fitting curve
parameters of miR-23a, miR-126, miR-223 and miR-442, respectively: Y Intercept (-
1.33194, -1.42948, -0.81673 and -1.14085) and Slope (1.0689, 1.0482, 0.9225, 0.9096).
Adapted with permission from.””
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3.1.1.6. Analysis of miRNA mutation detection

In parallel, the sequence selectivity, necessary in case of mutated miRNA or
MiRNA isomers detection, was tested by our collaborators Dr. Renzo Vanna and
Andrea Sguassero by comparing the SPRi signal obtained after injecting wild-
type (WT) miR-23a and miR-23a carrying one or three mutations (Figure 31,
Table 6). These experiments were conducted using different analyte
concentration according to the sensitivity range of the three different signal
detection approaches: non-enhanced SPRi (miRNA injected at 100 nM), Ab-
enhanced SPRi (miRNA injected at 1 nM) and Ab+AuNS@Neutrav-enhanced
SPRi (miRNA injected at 100 pM). As shown in Figure 31, the use of both Ab and
Ab+AuNS increased the selectivity of the SPRi biosensor. When detecting a
target with three mutated bases the Ab+AuNS enhancer produced only the 13 %
of signal if compared with the signal related to the WT target. In the case of the
miR-23a carrying a single mutation, SPRi alone was unable to distinguish it (i.e.
96 % of response signal in comparison with the wild-type sequence), Ab still
produced 77 % of the signal but the use of Ab+AuNS@Neutrav reduced the
sensor response to 52 %. This demonstrates that Ab, but especially the
developed AuNS linked to the Ab enhancement, easily allow recognition of the
mutated sequence probably because of the three-dimensional changes arising

from the base-base mismatch.
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Figure 31. Sequence selectivity. Columns represent the strength of the SPRi signals
corresponding to the detection of non-mutated (WT) (100 %) miR-23a, and miR-23a
carrying one or three mutations. The three variants were detected by means of non-
enhanced SPRi (after injecting miR-23a 100 nM), Ab-enhanced SPRi (after injecting miR-
23a 1 nM) and Ab+AuNS@Neutrav-enhanced SPRi (after injecting miR-23a 100 pM) in
separate experiments.”’

3.1.1.7. Analysis of miRNA from human serum

In order to test our approach in a clinical relevant environment, our collaborators
Dr. Renzo Vanna and Andrea Sguassero used total RNA extracted from serum
samples taken from three healthy control subjects, which were processed as is
usually done in pre-clinical research laboratories before RT-PCR
guantification.’®31% Total RNA samples were isolated from serum using a
commercial extraction kit, diluted in 500 pL of running buffer, and directly injected
into the instrument, followed by the Ab+AuNS@Neutrav. All three samples were
automatically and consecutively injected onto the SPRi chip, which had been
previously used to define the calibration curves. The four studied miRNAs (miR-
422, miR-223, miR-126, and miR-23a), selected because they have previously
associated with MS, were then detected and quantified (Figure 32a). These data

show the varied contents of miRNAs in different samples, as expected and
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reported in literature, and show that, at least for these four selected miRNAs, the
proposed approach is adequate for the realistic dynamic range for clinical
purposes. A parallel quantification by RT-PCR was carried out by our
collaborators from Dr. Aija Liné research group thus demonstrating a good
agreement between the data obtained by the proposed SPRi approach and
demonstrating that the total RNA complex sample does not interfere the SPRI
measurement (Figure 32b). It is noteworthy that RT-PCR was unable to detect
miR-422 in Sample 1, most probably due to a very low concentration in the real
sample. On the other hand, our experiments aim to confirm that multiple miRNA
can be detected starting from complex samples and passing through standard
sample preparation followed by a very simple detection approach.
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Figure 32. Tests on complex samples. a) Total RNA extracted from serum samples taken
from three healthy control subjects were analysed by SPRi. The concentrations of four
different miRNAs (miR-223, miR-126, miR-23a, and miR-422) were calculated on the
basis of the calibration curves shown in Figure 28 and were corrected (1:0.687 dilution
factor) considering that the RNA extracted from 800 pL of serum was then suspended in
a final volume of 550 pL; 500 pL of those were injected (10 pL min-1) followed by 800 pL
Ab+AuNS@Neutrav (10 pL min-1). b) Comparison between the new proposed method
and miRNA quantification by RT-PCR. The same sample of total RNA extracted from
serum (Sample 1) was used as starting material for both quantifications. The relative
signal intensity was based on the expression ratio between the four miRNA and miR-223.
For SPRi results were used the quantities and the standard deviation reported in a. For
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the RT-PCR results relative expression fold between each miRNA and miR-223 were
used.””

In conclusion, thanks to the careful control of the AuNS functionalisation
methodology, the developed strategy shows good signal specificity, high SPRi
amplification and permits discrimination of wild type, single- and triple-mutated
seguences much better than non-enhanced SPRi. The method also functions for
real samples based on total RNA extracted from blood. Consequently, these
results confirm that this approach can provide the possibility of detecting a
(theoretically unlimited) number of miRNAs using a simple protocol and an easily
prepared enhancing reagent, and may further facilitate the development of
affordable multiplexing miRNA screening for clinical purposes.

3.1.2. Influence of AuNPs shape, size and functionalisation
methodology in SPRi detection of miRNA

After developing the strategy of a universal SPR enhancer based on gold
nanoparticles capable of simultaneously detecting multiple mMiRNAs with
sensitivity below pM by a simple approach as previously described in section
3.1.1, the lack of information in the literature about the importance of the gold
nanoparticle properties and the functionalisation strategy enhanced our curiosity

to obtain a deeper understanding of these key technical elements.

Among all the described enhancing strategies for SPR sensing, AuNP have
proven to provide good amplification to the SPR detection signal,’®” a high
stability?® and the ease by which biomolecules can be conjugated to their surface
(“biofunctionalisation”),® making them a recurrently attractive option. Numerous
synthetic strategies can be used to obtain almost any shape and size of AUNP.*°
Although the use of AuNP in SPR biosensors is now routine, only a few
publications have focused on understanding how physicochemical properties
AuNP affect their efficiency as SPR signal nano-enhancers and some results are
contradictory. Mitchell et al. reported that no significant different enhancement

was revealed by using AuNP with different size ranging from 25 to 50 nm®® but
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the exact concentration or number of colloids used is not evident from the
reported results. A study by Uludag et al. reported that 40 nm AuNP produce
higher sensor responses and higher sensitivity (LOD around 8-fold lower) if
compared with 20 nm AuNP.%*® In that study, the same exact concentration of
nanoparticles was employed and this means that, the higher volume and mass of
gold nanoparticles produced higher signal.

Only recently, Springer and colleagues made an important contribution in this
field, describing theoretically and experimentally that the sensor response
enhancement is dependent by sensor sensitivity, by AuNP surface density and
by the ability of the AuNP to bind to sensor surface, and dependent on the size of
the AuNP.2% This particular study evaluated five different sizes of colloid (10, 15,
21, 33, 52 nm) and, aiming to present a theoretical model, it has been performed
at the equilibrium state. This configuration required to pre-optimise the
concentration of each AUNP and to perform enhancer injections with duration up
to 20 hours. However, this experimental setting is not useful for the diagnostic
applications due to its long duration. For this reason the evaluation of AuNP
enhancement in experimental conditions that could be transferred to diagnostic
clinic is still necessary. Furthermore, previous studies comparing different AUNP
as SPR enhancer did not attempt to compare their enhancement properties by
keeping constant both the total amount of gold injected and the theoretical amount
of molecular probes immobilised on them (e.g. proteins and antibodies able to

recognise the analyte pre-immobilised on the chip surface).

In parallel, if studies focused on the effect of AUNP size are rare, then there are
fewer still which attempt to understand the influence of nanoparticle shape on
SPR response. The study by Kwon et al. compared three different AUNP shapes
(quasi-spherical, cages and nanorods), showing behaviors and responses
completely different depending on the shape employed.?°* The study by Mariani
et al. investigates the enhancement of SPR response by using silica spheres,

gold spheres and silver prisms. They reported relative large different
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enhancement properties between the three different nanoenhancers but that
large part of variations was due different plasmonic effects related to their
chemical composition (i.e silica, gold, silver).?%2 Therefore, the shape of different

AuUNP has been scarcely studied in relation to enhancement properties.
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Figure 33. Molecular strategies employed for the miRNA recognition and detection,
combining the three types of nanoparticles (small-size gold nanospheres (S-AuNS), big-
size gold nanospheres (B-AuNS) and gold nanoprisms (AuNPr)) with the two different
proteins (neutravidin and protein A) as linker for antibody (Ab) conjugation. In particular,
an Ab against DNA/RNA hybrids is used here to recognise the adsorption of miRNA
(analytes) bound to specific DNA (probes) previously spotted on the SPRi chip. This
antibody needs to be pre-functionalised with biotin (Ab anti RNA/DNA hybrid@biotin) to
be recognised by the neutravidin while it is not needed in the case of the protein A (Ab
anti RNA/DNA hybrid).

For all these reasons, the aim of this portion of the research was to evaluate the
performance of spherical gold nanoparticles with different sizes and also

triangular nanoprisms, along with two different approaches (neutravidin and
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protein A) used to conjugate them with a specific Ab for miRNA detection, as SPR
nanoenhancers (see Figure 33). In particular, in order to reduce the complexity
of the study and of the emerging results, here we set as starting point: 1) the use
of gold nanoparticles only; 2) the injection of the exact amount of gold
nanoparticles (as total mass and not as number of particles); 3) the use of
nanoparticle theoretically conjugated with the same amount of active probes and
4) the use of standard experimental procedures normally used for the validation
of new diagnostic approaches (i.e reasonable experiment duration, type of

chemistry, simple protocols).

3.1.2.1. Preparation and characterisation of AUNP

The SPRi nanoenhancing properties of different sizes of gold nanospheres were
evaluated: small-size gold nanospheres of 14 nm (S-AuNS), big-size gold
nanospheres of 37 nm (B-AuNS), and triangular gold nanoprisms of 183 nm
(AuNPr) (Figure 34). Furthermore, gold nanoprisms were chosen due to their
planar shape. Although different shapes of AuNP have been compared
previously,?%! as far as we know, a planar nanoparticle shape has never been
compared with a spherical one and we postulated that the planar nature of the
nanoprism would provide better surface coverage and improved interaction with

the chip, therefore increasing the signal and sensitivity of the system.
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Figure 34. a) UV-Vis spectroscopy of gold nanoparticles showing how the LSPR band
varies with shape; b) Representative TEM (S-AuNS; B-AuNS) or SEM (AuNPr) imaging
of the three nanoparticles: spheres of 14+3 nm (S-AuNS), spheres of 379 nm (B-AuNS)
and triangular prisms of 183+47 nm (AuNPr) and c) Size-dispersion histogram each of the
nanoparticles using diameters obtained from TEM or SEM images.

S-AuNS and B-AuNS were synthesised using the well-established Frens-citrate
methodology changing only a few parameters during the synthesis. Concretely,
for small 14 nm nanospheres (S-AuNS) a concentration of 2.5 times of sodium
citrate was employed compared with big 37 nm nanospheres (B-AuNS). By
employing the same methodology for both gold nanospheres, we ensured that
the components on their surface were similar and that the nanoparticles are

comparable during all the study. In Figure 34, both nanoparticles show a similar
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UV-Vis spectrum because they have the same shape, with a narrow Localised
Surface Plasmon resonance (LSPR) peak at 522 nm for the S-AuNS and 532 nm
for the B-AuNS, which is indicative of a low polydispersity (subsequently
confirmed by TEM measurements). The diameters of both gold nanospheres
were measured from TEM or SEM images showing a diameter of 14+3 nm for the
S-AuNS and of 37£9 nm for the B-AuNS, confirming the low polydispersity of both
nanospheres. The mass of both nanoparticles was also calculated by employing
the diameter obtained from the TEM images, assuming a complete sphere shape
and the density of gold (19.3-g-cm3), obtaining a mean weight of 1.67x10” g-mol-
! for S-AuNS and 3.08x10% g-mol! for B-AuNS. The concentration of gold
nanoparticles was measured by ICP-AES and correlated with the UV-Vis
absorbance in order to ensure the proper concentration in gold mass for each

study step.

Triangular gold nanoprisms (AuNPr) were synthesised employing a previously
reported methodology.®* The main advantage of this strategy consists in the
avoidance of the toxic surfactant CTAB, commonly employed in the synthesis of
anisotropic AUNP and that could affect the subsequent protein stability. However,
pseudo-spherical gold nanoparticles that are formed as a by-product of the
synthesis must be removed from the AuNPr solution. Separation by gel
electrophoresis was used for nanoparticle separation.?®2% Purification of AUNPr
was carried out employing gels with high concentration of agarose allowing the
pseudo-spherical gold nanoparticles to enter on the gel, while larger triangular
gold nanoprisms remain in the well due to their higher size (see Figure 35). In
this way, it was possible to easily recover them completely pure from the well,
improving considerably the efficiency and the time employed with this
methodology. After the purification, AuNPr were almost completely free of
nanospheres and showed a size of 183+47 nm as can be seenin Figure 34. Their
mean weight was also calculated assuming that they had a regular triangular

prism shape with a height of 9 nm, resulting in a nanoparticle mass of 1.59x10°
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g-molt. In order to increase their stability and to permit the subsequent
functionalisation of the AuNP with the protein of interest, the three types of
nanoparticles were covered with polyethylene-glycol. These polyethylene-glycol
molecules are anchored to the gold surface by thiol groups and possess a
carboxylic-end group that allows the covalent linking of proteins by an amide

group to the AuNP surfaces.
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Figure 35. AuNPr purification methodology. In the top a scheme of the methodology
employed to purify the nanoprisms consisting in running an electrophoresis with high
concentration of agarose and recovering the nanoprisms (green) form the well. In the
bottom graph could be seen the UV-Vis spectra of the recovered nanoprisms depending
on the electrophoresis parameters employed, showing a clear diminution of the
absorbance peak around 540 nm, proportional to the nanosphere presence.
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3.1.2.2. Exploring the influence of functionalisation strategy,
size and shape of NP on SPR enhancement properties
In order to study the SPR signal enhancement associated to the detection of
mMiRNA as analyte of interest, AUNP were conjugated with an Ab able to
specifically recognise the RNA/DNA hybrid forming on the chip surface previously
functionalised with specific DNA probes. Although a direct covalently linkage of
the Ab to the AuNPs PEG surface was also tried and reported in the previous
section, this Ab lost its function during the functionalisation due to a lower stability
compared with other antibodies. Each of the three types of AUNP was conjugated
with the anti-DNA/RNA Ab by using protein A or neutravidin to evaluate which of
these two protein-derived strategies gives better signal enhancement and was
more appropriate for the nanoparticle comparison (Figure 36). Neutravidin is a
protein from the avidin family that links specifically to biotin. Neutravidin/avidin
strategy offers an extraordinary binding affinity (Kq ~1x107%5 M),2%4 but requires
antibody functionalisation with biotin prior to their interaction with the neutravidin-
AuNP complexes. On the other hand, the protein A strategy offers a lower binding
strength (Kq ~1x1071° M)2% but permits simpler protocols because it does not
require the biotinylation of the target antibody, avoiding the risk of partially

deactivating the antibody, as was previously reported (see Figure 27).

In order to properly compare these two strategies, the same amount of proteins
(neutravidin or protein A) per AUNP surface unit was maintained for each of the
three nanoparticles during the functionalisation process (see Table 3). The
employed ratio of 2.57x10-14 pmol of proteins-nm-2 had been optimised previously
for the neutravidin/biotin strategy with gold nanospheres (see Section 3.1.1.1).
In a similar manner, in the experiments described herein, the same concentration
of gold (12.42 pg-mL?) was injected when comparing the three different
nanoparticles in order to evaluate the influence of conjugation strategy, shape
and plasmon properties, and trying to keep constant the amount of gold and the

amount of active probes theoretically immobilised on the nanoparticles. To test
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the conjugation strategy, neutravidin and protein A were bonded covalently to

nanoparticles using EDC/NHS reaction and characterised by agarose gel

electrophoresis. Figure 36 show how the increasing number of protein molecules

on their surface decreases the mobility of AUNP in the gel due to the higher size

of the complex, indicating that the protein is linked to the AuNP surface in all the

cases.

Table 3. Properties, functionalisation details and SPR experimental conditions related to

each of the AuNPs used in the study.

S-AUNS 14 nm | B-AUNS 37 nm  AuNPr 183 nm

AuNPs properties

Size (nm) 14 37 183
LSPR wavelength (nm) 522 532 1000
Extlnctlc_)n co?fflment at 450 nm 113 11.2 115
(mL-mg*-cm?)

Mean weight (g/mol) 1.67x107 3.08x108 1.52x10°
Surface Area (nm?) 1.09x10%% 5.06x10% 6.59x107
Functionalisation details

Quar?tlty A_uN.Ps used for the 49 60 50
functionalisation (ug)

Quantity AuNPs (pmol) 2.93 0.20 0.03
Protein (neutravidin or Protein A) added 28 13 17
(pmaol)

Ratio Protein/ Au mass (pmol/ug gold) 0.57 0.22 0.34
Ratio Protein/ AuNP (pmol/pmol) 9.6 66.6 514.0
Ratio Protein/Surface (pmol/nm?) 2.57x107 2.57x107 2.57x107
SPR experiments

Concentration of NPs injected 12.42 12.42 12.42
(Hg/mL)

Concentration of NPs injected 074 0.04 001
(nM)

Concentration of NPs injected 4.5¢1011 2 AX1010 4.9x10°
(NP/mI)

Concentration of NPs injected 0.150 0.137 0.68
(0.D)) (A=450nm) (A=450nm) (A=1000nm)

76



After the functionalisation, each neutravidin or protein A-functionalised AuUNP was
conjugated with the biotinylated or free antibody, respectively. The neutravidin
strategy, used to conjugate S-AuNS to the anti-DNA/RNA Ab, produced the best
enhancement (i.e. 22-fold the SPR signal derived by the Ab alone used as
enhancer) (see Figure 36). In contrast, the protein A strategy yielded a 15-fold
enhancement. In the case of B-AuNP, neutravidin also provided even better
results (i.e. 24-fold the SPR signal derived by the Ab alone) compared with the
protein A strategy which did not offer any significant enhancement (i.e. 1.2-fold
enhancement). The lack of activity of protein A strategy when coupled with B-
AuNP (37 nm) cannot be easily explained by the sole increase of size of colloids.
In theory the difference between the surfaces of these two nanoparticles should
not compromise the functionalisation of protein A. On the other hand, a possible
explanation of both the lower enhancement of protein A when coupled with S-
AuUNS and the lack of enhancement when coupled with B-AuNS is the lower
affinity strength of Protein A if compared with neutravidin/biotin one, which is
around 1x105-fold stronger. Starting from this consideration, it may happen that
the stability of the target/Ab/protein A/NP complex is less stable than the
target/Ab/neutravidin/NP complex. In particular, this could be more evident for B-
AuUNS considering their much higher molecular mass, around 18-fold heavier if

compared with S-AuNS.
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Figure 36. Gel electrophoresis mobility reduction of 14 nm AuNS (S-AuNS) (a), 37 nm
AuUNS (B-AuNS) (b) and 183 nm AuNPr (c) functionalised with increasing ratios of
neutravidin, confirming the protein functionalisation. d) SPR enhancement for the
detection of miR223 (1 nM) produced by each functionalisation strategy. The relative
enhancement was calculated comparing the NP-derived enhancement with the
enhancement derived by the injection of the Ab alone (5 nM) as a reference. All signals
are corrected by subtracting signals from the negative references (PolyA sequences)
spotted in parallel on the same chip.
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At the same time, triangular gold nanoprisms (AuNPr) showed a low
enhancement (i.e. three-fold compared with Ab alone, Figure 36) with either
approach. This surprising low enhancement derived by the use of nanoprisms is
again not simply justified by a lack of SPR enhancement of gold nanoprisms. The
main reason of the reported low enhancement results from high non-specific
adsorption on negative control spots as showed in Figure 37. The high planar
surface area of these AUNPr could be responsible for this observation due to their
flat shape and the high surface of interaction with the chip. At the same time, the
density of AUNPr adsorbed on the SPR chip, as measured by SEM analysis, is
similar for both positive and negative spots (i.e. 0.7 and 0.5 NP/um?, respectively)
and more than 40 times lower if compared with density of gold nanospheres
adsorbed on the chip after similar experiments (see the next paragraph). This
means that gold nanoprisms did not efficiently interact with the chip surface. Also
in this case, one limiting factor could be the very high molecular mass of 183 nm
nanoprisms (around 90-fold heavier if compared with S-AuNS) that could limit and
destabilise the formation of the molecular complex between the target on the
surface (DNA/mMiRNA duplex), the Ab and the nanoparticle (AuNPr). Finally,
another influencing factor here is the kinetics of relatively large AuNPr that may

require a longer injection time to reach maximum SPR response.

Even if very long injection and/or other approaches can be utilised to optimise
colloidal stability and to facilitate their compatibility with SPR experiments, such
considerations are beyond the scope of this doctoral thesis. On the contrary, here
we aimed to verify and to test the feasibility of using different gold nanoparticles
as potential SPR signal enhancer by using as driving criteria reliability,
reproducibility and practicality. For this reason, the rest of our study focused on
understanding the dependence of the size of AUNS in the SPRi enhancement

excluding further detailed investigation of AuNPr.
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Poly A miR 223

Figure 37. SEM image of the surface of the chips (left, spot functionalised with PolyA
used as negative reference spot; right, spot functionalised with miR-223 probes) where is
possible to see the unspecific adsorption of AUNPr to the chip surface.

3.1.2.3. Detailed comparison of the enhancement of small and
big nanospheres
In order to evaluate the enhancement properties of selected NP and to verify the
specificity of the studied interactions, we evaluated the SPR response resulting
by the use of both small-size (S-AuNS) and big-size (B-AuNS) NP for the
enhancement of the signal derived by the injection of an increasing amount of
target miRNA (from 0.3 pM to 50 nM). As can be seen in Figure 38a, the injection
of the same amount of both S-AuNS and B-AuNS for an injection duration of
around 1.5 h, produced a very similar signal at each of the tested target
concentrations and both reached the maximum signal when injecting 50 nM of
target miRNA. In particular, to calculate the signal enhancement we use 1 nM
mMiRNA concentration as the minimum concentration of miRNA giving a
detectable SPR signal even without enhancement strategies (Figure 38a). At this
concentration, we calculated a 950-fold and 1070-fold enhancement comparing
the signal derived by S-AuNS and B-AuNS, respectively, with that of non-
enhanced SPR. If we compare the NS enhancement with that derived by the Ab
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alone, we calculated a 21-fold and 24-fold for S-AuNS and B-AuNS, respectively.
In parallel, the test of both nanoparticles resulted in very similar sensitivities with
LOD of 1.34 and 1.71 pM (for miR-422 and miR-223, respectively) when using S-
AuNS and LOD of 0.87 and 1.48 pM (for miR-422 and miR-223, respectively)
when using B-AuNS (Figure 38d-e). From these data we can say that both
nanoparticles are very good enhancers allowing an ultra-low detection of miRNA
at concentrations around pM range. The obtained sensitivity and enhancement
factors are in line with those previously reported in literature by Vaisocherova et
al. using SPR-imaging coupled with spherical AUNSs with diameter 35 nm (i.e.
around 800-fold enhancement with the respect to only miRNA injected at 2 nM
and LOD between 0.35 and 0.95 pM).2%

Even if B-AuNS performed better than S-AuNS, the observed differences
between enhancement factors and sensitivities can be considered as very similar
if the large difference between the volumes of these two nanospheres is taken
into account. As it can be observed in the sensograms reported in Figure 38b,c
and by the linear fit of calibration curves in Figure 38d,e, not only both
nanoparticles resulted in similar sensitivities but, at all miRNA target

concentrations, they produced similar interaction curves with similar kinetics.

Overall, these results may appear unexpected considering that the larger mass
of bigger nanospheres, which theoretically, should increase the SPR response;
according to what normally happens when injecting biomolecules on the chip
surface. These results could be explained by a low (or very low) surface density
of big AuNSs in the chip (low interaction with the probes on the chip) when
injected onto the SPR chip, as also previously described.?® In the mentioned
study, Springer et al. reported that the increase of size of AUNP decreases their
surface density in the chip due to different reasons including a) steric effect, b)
the binding of multiple AuUNP to a single Ab and c) the binding of one AuNP to
multiple Abs.
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Figure 38. a) calibration curves of the detection of miR-223 by means of: standard SPRi
obtained by injecting only the miRNA target (i.e. the analyte) (grey); Ab-enhanced SPRIi
obtained by injecting the anti-DNA/RNA duplex Ab (red); Ab+AuNS-enhanced SPRi
obtained by injecting gold nanospheres (AuNSs) of 14 nm (S-AuNS) and 37 nm (B-AuNS),
respectively (blue and green, respectively). miR-223 was injected with different increasing
known concentration, from a minimum of 0.37pM to maximum 500 nM, depending to the
experiment. b-c) SPRi sensograms of miR-223 corresponding to the calibration curves
(green and blue data) reported in panel a. d-e) Calibration curves of miR 223 and 422
plotted for both x and y axis using a log scale with linear fit and used to calculate the LOD.
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All signals are corrected by subtracting signals from the negative references (PolyA
sequences) spotted in parallel on the same chip.

SEM was used to verify whether the scarce enhancement of B-AuNS was derived
from a low number of NP adsorbed on the surface of the chip when using big
nanospheres, after injection of 50 nM of three different target miRNA (Figure 41a-
b, Table 4). The high concentration of miRNA target (50 nM) was chosen in order
to easily detect and count AuNSs physically adsorbed on the chip surface, and
considering that the Langmuir curve of both S-AuNS and of B-AuNS was almost
exactly matched at all concentration.

First of all, SEM measurements confirmed that S-AuNS and B-AuNS specifically
interacted with all three miRNA probes (miR 572, miR 39 and miR 223) without
significant adsorption of AUNSs on negative control spots (miR-159 (Arab. Thal),
as also revealed by SPR response (Figure 41a-b; Table 4). More important, the
SEM data reveal that the number of NP adsorbed on the chip is very similar
when comparing S-AuNS and B-AuNS. In detail, the number of small (S-AuNS)
nanospheres adsorbed on the chip surface (42.50£15 NP/um?) is only 32 %
higher if compared with B-AuNS (32.02+11 NP/um?) where the SPR signal, as
said before, is almost equal, being on average between 34.05+0.4 and 35.06+7
ReS (only 3 % smaller for S-AuNS) (Figure 41b). Further SEM experiments
proved that S-AuNS adsorbed on the chip surface are not lost by washing steps
normally performed between SPR and SEM experiments even if no fixative
reagents were used in our protocols (

Figure 39).
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2000 nm

Figure 39. A) AuNP functionalised with neutravidin deposited on a gold surface. B) AUNP
functionalised with neutravidin deposited on a gold surface and incubated with
glutaraldehyde 3 % in order to fix them. C) AuNP functionalised with neutravidin deposited
on a gold surface and washed with abundant ultrapure water. D) AUNP functionalised with
neutravidin deposited on a gold surface and incubated with glutaraldehyde 3 % in order
to fix them and after that washed with abundant ultrapure water.

We have then calculated the response of both nanoparticles in our sensor system
(Table 4) dividing the SPRi response by the density of nanoparticles on the
surface (NP-um2). The B-AuNS displayed 34 % higher average sensitivity (1.17
ReS-um?) compared with the S-AuNS (0.87 ReS-um2). Accordingly to these
data, the plasmonic curves acquired before and after the injection of nanopatrticles
showed a small shift for B-AuNP (from 57.8 to 56.6 degrees, diff=1.2) if compared
with the plasmonic shift of S-AuNP (from 57.7 to 56.9 degrees, diff=0.8) (Figure

40).
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Figure 40. Plasmonic curves of the SPR chips before and after the injection of S-AuNS
and B-AuNS- These data are related to the injection of 50nM miRNA and measured for
the chip spot associated to miR-233 family.

The mentioned small difference between number of particles adsorbed on the
chip in our experiments, giving around the same SPR signal, is largely far from
what reported in the study by Springer et al. reporting around 340 % higher
density of small Au nanospheres (14 nm, 52 NP/um?), compared with big
nanospheres (37 nm, 52 NP/um?), when the SPR response associated with small
Au nanospheres was 66 % smaller. Furthermore, the result observed here is even
more significant if we consider that, as showed in Figure 41b, the total density of
gold adsorbed on the chip, as theoretically estimated by NP counting by SEM, is
about 14-fold higher for B-AuNS if compared with S-AuNS.
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Figure 41. a) SEM images of the chip surfaces employed for miRNA detection using the
different spherical NP (S-AuNS and B-AuNS), including the negative control miRNA
sequence (MiR 159) and a detected sequence (miR 39). The SEM images were acquired
after the injection of nanoparticles at 50 nM; b) overview of the average SPR signal,
density of NP adsorbed on the chip measured by SEM and estimated amount of gold
adsorbed on the chip related to the injection of three different target miRNAs (data is
detailed in Table 4). In this case both SPR signals and density of NP were not corrected
by negative references in order to exactly compare these two parameters. Data related to
negative reference spots are reported.
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Table 4. Overview of SPR response and SEM results when using S-AuNS and B-AuNS
as SPR enhancers.

% Ratio

S-AuNS SD B-AuNS SD B-/S-AuNS
SPR signal (ReS)
Neg. Control (miR-159) 0.83 0.01 0.45 0.05
Positive spots (average) 34.05 0.39 35.06 7.31 103
Nanoparticles adsorbed (NP/um?)
Neg. Control (miR-159) 0.05 0.06 0.17 0.16
Positive spots (average) 42.50 15.54 32.02 11.42 75
Au mass adsorbed on the chip
(pg/mm?)
Neg. Control (miR-159) 0.001 0.001 0.08  0.002
Positive spots (average) 1.18 0.43 16.38 5.84 1388
Senstivity (ReS*um?/NP)
Positive spots (average) 0.87 0.29 1.17 0.36 134

The average of positive signals was calculated considering the detection of three miRNA families
(miR-39, miR-223, miR-572).

These data raise some interesting questions, especially if seen from a practical
point of view. The first point to be discussed is the fact that almost the same
number of 14 nm (S-AuNS) and 37 nm (B-AuNS) nanopatrticles, produces almost
the identical instrumental response expressed as SPR signal even though a large
difference (14-fold higher) of gold was adsorbed when injecting B-AuNS. Even if
a relative large standard deviation was reported between SEM data related to the
three miRNA families studied (mostly due to difficulties in counting the whole
active chip surface for each family), the numbers we report reasonably show that
both SPR signal and NP density are very similar if compared to previously
mentioned studies. From the physical point of view, a larger amount of gold and,

more specifically, the larger mass adsorbed on the chip, should be associated to
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the change of the overall refractive index of the chip surface, thus giving a larger
SPR response. In parallel, we also should consider that possible plasmonic
effects would contribute to the final SPR signal considering that small and big
nanoparticles have different LSPR (i.e. 522 and 532 nm, respectively). In our
experimental set-up, a significant contribution by plasmonic effects should not be
considered taking into account the small difference between LSPR of the two
particles (just 10 nm) and the wavelength of the SPR light source used (i.e. 810
nm), which is far enough from the LSPR bands of the particles to avoid any
influence in the SPR response. Furthermore, even considering plasmonic effects,
they would increase the signal of B-AuNS due to their LSPR closer to the light

source, which is not what we observed here.

Once excluded that the almost identical SPR response derived by a similar
number of small and big NP is due to plasmonic effects we must consider as
possible explanation the detecting system which is part of the commercial SPR-
imaging instrumentation used here. In fact, according to the technical sheet
provided by the manufacturer, the coupling of the CCD camera and the
wavelength used here, results in an optical lateral resolution of 40 um. If we then
verify that the probe density of the surface is similar or lower than this size, we
can suppose that one single small nanoparticle or one big nanoparticle, both
giving a relative large SPR response that saturates the signal if compared with
standard protein analytes, may produce a signal that cannot be easily

distinguished by a low resolution CCD detector.

In our experimental setting we have two different probes: capturing DNA probes
(covalently immobilised on the gold surface) deputed to specifically recognise the
mMiRNA target and the DNA/mIRNA duplexes formed during the injections of
mMiRNA. These DNA/mMIRNA duplexes are actually the real probes recognised by
the nanoenhancer made of AUNP conjugated with Ab anti DNA/RNA duplexes. In

brief, from experimental data derived by the injection of increasing amount of
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mMiRNA alone (i.e. the Langmuir in Figure 38a) we estimated that maximum
2.28x10'° DNA probes are available on the chip. In parallel, we calculated that
when injecting 500 pl of miRNA 50 nM, a maximum of 2.68x10° DNA/miRNA
duplexes (i.e. the real probes recognised by the Ab conjugated to AuNP) were
present on the chip. If we consider that an area of around 3.14 nm? is occupied
by each single DNA/mMiRNA duplex, around 99.3 % of the spot’s surface is free,
guaranteeing around 20 to 30 nm of distance between duplexes. Starting from
these data and also by observing the SEM image related to B-AuNS in Figure
41a, we can assume that most of nanoparticles are positioned, on average, at a
distance close or larger than the optical lateral resolution of the SPRi detector.
These data may thus suggest that, when the used SPRi imaging system has not
a high lateral optical resolution as in our case, the enhancement by AuNP with
larger size may not significantly differ from the enhancement derived by smaller
nanoparticles but that, in this case, number of NP play a major role. It is therefore
probable that different results may emerges when using other traditional (non-
imaging) SPR systems or SPRi systems reporting high lateral optical resolution

(e.g. reaching values around 2 or 5 um).207:208

Another point to be discussed is whether the surface density of probes (DNA/RNA
duplexes) used in our experimental conditions was low enough to guarantee 1:1
binding ratio between Ab conjugated on the AUNP and the DNA/mIRNA duplexes
(probes) on the chip surface. Having each Ab a distance between arms of max
14 nm?® and having DNA/miRNA duplex an average distance of around 30 nm
in our experimental setting, Ab mainly interact with the duplexes by 1:1 binding
ratio at every miRNA concentration injected in the range tested (from 0.37 pM to
50 nM).

3.1.3. Conclusions

A new and practical simultaneous approach to sub-picomolar multianalyte

detection of miRNAs using AuNPs has been developed - without the use of
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enzymes or multi-step enhancing protocols. The major advantage is that just one
stable and easy-to-prepare reagent consisting of gold nanoparticles
functionalised with a commercially available Ab is sufficient for the detection of a
(theoretically) unlimited number of miRNAs. In addition, several miRNA
sequences can be detected at the same time in one single chip, making this
strategy one of the best SPR-based approaches for miRNA detection (Table 5).
These advantages derive by the coupling of an Ab able to recognise RNA/DNA
regardless of sequence with the very good enhancing properties of gold
nanoparticles. This protocol also allows better sequence selectivity than the
intrinsically low sequence selectivity obtained by means oligonucleotide
hybridisation on a bare SPRi chip. Most of these benefits are due to the
optimisation of AuNS synthesis and functionalisation: the nano-structured
enhancer was thoroughly characterised and with these proper control of the
nanoenhancer we were able to amplify the signal of the miRNAs around 900 times
and detect attomoles of several miRNA sequences at the same time with a
universal nano-enhancer.

Table 5. Comparative table reporting examples of SPR-based miRNA detection
strategies on recent years.”’

Sequence Single Multianalyte
Reference Enhancing | Sandwich | Independent | Enzyme step (miRNA Detection
strategy free enhancing free (steps | simultaneously limits
reagents number) tested)
Vaisocherova | Sandwich
ot al 20152 + NPs no no yes yes yes (4) 0.35 pM
Wang et al Sandwich
2036210 +NPs no yes yes no (2) no <0.1pM
Wang et al Sandwich
201962“ + GO-NPs no no yes yes no <0.1pM
Zhang et al Sandwich
2013212 + STRP no no yes yes no 17 pM
Liuetal Hairpin +
2017%3 sandwich + no yes yes no (3) no <0.1pM
NPs
Zhou et al Enzyme +
2011214 NyPs yes yes no no (2) yes (4) 0.1 pM
Ding et al Hairpin +
20%5215 STF;QP yes no yes no (2) no 1pM
Fang et al Enzyme +
2086181 NyPs yes yes no no (2) yes (3) 10 fM
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Qiu et al

2015216 Enzyme yes yes no yes yes (2) 3fM
5'2‘5‘1"’(‘,32 el Antibody yes yes yes yes no 2 pM
Nasheri et al Protein

2011217 p19 yes yes yes yes no 4nM

ian et al Boronic-
Q2018218 NPs yes yes yes yes no 0.3 pM
This work: Antibody +
Artiga et al” NPsy yes yes yes yes yes (4) 0.5 pM

Different antibody functionalisation strategies and gold nanopatrticles of different
shape and size have been studied in order to improve and better understand this
strategy. For two of the most common functionalisation strategies used to couple
antibodies to gold nanopatrticles, neutravidin and protein A, we observed how the
neutravidin antibody biotinylation is efficient and stable and gave overall better
SPR enhancement results. Even if the ProteinA-mediated functionalisation is
more practical (e.g. no covalent modification of the antibody is required), this
approach showed poor SPR enhancement especially when coupled with big

nanoparticles (both spherical and prisms).

In parallel, studies on the SPR enhancement using gold nanoparticles of different
shape showed that triangular gold nanoprisms (AuNPr) provide almost no SPR
amplification if compared to AuNS, derived by a non-specific adsorption of AUNPr
on the chip surface. Comparative experiments on spherical gold nanoparticles
functionalised with the same theoretical density of neutravidin and injected in
order to use a similar amount of total amount of gold, showed that in our
experimental setting a larger size itself did not significantly increase the SPR
signal as initially expected. Almost the same SPR signal was observed when
using big nanopatrticles even if the number of gold nanoparticles directly observed
on the chip surface was similar and the amount of immobilised gold was much
higher, probably due to optical resolution of SPRi systems. In summary, when the
aim is to use nanopatrticles as efficient and reliable enhancer of SPR response

for real (e.g. diagnostic) applications at commonly used concentrations (O.D.
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around 0.15) and using relatively short injection time (max 1.5 h), the best
enhancing strategy can be different from what is expected theoretically. The use
of standard small (14 nm-diameter) gold nanoparticles, conjugated with Abs by a
standard functionalisation neutravidin approach, resulted as the best compromise
between analytical performance, experimental feasibility and practicality.
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3.2. AuNPs for PTT
3.2.1. Comparison of AuNPs for PTT

As detailed in the introduction, nanoparticle (NP)-mediated photothermal therapy
(PTT) is a promising cancer treatment consisting of the use of heat to eradicate
tumour cells (thermoablation) or weaken them, thereby making them more
susceptible to other treatment(s), where the latter translates into a synergistic
therapeutic improvement.?!® Nevertheless, adequately delivering and controlling
heat production in vivo represents a significant challenge which will be better
controlled as soon as we completely understand the correlation between LSPR,
heat production and AuNP properties. Although many manuscripts concerning
the optical applications of AUNPs are published each day, the direct comparison
of their physicochemical properties is almost unheard in the literature, with in vitro
and in vivo comparisons even more rare.®® Thus if researchers wish to compare
two types of nanoparticles it is almost impossible to draw conclusions from
separate studies in the literature, where dramatic variations in the nanoparticle
sizes, types, surface coatings, LSPR bands, specific photothermal excitation
conditions, cell culture environments, and so on, all play their part. Herein we try

to shed some light on this issue by comparing different shapes of AuNPs for PTT.

The aim of this study was to directly compare the synthesis, heating capability,
extent of cellular internalisation and thermoablation capacity of two types of
anisotropic AuNPs: gold nanorods (AuNRs) and nanoprisms (AuNPrs). Gold
nanorods are one of the most commonly employed nanoparticles for PTT;220.22
while gold nanoprisms are rarely employed even if they have showed very
interesting PTT properties until now.**? In order to perform the comparison
between both shapes in the most appropriate conditions, the syntheses of both
nanoparticles were tuned so that the corresponding nanoparticles posed a strong
light absorption at ca. 1064 nm (the wavelength of the NIR laser used in this

study). Further, both were stabilised with the same PEG coverage. Their heating
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conversion efficiency was compared along with their ability to induce cell death
and their cellular internalisation, in order to better understand how these two

different shapes carry out their function as photothermal agents (Figure 42).

AuNPrs vs. AuNRs
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Figure 42. Overview of the comparison between AuNPrs and AuNRs for PTT.
Reproduced with permission from®!

3.2.1.1. Synthesis of AUNPs and characterisation

Where the objective of applying hyperthermia is to destroy malignant tissue(s),
one of the main drawbacks concerns avoiding unwanted damage to the

surrounding healthy tissues, especially pertinent for those which display high light
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absorbance such as skin cells and the blood. One intelligent solution is to employ
NIR light in the ‘biological window’ because between ca. 750-1200 nm the
absorption of biological systems is highly decreased, especially for cytochromes
(e.g. haemoglobin) that lie in the visible region.??? Consequently, across this
wavelength range, radiation can penetrate deep into tissue without causing
significant detrimental effect to biological structures.??3

The optical properties of metallic nanostructures are shown to be influenced
primarily by the localised surface plasmon resonances (LSPRs),”? as detailed in
the Introduction Section 1.4.3. In the case of pseudo-spherical AUNPs, its LSPR
bands lie in the visible region and when their size changes in size only produce
slight changes in their optical properties. However, when anisotropy is added to
the AuNP - such as growth of nanorods or nanoprisms - the optical properties of
the nanoparticles change dramatically and are highly size-dependent (Figure
7).224 As a result, for anisotropic AUNPs the major contribution to the UV-vis
spectrum corresponds to the in-plane dipolar mode lying in the Near-Infrared
(NIR) range.” The LSPR band of anisotropic AuNPs can be fine-tuned over a
large wavelength in the NIR range just by controlling the dimensions of these
AuNPs, making them extremely relevant for applications in photothermal

therapy.30223

Both AuNRs and AuNPrs exhibit size-dependent optical properties and can be
synthesised to exhibit strong absorption in the NIR range. AuNPrs with an LSPR
band at ca. 1100 nm were synthesised using an adaptation of a previously
reported procedure.” The main advantage of this methodology is the avoidance
of the cationic surfactant cetyltrimethylammonium bromide (CTAB), the most
widely used and convenient surfactant for high-yielding syntheses of anisotropic
particles such as AuNRs??* and AuNPrs.”® One limiting factor is that the cationic
surfactant CTAB is a well-known highly toxic component and the need for
alternative methods to produce NIR-absorbing AuNPs without CTAB is of great

importance, as recently highlighted by Murphy and co-workers, pioneering author
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of the seed-mediated approach involving CTAB.”® In the employed methodology,
the principal modifications of this synthetic procedure in order to produce AuNPr
with LSPR band near 1064 nm were: i) the addition of potassium iodide at 12.2
MM final concentration and ii) that the gold reduction was performed in three time-
lapsed steps, as opposed to two steps, allowing AuNPrs “seeds” to form and grow
more slowly (Figure 43A). By this way, larger nanoprisms with LSPR band at
higher wavelengths were obtained compared with the previously described

protocol.”™
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Figure 43. Step-by-step representation of the synthesis of the nanopatrticles; A) synthesis
of gold nanoprisms (AuNPrs); B) synthesis of gold nanorods (AuNRS).

The synthesis of AUNRs with LSPR band near 1064 nm was performed following
a seed-mediated growth process (Figure 43b). After several unsuccessful
attempts obtaining AuNRs with small aspect ratios and LSPR bands around 800-
900 nm, we identified a highly reproducible procedure?’” and modified it to suit our

requirements by some minor modifications and scaled-up (x10). The scale-up
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was necessary in order to obtain larger amounts for cell culture studies. This
synthesis could also potentially be scaled even higher, if needed, for future
applications. Notably, the most significant of our alterations to the published
synthetic procedure was that, after seed formation at room temperature, the
growth reaction of the AuNRs was carried out at 26 °C in a water bath to avoid
CTAB crystallisation. The reaction was monitored by UV-Vis spectrum as the
reaction procedeed, selecting five hours time point as the optimum reaction time

to obtain an LSPR wavelength with a maximum of ca. 1080 nm (see Figure 44).
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Figure 44. UV-Vis spectra following the formation of gold nanorods over a five-hour time
period. Each spectrum corresponds at the same nanorod synthesis at different growth
times.

To further increase the colloidal stability of the nanoparticles and their applicability
for PTT in cell culture, both nanoparticles were surface-stabilised with
heterobifunctional polyethylene glycol (HS-PEG-COOH, MW = 5000 g/mol (5
kDa)).”® This polymer was elected due to its performance as AuNPrs stabiliser in

PTT applications.'®? In order to ensure a proper comparison between both
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AuNPs, an excess of the polymer was added to the AuNPs solution to saturate
the nanoparticle surface and ensure fully stabilised nanostructures.” Sodium
borohydride, NaBH4, was required as a reducing agent at a molar ratio of 1:1 with
PEG at pH 12 to avoid the formation of S-S bonds between individual PEG
molecules (PEG dimers) that impedes its coordination to the AuNPs surface. The
PEG stabilisation of the AuNPrs was carried out under sonication of the mixture
at 60 °C for 1 h to speed-up the process, and as an alternative to the reported
overnight incubation under mild mixing.”> A final centrifugation step was
performed in order to discard excess of reagents; thereafter the samples were
allowed to rest at room temperature for several weeks to sediment and separate
the heavier AuNPrs from smaller pseudo-spheres and other pollutants remain in

the upper phase.

On the other hand, synthesis surfactants on the surface of AuUNRs exist in a
dynamic equilibrium with the media, attached by non-covalent mostly
hydrophobic interactions.??®> The remaining CTAB impedes the full Au surface
coverage by PEG. Thus, by removing as much supernatant as possible during
the washing centrifugations it is possible to change that dynamic balance in our
favour, decreasing the amount of CTAB on AuNR surface that helps PEG to
successfully reach the gold surface and form a conjugated stronger bond thanks
to its thiol groups. However, the centrifugation of naked AuNRs in CTAB-depleted
medium lead samples to undergo non-desirable shift in their LSPR wavelengths
and aggregation. In order to avoid that, an optimised washing-stabilisation
protocol was performed. Several parameters were studied, for example the
sonication of AUNRs after the synthesis during the first PEGylating step leads to
a shift in the LSPR band in the UV-Vis absorbance spectrum which is indicative
of the AuNPs dimensions were being severely affected (Figure 45). This data
demonstrate that AUNRs were more sensible to the sonication process than
AuNPrs. Finally, an optimised washing-stabilisation protocol was developed by

adding an additional PEG reaction step without sonication at room temperature
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overnight after the first washing centrifugation step. By this way the AuNRs
remain stable during the subsequent washing steps and once CTAB was
completely removed a final PEGylation process was performed to completely
saturate the surface giving a LSPR peak near 1040 nm at the end of the
PEGylation and washing process (Figure 45).
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Figure 45. Example of the changes produced in the UV-Vis absorbance by sonication of
AuNRs during first PEGylating step. The LSPR peak after 15 min sonication at 60 °C
decrease ca. 100 nm, indicating that the sonication affects dramatically the dimensions of
the AuNRs. For this reason, the protocol was adapted and the first PEGylating step was
carried out without sonication at room temperature overnight in order to avoid this shift.

Both types of nanoparticles were also characterised by ICP, TEM and SEM
(Figure 46). The UV-Vis spectra of both types of AUNP displayed LSPR bands
with sufficient overlap with the 1064 nm laser inside the NIR range (1044 nm for
AUuNR@PEG and 1100 nm for AUNPr@PEG). Correlating the LSPR absorbance
obtained by UV-Vis spectroscopy with the Au concentration obtained from ICP
analysis it was possible to obtain a conversion factor (€) of 29 mL mg* cm™ for

AuNPrs and 74 mL mg? cm for AuNRs. This conversion factor is of great utility
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for calculating weight concentration (mg/mL) of gold AuNPs in each sample and
the synthesis yield for both synthetic procedures. The respective yields for each
synthesis were 71 % for the AuNPrs and 80 % in the case of AuNRs (Figure
46E). Both types of AUNPs also showed a strong absorbance peak at ca. 530 nm
corresponding to a combination of AUNPs transversal absorbance and pseudo-
spherical polyhedral gold nanoparticles. Comprehensive analysis of TEM and
SEM images were used to calculate the mean surface area of the particles.
Briefly, AUNPrs (considered as triangular prisms with 173 nm side and 9 nm
constant thickness) possess a surface area of 15.0 m?/g; while AuNRs
(considered as perfect cylinders of 11 nm diameter and 76 nm length) have a
surface area of 23.2 m?/g. Although both nanoparticles obtained from these
methods are considered to be stable enough for months and we have
corroborated it, each sample was tested before each use by performing UV-
Vis spectroscopy. Any shifting of LSPR peak, intensity or shape changes
would be considered as direct indications of aggregation or degradation of the
AuNPrs, discarding them for the rest of the study.
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Figure 46. UV-Vis spectroscopy, TEM images and characteristic size and surface area
of the particles. A,B) UV-Vis absorbance spectra of AUNPrs (A) and AuNRs (B), with red
dotted lines representing the wavelength of the NIR laser (1064 nm). Both nanoparticles
possessed a dominant LSPR band in the NIR range overlapping with the wavelength of
the laser, 1064 nm. C,D) TEM images of AuNPrs (C) and AuNRs (D). E) From left to right:
reaction yield; length, width and surface area of each type of nanoparticle. Adapted with
permission from®!

3.2.1.2. Photothermal Heating Properties of AUNPs

Upon excitation by incident light, sharp local heating can be generated by the
ability of nanomaterials to convert light energy into local heating, rendering these
particular anisotropic AUNPs as extremely efficient for NIR-induced heating.”

Several heating trials were performed to evaluate the heating capacity of both
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types of AuNPs upon laser irradiation. Thus, an increasing concentration of
AuNPrs was tested (from 20 to 150 pug/mL) in order to identify the concentration
of AuNPrs that showed the same heating capacity as AUNRSs. For these studies,
two standard concentrations of AUNRs were used (20 and 100 pg/mL, herein
referred to as AUNR20 and AuNR2100, respectively) (Figure 47). The results
revealed a linear initial temperature increase for both the AuNRs and AuNPrs
(Figure 47). In these initial studies, AUNPr100 (100 pug/mL) heated at a rate of
0.30 °C/s and gave a final temperature of 87.9+7.8 °C after 10 min irradiation,
which was similar to AUNR20 (0.25 °C/s and 83.616.9 °C) (Figure 47). These
concentration values (AUNR20 and AuNPrl100) for each nanoparticle revealed
similar heating capabilities, with only minor deviation. The AuNRs were found to
be far more effective light-to-heat transducers, presumably owing to their higher
specific surface area. These optimum concentrations were then also compared
with the heating of AUNR100 (100 mg/mL) in order to have a direct comparison
of the effect with respect to the weight of gold for each nanoparticle type.
AuNR100 displayed the greatest heating effect, characterised by an initial rate of
0.40 °C/s and a final irradiation temperature of 93.3+6.3 °C, as well as the highest
heating efficiency, transforming 45.3 % of the laser light intensity (1100 mW) at
the plate into heat to increase the temperature of the sample with a power of 498
mW. This higher heating capacity of the AuNRs correlates with the higher
absorbance intensity of the LSPR peak observed by UV-Vis, with conversion
factor (€) of 29 mL mg? cm for AuNPrs and 74 mL mg* cm for AuNRs. At the
other end of the scale, AUNPr20 showed an initial rise in temperature of 0.17 °C/s
and reached 68.3+4.5 °C after 10 min. The intrinsic heating of the DMEM control
should be noted (0.06 °C/s and 42.2+3.3 °C), a phenomenon often observed in
photothermal therapy applications.??¢ Although AUNR20 and AuNPr100 displayed
approximately the same overall heating capacities after 10 min irradiation, in order
to have a direct comparison at the same concentration, AUNR100 and AuNPr100

were selected for further cellular studies.
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d) Summary of heating properties

Temperature Increase Heating Efficiency Temperature after 10 min

patuple (°C/s) (%) irradiation (°C)
Blank 0.06 6.92 42.2+¢3.3
NR20 0.25 29.03 83.616.9
NR100 0.40 45.27 93.3%6.3
NPr20 0.17 19.54 68.314.5
NPr100 0.30 34.03 87.9+7.8

Figure 47. Characterisation of the heating capacity of the gold nanoparticles. a) Heating
ramps that represent the rise in temperature registered by each type of nanoparticle
during the 10 min irradiation period. b) Final temperature of the cell culture medium
recorded after 10 min irradiation. c) Plot and linear adjustment of the nanopatrticle heating
efficiency during the most linear rise in temperature (first 30 seconds). d) Table collecting
from left to right: heating efficiency as the representation of the slope of the curve during
the first 30 seconds of irradiation, the % of laser intensity that is effectively converted into

heat, and the final temperature reached after 10 min laser irradiation. Adapted with
permission from®?
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Our collaborators from University of Glasgow, Dr. Anil Pravin Patel and Dr.
Catherine Berry, have replicated these comparative studies in depth using a
number of different cell lines, with the two AuNRs and AuNPrs produced by us.
They compared the heating efficiency in their laboratory with their own laser set
up and confirmed our own results previously presented, showing a higher heating
efficiency for AUNRs than AuNPrs (see Figure 48). As recently highlighted in
Nature Nanotechnology, an improvement in the reproducibility and transparency
of the research in nanobiomedicine is of central importance for the advancements
on the field.?27228 For this reason, the results obtained by our collaborators that
complement and corroborate the results obtained in this section of the thesis have

been included.
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Figure 48. The hyperthermic temperature profiles of both AuNPrs and AuNRs at 0.02 and
0.1 mg/mL concentration during 60 seconds of irradiation with a 1064 nm continuous
wave 1 W laser.

Some studies suggest that laser irradiation can change and deform AuNP shape
altering the physicochemical properties of the nanoparticle and impeding its use
for several cycles of PTT.??° The stability of the AuNPrs and AuNRs upon laser
irradiation was assessed comparing the UV-Vis spectroscopy and SEM imaging

before and after the 10-min irradiation period. The apparent increase in the
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intensity of the LSPR band after irradiation is caused by the evaporation of water
which leads to a subsequent increase of the effective concentration of the
particles in solution, however the profile of the UV-vis spectra remained unaltered
suggesting that neither nanoparticle type was affected by the laser. This was
confirmed by SEM which showed that neither AUNP morphology was affected by

the laser irradiation (Figure 49). Our results demonstrate that for the conditions

tested herein, the AuNPs retain their shape, LSPR properties and colloidal
stability.
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Figure 49. Nanoparticle stability studies. SEM imaging and UV-Vis spectroscopy of the
nanoparticles before and after irradiation of the laser for 10 min operating at 1.1 W. The
conditions of irradiation affected neither the morphology nor the UV-vis spectra. The

increase in the absorbance showed in the UV-Vis is caused by a decrease of the volume
of the sample due to evaporation through the process.

This discrepancy with some studies in the literature probably is produced by the

laser technology employed during irradiation. While pulsed lasers irradiate the
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sample with a huge amount of energy in very short times provoking the
deformation of AuNPs,??® we have employed a continuous wave laser operating
at a power output of 1100 mW and illuminating the sample with a power per unit
of area of ca. 3.3 W/cm?that enable a stable heat production by the AUNP. These
results suggest that a continuous wave laser could be preferable to pulsed laser
for PTT, especially for applications requiring several irradiation steps, such as a

combined therapy for tumour resection.

At this point in our analysis, the higher yield, surface area and heating efficiency
all greatly favour the AuNRs over the AuNPrs as photothermal agents; but to
delve deeper into this comparison, in vitro analyses comparing these particles
were necessary. In any case the photothermal effect is a characteristic and
versatile property applicable to many biomedical applications including
photothermal therapy,*® drug delivery,?®! optoacoustic imaging’® and
biosensing,?®? among others. Even if we have focussed the rest of our study in
the PTT application, the results obtained in this section would be useful for any of

the aforementioned applications.

3.2.1.3. Photothermal effect in cells

Prior to their use with cells, AuNPs were sterilised by filtration and gold
concentration re-quantified using ICP-AES. Vero cells were incubated with the
previously studied concentrations of AUNR100 and AuNPrl100 in 96-well plates
for 24 h and, only after removing the non-internalised AuNPs, the cells were
irradiated for 10 min under the established working laser configuration. The laser
intensity (3.3 W/cm?) was kept intentionally low during both the heating
characterisation and throughout the cell irradiation process in order to stay in the
range where cell death is mainly governed by an apoptotic process, according to
recent studies.3? Cell death was monitored by phase-contrast microscopy post-

irradiation to determine the optimal point for cell viability assays (Figure 50).
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Previously it had been reported that the cell death after irradiation occurs mainly
in the first 5 h after irradiation.*®*?> According to this data and the phase-contrast
images after irradiation, MTT cell viability assays at 5 h post-irradiation were
performed (Figure 50). The results derived from the MTT assays shown that,
although AuNR100 and AuNPr100 concentrations were essentially non-toxic to
the Vero cell line before irradiation, applying the laser to cells with AUNR100
reduced viability to 86+3 %; while in the case of AUNPr100 viability was reduced
to 44+1 %. Importantly, the irradiated particle-free control cell viability stood at
9215 %, revealing that the laser itself is not able of inducing significant cell death
under the studied conditions. Phase-contrast microscopy of the cells at five-h
post-irradiation aptly illustrate how the cells incubated with AuNPri00 are
apoptotic/necrotic; whereas cells treated with AUNR100 show morphology
commensurate with the control cells. Analysis of final cell culture temperatures
following 10 min irradiation showed that the net temperature rises for the same
AuNP concentrations (AuNPrl100 and AuNR100), one can observe how
AuNPr100 reached 47 °C while AUNR100 reached 45 °C. It is important to note
that the global temperature of the Vero cells without particles reached 43 °C
indicating that cultured cells do display some interaction with the 1064 nm laser

beam.

The in vitro studies showed that only AuUNPri100 was capable of inducing cell
death upon irradiation, and at the same time raises the global temperature of the
medium higher than AuNR2100. Similar tendencies were observed by our
collaborators from University of Glasgow when studying the photothermal
efficiency of AUNRs and AuNPrs in MCF-7 3D tumour spheroids (Figure 51). In
this study the AUNPr appeared to be more efficient at killing the cells than AuNPr,
both in 2D and 3D. These results are quite surprising when compared with the
ones showed in Section 3.2.1.2, where AuNRs provide a more efficient light-to-
heat conversion. In order to deepen the understanding of this issue, cellular

internalisation studies of the AUNPs were performed in subsequent section.
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Figure 50. Cell morphology and viability following thermoablation studies. (Top) Cell
morphology changes post-irradiation: cells incubated with AUNR100 and AuNPr100 were
observed by phase-contrast microscopy for five h post-irradiation; all scale bars
correspond to a distance of 100 um; neither irradiation of nanoparticle-free control nor
AuNR100 (100 pg/mL) revealed changes in cell morphology; however, cells incubated
with AuNPr100 (100 pg/mL) began showing significant morphological changes from 2 h
post-irradiation and peaked at 5 h. (Bottom) MTT assays for cell toxicity and viability of
AuUNR100 and AuNPr100 (100 pg/mL) of non-irradiated and irradiated cell samples 5 h
after laser treatment. Adapted with permission from®!
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Figure 51. MCF-7 3D tumour spheroids following irradiation with a 1064 nm laser for 1
min. Control cells contain no GNPs. Green fluorescence indicates viable cells and red
indicates dead cells. Scale bar = 200 um. Three independent biological repeats (n=3).

3.2.1.4. Cellular internalisation

Due to the differences observed between the heating efficiency studies where
AuNRs showed a higher photothermal conversion and the photothermal effects
in cells where AuNPrs acted as the only efficient cell death mediators, next step
consisted in the study of the AuNPs cellular internalisation to understand this
apparently contradictory data. Cellular internalisation of nanopatrticles is a critical
issue for biomedical applications. The cellular uptake plays a crucial role in
nanoparticle toxicity and affects decisively its application for drug delivery,
therapeutics and imaging. For all these reasons, several techniques were
explored to elucidate the cellular internalisation of both AuNPs in Vero cells (dark
field, TEM microscopy and ICP analysis) using the selected concentrations of
AuNPs for PTT (AuNR100 and AuNPr100).
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Since AuNPs produce insufficient contrast to be visualized by bright field
microscopy alone, the AUNP internalisation was analysed by dark field
microscopy/fluorescence (DAPI) (Figure 52). In this technigue, only the scattered
light enters the objective lens, while the directly transmitted is not collected due
to a direct-illumination block using a special condenser in the microscope. Due to
the higher atomic mass and density of AuNP, the light is scattered by them in a
highly specific manner compared with biological molecules,?? allowing to see
regions with AuNPs as bright zones in the dark images. DAPI fluorescence is
used to visualise cell nuclei and corroborate how AuNPs are located surrounding
cell nuclei. AUNR100 showed no observable internalisation, but AUNPr100 were
clearly visible using dark field microscopy. Even if dark field microscopy represent
a practical and straightforward technique to assess the cellular internalisation of
AuNPrs, without being obliged to resort to other more complex and costly
analytical techniques, the differences between AuNPr and AuNR could be caused
by a higher contrast capability of AuNPrs or a larger internalisation or a

combination of both.
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Figure 52. Optical imaging of the cellular internalisation of AuNPs. (Left) Bright-field
phase contrast images and (Right) Dark-field images showing the nucleus stained with
DAPI (blue), where white contrast areas correspond to AuNPs. This figure illustrates how
AuNPrs were homogeneously distributed inside the cytoplasm, were not attached to the
cell membrane and did not form extended aggregated structures, while AuNRs were
unable to be detected by dark field.
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From these images we postulated that there was a greater internalisation of
AuNPr than AuNRs, but to gain a better understanding of this we used ICP
analysis to precisely quantify the internalisation of Au inside the cells. In a
separate experiment, after 24 h incubation of Vero cells with AUNR100 and
AuNPri100 concentrations, the amount of internalised gold in the samples was
measured by ICP analysis. The data showed that while the concentration of
AuNR100 internalised in Vero cells was equal to 0.077 pg of Au/cell, the
concentration of internalised AUNPr100 reached 28.73 pg Au/cell, i.e. >370 times
higher than for AUNR100. This data are in concordance with the ones obtained
by our collaborators from the University of Glasgow (Figure 53), where they
clearly see a higher internalisation of several magnitude orders in the case of
AuNPrs, independent of the concentration of AUNPs employed and both in MCF-
7 and MG63 cell lines. This severe variation in AUNPs uptake between nanorods
and nanoprisms is probably caused by the different shapes, sizes and/or protein
corona formation; as it had already described for other types of gold
nanoparticles.5?234 Different-shaped nanoparticles also show a difference in the
curvature and area of their surface that could determine the contact with the
cellular membrane. A comprehensive study to exactly understand why this

enormous difference is produced could be really interesting in the near future.
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Figure 53. ICP-MS analysis of MG63 and MCF-7 monolayer cells treated with various
concentrations of AUNPs at 24 h (n=3, error bars denote SD).

One of the aims of our collaboration with the University of Glasgow was to better
understand the cellular internalisation of AUNPs in different cell lines. Scanning
Electron Microscopy (SEM) showed that both in the case of AuNPrs and in the
case of AuNRs there was a marked increase in the number of cytoplasmic
extensions in the form of filopodia, when compared with control groups (without
AuNPs), which demonstrated a smooth cell surface (Figure 54). These

observations occurred independently of the cell line studied (MG63 or MCF7).
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Figure 54. Figure 3-12: SEM images of MG63 cells incubated for 24 h with (A) gold
nanoprisms, and (B) gold nanorod, whilst (C) control cells were not incubated with AUNPs
and SEM images of MCF-7 cells incubated for 24 h with (D) gold nanoprisms, and (E)
gold nanorods, whilst (F) control cells were not incubated with AUNPs. AuNP deposits
were observed both on the cell membrane and on the coverslip surface (black
arrowheads), inducing a large number of filopodia compared to controls. Scale bar depicts
5pum.

The precise location of the AUNPs within the cells was obtained using resin-bound
cells that were cut with a microtome into ultra-thin slices and stained for electron
microscopy investigations. Vero cells were incubated for 24 h with the two
samples that contained the same concentration of Au, AUNR100 and AuNPr100,
prior being fixed with glutaraldehyde, post-fixed with osmium tetroxide and
embedded in Durcupan resin. Semi-thin 1.5 ym sections were cut into finely into
ultra-thin sections of <0.08 um. A reference Vero cell sample was left untreated
as a control. Both AuNRs and AuNPrs accumulated inside vesicles and none
appeared attached to the plasma membrane, free in the cytoplasm or in the
nucleus (Figure 55). With this technique, the higher level of internalisation of
AuNPrs than of AUNRs was clearly evident, confirming ICP obtained data.
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Figure 55. Subcellular localisation of nanoparticles. TEM imaging of ultra-thin slices of
fixed cells following 24 h incubation with AUNRs or AuNPrs. AuNPs were distributed inside
vesicles; no AuNPs were observed inside the nucleus or attached to the cytoplasmic
membrane. Adapted with permission from6!

As we have demonstrated all along this study, the shape of AuNPs is a critical

factor determining the cellular internalisation. In the case of AuNRs, we have
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observed poor cellular internalisation, making them incapable of inducing cell
death under the conditions employed in this study. It should be noted that many
studies on AuNRs for photothermal therapy applications often employ higher
concentrations of AuUNRs and long irradiation times,322% whereas we routinely
aim to employ the minimum required concentration to induce cell death.
Furthermore, AuNRs are frequently used as platforms for multi-therapeutic
modalities so have vastly more complex surface functionalities than our simple
PEG-stabilised AuNRs. The differences observed in this study could be related
to the protein corona formation or to differences in the mechanism of
internalisation of the particles. Physicochemical properties of AuNPs, such as
shape,® size??* and charge?*® have been critical factors determining the
formation of the protein corona and cellular internalisation. It has been
investigated how differences in these physicochemical properties caused a
different scavenger receptor-, caveolin- or clathrin-mediated endocytosis of
AuNPs.23* A common strategy to enhance and to control the rate and amount of
AuNPs endocytosis for PTT is the use of targeted uptake.?®” However this
strategy enhance enormously the costs, the time-consume and the complexity of
the nanomaterials preparation. As an interesting alternative to this strategy, a
simple and cheap alternative is proposed and studied in the following Section
3.2.2.

3.2.2. Hydrogel entrapment of AuNPs for PTT

In the previous section, AUNRs were demonstrated to posess a high potential for
PTT due to their excellent light-to-heat transduction properties, however their
efficacy in vitro is inadequate because of low cellular internalisation.®® To
overcome this barrier to application, one of the most common solutions found in
the literature is the use of post-synthetic functionalisation with molecules to
improve cellular internalisation.?20238 However this can in turn reduce nanoparticle
stability, aggregation in cell culture media and so forth; not to mention problems

with reproducibility and elevated synthesis costs. In recent years investigators
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have highlighted the need for reducing the complexity of nanotherapeutics to
allow for clinical translation while simultaneously maintaining their therapeutic
effect.?® It is with this in mind that we have framed the research presented herein,
where our hypothesis was that embedding the active photothermal element (in
this case the AuNR) in a polymeric cell-adhesive hydrogel we would improve the
efficacy of the thermal treatment required to destroy cells without the need for

cellular internalisation.

The naturally occurring polymer chitosan has been selected for the entrapment
of AuNR. This polymer has low toxicity and immunogenicity and it is
biocompatible, biodegradable and bioadhesive.'#? Besides, as chitin is one of the
most abundant polymers in nature (obtained from the exoskeletons of crustacean,
insects and the cellular wall of fungi), chitosan is readily available and cheap. The
mucoadhesive properties of chitosan are due to the fact that it is one of the richest
natural polymers in amino groups, available for their interaction with other
molecules?*® and that confer the capacity to form hydrogels in the presence of
anions by ionotropic gelation. The complementary properties of chitosan to those
present in the AUNPs have enabled their use as gold-chitosan hybrid materials
with different purposes, including tissue engineering,?** antibacterial,?*2 cancer

treatment,*%? sensing?*® and oral delivery of drugs.6?

In the present work the Keggin-type polyoxometalate (POM) phosphotungstic
acid (PTA), was used as an anionic gelling agent that act as an electrostatic
crosslinker, for the synthesis of a hybrid organic-inorganic sub-micrometric
container based on a chitosan hydrogel. As an illustrative example of their
polyvalence, POM-chitosan hybrid materials have also been explored as
anticancer drugs,?** catalysts?*®> and antibacterial agents?*¢ and in all of these
applications the encapsulation of AUNPs could be of interest for a number of

potential biomedical applications.
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The resulting functional container described in this chapter presents
biocompatibility and it was a highly efficient heat mediator upon excitation of their
localised surface plasmon resonance (LSPR) band with a NIR laser at 1064 nm,
which has been used for the photothermoablation of eukaryotic cells in vitro due
to its cell adhesive properties (Figure 56).

Cell-adhesive NIR Laser
nanocontainers e 1064 nm >

Photothermal
treatment

Figure 56. Schematic representation of this study, where AUNRs were entrapped into a
chitosan hydrogel to adhere to cell membrane and produce heat that provokes the death
of cells upon irradiation with a NIR laser. Adapted with permission from43
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3.2.2.1. AuNR entrapment in chitosan hydrogels and
characterisation
As this study was proposed as a strategy to improve the applicability of AUNRs
for PTT in cells with low internalisation rates, the synthesis of high aspect ratio
AuNRs was performed following the same previously reported seed mediated
growth process in Section 3.1.1. As in the previous case, AUNRs were covered
with PEG, which is crucial for their cell compatibility (as subsequently detailed in
Section 3.1.2.2). AuNRs with an LSPR band maximum at 1040 nm were
obtained, very close to the 1064 nm wavelength of the laser used in the
photothermal therapy and well within the NIR biological window. This is of great
importance because, as explained in Section 1.4.2, at this wavelength the
absorption of light by tissues and cells is highly decreased, meaning that heating
will only be produced in the presence of AUNRs and so reducing damage to cells

that are not interacting with AuNRs.

The main goal of entrapping this photothermal agent in the cell-adhesive chitosan
was to enhance the AuNR interaction with cells, due to the low internalisation of
AuNRs showed in Section 3.2.1.4. It has been proven that chitosan poses
excellent mucoadhesive properties enhancing the retention in mucosal tissues.?4”
To take advantage of this property, our hybrid material was synthesised by an
ionotropic gelation method, in which the polymer matrix is formed by interaction
of the positively charged amino groups in chitosan with a negatively charged
gelling agent. In this case, the gelling agent of choice was the Keggin-type
polyoxometalate (POM) phosphotungstic acid (PTA), which gives structural
stability to the hydrogel matrix (Figure 57). We chose PTA based on previous

studies illustrating its ability to form spherical and biocompatible nanocapsules.?4®
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Figure 57. PTA-mediated synthesis of the chitosan hydrogel nanocontainer containing
AUNRs (AUNR@CS). Adapted with permission from143

In addition to being a simple and rapid synthetic protocol requiring basic
experimental equipment, one of the key advantages of this method is that it is
performed entirely in aqueous solution, making it compatible with all the
components involved in the hybrid hydrogel (CS, PTA and AuNR). After washing
to purify, the synthesised hydrogel was fully characterised to investigate the
chemical composition, structure and morphology, as well as to confirm the
presence of AuNRs in the hydrogel matrix and the suitability of the developed

system for its application in PTT.

FTIR spectroscopy was used to determine the composition of hybrid organic-

inorganic matrix. FTIR data in Figure 58 show the most important vibrational
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peaks of chitosan: 1630 (primary amide), 1414 (—CH), 1375 (—CHs) and 1150
cm! (C—O-C skeletal vibrations). Protonated amino group appears at 1530 cm™
only for the AUNR@CS, probably due to the fact that in the case of AUNR@CS
amino groups are electrostatically interacting with negative charges of PTA and/or
PEG in the surface of AUNRs. The presence of the POM is largely masked by the
chitosan stretches, but can be confirmed by the appearance of small peaks in the
AUNR@CS spectrum below 1000 cm™, corresponding to P-O and W=0 stretches.
AuNR peaks cannot be observed clearly in the AUNR@CS, because their
intensity is too low in comparison with other spectral bands. However, small peaks
in the region 3500-3000 cm! can be observed that correspond to most important
peaks of AuNR.

AuNR@CS
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Figure 58. FTIR spectra of AUNR@CS (green), free AuNRs (blue), free PTA (and
chitosan. Adapted with permission from43
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As previously stated the AUNRS possess a distinctive LSPR band at a wavelength
of 1040 nm, with a high absorbance at 1064 nm appropriate for PTT using a NIR
laser working at this wavelength. Confirmation of the presence of AuNR in the
polymer matrix was performed by UV-vis spectrophotometry (Figure 59). This
technique shows that the characteristic LSPR peak at 1040 nm of free AuNR is
still present in AUNR@CS with an almost imperceptible displacement to higher
wavelengths, supporting the fact that the plasmonic properties of AUNRs were
maintained after their entrapment and that they were virtually not affected by their
close proximity within the hydrogel matrix. Both spectra also show an absorbance
peak at 505 nm, corresponding to transversal absorbance band of AuNRs.
Interestingly the absorbance near 200 nm is increased in the case of AUNR@CS,

probably due to the components of the hydrogel more than due to an increase of
the light scattering.

AuNR
AuNR@CS
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Figure 59. Aqueous UV-vis absorbance spectra comparing free AuNR (black) with
AUNR@CS (blue). Adapted with permission from43
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The quantity of gold corresponding to AuNR entrapped in the hydrogel was
quantified using ICP-AES after acid digestion of the samples in agua regia.
Correlating the Au concentration obtained from ICP-AES analysis of the hybrid
matrix with the initial amount of Au added in the synthesis, it was possible to
obtain an encapsulation efficiency (mg of encapsulated AuNR/mg of AuNR
initially added x 100) of 61 %. Moreover, an AuNR loading (mg of encapsulated
AuNR/mg of hydrogel x 100) of 28 % was obtained in the final material.

Due to its fragility, collapsing tendency when dehydrated and easiness to
degradation under electron beam, several unsuccessful attempts to visualise the
hydrogels employing TEM and SEM were carried out (data not shown). The pre-
fixation of AUNR@CS was crucial for SEM imaging to study the morphology of
the hybrid matrix and to confirm the presence of the AuNRs inside the chitosan
hydrogel (Figure 60). SEM images of the AUNR@CS nanocontainers were
obtained by fixing the hydrogel by glutaraldehyde covalent crosslinking.
Glutaraldehyde acts as a crosslinker between the amino groups in chitosan
polymer chains, rigidifying the hydrogel structure and helping to maintain it under
electron microscopy conditions. Using this method sub-micron containers ranging
from 200 to 500 nm in diameter were observed, all of them containing AUNRs
embedded in their structure (Figure 60B,C). From Figure 60B,C it is possible to
observe how the polymeric structure was affected by the microscope conditions
(high vacuum) even after glutaraldehyde crosslinking. However, in both images
polymer residues are clearly observed surrounding the AuNRs. This sub-
micrometric size of the hydrogel structure was confirmed by DLS analysis by
means of photocorrelation spectroscopy in which a mean hydrodynamic diameter
of 475 nm was obtained. The electrophoretic mobility of the container was also
evaluated. In this case, a (-potential of +24.4 mV was obtained, which agrees
with the composition of the hydrogel, whereby protonated amino groups in the

chitosan polymer structure confer a positive potential to the material.
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Figure 60. Scanning electron microscopy (SEM) image of AUNR (A) and AUNR@CS (B
and C). Adapted with permission from*43

Although these hydrogels possessed interesting and applicable properties due to
the physicochemical characteristics conferred by chitosan and AuNRs, the
synthesis method represents a proof-of-concept benchtop synthesis towards
hybrid nanomaterial. Consequently, the method presents several drawbacks, in
particular the difficulty to control the size of the matrix and the relatively shapeless
hydrogel containers obtained which results in a broad size distribution. These
drawbacks were the motivating factors behind improving and controlling of the

material synthesis using inkjet technologies, described in Subsection 3.3.

3.2.2.2. Cytotoxicity of AUNR@CS

The low toxicity of PEGylated AUNRs was demonstrated in Section 3.2.1.3. To
ensure that the encapsulation process produced a harmless material, the
cytotoxicity of the hydrogel nanocontainers was assessed prior to further testing
and analysis. Increasing concentrations of sterile nanocontainers, from 0, 10, 50,
100 to 200 pg of capsules/mL (measured by dry weight), were incubated with
Vero cells for 24 h, washed and the viability of the cells was evaluated by MTT
cell viability assay (Figure 61). In this assay, NAD(P)H-dependent cellular
oxidoreductase enzymes reduce MTT reagent to its purple coloured product
showing both differences in the number of remained viable cells and their
metabolic activity. As previously stated, the coverage of AuNRs with PEG resulted
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crucial for their biocompatibility as can be observed in Figure 61. The nanorods
without PEG retained CTAB in their surface that was encapsulated within the
AuNRs in the hydrogel (AUNR@CTAB@CS), resulting tremendously toxic in a
concentration-related manner. In contrast, the lack of any cytotoxicity from
AuUNR@CS previously described produced with AuNRs covered with PEG at the
highest tested concentration of 200 pg of capsules/mL serves as a first indication
of their safety as photothermal agents for future studies.
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Figure 61. MTT cell viability assay of Vero cells incubated with different concentrations
of PEGylated (AUNR@PEG@CS) in comparison with the AUNRs encapsulated without
PEGylation (AUNR@CTAB@CS). AUNR@PEG@CS showed no cytotoxicity even at
highest concentration of 200 ug/mL while AUNR@CTAB@CS displayed a high
cytotoxicity above 10 ug/mL.
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3.2.2.3. Heating profiles

One of the main motivations for carrying out this study was the previously
described high capability of AuNRs to mediate light-to-heat transduction in
comparison with AuNPrs (see 3.2.1.2 Section for details). In order to evaluate if
the entrapment of AUNR as part of the chitosan hydrogel affected their capability
to convert light into heat, identical Au concentrations of AUNR and AUNR@CS
diluted in Milli-Q water were compared. Their heating capability was investigated
over a 10 min period of irradiation using a 1064 nm NIR laser operating at 1100
mW, as in the previous comparison. Compared with the free AuNR, there was
only a minor reduction in the initial temperature increase of AUNR@CS (3-7
°C/min) as can be seen in Figure 62. We attribute this reduction in temperature
increase to a combination of thermal insulation caused by the hydrogel and weak
interactions between the LSPR bands of other nearby AuNRs. In any case, the
final global temperatures following ten min of irradiation were highly increased
both in the case of AUNR and AUNR@CS at all concentrations studied (see
Figure 62B) ranging from 57 to 98 °C depending on the concentration, compared
to water control that only reached 43.4 + 1.3 °C. These results suggested that
irradiation at tested conditions should be harmless for cells and biological tissues
without nanoparticles and they also demonstrated the suitability of these

nanomaterials for photothermal treatment.
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Figure 62. A) Temperature increase during 10 min irradiation of different concentrations
(5-60 pg/ml) of AUNR and AUNR@CS. B) Final temperature after 10 min irradiation of
different concentrations of AUNR and AUNR@CS. C) General data table of all tested
samples, including concentrations, initial temperature increase, heating efficiency and
final temperature after 10 min irradiation. Adapted with permission from?43
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The heating power for each of the tested concentrations was quantified by
calculating the initial heating increase per second and assuming that the aqueous
solution possess a similar specific heat capacity than water and the plastic wells
of the plate would act as thermal insulators (see Materials and Methods section
and

Figure 63). The heating efficiency was calculated correlating the heating power
with the laser potency employed. As a result, the heating efficiency of AUNRs
ranged from 13 to 31 % depending on the concentration studied and from 10 to
27 % in the case of AUNR@CS as is described in the Figure 62.
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Figure 63. Linear regression of the solution temperature increase vs. the first minute of
irradiation for different concentrations of AUNR and AUNR@CS. The slopes of these
regressions correspond to the initial temperature increase and was employed to calculate
the heating efficiency of each sample. Adapted with permission from43
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3.2.2.4. Improving in vitro photothermal therapy of AuNR via
chitosan entrapment

In the previous section we have shown how the efficient light-to-heat transduction
of the AuNRs conferred promising potential for phototermal applications;
however, their application is hindered by the fact that AUNRSs suffer from very poor
cellular internalisation when compared with AuNPrs in the Vero cell line (see
Section 3.2.1.4). The main objective of this work was that the entrapment of
AuNRs in a cationic chitosan hydrogel matrix using an anionic POM as gelling
agent allowed us to overcome this limitation. By this way the use of AuNRs, or
other AuNPs with low cellular internalisation, in photothermal applications would
be improved while simultaneously avoiding the use of complex AuNR surface
functionalisation strategies. As a first indicator of the improvement thanks to the
chitosan entrapment, optical microscopy images taken during the MTT assays
illustrated how the AUNR@CS showed a cell-adhesive behaviour and confirmed
that the AUNR@CS were still interacting with the surface of the cells even after

several washing steps, as can be seen in Figure 64.

The low cytotoxicity combined with cell-adhesive nature of the AUNR@CS make
them promising candidates for improving photothermal therapy. Thus, the
nanocontainers were incubated with the cells for one day similarly than in the
previous study andthe excess of material that was not interacting with cells was
removed with PBS before irradiating the cells for 10 min using a 1064 nm NIR
laser operating at 1100 mW. This allowed a very localised delivery of heat in cells
that contained AuNR, or in which AuNRs were interacting with their surfaces. 5 h
after irradiation, morphological changes could be clearly seen in the case of cells
incubated with AUNR@CS (Figure 64); while no morphological changes were
observed in the case of irradiated control cells and irradiated cells previously
incubated with AuNR.

129



AuNR@CS 15 pg/ml AuNR@CS 15 pg/ml
5 min irradiated 10 min irradiated

. AUNR@CS 30 pug/ml AuNR@CS 30 pg/ml
5 min iljradiated . inirradiated

AuNR@CS 60 pug/ml AuNR@CS 60 pg/ml
5 min irradiated J 10 min.irradiated

Figure 64. Phase contrast microscopy images taken after 5 h post-irradiation showing
the morphology of Vero cells treated with different concentrations of AUNR@CS
irradiation for 5 or 10 min, respectively. Adapted with permission from43

In order to obtain comparable data to the previous studies involving AuNRs and
AuNPrs, MTT cell viability assay was used to quantify the photothermal behaviour
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of AUNR@CS five h after irradiation. In addition, this study was carried out five h
after irradiation because at this time the effects of apoptosis or secondary
necrosis were observed in previous PTT studies.'®> The results of these
experiments confirmed that there was no associated toxicity of both AUNR and
AuUNR@CS in non-irradiated cells. The absence of cell death derived from the
laser and the AuUNR was confirmed another time using laser-irradiated control
cells (without nanorods) and cells incubated with AuUNR, respectively. In contrast,
for irradiated cells treated with AUNR@CS the cell viability showed a marked
decrease to 46.1 + 7.5 % at a concentration of Au entrapped in the hydrogel of
30 pg/mL and a more dramatic decrease (11.4 + 1.7 % of unaffected cells) at 60
pg/mL of entrapped Au (corresponding to a dry weight of matrices of 100 and 200
pg/mL respectively) (Figure 65A). These data allow us to conclude that
AuNR@CS are more effective photothermal agents than AuNPrs, which only
displayed 55 % of cell death even employing 100 pug/mL of gold under identical
experimental conditions. It should be noted that irradiated cells incubated with
AuNR@CS at 60 pg/mL of gold failed to reduce the MTT reagent, indicating
severe cellular damage, as observed in Figure 65D. In addition, the cellular
membranes seems clearly damaged and the absence of round-shape cells is a
clear indicator of a hard necrosis instead of a programmed apoptosis. It should
be noticed that when the laser was adjusted to irradiate only the central part of
the well of cells incubated with AUNR@CS, the frontier between irradiated and
not-irradiated cell can be clearly distinguish due to its ability to reduce MTT and

form the blue crystals (Figure 65E).
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Figure 65. A) MTT cell viability of Vero cells incubated with different concentrations of
AuNR or AUNR@CS 5 h after laser irradiation. B-E) Phase contrast microscopy images
of cells during MTT incubation, after irradiation: untreated cells (B), 60 pg/mL of AuNR
(C),60 pg/mL of AUNR@CS (D) or 60 pg/mL of AUNR@CS with the laser focused in the
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centre of the well and showing a part of the irradiated cells and a part of the non-irradiated
cells. Adapted with permission from*43

To confirm the results and observations from the MTT assay and to study how
irradiation of the cells in the presence of the nanomaterials affects the integrity of
cell membranes, a commercial LIVE/DEAD™ test was carried out five h after
irradiation. In this test, the intracellular esterase activity of live cells transform
calcein AM to the green fluorescent calcein; while ethidium homodimer only
enters into dead cells with damaged plasma membranes, increasing its red
fluorescence when it interacts with nucleic acids. Non-irradiated cells incubated
with AuNRs or AUNR@CS, irradiated control cells and cells incubated with AUNR
displayed only live cells (Figure 66A ); however, in the case of cells incubated
with AUNR@CS the majority of irradiated cells were red stained, indicating cell
death and a severe membrane damage (Figure 66C). In addition, when the laser
was adjusted to irradiate only the central part of the well of cells incubated with
AuUNR@CS, hyperthermia affected only cells in the irradiated area, while the
remaining cells in the well remained alive (Figure 66D). This observation is
important to understand how precisely PTT can be for very selecting killing of just
the cells with the nanomaterials and irradiated with the laser, but not affecting the
surrounding tissues without the nanoparticles or that have not been irradiated.
These results confirmed that by entrapping the AuNRs in the cell-adhesive
chitosan hydrogel we could dramatically increase their efficiency as photothermal
agents in vitro, thereby turning ineffective free AuNRs into highly applicable
nanomaterials. These promising in vitro results provide the first lines of evidence
that the AUNR@CS nanocontainers present potential application for the treatment
of certain tumours. Further, the hybrid composite would be of particular use in
intratumoural administration or after surgical removal of tumours, similar to other
recent applications of hybrid gold nanoparticle materials.'#® In addition, these
AUNR@CS could be employed for gastrointestinal tumour treatment, as other

chitosan hybrid nanomaterials have demonstrated to be able to effectively cross
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the intestinal epithelia and displayed tumour reduction with longer survival rates

in vivo.162

Vero cells-, ' _AuNR AuNR@CS
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Figure 66. A) Fluorescent microscopy images of live/dead test five h post irradiation or
not irradiated of untreated cells; treated with 60 pg/mL of AuNR; or with 60 pg/mL of
AUNR@CS. Image (B) shows an entire 96-well irradiation of 60 pg/mL AUNR@CS with
the laser adjusted to irradiate only the central part of the well. Adapted with permission

from143
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3.2.3. Conclusions

In summary, the final goal of the first part of the study was to compare the
efficiency of two types of anisotropic AUNPs as PTT mediators. The LSPR bands
of gold AuNPrs and AuNRs were adjusted to absorb close to the wavelength of
the NIR laser (1064 nm) so that these particles could be evaluated and compared
as photothermal agents. Although both AuNPrs and AuNRs showed a high
heating efficiency, AUNRs stand out as being more efficient, largely due to their
higher specific surface area. Cellular studies with Vero cell line revealed that the
AuNPs were essentially non-toxic and were located inside cytoplasmic vesicles,
but only the AuNPrs possessed capability to induce cell death, under the
conditions tested herein. The explanation of this contradiction between heating
efficiency and cell death capacity can be found in the internalisation of both
AuNPs, where ICP and TEM studies led us to conclude that AuNPrs internalise
more efficiently than AuNRs. These observations, lead us to conclude that
AuNPrs are more appropriate candidates for in vitro cellular thermoablation.
Although AuNRs are important class of photothermal nanoparticles, their cellular
internalisation is limited in some cell lines and in most of the cases must be
increased using complex and time-consuming surface-functionalisation

techniques.

In a second part of the study we have developed a simple strategy to significantly
increase the efficacy of AUNRSs for photothermal therapy applications in vitro. As
an alternative strategy, we have entrapped AuNRs in chitosan-based sub-
micrometric hydrogels (AUNR@CS) that showed cell-adhesive properties.
Importantly, an anionic POM was employed as a gelling agent to form the sub-
micrometric hydrogel by ionic interaction with cationic chitosan to capture the
AuNRs as part of the hydrogel. The AUNR@CS display almost the same heating
properties than the free AuUNR and showed no cytotoxicity, even at high
concentrations. However, in contrast to the free AuNR, laser irradiation of cells

treated with AUNR@CS displayed clear signs of necrosis even employing lower
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gold concentrations than in the case of AuNPr. Consequently, our hydrogel
entrapment strategy has dramatically increased the in vitro efficiency of AUNRs
for photothermal therapy applications and could potentially be employed in future
intra-tumoural administration, resection of tumours zones after surgery or for oral

delivery to treat tumours located in the digestive tract.

Although these hydrogels possessed all of the desired physicochemical
characteristics conferred by chitosan and AuNRs, the synthesis route to these
hybrid nanomaterials presents several key drawbacks. Notably, it is especially
difficult to control the size of the matrix and the overall shape of the
nanocontainers. To improve this shortcoming, we proposed that inkjet technology
could be harnessed, in a similar way to microfluidics, for the automated and highly
reproducible production of large quantities of monodisperse chitosan hydrogels

containing AuNRs. Our efforts towards this goal are described in Section 3.3.
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3.3. New AuNP encapsulation methodology using Inkjet
technology

Microencapsulation has played centre stage in the biomedical sector and is
crucial for a number of applications ranging from drug delivery and controlled
release to cellitissue targeting systems.” Commonly employed
microencapsulation techniques such as emulsions, extrusion or spray drying?*°
are used for industrial scale microencapsulation, however these methods show
several drawbacks including broad size distribution?>°, agglomeration of capsules
or low encapsulation efficiency.?>* All of these aspects are of paramount
importance in drug delivery systems principally because the rate of drug release
scales with particle size.?®?25 Inkjet-based microsphere production technology
offers the potential to improve such limitations to microencapsulation thanks to
excellent control and reproducibility of particle size and efficient encapsulation.?>*
Furthermore, from the industrial perspective, inkjet-based technologies represent
continuous microdroplet production systems,7825% whereby the process can be
fully automated. Importantly, such inkjet set-ups can be easily scaled-up using
multiple printheads working in parallel with hundreds of inkjet ejection nozzles.
Practical aspects such as these can provide advantages for microencapsulation
in a number of fields and industries: from the pharmaceutical industry?>* to
biomedical applications like cell and bacteria microencapsulation as probiotics for

food industry.256:257

The use of AuNPs in the biotechnology field range from drug release?%2%8 and
photothermal therapy®%13 to biosensing.°”?% In principle, encapsulating AuNPs
in polymers can be employed to improve the applicability of AuNPs for these
applications, e.g. in order to enhance stability, provide sustained release and
enhance bioavailability of the AUNPS, or to improve other aspects related to their
delivery and storage.?®® Another important advantage of AUNPs encapsulated in
polymers is the preservation of AuNP optical properties in order to avoid

unwanted plasmon shifts due to solvent changing and plasmon hybridization.?6!
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Apart from low cytotoxicity and other advantages already described in previous
section, chitosan has been used for oral administration of AUNPs by protecting
the nanoparticles in the gastrointestinal tract and it is mucho-adhesive, which
facilitates the interaction with the intestinal epithelium enabling their absorption

from the intestine into the bloodstream.161.162

The objective of this work consists of the development of an inkjet methodology
for the microencapsulation of AUNPs inside a biocompatible and muco-adhesive
chitosan hydrogel. Furthermore we aimed to assess the utility and applicability of
these microcapsules for biomedical applications. To this end, we have designed
an inkjet microcapsule production strategy to eject microdroplets of a AuNP-
containing chitosan solution into a solution which produces an instantaneous ionic
gelation of the microgel particles (see Figure 67). In vitro biocompatibility studies,
a pH stability test and an evaluation of their degradation in simulated gastric
medium along with a preliminary study of the applicability for oral administration

were used to ascertain their potential as materials for biotechnological

applications.
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Figure 67. Scheme of the inkjet-based methodology employed for AUNP encapsulation
in chitosan hydrogel by the production of microdroplets of AuUNPs and chitosan solution,
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using a piezoelectric inkjet printhead. The microcapsules are formed by instantaneous
ionic gelation when they enter into contact with the gelling agent. Adapted with permission
from?62

3.3.1. AuNP synthesis and preparation

The shape and sizes of AuNPs can be tailored to give the desired
physicochemical properties for a variety of different biomedical applications.
However, for this AUNP encapsulation study we opted to use simple 14-nm
diameter spherical AUNPs as a proof of concept model for the encapsulation by
inkjet technology due to the ease of synthesis and high stability. The 14-nm
spherical AuNPs (Section 3.1.1.1, Figure 68) were covered with a PEG surface
with carboxylic end-groups to facilitate the ionic interaction with the positively
charged chitosan polymer. Another advantage of these AuNPs is their small size,
because larger nanoparticles cause an increase in the solution viscosity,?5% which
could further complicate the ejection of the solution from the inkjet nozzle.
However, we have observed that the addition of the small spherical AuNPs
decrease the viscosity of the chitosan, probably due to the electrostatic interaction
between the AuNPs and the chitosan amino groups. This decrease in viscosity of
the polymer solution has been reported for chitosan solution in the presence of
other ions due to the decrease of charge repulsion between ionised amine

groups.264
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Figure 68. A) TEM image of 14-nm diameter spherical gold nanoparticles (AuNPs) and
(B) UV-Vis spectroscopy of an aqueous colloidal suspension with the LSPR peak at 522
nm. C) Histogram showing the size distribution of the AuNPs employed for inkjet
microencapsulation based on the measurements of AuNP diameters in TEM images.
Measurements carried out with Image J software. D) TEM image at higher magnification
of 14-nm diameter spherical AuNPs. These data show the monodispersity, size and

morphology of the AuNPs employed as a delivery model for the inkjet encapsulation
technology.
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3.3.2. Inkjet technology mechanism and experimental set
up
The inkjet system employed herein belongs to the drop-on-demand (DOD) inkjet
printing type that means that the droplets are ejected due to a controlled external
stimulus. In this type of inkjet system, the ejection process is controlled by a
piezoelectric element in the inkjet header that remains in contact with the liquid
inside the header. When a pulse generator controlled by a computer programme
sends a controlled voltage pulse to the piezoelectric element, it causes a
deformation on the piezoelectric that provokes a pulse of pressure in the liquid
(see Figure 69). The microdroplet generation is a complex process that is
affected by multiple factors such as surface tension, viscosity and density of the
solution along with ejection parameters including orifice dimension, internal
architecture of the printhead and specially magnitude and shape of the voltage
pulse applied. When a voltage is applied to the piezoelectric actuator it causes a
rapid widening of the printhead cavity that involves a local reduction of liquid
pressure (see Figure 69B). This pressure reduction is transferred all along the
printhead as two negative pressure waves in both directions. One of the negative
pressure waves is reflected in the upper end of the printhead as a positive
pressure wave due to the liquid presence. At the same time the other negative
pressure wave is reflected as a negative pressure wave in the orifice. When the
pulse voltage ends, the piezoelectric returns to its original position causing
another two positive pressure waves in the liquid. Best ejection is obtained when
both reflected pressure waves coincide at the same time and in the same position
with the new positive pressure waves. When this situation occurs, the reflected
negative pressure wave is cancelled by one of the new positive pressure waves.
At the same time, the reflected positive wave is combined with the other new
positive pressure wave in a new positive pressure wave with double intensity that

travels along the liquid to the orifice and provokes the real ejection of the
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microdroplet. For this reason, a careful optimisation of the ejection conditions is

required for each solution for a stable and controllable ejection.

a
Ink Voltage
Fluid Supply T'mf
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Figure 69. A) Detailed schematic structure of a piezoelectric single nozzle printhead. B)
Pressure perturbation generation, propagation and reflection upon trapezoidal voltage
application. Adapted with permission from?*"8

>

Our inkjet microsphere production setup is based on a piezoelectric printhead
equipped with a 50-uym nozzle, which determines the size of the ejected
microdroplets. The piezoelectric element of the microdispenser is controlled using
a multichannel device with software that enables the selection of an electrical
waveform with defined parameters (rise, fall and pulse frequency, width, times
and voltages). The inkjet set up used in this thesis can be observed in Figure 70
and refer to Section 5.6 for precise experimental parameters. The chitosan and
AuNPs were filtered and charged in the ink reservoir prior to their ejection
employing the inkjet printhead to a gelling agent solution. A bespoke visualisation
system based on a strobe LED and a camera synchronised with the inkjet ejection

was necessary to photograph the micro-sized droplets ejected at high speed.
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Figure 70. Inkjet set-up employed for the microdroplet generation, with an optical system
composed of a camera and the strobe LED synchronised to monitor the microdroplet
ejection.

3.3.3. Optimising the chitosan solution ejection

In the first instance, the stable and reproducible ejection of chitosan by inkjet was
challenging due to the tendency of chitosan to form micrometric aggregates that
affected the ejection by obstructing the fluidics and clogging the nozzle of the
inkjet microdispensing device. In order to avoid these issues, all reagent solutions
were passed through a 0.45 um filter prior to their introduction in the reservoir and
a carefully washing protocol using an aqueous acetic acid was used to thoroughly
clean the whole inkjet fluidic system before and after each printing phase (see
Section 5.6).

Different electric waveforms to excite the piezoelectric element were studied,
including trapezoidal, bipolar and tripolar, and a comprehensive optimisation
process was performed controlling all the parameters involved in the excitation
pulse including voltages involved, frequency, duration of the rise and fall of the
pulse(s) and pulse(s) width(s) as well as other aspects such as pressure applied
to the solution in the fluidic system. By changing the electrical pulse applied to

the inkjet nozzle, it was possible to continuously control the size of the ejected
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chitosan droplets over a large range, e.g. from 77 um using trapezoidal down to
51 um with tripolar (see Figure 71), all the while maintaining a stable and
reproducible generation of droplets. This decrease in the microdroplet size is a
result of the negative pressure induced by the voltage of the tripolar excitation.?5®
Different chitosan concentrations were ejected with the inkjet microdispensing
device, until a maximum concentration of 5 mg/mL, above which the nozzle
becomes obstructed making ejection impossible. Thus a chitosan concentration
of 5 mg/mL was established as our reference and the discharge conditions were
optimised to achieve a stable and continuous ejection for long periods of time.
For the final optimization steps, the AuNPs were added to the ejected chitosan
solution in order to avoid problems due to changes in the fluid properties that
could affect the ejection. The optimal ejection conditions were achieved by
employing a monopolar electric pulse with a rise time of 3 us, a dwell time of 15
ps and a fall time of 3 ps, a dwell voltage of 32 V and at a frequency of 3000 Hz
allowing a stable ejection during several hours at a rate of 3000 microdroplets per

second. The microdroplets were ejected at a velocity of 2.4 m/s.

Figure 71. Photographs of inkjet ejection of chitosan 0.1 % (ag.) controlling the size of
the microdroplet just by employing different electric pulse waveforms. In this way it was
possible to reduce the size from 77 pum (using a trapezoidal waveform) to 51 pum (using a
tripolar waveform).
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3.3.4. Gelling agent selection

Once the inkjet ejection protocol was optimised, a number of different gelling
agents were assayed to form the microcapsule hydrogels. To facilitate the release
of the drugs incorporated in the hydrogel in future applications, negatively
charged gelling agents were employed to ionically cross-link the positively
charged side chains of the chitosan polymer. To obtain a well-defined
microcapsule, rapid gelation is required to maintain the shape of the discharged
microdroplets when they enter in the gelling agent solution. In the first instance,
the selection process was based on a series of gelling agents described
frequently in the literature, including sodium sulphate,'*® tripolyphosphate
(TPP),?6 phosphomolybdic acid (PMA)?*® and phosphotungstic acid (PTA).143
Initially, these gelling agents were tested by micropipetting droplets of polymer
solution on a receiving solution at different gelling agent concentrations (Figure
72). Sodium sulphate was unable to gel the chitosan and phosphomolybdic acid
(PMA) was only able to produce a partial gelation of the chitosan and irregular
partially gelled microcapsules were formed. Of these four gelling agents, only PTA
and TPP were able to completely gel the chitosan solutions at the tested

concentrations, so subsequent studies continued with these two gelling agents.
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Figure 72. Photographs of AuNPs-chitosan solution droplets micropipetted into a 10
mg/mL solution of PTA or PTT dissolved in an increasing concentration of ethanol (0-80
%).

However, when employed with the microdroplets ejected by the inkjet system,
TPP produced slow gelation and as a result heterogeneous amorphous hydrogel
fragments were obtained (see Figure 73). On the other hand, phosphotungstic
acid (PTA) has been proven to serve as an efficient gelation agent for chitosan-
based materials?*® and has demonstrated inertness to cell cultures.*? In this inkjet
set-up the PTA proved to be an instantaneous gelling agent that enabled the
formation of the chitosan microcapsules directly upon contact with the gelling
solution. It should be noted that microdroplets of chitosan tend to float and form
planar aggregates when they were ejected over PTA solution in water. To solve
this drawback, the density of gelling agent was decreased by dissolving PTA in
an ethanol-water mixture where the optimum gelling conditions were obtained
using a 10 mg/mL PTA solution, 60 % (v/v) ethanol solution in water. Another
advantage of using ethanol is that it ensures the sterility of microcapsules, as
demonstrated by the absence of microorganisms studied by sterility samplers

(subsequently detailed in Figure 80).
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Figure 73. Phase contrast microscopy image of microcapsules synthesised with (A) PTA
or (B) TPP as the gelling agent.

3.3.5. Microcapsule production and characterisation

Using this approach with the ejection parameters optimised at the Section 3.3.3
over the gelling solution composition optimised at the Section 3.3.4, sphere-like
homogeneous microcapsules of chitosan and PTA containing AuNP were
obtained (Figure 74). It should be noticed that a controlled agitation of the gelling
agent using a magnetic stirrer plate was indispensable to avoid aggregation and
fusion of microcapsules during gelation process. These microcapsules were
washed with water maintaining the sterility of the samples, concentrated by
decantation and their dry weight concentration was measured by freeze-drying.
Employing the described methodology, an automatic production rate of 18
mg/hour of microcapsules was achieved thanks to our inkjet system strategy. It
should be highlighted that this rate was obtained employing just a single inkjet
microdispensing device with a single nozzle. One further advantage of this system
is the possibility to scale-up the production by employing several commercially

available multi-nozzle headers performing a simultaneous ejection in parallel.
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Figure 74. A) Inkjet system employed for the microdroplet generation. B) Photograph of
the chitosan and AuNPs droplets ejected from the inkjet printhead at a rate of 3000
microdroplets per second. C) Optical contrast-phase microscopy image of AuNPs-
chitosan microcapsules in water. D) Technical characteristics of the inkjet methodology
developed for AUNP microencapsulation in chitosan. Adapted with permission from?%?

Interestingly, the absorbance spectrum of the AuNPs changes when they are
encapsulated inside the microcapsules (see Figure 75). The LSPR peak is only
slightly displaced to ca. 545 nm due to the plasmon interactions arising as a result
of the physical proximity of the AUNPs to one another. This fact is of great interest
because the encapsulation of AuNPs in hydrogels has been extensively
employed to protect and modulate the optical properties of the AuNPs for

sensing.2¢’
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Figure 75. UV-Vis absorbance spectra of the original AUNPs (blue) employed for the
ejection and UV-Vis absorbance spectra of the microcapsules containing the AuNPs
(yellow).

Under the conditions reported herewithin, the size of the microcapsules was
analysed by measuring the diameter in the optical microscopy images showing a
monodisperse distribution with a mean diameter of 34 £ 4 um (Figure 76A,C).
The presence of the AUNPs and its homogeneous distribution inside all the entire
of the microcapsules chitosan hydrogel matrix was confirmed by SEM and TEM
confirmed that AUNPs were embedded in the chitosan hydrogel matrix (Figure
76B,D,E). The amount of AuNPs encapsulated in the hydrogel was determined
by ICP-AES, and correlated to dry the weight to calculate the AuNPs loading of
2.2 wt.% of gold (details of AuNPs encapsulation by inkjet technology are
collected in Figure 74D), which represent an estimated number of 1.3 million
AuNPs per microcapsule calculated form the nanoparticle theoretical weight. The
proof-of-concept of our proposed microencapsulation system provides >90 %
encapsulation efficiency (based on the initial concentration of AUNPs ejected)
compared to other benchtop chitosan hydrogels containing AuNPs which have
shown far lower encapsulation efficiencies near 60 %.14% As an extension of this
thesis, the high microencapsulation efficiency of this inkjet methodology could be

harnessed for encapsulating expensive particles, pharmaceuticals or compounds
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that are prone to degradation, as is the case of AuNPs. This high encapsulation
efficiency along with the fact that this inkjet set-up can be easily scaled-up due to
its automaticity using multiple commercially available printheads working in

parallel with hundreds of inkjet ejection nozzles makes this inkjet technology an

interesting option for the pharmaceutical and biomedical industry.
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Figure 76. A) Phase contrast optical microscopy image of chitosan microcapsules
containing the AuNPs in aqueous media. B) Transmission Electron Microscopy image of
the hydrogel structure of the microcapsules containing the AuNPs (visualised as black
dots). C) Size distribution histogram calculated from the measurements taken from
brightfield microscopy images (diameter: 34 + 4 um). D) Scanning electron microscopy
(SEM) of the microcapsules, showing a complete microcapsule and an amplification (E)

showing the AuNPs embedded in the hydrogel structure. Adapted with permission from
262
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3.3.6. Co-encapsulation of other molecules

In order to know if other molecules of interest could be co-encapsulated at the
same time with the AuNPs, a complementary study using a fluorophore as a
simple example of co-encapsulation was performed. To this end, Alexa 647
fluorophore was added to the inkjet-ejected solution composed by chitosan,
acetic acid and AuNPs and ejected in the microdroplet as other compound of the
solution. Inkjet microcapsules were formed similarly as the previously reported
ones, without problems during the encapsulation neither phase separation. In
order to know if the fluorophore has been properly encapsulated in the
microcapsule and maintained its functionality, these microcapsules were
observed by fluorescent confocal microscopy. By this technique it was possibly
to clearly visualise how the fluorophore was mainly encapsulated in the outer part
of the microcapsule and maintained its fluorescent properties (Figure 77A,B). In
addition, taking confocal images at different heights and performing a Z-stacking,
it was possible to 3D reconstruct the morphology of the microcapsules showing
its spherical shape and the presence of the fluorophore in all the external part of
the microcapsules (Figure 77C). This possibility to co-encapsulate other
molecules with the AuNPs or several molecules of interest just by their simply
addition to the inkjet ejecting solution confers to the inkjet microencapsulation
another extra value. Each particular molecule of interest should be tested in the
system prior to their application. However the property to easily co-encapsulate
several elements at the same time enhance enormously the number of molecules
of interest (such as drugs, targeting molecules, reporter molecules, antibodies,
other proteins, nucleic acids, among others), functionalities and applications were

this microencapsulating system could be of interest in the future.
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Figure 77. A) Phase contrast optical microscopy image of chitosan microcapsules
containing the AuNPs and the fluorophore Alexa 647 in aqueous media. B) 3D
reconstruction of the structure of the microcapsules from the fluorophore images obtained
with the confocal microscopy. C-D) Confocal microscopy images of the microcapsules
containing the AuNPs and the fluorophore Alexa 647. The fluorophore is shown in blue in
the overlay of the fluorescence and the bright field channels (C) and in the fluorescence
cannel (D). It can be appreciated that the Alexa 647 fluorophore is encapsulated in the
external part of the microcapsules produced by inkjet. Adapted with permission from?%?

3.3.7. Liberation of AuNPs from the microcapsule
environment

The stability of the inkjet microcapsules in physiological and simulated gastric
fluid and in different buffers was studied in order to predict the feasibility of using

them as potential drug delivery vehicles. The microcapsules possess stability
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over a wide range of pH displaying almost no liberation of AUNPs from pH 2-9, a
moderate 10 % release at pH 10-11 and a complete degradation of the
microcapsules with AuNPs releases of greater than 60 % at pH higher than 11
(Figure 78A). Interestingly, UV-Vis spectra of the AuNPs remained unaltered
after their release from the microcapsules in comparison with the original AUNPs
and in contrast to the encapsulated ones (Figure 79, Figure 75), indicating that
they maintain their colloidal stability without any sign of degradation or
aggregation. This protective behaviour has already been described for other
chitosan-AuNPs hybrid systems that protected the functionality of sensitive
molecules from gastric degradation.'! The stability of our inkjet microcapsules
was studied by incubation in simulated gastric fluid that simulates the pH and ion
concentration to which microcapsules would be exposed during a potential oral
administration route. The release of AUNPs in simulated gastric fluids was studied
after 1, 4 and 24 hours of incubation at 37 °C. Overall the inkjet microcapsules
maintained their integrity displaying only minor release of AuUNPs (< 10 %) in
simulated gastric fluid under all the tested conditions after 24 hours (Figure 78B),

making them potential candidates for oral administration of AUNPs.
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Figure 78. A) pH-dependent release of AUNPs from microcapsules measured after 24
hours of incubation. B) AuNPs release in water and in simulated gastric fluids after
incubation times of 1, 4 and 24 hours. Adapted with permission from?22
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Figure 79. UV-Vis absorbance spectra of AUNPs comparing the AuNPs released from
the microcapsules after exposure to pH 12 (Released AuNPs) with the AuNPs spectra
before their inkjet microencapsulation (Original AUNPS). It can be seen how their spectra
is maintained almost equally, indicating the stability of the AuNPs after their release
without signs of aggregation or degradation.

3.3.8. Cell biocompatibility of microcapsules

In the first instance these microcapsules are intended for biomedical applications,
so was important to verify their biocompatibility as well as the sterility of the inkjet
production methodology. The inkjet production of the microcapsules in sterile
conditions was achieved by filtering all the solutions prior to introduction in the
inkjet microfluidic channels. Furthermore, the inkjet production is carried out in a
laminar flow cabinet and the ejection over a gelling solution with an ethanol
content of 60 % also help to prevent microbiological contamination. The presence
of several microorganisms the microcapsules solution was analysed using
commercial detection kits. The presence of coliform organisms was tested using
the Coli-Count™ Sampler, the presence of aerobic bacteria using HPC Total
Count Sampler and the presence of yeast or moulds employing the Yeast and
Mould Sampler (see Section 5.6.6 for sterility analysis details). Three different
batches of microcapsules were analysed and no microorganisms were detected

in any of the testers neither in any of the batches (see Figure 80). Such routine
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analysis verifies the potential of materials produced using our inkjet methodology

and provides confidence for more detailed in vitro and in vivo studies.

Negative Microcapsules Positive
control 1 2 control

Figure 80. Photographs of sterility testers analysing the presence of microorganisms,
comparing a negative control (sterile water), two different batches of microcapsules with
AuNPs (microcapsules 1 and 2) and a positive control of contamination (ground sample).
Coliform organisms were tested using the Coli-Count™ Sampler (blue), aerobic bacteria
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using HPC Total Count Sampler (red) and yeast or moulds employing the Yeast and
Mould Sampler (yellow).

As mentioned previously, the cell adhering properties in this type of hydrogel are
useful for a wide variety of applications, such as oral delivery!®2° and
nanoparticle-mediated photothermal therapy.**® For this reason, the cytotoxicity
of the inkjet microcapsules was studied in vitro as a preliminary indication of
safety for their applicability as drug or nanoparticle carriers for the previous
related applications. The HelLa cell line was selected as in vitro model for cell
culture compatibility due to its frequent use as a standard for cytotoxicity trials.
After a 24-hour incubation period of the microcapsules with HelLa cells the
interaction between the inkjet microcapsules and cells was studied using optical
microscopy and showed no signs of cellular toxicity or damage (Figure 81).
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Figure 81. Microscopy images of HelLa cells incubated for 24 hours with 0 (A), 50 (B),
100 (C) and 200 (D) pg/mL of microcapsules. The AuNPs confer a red-colour to the inkjet
microcapsules, which show similar sizes to the cells.
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Figure 82. A) Microscopy image of HelLa cells incubated for 24 hours with the
microcapsules after the MTT assay. B) Absorbance UV-Vis spectra of the cells incubated
with the microcapsules treated or not treated with MTT at different microcapsules
concentrations treated or not with MTT, showing a negligible interference of the
microcapsules in the MTT assay. C) HelLa cell viability test by MTT of the microcapsules
containing the AuNPs incubated at different concentrations for 24 hours incubation,
showing no sign of toxicity.

To confirm the apparent absence of cell toxicity, MTT cell viability assays after 24
hours of HelLa cells incubation with the microcapsules were carried out. In order
to ensure that the coloured properties of the microcapsules due to the presence
of AuNPs (Figure 82A) would not affect the result of the colorimetric MTT assay,
a control sample of cells incubated with the microcapsules without MTT treatment
was used as internal blank for each concentration. However, in any case, the

absorbance of the microcapsules was almost negligible compared with the MTT
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treated cells (Figure 82B). The MTT cell viability assays showed no cytotoxicity
(or alteration to cell metabolism) after 24 hours of incubation of the microcapsules
with the HelLa cell line, even at the highest tested concentration (200 pg/mL)
(Figure 82C).

3.3.9. Microcapsule oral administration in mice

After verifying that these microcapsules did not display toxicity to eukaryotic cells
and that they were able to protect the encapsulated AuNPs from degradation in
simulated gastric medium, the next step was to perform a preliminary evaluation
of the biodistribution of AUNPs following oral administration in mice. This portion
of the research was carried out with our collaborators Dr. Julian Pardo Jiménez
and Ms. Laura Comas from University of Zaragoza at the Centro de Investigacion
de Biomedicina en Aragén (CIBA). 100 uL of the inkjet chitosan microcapsules at
10 mg/mL carrying the AuNPs and the fluorophore Alexa 647 were administered
orally in 4 mice and compared with a similar control group treated with the same
gold amount of the bare AuNPs and a control group of 2 mice just treated with
water. The fluorescence of the microcapsules was recorded in vivo to track to
localisation of the microcapsules four hours after the administration employing a
IVIS Lumina Il, an sensitive imaging system that records the fluorescence in vivo
(Figure 83).

Unfortunately, the negative control experiment of mice without oral administration
exhibited a high background of fluorescence due to the content of the
gastrointestinal tract. However, the microcapsules were observed in the
gastrointestinal tract due to their higher intensity compared with the negative
control and AuNP control. Based on these images the exact organ, or region of
that organ, cannot be ascertained. It should be noted that in the case
unfunctionalised orally-administered AuNPs, the fluorescence in the

gastrointestinal tract is significantly smaller than the microcapsules with AUNPs

159



and Alexa 647. This could indicate a fluorescence quenching phenomena
provoked by the AuNPs or more probably alterations in the alimentation of the

mice or in the velocity of the intestinal transit.
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Figure 83. Fluorescence images of the mice 4 hours after oral administration of
microcapsules containing the fluorophore Alexa 647 and the AuNPs (upper), the same
guantity of bare AuNPs (medium) or administration of water as a negative control (down).
The organs of the mice were also extracted 4 hours after the oral administration
and were digested with piranha solution followed by aqua regia to quantify the
content of Au in each organ using ICP-MS. A large amount of Au was remained
in the stomach similar to the case of free AUNPs and microencapsulated ones.

The lack of gold in the liver indicates that the AuNPs do not enter into the
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bloodstream where there would be a risk of metal bioaccumulation. A slightly
increase in the ileum and duodenum retention could be observed in the case of
the encapsulated AuNPs, however this gold content is almost depreciable in
comparison with the total amount administered. Interestingly, the
microencapsulation of the AuNPs conferred the ability to increase the colon
retention seven times more than the bare AuNPs probably due to the
mucoadhesive characteristics of the chitosan (Figure 84). For all these reasons,
all these preliminary results suggest that this microencapsulation methodology
could be of interest for the encapsulation of AUNPs and/or drugs for applications
requiring a localised treatment of the colon. Furthermore, ability to achieve a local
delivery without the risk of AUNPs entering in the bloodstream means that we will

continue to explore this research line.
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Figure 84. Au biodistribution in different organs 4 hours after the oral administration of
the microcapsules. Four mice per group were administered orally with water (Control), the
free AUNPs (AuNPSs) or the inkjet produced microcapsules containing the AuNPs (MC-
AuNPs) and the organs were extracted after 4 hours. The gold content of each of the
organs was analysed by ICP-MS. It should be highlighted that colon retention for
microcapsule encapsulated AuNPs is 7 times more than the bare AuNPs
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3.3.10. Conclusions

In conclusion, we have developed an innovative inkjet microencapsulation
methodology for trap nanoparticles within polymeric hydrogels. To the best of our
knowledge, this is the first time that inkjet technology has been employed for
AuNP encapsulation or for generating chitosan microcapsules. This novel
approach enables an automatic production of microcapsules at a high speed and
productivity, making the strategy stand out due to its high production efficiency,
degree of control over the size of the microdroplets as well as the size and shape
homogeneity of the corresponding microcapsules. The proof-of-concept 30 um
diameter AuNP-chitosan microcapsules show no cytotoxicity and are highly
resistant over a wide range of pH and to degradation in simulated gastric medium.
Furthermore, this preparation methodology facilitates the production of sterile
microcapsules. This combination of attributes makes this production methodology
highly relevant to a number of biotechnological applications where drug,
compound or nanoparticle encapsulation, protection and delivery play key roles.
Our preliminary studies on oral administration of these microcapsules showed a

seven-fold increase in the colon retention with respect to the bare AuNPs.
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4. Conclusions

This thesis proposes new routes to improve the utility and biotechnological
application of gold nanoparticles (AuNPSs) in biomedical sensing and therapy. In
the first instance, AUNPs possess high density and surface functional chemistry
enabling the possibility to functionalise with proteins, both of which render them
as useful SPRi enhancement materials for biosensing applications. Thanks to
these physicochemical properties, a methodology has been developed to detect
attomolar quantities of several miRNA sequences at the same time with just one
single stable and easy-to-prepare nanoparticle reagent, which, importantly,
avoids the use of enzymes and multi-step enhancing protocols. From this study,
it can also be concluded that a comprehensive characterisation and optimisation
of the gold nanoparticle functionalisation with proteins is of great utility to achieve
highly functional nanoparticles for the desired application. To this end, from the
matrix of biofunctionalisation strategies and AuNP shapes and sizes tested in this
thesis, gold nanospheres of 14 nm functionalised with neutravidin along with
biotinylated antibodies proved to be the best compromise between analytical
performance, experimental feasibility and practicality for the application of AUNP
in SPRi sensing. Future studies should focus on evaluating the feasibility of this

approach for miRNA detection market.

The SPR biosensing research highlighted how different shapes of AuNPs are
critically important considerations when studying the applicability of AUNPs for a
determined application, since the physicochemical properties and biocompatibility
of each nanoparticle shape vary so significantly. This thesis shows how AuNPrs
and AuNRs are extremely efficient light-to-heat transducers, where the heating
efficiency of AUNRs are superior. However AUNR-mediated cell-death was shown
to be extremely poor due to their low cellular internalisation, which stand in

contrast with the excellent performance of AuNPrs for PTT in vitro. In order to
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overcome the poor performance of AuNr-induced PTT in vitro, a simple strategy
consisting of AuNR entrapment in cell-adhesive sub-micrometric chitosan
hydrogels was developed. These AuNR@chitosan hydrogels showed no
cytotoxicity and displayed almost identical heating properties to free AuNR.
Importantly, however, the in vitro efficiency for PTT was improved dramatically,
even improving on the AuNPr ability for PTT by the need of a lower gold
concentration for a higher cell death. This high in vitro efficiency encourages
future research on AuNR@chitosan hydrogels for in vivo PTT, focusing on their
interaction with different tissues and organ, the administration pathways and the

AUNR release and elimination.

Although the aforementioned AuUNR@chitosan hydrogels performed well for PTT
applications, the synthetic method for these hydrogels presented several
drawbacks including high polydispersity and potential issues with reproducibility,
common to benchtop syntheses, which thus motivated the quest for a novel
AuNP@chitosan encapsulation method. This thesis has demonstrated how inkjet
technology can be employed for AuNPs microencapsulation, providing an
automatic and continuous production of microcapsules at high speed and with
high AuNP encapsulation efficiency. This proof-of-concept AuNP@chitosan
microcapsules showed no cytotoxicity, presented a highly resistance against
degradation and showed an enhanced colon retention in preliminary studies of
oral administration in mice. Future research on inkjet technology should focus on
co-encapsulation of anisotropic AUNPs and other pharmaceuticals in order to take
advantage of their NIR optical properties for therapy and sensing. Also trying to
understand its interaction with the intestinal epithelium would be highly interesting

for its future application as oral delivery microcapsules.

On the basis of all the studies collected in this thesis and analysing them as a
whole, it is possible to conclude that the shape of AuNPs and the
biofunctionalisation strategy employed are crucial parametres for its performance

in sensing and photothermal therapy. It has been proved how by developing a
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precise control of its synthesis, biofunctionalisation and a thorough
characterisation it is possible to select and design the apropiate AUNP for each
case. In addition, it has been showed how the improvement of AUNPs properties
can be carried out by the development and optimisation of chitosan hydrogel
entrapment methodologies. However, some questions remain still unknown. Why
different AuNPs shapes showed different biodetection properties or cell
internalisation profiles or how hydrogel encapsulated AuNPs interact with living
systems are questions that remain to discover after this thesis. These questions,
along with the results obtained during this thesis and the future possibilities
related to these studies alredy detailed during this conclusion section, represent
a highy interesting starting point for future studies expanding the knowledge about

AuNP applicability for treatment and biosensing.
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Conclusiones

Esta tesis muestras algunas formas de mejorar la utilidad y aplicacion
biotecnol6gica de las nanoparticulas de oro para deteccién y terapia. En la
primera parte de la misma, la elevada densidad de las AuNPs junto con la
guimica funcional de su superficie que permite su funcionalizacion con proteinas,
las convierten en materiales de gran utilidad para la amplificacion de la sefial
SPRi para aplicaciones de bio-deteccion. Gracias a estas propiedades
fisicoquimicas, se ha desarrollado una metodologia para detectar cantidades
attomolares de varias secuencias de miRNA al mismo tiempo detectadas
empleando un solo reactivo consistente en nanoparticulas estables y faciles de
preparar que evita el uso de enzimas y protocolos de amplificaciébn en multiples
pasos, lo cual es de gran importancia para el sector. Ademas de este estudio, se
demuestra que una caracterizacion y optimizacibn exhaustivas de la
funcionalizacion con proteinas es de gran utilidad para producir hanoparticulas
altamente funcionales para la aplicacion deseada. Para este fin, de la matriz de
formas y tamafios de AuNPs junto con las distintas estrategias de
funcionalizacion con proteinas testadas en esta tesis, las nanoesferas de oro de
14 nm funcionalizadas con neutravidina que interaccionan especificamente con
los anticuerpos modificados con biotina han demostrado poseer el mejor
compromiso entre rendimiento analitico, viabilidad experimental y practicidad
para la futura aplicacion real de AuNPs en deteccién mediante SPRi. Seria
recomendable que los estudios futuros se centren en evaluar la viabilidad de esta

estragia en el mercado de deteccién de miRNA.

Durante la investigacion realizada en bio-deteccion mediante SPR queda
demostrado que la geometria de las AuNPs es una consideracion de vital
importancia cuando se estudia la aplicabilidad de las AUNPs para una aplicacion

concreta ya que las propiedades fisicoquimicas de cada forma de nanoparticula
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y su interaccidn con los componentes bioldgicos varian drasticamente. Esta tesis
demuestra como tanto los AuNRs como los AuNPrs son transductores
extremadamente eficientes de luz en calor, siendo la eficiencia de calentamiento
de los AuNRs superior. Sin embargo, la muerte celular mediada por los AuNRs
fue extremadamente baja debido a su baja internalizacién celular, lo que
contrasta con el excelente rendimiento de los AuNPrs para PTT in vitro. Para
solucionar el bajo rendimiento en PTT in vitro de los AuNRs se desarrollé una
estrategia simple consistente en su encapsulacion en hidrogeles de quitosano
sub-micrométricos con elevada adhesion celular. Estos hidrogeles
AuNR@chitosan no presentaban citotoxicidad y poseian propiedades de
calentamiento casi idénticas a los AuNRs libres. Cabe destacar, ademas, que la
eficiencia en PTT in vitro fue mejorada drasticamente, incluso mejorando la de
los AUNPr ya que se necesitaba una concentracion de oro menor para producir
una mayor muerte celular. Esta alta eficiencia in vitro es alentadora para
continuar con la futura investigacion de estos hidrogeles AuUNR@chitosan para
su uso en PTT in vivo, centrandose en la interaccién de estos materiales con los
diferentes tejidos y 6rganos, las posibles vias de administracion y la liberacion de

AuNR y su eliminacion.

A pesar de que los hidrogeles de AuNR@chitosan funcionaban bien para
aplicaciones de PTT, la metodologia de sintesis empleada para estos hidrogeles
presentaba varias desventajas como polidispersidad y ciertos problemas de
reproducibilidad, lo que motivé la blsqueda de un nuevo método de
encapsulacion de nanoparticulas de oro en hidrogeles de quitosano. Este tesis
ha demostrado como la tecnologia inkjet puede ser empleada para la
microencapsulacidon de AuNPs, al mismo tiempo que esta tecnologia permite una
produccién continua y automatica de microcapsulas a alta velocidad y con una
elevada eficiencia de encapsulacion de AuNP. Estas microcapsulas
AuNP@chitosan producidas como prueba de concepto no presentaron

citotoxicidad celular, presentaron una alta resistencia frente a la degradacion y
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demostraron aumentar la retencién en el colon en un ensayo preliminar de
administracion oral en ratones, tal y como se pretendia. La futura investigaciéon
en tecnologia inkjet continuando con este tema deberia centrarse en la co-
encapsulacion de AuNPs anisotrépicas junto a otros farmacos para beneficiarse
de sus propiedades Opticas en el NIR para terapia y deteccion. También intentar
enteder su interaccién con el epitelio intestinal seria muy interesante para su

future aplicacion como microcépsulas de administracion oral.

Empleando como base los estudios descritos en esta tesis y analizandolos en su
conjunto, es posible concluir que la forma de las nanoparticulas de oro y la
estrategia de biofuncionalizacion empleada son consideraciones cruciales para
su actividad en biodeteccion y terapia fototérmica. Se ha demostrado cémo
desarrollando un control preciso de su sintesis, biofuncionalizaciéon y una
minuciosa caracterizacion es posible seleccionar y disefiar las nanoparticulas de
oro apropiadas para cada caso. Ademas, se ha descrito como la mejora de las
propiedades de las nanoparticulas de oro puede alcanzarse mediante el
desarrollo y optimizacion de metodologias para la encapsulaciéon de AuNPs en
hidrogeles de quitosano. Sin embargo, algunas cuestiones permanecen adn sin
respuesta. Por qué las diferentes formas de AuNPs presentan propiedades de
biodeteccioén o perfiles de internalizacion celular tan diferentes o como las AuNPs
encapsuladas en hidrogeles de quitosano interaccionan con los sistemas vivos
son preguntas que quedan por descubrir después de esta tesis. Estas preguntas,
junto a los resultados obtenidos durante esta tesis y las posibilidades de
continuar estos estudios en el futuro previamente descritas, represantan un punto
de partida altamente interesante para futuros estudios que expandan el
conocimiento acerca de la aplicabilidad de las nanoparticulas de oro en

biodeteccién y terapia.
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5. Materials and methods

5.1. Materials

All reagents, chemicals and solvents were supplied by Sigma Aldrich Chemical
Company Ltd., Merck, Scharlab, Fisher Scientific, Strem Chemicals, Invitrogen,
Lonza, Panreac or Acros Organics and used without further purification, unless

stated otherwise.

5.2. Instrumentation

Unless otherwise stated, the following instrumentation was used to obtain the

analytical data herewithin:

Transmission Electron Microscopy (TEM) images were collected using a FEI
Tecnai T20 (FEI Europe, Eindhoven, Netherlands) working at 200 kV.

Scanning Electron Microscopy (SEM) images were collected using a field
emission SEM Inspect F50 with an EDX system INCA PentaFETx3 (FEI
Company, Eindhoven, The Netherlands) in an energy range between 0-30 keV.
Nanoparticles dimensions and counting in the images from SEM and TEM were

analysed employing the software ImageJ.

UV-Vis spectra were acquired employing a Cary 50 Probe® spectrophotometer

from Varian or a Jasco V670.

Dynamic Light Scattering and Electrophoretic mobility (Zeta Potential) were

evaluated using a Brookhaven 90Plus DLS instrument (NY, USA).

Freeze-drying was performed in a Telstar cryodos freeze-dryer (Spain) with an

Agilent technologies DS 102 vacuum pump.

For the Near Infrared (NIR) laser irradiation, all samples were irradiated using a

3 W Laser Quantum Ventus laser (1064 nm) at a power output of 1100 mW for
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10 min, which corresponds with a power per surface of ca. 3.3 W cm? at the
sample position. The temperature was registered every 5 sec using a software
program developed by The University of Zaragoza using a Fibre Optic

Temperature Sensor TPT-62 (Fiso Technologies Inc.).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) or
inductively coupled plasma mass spectrometry (ICP-MS) was performed using
an Optima 8300 (Perkin Elmer®) in the Servicio Central de Andlisis de Bizkaia
from SGlker of Universidad del Pais Vasco (EHU).

Both bright-field, dark field and standard fluorescence images of the cells were
obtained with a Nikon Eclipse Ti with FPS system equipped with a phase contrast
system, dark field visualisation system and 387+11/447+60 nm (DAPI) cube filter

connected to NIS-Elements Microscope Imaging Software.

The composition of the hydrogel and its components was analysed by Fourier
Transform Infrared (FTIR) spectroscopy analysis in a JASCO FT/IR-4100 Fourier
transform infrared spectrometer in a frequency range of 600-4000 cm* with a

resolution of 2 cm™* and a scanning number of 32.

The images of the biodistribution of the fluorescent microcapsules in mice were
acquired employing a quantitative fluorescent and bioluminescent imaging
equipment IVIS Lumina Il (LifeSciences).
5.3. AuNPs synthesis and characterisation
Prior to use, all glassware was washed with aqua regia and rinsed thoroughly with
Milli-Q water from Millipore Q-POD® system.
5.3.1. Gold nanospheres (AuNS) synthesis
5.3.1.1. Synthesis of gold nanospheres of 14 nm (AuNS)

Gold nanospheres (AuNSs) with a diameter of 14 nm and a maximum absorbance

peak (LSPR) at 520 nm, were prepared using the Frens-citrate approach and then
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coated with alpha-Thio-omega-(propionic acid) octa(ethylene glycol) (HS-PEG-
COOH) of 458 Da (Iris Biotech GmbH) or with alpha-(11-Mercapto-
undecanoylamido)-omega-carboxy dodeca(ethylene glycol) (HS-FA-PEG-
COOH, from Iris Biotech GmbH) of 818 Da applying the previously reported
methodology with minor modifications.”” Briefly, 195 mL of tetrachloroauric acid
(HAUCI,) (Strem Chemicals) at 1.2 mM was heated until boiling and 5 mL of
sodium citrate at 163 mM were added and maintained at reflux conditions for 30
min protected from the light. Finally, the solution was cooled to room temperature
and stored at 4 °C.

After that, 10 nM bare gold nanospheres (calculated from ICP-AES quantification)
were mixed with 0.028 % sodium dodecyl sulphate, 50 uM of HS-PEG-COOH or
HS-FA-PEG-COOH and NaOH 25 mM and incubated for 16 h in agitation at room
temperature. The nanoparticles were washed 3 times by centrifugation for 30 min
at 18000 g and 4 °C. The pellet of nanoparticles was resuspended in ultrapure
water and stored at 4 °C, a temperature at which they remain stable for several
months if protected from direct light. Extinction coefficient (11.3 mL-mg*-cm?)
was calculated correlating their UV-vis absorbance at 450 nm with the gold
content measured by ICP-AES. The theoretical mean mass of gold of AUNS was
calculated from the diameter of nanoparticles measured from TEM images
assuming a spherical shape and the gold density value (19.3 g-cm®),

corresponding with 1.67x107 g-mol* (See Table 3 for more details).

5.3.1.2. Synthesis of gold nanospheres of 37 nm (B-AuNS)

AuNS with a diameter of 37 nm (B-AuNS) were prepared by dissolving 0.23 mmol
tetrachloroauric acid (HAuUCls) in 195 mL of ultrapure water and heating the
solution until boiling point. Sodium citrate (0.33 mmol) in 5 mL of water was added
and the boiling solution was kept under magnetic agitation protected from the light
for 30 min. After cooling, PEGylation of B-AuNS with heterobifunctional alpha-
Thio-omega-carboxy poly(ethylene glycol) (HS-PEG-COOH, from Rapp
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Polymere) of 5 KDa was performed by preparing a mixture of B-AuUNS at 1.91 nM,
SDS 0.028 % and HS-PEG-COOH 3.42 uM. After this, NaOH 25 mM was added
and the mixture incubated with mild agitation at room temperature for 16 h. The
excess of PEG was subsequently removed by centrifugation at 18000 g for 15
min. This process was performed three times in order to remove all the excess of
PEG. The extinction coefficient was 11.2 mL-mg*-cm' at 450 nm (see Table 3
for more details).

5.3.2. Gold nanoprisms (AuNPr) synthesis

5.3.2.1. Gold nanoprisms (AuNPr) synthesis for SPRi detection
of miRNA
Triangular gold nanoprisms (AuNPr) with LSPR at 1000 nm were synthesised
according to a previously reported methodology with minor modifications.5!
Briefly, 200 mL 2 mM HAuCl, (aq) were mixed with 140 mL 0.5 mM Na,S,03 (aq)
containing 20 pL 0.1 M Kl (aq) and, after 4 min, another 140 mL 0.5 mM Na,S,03
(aq) containing 20 pL 0.1 M Kl (aq) was added. After another 4 min, 60 mL 0.5
mM Na,S,03 (aq) was slowly added to the solution and the resulting mixture was
left reacting for 60 min RT. AuNPr were stabilised by adding heterobifunctional
alpha-Thio-omega-carboxy poly(ethylene glycol) (HS-PEG-COOH, from Rapp
Polymere) in a ratio PEG:nanoprisms of 2:1 (in mg). After that, the pH was raised
to 12 with the addition of 2M NaOH (aq). Finally, the mixture was sonicated for 60
min at 60 °C and the resultant AuNPr were centrifuged at 5000 g, 15 min to
remove unreacted reagents and by-products. While the supernatant was
discarded, the precipitate was resuspended in the same volume of water and two
further washing steps were performed using the same conditions. The
nanoprisms covered with PEG were loaded (mixed with sucrose 20 mg/mL) in
wells within an agarose gel (2.5 %) immersed in an electrophoresis cuvette filled
with TBE 0.5x in order to remove spherical AUNP which were by-products of the
reaction. The electrophoresis separation was run at 120 V for 15 min, after which

time the pseudo-spherical gold nanoparticles entered in the gel while the
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nanoprisms stayed in the wells from where they could be recovered with a pipette.
Extinction coefficient was calculated to be 11.5 mL-mg*-cm™ at 400 nm (See

Table 3 for more details).

5.3.2.2. Gold nanoprisms (AuNPr) synthesis for PTT

AuNPrs with LSPR at ca. 1100 nm were prepared using a modification of the
previously reported procedure (Figure 43). Briefly, 60 uL 0.1 M Kl solution was
added to 220 mL 0.5 mM NaxS,03 (ag.) and 110 mL of this dilution (KI + Na2S203)
was added slowly to 200 mL 2 mM HAuCIl, (Sigma-Aldrich) (aq) over a period of
ca. 30 sec and aged for 4 min undisturbed. A second addition of 110 mL of KI +
Na.S:0; was made and was once again allowed to stand for 4 min before one
final addition of 70 mL Na;S.0s. The final solution was kept undisturbed for 60
min. The concentration of AuNPrs was calculated using their LSPR peak
absorbance at ca. 1100 nm and applying a conversion factor (€) 29 mL-mg*-cm-

L. Note: € was obtained from combined UV-vis spectroscopy/ICP analyses.

AuNPrs were covered with PEG as previously added to the nanoparticles was
prepared in a 1:2 ratio (NPs:PEG) of the total weight of gold used in the synthesis.
PEG was diluted in 1 mL Milli-Q and a determined volume of a 10 mg/mL stock
solution of NaBH, (Sigma-Aldrich) was then added to reach 1:1 molar ratio of
PEG:NaBH4. The entire volume of the PEG-NaBH, solution was completely
added to AuNPrs, and adjusted to pH 12 with 2 M NaOH (Sigma-Aldrich) under
mild mixing. Finally, the solution was sonicated for 1 h at 60 °C, and then
centrifuged at 4,400 g for 15 min at room temperature to precipitate the AuNPrs
and separate them from excess PEG and unreacted starting materials. Pellets
were resuspended in Milli-Q water and centrifuged three times at 4,400 g for 9
min at room temperature. These final samples were diluted to one quarter of their
original volume and aliquoted in 50 mL centrifuge tubes and allowed to rest at
room temperature for several weeks. After this time the larger, heavier AUNPrs

sediment at the bottom of the centrifuge tubes and the upper layer of the solution
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(containing the smaller, lighter polyhedral gold particles) could be removed. All
nanoparticles suspensions were sterilised with 0.22 ym MilliPore® filters prior

addition to cell cultures.

5.3.3. Gold nanorods (AuNRs) synthesis

A modified procedure, based on a previously reported seeded-mediated growth
method,?” was used to prepare high aspect ratio gold nanorods, with LSPR bands
higher than 1000 nm (Figure 43).

To prepare the seed solution a stock of 1 M NaBH4 (Sigma-Aldrich) (aq) dissolved
in 1 M NaOH (Sigma-Aldrich) (aq) was prepared and diluted 100 times in Milli-Q
water, giving a final concentration of 0.01 M NaBH4 (Sigma-Aldrich) in 0.01 M
NaOH. Then, 5 mL of 1 mM HAuCls (aq) and 5 mL of 0.2 M
hexadecyltrimethylammonium bromide (CTAB purchased from Sigma-Aldrich)
(aq) were mixed together. CTAB was dissolved to homogeneity in a water bath at
37 °C. 460 L of the previously prepared NaBH4/NaOH stock solution was then
added, resulting in a light-brown mixture within seconds, evidence of the presence
of Au® seeds. This brownish mixture was allowed to stand for no more than a few

min before use in the growth solution.

The growth solution was prepared by mixing 50 mL of 1 mM HAuCl,; and 50 mL
of 0.2 M CTAB solution, followed by the addition of 700 yL 0.1 M AgNOs
(Panreac®). Then 1 mL 0.5 M hydroquinone (Alfa Aesar®) was added and the
resulting mixture was stirred until the solution became transparent and colourless.
Finally, 1.6 mL seed solution was added. The growth reaction mixture was aged
for 5 h at 26 °C in a water bath.

After that AUNRs were washed and covered with SH-PEG-COOH 5 kDa. Several
centrifugation-washing steps were required after each reaction to clean AuNRs
from excess surfactant. In order to maintain the colloidal stability while obtaining

PEG-stabilised AuNRs, various PEGylation steps were performed between
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washing steps. Firstly, 5 mg of heterobifunctional HS-PEG-COOH (5 kDa) diluted
in 1 mL Milli-Q water were added to 37 L of a freshly made 1 mg/mL NaBH4 (aq.)
and left undisturbed for several min at room temperature. Then, the growth
solution was centrifuged at 15,000 g, 15 min, 30 °C, and pellets were
resuspended in 100 mL Milli-Q water, followed by the addition of 1 mL of
previously prepared PEG solution. Finally, the pH was raised by adding 100 pL
of 1 M NaOH to the resultant solution (obtaining a pH value of 10.5 - 11) and the
sample was aged overnight (20 h) at room temperature, trying to avoid that the
temperature drops below 25 °C to avoid CTAB crystallisation. The next day, an
identical PEGylation step was performed. The sample was centrifuged (15,000 g,
15 min, 30 °C) followed by the resuspension of the pellets in 100 mL Milli-Q water
to remove PEG excess and remaining CTAB from nanoparticles, and 1 mL of
previously prepared PEG solution was added. The pH was raised again (obtaining
a pH value of 10.5 - 11). The resulting mixture was then sonicated for 15 min at
60 °C, followed by another centrifugation at the same conditions to remove
excess PEG. Pellets were resuspended in 100 mL Milli-Q water and one last
centrifugation was performed at the same conditions to concentrate the sample,
which pellets were resuspended in a final volume of 15 mL in Milli-Q water.
Samples were stored at room temperature and the concentration of nanorods was
obtained applying a conversion factor of (€) 74 mL mg* cm* at their LSPR (1044
nm). € was obtained from combined UV-vis spectroscopy and ICP analyses. All
nanoparticles suspensions were sterilised with 0.22 um MilliPore® filters prior

addition to cell cultures.

5.3.4. Characterisation techniques for nanomaterials

All gold nanoparticles were characterised by UV-Vis, TEM or SEM and,

depending on the case, the following techniques:
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5.3.4.1. Ellman assay

For the determination of the degree of saturation of gold nanoparticles
functionalised with thiolated polyethyleneglycol chains it was employed a
procedure based on the Ellman’s assay previously reported with minor
modifications.?8 After the incubation of the gold nanoparticles with the thiolated
chains, the supernatant with the excess of thiolated chains is collected to perform
the quantification assay. The number of exchanged chains was given by the
difference between the amount determined by this assay and the initial amount
of chains in the incubation mixture with the nanoparticles. In the employed
conditions, 218 L of supernatant or calibration samples were mixed with 55 L
of tris(hydroxymethyl) aminomethane 1 M pH 8 and 27 pyL of DTNB (5,5’-dithio-
bis(2-nitrobenzoic) acid) 2 mMin NaAc 50 mM. The mixture was mixed by pipette

stirring and the absorbance at 412 nm is measured.

5.3.4.2. Photothermal Characterisation of Nanoparticles

Note that, prior to these measurements, the NPs were incubated in DMEM
medium for 24 h (37 °C, 5 % CO,) in order to simulate cell culture conditions, and
to provide additional information about possible changes in their size and/or
shape that may affect their optical properties, stability and so forth.
Conformational changes were monitored using UV-Vis and SEM imaging during
the process. Each concentrated stock of NPs was mixed with DMEM to a final
volume of 300 pL per well, giving a final concentration of 20, 100, 120, and 150
pg/mL for NPrs, and of 20 and 100 pg/mL for NRs. To be able to correlate the
heating curves of these experiments to the conditions used for cell irradiation, the
final volume contained no more than 10 % water. Blank was performed irradiating
300 pL of DMEM. A linear regression of the heating curves during the first 30
seconds of irradiation was calculated in order to obtain the temperature increase

per second. The specific heat and density values of the DMEM were
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approximated to those of water and the heat needed to produce this temperature

increase in each well was determined.

The heating profiles were measured using a homogeneous laser beam adjusted
to the bottom area of one single well on each irradiation (96-well-plates) for 10
min. All measurements were reproduced in triplicates to obtain mean values and
standard deviation errors. To avoid pre-heating adjacent samples by heat
diffusion and/or diffraction of the beam, one empty well was located between
sample rows. The temperature probe was rinsed and cooled in Milli-Q water

before collecting new data.

5.3.4.3. ICP-AES and ICP-MS

The gold content of each of the samples was quantified by ICP-AES or ICP-MS
depending on the concentration. 100 L of the samples were previously digested
by addition of 100 pL of a 3:1 sulfuric acid (Sigma-Aldrich) (96 %)/hydrogen
peroxide (Sigma-Aldrich) (33 %) solution and incubated 15 min at room
temperature. After that, 300 pL of a 1:3 nitric acid (65 %)/hydrochloric acid (37 %)
solution were added. Samples were incubated for 2 h at room temperature and
at 60 °C for 15 min and they were finally diluted with Milli-Q water up to 20 mL.
All samples were prepared and analysed in duplicate or triplicate depending on

the experimental requirements.

5.4. AuNPs protein functionalisation and characterisation

5.4.1. Direct covalent functionalisation with Antibody

A mixture of 40 pL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) at 10
mg/mL and 61 pL of sulfo-N-hydroxysuccinimide (sulfo-NHS) at 10 mg/mL, both
dissolved in 2-(N-morpholino)ethanesulfonic acid (MES) at 10 mM pH 5, was
prepared and incubated 10 min room temperature. 20 pmol of AUNS covered with
PEG-COOH and 175 pL of 10 mM MES pH 5 were added and the samples were
incubated at 37 °C for 30 min at 120 rpm agitation. After that, they were
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centrifuged in 1.5 mL microtubes at 13400 rpm for 25 min at 4°C, the supernatant
was discarded and 500 yL of 20 mM MES pH 5 containing the proper amount of
the antibody against HRP or antibody against DNA/RNA hybrid (normally 66
pmol) were added. The samples were incubated at 37 °C for 30 min at 120 rpm
agitation and they were centrifuged for 25 min at 13400 rpm and 4°C. The
supernatant was discarded and 500 pL of bicarbonate buffer pH 8 10 mM were
added. The samples were incubated for 30 min at 37 °C and 120 rpm agitation
and they were centrifuged for 25 min at 13400 rpm and 4°C. After that, 500 pL of
10 mM MES pH 5 containing 20 mg/mL of bovine serum albumin (BSA) were
added, the samples were incubated for 60 min at 37 °C and 80 rpm agitation and
they were centrifuged for 35 min at 13400 rpm and 4°C. The supernatant was

discarded and the pellet was resupended in 10 mM sodium phosphate buffer pH7.

5.4.2. HRP activity assay

For the HRP activity assay, 100 uL of the AuNS functionalised with the antibody
against HRP were incubated with 400 pL of a HRP solution at 0.6 pg/mL in 12.5
mM sodium phosphate buffer pH 7 for 30 min at 37 °C. After that the samples
were centrifuged in 1.5 mL microtubes at 13400 rpm for 25 min at 4°C,
supernatants were discarded and pellets were resuspended in 400 pL of 20 mM
sodium phosphate buffer pH 7. After that, 10 uL of each sample were mixed with
300 pL of MES at 10 mM pH 5 containing 1 mM 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 1 mM H2O; freshly prepared.
The absorbance was recorded immediately after the addition and every 5 minutes

for another two times.

5.4.3. Functionalisation with neutravidin or protein A

The protocol was the same for the three types of AUNP and the two different

proteins (i.e. neutravidin (Thermo Fisher Scientific, product nr. 31000) and protein
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A (Sigma)), just adjusting the concentration of the AUNP and the protein in order
to maintain the same ratio protein/AuNP surface area (i.e. 2.57-107 pmol/nm?)
(see Table 3). A mixture of 60 pL of 10 mM EDC (Sigma), 12 pL of sulfo-NHS 10
mM (Sigma) (aqg.) and 48 pL of water was prepared and added to 250 pL of AuNP
at a concentration of 200 pg/mL for the S-AuNS and AuNPr and a concentration
of 240 pg/mL for the B-AuNS. The solution was left under mild agitation for 15
min and then centrifuged (20 min) at 13200 g for S-AuNS, 2300 g for B-AuNS.
Alternatively, AUNPr were washed using a PD Minitrap G-10 (GE Healthcare)
column previously equilibrated with water. The supernatant was discarded and
AuNP were resuspended in 880 pL of phosphate buffer pH 5.2 (1 mM).
Neutravidin or Protein A solution in PBS was added (until a final concentration of
32 nM for S-AuNS, 15 nM for B-AuNS and 19 nM for AuNPr) and the suspensions
were left under mild agitation for 18 min. 160 uL 100 mM taurine (Sigma) in
sodium borate buffer (pH=9, 100 mM) was added and the suspensions were
leaved under mild agitation for 10 min. AuNP were centrifuged for 20 min (13200
g for S-AuNS, 2300 g for B-AuNS and 600 g for AuNPr), the supernatant was
discarded and AuNP were resuspended in 10 mM PBS at pH 7.4.

5.4.4. Gel electrophoresis characterisation

The conjugation of the different AUNPs and neutravidin or protein A was followed
by gel electrophoresis and also verified by means of ultraviolet-visible (UV-vis)
spectroscopy. For gel electrophoresis experiments AuNPs functionalised with the
proteins were resuspended in 20 pL of sucrose 20 mg mL™?, instead of buffer,
loaded onto 0.6 % agarose gel, and the electrophoretic run was held for 30 min
at 225V in TBE 0.5X, pH 8.

5.4.5. Functionalisation with Antibody through neutravidin
or Protein A

Antibody against the hybrid DNA/RNA was purchased from Covalab (Mab0105-

P clone D5H6). Before its use, at least two cycles of Ab dialysis were done in
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order to remove the amine groups of the storage buffer that could decrease the
yield of the biotinylation process. Dialysis (2 h at RT for each cycle) was
performed using Slide-A-Lyzed mini dialysis unit 3.5K MWCO (Thermo Fisher
Sci., 69550) and using 10 mM PBS at pH 7.4 as buffer to obtain a final Ab
concentration of 3.33 uM. NHS-PEG4-Biotin (4 mM) was freshly prepared and
added to the Ab solution in order to obtain the proper molar ratio of Ab:biotin for
the optimisation of the synthesis (5, 25, 50 and 75 biotin:Ab molar ratios, see
subsection 3.1.1.4). In any case, the ideal Ab:biotin molar ratio and,
consequently, the best biotinylation performances should be finely tuned when
using a new biotin-reagent or a new Ab batch. After about 1 h of incubation with
the NHS-PEGA4-Biotin, two other cycles of dialysis were performed to remove the
unreacted biotin. At the end of the dialysis process, the volume of antibody was
measured in order to calculate the final concentration of the biotinylated antibody.
Conversely, the protein A conjugation strategy did not require the step of antibody
biotinylation, since protein A is able to recognise and bind the Fc region of the
antibody. Therefore, after dialysis, bare Ab 3.33 uM was stored in fridge until its

direct conjugation with nanoparticles functionalised with protein-A.

Nanoparticles and antibody were diluted in 10 mM PBS at pH 7.4 Tween 0.01 %
that was the SPRi running buffer. The optical density (OD) of nanospheres of 14
nm and 37 nm (measured at 450nm) to inject in SPRi were 0.15 and 0.137; while
the final OD of the nanoprisms (measured at LSPR) was 0.68. These OD were
calculated to inject in the instrument the same concentration of gold (12.42 pg/mL)
for the three types of nanoparticles in order to do not have different SPRi signal
due to the different quantity of gold injected (see Table 3). The suspension
containing the nanoparticles and Ab at a final concentration of 5 nM was leaved

under mild agitation for 30-45 min before the injection in SPRIi.
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5.4.6. Radiolabelling quantification

A previously described radio-labelling protein quantification method®® was used
with minor modifications to measure neutravidin/GNS conjugation and antibody
functionalisation. Briefly, 5 pg of protein (neutravidin or Abs) were incubated with
5 uCi of Na'?%l (PerkinElmer) and 15 pg of chloramine T as an oxidising agent for
15 seconds at room temperature in a total volume of 30 uL of 0.5 M sodium
phosphate, pH 7.5. The reaction was immediately terminated by adding 17.5 pL
of 0.5 M sodium phosphate, pH 7.5, containing 6.7 pg of tyrosine and 150 pg of
potassium iodide. The radio-labelled protein was purified using PD MiniTrap G-
10 columns (GE Healthcare Life Sciences, Fairfield, CT, USA), and its
concentration was determined using a Pierce Coomassie Plus (Bradford) assay
kit (Thermo Fisher Scientific, Waltham, USA). The radio-labelled neutravidin and
Ab were subsequently used for the conjugation/functionalisation studies. After
neutravidin/GNS conjugation and Ab functionalisation of the nGNS, the
nanoparticles were centrifuged and the gamma emission of them and the
supernatant were measured for 60 seconds using a LKB Wallac 1282
Compugamma Universal Gamma Counter. Each sample was prepared and

measured in triplicate.

5.5. Hydrogel entrapment of AUNPs

5.5.1. Synthesis of chitosan-encapsulated gold nanorods
(AUNRs@CS)

Polyethylene glycol-stabilised gold nanorods (AuNR) were synthesised according
to Section 5.3.3. For the AUNR entrapment in chitosan hydrogel, 1 mL of a 2
mg/mL (measured by dry weight and previously sterilised by filtration with a 0.22
um Low Protein Binding Durapore® (PVDF) MilliPore® filters) aqueous AuNR
solution was transferred to a glass vial. Under ultrasonication, 0.5 ymol of PTA
(144 uL of a 10 mg/mL, Sigma-Aldrich) was slowly pipetted into the AuNR

solution. 2 mL of 5 mg/mL chitosan (medium molecular weight, Sigma-Aldrich) in
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1 % v/v acetic acid was then pipetted into the PTA/AUNR suspension and mixed
for 2 min under sonication. This mixture was then added to a separate tube
containing 5 mL 50 mM Na,SO4 solution, under sonication for 2 min. The reaction
suspension was centrifuged at 6700 g for 3 min. The supernatant was discarded
and the product was resuspended and centrifuged once more at 4300 g for 3 min.
The precipitate was resuspended in water. All the experiments for AuNR
entrapment were performed under sterile conditions in a laminar flow hood
(Telstar PV-30/70). The concentration of the sub-micrometric containers in water
suspension was obtained by measuring the dry weight of 0.5 mL of sample after
freeze-drying in a Telstar cryodos freeze-dryer (Spain) with an Agilent
technologies DS 102 vacuum pump. The composition of the hydrogel and its
components was analysed by FTIR spectroscopy analysis with dried samples.
Dynamic Light Scattering and Electrophoretic mobility (Zeta Potential) of the
hybrid matrixes were evaluated at a concentration of 0.05 mg/mL in water or KCI

1 mM, respectively.

5.5.2. AuNRs@CS hydrogel characterisation
5.5.2.1. AuNRs@CS fixation for SEM imaging

AuNR@CS samples were covalently crosslinked with glutaraldehyde prior to
electron microscopy imaging to fix their supramolecular structure. 1 mg of the
AuNR@CS hydrogel was incubated for 1 h in a 1.5 % glutaraldehyde solution in
PBS. The nanomaterials were then washed with Milli-Q water via three

successive centrifugation cycles (5500 g for 5 min per cycle).

5.5.2.2. AuNRs@CS photothermal profiles

The heating profiles were measured using a homogeneous laser beam adjusted
to the bottom area of one single well on each irradiation (96-well-plates) and
measurements were reproduced in triplicates to obtain mean values and standard
deviation errors. To avoid pre-heating adjacent samples by heat diffusion and/or

diffraction of the beam, one empty well was located between sample rows. The
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temperature probe was rinsed and cooled in Milli-Q water before collecting new

data.

Each concentrated stock of nanomaterials was diluted in Milli-Q water to a final
volume of 200 pL per well, giving a final concentration of 0, 5, 15, 30 and 60 ug
of gold/mL of AuNRs or AUNR@CS. These heating curves were also used to
calculate the heating potency and efficiency of both nanomaterials at the studied
concentrations. For this purpose, a linear regression of the heating curves during
the first 60 seconds of irradiation was calculated in order to obtain the temperature
increase per second. The specific heat and density values of the suspensions
were approximated to those of water and the heat needed to produce this
temperature increase in each well was determined. The heating efficiency was

calculated using these heat values and the laser power of 1100 mW.

5.6. AUNPs encapsulation in chitosan by Inkjet

5.6.1. Chitosan solution ejection

The inkjet based microsphere production setup employed relies on a piezoelectric
printhead MJ-ABP-01-50 from Microfab Technologies, Inc. with a nozzle of 50
Mm. The piezoelectric element of the microdispenser is addressed by using a
multichannel JetDrive 1l device (CT-MC3-4) also from Microfab. Software
associated (JetSerer™, Microfab) enables the selection of an electrical waveform
(8 point bipolar trapezoidal waveforms) with well-defined waveform parameters
(rise, fall and pulse width, times and voltages) and the pulse frequency. Pressure
and vacuum to control the inkjet dispenser is provided by a CT-PT-4 (Microfab).
The software and electronics also allow to control the strobe LED and the
acquisition of the camera to observe the droplet formation process (see Figure
70 for more details). All the solutions were filtered before been introduced in the
inkjet ejecting system with filters 0.2 ym, except the chitosan solution that was
filtered with a filter of 0.45 ym (Millex-HV REF SLHV033RS), before been ejected

using the inkjet system.
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5.6.2. Benchtop protocol used for gelling agent selection

A solution of 5 mg/mL of chitosan with 0.72 mg/mL of AUNPs was micropipetted
droplet by droplet over vials containing 2 mL of different gelling agents at the
tested concentration with increasing concentrations of ethanol. The spheres

produced were photographed just after the gelification.

5.6.3. Microcapsule production

After a carefully optimisation of the system parameters, the most consistent
ejection was obtained employing the following experimental conditions. 1 mL of
chitosan of low molecular weight (50-190 KDa, Merck) at 10 mg/mL in acetic acid
1 % was mixed with 400 uL of acetic acid 10 % (ag.) and 600 pL of AUNS at 2.4
mg/mL. The solution was filtered prior to their addition to inkjet system. This
solution was ejected employing monopolar electric pulse with a rise time of 3 ps,
a dwell time of 15 pys and a fall time of 3 us, a dwell voltage of 32 V and at a
frequency of 3000 Hz. The microdroplets ejected with the inkjet over 20 mL of
gelling agent solution composed by PTA at 10 mg/mL in 60 % (vol/vol) ethanol
(ag.) in mild magnetic stirrer agitation. It was important to carefully wash the inkjet
system after the ejection employing 3 volumes of acetic acid 1 % (aqg.) in order to
avoid future blocking problems due to chitosan residues. After that, the
microcapsules were washed 3 times with 10 mL of Milli-Q water by 1 h of
decantation in sterile conditions. The concentration of the microcapsules in dry
weight was calculated by measuring the weight of 0.2 mL of sample after freeze-
drying. The morphology and size of the microcapsules was measured from
photographs taken from optical brightfield microscopy images. The gold content

inside the hydrogel was quantified by ICP-AES.

5.6.4. Co-encapsulation of Alexa Fluor 647 Alkyne

The fluorophore Alexa Fluor 647 Alkyne (Invitrogen) was encapsulated in the

inkjet microcapsules using the following methodology. The microcapsules were
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produced as previously described and Alexa 647 at a final concentration of 10
pMg/mL was added to the ejection solution for incorporation into the microcapsules.
The microcapsules were characterised by confocal microscopy imaging
employing a Zeiss LSM 880 confocal microscope with an objective 63X, zoom 1.0
and laser source of 633 nm. The 3D reconstruction was performed using the
software Zen Blue 2.3 Lite.

5.6.5. AuUNPs release from chitosan microcapsules

To study the release of the AuNPs, the microcapsules were incubated with
different media. For the pH resistance assay the microcapsules were incubated
with sodium phosphate 10 mM at different pHs (2-12). For the oral delivery
simulation, simulated gastric medium was employed (NaCl at 34.2 mM at a pH of
1.76).2%° The microcapsules were diluted in the different media until 200 pg/mL in
a total volume of 500 ul and were incubated at 37 °C with agitation for 1, 4 and 24
h. After that the microcapsules were centrifuged at 3000 rpm for 5 min in a
centrifuge MiniSpin plus and 300 uL were collected for their analysis by UV-Vis

spectroscopy and ICP-AES. Experiments were performed in triplicate.

5.6.6. Sterility testing

The sterility tests were performed according to the supplier instructions, analysing
the presence of several microorganisms. The presence of coliform organisms
was tested using the Coli-Count™ Sampler, the presence of aerobic bacteria
using HPC Total Count Sampler and the presence of yeast or moulds employing
the Yeast and Mould Sampler. In detail, the Sampler case was filled with 18 mL
of sterile water and 100 yL of sample were added, the Sampler was inserted into
the case and maintained in contact with the sample for 30 seconds. After that, the
liquid was discarded, the Sampler was reinserted and it was incubated for 48 h at
32 °C for Yeast and Mould, 48 h at 35 °C HPC Total Count and 24 h at 35 °C for

Coli-Count™ Sampler.
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5.7. SPRi detection of miRNA using AuNPs as signal
enhancers

5.7.1. DNA thiols reduction

Diethyl pyrocarbonate-treated Rnase- and Dnase-free water was used to prepare
the thiol-modified DNA and RNA solutions. The oligonucleotide sequences
(Eurofins Genomics) were purified by means of high-performance liquid
chromatography (HPLC) by the manufacturer. Lyophilised thiols were
resuspended with 400 pL of tris(2-carboxyethyl) phosphine (TCEP) 50 mM and
the solution was agitated for 60 min at RT. 100 pL of sodium acetate 3 M was
added to the thiols solution. 1.2 mL of ethanol 100 % was added and the solution
was stored at -20°C for 45 min. After this step, the solution was centrifuged for 10
min at 15,000 g and the supernatant discarded. Finally, the pellet was dried for
30-45 min under air flow. The correct volume of ultrapure-water was added to the

pellet in order to obtain a final concentration of the SH-DNA of 100 uM.

Oligo-DNA and microRNA sequences are reported in Table 6. The PolyTy was
use in order to stabilize the self-assembled monolayer (SAM) of DNA sequences

and to increase the accessibility of the DNA probe sequence to the miRNA target.
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Table 6. Oligonucleotide sequences. DNAc is the DNA complementary probe. Underlined
and bolded letters are mutated oligonucleotides. “SH” is the thiol group; “Ce” means -

(CH2)s-.""
Name SEQUENCE (5' --> 3')
miR-422 RNA ACUGGACUUAGGGUCAGAAGGC

miR-422 DNAc 5-S
miR-223 RNA
miR-223 DNAc 5-S
miR-23a RNA

miR-23a RNA 1-mut (Single base

mis-match)

miR-23a RNA 3-mut (Three base

mis-match)

miR-23a DNAc 5-S

miR-126-3p RNA

miR-126-3p DNAC 5-S

miR-159 (Arab. Thal.) DNAc 5-S

PolyA (25 bp) DNAC 5-S

SH-Ce-TTTTTTTTTGCCTTCTGACCCTAAGTCCAGT
UGUCAGUUUGUCAAAUACCCCA
SH-Ce-TTTTTTTTTTGGGGTATTTGACAAACTGACA

AUCACAUUGCCAGGGAUUUCC

AUCACAUUGCCUGGGAUUUCC

AUCUCAUUGCCUGGGAUCUCC

SH-Ce-TTTTTTTTTGGAAATCCCTGGCAATGTGAT
UCGUACCGUGAGUAAUAAUGCG
SH-Ce-TTTTTTTTTCGCATTATTACTCACGGTACGA
SH-Ce- TTTTTTTTTTAGAGCTCCCTTCAATCCAAA

SH-Cs-AAAAAAAAAAAAAAAAAAAAAAAA

5.7.2. SPRIi chip preparation

Bare gold SPRi biochips (HORIBA Scientific SAS, Palaiseau, France) were

cleaned with Piranha solution (3:1 sulfuric acid, 96 % : hydrogen peroxide, 33 %)

for 20 min at room temperature and washed with ultra-pure water before use. The

spotting procedure was performed using a SPRi-Arrayer (SPRi-Arrayer, HORIBA

Scientific SAS, Palaiseau, France) composed by Xtend metal-ceramic capillary

pin of 700 um of diameter that pick up the oligo-DNA and immobilise it through a
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contact printing to the gold surface of the chip with high precision. Thiol modified
oligo DNA at the concentration of 100 uM were diluted in PBS-Tween 0.075 % in
order to obtain a final concentration of 33 uM for the DNA and 0.05 % for the
surfactant. In details, 4 uL of DNA were diluted in PBS-Tween 0.075 % in a total
volume of 12 pyL. Each miRNA family was represented by three positive spots
alternatively spotted with three negative control spots, represented by Poly A
sequences. This spotting scheme guaranteed a controlled system to minimise the
differences due to the different positions of the molecules on the chip surface.
The binding between DNA-oligo probes and the chip was guaranteed by the
covalent binding between the thiol group of oligo and gold, without any
modification of the chip surface. Other specific settings of the spotting were: RT
and relative humidity of 70 %, washing of the pin with ethanol 10 % and drying by
air four times between the different samples to be immobilized on the gold
surface. Once finished the spotting procedure, the SPRi biochips were incubated
overnight at RT with a relative humidity of 75 % controlled using a saturated salt
solution of sodium chloride. After this incubation, the SPRi biochips were blocked
with a solution of PolyA DNA 5-S (10 pM) in water for 3-4 h at room temperature.
Finally, biochips were washed in ultrapure water, dried and immediately used or

stored in fridge at 4 °C.

5.7.3. SPRIi detection

The SPRi experiments were carried out using XelPleX (HORIBA Scientific SAS,
Palaiseau), a fully automated high-throughput SPR-imaging system equipped
with a LED light source with wavelength 810 nm and with a CCD camera (IEEE
1394, 16 bit, 752x582 pixels) thus obtaining a final optical lateral resolution of 40
pm. Each experiment was preceded by the SPRi conditioning that consist in the
flow of the running buffer (PBS and Tween 0.01 %) for 20 min. All the spots on
the biochip were manually selected and the system calculated a plasmonic curve
for each spot. Before the SPRi experiment, an incidence angle or multiple

incidence angles (about 3-4 angles) were selected and positioned to the
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maximum slope of the plasmonic curves in order to guarantee the maximum
changes of reflectivity related to plasmonic angle changes. The calibration of the
instrument was performed to normalise the CCD response for each spot during
the experiment by injecting 200 pL of sucrose 3 mg mlt. The SPR response used
here was expresses as “ReS” (used as default unit by the standard software) that,
in our experimental setting, corresponds to a mass shift of around 90 pg/mm?.
miRNAs (500 pL), Ab (800 pL) and Ab+nanoparticles (800 uL) were injected at a
flow rate of 10 yL/min to ensure the best interaction between the analytes and the
probes. The regeneration solution, NaOH 50 mM (100 uL), was injected once or
twice at flow rate of 100 yL/min; the optimisation of this conditions had been
performed in a previous study by our collaborators.”” The concentration of
mMiRNAs varied as specified for each experiment. The concentration of Ab, when
injected alone, was 5 nM; the concentration of all nanoparticles was always (12.42
pg/mL). This concentration corresponds to OD 0.15 and 0.137 for nanospheres
of 14 nm and 37 nm (measured at 450 nm), respectively, and OD 0.68 of the
nanoprisms (measured at 1000 nm). All SPR signals reported in the study are
corrected by subtracting the SPR signal associated to PolyA spots used as
reference spots associated to each miRNA family. miR-159 (from Arab. Thal.)
was used as negative control miRNA family because not present in humans and

never injected here.

5.7.4. SEM quantification of AuNPs

For the SEM counting of AuNP on the surface of SPRi chip, 50 nM of the
corresponding miRNA were detected as previously described with each of the
nanoparticles without the subsequent regeneration steps. After that, SPR chips
were visualised by SEM and at least 5 images (one from each part of the sport:
centre, top, button left and right) were acquired from each of the three spots
corresponding to each miRNA sequence. The density of nanoparticles on the

surface of the chip was calculated from these images using the software ImageJ.
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5.7.5. Limit of detection

The limit of detection (LOD) was calculated measuring the SPR response of each
nanoparticle after the injection of different concentrations of miRNA (90, 30, 10,
3.33, 1.1 and 0.37 pM). For each miRNA, the LOD signal was calculated as the
average of three SPRi-enhanced signals obtained after the injection of running
buffer summed to three times the corresponding standard deviation (i.e. average
of background signal + 3 SD). This value (Y) was inserted in the fitting equation
of the calibration curves getting the related value (X) that correspond to the
minimum concentration of analyte detectable by the instrument with statistical
significance. The miRNA concentration corresponding to each LOD signal was

calculated using the fitting equations reported in Figure 38.

5.7.6. Test from real human samples

The tests on complex samples were performed using blood from three healthy
control subject enrolled at IRCCS Fondazione Don Carlo Gnocchi. The subjects
included in this study gave written informed consent in accordance with the
protocols approved by the ethics committee of the same institution and according
to the principles of the Declaration of Helsinki. Peripheral blood was collected in
BD Vacutainer® SST™ |l Advance Tubes (Becton Dickinson, Franklin Lakes, NJ,
USA). At the end of clotting time (60 min), serum was obtained by centrifugation
at 1800 g for 10 min at room temperature. The clear supernatant was aliquoted
into RNase/DNase-free tubes and stored at —80 °C until use. Serum was then
thawed on ice, centrifuged at 16,000 g for 5 min at 4 °C and then total RNA was
extracted from 200 pL of serum using spin column chromatography (miRNeasy
Serum/Plasma, Qiagen GmbH, Hilden, Germany) according to protocol
suggested by manufacturer. RNA was eluted by adding 15 uL of RNase-free
water for each column. A total of 60 pL of RNA obtained from 800 pL of serum

was then resuspended in 550 yL and analysed by SPRi.

190



For the RT-PCR analysis part of the RNA sample used for the SPRi quantification
was used also for the RT-PCR quantification following the protocol previously
described.*®® In brief, the purified RNA sample was firstly used for retro-
transcription using the cDNA universal synthesis kit (mMiRCURY LNA™ Universal
cDNA synthesis kit, Exigon Inc., Vedbaek, Denmark). RT-PCR amplification was
performed using a specific LNA™-individual microRNAs assay (Exigon Inc.) to
detect the four miRNA target according to the manufacturer’s instructions. The
guantification was done using Step One system (Applied Biosystem, Foster City,
CA) in 10 pl of reaction mix containing SYBR GREEN master mix (Exigon Inc.),
specific primer set and 4 ul of cDNA. Manual baseline and threshold were set

manually on the instrument for the evaluation of row Cq value for each miRNA.

5.8. Cell culture
5.8.1. Cell lines

All photothermal studies were performed using Vero cell line (kidney epithelial
cells from African green monkey), acquired from the American Type Culture
Collection (ATCC:. CCL-81). The inkjet microcapsules viability study was

performed using HelLa cell line, acquired from Amsbio (Ref. SC034-Puro).

5.8.2. Cell culture conditions

Cells were cultured at 37 °C in a 5 % CO, atmosphere in Dulbecco's modified
Eagle's medium (DMEM, purchased from Lonza®) supplemented with 10 % foetal
bovine serum (FBS), 2 mM glutamine and 100 U/mL penicillin/streptomycin.
Phosphate buffered saline (PBS) and Dulbecco’s Phosphate Buffered Saline
(DPBS) supplemented with Ca?* and Mg?* were purchased from Lonza® (Basel,

Switzerland).
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5.8.3. Viability assays

5.8.3.1. MTT assay

After cell incubation with the nanomaterials, washing and convenient
experimental protocol (i.e. laser irradiation for PTT), cell medium was removed
and cells were incubated with 200 uL of DMEM containing 10 pL of 5 mg/mL 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, purchased from
Invitrogen™) in the dark, under culture conditions, for 90-105 min. Finally, the
plate was centrifuged at 1250 g for 30 min using an Eppendorf centrifuge 5810R
with an A-4-62 rotor, the supernatant was removed and the formazan crystals
were solubilised with 100 pL of dimethyl sulfoxide (DMSO). After mixing, the
optical density at 555 nm was recorded using a Multiskan GO UV/Vis microplate
spectrophotometer from Thermo Scientific. Experiments were performed in
quintuplet to determine the standard deviations. Experiments were reproduced in
triplicate to verify the reproducibility of the results. The cell viability percentage of
each sample was calculated using the following formula, with 100 ul of DMSO as
blank:

0D of treated sample — OD of blank y
0D of control cells without NPs — OD of blank

% of viable cells = 100

For the inkjet microcapsules viability study, 2.5 x 10° HelLa cells per well were
seeded in a 96-multiwell plate and the day after they were incubated with each of
the concentrations of the biomaterials for 24 h. At this point, cells were washed 2
times with 200 yL of DPBS and the rest of MTT protocol was performed as
previously described. Samples were compared with blanks of cells incubated with

the microcapsules but without addition of MTT.
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5.8.3.2. Livel/dead cell viability assays

LIVE/DEAD™ Viability/Cytotoxicity Kit tests (Invitrogen™) were performed
according to the instructions of the supplier. Briefly, DMEM of irradiated samples
and their respective controls was removed after 5 h under standard culture
conditions. Thereafter, cells were incubated for 30 min at room temperature
(protected from light) with 100 pL of DPBS containing calcein (2000 times diluted
from the stock solution) and Ethidium Bromide homodimer (500 times diluted from
stock solution). Finally, bright field and fluorescent images of the cells were
acquired using a Nikon Eclipse Ti microscope with PFS system equipped with a
phase contrast system and 472+30/520+35 nm (GFP) and 531+46/593+40 nm
(TRITC) cube filter connected to NIS-Elements Microscope Imaging Software.
Images of all studied conditions were acquired employing identical optical

parameters in the microscopy in order to be comparable.

5.8.4. Internalisation of AuNPs

5.8.4.1. Quantification of gold using ICP-AES/ICP-MS

5x10* Vero cells were seeded in a 24-multiwell plate and grown overnight under
standard cell culture conditions (37 °C, 5 % CO,). Afterwards, the medium was
removed and 500 pL nanoparticles in DMEM at selected concentrations were
added: AuNRs 100 pg/mL and AuNPrs at 100 pg/mL (see results and
discussion section). The cells were left for 24 h incubating with nanoparticles to
allow their internalisation. In the case of the control cell samples (cells without
nanoparticles for cell counting and for blank subtraction) the medium was
replaced with fresh one. Following, cells were washed thoroughly 2 times with
500 pL of PBS and trypsinised with 100 pL of trypsin at 37 °C for 5 min. Afterwards
cells were collected with 400 pL of DMEM and transferred to Eppendorf vials for
acid digestion. Replicate cells were counted using Trypan Blue. To digest the
samples, cell pellets (of blank cells and cells incubated previously with each

nanomaterial) and by separate the corresponding quantities of nanomaterials that
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had been incubated with the cells were treated with 100 pL of Piranha solution
(3:1 sulfuric acid, 96 % : hydrogen peroxide, 33 %) for 15 min at room temperature
followed by 300 uL aqua regia (1 : 3 nitric, 65 % : hydrochloric acid, 37 %) for 2 h
at room temperature. Subsequently the samples were incubated at 60 °C for 15
min and diluted with Milli-Q water to 20 mL. All samples were performed in
duplicate and evaluated by ICP-AES and/or ICP-MS.

5.8.4.2. Dark-field microscopy

Fixed cells are required for dark-field microscopy imaging, therefore 5x10* Vero
cells/well were seeded on a glass coverslide placed in a 24-multiwell plate and
grown overnight under standard cell culture conditions (37 °C, 5 % CO3). The
following day, nanoparticles in DMEM at the optimised concentrations (100
pg/mL) were added to each well and incubated for 24 h (final volume of H.O <10
%). Cells were washed four times with DPBS, fixed in 4 % paraformaldehyde for
20 min at 4 °C, washed twice with DPBS and incubated for 10 min with DAPI for
nuclei labelling. The coverslips were mounted on glass microscope slides using

6 pL of Prolong® Diamond Antifade Mountant from Life Technologies®.

5.8.4.3. Intracellular localisation of AUNPs by TEM

To determine the intracellular localisation of the AuNPs, cells were analysed via
TEM. 2x10* Vero cells were seeded in an 8-well chamberslide (permanox, Nunc)
and incubated 24 h under standard cell culture conditions. Thereafter, cells were
incubated for 24 h with the optimised concentration of AUNRs and AuNPrs (100
png/mL). Then, cells were washed with PBS to remove free nanoparticles and fixed
with 2.5 % glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h at 4 °C.
Afterwards, the cells were washed four times with 0.1 M PB to remove
glutaraldehyde. Samples were then post-fixed with 2 % osmium tetroxide, rinsed,
dehydrated and embebed in Durcupan resin (Fluka, Sigma-Aldrich, St. Louis,
USA). 1.5 pm semi-thin sections were cut with an Ultracut UC-6 (Leica,

Heidelberg, Germany) and stained with 1 % toluidine blue. Finally, ultra-thin
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sections (0.08 um) were cut with the microtome, stained with lead citrate

(Reynolds solution) and examined by TEM operating at 80 KeV.

5.8.5. Photothermal studies in cells
5.8.5.1. Thermoablation conditions

Vero cells were seeded at a density of 5x102 cells per well in a 96-multiwell plate
and incubated under cell culture standard conditions. After 24 h the medium was
replaced for fresh DMEM with the desired concentrations of each nanomaterial
(ranging from 0 to 100 pg of gold/mL with a final water concentration of 10 %) and
incubated for another 24 h under culture standard conditions. Thereafter, the cells
were washed twice with DPBS to remove any excess of remaining particles or
dead cells and fresh phenol red-free DMEM was added. Samples were performed
in triplicate and irradiated for 10 min with temperature control set at 37 °C. Non-
irradiated samples of cells with and without nanomaterials and irradiated cells
(without nanomaterials) were used as controls. 5 h after irradiation, cells were

analysed by microscopy imaging, MTT assay or Live/Dead assay.

5.8.5.2. Heating characterisation in cells

Vero cells were seeded at a density of 5x102 cells per well in a 96-multiwell plate
and incubated under cell culture standard conditions. After 24 h the medium was
replaced for fresh DMEM with the desired concentrations of each nanoparticle
(see results and discussion section) and incubated for another 24 h under the
same conditions. Thereafter, the medium was removed, the cells were washed
twice with DPBS to remove any excess of non-internalised particles or dead cells
and a fresh phenol red-free DMEM was added. Plates were irradiated for 10 min
with temperature control set up to 37 °C. Samples were performed in triplicate.
Non-irradiated samples of cells with and without NPs, together with irradiated
cells (without NPs) were used as controls. The heat produced by the NPs was

registered during 10 min laser NIR-irradiation and monitored by a software
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developed by The University of Zaragoza using a Fiber Optic Temperature

Sensor TPT-62 (Fiso Technologies Inc.).

5.9. Oral administration in mice

Pathogen-free female 7-week C57BL/6 mice were acquired from The Jackson
Laboratory and were maintained in the CIBA installations (IACS-Universidad de
Zaragoza). Animals were maintained according to the institutional animal use and
care regulation of the Centro de Investigaciones Biomedicas de Aragén (CIBA,
Zaragoza, Spain). All animal experiments were conducted according to the law
RD53/2013 and approved by the Ethics Committee for animal experiments from
the University of Zaragoza that is an accredited animal welfare body. Animals
were separated depending on the sample administered in order to avoid

contamination of the results due to coprophagy.

100 pL of microcapsules at 10 mg/mL or the equivalent concentration of AUNPSs
in Au content were administered using a gastric cannula. After 4 h, the mice were
sacrificed in a CO, chamber, images of the biodistribution of the fluorescent
microcapsules were acquired employing a IVIS Lumina Il employing a Cy5.5 filter
set with excitation passband of 615-665 nm and emission passband of 695-770
nm and the different organs were extracted, weighted and frozen at -80 °C. The
organs were freeze-dried, calcined at 600 °C during 45 minutes. The calcined
organs were digested with 200 pL of Piranha solution (3:1 sulfuric acid, 96 % :
hydrogen peroxide, 33 %) and 200 L of aqua regia (1:3 nitric, 65 % : hydrochloric
acid, 37 %) during 1 h at 70 °C. Samples were diluted with Milli-Q water to 20 mL
the gold content was quantified by ICP-MS.
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