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Resumo

Os biosensores sio ferramentas fundamentais em varias areas da nossa sociedade
contemporanea, incluindo na medicina e nos cuidados de saide, sendo uteis em diagndstico e em
terapéutica ao providenciarem a detegao de biomarcadores associados a doengas. Em particular, a
area da nanomedicina, na qual a nanotecnologia ¢ aplicada a biotecnologia e a medicina, podera
contribuir para o desenvolvimento de biosensores inovadores que num futuro proximo virao a
colmatar a necessidade de testes de diagnostico para analises no ponto de atendimento (ou POC
do acrénimo em inglés). Esta abordagem representara uma melhoria significativa nos cuidados de
saude prestados a generalidade da populacao.

Foi neste contexto cientifico e tecnolégico que a presente tese de doutoramento foi
desenvolvida. E assim dada uma contribuicio para este esforco coletivo na area de
nanobiosensores através da investigacio de sondas fluorescentes de DNA conjugadas com
nanoparticulas de ouro. Estes sensores nanohibridos foram idealizados para melhorar a detegao
de acidos nucleicos propostos na literatura como biomarcadores associados a doencas. A
sinalizacao por fluorescéncia ¢ baseada em sondas artificiais de DNA em gancho (ou hairpin)
conhecidas como faréis moleculares (molecular beacons). A funcao da particula metdlica, por sua
vez, extravasa a de uma simples plataforma a nano-escala, dado que esta pode atuar como antena
Otica e induzir intensificacdes elevadas na emissao do corante fluorescente. O trabalho de
investigacao foi dedicado principalmente a avaliacio da intensificagao da emissao de sondas
fluorescentes de DNA pelo efeito antena das nanoparticulas de ouro, de modo a alcangar a
amplificacao do sinal 6tico em sensores baseados na fluorescéncia.

Estudos detalhados do efeito de intensificagdo foram realizados por microscopia confocal de
fluorescéncia com sensibilidade para molécula individual e em combina¢io com espectroscopia
de particula tnica. As experiéncias revelaram intensificacdes maximas de duas e trés ordens de
grandeza para a emissao de corantes fluorescentes na gama do vermelho induzidas,
respetivamente, por um nanobastonete de ouro ou, em alternativa, por um dimero de
nanoesferas de ouro. Posteriormente, foi otimizada a funcionalizacio da superficie de
nanobastonetes de ouro através da validacdo de um método para colocar sondas fluorescentes de
DNA especificamente nas extremidades de nanobastonetes. Isto assegurou uma intensificagao
efetiva da emissaio dos nanohibridos em cerca de uma ordem de grandeza, enquanto o
revestimento indiscriminado da superficie levou a uma indesejada supressao da emissao, tal como
medido num volume macroscopico por técnicas de espectroscopia de fluorescéncia em estado

estacionario.



Para a criacao dos sensores nanohibridos foram explorados e testados varios sistemas modelo
baseados em fardis moleculares conjugados com nanobastonetes de ouro. Os fardis moleculares
foram desenhados para operar com base numa mudanca na eficiéncia do processo de
transferéncia de energia em ressonancia pelo mecanismo de Forster (FRET) desencadeada por
alteragdes na conformacao do hairpin. O par doador-aceitante selecionado consistiu no corante
Atto-647N e nas moléculas supressoras DDQ II ou QSY 21. Os ensaios preliminares foram
realizados com alvos de RNA ou DNA sintéticos cujas sequéncias foram propostas na literatura
para o diagnostico médico de doencas infeciosas, tais como o dengue e a doenga do sono, e ainda
uma sequéncia de um mictoRNA proposto para o diagnéstico do cancro e/ou doengas
cardiovasculares. A resposta limitada destes faréis moleculares no reconhecimento dos alvos
conduziu ao desenvolvimento de uma nova sonda em gancho que emprega o proprio
nanobastonete de ouro como aceitante de energia. A funcionalizacio seletiva dos nanobastonetes
com esta nova sonda foi desenvolvida com sucesso. No entanto, os testes preliminares com os
nanohibridos resultaram até agora numa sinalizacao do alvo que ficou aquém das expectativas. A
conjugacao de sondas de DNA em gancho revelou-se por isso um percurso desafiante, mas,
acima de tudo, estimulante e promissor, dado que ¢ esperado que possa vir a contribuir para
novas oportunidades na aplicacao dos sensores nanohibridos em testes no ponto de atendimento

para efeitos de diagnéstico médico.

Palavras-chave: Nanoparticulas de ouro, DNA marcado com corantes fluorescentes,
Nanoantenas plasmonicas, Funcionalizacao seletiva de nanoparticulas, Sinalizacao de 4acidos

nucleicos por sondas fluorescentes.
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Abstract

Biosensors are fundamental tools in several areas of our contemporary society, including
medicine and healthcare, being useful in diagnostics and therapeutics, as they provide the
detection of disease biomarkers. In particular, the field of nanomedicine, in which
nanotechnology is applied to biotechnology and medicine, may contribute to the development of
innovative biosensors that in a near future will fulfill the demand for diagnostic tests towards
point-of-care testing. This will create significant solutions and improvements upon the general
public healthcare.

The present doctoral thesis was developed in this scientific and technological context. Thus, a
contribution is given toward this collective effort in the field of nanobiosensors with research
studies on fluorescently-labeled DNA probes conjugated onto gold nanoparticles. These
nanohybrid sensors were envisioned for improved detection of nucleic acids proposed in the
literature as disease biomarkers. The fluorescence signalling is based on artificial DNA hairpin
probes known as molecular beacons, and the role of the metal particle is more than that of a
nano-scaled platform, as it can act as an optical antenna and induce large enhancements in the
dye’s emission. The research work was mostly dedicated to the evaluation of the emission
enhancement of dye-labeled DNA probes by the antenna effect of the gold nanoparticles, in
otder to achieve amplification of the optical signal in fluorescence-based sensors.

Detailed studies of the enhancement effect were performed by confocal fluorescence
microscopy with single-molecule sensitivity and combined with single-particle spectroscopy.
The experiments afforded top enhancements of two and three orders of magnitude for the
emission of red-emitting dyes, induced, respectively, by one gold nanorod or, alternatively, by
one dimer of gold nanospheres. Afterward, the surface functionalization of gold nanorods was
optimized through the validation of a method for loading dye-labeled DN As specifically onto the
nanorods’ tips. This ensured effective emission enhancement in the nanohybrids of about one
order of magnitude, while indiscriminate surface coating led to undesired emission quenching, as
measured in a macroscopic volume by steady-state fluorescence spectroscopy.

For the creation of the nanohybrid sensors, various model systems based on molecular
beacons were explored and tested in conjugation with gold nanorods. The molecular beacons
were designed to function based on a variation on the efficiency of the resonance energy transfer
process by the Forster mechanism (FRET) prompted by changes in the hairpin conformation.
The selected donor-acceptor pair consisted of the dye Atto-647N and the quencher molecules
DDQ II and QSY 21. Preliminary assays were performed with synthetic RNA and DNA targets,

whose sequences were proposed in the literature for medical diagnostics of infectious diseases,
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such as dengue and sleeping sickness, and also a sequence of a mictoRNA proposed for
diagnostics of cancer and/or cardiovascular diseases. The limited response of these molecular
beacons in the targets’ recognition led to the development of a novel hairpin probe that employs
the gold nanorod itself as an energy acceptor. The tip-functionalization of nanorods with this
new probe was successfully performed, but exploratory tests with the nanohybrids resulted until
now on a target fluorescence signalling below the expectations. The conjugation of DNA hairpin
probes revealed to be a challenging path, but mainly a stimulating and promising one, for it is
expected to contribute to new opportunities in the application of the nanohybrid sensors in

point-of-care tests for medical diagnostics purposes.

Keywords: Gold nanoparticles, Fluorescently-labeled DNA, Plasmonic nanoantennas,

Tip-selective functionalization of nanoparticles, Fluorescence signalling of nucleic acids.
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Figure 1.1 - Perrin-Jablonski diagram representing the relative positions of the electronic energy
levels of a molecule. The transitions between states are depicted as vertical lines to illustrate the
instantaneous nature of light absorption. Radiative and non-radiative (internal conversion and
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Introduction

1. Introduction

Healthcare and quality of life are fundamental pillars of contemporary societies, to which
science, technology and modern medicine contributed tremendously in the last two centuries, by
granting advances in the understanding and knowledge about human health and disease. Due to
this progress, a variety of diagnostic and therapeutic procedures are performed today in hospitals,
clinics and several other healthcare facilities worldwide, even if with different levels of availability
to patients. One pivotal approach for medical diagnostics/therapeutics is the development of
biosensors for detection of biological molecules, known in this context as biomarkers (short for
biological markers). These can provide critical information about normal physiological states,
pathological conditions or disease stages and severity.

Biosensors are essential for a broad spectrum of human activity besides medicine and clinical
diagnostics, namely environmental monitoring, drug discovery, biomedicine, food safety and
inspection, forensic sciences, and biotechnology. One promising route for the creation of
biosensors relies on nanoscience and nanotechnology. Ever since Richard Feynman’s suggestion
in the eatly 1960s that “there’s plenty of room at the bottom”, an exponential growth of research
occurred in these fields. The 21st century brought into light unique material properties that can
only be attained at the nanometric scale. Indeed, nanomaterials have contributed to major
breakthroughs in several important areas of our modern society, paving the way for new medical,
pharmaceutical, biotechnological, environmental, electronic and energetic applications. In medical
research, nanomedicine is now considered one of the emerging and fastest advancing areas.'

In recent years, nanomedicine has enabled significant progresses in disease diagnostics and
therapeutics, offering novel imaging and sensing technologies, as well as treatment solutions. The
contribution of nanotechnology for the development of biosensing devices represents one of the
foremost ambitions in life sciences and clinical diagnostics. It has the final purpose of bringing
vital health benefits and outstanding opportunities for the world population. Combined with new
therapeutics, this is of outmost importance in the globalized world of the 21* century, in which
diseases are more prone to arise, such as cancer, cardiovascular diseases, neurological disorders,
diabetes, but also pathogenic infectious diseases, caused by bacteria, parasites, fungi, or viruses. A
contemporary example is that of the current coronavirus disease COVID-19 pandemic initiated
by the appearance of the virus SARS-CoV-2. Altogether, these diseases cause huge impacts in the
individual human life, significant morbidity and mortality, and changes in human behavior and in
how society functions, thus, impacting the burden in the global health and economy.

Improvements foreseen from the implementation of biosensors will support medical
professionals with rapid, accurate and reproducible tests. This capacity will provide eatly disease
diagnosis and allow proper monitoring and prognosis of patients, if possible at a personalized
medical level. The combination of nanotechnology with microfabrication, and improvements in
the knowledge about biomarkers, is actively providing new biosensing platforms, though mainly

in academic research, with only few examples of companies entering the market.




Chapter 1

Optical detection is now considered one of the main strategies in biosensor design. In fact,
optical biosensors are one of the most represented type of biosensor in all areas, and in the
medical field this is not an exception. It is believed by the scientific community, that this strategy
can surpass in the upcoming years some of the challenges that conventional diagnosis techniques
currently face. They can also contribute to turn medical care accessible to the public by providing
clinical analysis outside research laboratories in the scope of point-of-care (POC) testing.” The
demand for diagnostic tests towards much-needed POC tools is important to bring healthcare
closer to the patient, not only for countries with technological and financial conditions, but
mostly for countries with fragile public health facilities, and for remote or unstable/insecure
regions. Due to some of its potential advantages, such as high sensitivity, wide dynamic range,
multiplexing capabilities, and possibility for miniaturization, certainly optical biosensing may
allow soon the realization of those devices.

The performance of optical biosensors is pivotal for the detection of biomarkers at
preliminary stages of diseases when their concentrations in cells or tissues and in the blood, urine,
serum, plasma or other body fluids is ultra-low.> Specific biomarkers for the eartly diagnosis of
several diseases that are of particular interest in the scope of this doctoral thesis are nucleic acids.
These are fascinating biopolymers and the simple fact that each organism possesses its own
DNA is enough to stimulate a scientist’s curiosity. Besides that, qualitative and quantitative
analysis of DNA and RNA is of great importance in other fields, such as gene expression studies
and drug discovery. Today, the most common methods for studying DNA and RNA respectively,
are Polymerase Chain Reaction (PCR) and Reverse Transcription - Polymerase Chain Reaction
(RT-PCR). These techniques involve synthetic DNA oligonucleotides for detection and
quantification of low quantities of nucleic acids, after a large number of amplification cycles, with
high sensitivity.’

While this manuscript was being prepared, RT-PCR was being used worldwide for testing the
population in response to the unprecedented pandemic outbreak of the COVID-19 disease.
The spread of COVID-19 revealed that most countries were unprepared to sustain the
transmission of the virus and placed governments and healthcare systems under pressure to
provide the best adequate solutions for prevention of contagion and deaths. RT-PCR tests have
been allowing controlled isolation and tracing of people, and although it may be the
‘gold-standard’ for the detection of SARS-CoV-2 viral RNA, and for nucleic acid detection in
general, there is still a risk for false-negative and false-positive results.”” Moreover, RT-PCR is
usually time-consuming (several hours), complex, requires expensive equipment, highly trained
personnel and quantification may be affected by variations in amplification efficiency and
background amplification. Other techniques are available, also involving nucleic acid
amplification tests or different approaches, but each presents their own limitations. Therefore,
now it is even more vital that the scientific community makes a clear contribution for the

conception of alternative methods that can push forward nucleic acid detection/quantification
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for disease diagnostics. Ideally by providing increased sensitivity and reliability, and delivering a
much simpler and faster (in a question of minutes) test.

The integration of metal nanoparticles, with their unique and remarkable optical properties,
into optical biosensors is a promising approach in view of the above-mentioned requirements.
Metal nanoparticles can provide a variety of transduction signals for highly sensitive biomolecular
detection in optical sensing, such as refractive index, light absorption, or luminescence, just to
mention a few.*” In principle, these particles could make a relevant contribution when integrated
with microfabrication techniques, to meet the ASSURED criteria for biosensors (Affordable,
Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to
end-users).'""!

In the last years, the use of metal nanoparticles as optical nanoantennas to modify the
emission properties of fluorescent molecules or other emitters has been intense.'”"* These have
already provided some progresses towards the collective effort of developing and improving
optical biosensors, in particular, by providing means to amplify response signals from
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fluorescence-based biosensors.””"” Nanoparticle-based signal amplification, induced by their
plasmonic antenna effect, holds indeed great potential in achieving high sensitivity and selectivity
for detection of biomarkers, including nucleic acids. Therefore, in the scope of this doctoral
thesis, a contribution toward this strategy was pursued by investigating plasmonic gold
nanoparticles functionalized with fluorescently-labeled DNA probes, as promising platforms for
fluorescence-based biosensors.

A particular type of nucleic acid probe, generally known as molecular beacon, was designed
and conjugated onto plasmonic gold nanorods to develop a nanohybrid biosensor for enhanced
optical detection of selected nucleic acid biomarkers. For proof-of-concept and illustration of the
approach versatility, three synthetic sequences were used as target biomarkers: i) RNA from
dengue virus; ii) DNA from sleeping sickness parasites, and; iif) mictoRNA-145, a circulatory
mictoRNA (miRNA or miR) associated with cancer and cardiovascular diseases. A more
comprehensive framework that guided the choice of these target biomarkers for the
above-mentioned diseases is given in Chapter 2.

In this introductory chapter, the theoretical principles of fluorescence relevant for
fluorescence-based sensors are initially overviewed. Next, the effects of metal nanoparticles on
fluorescence are presented. The chapter ends by summarizing the use of biosensors for
biomarkers’ detection: a synopsis is given on fluorescent DNA probes, with particular focus on
molecular beacons, and on biosensing applications of the probes while functionalized onto metal

nanoparticles, highlighting reported works on beacons conjugated onto gold nanorods.

1.1. Principles of fluorescence

The phenomenon of fluorescence has fascinated individuals over centuries. It is incredible to

look to all the applications possible nowadays using fluorescent molecules, so-called fluorophores
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or dyes. Their use is widespread and has exploded in the past two decades, mostly being
employed in academia and industry, in areas such as medicine (including diagnostics), life and
biological sciences, biotechnology, environment, forensic sciences, agriculture, electronics or
security, to mention a few. Since the first report on the observation of fluorescence made in 1565
by N. Monatdes, and the introduction of the term fluorescence by G. G. Stokes later in 1853, a
lot of efforts have been made to elucidate the phenomenon. Fluorescence has advanced from an
analytical tool to a more intricate detection technique. Work on fluorescence has been recognized
with two Nobel Prizes in Chemistry, which were awarded for the discovery and development of
the green fluorescent protein (GFP), in 2008, and, more recently, for the development of
super-resolution microscopy in 2014.

Fluorescence is currently a dominant methodology in flow cytometry, DNA sequencing,
genetic analysis, cell biology, staining of gels followed by electrophoresis, microscopy imaging
(e.g. in vivo tri-dimensional (3D) imaging of cells, small animals or internal structures of humans)
or fluorescence immunoassays."” > Fluorescence makes it possible to study individual proteins,
visualize cell proteins without invasive techniques, map the genome of an organism, or image
early cancer detection. Thus, it is a powerful tool for biotechnological, biomedical and medical
research by increasing the understanding of healthy conditions and diseases. It is not misplaced to
state that fluorescence will continue to contribute with rapid innovations, advances and synergies

in biology, biotechnology, medicine and nanotechnology.

1.1.1. Molecular fluorescence

Fluorescence is a particular form of luminescence. The later can be defined as spontaneous
emission of radiation from an electronically or vibrationally excited species not in thermal
equilibrium with its environment.” When the excitation is induced by photon absorption,
luminescence is called photoluminescence. Briefly, the excited species results from an atom or a
molecule that is excited by absorption of the photon energy, which promotes an electron from a
lower energy level of the ground state configuration of the atom/molecule to reach an
unoccupied level of higher energy. Then, the excited species, which is unstable due to the higher
energy of the excited state relatively to the ground state, releases its excess energy when the
quantum system relaxes to its ground state. This energy can be released radiatively in the form of
emitted photons and can occur in the ultraviolet (UV), visible or near-infrared (NIR) regions of
the electromagnetic radiation spectrum. Photoluminescence can be further classified into two
main types - fluorescence and phosphorescence - according to the excited state’s nature.

Fluorescence is a spontaneous photon emission process from an excited molecular entity with
retention of spin multiplicity, in contrast to phosphorescence.”” An energy diagram known as
the Perrin-Jablonski diagram is typically used to describe the de-excitation pathways subsequent
to light absorption by a molecule (Figure 1.1). This diagram illustrates the electronic states of a
molecule and the radiative and non-radiative transitions between them. The electronic states are

vertically denoted by energy level and horizontally by spin multiplicity. They are represented
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together with arrows indicating the possible transitions between them, exemplifying in a simple
way the possible processes: photon absorption, fluorescence, phosphorescence, internal
conversion (IC), intersystem crossing (ISC), delayed fluorescence (not represented in the
diagram), and triplet-triplet transitions (also not represented). The singlet electronic states are
denoted by Sy (ground state), Si, Sz, etc. and the triplet states by Ti, T, etc. At each of these
electronic states are represented the number of vibrational energy levels, normally classified as

0,1, 2, etc.
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Figure 1.1 - Perrin-Jablonski diagram representing the relative positions of the electronic energy levels of
a molecule. The transitions between states are depicted as vertical lines to illustrate the instantaneous
nature of light absorption. Radiative and non-radiative (internal conversion and intersystem crossing)
processes are represented. So is the ground state, Si and Sy are two different excited states with singlet
electronic configuration, and T1 is a triplet electronic state. Adapted from Ref. 24.

As depicted in Figure 1.1, photon absorption occurs from the lowest vibrational energy level,
So, and it can bring a molecule to one of the vibrational levels of Sy, S. The subsequent possible
de-excitation processes include: i) IC, which is a non-radiative transition between two electronic
states of the same spin multiplicity; i) ISC, another non-radiative transition, this one between two
isoenergetic vibrational levels belonging to electronic states of different multiplicities (S;—Th);
iif) phosphorescence, which is a radiative process emitted from another excited state and occurs
after ISC from a singlet, Sy, to a triplet state, T4, in which the electron in the higher energy orbital
has the same spin orientation as the electron in the lower energy orbital; iv) delayed fluorescence
that results from reverse ISC from T;—S;; v) triplet-triplet transitions; and vi) fluorescence.”*”

A fluorophore is usually excited to some higher vibrational level of either S; or Sy, due to
variations in the equilibrium molecular configuration between different electronic states.

However, intramolecular vibrational relaxation and IC promptly occur, and fluorescence emission

generally results from a thermally equilibrated vibrational state of the electronically excited state,
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in this case the lowest energy vibrational state of S;. Fluorescence can then occur, typically in the
nanosecond timescale, by a singlet-singlet radiative process corresponding to the emission of
photons accompanying the Si—S, relaxation. Due to energy losses by vibrational relaxation,
emission from an excited molecule is generally shifted to longer wavelengths relatively to its
absorption light wavelength. The difference between the maximum peak wavelength in the
absorption and emission spectra of a fluorophore is called Stokes shift.”>* In addition to
vibrational relaxation, fluorophores can display further “apparent” Stokes shifts due to excited-
state reactions, complex formation, and/or energy transfer. Typically, larger Stokes shifts make
the detection of a fluorophore easier, due to less overlap between excitation and detection
(emission) wavelengths.” However in most cases, the absorption spectrum partly overlaps the
fluorescence emission spectrum, i.e. a fraction of light is emitted at shorter wavelengths than the
absorbed light. In general, the differences between the vibrational states are similar in the ground
and excited states, so the emission spectrum often resembles the first absorption band (So—S:
transition), in what is known as mirror image rule. The characteristics mentioned make
fluorescence a very powerful technique because by filtering the excitation light one can recover
only the emitted light of a fluorophote with minimal background signals.*

Fluorescence can be measured in a spectrofluorometer, an equipment commercially developed
in the 1950s. The spectral data obtained is generally presented as excitation and emission spectra,
that vary widely and are dependent upon the chemical structure of the fluorophore and the
solvent in which it is dissolved. When describing fluorescence emission, molar absorptivity,
fluorescence quantum yield (@r) and fluorescence lifetime (1) are perhaps the most important
characteristics of a fluorophore or a given system.”>” Molar absorptivity measures how strongly a
given molecule can absorb light at a given wavelength, being operationally related with the
number of molecules in the excited state after excitation. The fluorescence quantum yield is
defined as the number of emitted photons relative to the number of absorbed photons. The
fluorescence lifetime refers to the average time the molecule spends in the excited state prior to
its return to the ground state, i.e. before emitting a photon; it determines the time available for
the fluorophore to interact with its environment or diffuse through it, defining the time window
for observation of dynamic phenomena.

In the quantum yield determination, one must focus on the processes responsible for the dye
returning to the ground state. In particular, the radiative decay rate (k;) and the non-radiative
decay rate (kar), which can encompass several processes (e.g. see Figure 1.1). The fraction of dyes

that decay through emission, and hence the quantum vyield, is given by the ratio:*>*

k,
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Concerning the lifetime of an excited state, it can be expressed by the equation:

1
T=—
ky + knr (2)
As exemplified in Figure 1.1, the lifetime of the singlet state ranges from tens of picoseconds
to hundreds of nanoseconds, typically being around 1-10 ns, whereas the triplet state lifetime is

much longer (microseconds to seconds). The lifetime can be related to the quantum yield by:

Bp =k, X ©

As for photon emission from a sample of dyes excited by an ultrashort light pulse, it can be
described as a first order kinetic process (Equation 4) with an excited state lifetime, T, where I(t)
is the number of photons detected at time ¢ and o is the number of photons when the excitation

energy pulse is delivered.”
_t
I(t) = Ije’ T 4)

The overall fluorescence emission rate may be obtained from the product of both the

excitation rate, Yexc, and the quantum yield.

Yem = Yexc Pr (5)

Fluorescence intensity of a dye can be decreased by a wide variety of processes. For
convenience, all possible non-radiative decay processes are grouped with the single non-radiative
decay rate constant, but typically, it includes the IC and the ISC processes (kic + kisc). Any
mechanism that leads to the depopulation of the excited state through non-radiative processes
will reduce the quantum yield. In the case that the quantum yield is close to unity, the
radiationless decay rate is much smaller than the rate of radiative decay, that is kn << k.

Some physical and chemical parameters of the molecule’s environment that may affect the
intrinsic fluorescence characteristics (quantum yield, lifetime and also emission spectra) are:
temperature, solvent polarity and viscosity, rate of solvent relaxation, pressure, pH, hydrogen
bonds, ions, and electric potential.> Other factors may include conformational changes of the
dyes, internal charge transfer, excited state reactions, dye-dye interactions and quenchers (atoms

or molecules that suppress fluorescence).”

1.1.2. Resonant energy transfer

Suppression of the fluorescence intensity of a fluorophore due to intra- or intermolecular
interactions is called quenching. Different photophysical or photochemical processes are

involved in multiple mechanisms of quenching, such as excimer or exciplex formation, electron
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ot proton transfer, and energy transfer.”” However, in the scope of this thesis, only resonant
energy transfer will be discussed, in particular concerning the operation of molecular beacons.

Electronic energy transfer between molecules occurs vz radiative or non-radiative processes.
It can be described by assuming that a decaying excited molecule (donor) behaves as an
oscillating dipole that can transfer its excitation energy to another oscillating dipole of a nearby
molecule (acceptor), during the lifetime of the donor excited state. Radiative transfer occurs at a
donor-acceptor distance larger than the wavelength of the emitted photon and it implies that the
donor effectively emits a photon that is later absorbed by the acceptor. On the other hand,
non-radiative transfer happens at distances shorter than the wavelength, through either a Forster
or Dexter mechanism, that operationally may be further classified as static or dynamic
quenching.***® Normally, both forms of non-radiative quenching may exist in molecular beacon
probes,” but more details about the actuation of the two mechanisms in these probes are given
in section 1.4.1. Here and following, an overview about both mechanisms will be presented.

Static (or contact) quenching is referred to two cases: 1) Perrin quenching, that is a
phenomenological description of the existence of a quenching sphere-of-action model, where
effective quenching occurs inside but not outside the sphere, and it requires close proximity, but
not physical association, between molecules; 2) the formation of a ground-state complex between
molecules (donor/acceptor).”**’ Basically, in the second case, the electronic structure of the
complex and its photophysical properties may differ significantly from its constituents, such that
it may become non-fluorescent. The ground-state complex has its own electronic properties that
may depend strongly on the interaction between the donor and acceptor transition dipole
moments, resulting in a significantly different absorption spectrum from its molecular
components. This quenching is also very well known for aggregates of identical dyes that often
occur through hydrophobic effects when the dye molecules stack together to minimize contact
with water.”” It is more common in planar aromatic dyes that are coupled through electrostatic
and hydrophobic forces that can enhance quenching. High temperatures and addition of
surfactants tend to disrupt ground-state complex formation.

Dynamic quenching corresponds to two energy transfer mechanisms: collisional quenching
and Forster Resonance Energy Transfer (FRET).”” The former occurs when a donor in the
excited state is deactivated upon contact with an acceptor in the same solution. When the
molecular collision occurs, the donor returns to the ground state without emission of
fluorescence. One type of collisional quenching is Dexter mechanism, which is a short-range
phenomenon that can arise only when donor and acceptor are close enough to allow
intermolecular orbital overlap required for electron exchange. In opposition, FRET occurs
through space due to diffusive encounters between donor and acceptor molecules, hence it does
not require collisions or any other form of contact between molecules. In the specific case of the

designed molecular beacons investigated in this thesis, the expected dominant fluorescence

10



Introduction

quenching is FRET, as discussed later in section 1.4.1, so next are given some general
considerations about this mechanism.

FRET quenching assumes that a donor exchanges energy with another molecule having
resonant energy transitions, hence the use of the term resonance. It occurs through long-range
dipole-dipole interactions between the transition dipoles of the molecules, in which a donor in an
excited electronic state transfers its excitation energy directly to a nearby acceptor. Consequently,
the energy level of the dye returns to the ground state without emission of a photon. Both donor
and acceptor, that can be named as a donor-acceptor or a FRET pair, retain their intrinsic
properties.” In fact, in Forster quenching the absorption spectra of the molecules does not
change, in contrast to static quenching, but the fluorescence intensity and lifetime of the dye
decrease by the same factor, while static quenching does not change the dye’s lifetime.”

Although, generally, the donor and the acceptor are two fluorescent dyes, FRET does not
require that the acceptor is a fluorescent molecule. Today a number of non-fluorescent acceptors

33-35

(dark quenchers) are popular and used as viable alternatives to typical FRET acceptors for
biophysical fluorescence studies.

Forster quenching depends on the ability of the donor to transfer energy to the acceptor
through various factors, such as: 1) the separation between the donor and acceptor molecules,
within a range that allows for non-negligible dipole-dipole interactions; 2) the spectral overlap
between the donor emission and acceptor absorption; 3) the quantum yield of the donor; 4) the
oscillator strength for acceptor’s absorption; and 5) the relative orientation of donor and acceptor
transition dipoles.”>*?%*"*

The magnitude of FRET efficiency is dependent primarily on the donor-acceptor separation
distance (1) in relation to the Forster critical radius Ro (Equation 6). At Ry, energy transfer and
spontaneous decay are equally probable, thus FRET is 50% efficient, meaning that half of the

donor excited-states decay by transferring energy to the acceptor.”*”

1

1+ () ©)

Ergper =

The formula shows that the efficiency of energy transfer is inversely proportional to the sixth
power of the donor-acceptor distance. Therefore, it rapidly declines to zero at distances larger
than the Forster radius. This distance dependence of FRET is useful to measure distances
between donors and acceptors by calculating the Forster radius that can be determined from
spectroscopic data and assuming Equation 7. In this equation, the orientation factor k> is 2/3
(for an isotropic molecular orientation), @9 is the quantum yield of the free donor, N, the
Avogadro constant, n is the refractive index, Ip is the normalized emission spectrum of the free
donor and &a is the molar absorptivity of the acceptor, both in the region of spectral ovetlap,

and A is the wavelength.***
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Usually, values of Forster radius are in the 1-10 nm range, which are comparable to biological
macromolecules (3-6 nm), like nucleic acids and proteins. Clearly, FRET efficiency can be
previously predicted from the spectral properties of the donor-acceptor pair, allowing for the
design of experiments based on known structural features and sizes of the samples of interest, as
it was the case in this thesis. FRET is one of the few tools that allows measuring inter- and
intramolecular nanometer distances and their changes in real-time, 7z vitro and in vivo, both at the
ensemble and the single-molecule level. Hence, it is used as a spectroscopic/molecular ruler in
many biological applications, e.g. to estimate distances in supramolecular associations,
biomolecules, membranes and even cells, but also as a probe for studying biomolecular
structures, dynamics, and conformations, and in more broad applications such as optical imaging

and medical diagnostics.”™

1.1.3. Single-molecule fluorescence

Throughout the years technological advances have offered new uses of fluorescence. Novel
technologies are rapidly adopted, as illustrated by fluorescence microscopy, a mainstream tool in
biological and biomedical sciences. This outstanding evolution was mainly due to the
development of confocal microscopes, which provide a significant imaging improvement over
conventional microscopes. In the basis of these improvements are two working mechanisms that
provide high resolution: point illumination and a confocal pinhole (a micrometric aperture).”>*"*!
The first allows light illumination to be focused onto the focal plane by scanning a sample point-
to-point. The single diffraction-limited point decreases the amount of scattering, and allows deep
penetration onto samples to create sharp and detailed images of a section (two-dimensional, 2D)
or an entire object (3D). The pinhole filters light from above and below the focal point
(out-of-focus light), allowing a virtual absence of out-of-focus blur. The association of
fluorescence and confocal microscopes, made fluorescence confocal microscopy as the most
common high-resolution fluorescence imaging technique, extensively applied in biology for
example, for membrane and cell studies, including in individual living cells."*

The inclusion of time-resolved measurements in fluorescence confocal microscopy fostered
the development of fluorescence lifetime imaging techniques, or FLIM.** This technique
explores the excited state lifetime of fluorophores as a contrast mechanism for imaging, with
each region of a sample displaying the corresponding lifetime, providing sub-micrometric spatial
resolution. FLIM also provides measurements that are independent of the sample’s
concentration, because although the intensity of a fluorophore depends on its concentration,
lifetime does not, but instead it can be influenced by the molecular environment (changes in pH,
temperature or FRET pairs), reflecting the utility of the technique. For instance, it is a robust

approach to quantify FRET and study biological interactions and dynamics.***
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Fluorescence lifetimes are typically on the order of nanoseconds, and most instruments follow
one of two approaches: time domain or frequency domain methods. In the time domain that is of
interest here, the time-course of fluorescence intensity decay after pulsed excitation is directly
measured. The most widely used approach to this measurement is TCSPC.*****>* This technique
is a detection mode in which very sensitive detectors and low detection rates are used to operate
in single-photon detection. The basic principle relies on the fact that the probability of detecting
a single emitted photon at time 4 after an exciting pulse, is proportional to the fluorescence
intensity at that time, over many excitation cycles. It requires a high repetition rate excitation
source, such as a pulsed laser light, in order to accumulate enough photon statistics that usually
are represented as a photon-arrival histogram. This can be used to reconstruct a fluorescence
intensity decay curve, that when fitted allows to calculate the characteristic lifetime of the dye. In
such experiments, the excitation power is set so that the probability of detecting more than one
photon per cycle is low. Timing resolution of a TCSPC is measured by an overall performance
factor called Instrument Response Function (IRF), which comprises all the instrumental sources
of delayed response that affects time resolution and that ideally should be infinitely short,
resulting in a better time resolution. Remarkably, pulsed laser excitation and single-photon
counting makes it possible to measure fluorescence decays with sub-nanosecond time resolution.

It is now possible to visualize the nanoworld vz fluorescence and “invisible” molecules can be
revealed to the eye due to the exceptional high sensitivity provided by fluorescence, that can
reach the lowest measurable quantity - single-molecule detection. Indeed, thanks to outstanding
progress in instrumentation, it is now feasible to detect a single fluorescent molecule. After the
pioneering work of Michel Orrit,* that 30 years ago demonstrated for the first time the detection
of the fluorescence signal from one molecule, the field of single-molecule optics and related fields
have seen an exponential rise. Actually, single-molecule fluorescence detection now offers new
opportunities in analytical, material, and biological sciences. As a comparison, in bulk
measurements, the properties of individual molecules are hidden in ensemble averages, whereas
observation at the single-molecule level provides new insights into physical, chemical, and
biological phenomena.

Several methods are available in the field of single-molecule fluorescence detection.”*’
FLIM and single-molecule spectroscopy techniques, such as Fluorescence Correlation
Spectroscopy (FCS) rely on single-molecule detection sensitivity to give unprecedented detailed
information of the studied systems. For example, to observe interactions between very low
concentrations of biological species in real-time, or for characterization and better
comprehension of nanomaterials.***

FLIM is a particularly powerful technique to study nanoparticles deposited onto a surface,
such as a coverslip. Since these nanomaterials are smaller than the wavelength of the excitation
light (sub-resolution), an image resembling the nanomaterial shape is not obtained. Instead, a

construction of the image is made using a point-spread function (PSF) - a 3D diffraction pattern
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of light emitted from an infinitely small point source in the sample - that result in an ellipsoidal
image pattern. The PSF is usually described by a 3D Gaussian approximation and its Full-Width
at Half Maximum (FWHM), usually in a range between 250-450 nm in the perpendicular plane to
light propagation. By merging spatial and time resolution with high detection sensitivity, FLIM is
able to measure fluorescence lifetimes of individual emitters. However, its ability for single-
particle studies in solution is limited, because the probed species may enter or leave the
observation volume due to Brownian diffusion. In those studies, FCS technique offers an
interesting alternative, since it allows evaluation of stochastic fluorescence emission based on a
different operation of the same confocal fluorescence microscope setup, as detailed next.”!

FCS is a versatile technique, useful for observation of freely diffusing molecules (the typical
lower limit concentration is ca. 1 pM) in a small volume defined by a focused laser beam and a
confocal aperture. It allows continuous observation for longer periods of time while measuring
the molecules’ time-dependent intensity fluctuations, as a result of some dynamic process that
lead to constant entry and exit of dyes in the excitation volume. Basically, in a first moment the
confocal volume is empty and no fluorescence is being measured. When a dye diffuses into the
focused light beam, there is a burst of emitted photons due to multiple excitation-emission cycles
of the dye, and fluorescence is measured until the dye diffuses out of the effective volume.
The outcome is a graph showing fluorescent fluctuations over time; thus, FCS is based on the
statistical analysis of the temporal fluctuations of fluorescence intensity by computing the second
order correlation of the intensity time trace. Since FCS measurements are dependent on the
intensity during the diffusion of dyes along the confocal volume, these can be affected by
phenomena such as photoblinking (intermittent switching between bright and dark states) and
photobleaching (irreversible oxidation or reduction of a dye that causes quenching).”
FSC can give information about any molecular process that induces a change in fluorescence
brightness. This includes for instances, physical and chemical processes such as translational or
rotational  diffusion, association-dissociation rate constants, molecular aggregation or
concentration, conformational dynamics, or hydrodynamic radii.”> Also, one can determine the
diffusion coefficient of a dye or monitor DNA hybridization when there is associated a large
change in diffusion coefficient.”

The use of single-molecule fluorescence techniques to study fluorescence-based (bio)sensing
follows naturally from the above-mentioned advances. Even though single-molecule sensitivity is
still far from real-life applications in biosensor devices, such feature has the potential to grant
high sensitivity, great versatility, short response times, selectivity, spatial and temporal resolution,

and non-invasive, multi-analyte measurements.”

1.2. Plasmon-enhanced fluorescence

The use of organic fluorescent molecules is currently the most common option for

5

fluorescence-based biosensors.” For this purpose, a dye must fulfill some requirements:
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1) display high brightness by combining high absorptivity and quantum yield; 2) have good
photostability (almost all dyes are photobleached upon continuous illumination) particularly for
microscope optics in which excitation light is highly focused; 3) have defined spectral or chemical
properties; and 4) avoid perturbing the biomolecule or process in study, as much as possible.
However, most of the dyes commonly used end up by failing in one or several of these critetia.
When the issue is low brightness or low photostability, then difficulties in detection at very low
concentrations or at single-molecule detection level become evident. One possible strategy to
overcome this limitation consists in using metal nanoparticles as optical antennas to tailor the
photophysical rates of organic dyes.

A metal nanoparticle can act as an optical antenna through its localized surface plasmon
modes, as illustrated in Figure 1.2.° Briefly, the oscillations of the free electrons of a metal
nanoparticle can be excited resonantly when illuminated with light of an appropriate wavelength.
The electric field of light causes the displacement of the electrons relatively to the metal lattice
atoms, that become positively charged and, thus, create a restoring force that sustain the
collective and coherent oscillations of the charge density, which are confined by the particle’s
surface. When in resonance, the frequency of the incident photons matches the plasmon mode
frequency and gives rise to a well-defined extinction band (in transmission mode) and to an

intense light scattering (in reflection mode).
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Figure 1.2 - Schematic of a localized surface plasmon showing the displacement and resulting oscillation
of the surface conduction electrons of a metal nanoparticle in response to an incident light/external
electric field. Adapted from Ref. 56.

Localized surface plasmon resonance (LSPR) is at the core of the modifications that
plasmonic antennas induce on dye’s emission properties by accelerating its excitation and decay
rates (both radiative and non-radiative).”™ In fact, the intrinsic photophysical rates of a dye can
become accelerated by orders of magnitude. To describe the plasmonic interactions on molecular
fluorescence, different designations have been attributed, like surface enhanced fluorescence
(SEF),"**  metal-enhanced fluorescence (MEF)'*'"” or plasmon-enhanced fluorescence
(PEF).">%% Applications that use this approach are still in an embrionary phase with most
appearing in the last years in academic research due to the productive synergy between

plasmonics and fluorescence spectroscopy to achieve better control over spontaneous emission.

15



Chapter 1

The strong enhancement of fluorescence is one of the most promising features of plasmonic
control over spontaneous emission. Firstly, the strongly localized field of a plasmonic particle
acts like an antenna where nearby dyes are exposed to an apparent greater light intensity, thus,
leading to an accelerated excitation rate. Then, for the desired effect, the nanoparticle should
accelerate the radiative over the non-radiative decay rate and as a result, there can be an increase
in the quantum yield and a decrease in the lifetime. As it decays from the excited state, the dye
can be described as an oscillating dipole, mostly like a radiating antenna, and it can induce
oscillations of the free electrons of a nearby particle through its surface plasmon modes." "’
Indeed, the decay rate of emitters depends on the local density of excited states. When a dye is
placed close to a particle, its plasmon modes provide a higher local density of states, which in
turn accelerates the decay rate of the emitter and shortens its excited state lifetime. This process
is known as Purcell effect,”” and is more significant in emissive molecules that have a low
quantum yield, commonly known as weak emitters.

These previous effects are better understood by considering a simplified scheme (Figure 1.3),
of a Perrin-Jablonski diagram for a two-state system. Here, and besides fluorescence (k:), other
non-radiative decay channels are lumped together in a single decay rate constant (k.), and the

effects of a nearby metal particle are highlighted by the green boxes.®
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Figure 1.3 - Simplified two-level scheme that describes the excitation and decay rates of a dye in the
absence and in the vicinity of a metal nanoparticle (green boxes). Here o represents the absorption cross
section of the dye and I the excitation laser intensity. Adapted from Ref. 68.

In the dye-particle conjugate, different interactions can occur depending on separate effects
on the dye’s excitation and emission.”” For instance, if the presence of the particle results in an
increased rate of excitation, Vey. , this will result in increased brightness without changing the
dye’s quantum yield or lifetime. This is due to the excitation rate (Equation 8) that normally
depends on the absorption cross section of the dye (0) and the excitation laser intensity (I),
which on their turn scales with the transition dipole moment (p) and the electric field (E) squared

(below the optical saturation limit)."> The plasmon-enhanced excitation rate represents a useful
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outcome that can decrease the incident light intensities and the background, and also result in

selective excitation of dyes near the particle.

)/exCOCO'IOC|p'E|2 ®)

Another possible consequence is an increase in the radiative decay rate of the dye due to the

particle. In this situation, the quantum yield (@.) and lifetime (t.) of the dye are given

respectively by:
Vraa X k
(Dm _ ra r (9)
Yrad X kr + Knr + knr
and
1
’E =
" Yrad X kr + Knr + knr (1 O)

The non-radiative rate of the dye in the presence of the metal comprises both the
non-radiative rate of the dye, ka:, and the additional non-radiative rate induced by the particle, K.
(mostly energy transfer to the particle’s resonant plasmon modes). From the equations above it
can be seen that lifetime decreases in the metal’s presence, because typically ¥,qq X ke and Ki:
account for an increase in the denominator of Tm. As for the quantum yield, it mostly increases if
the dye’s intrinsic quantum yield is well below one (k,, 2 k;.), and the acceleration of k. overtakes
that of K, 1.€. Yyqq X Kk, > K. On the other hand, if the dye’s intrinsic quantum yield is already
one (knr K k), then it cannot be enhanced. In general, the plasmon effect on the dye’s quantum
yield is more intricate to analyze, because it involves a ratio between intrinsic and
plasmon-accelerated decay rates.

The overall fluorescence enhancement factor (Equation 11) that contributes to the detected
emission signal is obtained from the product of the excitation rate enhancement, Y,y , and the
relative quantum yield of the dye modified by the particle (@, refers to the dye-particle conjugate
quantum yield and @ refers to that of the dye)."

F P,
ﬁ = Yexc X FF (1 l)
The excitation rate enhancement is obtained from Y, . = |E|*/|Ey|* which is the near-field

. . Dy .
enhancement at the incident wavelength. The quantum efficiency term, _%, is determined at the
F

emission wavelength, thus to maximize fluorescence enhancement, the plasmonic resonance of

the particle must overlap with the emission spectral range of the dye.'>>"
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The overall LSPR effect on the photophysical properties of emitters depends on the details of
the plasmon modes and the near-field close to the particle’s surface, that on their turn are
strongly influenced by the shape, size, and composition of the particle and by the refractive index
of the surrounding medium.

Another key aspect is the dye-particle separation, because of the crossed effects on excitation,
radiative and non-radiative decay rates in the plasmon near-field, that changes drastically with the

distance between both entities, as qualitatively exemplified in Figure 1.4.

B
Fluorescence Fluorescence
quenching enhancement

‘

C Fluorescence
unchanged

—

Figure 1.4 - Changes in molecular fluorescence intensity with respect to the dye-metal nanoparticle
separation distance. (A) Fluorescence quenching due to a very short separation. (B) Fluorescence
enhancement due to an intermediate and optimal separation and (C) undisturbed fluorescence due to a
longer separation. Adapted from Ref. 71.

At very close dye-particle distances, quenching by the metal surface mostly overcomes the
near-field enhancement effects on the dye’s excitation and radiative decay rate.5”5 This occurs
because alternative non-radiative decay pathways, such as electron transfer or energy transfer,
dominate for dyes near the particle, being that these processes detrimental for enhanced emission.
Energy transfer decay pathway occurs when excitation energy is resonantly transferred from the
dye to the particle, being then dissipated as heat. It enables the use of metal nanoparticles as
quenchers for biosensing assays, because both dye and particle constitute a donor-acceptor pair.
Due to the large absorption cross section of metal nanoparticles, this pair benefit of extended
Forster radius when compared to combinations of dyes and organic (dark) quenchers.””

Typically, there is an optimal location (intermediate distance) for emission enhancement a few
nanometers away from the metal surface (Figure 1.4B) provided by the increased rate of radiative

decay. In the third case, fluorescence remains unchanged due to a longer distance (Figure 1.4C)

where the effects on radiative and non-radiative decay rate acceleration fade away, so the original
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quantum yield is again obtained. In some cases, to guarantee a proper distance, it is necessary to
cover the particle with a spacer, such as a layer of a dielectric (non-metallic) material (e.g. silica,
titania, alumina), organic polymers, polyelectrolytes, or a biomolecule (proteins, DNA, aptamers
and others). Silica is actually one of the most used coating material of metal nanoparticles, as well
highlighted in a recent review.”

Besides the distance dependence on the fluorescence enhancement, also the orientation of the
dye must be convenient relative to the nanoparticle.” Another key aspect is the spectral
dependence of plasmon-coupled emission.”””” The largest effects occur when the plasmon
resonance of the nanoparticle is close to the dye’s excitation wavelength and, correspondingly,
the dye’s emission is slightly red-shifted relatively to the plasmon peak wavelength.®** This is also
important because in the absence of any overlap, there will be no excitation wavelength in
common to allow simultaneous excitation of both entities. For a particular dye, the spectral
overlap condition can be attained by changing the particle’s composition, size, or shape in order

to tune its surface plasmon resonance.

1.3. Design of dye-particle assemblies for PEF

The enhancement of very weak emitters is potentially interesting for studying intrinsically
fluorescent systems with low quantum yields, e.g. proteins or metal complexes, because their
detection by optical techniques may become possible without the need of labeling. Also, the
emission enhancement of strongly fluorescent molecules by their conjugation with metal
nanoparticles can result in even brighter fluorescent objects of interest for imaging and
biosensing applications. However, the role of plasmonic antennas for modifying photophysical or
photochemical processes extends far beyond the effects of intensity changes, such as emission

57,59,78-81

enhancement and quenching. Antennas can also tailor the emission spectrum or

lifetimes,”® including down to subpicosecond lifetimes,* control emission directionality,” ™ for
the manipulation of optical selection rules,” enhancement of FRET efficiency,” reduction of dye
photobleaching,” spatial confinement in photopolymerization,” or improvement of energy
conversion in solar cells.”

Much research has been directed towards the synthesis of new nanoparticles and their
assembly into nanostructures, particularly for their conjugation with fluorescent dyes (or other
emitters) or with dye-labeled biomolecules. This conjugation of emitters onto metal nanoparticles
is a promising approach to develop strongly emissive nanoprobes with fluorescence emission
intensities much more pronounced than their isolated components. Indeed, in recent years, an
increasing number of reports have illustrated the use of metal nanoparticles as antennas to
modify the emission properties of dyes or other emitters.””"'*” These also have the potential as
multifunctional probes that can be addressed by optical techniques in biological systems to
perform imaging, sensing, drug delivery, theranostics or other therapeutic functions (e.g. cancer

9-11,67,96—

treatment with photodynamic and photothermal therapies). "' Tn these nanoconjugates,
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the role of the particles is frequently more than just that of a nano-sized carrier owing to their
extraordinary optical properties, and in particular, to the ability to perform as antennas.

The development of wet-chemistry methods for the synthesis of colloidal metal nanoparticles
offers the possibility of preparing a variety of particle types (Figure 1.5) and, therefore, to tune

their optical properties,”'*""*

including the plasmon-enhanced near-field for effective dye’s
emission. Looking into the literature, it is possible to infer that most particles and structures

synthesized for the purpose of fluorescence enhancement studies, are commonly made of gold or

105,106 107-109

silver as metals, with just few examples using copper and aluminum.
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Figure 1.5 - Variety of shapes of plasmonic nanoparticles. Shapes from row one to six: spherical, rod-like,
2D polygonal, 3D polyhedral, branched and various complexities. Row seven encompasses other
polygonal and polyhedral particles, but hollow, as the last particle in each of the other rows. Adapted from
Ref. 110.

Gold and silver nanoparticles exhibit at specific incident wavelengths, strong light scattering
and the appearance of intense LSPR extinction bands. Hence, the main reason for choosing these
metal nanoparticles for fluorescence enhancement are their LSPRs, that are within the visible to
NIR wavelengths. But also their ease of synthesis with different shapes and sizes to tune the
extinction bands wavelengths, their distance-dependent optical properties and their accessible

surface functionalization,'">'"*

possible with different surface chemistries for coupling of several
dyes and biomolecules. The diclectric properties of silver, including higher molar extinction
coefficient, higher efficiency of light scattering, and namely its lower dissipation in the visible
range, allow for larger plasmon-enhanced fields that yield better antenna effects when compared
to gold."""""* However, silver nanoparticles are prone to oxidation and, thus, gold is preferred
because of its chemical stability.

Different shapes and sizes of metal nanoparticles have been reported in fluorescence

enhancement studies. The relative contribution of extinction and scattering of a particle depends
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on these morphological characteristics, and normally its extinction shifts to longer wavelengths as
the size increases, which can be useful for specific applications. In order to obtain large
fluorescence enhancements, it is necessary to employ plasmonic nanostructures that generate
intense near-fields. Since anisotropic and elongated particle shapes of gold or silver,?.102112 such as
rods, bipyramids, cubes, hexagons, triangles, disks, or stars, display surface plasmon resonances
that span from red to infrared spectral ranges for which dissipation is weak, this results in
plasmon resonances with strong near-field enhancements. These are mostly concentrated at the
regions of large surface curvature or at the sharp features of the particles’ surface, designated as
plasmon hot-spots. In section 1.3.1 the role of gold nanorods as plasmonic antennas is elucidated,
because only this elongated particle shape was used to develop the proposed nanohybrid
biosensors.

Since new and more innovative nanoparticles and nanostructure assemblies and arrays are
created to improve fluorescence enhancements of dyes, it seems obvious that a crucial step is to
model the overall outcomes of the nanomaterials. In this way, their fluorescence efficiency can be
determined even before they are designed, synthesized or assembled/fabricated, saving time and
resources. Mie’s theory can be used to calculate optical properties of metal colloids when these
are smaller than the incident wavelength.® On the other hand for complex patticle geomettries,
there are computational methods for electromagnetics that can theoretically simulate the
extinction properties of particles and their outcome on the emitter’s decay rate enhancements.
For this purpose, discrete dipole approximation (DDA),"*'"* finite-difference time-domain
(FDTD),'">"* finite element method (FEM)''"'** or the boundary element method (BEM)'*'*
are often methods of choice. In fact, DDA simulations were implemented at the host laboratory

and were used for the design and modeling of dye-particle conjugates studied in this thesis.

1.3.1. Gold nanorods as plasmonic antennas

Gold nanorods are one of the most relevant and promising metal nanoparticles for
fluorescence enhancement of dyes. These nanorods have been extensively investigated for this
purpose due to their many advantages, namely: i) the chemical stability of gold combined with
well-established colloidal methods for nanorod synthesis with controlled size and shape
dispersion; ii) the ability to tune their optical response across the NIR biological window by

changing their aspect ratio and iii) the large plasmon near-field at the nanorod tips (hot-spots),
103,121-123

provided by the longitudinal surface plasmon (LSP) mode.

Early reports on dye nanoconjugates based on gold nanorods were mostly concerned on the

fundamental properties of plasmon-coupled emission such as fluorescence enhancement,'**"*’

125,128

emission directionality, spectral reshaping,'” or assisted energy transfer processes."”

More recently, there have been numerous reports on dye-nanorod conjugates as dual mode
probes for combined imaging and therapeutic functions, such as photothermal or photodynamic

131-147

therapies, or for sensing intracellular components, a topic discussed later in § 1.4.2. In this

view, gold nanorods have been conjugated with a diversity of organic dyes, such as
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132,135,141 131,143 140,144,148 134,142

cyanines, phthalocyanines, porphyrins and chlorins, but also, with

137,149

inorganic emitters, like semiconductor quantum-dots, rare-earth doped particles' and metal

clusters.”" The strategies of dye-particle conjugation also comprise a diversity of approaches such

134,135

as chemical attachment of dye molecules using thiol derivatization, non-covalent

138,140 1131133
bl

supramolecular assembly, entrapment in a polymer or silica shel or even a combination

of the previous strategies.”"”’
The ability of single gold nanorods to perform as optical antennas that afford large
fluorescence enhancements has been demonstrated for a diversity of emitters usin
8

05152154 Tn particular, it was shown that for weak emitters

single-molecule fluorescence detection.
the overall enhancement factors can surpass 1000-fold emission increase for resonant plasmonic
enhancement of fluorescence® or 3000-fold for a NIR dye using a DN A-based transient binding
technique.!3* The fluorescence enhancement of a strong emitter by a gold nanorod dimer fixed on
a DNA origami nanobreadboard was also reported, with the smallest gap providing the highest
enhancement, 470-fold.” Recently, dimers of gold nanorods in end-to-end configuration having
strong plasmon hot-spot gaps allowed even larger enhancements of about 10000-fold for a weak

emitter.'”” The next section develops on this topic of fluorescence enhancement by nanogap

optical antennas.

1.3.2. Gold nanodimers as plasmonic antennas

The nanometric gaps in nanostructure arrays or assemblies of particles also concentrate strong
near-fields, and can act as powerful hot-spots.*”**'* Therefore, besides the dye-patticle
separation and orientation, and their spectral overlap, it is also important to selectively attach the
dye at plasmon hot-spots to maximize emission antenna effects. For instance, dimers of spherical
gold nanoparticles are capable of enhancing fluorescence emission by 2 or more orders of
magnitude.”*"*"'> The longitudinal coupling of the individual plasmons in dimer particles gives
rise to an hybridized plasmon mode that produces an intense near-field concentrated in the gap
region.'**'® The field enhancement is patticularly strong for dimers of gold particles of several
tens of nanometers in diameter combined with gap separations of a few nanometers. Such dimer
particles afford the largest emission enhancements teported up to now, ranging from 600-"° to
5000-fold,"" later up to 15000-fold'’" and even 1 million.'®

Normally, the gold dimer nanospheres are prepared in colloidal suspension by self-assembly,"

158,163 157,160

assembly using double-stranded DNA spacers or DNA origami structures, or as
nanoarrays by top-down fabrication.”””'*" Through top-down procedures a gold bowtie antenna
formed by a dimer of nanotriangles provided 1340-fold emission intensification of a relatively
inefficient dye, being one of the most highest values reported for this kind of nanostructure.” It
is important here to be aware that top-down techniques still need a more simple and economic
fabrication approach. Currently they are to complex and time-consuming to be cost effective in
real-life practical applications, thus the preference for colloidal metal nanoparticles in most of the

reported works.
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Plasmon hot-spots in nanoparticles are also sensitive to local changes in the medium’s
refractive index, exhibiting a perceptible surface plasmon resonance wavelength shift in response
to variations in the medium. These plasmon shifts constitute another important detection scheme

widely developed, reported and extensively reviewed, known as LSPR sensing.*!*~'"”

1.4. Biosensors for detection of biomarkers

According to the IUPAC, a biosensor can be defined as “a compact analytical device
incorporating a biological or biologically derived sensing element, either integrated within or
intimately associated with a physicochemical transducer”.'” The biological component can be a
tissue, microorganism, enzyme, antibody, protein, or nucleic acid that is used as recognition
system, ot bioreceptor, to sense specific target analytes.”'”" These devices use physicochemical
transducers (optical, electrochemical, thermometric, piezoelectric, magnetic, or mechanical) to
convert the recognition event from the bioreceptors into a detectable and measurable signal.
Essentially, biosensors consist of three components: (1) the receptor, to identify the stimulus; (2)
the transducer, to convert the stimulus to an output; and (3) the output system, that involves
amplification and display of the output in an adequate format. The analytical performance of a
biosensor takes in consideration its dynamic range, reproducibility, selectivity, sensitivity, figures
of merit, and detection limits.?

The potential of biosensors for biomarker detection is undeniable. To be ideal, biomarkers
should be safe, stable, easy to obtain and to measure by non-invasive procedures, cost efficient,
sensitive, specific, quantifiable, robust and predictive. But also, detectable by simple and
inexpensive methods, non-overlapped with other diseases, and consistent across gender and
ethnic groups. To date, none of the available biomarkers satisfy all of these criteria.'”” Their major
limitations are sensitivity, low specificity and false positive results. In addition, the ones currently

available in body fluids like serum/plasma are mostly based on proteins.

1.4.1. Fluorescent nucleic acid probes: molecular beacons

DNA shows great practical advantages for biological and medical research due to its specific
recognition properties and structural features, like: simplicity of oligonucleotide synthesis,
predictable double helical structures, excellent biological function and affinity, molecular
recognition capacity, high selectivity, nanoscale controllability and excellent biocompatibility.''™
Although nucleic acids have nucleotides with nitrogenous bases that look like aromatic
molecules, they are only weakly fluorescent or totally non-fluorescent and thus cannot be directly
used in fluorescence-based detection. To overcome this limitation, a wide variety of organic and
aromatic dyes have been developed to label nucleic acids and other biomolecules.'”

In the last decades fluorescent nucleic acid probes and assays containing labeled dyes, mostly
by covalent attachment, have been developed for monitoring DNA reactions and for allowing

nucleic acid detection. The majority are doubly-labeled for FRET schemes between a donor dye

and an acceptor quencher. Molecular beacons are an important example relevant in the context
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of this thesis. These were invented by Tyagi and Kramer in 1996 to support real-time and in
solution hybridization assays.'”® These single-stranded oligonucleotide fluorogenic probes display
a stem-and-loop structure, named hairpin (Figure 1.6). The loop region contains a sequence that
is complementary to the target sequence, and that closes due to a self-complementary end
forming a stem. The dye and quencher moieties are labeled in opposite ends of the stem. In the
closed hairpin the molecules are near, providing a low emission state - signal off - due to
quenching of the donot’s fluorescence by energy transfer to the acceptor. In the presence of a
nucleic acid target, the molecular beacon undergoes a conformational reorganization due to the
loop hybridization with the target. Since the hairpin stem is less stable than the binding between
the loop and the target, the structure opens. The rigidity of the probe-target helix separates dye
and quencher, preventing their energy transfer, which results in restoration of fluorescence of the

dye and in a bright emission state - signal on - indicative of nucleic acid detection.

Quencher
Molecular Beacon
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i
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Loop < target
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Figure 1.6 - Molecular beacon structure and fluorescence signal off-on sensing working principle. A
hairpin sequence is labeled with a dye and a quencher in each end of the stem. The nucleic acid (DNA or
RNA) target is complementary with the loop region of the hairpin. The sensing mechanism occurs upon
hybridization of the target with the loop region of the hairpin, that induces a change on the hairpin from a
closed conformation of low fluorescence emission to an open conformation, which increases the distance
between dye and quencher resulting in high emission of fluorescence that signals the detection event.
Adapted from Ref. 177.

In dual-labeled nucleic acid probes, FRET quenching is often used but other types of
quenching may also occur, independently or associated with FRET.*”*'® For instance, a
donor-acceptor pair that interacts by photoinduced electron transfer or that forms a non-emissive
ground-state complex could be used for beacons with a “close-contact” type of quenching.'” On
the other hand, quenching by FRET allows to study dynamics of the hairpin, that can open and
close regularly in an equilibrium process, because it is effective over a wide range

of donor-acceptor distances.
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Other than the traditional molecular beacon, several stem-loop configurations have then been

developed, with probe designs including wavelength-shifting,'™ tripattite,'”®' ratiometric

182-184

bimolecular, and bimolecular'® beacon probes, such as the ones designed in this thesis and

that are exemplified in Figure 1.7. The design of this probe consists of a hairpin sequence labeled
only with a quencher molecule that assembles through hybridization with a
single-stranded DNA (ssDNA) sequence labeled with a dye, thus forming the beacon with the
donor-acceptor pair. The mode of action of the fluorescence signalling sensing is then similar to

that of traditional beacons. Other bimolecular beacons where the dye labels the ssDNA internally

rather than at the end have been previously reported.'*"®

/
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Figure 1.7 - Bimolecular beacon probe for fluorescence signal off-on sensing of nucleic acids. The
structure of this probe is formed by hybridization of a ssDNA sequence labeled with a dye and a ssDNA
hairpin labeled with a quencher (left side). In the closed hairpin conformation (center), the proximity of
dye and quencher provides a low emission state - signal off. Upon hybridization of the target with the
loop region of the hairpin, it opens, which increases the dye-quencher distance, thus restoring
fluorescence and affording a high emissive state - signal on - indicative of detection (right side).

Molecular beacon probes have many advantages that attracted much interest. These include
ease of synthesis, unique functionality, inherent signal transduction mechanism, distinctive
thermodynamic, relative low fluorescence background, molecular specificity, structural tolerance
to various modifications and reversible binding to the target. But there are some particular
disadvantages to beacons, such as high cost and difficulty in purification due to the possible
formation of secondary structures. Their unique structural and thermodynamic properties
provide a high degree of molecular specificity, with the ability to differentiate between two target
sequences that differ only by a single nucleotide. For this reason, hairpin DNA probes appear to
be better alternatives to conventional linear probes for mismatch discrimination in assays for
single-nucleotide polymorphism and mutations.”®'™® "' They can also be created with a palette of
different coloured dyes, from which the fluorescence of all can be suppressed simultaneously by a
single broad-spectrum universal quencher. This allowed the creation of multicoloured molecular
beacons,'”? useful for multiplexed detection of different nucleic acid targets.

Both FRET and non-FRET probes provide a complete set of approaches for DNA detection,
analysis and quantification, genetic studies, and DNA sequencing by allowing the monitoring of
DNA and RNA reactions, like hybridization, cleavage, amplification and folding. They also allow
the determination of distances in protein-DNA complexes and the detection of topological DNA

changes, mutations, and single-nucleotide polymorphisms. For example, PCR and their variants
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use FRET probes to monitor DNA amplification.'”'”* In the reaction, these are either cleaved
(like TagMan® probes), combined with amplified DNA (like scorpion primers), or undergo a
conformation change in the presence of a complementary DNA target (like molecular beacons).
Some examples of probes used in real-life applications include TagMan®, minor groove binding
(TagMan®, Pleiades and Eclipse), molecular beacons and dumbbell molecular beacons, tentacle
and quenched autoligation (QUAL) probes, molecular break lights, molecular torches, and

193195 Probes with an

primers (scorpions and duplex scorpions, Amplifuor®, cyclicons).
oligonucleotide sequence only labeled with one molecule or with two sequences labeled each
other with donor or acceptor using FRET have been also designed, such as Angler® primers and
ResonSense® probes, and adjacent and HybProbes, respectively. These FRET probes are
DNA- and RNA-based and in most cases, they signal the reaction/detection occurrence with
fluorescence emission by eliminating the quenching effect on the donor. Non-FRET-based
designs are also available, such as LUX™ primers, and HyBeacon™ and strand-displacement
probes (Yin-Yang probes).”""">"*

Besides quantitative PCR, molecular beacons have been widely used in several applications,
being highlighted: i) enzyme detection;'”® ii) real-time monitoring of messenger RNA (mRNA)-

8

DNA hybridization;'”” iii) visualization of the distribution and transport,'® and delivery and

199,200

detection, of endogenous mRNA in live cells (including cancer lines); iv) detection of

202

DNA;™" v) signal-on strategies to bioimage (detect) gene expression of multiple mRNAs*” and

miRNAs*” transfected into cancer cells, in the last case also i vive; vi) detection of multiple

4

miRNAs in cancer cell-derived exosomes in high human serum concentration;””* vii) cancer

theragnosis using doxorubicin and miRNA detection;*” and viii) development of biosensors for

174,190,206

nucleic acid detection, and other targets, in solid surfaces or when merged with

nanotechnology, a topic that will be further highlighted in the next section.

1.4.2. Nanoparticle-based biosensors for nucleic acid detection

Nanoparticle-based biosensors display remarkable advantages when compared to bulk
materials due to: i) larger surface areas that are excellent as carriers of bioreceptors thus
contributing to enhance the optical signal transduction; i) nanoscale sizes that extend the
limitation of structure miniaturization, allowing the design of low-cost and minimized equipment
for POC diagnostics; iii) they contact directly with the microenvironment, therefore may
accelerate signal transduction, improve rapid analysis’ ability and lower detection limits. Due to
the creation of metal nanoparticles/nanostructures with unique and remarkable propetties,

several colorimetric,” ! Surface-Enhanced Raman Scattering (SERS),**?"" LSPR,*!0¢-1¢*218219

1,2"2% chemiluminescent,” fluorescent, and dual-mode (integrating two detection

electrochemica
schemes)**" biosensors have emerged in the last decade. Some of these provide possible
responses for sensitive biomolecular detection and are included in the category of optical
biosensors, that commonly use transduction signals from light absorption, Raman scattering,

refractive index, and luminescence, including fluorescence.
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The focus here is in metal nanoparticle-based fluorescent biosensors, since fluorescence
detection offers numerous important advantages over other methods. One of the reasons for the
huge increase in fluorescence-based detection is probably the versatility of transduction signals
that fluorescent molecules or dye-particle conjugates can offer. This versatility is due to a change
in some intrinsic property (fluorescence intensity, excitation or emission spectra, wavelength,
anisotropy, quantum yield, or lifetime) that is triggered in response to the specific interaction with
the target.”® With a relatively simple detection process, other advantages include: i) a
non-destructive and minimally invasive way of tracking or analyzing biological molecules; and
ii) detection of multiple targets using different emission wavelengths - multiplexed detection.
Obviously, the sensitivity is limited by the fluorescence signal that is generated. In this view, the
emission enhancement provided by plasmonic nanoantennas is a desired strategy to improve
significantly the detection sensitivity of these biosensors.

Similatly, to other nanostructured sensors, specificity in molecular interactions can be built-in
by easily modifying the nanostructure’s surface with dye-labeled bioreceptors, in which are
included oligonucleotides. The use of plasmon-enhanced fluorescent biosensors is still limited to
academic research, even though their advantages - like, ease of synthesis, biocompatibility,
controlled sizes, high surface-to-volume ratios, high emission rates, photostability and color
tenability, detection of ultra-low concentrations of biomarkers - are ideal for real-life applications.
Besides, this type of probes could also find other applications beyond strictly sensing, such as
imaging and therapy.'”*"?

The attachment of dye-labeled oligonucleotides to the surface of plasmonic particles

commonly uses the covalent gold-thiol chemistry, following several available methods recently

,5237 )8238

desctibed in a review.” Since the pioneering works of Mirkin’s™" and Alivisatos’s™® groups on
oligonucleotide-gold nanoparticles conjugates in 1996, the number and complexity of designed
nanoconjugates increased significantly accounting for a vast literature. Hereafter, some examples
of state-of-the-art biosensing platforms are presented with a special focus on the detection of
nucleic acids.

One key advancement in the field was the invention in 2007 by the Mirkin’s group of the
nanoflare for transfection and detection of mRNA in living cells.*” This platform consists of a
spherical gold nanoparticle densely functionalized with a thiol-modified ssDNA monolayer that is
hybridized to a flare/reporter strand (a short oligonucleotide strand labeled with a dye). Due to
the quenching ability of the particle, detectable fluorescence from the reporter strand is
negligible. Upon target binding, the reporter strand is released through competitive hybridization
and a fluorescence signal proportional to the amounts of target can be detected in real time.
Further improvements in the nanoflare platform were then performed.”*>*

Sensing probes based on nanoflares have been reported in various biomedical applications.”*
The most important are in the context of cancer, for example in the isolation and detection of

live circulating tumor cells.* Cancer-related nucleic acid sequences have also been detected,
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mostly miRNAs and mRNAs. Some examples of miRNAs include miR-30a with a limit of

246

detection (LOD) of 2.4 pM in living cancer cells,” and multiplexed detection of miR-21 and
miR-141 in various cancer cell lines, and in a cell free system with LOD’s of 0.9 nM (miR-21) and
1.2 nM (miR-141).**" Other example of RNA, human telomerase RNA, was detected in cancer
cells using a variant of the nanoflare known as sticky-flare.**® DNA (survivin) detection with a
limit of 372 pM was also reported using enhanced fluorescence polatization.*’ Besides cancer, a
specific RNA sequence of native classical suine fever virus was detected at a low amount of
0.05 pg/ul.* Another example of a target nucleic acid that has been also vastly detected is
mRNA and as such deserves attention. Cancer-related targets include: BRCA1 using the FLIM
technique,”" c-myc,”* TK1 with FRET nanoflares,” vimentin,”* survivin in an adjuvant cancer
gene/photothermal therapy with gold nanostars™ and with dual FRET nanoprobes.”* But also
multiplexing of actin and survivin,”’ of keratin 8 and vimentin using dimers of gold spheres,*”
and of c-myc, TK1 and GalNAc-T.*’

Nanoflares have been also reported for detection of other targets using aptamers - specially
designed DNAs/RNAs with nucleotides’ sequences that determine their specificity for certain
targets (ions, small molecules, enzymes, proteins). These aptamer nanoflares, mostly composed

of gold particles, detected adenosine triphosphate (ATP),*"**' heavy metal ions (Pb** and

3 4

Hg™"),*** potassium ions,”” telomerase,”* staphylococcal enterotoxin B (with platinum-coated

gold rods and upconversion particles that acted as fluorescence donors),””

266

and three analytes
(adenosine, potassium ion, and cocaine) simultaneously.

Besides nanoflares, another approach used conjugated dye-labeled DNA probes on gold
particles deposited in a porous silicon microcavity to detect DNA with a limit of 10 pM.*’
Strategies with upconversion nanoparticles have been also investigated. For example,
multifunctional pyramids composed of gold-CusSs, upconversion and silver-S particles, allowed
dual miRNA detection. In particular, miR-203b with a LOD of 0.09 fmol/10 pg RNA and
miR-21 with a LOD of 0.23 fmol/10 pg RNA at the cellular level, while also providing

photothermal therapy in a tumor-beating animal model.**

Detection of other targets following
various approaches were also reported for ATP,”**"" nucleolin,””' human platelet-derived growth
factor-BB,”* recombinant hemagglutinin protein of the H5N1 influenza virus,”” prostate specific

742" and multiplexing of cytochrome c and caspase-3.”"°

antigen,

Nucleic acid signal amplification techniques enabling the sensitive detection of ultra-low
concentrations of specific targets have been developed in the last years. These are mostly based
on enzymatic reactions, or on DNAs that perform catalytic reactions, such as catalytic hairpin
assembly and DNAzymes, or hybridization chain reaction, that have the ability to recognize
specifically a broad range of targets.”””*” In some examples with gold patticles, a split-DNAzyme
probe detected miR-21 with a limit of 10 pM in living cells,”” a nicking endonuclease-powered
3D DNA nanomachine detected 75 fM of DNA from a drug-resistant strain of Mycobacterium

tuberculosis, even with a LOD of 20 pM in 10-fold-diluted human serum,” and an exonuclease
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II-powered DNA walker provided also DNA detection (10 fM).** The incorporation of DNA
nanotechnology, that per se can act as a natural biological sensor, into biosensors, has been
progressively studied as an attractive and powerful building biomaterial for formation of
nanostructures.' >*>* Using this approach, a more intricate gold particle nanostructure used a
duplex-specific nuclease and 3D DNA tetrahedron-structured probes to detect multiple
miRNAs.® A linear range covering 5 magnitudes (10"°-10"%) and a low LOD of 12.59 aM,
17.8 aM and 44.7 aM for miR-16, miR-21 and miR-206a, respectively, were achieved.

1.4.3. Molecular beacons conjugated onto metal nanoparticles

The examples of biosensing platforms described in this section are exclusively of molecular
beacons conjugated with metal nanoparticles to produce a nanohybrid sensor. But first, in a study
combining gold particles of different sizes with DNA hairpins labeled with FRET pairs,
single-molecule FRET was used to investigate hairpin dynamics.* Single-molecule fluorescence
enhancements of 3-5 fold and substantial reduction of FRET efficiency were reported.
Furthermore, gold particles did not influence the kinetic and dynamic parameters of the hairpin
closing/opening processes, and larger particles produced greater fluorescence enhancements due
to larger scattering efficiency.

Nucleic acid biosensing has been shown using gold particles where 16S rRNA of Escherichia
coli was detected.”™™ Another work concerns a complex structure based on silver patticles attached
to a DNA origami pillar functionalized with a molecular beacon that targeted a DNA sequence
(1 nM) while affording fluorescence quenching and enhancement.'” More favorable results were
obtained using contact quenching between dye and quencher in the closed hairpin, which
provided 3.6-fold fluorescence enhancement in the open hairpin. Later, this structure detected
Zika virus-specific artificial DNA and RNA, both with 1 nM, in buffer and in heat-inactivated
human blood serum.”®” For DNA, fluorescence enhancements of 4.9- and 7.3-fold for serum and
serum-free samples were reported. As for RNA, only ca. 37% of the hairpins opened, compared
to 52% for DNA, because RNA has a tendency to form more secondary/tertiary structures than
DNA. In this work, multiplexed detection of the Zika-specific target DNA and of another DNA
sequence, using different plasmonic antennas for each target, was also performed.

Despite these reports, limitations of beacons conjugated to metal particles exist, including
incomplete dye quenching and insufficient signal recovery. The use of metal particles as
quenchers solves these problems. The particles are efficient energy acceptors of dye’s emission,
allowing the replacement of the organic quenchers in the beacons (Figure 1.8). Because of the
strong long-range FRET quenching ability, resulting essentially from non-radiative energy
transfer from the dye to the metal, this can provide a large and greatly improved off-on

contrast/signal-to-background ratio for beacons.”'”
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Figure 1.8 - Schematic illustration of a nucleic acid detection strategy based on a gold nanoparticle
functionalized with a molecular beacon labeled only with a dye. In the closed form, the hairpin allows
proximity of the dye to the particle’s surface resulting in quenching of fluorescence by FRET, because the
particle acts as an energy acceptor. Upon target hybridization with the loop region of the hairpin,
fluorescence is restored due to a larger distance of the dye relatively to the particle and is also enhanced
due to the particle’s antenna effect.

For DNA detection, the strategy of the figure above with gold particles was eatlier used and
showed high quenching efficiencies.”**’ Next, surface-immobilized particles, namely of silver,
achieved a LOD of 100 pM*" and of gold, using a fixed value of 1 pM of DNA, provided 3-fold
improvement in fluorescence emission.””’ Larger gold particles of 100 nm were then reported for
over 96.8% quenching efficiency and a signal increase of 1.23 due to the hairpin opening, with a
LOD below 100 pM.*” For a biologically related DNA target, AF508 cystic fibrosis associated
mutation, 2 LOD of 1 nM and 7-fold increase in fluorescence were reported.”” MiRNAs have
been also detected with hairpin DNA-coated gold particles. MiR-122 detection with a limit of
0.01 pM and a linear range from 0.05 to 50 pM was performed,” and a theranostics system
formed by a pair of hairpins was designed for miRNA-21 targeted imaging and photothermal
treatment in cancer cells.”” As for mRNAs, detection in live cancer cells include: tyrosinase,”
glyceraldehyde 3-phosphate dehydrogenase and respiratory syncytial virus,”” STAT5B,”**” and

3 and of TKI1, survivin,

multiplexing of TK1 and GalNAc-T (and matrix metalloproteinases),
c-myc and GalNAc-T."

In some literature, the term gold nanobeacon has been used to refer to the type of probes
described in this section. Several examples of gold nanobeacons have been developed for: i) real
time 7z vitro synthesis of RNA;* ii) intersection of both pathways of interference RNA regulating
gene expression (small interfering RNA by directly downregulating a specific gene, EGFP, and
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silencing endogenous upregulated miR-21) in cancer cells;”™ iii) targeting and silencing a specific

mRNA (antisense) in live cancer cells;"*

iv) detection of a mutant Kras gene in a theranostics
platform that inhibited cancer cells and metastasis in a murine tumor model;’” and
v) endogenous enhanced green fluorescence protein (EGFP) mRNA detection in embryos of a
fli-EGFP transgenic zebrafish line, with simultaneous tracking and localization of the silencing
events.”” To study the photophysics of these probes, time-resolved fluorescence spectroscopy
was used, and conformational switching and energy transfer processes were investigated.””
Concerning nucleic acid amplification techniques applied in association with the nanohybrids,

numerous works exist in the literature with gold particles for miRNA detection. A swing DNA
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nanomachine used two hairpin DNA probes for intracellular miR-21 sensing with a LOD of
0.1 nM.™ A DNA-fueled and catalytic molecule machinery for miR-21 imaging and detection
provided a LOD of 67 pM,” and hairpin-locked-DNAzyme probes allowed miR-141 detection
with a limit of ca. 25 pM,’" both in living cancer cells. A miR-21-5p target-assisted FRET signal
amplification afforded a LOD of 1.5 fM with a linear range from 10 fM to 10 nM.”"" Multiplex
detection of miR-21, miR-373 and miR-155, using a toe-hold strand-displacement reaction and
hairpin-locked DNAzyme, even reached respectively low LOD’s of 179, 58.8 and 24.9 aM, and
fluorescence enhancements of about 4.48-, 2.65- and 3.49-fold.’"

More complex structures have been also created, such as DNA-coated gold particle-quantum
dot core-satellite assemblies for detection of intracellular miR-21 with a limit of 0.05 amol/ng

RNA (296 copies per cell) and application for 7z vivo tumor imaging.’”

Using other particle
shapes, ERBB2 cancer gene DNA was detected with a limit of 2.4 zeptomole by porous gold
disks,’"* and for other targets, such as telomerase, iz situ imaging in live cells was performed with
315

gold bipyramids,”” and single-molecule detection and iz sit imaging in cancer cells was achieved
with gold triangular plates.’’® But in the later, the hairpin was linked to the tips of the triangles by
means of biotin-streptavidin recognition motif. Extra examples of targets besides nucleic acids,
but with gold spheres, include multiple endonucleases (namely Haelll, EcoRI, and EcoRV) in
homogeneous solutions,”” and four organophosphorus pesticides in real samples.”*®

Focusing on gold nanorods as a plasmonic substrate for molecular beacons, a vast literature
exists. An approach using nanorods as ordered arrays in a biochip substrate for DNA sensing
was implemented.””” The opening of the beacon led to a doubling of the fluorescence intensity, a
linear relationship from 10 pM to 10 nM and a LOD of 10 pM. A DNA sensor for the detection
of Escherichia coli, mainly the O157: H7 eaeA gene, was also constructed, but using gold-coated
silver nanorods, and provided a low LOD of 3 aM and high specificity.”” Time-resolved
fluorescence spectroscopy studies on hairpin probes using gold nanorods were also reported,

321

considering a fixed value of 500 nM for DNA detection.” Regarding miRNA detection, reports
include miR-21-responsive cell imaging and photothermal therapy in living mice,”* and
amplification approaches. In a work, two hairpin probes were functionalized on the terminal and
side surfaces of nanorods, and NIR laser triggered target strand displacement amplification
allowed detection of miR-373 in various single living cells and in multicellular tumor spheroids.””
In RNA detection, a beacon labeled with a quencher instead of a dye, and conjugated into
silica-coated gold nanorods covered with ternary (CdSeTe) quantum dots, was used for
Novovirus RNA sensing with a linear range from 2 to 18 copies/mL and a LOD of
1.2 copies/mL.* For mRNA detection, targets include c-myc,”® cellular Lrgl using

citrate-capped gold nanorods™

and a theranostic platform for intracellular survivin imaging
guided photothermal therapy using two hairpins and a dye-labeled hybrid DNA.**’
The strategy of using nanogap plasmonic hot-spots between particles to increase sensitivity in

nucleic acid detection was also performed. Two oligonucleotides, one linked to a gold sphere and
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another to a gold-coated silver sphere, placed a dye in the nanogap of the particles, that upon
plasmon coupling interactions gave 100-fold enhancement when compared to quenched dye-gold
particles.”” The enhanced fluorescence was further explored for detection of a DNA sequence
with a limit of 3.1 pM. The regioselective functionalization of gold nanorods with molecular
beacons was also recently achieved, by placing the probes in the tips of the particles.’” Further
assembly in a tip-to-tip configuration provided hot-spot nanogaps for enhanced fluorescence in
miRNA detection. The approach also benefited from a target-triggered strand displacement
amplification reaction, which combined with single counting of dye molecules, provided miR-21
detection with a low limit of 97.2 aM and selectivity.

In general, nanoparticle-based fluorescent biosensors provide nucleic acid detection with
limits ranging from a few picomolar to a few attomolar. However, most that reach LOD’s in the
attomolar range are based on DNA amplification methods that have been implemented in
association with nanohybrids for increased sensitivity. These methods require extra addition of an
enzyme or a catalytic fuel, making the whole process complicated, comprising excessive reagents
and being time-consuming (days), thus hampering the translation of the nanohybrids from
academic research to POC and clinical diagnostics applications. Moreover, the reported low
fluorescence enhancements are far from the latest progresses in the field of plasmonics that have
provided enhancements of several orders of magnitude. Hence, these have not yet been fully

explored for fluorescence-based biosensors.

1.4.4. Single-molecule detection of nucleic acid hybridization

The ultimate sensitivity of nucleic acid detection is the single-molecule sensing of
hybridization. DNA hybridization at single-molecule detection level has been achieved with
several strategies, namely using a micromechanical technique with micrometer-sized beads,”™
with single-gold patticles in a NIR plasmon resonance microscopy teal-time measurement,”’
using single-gold rods for plasmonic enhancements of whispering gallery modes excited in

microsphere cavities,”*”

and with zero-mode waveguide nanostructures using dye-labeled
oligonucleotides.”

Single nanoparticle plasmonic sensors are also contributing for single biomolecule sensing by
being used in several approaches that are implemented in a variety of experimental techniques to

10433599 But others strategies are also being developed, based on a

detect a large range of analytes.
digital single-particle switch sensor for continuous monitoting of analytes, including DNA.**
Regarding plasmon-enhanced fluorescence, it already showed the possibility for single-molecule
sensing by using a DNA origami pillar with two gold particles forming a dimer, that provided
direct visualization of association and dissociation of short DNA sequences.”’ Certainly, as
numerous efforts have been made to devise more relevant and practical plasmon-enhanced
fluorescent biosensors, a successful implementation of this approach is expected to achieve high

sensitivity and selectivity with ideal fluorescence amplification. This approach is considered now

one of the most promising paths that may lead to achieve the ultimate single-biomolecule

32



Introduction

detection sensitivity and allow its implementation on biosensors for real-life applications.
However, despite the recent improvements, some challenges from a biological perspective still
need to be addressed for relevant applications in real microenvironments.

One of the fundamental problems is non-specific adsorption, which in turn entails decreased
sensitivity and has an influence on colloidal stability. Low fluorescence enhancement in biological
fluids may occur due to aggregation of colloidal nanoparticles in the absence of targeted
molecules, which yields misleading signals and increased background signals. Better elucidation
about the interactions between dyes, nanoparticles and biomolecules, both in homogenous
solutions and in more complex biological environments, is also required. Biosensing assays
always require strict experimental conditions to preserve the particles’ properties for fluorescence
enhancement and, in most cases, the proof-of-concept has been reported by providing the results
under controlled experimental conditions. As a consequence, validation of these results in real
samples must be a priority, and a clarification of the interactions between particles and
biomolecules in biological fluids needs to be addressed, alongside with the call for more robust

and pragmatic advances.
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Objectives and framework of the research plan

2. Obijectives and framework of the research plan

Biosensors are essential tools for medicine, in clinical diagnostics and therapeutics, by
providing detection of disease biomarkers. Indeed, the demand for rapid diagnostic tests towards
much-needed point-of-care (POC) tools may benefit the global population by delivering
innovative healthcare solutions. In this context, the main objective of this doctoral thesis is the
development of fluorescence-based biosensors with high sensitivity in order to push the
detection limit of nucleic acids, proposed as model disease biomarkers, in a standalone type of
assay. The fluorescence signalling was based on artificial DNA hairpin probes known as
molecular beacons (described in Chapter 1). The sensitivity of these probes is often limited by the
intensity contrast between the “off”/dark state and the “on”/bright state. To attain increased
sensitivity of molecular beacons, an innovative approach was pursued in this thesis by coupling
the beacons to gold nanorods, as depicted in Figure 2.1. The latter can perform as optical

antennas and enhance fluorescence signals from the beacon’s bright state.

Figure 2.1 - Scheme (not-to-scale) of the nanohybrid biosensors proposed for fluorescent detection of
nucleic acids. Molecular beacon probes are conjugated onto a gold nanorod, being on a dark state due to
efficient energy transfer between a fluorophore label (donor - red dot) and a quencher (acceptor - grey
dot). Upon nucleic acid molecular recognition, molecular beacons undergo a conformational change that
increases the distance between the fluorophore and the quencher, thus displaying a bright state (weak
energy transfer) with fluorescence signalling that is enhanced by the plasmonic nanorod antenna.

The proposed biosensing platform was envisioned to provide miniaturization, label-free, and
real-time detection, holding potential as a fluorescence signalling tool with improved biosensing
responses in nucleic acid detection, such as increased sensitivity and specificity. The strategy of
increasing sensitivity in a label-free biosensing assay was aimed at dismissing pre-amplification or
multi-labeling steps, therefore it is supposed that it can fulfill the current high interest around
fast, simpler and reliable alternatives to standard laboratory methods.

The design and characterization of the proposed nanohybrid biosensors was the focus of the

research activities in this doctoral thesis, not only because the demonstration of the concept
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would add up to other significant advancements in the field of fluorescence-based biosensors,
but also because the performance of optical antennas is of general interest for the plasmonics and
nanophotonics communities. In this view, the research developed throughout this thesis is
framed by four major objectives that are detailed in sections 2.1 to 2.4. The final section of this
chapter (§ 2.5) contains a general characterization of the diseases for which target biomarkers

were selected for the studies developed in this thesis.

2.1. Enhanced fluorescence of red-emitting dyes by gold nanoantennas

The first objective of this thesis addresses the fluorescence enhancement of organic dyes by
using gold nanostructures as optical antennas - Chapter 3. Two types of nanostructures were
investigated: a single gold nanorod and a dimer of spherical particles. Both types of structures can
provide strong plasmon near-field enhancements upon excitation in the red spectral range and,
thus, are able to induce large fluorescence enhancement effects from coupled emitters.
The fluorescent dyes chosen for these studies had to present a good spectral overlap for light
absorption and emission with the particle’s surface plasmon resonance. Again, two examples
were tested: Atto-647N and Atto-655 dye. The key objective of these studies was to characterize
the range of signal enhancement that could be later explored for sensing purposes. In this view,
the experimental design was set to probe the largest enhancement effects in the systems studied
by conducting a single-molecule on single-particle type of experiment. The particle is
immobilized on a glass substrate and positioned at the centre of the confocal detection volume,
while the dye molecule is freely diffusing in solution and, thus, it can probe the entire volume
surrounding the particle and eventually interact with the plasmon hot-spots. The evaluation of
single-molecule fluorescence events provided an in-depth characterization of the enhancement
effect that is free from concentration artefacts. Such information is crucial for the design of

fluorescence-based sensors with plasmon-enhanced signalling responses.

2.2. Plasmon-assisted photochemical functionalization of gold nanorods

The interactions between surface plasmons of metal particles and photoactive molecules
depend crucially on their relative positions. In order to maximize such interactions, it is desirable
to control the surface attachment of organic molecules onto metal particles by directing the
former to plasmon hot-spots where the largest near-field enhancements occur. An innovative
plasmon-driven photochemical procedure was pursued here to selectively attach molecular
components at the tips of gold nanorods - Chapter 4. To demonstrate this strategy, a
biotin-derivatized with a photo-crosslinking group was selected for attachment onto
surface-immobilized gold nanorods. The photochemical reaction is induced by two-photon
absorption using the large near-field enhancement at the nanorods’ hot-spots upon light
excitation of the longitudinal plasmon. The phenyl azide group is photo-activated to a nitrene

that inserts into an organic monolayer coating the gold nanorods. As a result, the gold nanorods
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become functionalized with biotin receptors. The functionalization procedure can be tested by
monitoring the surface plasmon shift of the gold nanorods upon streptavidin binding, as a model
plasmonic sensor for detection of streptavidin protein. This takes advantage of two aspects: the
strong affinity of the biotin-streptavidin pair and the localized surface plasmon resonance (LSPR)
sensitivity of the gold nanorods to the local refraction index changes that occur upon streptavidin
binding. This strategy was devised to be later employed for tip-functionalization of nanorods
with molecular beacon probes, in order to maximize the desired fluorescence signalling from the
nanobiosensors. The limited success of the plasmon-assisted photochemical functionalization has
prompted for a strategy change toward tip-specific attachment of photoactive molecules, as

explained next.

2.3. Tip-selective functionalization of gold nanorods with dye-labeled DNAs

Tip-specific functionalization of colloidal gold nanorods has been described in the literature
using cetyltrimethylammonium bromide (CTAB) surfactant as a side protective agent. However,
it was necessary to demonstrate that this strategy could be employed to maximize
plasmon-enhanced fluorescence, which is the main objective of this thesis. For this purpose, the
functionalization of gold nanorods with DNA hybrids labeled with Atto-647N dye was
optimized comparing two strategies: one directed to the tips, that occurs in the presence of
CTAB surfactant protective coatings, and a non-selective one involving ligand-exchange
reactions, that results in indiscriminate coverage of the metal particle - Chapter 5. Dye-particle
nano-assemblies formed by tip-specific functionalization, which focuses the dye molecules at the
rods’ hot-spots, afforded fluorescence enhancements of about one order of magnitude in dye’s
emission, as characterized by ensemble fluorescence spectroscopy. On the contrary, non-selective
functionalization produced nano-assemblies without emission enhancement, or even with a
minor quenching effect, possibly due to self-quenching of densely packed neighboring dye
molecules. Therefore, the loading of dye-labeled oligonucleotides onto the tips of colloidal gold
nanorods effectively leads to fluorescence enhancements, which represents a major
accomplishment of this work. The replication of this strategy for the attachment of molecular
beacon probes onto gold nanorods was explored in the next objective, in order to develop a

nanobiosensor with enhanced fluorescence signalling responses.

2.4. Fluorescence signalling of DNA probes functionalized onto gold nanorods

The ultimate goal of this thesis was to demonstrate plasmonic enhancement of the
fluorescence signal in molecular recognition assays of nucleic acids as a strategy to improve their
detection for biosensing purposes. The molecular beacons were designed to trigger a
fluorescence signal by using a Forster Resonance Energy Transfer (FRET) process between a
fluorophore label and a quencher. Two donor-acceptor pairs, Atto-647N/Deep Dark Quencher
IT and Atto-647N/QSY™ 21 were tested. The synthetic nucleic acids that were selected as
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targets are three biomarkers with potential interest, respectively, for clinical diagnostics of dengue
virus (DENV) and sleeping sickness infections, and cancer/cardiovascular (or other) pathologies
(see section 2.5).

The first step was the study of the molecular beacons per se in aqueous solution, i.e. in the
absence of gold nanorods, by testing the fluorescence signalling mechanism in response to the
nucleic acid targets. These studies were performed by confocal fluorescence lifetime microscopy
with  single-molecule detection sensitivity. Measurements of fluorescence correlation
spectroscopy and fluorescence decays by single-photon counting were simultaneously acquired
from a microscopic observation volume. Under the experimental conditions tested, the results
found in these assays indicate a limited response of the molecular beacons and, as such, a new
strategy was devised in which the gold nanorod acts as an energy acceptor instead of an organic
quencher molecule. The tip-specific functionalization procedures previously described were also
implemented for the conjugation of molecular beacons onto gold nanorods. This approach
avoids the dispersion of the target species over surface regions of the nanorod that have a
negligible enhancement effect. Fluorescence signalling of the nanobiosensors was characterized
in colloidal suspension and in surface-immobilized experiments by means of fluorescence
microscopy and single-particle spectroscopy. The performance of the nanohybrids as
fluorescence-based biosensors when they are exposed to nucleic acid targets was below the
expectations, most likely due to interference in the intra- and intermolecular hybridization
interactions required for a proper functioning of the DNA beacon probes. Even though, the
ultimate goal of this thesis was not accomplished, the studies performed here have laid the
methodological basis and pointed out toward improvements that will contribute to a positive

unfolding of future research studies.

2.5. Annexes

Nucleic acids selected as targets were synthetic sequences of RNA from DENV, and DNA
from sleeping sickness infections, and microRNA (miRNA) from cancer and cardiovascular
diseases. The importance and need of creating diagnostic tools for these diseases are described
next, as it is imperative to provide solutions for these public health problems, to lighten
healthcare systems worldwide and to allow considerable relief on socioeconomic impacts and on

the burden that these diseases instigate.

2.5.1. Dengue virus infection

Dengue, but also and sleeping sickness, are vector-borne diseases that cause significant
mortality and morbidity, representing an estimated 17% of the worldwide burden of all infectious
diseases." The incidence occur mostly in countries in the tropics and poor communities, hence
are classified as neglected tropical diseases. In 2012, several important vector-borne neglected

tropical diseases were targeted for elimination by 2020 within the World Health Organization
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(WHO) roadmap for these diseases.” Unfortunately, however, their burden, including that of
dengue and sleeping sickness, will surely continue beyond the ambitious 2020 target.

DENV is a spherical 50 nm virion comprised of three structural proteins, a lipid envelope,
and a 10.7 kilobase capped single-stranded positive-sense RNA.>” As small infectious agents,
viruses have short genomes that enable them to replicate only inside the living cells of other
organisms. They use the machinery and metabolism of the host cell to efficiently usurp and
reprogram it, and complete their life cycle.” Besides DENV, RNA viruses account for many
serious emerging and ongoing threats to public health, like HIV, Ebola, influenza, Zika,
chikungunya, and SARS-CoV or SARS-CoV-2 that is causing the 2020 COVID-19 pandemic.
Recent DENV infections and epidemics are an important public health problem. In the last
50 years there has been an increasing rise in the infection’s incidence with outbreaks of growing
frequency and magnitude.’

Dengue viruses are a group of four closely related but serologically distinct arboviruses that
differ from one another by 25-40% at the amino acid level and are separated into serotypes:
DENV-1, DENV-2, DENV-3, and DENV-4.>® These are mosquito-transmitted and cycle in
nature between humans and Aedes mosquito vectors, mainly Aedes aegypti but also Aedes albopictus,
through the bites of infected females. Mosquitos become infected with one DENV serotype
when they ingest blood from humans during viraemia phase. Infective viral particles pass from
the mosquito intestinal tract to the salivary glands and the insect is capable of transmitting the
virus to a new host.” It replicates primarily in immature dendritic cells and keratinocytes of the
skin. Later, cells of the mononuclear lineage become infected, with entry into macrophages and
activation of lymphocytes being followed by entry into the bloodstream. This is likely the
mechanism for infection of peripheral organs,” mainly lymph nodes, spleen, and liver.’

DENV serotypes circulate in urban environments throughout the tropics and subtropics of
the globe, being widespread in more than 120 countries each year, mainly in the Americas, the
Caribbean, Asia and Africa, where conditions of temperature and humidity favor the proliferation
of mosquito vectors.*”” Transmission has increased in the past several decades as a result of the
expansion of mosquitos in urban environments (often unplanned and uncontrolled), population
growth, global travel, commerce, global warming, difficulty in personal protective measures, but
also of a scarcity of mosquito control efforts and programs due to lack of resources and
socioeconomic conditions, lack of political will, and/or ineffective and unsustainable
implementation.*>"

According to recent estimates of the WHO, 390 million human dengue infections occur per
year, resulting in 96 million clinically apparent infections and around 500 000 people require
hospitalization,” with the disease causing almost 14000 deaths (2013 data)."" With an estimated
3.6 billion people - half the world’s population - at risk of infection, it is the major cause of
arthropod-borne viral disease in the world, causing the highest morbidity and mortality than any

other arthropod-borne virus.>** In addition to the heavy burden on public health, epidemics have
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a huge economic impact on affected countries. The annual economic costs in the countries of
Southeast Asia are estimated at 1 billion US dollars' and in Latin America/Caribbean at 3 billion
US dollars,” resulting in a global cost of 8.9 billion US dollars in 2013 prices."

With new outbreaks on the horizon, the demand for innovative detection methods has been
renewed. These are aimed to identify the viral pathogen prior to the appearance of symptoms and
in an effective timely and accurate manner. This would allow rapid recovery from the symptoms,
but also efficient and accurate sutveillance and control of outbreaks. In addition, would assist
research on prognosis, pathogenesis, vaccine development (the only available, Dengvaxia®, has

11415 and clinical trials.

major weaknesses and showed moderate efficacy in the field),

Today several detection strategies are available and diagnostic devices, assays and commercial
kits are composed of laboratory-based and POC tests. In the laboratory, tests are based on the
detection of: i) viral RNA genomes using RT-PCR,'*'® to provide results after several hours;
ii) viral antigens, such as the dengue non-structural protein 1 (NS1) using for example Platelia™
Dengue NS1 Ag capture enzyme-linked immunosorbent assay (ELISA) from Bio-Rad;'™ or
iif) dengue-specific antibodies immunoglobulin M and G (IgM and IgG) using serological assays
of the major commercial manufacturers (Panbio, Standard Diagnostics, and Bio-Rad)."*
POC tests are usually based on lateral flow immunochromatography,”* being rapid (a few
hours) and providing a simple and cheap solution for NS1 or IeM/IgG detection. Unfortunately,
reliability, sensitivities and specificities are usually lower than the equivalent laboratory-based
ELISA assays.

Weighing the limitations of current testing strategies, it becomes clear that a sequence-specific
approach is essential to detect DENV in a practical, rapid (in a question of minutes), and
low-cost manner. This would allow detection in mosquito cells and tissues, but also in infected
human samples (blood, serum, saliva or urine), with reduced or non-specialized training required.
A review article published last year highlights the advances and trends of biosensors for DENV
infection diagnostics.” These can be categorized into optical and electrochemical or into more
advanced technological approaches such as electronic, microfluidic and smartphone-based.

The more important reports used several nanomaterials and techniques to detect all DENV
serotypes through antigens, antibodies and viral RNA. In the first two cases, techniques include:
voltammetry using carbon nanotubes,”* and impedance and voltammetry measurements using

»20 suction-type’’ and dielectrophoresis® microfluidic chips, surface plasmon

gold films,
resonance (SPR) with gold sensor chips,””' long-range surface plasmon waveguides using gold
stripes,” and optical fibers with gold nanoparticles for LSPR sensing.”” Detection of viral
genomic material comprises: treverse transcription loop-mediated isothermal amplification
(RT-LAMP) based on fluorescent paper,” colorimetry,” optomagnetism,” fluorescence
(pan-serotype detection),” and colorimetric-luminance™ or fluorescence-based” smartphone

41

devices; impedance measurements with nanoporous alumina® and pencil graphite;*' electronic

detection with silicon nanowires;* colorimetry using DNA-functionalized triangular silver
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nanoparticles;” quartz crystal microbalance,* inductively coupled plasma mass spectrometry®
and colorimetry* with DNA-functionalized gold nanoparticles; fluorescence using gold
nanoparticles and quantum dots.”” The limits of detection of these genosensors range from

nano- to a few femtomolar.

2.5.2. Sleeping sickness infection

Human African trypanosomiasis, also known as sleeping sickness, is a vector-borne disease
that causes a considerable burden in poor and rural parts of more than 20 countries in
sub-Saharan Affica, within the distributional limits of its vector, the tsetse fly.*** Thus, it is an
endemic disease placing an estimated 70 million people at risk.””' During the 20th century, it
caused devastating epidemics, but the number of reported cases has fallen, reaching a historically
low level of fewer than 1000 in 2018.°""> This was due to large-scale sustained and coordinated
surveillance, and control and treatment efforts over the past 20 years by the WHO,
non-government organizations, African governments, the pharmaceutical industry, research
charities and Institutions. Although some foci remain above the threshold of 1 case or fewer per
10000 people, the disease is now considered rare. While it would be ideal to eliminate it
completely, the more realistic goals of the WHO are to eliminate it by 2020 and to achieve
interruption of its transmission by 2030.?

Sleeping sickness is a parasitic disease caused by infection with unicellular protozoan parasites
called Trypanosoma (genus) brucei (species) (T. b.) and is a medical and veterinary problem. T. 4. is
transmitted by the bite of the blood-feeding tsetse flies of the genus Glossina and includes three
morphologically indistinguishable sub-species: 1. b. brucei, that causes animal African

trypanosomiasis, known as Nagana,”

and T. b. gambiense and T. b. rhodesiense that infect people,
causing Gambiense and Rhodesiense human African trypanosomiasis, respectively."” The latter
two sub-species are responsible for syndromes of markedly different geographical range and

#830333% The majority of cases (curtently 98%) are caused by T. b. gambiense, which

epidemiology.
gives rise to the chronic form in Western and Central Africa that has almost exclusively a human
reservoir.”' The less common infection with T. b. rhodesiense involves humans occasionally (2%
of cases)” and affects mainly animals (livestock and wildlife).” The zoonotic nature of

5057 and leads to more

T b. rhodesiense makes it more difficult to control compared to T. b. gambiense
acute and severe illness (can lead to death within 6 months)® that affects the Eastern and
Southern Africa.

The trypanosome parasites are extracellular and independently of the variant, the disease has a
first stage - haemolymphatic - where trypanosomes are restricted to the lymph nodes and
bloodstream, and over time a second later stage - meningoencephalitic - where they cross the
blood-brain barrier and are also seen in brain parenchyma and cerebrospinal fluid (CSF) invading

the central nervous system.”>® This second stage lasts few weeks (T. b. rhodesiense) or several

months (T. b. gambiense), and involves neurological and psychiatric disturbances,” with sleep

63



Chapter 2

disorders being the most typical (hence the name sleeping sickness) accounting for dysregulation
of the circadian rhythm of the sleep-wake cycle and disintegration of the sleeping pattern.”

Although the prevalence of sleeping sickness has decreased, the disease remains a challenge,
because of its clinical features and complex epidemiology. It is still a substantial cause of
mortality and morbidity in affected regions, where it also has a considerable effect on livestock
production. If infected, livestock will become useless for food and milk production, hence this
promotes rural underdevelopment and leads to a ‘cycle of poverty’ on affected populations.”
Consequently, the human and animal forms of sleeping sickness cannot be considered in
isolation.

Many cases of sleeping sickness certainly are not reported or diagnosed and this may be due to
several reasons: i) limited diagnostic capacity response; ii) inaccuracy and inadequacy of current
diagnostic methods; iii) diversity and/or lack of specificity of clinical symptoms because first
stage symptoms are common to other sub-Saharan Africa infections like malaria, enteric fever,
tubercular meningitis and HIV; iv) insufficient staff capacities; v) incomplete community
participation; vi) poor access to health facilities and vii) logistical reasons if the disease occurs in
remote or unstable/insecure areas of difficult access, i.e. in areas without surveillance.*®">>*
Therefore, diagnostic tests for sleeping sickness are much needed.

Diagnosis is generally based on serological screening of individuals. The long-established Card
Agglutination Test for Trypanosomiasis (CATT) is one serological test used in the majority of
control programs and at-risk population screening by mobile teams.””***" It has the advantages of
being simple (done with blood, plasma, or serum), cheap and rapid (5 min). However, it has
limitations: antigen production is complex, high frequency of false positives and false negatives,
limited sensitivity, requires an electricity supply and trained personnel which are difficult to get in
the African field.”” Accurate serological tests based on immunofluorescence assays, ELISA and
immune trypanolysis also exist for anti-trypanosome antibody detection but are mainly used in
non-endemic countries where good laboratory facilities are available.* Also, lateral flow
immunochromatographic devices have been used in rapid diagnostic tests that detect
anti-trypanosome antibodies in the blood.” These tests, for T. b. gambiense infection, were recently
developed and introduced in the market: SD Bioline HAT 1.0 and Sero-K-SeT.***

Molecular diagnostics of sleeping sickness detects the parasite’s nucleic acids from body fluids
(blood, CSF, urine or saliva). The methods have been the subject of intense research and despite
the high number of articles reporting new developments, further standardization and diagnostic
validation are needed for the creation of a field-applicable and low-cost DNA or RNA test.

Because serological and molecular tests are not sufficiently specific, parasitological
confirmation by observation of trypanosomes in body fluids is generally required by microscopic
examination.”>* This is cheap but used alone is not sufficient to differentiate sub-species, hence
both serological and molecular tests can act as complementary diagnostic tools to provide that

distinction.
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Overall, currently available diagnostic tools and algorithms for sleeping sickness are complex,
expensive, and equipment, resources, and personnel demanding for use in rural sub-Saharan
Africa. Thus, research aims to develop more simplified, practical, inexpensive, quicker, reliable
and accurate diagnostics tests towards a POC tool that can be incorporated in the public health

0515460 Research on biosensors could contribute

infrastructure of low-resource settings.
significantly to develop such POC tools. However, these have not been so much explored by the
scientific community, with only a few examples deserving consideration. These used aptamers to
detect a glycoprotein at attomolar concentrations’” or parasites,” and another used nucleic acid
probes to detect Trypanosoma RNA at a limit of 0.5 fmols.” Moreover, research of new stage
biomarkers with an expansion of the range of antigens and discovery of a new protein, nucleic

acid, or metabolite biomarkers, will be vital for the eradication of the disease.

2.5.3. MicroRNAs as clinical biomarkers

Regarding microRNAs, these are a class of single-stranded small (18-25 nucleotides)
non-protein-encoded RNAs, which negatively regulate genes’ expression at the transcriptional or
post-transcriptional level. This is done by direct bind through base pairing with complementary
nucleotide sequences or with imperfect complementary sites in the 3’-untranslated regions of the
target messenger RNAs, promoting their expression by inducing degradation or repressing
translation.”””” MiRNAs are endogenous and play essential roles in diverse biological processes
including embryogenesis, haematopoiesis, brain morphogenesis, stem cell division, angiogenesis,
organ development and cell proliferation, differentiation, apoptosis, metabolism, homeostasis
and stress responses.”” They are present in the regulation of these processes both in
physiological functions and pathological conditions, having a significant impact on human health.

MiRNAs control critical cellular processes and signalling pathways, so their aberrant
expression (increased or decreased) leads to the development and progression of several diseases
including cancer, diabetes, viral infections, muscle degenerative diseases, and neurological,
cardiovascular, metabolic and ocular disorders.””’>"* The study of miRNAs is greater in cancer
research where it is prominent nowadays; for example, their de-regulation is considered as a
common hallmark of the disease. In general, they are intracellular and their differential expression
can be found in a wide range of normal and diseased cells and tissues, that can yield high-quality
miRNA suitable for detection.”"

Apart from the tumour microenvironment, miRNAs can also be found in biofluids as the
result of apoptosis and necrotic cell death or can be secreted within cell-free lipid carriers such as
microvesicles, exosomes, microparticles and apoptotic bodies or bound to protein complexes.
This enables them to evade the RNase digestion and remain stable as circulating
miRNAs."">77¢ The changes of circulating miRNA expression profiles have been reported to
be associated with various physiologic/pathologic conditions, being tissue-specific. Circulating
miRNAs have emerged as potential non-invasive and effective biomarkers for different cellular

events and disease diagnosis, prognosis, treatment monitoring, classification, staging and
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progression.”>"*™’" Hence, their global screening could be useful to create a specific signature for
a certain disease or cancer type.”

Specific miRNAs have been found to be differentially expressed in several human tumours.
The miRNA of interest in this doctoral work is miRNA-145 (miR-145), which has a
well-characterized tumour-suppressive regulatory role. This role could be explained by its
modulation of multiple target oncogenes engaged in invasion and epithelial-to-mesenchymal
transition.” MiR-145 is located on chromosome 5 (5932-33), a fragile site in the human
genome, and is suggested to be co-transcribed with miR-143 forming the 143/145 cluster.” It is
expressed in normal tissues at significant levels, with the highest expression in the colon and the
lowest in the liver and brain. High expression occurs in the prostate, cervix, stomach, uterus and
small intestine, while low occurs in the kidney, placenta, testis, spleen and skeletal muscle.®’ But,
these levels are commonly downregulated in many types of cancer, suggesting that miR-145 may
serve as an important tumour suppressor.”* ™ Besides cancer, it was found related to
cardiovascular diseases and other illnesses such as atherosclerosis, hypertension, venous
thrombosis, fibrosis diseases or pathological retinal angiogenesis.”**

According to the WHO, cardiovascular diseases are the leading cause of death in the World -
17.9 million deaths in 2016 - with the second biggest being cancer with 9.6 million in 2018.*
Both diseases are also the main causes of morbidity with numbers of affected individuals at risk
of rising exponentially, which expands the threats to global health and economic burdens.””
Thus, it is urgent to better manage these diseases, to improve tools for risk prediction, including
identification of new accurate biomarkers, to search and develop novel/alternative therapeutics,
but also diagnostic methods.”

MiRNAs can be a powerful diagnostic tool of diseases, including the above-mentioned,
shedding new light on potential treatments. However, detection and quantification are very
demanding due to miRNA’s intrinsic properties: short length, highly similar sequences in their
family that can result in high risk of cross-hybridization, low abundance (a few molecules per cell
or low levels in blood), tissue-/stage-specific expression, large variation in base composition and
secondary structures. Despite detection being difficult in complex samples, the creation of
efficient tools for rapid, simple, label-free, specific, and sensitive sensing of miRNAs would be
significant.

For circulating miRNAs’ detection in blood, plasma or serum, quantitative Reverse
Transcription - Polymerase Chain Reaction (qQRT-PCR) and microarrays are the mainstream
approaches.”” Actually, circulating miR-145 was detected using qRT-PCR in body fluids, such as
blood, where levels were markedly increased in patients with thyroid cancer;” in serum, being a
promising biomarker for preoperative diagnosis of ovarian cancer;” and also in plasma, in which
lower levels were associated with the presence as well as the severity of coronary artery disease.”

However, the above-mentioned platforms have relative strengths and weaknesses. Nevertheless,

for miRNA expression profiles, microarrays have a major advantage in high throughout analysis,
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while qRT-PCR is the best choice for quantifying miRNAs with low levels due to its high
sensitivity. Other strategies have been developed to improve sensitivity and flexibility of the
previous methods, such as rolling circle amplification-based assays” and enzymatic assays.”

Considering the improvement of sensitivity, needs depend on application, but some realistic
limits can be defined for cellular extracts and biological fluids. In the latter, miRNAs are diluted
in mL to L scale volumes, resulting in low concentrations, and in clinical results, are measured in
the M range, with some samples reportedly as low as 20 aM and as high as 20 nM. Yet, for
biosensing assays, they can be detected not necessarily in their native concentrations, because
body fluids collected at the mL scale can be concentrated to the pL scale. So, sensitivity is
important but to a certain degree, meaning that sub-fM sensitivity may not be that imperative for
detection.

The need for assays to detect low-abundance miRNA and the trend toward miniaturized
devices reveal the importance of nanomaterials to accelerate signal transduction and advance
towards ultrasensitive detection. In addition, on the basis of the unique optical, electronic, and
magnetic properties of nanomaterials, novel biosensors are supposed to be alternative techniques.
In fact, several recently published works have shown that biosensor technology can offer rapid
results, providing high sensitivity and minimal sample preparation. Optical (besides the ones

96-105

included in Chapter 1) and electrochemical biosensors are in the spotlight, with limits of

detection ranging from pico- to femtomolar, including in miR-145 detection.””'" Also,
techniques such as total internal reflection fluorescence microscopy even allowed detection at the
single-molecule level.'"” But obviously, there is still a pressing need to develop analytical
platforms for the detection and validation of miRNAs in complex biological samples, ideally

without amplification, to provide reliable, portable and inexpensive application in clinic research.
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3. Enhanced fluorescence of red-emitting dyes by gold nanoantennas

This chapter is dedicated to the fluorescence enhancement of red-emitting organic dyes by two
types of optical nanoantennas: a single gold nanorod or a dimer of gold nanospheres. These
nanostructures can provide intense plasmon near-fields upon excitation in the red to infrared
spectral ranges and, hence, are capable of inducing large enhancement of fluorescence from
coupled emitters. The main motivation of these studies was to characterize the range of signal

enhancement that could be later explored for nucleic acid sensing.

3.1. Introduction

Two examples of fluorescent dyes were tested: Atto-647N and Atto-655 dye, that were chosen
to allow for a good spectral overlap in light absorption and emission with the surface plasmon
resonances of the gold nanoantennas.' In order to probe the largest enhancement effects in the
systems studied, an experimental scheme based on a single-molecule on single-particle type of
measurement was performed. The experimental details are described in sections 3.2 and 3.3.
Evaluation of single-molecule fluorescence events provided a detailed characterization of the top
emission enhancements. The comparison of experimental results with theoretical simulations
provided valuable insights for a better comprehension of the fluorescence enhancement effect.
This combined approach is essential to properly design fluorescence-based sensors with

plasmon-enhanced signalling responses.

3.2. Fluorescence enhancement of Atto-647N by single gold nanorods

Gold nanorods can act as plasmonic nanoantennas to enhance fluorescence of dyes when
excited by light due to the strong near-field enhancements at their tips. This effect can be
appreciated from theoretical DDA simulations of gold nanorods with a size of 25 nm x 60 nm

(width x length), as used in the experiments (Figure 3.1).
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Figure 3.1 - Gold nanorods (25 nm x 60 nm) used as plasmonic nanoantennas for enhanced fluorescence.
(A) Transmission electron microscopy (TEM) image. (B) DDA simulated map of the plasmonic near-field
around a nanorod (25 nm x 61 nm) excited at an incident wavelength of 639 nm and assuming a medium
with the refraction index of water (1.33).
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The dye Atto-647N was selected because of its brightness (high molar absorption coefficient
and fluorescence quantum yield, @r = 0.65), photostability, good spectral and chemical properties
(Figure 3.2A).” For these reasons, it is commonly used for labeling nucleic acids in biophysical
studies. In the studies of fluorescence enhancement, Atto-647N was also used as a label of a
single-stranded DNA (ssDNA) sequence, that was hybridized with a complementary sequence,
forming a double-stranded DNA (dsDNA) with 10 base pairs. Because Atto-647N has an
absorption peak at 646 nm and an emission peak at 664 nm,” it assures a good spectral match with
the longitudinal surface plasmon (LSP) peak wavelength of the gold nanorods (Figure 3.2B).
Moreover, it is also slightly red-shifted in relation to the LSP peak, which is a favorable condition

for the enhancement of fluorescence emission.'
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Figure 3.2 - Characteristics of Atto-647N dye and of the gold nanorods used. (A) Chemical structure of
Atto-647N dye. (B) Spectral overlap between absorption (dashed red line) and emission (red line) of
Atto-647N and the localized surface plasmon resonance (blue line) of the gold nanorods, with indication of
the excitation wavelength at 639 nm and the detection range of the bandpass emission filter (grey rectangle).

Gold nanorods were immobilized at low surface density on a glass coverslip that had been
previously silanized with (3-mercaptopropyl)-trimethoxysilane (MPTMS) to create a surface
functionalized with thiol groups in order to attach covalently the gold nanorods. When excited
using a laser of wavelength 482 nm, the optical microscopy image shows bright diffraction-limited
spots with a narrow dispersion of emission intensity (Figure 3.3A). The photoluminescence
spectrum collected from these spots was used for differentiating between single particles and
aggregates, in order to select only the former ones for single-particle experiments. In each
experiment at least 30 nanoparticles were selected from those that were clearly identified as
individual ones from their emission spectra, as seen in Figure 3.3B. In the spectra, a Full Width at
Half Maximum (FWHM) below 100 meV was used to identify individual nanorods.” The spectra
of the particles exemplified in the figure had LSP peak wavelengths between 630 and 704 nm,

which shows the heterogeneity of the sample.
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Figure 3.3 - Selection of single gold nanorods immobilized on a glass substrate. (A) Photoluminescence
image of the particles, while irradiated with a laser excitation wavelength of 482 nm. (B) Emission spectra
of four single nanorods identified as spots 6, 8, 15 and 25 in image (A), with distinct LSP bands, indicative
of the sample’s heterogeneity.

For fluorescence enhancement experiments, schematically illustrated in Figure 3.4A, a
nanomolar solution of fluorescently-labeled oligonucleotide hybrids was used to immerse the gold
nanorods, which were excited with a laser wavelength of 639 nm. This excitation wavelength
simultaneously excites the dye’s and the longitudinal plasmon band of the particles. The position
of individual nanorods can be pinpointed on the surface from their photoluminescence emission
(Figure 3.4B). Once immersed in a dilute dye solution, the individual molecules diffuse in the
solution volume around the particle, and eventually one passes close to the hot-spot regions, thus
experiencing the nanoantenna effect on its emission. By recording the fluorescence signalling in
one of the nanorod spots, strong and discrete fluorescence emission bursts were observed in the
emission intensity time traces (bottom panel of Figure 3.4C). These bursts are attributed to the
stochastic interactions of single dye molecules with the hot-spot regions of the nanorods, thus
confirming the particle’s antenna effect. Control measurements were also performed, in which the
intense emission events did not occur when measuring the emission from single nanorods in the
absence of the dye, neither in regions of the surface where there was no nanorod particle - only

free dye-labeled hybrids diffusing or adsorbed to the glass (Figure 3.4C).

79



Chapter 3

200 ’ Gold Nanorod

PN S T

niencty image [Cnts)
1
|

Intensity (counts/ms)

B

Gold Nanorod + Dye-labeled hybrid

1 1

8

Average Lfstme [nz]

3

8

0 5 10 15 20 25 30
Time (s)

Figure 3.4 - Single dye molecule on a single gold nanorod experiment. (A) Scheme that illustrates the

experiment. Oligonucleotide hybrids labeled with Atto-647N dye (red dot) diffusing in solution around a

gold nanorod and eventually exploring the hot-spot regions. (B) Photoluminescence of the particles with

excitation at 639 nm. (C) Fluorescence intensity time traces measured from an individual gold nanorod in

the absence of dye-labeled oligonucleotides (in gray), from a region of the surface without any particle, but

in the presence of dye-labeled hybrids (in pink) in nanomolar concentrations and from a single gold nanorod
in the presence of the dye-labeled hybrids (in red), in the same concentration as before.

This experiment allowed to probe the largest enhancement effects that could be achieved with
the gold nanorods. Analyzing the strongest fluorescence bursts in each time trace, top fluorescence
enhancement factors were calculated (Figure 3.5A). These are the ratio between enhanced and
non-enhanced emissions for that event, meaning that they correspond to the maximum burst
intensity corrected for the background signal and normalized to the average intensity of a
non-enhanced Atto-647N dye. The latter was determined through fluorescence correlation
spectroscopy (FCS) measurements and was about 1.83 counts/ms for the same conditions of the
enhancement experiment (see section 3.7.1 of Annexes). Top fluorescence enhancements of

about two orders of magnitude and reaching up to almost 300-fold were obtained.
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Figure 3.5 - Fluorescence enhancement factors for Atto-647N dye molecule interacting with the hot-spot
regions of single gold nanorod antennas. (A) Examples of intense fluorescence bursts from dye’s emission
enhanced by the particles - the enhancement factor for each burst is indicated. (B) Comparison between
experimental results and theoretical simulations performed by DDA.

The experimental results were compared with theoretical simulations performed by DDA
(Figure 3.5B). The calculated enhancement factors were below the experimental ones, in particular
at longer wavelengths. One plausible explanation for this could be that the random selection of
nanorods is biased toward larger and more bright objects (due to limited sampling), which will
contribute for larger fluorescence enhancements than the ones simulated (for which the nominal
size from the manufacturer were assumed). It is also possible that the simplicity of the theoretical
model and the numerical accuracy of DDA simulations could contribute to the mismatch in the
enhancement factors. Nevertheless, the important outcome highlighted here is the feasibility of
using gold nanorods as plasmonic antennas to enhance the fluorescence of a red-emitting dye such

as Atto-647N.

3.3. Enhanced fluorescence of Atto-655 dye on DINA-assembled gold nanodimers

Most of the content of this section (and also parts of the annexes) was published in the following
reference: Paulo, P. M. R.; Botequim, D.; J6skowiak, A.; Martins, S.; Prazeres, D. M. F.; Zijlstra, P.;
Costa, S. M. B. Enhanced Fluorescence of a Dye on DNA-Assembled Gold Nanodimers
Discriminated by Lifetime Correlation Spectroscopy. J. Phys. Chem. C 2018, 7122 (20), 10971-10980.
https://doi.org/10.1021/acs.jpcc.7b12622.

The fabrication of dimer nanostructures can be accomplished by nanolithography, but precise
control of gap distances down to only a few nanometers is still challenging using these methods.
Alternatively, wet-chemistry synthesis and supramolecular assembly approaches give access to
dimers of gold nanoparticles with narrow interparticle distances. One successful approach is the

use of DNA-directed self-assembly to produce dimer nanoparticles that perform efficiently as
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plasmonic antennas.”® Nevertheless, these methods generally require quite elaborate molecular
arrangements of DNA (e.g., singly DNA-functionalized particles or DNA origami templates) that
make the full process expensive and complex to replicate. On the other hand, the spontaneous
aggregation of gold nanoparticles upon surface immobilization has also been shown to produce
dimers that can be used as plasmonic antennas.” Although this is a very simple way to produce
dimers, the process is intrinsically not selective for dimers, which then appear on the surface mixed
with single particles and large aggregates.

In this work, a DNA-directed approach was adapted to assemble gold nanoparticles into
dimers," which is simple and does not rely on exactly one dsDNA in the gap, while being selective
for dimer assembly contrasting to spontaneous particle aggregation. The performance of these
dimer particles as plasmonic antennas for emission enhancement of a red-emitting dye, Atto-655,
was investigated by single-molecule fluorescence microscopy, with the purpose to probe the largest
enhancement factors that could be attained. The dimers used in fluorescence enhancement
experiments were produced by bridging two nanoparticles with a DNA-based linker formed by
hybridizing two thiolated oligonucleotides. These short linkers contain a central, double-stranded
region of less than 60 base pairs and overhanging single-strand segments with 10 nucleotides (see
Figure 3.14 of section 3.5.1 of Annexes for details).

The dimers produced displayed interparticle gaps of a few nanometers that can be observed in
TEM images (Figure 3.0A,B). The gap distances are shorter than the length of the double-stranded
region because of the single-strand segments on both ends of the DNA linker. The single-strand
segments confer flexibility to the DNA linker and allow for the rigid double-strand segment to be
positioned at a tilted angle within the gap, which would explain why the interparticle separation is
shorter than the length of the double-stranded region. Another fundamental difference regarding
this dimerization protocol relative to other described in the literature is that the DNA linkers are
previously hybridized and only then added to the citrate-stabilized nanoparticles. In this way, it is
possible that initially one (or few) DNA linker connects two particles at a tilted angle, before the
particles get extensively coated, thereby, locking them at a separation distance smaller than the fully

extended size of the linker.
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Figure 3.6 - DNA-directed approach used to assemble gold nanoparticles into dimers. (A) Electron
microscopy images of dimers of gold nanoparticles with a diameter of 80 nm assembled by a DNA linker
with a 60-bp double-stranded region. (B) Magnification of TEM images of four selected examples of dimer
nanoparticles. (C) Extinction spectrum of dimers of gold nanoparticles (red curve) extracted from the gel
band no. 2, and that of gold nanoparticles functionalized with DNA, but not dimerized (blue curve),
separated from gel band no. 1 - the inset shows a photograph of the gel with bands indicated. (D) Calculated
extinction spectra from DDA simulations of a single gold nanoparticle of 80 nm (blue curve) and that of
dimer nanoparticles with a gap separation of 2, 3, and 4 nm (red, orange, and green curves, respectively) -
the inset shows the peak wavelength of the LSP band, as a function of the gap separation considered in
DDA simulations.

The fraction of dimer particles obtained after purification by gel electrophoresis, as observed
from TEM images, was on average 68%, whereas single particles represent 23% of the analyzed
samples. Single particles are present as smear in the gel and end up as a contamination in the dimer
sample when extracted from the respective gel band (inset of Figure 3.6C). Gold nanoparticles that
are only citrate-stabilized show a gel without any bands; only a smear is visible, which emphasizes
the role of thiolated DNA linkers in particle assembly (Figure 3.16 of the Annexes).

The optical extinction spectrum of dimer particles features two surface plasmon bands instead
of the single band that is characteristic of single gold nanoparticles (Figure 3.6C). This occurs
because of plasmon coupling between the individual modes in neighboring particles of the dimer
which gives rise to two optically active hybridized plasmon modes." The surface plasmon band
appearing at longer wavelengths corresponds to the bonding mode, and it generates strong local
fields across the interparticle gap that are interesting for fluorescence enhancement. The resonance
wavelength of the longitudinal plasmon mode depends strongly on the gap separation.
For instance, at shorter gap distances, the plasmon coupling is stronger and this energy-stabilizing
interaction induces a shift of the LSP band toward longer wavelengths. This effect is illustrated in
Figure 3.6D that shows the calculated extinction spectra for dimers of gold particles of 80 nm

simulated with gap distances of 2, 3, and 4 nm - red, orange, and green curves, respectively.

83



Chapter 3

Using this plasmon ruler obtained from simulated spectra (inset of Figure 3.6D), estimation from
the experimental spectrum of the dimer sample resulted in average interparticle distances around
2-3 nm, which matches well with results from TEM (Table 3.2 of the Annexes).

The dimer particles were further characterized by their optical spectrum measured at the
single-particle level. For this purpose, dimer samples were immobilized onto glass coverslips at low
surface density. The optical microscopy images show diffraction-limited spots with a narrow
dispersion of emission intensity (Figure 3.7A,B). The photoluminescence spectrum was collected
from several of these spots on each image. The spectrum of dimer particles typically features two
bands: one more intense at around 550 nm accompanied by another band or shoulder at longer
wavelengths (Figure 3.7C). It is cleatly different from the spectrum of single particles that show
only one band at 550 nm with a Lorentzian line shape - as exemplified in spectrum no. 6 of Figure
3.7C. Also, the emission intensity from dimer particles is approximately twice that of single
particles, and in addition, the emission from single particles is non-polarized, whereas the dimers
emission displays polarization in the sample plane. These features allow to easily distinguish the
emission of individual dimers from that of a minor fraction of single particles that is always present

even after purification by gel electrophoresis.
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Figure 3.7 - Characterization of dimer nanoparticles by their optical spectrum measured at the
single-patticle level. (A) Optical microscopy image obtained with excitation at 482 nm (~50 kW /cm?) and
detection with a longpass filter above 510 nm. Each spot on the image is a single dimer nanoparticle or an
individual particle of size 80 nm - the scale bar is 5 pm. (B) Same area scan as shown in image (A) obtained
with excitation at 639 nm (~4 kW/cm?) and detection with a bandpass filter centered at 695 nm with a
transmission window of 55 nm. (C) Photoluminescence spectrum of single dimer particles identified as
spots 1-5 in image (A) and one example of an individual gold nanoparticle labeled no. 6.
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The emission spectrum of dimer particles changes slightly from particle to particle within each
sample. In fact, the flexible ends of the DNA oligonucleotide linkers allow for some variation in
the gap distance between paired particles, which strongly affects the LSP band of the dimer
spectrum. This variation in the gap distance was first noticed in the TEM images of dimer samples
(Figure 3.18 of the Annexes). Another contribution to heterogeneity in the emission spectrum of
individual dimers arises from deviations from the spherical shape of the gold nanoparticles.
Nevertheless, we have used the plasmon ruler shown in the inset of Figure 3.6D to infer about the

approximate interparticle gap distance of dimer particles from their single particle spectra.

3.3.1. Single-molecule fluorescence enhancement of Atto-655 dye

The measurement of fluorescence enhancement in the emission of Atto-655 dye was performed
by collecting light from one spot, at a time, from spots where an individual dimer is found. For this
purpose, the dimer sample was immersed in a nanomolar solution of Atto-655 dye. During the
measurement, the Atto-655 molecules diffuse and explore the space surrounding the individual
dimer and eventually interact with the interparticle gap (Figure 3.8A). The interparticle gap is the
hot-spot for fluorescence enhancement because of the large local field created there by the bonding
plasmon mode. The broad spectral distribution of this plasmon mode, ranging from 600 to
800 nm, is suitable for fluorescence enhancement of red-emitting dyes. The emission of Atto-655
is well-matched with the longitudinal mode in dimers’ spectra (Figure 3.8B), and for this reason,

this dye was chosen to illustrate fluorescence enhancement.
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Figure 3.8 - Single-molecule fluorescence enhancement of Atto-655 dye. (A) Scheme of the enhancement
experiment showing a single Atto-655 dye molecule (red star) diffusing through the gap (hot-spot) of a
dimer nanoparticle. (B) Photoluminescence spectrum of an individual dimer nanoparticle (orange curve)
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overlapped with the absorption and emission spectra of Atto-655 dye (green and red curves, respectively),
and the detection range of the bandpass emission filter (light pink rectangle). (C) Emission intensity time
traces measured from the spot of an individual dimer nanoparticle in the absence of Atto-655 dye in solution
(top, orange curve); emission time trace from the same spot as before, but in the presence of Atto-655 dye
in nanomolar concentrations (middle, red curve); emission time trace from a region of the surface without
any particle, but in the presence of Atto-655 dye in the same concentration as previous (bottom, gray curve).

The enhancement effect was measured by using laser excitation at 639 nm, which addresses
both the dye’s absorption and the longitudinal plasmon band of the dimer nanoparticles
(Figure 3.8B). The signal collected from the dimer nanoparticles when the dye is present in solution
shows strong emission bursts in the time traces (red trace in Figure 3.8C). These events are several
orders of magnitude more intense than the dimers’ background signal. On the other hand, the
signal from the dimer nanoparticles alone (in the absence of Atto-655) is steady over long
observation times (orange trace in Figure 3.8C). The emission of Atto-655 molecules in solution,
when collected from a surface region free of dimer nanoparticles, is also free of emission bursts
(gray trace in Figure 3.8C). Therefore, strong fluorescence bursts are only detected from spots
where dimers are immobilized and when Atto-655 molecules are present in solution.

The intense fluorescence bursts are attributed to the exploration of hot-spot regions on the
surface of dimer nanoparticles by Atto-655 molecules diffusing in solution and transiently
interacting with the DNA. The gap region is a very small volume, on the order of zeptoliters, when
compared to the confocal detection volume which is around 4 fL. For the typical concentrations
of Atto-655 used in the measurements, the dye’s occupation number in the confocal detection
volume varies between 1 and 10 and thus, the occupation probability of the gap region is several
orders of magnitude lower, as further discussed below. For this reason, the probability of multiple
occupancy of the gap region is negligible and each burst is ascribed to the exploration of the
interparticle gap by only one dye molecule.

The duration and intensity of each fluorescence burst are closely related to the trajectory of the
Atto-655 molecule as it diffuses across the interparticle gap. In this region, the plasmon’s near-field
changes rapidly. Likewise, the enhancement of the dye’s excitation and emission varies as the dye’s
position changes in the gap. The spatial dependence of the emission enhancement effect together
with the randomness of the dye’s trajectory explains the intensity variations observed from burst
to burst within each time trace collected for several dimers. In order to characterize the
enhancement effect, this discussion will focus on the most intense event of each time trace. Some
examples of intense bursts observed for dimers of 80 nm gold particles are presented in
Figure 3.9A-D. As previously mentioned (§ 3.2), it was assumed that if the observation time is long
enough, then the most intense event should correspond to the molecular trajectory through the
region of largest fluorescence enhancement. The top enhancement factor is then calculated from

the maximum burst intensity corrected for the background signal and normalized to the average
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intensity of a non-enhanced Atto-655 dye. The latter was determined to be 0.35 counts/ms for the

same conditions of the enhancement experiment (Figure 3.19 of the Annexes).
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Figure 3.9 - Determination of emission enhancement factors and their relation with the LSP peak
wavelength. (A-D) Examples of intense fluorescence bursts from Atto-655 emission enhanced by dimers
of gold nanoparticles - the emission enhancement factor corresponding to each burst is indicated inside the
figure. (E) Top emission enhancement factors for single-molecule fluorescence of Atto-655 dye plotted
against the LSP peak wavelength of the individual dimer nanoparticles used for fluorescence enhancement.
Each symbol represents a measurement on a different dimer nanoparticle within a total of 32 dimers
analyzed. The symbols are color-coded according to the enhancement factor: blue, <1000; green,
1000-2000; orange, 2000-3000; and red, >3000. The open and closed symbols show enhancement factors
obtained for dimers of 40 and 80 nm particles, respectively.

Dimers of gold particles with 40 nm were found to give maximum enhancement factors
between 500- and 1000-fold (open symbols in Figure 3.9E). On the other hand, dimers of 80 nm
particles are able to enhance the emission of Atto-655 by more than a 1000-fold, and in several
examples, the top enhancements reach almost 4000-fold (closed symbols in Figure 3.9E).
As expected, the emission enhancement increases with the dimer particle size because the radiative
efficiency of the plasmon also increases. The range of enhancement factors is comparable for

different linker sizes, which are shown together in Figure 3.9E, because the dimerization protocol
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resulted in similar gap distances among samples. Surprisingly, a fraction of 16% of the dimers of
80 nm particles does not show any enhancement events in the sampled time interval of 60 s. This
is tentatively attributed to an obstruction of dimer gaps with an excess of DNA linkers that prevents
the dye to access the hot-spot region. Nevertheless, about 71% out from a total of 32 dimers
analyzed shows events with top enhancements above 1000-fold, and out of these, about 16% is
above 3000-fold.

The top enhancement factors reported here match up the largest known values from the
literature for plasmonic emission enhancement of single-molecule fluorescence."'*"” Recently,
enhancement factors of 5000-fold on the emission of Atto-655 were reported with a system that
uses complex nanostructures of DNA origami to assemble dimers of gold nanoparticles.® Another
work reported on fluorescence enhancement using dimers spontaneously assembled by particle
aggregation upon surface immobilization, which resulted in enhancement factors of more than
1000-fold.” In comparison, the dimer antennas used in this work deliver comparable or better
enhancement factors, but using a DNA-directed assembly approach that is considerably more
simple and affordable than those based on DNA origami, while being selective for dimer assembly
which is not possible with spontaneous aggregation. This approach was further developed by
separately functionalizing two samples of 80 nm gold nanospheres with complementary ssDNA
sequences to assemble through hybridization both particle samples into a dimer."* The dimer
nanospheres allowed, for weak emitters (porphyrins), unprecedented top fluorescence
enhancement factors of 10° to 1 million."

The plot of top enhancement factors versus the peak wavelength of the LSP band does not show
any particular trend between these two experimental observables (Figure 3.9E), in contrast to other
examples of plasmonic nanoparticles used for fluorescence enhancement, such as single gold
nanorods.! A plausible explanation for this lack of correlation is that the molecular congestion of
gaps with DNA linkers may limit or obstruct the dye’s access to the central region of the hotspot
by randomly occupying the interparticle volume. In Ref. 9, it was demonstrated that upon attaching
bulky thiolated PEG chains onto the surface of dimer particles, the respective enhancement factors
decrease, in agreement with an exclusion effect of the dye due to molecular crowding of the
interparticle gap. Even though, in this work, the dimers are extensively coated with DNA, these
linkers do not seem to have such a detrimental effect, and large enhancement factors above
1000-fold were measured in 71% of the dimers analyzed. Actually, it was hypothesized that the
DNA linkers may increase the residence time of Atto-655 in the hot-spot, as supported by a simple
argument based on the hot-spot volume and its expected occupancy. For this purpose, it was first
determined from DDA simulations that the decay length of the plasmon field is around 10 nm in
a direction perpendicular to the interparticle axis (for a dimer of 80 nm particles with a gap of
10 nm). Assuming that the hot-spot is approximately cylindrical with a radius and height of
10 nm x 10 nm gives a volume of 3.1 zL, for which an average dye concentration around 4 nM

gives an occupancy of 7.6 x 107 molecules in the hot-spot. Another way to analyze this volume
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occupancy tresults from multiplying it by the duration of time traces and calculate the estimated
occupation time of one molecule in the hot-spot. For time traces with a duration of 60 s, this would
correspond to one molecule being present in the hot-spot for about 450 ps during the time trace
interval. The frequency of burst events observed ranges from 20 events up to several hundred per
trace with an average burst duration around 120 us (Figure 3.10). The total duration of enhanced
emission events per time trace is generally much larger than the estimated occupation time of
450 ws. Thus, it was hypothesized that the dye’s interaction with the DNA somehow favors the

occupancy of the hot-spot and the observation of fluorescence enhancement from the dimer

particles.
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Figure 3.10 - Details of the intensity time traces. (A) Emission intensity time trace showing enhanced
fluorescence bursts - the red-dashed line shows the threshold used to discriminate intense events of
enhanced single-molecule fluorescence. An intensity threshold of u + 6o was used, as proposed in Ref. 7,
where p is the average background signal and o is the standard deviation. (B) Photon count rate histogram
from the emission trace shown in (A) and the normal distribution fitted to the background emission
(magenta curve). This fitting was used to find the average background signal and its standard deviation
(1 and o, respectively). The number and duration of events with intensity above p + 6o were counted on
each time trace for the 32 dimers analyzed. (C) Top emission enhancement factors for single-molecule
fluorescence of Atto-655 dye plotted against the number of fluorescence bursts during the time trace. The
symbols and respective colors represent the same enhancement factors shown in Figure 3.9E. (D) Similar
plot using the average burst duration to represent the top enhancement factors. The weak correlation found
in the plots (C,D) suggests that dimers with more available gaps, that is, showing a higher number of bursts
or of longer duration, can reach higher enhancement factors.

Model simulations of gold nanoparticle dimers were performed to compare theoretical
predictions of fluorescence enhancement with experimental results. The model dimers were

defined for a particle size of 80 nm and the interparticle gap was varied between 2 and 10 nm.
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Even for a gap separation of 10 nm, the near-field enhancement corresponds to an intensity
increase of almost 1000-fold along the interparticle axis, but it decays within approx. 10 nm (Figure
3.11A). It was assumed three fixed positions of the dye in the gap, in order to evaluate how the
fluorescence enhancement changes with the position (right side of Figure 3.11A).
The enhancement of fluorescence emission results from the combined changes in the excitation,
radiative, and non-radiative decay rates of the dye induced by interaction with the nanoparticle
antenna. The enhancement factor of excitation rate (Vex.) and fluorescence quantum yield
(D, / D) were calculated separately (see section 3.5.6 of the Experimental section). Here, the
discussion will be focused on the overall emission enhancement, that is, F/Fy= Vexe X (P / Dr),

and on the reduced fluorescence lifetime, that is, T = 1/(K: + Ky).
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Figure 3.11 - Model simulations of gold nanoparticle dimers. (A) Near-field maps calculated from DDA
simulations of a dimer of gold nanoparticles with a size of 80 nm and a gap separation of 10 nm for an
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incident wavelength of 639 nm polarized across the interparticle axis - the scale bar is 20 nm. The near-field
map on the right shows a magnification of the interparticle gap where the positions considered for the
point-like dipole of the emitting dye molecule were fixed - the number shown is the displacement in
nanometers away from the interparticle axis. (B) Enhancement factor calculated for the overall fluorescence
emission I/ for the interaction of Atto-655 dye with a dimer of gold nanopatticles of size 80 nm at
different gap separations - closed symbols correspond to a dye molecule positioned at the interparticle
jolning axis, semifilled, and open symbols are for a position 10 and 20 nm away from the axis.

(C) Fluorescence lifetime decrease (t/1q) calculated for the same conditions described before, where 1o is
the decay time of Atto-655 in water (1.8 ns).

The overall emission enhancements calculated for the central position of the gap yielded values
ranging from 1000- to 10 000-fold increase in the dye’s emission (Figure 3.11B). This result
compares well with the experimental top enhancement factors which range from 1000- to almost
4000-fold. The comparison is made on the basis of the top enhancement values, assuming that
these correspond to the dye being close to gap’ s center, where the largest enhancements are
expected. Actually, the absolute maximum is probably at some position along the interparticle axis
shifted away from the center, where there is an optimal radiative over non-radiative decay rate
enhancements.” On the other hand, the intensity distribution of each fluorescence burst
experimentally measured is affected by the trajectory and residence time of the dye in the gap. The
position dependence of the enhancement effect can be evaluated from the values of F/F, for
positions away from the gap center (semifilled and open symbols in Figure 3.11B). The
enhancement effect decreases by orders of magnitude over a few tens of nanometers, as it closely
follows a similar distance dependence of the excitation rate enhancement. As previously
hypothesized, the lack of correlation between top enhancements and the LSP peak wavelength of
dimer particles may be explained by molecular hindrance of DNA linkers that limits the dye’s access
to the central region of the hot-spot. The strong spatial dependence of the overall emission
enhancement, as seen in the calculations, suggests that this is a plausible explanation.

The interparticle distance has a pronounced effect in the LSP peak wavelength, as well as in the
fluorescence enhancement although in two opposite ways. Short interparticle distances induce
larger near-fields in the gap, which favor the dye’s excitation and radiative decay rate enhancements,
but the close proximity of the metal surface also favors the non-radiative decay through energy
transfer and Ohmic losses. The interplay between these opposing factors reduces the variation of
emission enhancement with the LSP peak wavelength (or conversely, the gap distance) in dimer
particles. On the other hand, the effect on the fluorescence lifetime from the acceleration of
radiative and non-radiative decay rates is always characterized by a pronounced lifetime decrease
(Figure 3.11C). The predicted decay rates in the hot-spot region are in the picosecond and
sub-picosecond timescales, which is below the time resolution of the setup (gray-dashed line).
Indeed, the fluorescence decays retrieved from strong burst events show a decay profile that

approximately coincides with the instrument response function (Figure 3.20 of the Annexes).
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3.3.2. Analysis by Fluorescence Lifetime Correlation Spectroscopy

The fluorescence emission time traces contain detected photons from both enhanced and
non-enhanced dye molecules within the confocal detection volume (Figure 3.12). As previously
discussed, the emission decay time is strongly accelerated by plasmonic effects, which provides a
way to distinguish from non-enhanced emission. This feature was explored here to discriminate
enhanced from non-enhanced emission in the analysis of time traces using the method of
Fluorescence Lifetime Cotrelation Spectroscopy (FLCS)."'° To the best of our knowledge, this
approach had only been reported once for a similar purpose.'” Other approaches for discriminating
between enhanced and non-enhanced emissions typically involve at least two polatization-resolved
measurements,"””” whereas FLLCS approach can be performed from a single measurement.

The accelerated decay time associated with plasmon-enhanced fluorescence allows to clearly
define a distinct fluorescence decay pattern that can be used in FLCS analysis to filter the
correlation function of enhanced (and non-enhanced) emission. The fluorescence decays recorded
simultaneously with each emission trace show multi-exponential decay profiles, which can be
decomposed in short and long decay components, as shown in Figure 3.12B (red and blue curves,
respectively). The short decay components are attributed to the enhanced decay rates of the dye
together with some background signal from the dimer particle. It can be described by two
exponential components with average decay times of 70 ps (84.5%) and 1.08 ns (3.5%). The long
lifetime of 2.44 ns is similar to the lifetime of Atto-655 in aqueous solution (1.8 ns), although it is
slightly longer probably because of adsorption onto the polymer-glass substrate. The FLCS analysis
uses the decay components previously defined from decay analysis to build mathematical filters
(Figure 3.12C), which are then used to weigh the detected photons in order to retrieve separate
correlation functions for each decay component (Figure 3.12D). In this work, the FLCS analysis
was used to distinguish between the correlation function of photons from enhanced dye molecules,
which are associated with short decay times, from that of non-enhanced molecules (red and blue

curves in Figure 3.12D).
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Figure 3.12 - Discrimination between enhanced and non-enhanced emission in the analysis of time traces
using FLCS. (A) Emission intensity time trace showing intense fluorescence bursts from Atto-655 enhanced
emission (dark gray) and background signal from the dimer particle alone (light gray). (B) Fluorescence
decay of the same emission trace (dark gray) decomposed into short and long decay components shown as
red and blue curves, respectively (IRF is depicted in light gray, and the inset shows the weighed residuals
from a triexponential fit). (C) Filter weights obtained by FLLCS analysis based on the short and long decay
components defined to separate the enhanced and non-enhanced emissions (red and blue curves,
respectively). (D) Correlation curve of enhanced and non-enhanced emissions (red and blue curves,
respectively) obtained by FLCS analysis, and non-filtered correlation cutrve of the emission trace (dark gray)
and of the background signal (light gray), as shown in (A).

The main difference between the correlation function of enhanced and non-enhanced emissions
is that the first one shows an additional decay at short times that is not present in the latter. This
trend was confirmed by performing the FLCS analysis of other emission traces showing substantial
enhancement effects (Figure 3.21 of the Annexes). The correlation functions were fitted with the
commonly used free-diffusion model, which afforded reasonable fits using two diffusion terms.
The free-diffusion model was used here just to extract relaxation times, which are then compared
to calculated diffusion times, in order to discuss the possible origin of the several decay
components observed in the correlation function. As it will later become obvious, the free diffusion
picture is not adequate to explain the results. The fast decay component that is only present in the
correlation function of enhanced emission has an average relaxation time of 20 ps, and it can be
associated with the short and very intense fluorescence bursts observed in emission traces.
Assuming that these events correspond to dye molecules crossing the hot-spot in the gap region,

the expected free-diffusion time would be in the sub-microsecond time scale because of the small
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volume of the hot-spot. The estimated diffusion time would be 0.22 ps for an Atto-655 molecule
diffusing in water across the transverse dimension of 10 nm calculated for the near-field in the gap
region. The retrieved relaxation time of 20 us could be tentatively explained by transient sticking
of the dye to DNA linkers, or simply, by the limited time resolution of the correlation curves that
allows only to measure a relaxation tail of the fast decay component.

On the other hand, the long decay component occurs on a similar time scale for the correlation
function of enhanced and non-enhanced emissions (inset of Figure 3.12D). The average relaxation
time of this long component is around 2.7 ms and is attributed to the dye’s adsorption/desorption
on the surface surrounding the dimer particle. A similar behavior has been previously reported for
emission enhancement of single-molecule fluorescence using surface-immobilized gold
nanorods.""® The slower motion of dye molecules due to sticking onto the surface, or due to
interaction with DNA linkers, seems to be corroborated by intense emission events that last longer
than a few milliseconds, which are seldomly observed in emission traces (Figure 3.21 of the
Annexes). Alternatively, it is possible to retrieve separate correlation functions for enhanced and
non-enhanced emissions by using the polarization properties of the LSP mode.” Here, it was used
the emission polarization of dimer particles to select those that are aligned in such a way that
emission along the LSP mode, or perpendicular to it, was divided by the beam-splitter analyzer into
two detection channels (Figure 3.13). The correlation function of the enhanced emission shows at
short times an additional relaxation component that is not present in the correlation of
non-enhanced emission, similarly to the FLCS analysis. The comparable results between these
approaches validate the use of FLCS to separate enhanced from non-enhanced emission in

plasmon-coupled fluorescence, as shown here.
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Figure 3.13 - Separation of correlation functions for enhanced and non-enhanced emissions by using the
polarization properties of the LSP mode. (A, B) Optical microscopy images of dimer particles obtained with
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excitation at 639 nm and emission analyzed by a beam-splitter cube into two mutually perpendicular

polarizations, which are labeled as (| |) and (L). The arrow indicates a dimer particle with emission from
LSP mode aligned mostly with the polarization selected in the first channel (| |) - the scale bar is 2 pm.
(C) Emission intensity traces of Atto-655 dye in aqueous solution measured at the dimer particle indicated
by the arrow in “A”, or “B”, showing that fluorescence bursts are only detected in the polarization of
channel (]| |), which is aligned with the emission from LSP mode (pink trace), while the perpendicular

polarization (L) does not show evidence of bursts (blue trace). (D) Correlation curves of the emission traces
shown in (C) for the enhanced and non-enhanced emission (pink and blue symbols and curves, respectively)
- the inset show normalized curves for the long decay components of the correlation.

3.4. Remarks

The performance of gold nanorods and gold nanodimers as plasmonic antennas for emission
enhancement of Atto-647N and Atto-655 dyes, respectively, was investigated by single-molecule
fluorescence microscopy. It was confirmed that both, rods and dimers, make efficient plasmonic
antennas for fluorescence enhancement of red-emitting dyes. Gold nanorods with their hot-spot
regions at the tips provided fluorescence enhancements of Atto-647N of two orders of magnitude,
reaching in some cases, top enhancement factors of almost 300-fold.

Regarding the dimers of gold particles, produced by DNA self-assembly, the combination of
large-sized nanoparticles having a diameter of 80 nm with nanometric gaps, generated hot-spots
with intense near-fields in the interparticle region, that afforded enhanced fluorescence of
Atto-655 dye by more than 1000-fold, whereas in some cases, top emission enhancements reached
almost 4000-fold, which are comparable to the largest enhancement factors reported so far using
colloidal methods.™” It was further shown that fluorescence lifetime correlation spectroscopy can
be used to separate plasmon-enhanced from non-enhanced emission. This analysis revealed a short
relaxation component in the correlation curves that is exclusive of the enhanced emission, and it is
tentatively attributed to dye interactions with the gap hot-spots. Further studies using this approach
would enable to explore its potential in extracting more information from plasmon-enhanced
fluorescence. The DNA-directed assembly approach used here is selective for dimer assembly,
which is not possible with spontaneous particle aggregation, and is considerably simpler and more
affordable than approaches based on DNA origami templates. These two features of dimer
particles, that is, large fluorescence enhancements and preparation by affordable self-assembly
colloidal methods, render these plasmonic antennas promising for applications in optical imaging

or sensing.

3.5. Experimental section

3.5.1. Materials

Gold nanorods coated with cetyltrimethylammonium bromide (CTAB) with an approximate
size of 25 nm x 60 nm and with a LSP peak wavelength of 664 nm (product no.
A12-25-650-CTAB) were acquired from Nanopartz Inc. as aqueous suspensions with an optical

density (OD) of 1. Gold nanoparticles with sizes of 80 and 40 nm, stabilized by a citrate coating,
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were from Nanopartz Inc. as aqueous suspensions with an OD of 1 (product no. A11-80 and
A11-40).

DNA oligonucleotides purified by high-performance liquid chromatography were purchased
from STAB Vida (Monte da Caparica, Portugal). For fluorescence enhancement purposes using
gold nanorods, thiolated DNA strands with the following sequences were used: a dye-labeled
strand, (Atto-647N)-5-GAGTCTGGAC-(C6-SH)-3’ and a non-labeled complementary strand,
3-CTCAGACCTG-(C6-SH)-5. Considering gold nanoparticles dimer assembly, DNA strands
with (n + 10) nucleotides and having the general sequence 5-SH-A;)N,-3' were used.
Two oligonucleotides were designed for “n” equal to 15, 30, or 60, in such a way as to form hybrids
by base pairing of the Nis, N3, and Ng sequences, respectively (see diagram below). These
oligonucleotides are modified at the 5” end with a thiol group that is linked through a C6 alkyl chain
to a segment of ten adenines. When hybridized, the A10 segment of each oligonucleotide remains

single stranded.

, 10 Nn ’
5’-HS-Cé- mmmseee— -3
3,_IIIIIIIIIIIIIII -CG-SH'S,

N A

n 10

Figure 3.14 - Schematic diagram of the oligonucleotide pairs used to bridge gold nanoparticles.

The sequences of the oligonucleotides used in this work are shown below in Table 3.1.

Table 3.1 - Single stranded DNA oligonucleotide sequences used for preparation of dimers of gold
nanoparticles.

Labels Oligonucleotide sequences
SA15 | 5-AAA AAA AAA ACG TAG GAG TCT GGA C-3’
PA15 | 5-AAA AAA AAA AGT CCA GACTCC TAC G-3
SA30 | 5-AAA AAA AAA AGT AAC GTC AAT GAG CAA AGG TAT TAA CTT T-3

PA30 | 5-AAA AAA AAA AAA AGT TAA TAC CTT TGC TCA TTG ACG TTA C-3’
SAGO 5-AAA AAA AAA AGA TTT CAC ATC TGA CTT AAC AAA CCG CCT
GCG TGC GCT TTA CGC CCA GTA ATT CCG ATT A-3’

5-AAA AAA AAA ATA ATC GGA ATT ACT GGG CGT AAA GCG CAC
GCA GGC GGT TTG TTA AGT CAG ATG TGA AAT C-3

PAG6O

CTAB was purchased from Sigma with a purity of 299%. (3-mercaptopropyl)-trimethoxysilane
(MPTMS) was from Aldrich with 95% purity. Phosphate-buffered saline (PBS) buffer as tablets
from Sigma was dissolved in ultrapure water (18.2 MQ-cm). Ttis base (Eurobio, molecular biology
grade), boric acid (Fisher Chemical, assay 100%), and ethylenediaminetetraacetic acid (T'CI Europe,
98%) were used to prepare TBE buffer. Sodium citrate tribasic dihydrate (Sigma-Aldrich, = 99.5%)
and hydrochloric acid (Sigma-Aldrich, 37%) were used to prepare citrate buffer. Agarose with an

electrophoresis purity degree was purchased from NZYTech. Polyethylenimine, branched polymer
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with an average M, = 25 000, was purchased from Aldrich. Ultrapure water was obtained with a
Milli-Q purification system (Merck-Millipore) and used in all experiments. Microscope round

coverslips of & 22 mm were produced by Menzel-Glaser (Gerhard Menzel GmbH).

3.5.2. Instrumentation

Extinction spectra were measured in an UV /vis spectrophotometer from PerkinElmer, model
Lambda 35. Transmission electron microscopy characterization was performed on a Hitachi
H-8100 electron microscope operating at 200 kV. Glass surfaces were cleaned using an UV /ozone
chamber model PSD-UV3 from Novascan. Single-molecule fluorescence experiments were
performed on a confocal fluorescence lifetime microscope, MicroTime 200 (PicoQuant GmbH).
Details of the microscope setup are described next. A pulsed laser source is coupled to an inverted
optical microscope Olympus IX-71. For image acquisition, the laser excitation wavelength was
639 nm (LDH 635-b, PicoQuant) with a pulse repetition rate of 20 MHz. For single spectra
acquisition, the laser excitation wavelength was 482 nm (LDH 485, PicoQuant) at 40 MHz.
The objective is a 60x water immersion lens with a numerical aperture (NA) of 1.2 (UPLSAPO
60XW, Olympus). Sample emission passes through an excitation wavelength specific dichroic
mirror and filter, followed by a 50 um pinhole. The filter for the 639 nm laser was 695AF55
(Omega, bandpass filter centered at 695 nm with a 55 nm transmission window); the filter for the
482 nm laser was 510ALP (Omega, longpass filter). For image acquisition, the collimated emission
continues through a 50/50 beam splitter for detection in two SPAD (single-photon avalanche
diode) detectors (SPCM-AQR from PerkinElmer) and the signal is processed at a TimeHarp 200
TCSPC (Time-Correlated Single Photon Counting) PC board by PicoQuant, operating in
time-tagged time-resolved mode (TTTR). For single spectra acquisition, sample emission is
collected on a QE Pro (Ocean Optics) spectrometer, that was fiber coupled to the confocal
microscope. The SymPhoTime software, version 5.3.2.2, from PicoQuant GmbH (Germany) was

used for data acquisition and analysis. This program was also used to carry out data analysis by
FLCS.™"

3.5.3. Preparation of gold nanoparticle dimers

The first step was the hybridization of the thiolated DNA oligonucleotides to form a DNA
linker with two thiol moieties, one at each end of the double strand (see previous Figure 3.14).
Then, the double-stranded DNA linkers were used to assemble gold nanoparticles into dimers and
larger aggregates in an approach similar to that described in Ref. 10. The concentration of DNA
used was always more than a two-fold excess relative to the theoretical maximum number of
thiolated oligos per particle, that is, approx. 1400 and 430 chains for gold particles with 80 and
40 nm, respectively.”’ The solution of pre-hybridized DNA linkers was mixed with citrate stabilized
gold nanoparticles following the low pH protocol of Zhang et al.*'. Briefly, DNA hybridization
was performed by mixing the complementary sequences (8 uL each) with Tris-borate-EDTA
(TBE) buffer (0.5x, 4 pL) containing added NaCl salt (200 mM). The mixture was heated up to

97



Chapter 3

80 °C for 15 min, then cooled down to room temperature, and left to rest overnight. The gold
nanoparticles were concentrated by centrifugation from a volume of ~1000 pL of the solution
supplied (OD~1) and collecting a volume of 26 uL. from the pellet. This volume of particles was
added to the DNA hybridization mixture under vigorous stirring and left to pre-incubate for
30 mins. Afterwards, a citrate buffer solution was added to the hybridization mixture. The citrate
buffer solution was prepared according to the low pH protocol of Zhang et al.*' and was added
gradually by mixing 2 pL. of buffer solution each time, followed by stirring and resting for 10 min
before the next addition, up to a total of 4 addition steps. The final incubation time was 60 min.
The reaction was halted by washing off the excess of DNA by centrifugation and replacing the
supernatant with 0.5x TBE buffer. The large excess of DNA linkers and the low pH protocol were
used to obtain an extensive surface functionalization of gold nanoparticles with oligonucleotides.
Gel electrophoresis was used to separate single particles from dimers and higher aggregates. The
concentrations of agarose gels used were 0.7 and 1.5% for particles sized 80 and 40 nm,
respectively. All gels were run at 120 V in 0.5X TBE buffer. Two red bands were typically obtained
after 30 min. These particle-containing agarose fractions were cut from the gel and placed in a
microtube filled with approx. 0.5 mL of 0.5X TBE buffer. The particles were allowed to diffuse
from the gel pieces for at least one week. Samples containing the extracted gold nanoparticles were
characterized by TEM, showing that the fraction extracted from the slowest migrating band

contained mostly dimers.

3.5.4. Immobilization of gold nanoparticles on glass substrates

For the fixation of gold nanorods on glass substrates, round coverslips were cleaned by
sonication in methanol during 30 min, followed by rinsing with water, drying in an oven and
UV/ozone treatment for 60 min. After, silanization of the glass was performed by immersion of
the clean slides in a 5% (v/v) solution of MPTMS in methanol for 30 min, then rinsing thoroughly
with methanol to remove unbound silane from the glass surface, sonication for 10 min in methanol
and blow drying with nitrogen. This procedure creates a glass surface functionalized with thiol
groups, that is used to attach the particles covalently. Diluted solutions (OD = 1) of these particles
were washed, to reduce the CTAB concentration and facilitate surface adhesion, through
centrifugation (6000 rpm, 20 min) with supernatant substitution with an aqueous solution of CTAB
(0.1 mM) at least two times. The washed suspension of nanoparticles (0.1 nM) was drop-casted on
the silanized glass by leaving a 100 uL. drop in contact with the glass for 20 min. Then, the glass
surface was rinsed copiously with water, placed in 1X PBS for 45 min, washed again with water
and blow dried with nitrogen.

Regarding immobilization of nanoparticle dimers, round glass coverslips were cleaned by
sonication in aqueous solution of RBS50 detergent 5% (v/v) during 30 min, followed by another
sonication in absolute ethanol and rinsing with water after each step. The dried coverslips were
then irradiated for 2 h in the UV /ozone chamber. Before patticle immobilization, the glass surface

was coated with polyethyleneimine.” First, the coverslips were dipped in a cold piranha bath for
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10 min to improve the surface wettability, then rinsed copiously with water, and dried. The polymer
coating was deposited by covering the surface with an aqueous solution of polyethyleneimine
0.2% (w/v) during 20 min, then rinsing with water, and nitrogen blow drying. The gold
nanoparticle dimers were immobilized by spin-coating 10 pL. from a dilute (sub-nM) aqueous

solution of these particles.

3.5.5. Details on fluorescence enhancement experiments

The surface immobilization conditions were previously optimized to obtain microscopy images
showing well-dispersed diffraction-limited spots. The glass coverslips with immobilized nanorods
or dimers were first observed in the confocal microscope under laser excitation at 482 nm using a
power of approximately 50 kW /cm?’to scan an area of 40 X 40 um?* (384 pixels per side) in the case
of the nanorods, and 20 X 20 pm® (256 pixels per side) for the dimers, both with an integration
time of 0.6 ms/pixel. Concerning the rods, they were immersed in 1X PBS, that was replaced three
times to clean the glass surface. Then, the photoluminescence spectrum was collected out of a total
of 30 particles selected per image, and each single nanorod was inferred by the LSP band. The
dimer particles were immersed in ultrapure water during this kind of measurements and the
photoluminescence spectrum was also collected for each dimer particle within a total of 10-15
particles selected per image. The LSP band was used to infer the gap separation using a plasmon
ruler relation determined from the simulation results.

The laser excitation was changed to 639 nm, and the same area was scanned with an excitation
power of ca. 4.8 (for nanorods) and 4 kW /cm® (for nanodimers). The diffraction-limited spots in
the new image were matched to the previously identified nanorods or dimers. The fluorescence
intensity time trace was measured at 639 nm using an excitation power of ca. 1.6 or 0.4 kW /cm?
respectively for each nanorod or dimer. At this point, the nanorods or the dimers were immersed
in PBS or in ultrapure water, respectively. The purpose of measuring intensity time traces was to
characterize the background signal from the nanoparticle(s) photoluminescence emission and to
confirm the absence of fluorescence bursts later attributed to the enhanced fluorescence from dye
molecules interacting with the plasmonic nanostructures. Then, in the case of the gold nanorods,
the PBS solution was replaced with a nanomolar solution of Atto-647N labeled dsDNA -
hybridization between the dye-labeled (10 nM) and the non-labeled (20 nM) DNA strands was
performed in 1X PBS during 2 hours at room temperature. NiCl, (5 mM) was used in the DNA
mixture to cause photobleaching of the surface-adsorbed dye. As for the dimers, the water drop
covering them was replaced with a diluted aqueous solution of Atto-655 dye with a concentration
of a few nanomolar. The exact concentration of Atto-655 was determined for each experiment by
performing a FCS measurement at a depth of 10 pm inside the dye solution, which afforded values
of dye concentration in the range of 0.7-4.8 nM. The emission intensity time trace of each nanorod
and dimer was remeasured, at powers of 1.6 and 0.4 kW /cm? respectively, now in the presence of
Atto-647N labeled hybrid or Atto-655 dye in aqueous solution. During the 60 s’ time acquisition,

it was possible to observe, in most cases, from tens to hundreds of strong fluorescence emission
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events. The fluorescence enhancement factors for each particle were evaluated by comparing with
the non-enhanced average emission of the single dye, as determined from FCS measurements at

the same excitation power, similarly to other studies reported in the literature."”"®

3.5.6. Discrete dipole approximation simulations

Simulations of discrete dipole approximation were performed at the host laboratory in order to
obtain the near-field intensity maps from model nanostructures. The free software implementation
A-DDA was used for running these simulations,” using the subroutine for near-field included in
the software package.” The theoretical formalism described by D’Agostino et al. was used for
calculating the enhanced radiative and non-radiative decay rates, as detailed below.” The overall
emission enhancement (F/F") can be estimated as the product of the excitation rate enhancement
(Yexc ) and the relative emission quantum yield of the dye as modified by the metal nanoparticle(s)
(@ / Dp). The excitation rate enhancement is obtained from Yex. = |E|7|Eo|? which is the
near-field enhancement at the incident wavelength (639 nm) in the position assumed for the dye
molecule. The fluorescent dye is modelled as a point-like dipole (ps) emitting at a specific
wavelength. The near-field of the emitting dipole excites the surface plasmon of the nearby metal
particle(s) and the scattered field (E..) at the dipole’s position accelerates its spontaneous decay
rate.” This rate is expressed as the sum of the metal enhanced radiative (K;) and non-radiative decay
rates (Ki;) that appears in the numerator of the Z.s5. of the following equation,

K. + K, 61EYER

kr =1+ Wlm[pg'Escat(rO)] )

where 1 is the position of the dye molecule, k. is the intrinsic radiative decay rate, & and &g are the
dielectric constants of vacuum and background medium, and k is the wavenumber of emitted light.
The metal enhanced non-radiative decay rate can be estimated from the time-averaged power

absorbed by the metal nanoparticles:

N
Py €o 2
Knr = f;ws ~ z_hlm(g)zllElocal,il X VC (2)
i=

where ¢ is the dielectric function of gold, Eieuiis the internal electric field at the position of the i”
dipole, and V. is the volume of the cubic elements. From the accelerated K: and K., rates calculated

by using equations 1 and 2, the modified quantum-yield of the dye can be found,

K.
B Kr + kr(1/¢0 - 1) + Knr (3)

¢

The overall emission enhancement, F/F;, was obtained from the spectral average of

enhancement factors, f(A)/f’, calculated at several wavelengths across the emission range selected
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by the detection filter and weighed by the normalized emission spectrum, S(4), of Atto-655 dye,
ie. F/F° = [ fQYf* x S()dA. The overall emission enhancement resulting from spectral averaging
reflects the fact that different spectral components of the emission spectrum of the dye are
enhanced by different amounts, as discussed in Ref. 1. The enhancement factors F/F’ given in this
work were calculated between 670 and 720 nm with intervals of 10 nm. The details on the position
of the dye within the gap of the dimer nanoparticle are described in section 3.3.1 of the main text.
The dye’s transition dipole moment was fixed in a parallel orientation relative to the interparticle
joining axis, in order to maximize the calculated enhancement effect. In the experiment, the
otientation of dye molecule is not fixed and assuming a fast and free rotation of the dye molecule,
it would be more fair a comparison with orientationally averaged theoretical enhancement factors.
Nevertheless, the calculated enhancements considering the fixed parallel orientation serve the
purpose of comparing the maximum emission enhancements obtained both experimentally and

theoretically.
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3.7. Annexes

3.7.1. Emission brightness of a non-enhanced Atto-647N dye

The determination of the single-molecule fluorescence emission from non-enhanced
Atto-647N dye labeled onto the dsDNA was performed by FCS measurements with a laser
excitation of 639 nm (Figure 3.15A). From the experimental autocorrelation function that was
fitted with a single-species 3D Brownian diffusion model (Figure 3.15B), the average number of
molecules in the detection volume, N, was obtained. By dividing the average fluorescence intensity
(Figure 3.15C), discounted from the background noise, over N, it resulted a value of

1.83 counts/ms for the brightness of a single Atto-647N dye (non-enhanced).
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Figure 3.15 - Determination of the emission brightness of a non-enhanced Atto-647N dye. (A) Scheme of
the fluorescence correlation spectroscopy experiment implemented to determine the average number, N, of
Atto-647N dye molecules (labeled onto DNA hybrids; red dot) in the detection volume of the microscope,
while irradiating at a laser excitation of 639 nm. (B) Experimental autocorrelation function (black curve) and
single-exponential fitting (green curve) that afforded N equal to 13.3 molecules. (C) Fluorescence intensity
time trace from Atto-647N dye in aqueous solution for the same excitation power and detection conditions
used in the single-molecule and single-patticle experiment. The average intensity of 24.3 counts/ms was
discounted from the background noise (0.39 counts/ms measured in PBS) and divided by the average
number of 13.3 molecules, being obtained an emission intensity of 1.83 counts/ms for single Atto-647N
dye non-enhanced.
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3.7.2. Characterization of spherical gold nanodimers
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Figure 3.16 - Agarose gel electrophoresis used for purification of dimer nanoparticles. (A) Comparison of
a gel from a sample of gold nanoparticles of 80 nm that are only citrate-stabilized (“No DNA”) with a
sample that has been functionalized with an oligonucleotide pair with Ngo sequence (“60-bp”). The former
gel does not show bands, while the later shows two bands: no. 1 is mostly formed by single particles and
no. 2 contains dimer particles. (B) Purification gel of a sample of gold nanoparticles of 40 nm that has been
functionalized with oligonucleotide pairs with Nis and N3 sequences (“15-bp” and “30-bp”, respectively).
Also, band no. 1 is mostly formed by single particles and no. 2 contains dimer particles. The bottom image
shows re-purification gels of the material extracted from band no. 2 of the gels in the top image.

Samples of dimer particles extracted from band no. 2 in the purification gels were evaporated
onto a Formvar coated copper grid and imaged by transmission electron microscopy. Two types
of images were collected: low magnification (approx. 6 x 8 um?) images that were used to estimate
the fraction of dimers of the sample; and high magnification (approx. 400 x 530 nm?) images that

were used to measure the gap separation between dimer particles (Figure 3.17).
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Figure 3.17 - Transmission electron microscopy (TEM) images of dimers of gold nanoparticles with a size
of 80 nm. Assembly by DNA linkers with: (A, B) Nis sequence; (C, D) N3y sequence and; (E, F) Ngo
sequence. The images on the left (A, C, E) show low magnification (or large area) images used to determine
the fraction of dimer particles after purification, while the images on the right (B, D, F) show high
magnification images used to measure gap separation distances (see Table 3.2).

The analyzed samples of dimers assembled with DNA linkers Nis, N3y and Ne show that the
major fraction is that of dimer particles, respectively 55.0, 74.8 and 76.4 % (Table 3.2). In the
chapter’s main text, it is only mentioned the average fraction of dimers of 68% obtained from the
several samples listed in this table. The high magnification images show that the separation between
dimer particles is very short. The measured gap distances of dimer samples assembled with DNA

linkers Nis, N3o and Neo resulted in average values of 2.8, 2.7 and 2.3 nm, respectively.
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Table 3.2 - Results from analysis of TEM images of dimer particle samples assembled with DNA linkers
Nis, N3oand Neo. The fraction of particles identified as single (n = 1), dimers (n = 2) and larger aggregates
(n > 2) from low magnification images comprising more than 500 particles analyzed per type of linker. The
average gap distance is measured for a subset of dimer particles from the high magnification images.

% of particles assembled Gap measurements
DNA No. No. No. n=1 n=2 n>2 No. No. | Average
linker | samples | images | ptcls | (single) | (dimer) S;;fj images | dimers | gap/nm
Nis 2 23 618 32.0 55.0 13.0 6 11 2.8
Nio 2 27 580 18.7 74.8 0.5 10 17 2.7
No 2 27 588 19.8 76.4 3.8 8 15 2.3

The large particle size when compared with gap distances makes it complicated to evaluate
precisely the gap distance, particularly, because the particles are not perfectly spherical. Moreover,
it is also possible that artifacts from sample preparation and measurement (in vacuum conditions)
could affect the gap separation of dimers evaporated onto the TEM grid (Figure 3.18). Nonetheless,
the gap distances determined from TEM images agree with that inferred from optical spectra (see
main text). In this work, preference was given to gap distances inferred from single-particle spectra
using a plasmon ruler relation, because these can be directly related to the fluorescence

enhancement effect observed for a particular dimer particle.

Figure 3.18 - Electron microscopy image of dimers of gold nanoparticles with a size of 80 nm assembled
by a DNA linker with a 60-bp double-stranded region. The selected examples “a” to “c” illustrate dimer
nanoparticles that show diverse gap separations, as it can be visually perceived from this TEM image. In
most cases, the gap separation is practically unperceivable, such as the example of dimer “c”, which
represents the majority of dimer particles observed. Nevertheless, even in those cases there could be small
gap variations at the nanometer scale from particle to particle that significantly affect their optical spectra,
in particular the longitudinal plasmon component at longer wavelengths (see Figure 3.6D of the main text).

3.7.3. Emission brightness of single non-enhanced Atto-655 dye

The average intensity of a non-enhanced Atto-655 dye was determined from a FCS
measurement similarly to that described in section 3.7.1 (Figure 3.19A,B). From such a

measurement, the average number of molecules in the detection volume (Figure 3.19C), and their
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average emission intensity (Figure 3.19C) were acquired, being obtained a value of 0.35 counts/ms

for the brightness of single Atto-655 dye (non-enhanced).
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Figure 3.19 - Determination of the emission brightness of a non-enhanced Atto-655 dye. (A) Optical
microscopy image of individual dimer nanoparticles obtained with laser excitation at 639 nm used for
fluorescence enhancement of Atto-655 dye - the blue circle illustrates a surface region without any dimer
nanoparticles that was used to assess the emission intensity of Atto-655 alone. (B) Scheme of the
fluorescence correlation spectroscopy experiment performed to determine the average number <N> of dye
molecules in the detection volume. (C) Experimental fluorescence correlation curve and fit with a
single-species Brownian diffusion model (red curve) that afforded the average number of dye molecules in
each set of experiments of fluorescence enhancement - the inset shows the residuals from the curve fit.
(D) Emission time trace from the Atto-655 dye in aqueous solution for the same excitation power and
detection conditions used in the fluorescence enhancement experiments. In the example shown here, the
average intensity of 1.6 counts/ms was discounted from the background noise (0.39 counts/ms measured
in pure water) and divided by the average number of 3.4 molecules in the detection volume to give the
emission intensity of 0.35 counts/ms for single Atto-655 not enhanced.

The fluorescence decay of enhanced emission was retrieved from emission time traces
(Figure 3.20A), by using an intensity threshold that selected only the most intense events. The decay
profile of enhanced emission is approximately coincident with the instrument response function
because the plasmonic effects on the acceleration of decay rates is likely to decrease the decay times

down to ps or sub-ps timescales (Figure 3.20B).
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Figure 3.20 - Fluorescence decay of enhanced emission. (A) Emission intensity time traces measured from
an experiment of fluorescence enhancement of Atto-655 dye showing events of intense fluorescence
emission. (B) Fluorescence decays of Atto-655 dye in aqueous solution from emission not enhanced
(black curve) and enhanced by dimer nanoparticles of 80 nm (red curve) - the decay curve for the enhanced
emission was obtained from the photon counting histogram of the fluorescence bursts shown between the
red dashed lines in the emission time trace. This fluorescence decay practically coincides with the instrument
response function. i.e. the enhanced emission decays faster than the time resolution (~30 ps) of the
time-correlated single-photon counting system of the fluorescence lifetime microscope.

3.7.4. Fluorescence Lifetime Correlation Spectroscopy analysis

As described in the main text, the correlation functions filtered by FLCS analysis for enhanced
emission show two relaxation components. In order to extract the relaxation times associated with

these components the correlation curves were fitted with the free-diffusion model for two species,”

n

G(t)—1= Z Pi (1 + %)_1 (1 + KZT_ Ti)_l/z 4)

=1

Even though this model affords reasonable fits, the relaxation times retrieved are not amenable
with a free-diffusion picture, as further explained in the main text. For this reason, the free-
diffusion model is used as a phenomenological fitting function with the sole purpose of extracting
relaxation times. The values of fast (11) and slow (T2) relaxation times obtained from fitting Eq. 4
to the correlation curves of enhanced emission are given in Table 3.3 for selected examples of time
traces showing a large number of enhanced fluorescence bursts. The variability observed in T; is
most likely due to sample heterogeneity related to molecular congestion of the gap volume with
DNA linkers. The slow relaxation time, Tz, also varies from dimer to dimer because of the stochastic
process of dye’s adsorption onto solid surfaces. In the main text, the values given of 11 and 72,
respectively of 20 ps and 2.7 ms, are the average of the values in Table 3.3 for these components.
For comparison purposes, it is also shown in Table 3.3 the corresponding values of the slow

relaxation time T; from fitting Eq. 4 to the correlation curves of non-enhanced emission.
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Table 3.3 - Relaxation times of the fast (T1) and slow (T2) components obtained from fitting Eq. 4 to
correlation curves filtered by FLCS for enhanced emission (columns labeled “Enhanced”). Relaxation time

(T1) obtained from fitting Eq. 4 to correlation cutves of non-enhanced emission (column labeled
“Non-enhanced”).

Enhanced Non-enhanced

liDn IE:; Dimer # | 1, (ms) 1 (ms) T1 (ms)
Nis 2 0.011 6.397 4.745
Niso 1 0.007 1.442 5.463
3 0.044 1.454 4.193

4 0.037 0.517 2.485

9 0.013 0.670 5.931

13 0.042 5.548 3.542

Noo 3 0.014 5.404 0.927
6 0.009 0.987 2.162

8 0.007 0.956 1.535

13 0.012 3.295 1.856

Intense emission events that last longer than a few milliseconds are occasionally observed in
emission traces (Figure 3.21), indicative of the slower motion because of the sticking onto the glass

substrate, or due to interaction with DNA linkers.
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Figure 3.21 - Intense emission events that last longer than a few milliseconds. (A, B) Examples of emission
intensity time traces showing enhanced fluorescence emission during time intervals of several ms, which are
attributed to the dye’s adsorption/desorption on the surface surrounding the dimer particle, or to the
interaction with DNA linkers - the inset shows an extended interval of the emission time trace with the
event signaled by a red box. (C, D) Examples of emission intensity time traces showing for compatison
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Plasmon-assisted photochemical functionalization of gold nanorods

4. Plasmon-assisted photochemical functionalization of gold nanorods

The aim of this chapter was to develop a functionalization procedure that would allow to
specifically attach photoactive molecules at the plasmon hot-spots of gold nanorods. This strategy
was pursued here in order to maximize plasmonic effects on fluorescence enhancement that could
be explored for signalling of biomarker detection with improved sensitivity. However, before
proceeding to photochemical functionalization with fluorescent DNA  probes, the
photocrosslinking reaction was tested for biotin attachment onto gold nanorods. The strategy
devised relies in the capability of plasmonic nanoparticles to trigger chemical reactions on the
nanoscale when they interact with light. But also on how these interactions could be explored to
achieve a tip-specific functionalization of gold nanorods with biotin receptors that could enable to
specifically bind streptavidin. The binding triggers a red-shift of the nanorods’ surface plasmon
resonance that can be optically detected. This approach is the basis of plasmonic sensors, which

are introduced next.

4.1. Introduction to plasmonic sensors

The importance given to metal nanoparticles is in part owned to their distinctive spectral
extinction peaks at visible and near-infrared frequencies, which result from strong light absorption
and scattering at these wavelengths. In turn, these optical properties are due to the phenomenon
of localized surface plasmon resonance (LSPR), as previously described in Chapter 1. The LSPR
wavelength depends on the plasmon mode and in turn on the particle shape, size and composition.
Also, it depends on changes in the local refractive index (RI) in the surroundings of the particle. In

the dipolar approximation of Mie theory, this dependence for a spherical particle is given by,

Amax = ApV 2n? +1 )

where Ama is the LSPR peak wavelength, A, is the wavelength corresponding to the plasma
oscillation frequency of the bulk metal and n is the refractive index of the surrounding medium.'
It also has been experimentally shown that, in general, the LSPR peak wavelength shift for
spheroidal particles is approximately linear with the RI, which is also predicted by the dipolar
approximation of Mie-Gans theory (see Figure 4.1).
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Figure 4.1 - Plasmonic particles exhibit a dependence of the LSPR peak wavelength in relation to the
medium’s refractive index. (A) LSPR peak wavelength calculated from the dipolar approximation of
Mie-Gans theory for an ellipsoidal particle of aspect ratio 3, while changing the refraction index between
1.33 and 1.5. (B) Linear dependence of the LSPR peak wavelength with respect to the refraction index.

Therefore, molecular interactions near the particle’s surface that change the local refractive
index can induce a plasmon shift in the LSPR peak wavelength, that once monitored, e.g. as a
function of time, can be explored to probe molecular binding events. Consequently, LSPR can be
the basis for sensing molecular interactions by directly measuring minute changes in the particle’s
dielectric environment.” The RI sensitivity of a specific nanopatticle is normally reported in terms
of peak shift expressed in nanometers per refractive index unit, i.e. nm/RIU. Generally, for metal
particles of anisotropic shape, increasing their aspect ratio (length/width) shifts the surface
plasmon resonance (across the long dimension) toward lower energies (or frequencies), and the
electromagnetic field decay length also increases.” The plasmon’s enhanced electric field decays
rapidly with respect to the distance from the particle surface, so spectral LSPR only probes a
nanoscale region around the particle. Moreover, because the near-field distribution is not
homogeneous across the particle’s surface,’ but instead it depends on the mode profile and so on
the particle geometry. The regions of large plasmon-enhanced near-field, such as the sharp tips of
clongated particle shapes, are preferred for plasmonic sensing. These regions, named hot-spots,
have high RI sensitivities localized in nanometric volumes. Thus, particles with elongated shapes
have been more employed for plasmonic biosensing, such as gold nanorods,”® gold'™ and

21-23

silver’™ nanotriangles, silver nanocubes™ or gold nanobipyramids.”’ Plasmonic sensors have

been exploited for chemical (e.g. gas and pH sensors) and biological optical detection, topics that
have been reviewed extensively and to which the reader is referred for a detail description."**’
As seen, gold nanopatrticles are often preferable to silver for plasmonic sensors, because of their
accessible synthesis, chemical stability, single-crystalline nature and narrow plasmon resonance. But
silver structures are also considered due to sharper resonances and higher refractive index

sensitivity. Despite their enormous potential as a highly-sensitive and selective platform,
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plasmon-based biosensors are still in a proof-of-concept state, mainly for the detection of
biomolecules (e.g., enzymes, proteins, nucleic acids, antigens or antibodies). Low molecular weight
compounds with dimensions between 2 and 20 nm, comparable to those of plasmonic
nanostructures, makes them structurally compatible, and that is why the first stage of the design of
a LSPR biosensor is the successful preparation of an appropriate and stable
biomolecule-nanostructure conjugate.

Being label-free is one of the most relevant characteristics of a nanoplasmonic sensor, allowing
continuous measurement of the target concentration on the sensor and analysis of thermodynamic
and real-time binding kinetics. These have contributed, along with molecular concentrations and
conformational changes studies, to the establishment of LSPR-based biomolecular assays in
academia. The assays have been based on highly specific biological molecular recognition

interactions, as  demonstrated by the conjugation of metal particles to

5,7-9,13,21,34,35 10,14,19,20,22,25,26

biotin-streptavidin and antibody-antigen (immunoassays) interactions, both

having high selectivity for the receptor-analyte binding. In addition, nucleic acid hybridization,'”

153 and aptamer-protein interaction’ were also reported.

microRNA sensing

The ultimate detection limit in biology and analytic chemistry is single-molecule detection.
Plasmonic nanoparticles, contrary to fluorophores, do not bleach or blink, providing virtually
unlimited photons for molecular binding observation over arbitrarily long-time intervals.
This binding of molecules results in an optical signal, i.e. a LSPR spectrum, that can be measured
by either transmission spectroscopy or dark-field light scattering spectroscopy. Technical
developments in the measurement of optical signals from LSPR phenomena have gradually
improved in detection sensitivity, reaching up the single-molecule detection using single

152638 3 hot-topic area that was recently reviewed.” For that purpose, either photothermal,

particles,
dark-field or total internal reflection microscopies have been employed.”"” The proof-of-concept
has been done on the detection of proteins, because these biomacromolecules with molecular
weights in the range of tens to hundreds of kDa, give enough contrast of local refractive index for
single-molecule detection. Zijlstra et al.” demonstrated that using photothermal microscopy it is
possible to detect single-molecule binding events of proteins as small as streptavidin, with only
53 kDa, by using short biotin-thiolated receptors that were specifically functionalized onto the tips
of gold nanorods. In the follow-up, single-particle LSPR-sensors based on hundreds of gold
nanorods with single-molecule sensitivity were developed, in which the particles were
simultaneously monitored in real-time.”® The authors stated that this ability would theoretically
allow to lower detection limits, providing a sensor with a dynamic range of 7 decades in
concentration. These features can be further exploited for device miniaturization, multiplexing or
to achieve lower detection limits. In fact, some works reported multiplexed sensors using surface-
immobilized individual gold nanorods in a microfluidic flow cell,”” and arrays of gold nanorods in

a parallel LSPR lab-on-a-chip” and in a LSPR with microfluidics on-a-chip.* Due to these
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advances, LSPR sensing is now considered a powerful addition to the current toolbox of single-
molecule detection methods.

Specificity in plasmonic biosensors is built-in by the particles’ surface chemical functionalization
for correctly attach selective biorecognition elements that capture only the targeted analyte with
high affinity, while preventing non-specific adsorptions by using blocking agents typically forming
hydrophilic self-assembled monolayers (SAMs). Also, the surface-functionalization procedure must
optimize the receptor density so that steric hindrance issues are minimized, e.g. when capturing
large analytes. Latest reports have demonstrated site-specific functionalization of some of the
nanoparticles’ shapes mentioned above, with the goal of maximizing the sensitivity.” """
Some of these studies used the plasmon hot-spots of gold nanorods and showed that an adequate
density of receptors in a tip-specific functionalization approach, is crucial to develop plasmonic
sensors with improved performance by capturing the target species at the most sensitive regions
of the particle’s surface.”'® Besides, in contrast to full particle’s surface coverage, tip-specific
functionalization preserves the quality factor of the plasmonic sensor, by avoiding line broadening
due to chemical interface damping.” To summarize, the functionalization of the sensor surface is
a key aspect and represents a critical challenge for the development of plasmonic biosensors.

The next section provides an overview of plasmon-mediated photochemical reactions for
surface functionalization, and later in section 4.3, the photochemistry of phenyl azides, which was

the photocrosslinker used in this work, is briefly described.

4.1.1. Plasmon-mediated photochemical reactions for surface functionalization

The first report on a plasmon-assisted photochemical reaction of nanoparticles is from 1983,*
and several reports have explored this field showing its great potential, which can be seen by recent
reviews."”* Plasmon-mediated chemistry takes in consideration the plasmonic antenna effect of
metal nanostructures, that through the highly intense and near-field enhancement, efficiently
triggers and controls photochemical reactions on the nanoparticle surface. For instance, in the
metal’s hot-spots the enormous increase of the available number of photons per unit volume
increases the conversion of photochemical reactions.

One example of plasmon-induced photoreactions is photopolymerization. In 2008, Ueno et al.
demonstrated that in the nanogap between coupled gold nanoblocks, the large field enhancement
was strong enough to reach regimes that activated non-linear two-photon absorption (2PA), and
subsequent site-selective polymerization across the nanogaps was achieved.” For the first time,
instead of using tightly focused beams of powerful lasers, 2PA was triggered by a low-intensity
incoherent light source. Other examples of photopolymerization reactions in plasmonic
nanostructures have followed up on this pioneering work.”™" Photopolymerization of
biomolecules in plasmonic nanoparticles was achieved recently, in which the researchers used single
gold nanotriangles for metal-enhanced two-photon absorption, and consequent polymerization of
a bovine serum albumin hydrogel in the triangles” hot-spot tips by controlling the polarization and

intensity of the incident laser.”®

116



Plasmon-assisted photochemical functionalization of gold nanorods

In 2016, Nguyen et al. reported on plasmon-mediated chemical surface functionalization
through aryl film grafting (derived from a diazonium salt), covalently bond at the surface of gold
lithographic nanostripes. The aryl film (ca. 30 nm) was specifically grafted in few seconds in
hot-spot areas of maximum near-field enhancement, under laser irradiation for I.SPR excitation.”
The energy dose of the incident light and the LSPR wavelength were central for the grafting yield
and the aryl film thickness. Next, the same group used the process for regioselective
functionalization of lithographically designed gold nanorods arrays with aryl diazonium salt. The
layer formation (40-60 nm) was very fast, 10 s, using the polarized light of a laser with the
wavelength matching the maximum of extinction of the longitudinal surface plasmon (LSP) band
of the rods.”

A different approach, but equally interesting, consists in exploring hot electrons in plasmonic
materials.”’ These have the ability for nanoscale patterning of surface chemistry on those materials
by positioning molecules in highly reactive regions. Studies by the previous group on adjacent gold
spheres or at the corners of triangular particles suggested that the growth of an organic layer was
due to the generation, upon LSPR excitation, of hot electrons on the surfaces of the particles.”
This principle was also applied to the surface multi-functionalization of lithographic gold disk
arrays with aryl diazonium salts along the Y and X directions.”” In another work, hot electrons
locally reduced the terminal group of a self-assembled molecular layer in hot-spot regions of silver
bowtie structures.” Due to the hot electrons dynamics the field of plasmon photochemistry have
evolved greatly in recent years.” In fact, these have been used for real-time and real-space
observation of a plasmon-induced chemical reaction at the single-molecule® and at the
single-particle level,” and for nanoscale control of molecular self-assembly.”” Other applications

59 and the case of water splitting.”

have been developed lately like photocatalysis,

Clearly, this plasmonic-based approach offers an innovative way for the regioselective
functionalization of gold nanorods. Moreover, it can provide an all-purpose strategy to attach
biomolecules into the nanorods’ hot-spot regions and further improve their detection for
biosensing applications. This chapter addresses a proof of this concept in which a plasmon-assisted
photochemical procedure was implemented for tip-specific functionalization of nanorods with
biotin receptors. The biotin-functionalized nanorods were then tested as a model plasmonic sensor
for the detection of streptavidin. Furthermore, the functionalization route here pursued would be
in principle generalizable for any type of plasmonic particle that provides well-defined plasmon
hot-spots and for any type of receptors, or biomolecule, that could be derivatized with a

photo-activatable group, as later discussed.

4.2. Experimental design for the functionalization and testing of a model
plasmonic sensor

In this section, the general scheme for photochemical site-selective surface functionalization of

immobilized gold nanorods is outlined, together with the monitorization tests that were carried out
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for evaluating the sensor response of these biotin-functionalized nanorods for streptavidin

detection. The present experimental implementation comprises five major preparation steps, as

represented in Figure 4.2.
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Figure 4.2 - Scheme of the experimental procedures implemented for the preparation of the plasmonic
sensor. The method comprises five sequential steps: L. Silanization of the glass substrates; I1. Immobilization
of gold nanorods on the silanized glass substrates; III. Coating of the nanorods’ surface with thiolated
self-assembled monolayers; IV. Plasmon-induced photochemical reactions for tip-specific functionalization
of nanorods with biotin ligands; V. Testing of sensor functionality with streptavidin binding assays.

The details concerning each of the five steps involved in the experimental design are described

throughout the next sub-sections.

I - Silanization of glass substrates

The first step consisted in a silanization process on glass substrates for the formation of
organosilane monolayers.”! Therefore, the surface of glass coverslips was modified with a
self-assembled monolayer that forms a well-ordered chemical matrix of an alkoxysilane,
(3-mercaptopropyl) trimethoxysilane (MPTMS). It has functional groups at both terminals: one
surface reactive silanol group (Si-OCHs) for glass attachment and a functional thiol group (-SH)
for immobilization of gold particles. After hydroxylation of the glass substrate with HCI
(conversion of the surface SiOzinto Si-OH groups), the silanol group of MPTMS is expected to
form stable Si-O-Si bonds. This is due to the hydroxyl groups that are adequate anchors, creating
an interface with protruding mercaptopropyl moieties. The thiol group acts as a suitable linker for
gold atoms, because upon exposure the sulfur atom strongly chemisorbs to the metal surface,
forming a Au-S interface.””* A monolayer based on this chemical group is considered so far the

best option for plasmonics.”

IT - Immobilization of gold nanorods

The surface preparation continued by drop-casting a solution of gold nanorods onto the glass
substrates previously silanized for covalent immobilization through formation of Au-S bonds.
The nanorods’ suspensions had a concentration corresponding to an optical density (OD) of 5 at
the LSP peak wavelength (i.e. approx. 1 nM). This particle concentration was chosen to guarantee
an adequate density of the immobilized particles on the glass coverslips, while avoiding stains on

the glass that could result from particle aggregation (as seen in Figure 4.21 of the Annexes - section
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4.10). Extinction spectra from the surface-immobilized nanorods show narrow longitudinal peaks

that suggest well-dispersed nanoparticles (Figure 4.3).
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Figure 4.3 - Examples of typical extinction spectra obtained in air and water for glass-immobilized
(A) 25/600 and (B) 25/650 gold nanorods.

The optical densities of these surfaces at the longitudinal peak were usually between 0.002 and
0.01, considering the difference between the peak maximum OD and the baseline on the long
wavelength range. The characteristic extinction maximums, i.e. the LSP peak wavelengths, occurred
at approximately 550 and 600 nm for 25/600 and 25/650 nanorods, respectively, because these
spectra were taken in air, while those of the same surfaces immersed in water are red-shifted by
about 50 nm. Overall, the glass surfaces with appropriate optical densities and well-dispersed

covalently attached gold nanorods were used for the subsequent particle’s surface chemistry.

III - Coating of gold nanorods’ surface with an organic monolayer

In order for the photochemical functionalization procedure to work (see sub-section IV), it
requires that an organic monolayer is previously assembled at the gold nanorod’s surface. Briefly,
the photoactive group in biotin derivatives is a phenyl azide that upon irradiation is converted to a
nitrene that can perform a N-H or C-H insertion (see Figure 4.6). For this purpose, the nanorods
have to be previously coated with a monolayer of an organic short chain compound that can
provide such chemical moieties for nitrene coupling.

Here, cysteamine (CEA) or 11-amine-1-undecanethiol (AUT) alkanethiols were used. These
alkane chain molecules with a terminal thiol group firmly attach to gold by chemisorption, and
owing to hydrophobic and van der Waals interactions between the carbon chains, they form a
stable monolayer. The terminal primary amine in these monolayers was intended as a site for
photochemically triggered insertion of nitrene, because of its nucleophilicity. Alternatively, a
methyl-PEG-thiol with four monomers of chain length was used, MT(PEG)a. This molecule forms
less organized monolayers than alkanethiols, such as AUT, but being flexible and highly
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hydrophilic, i.e. by attracting water molecules that form a layer of hydration, it can repeal proteins
or other compounds. This antifouling character was demonstrated to be useful for minimizing

non-specific bindings’ and is an improved version of conventional alkanethiol SAMs.

IV -Photochemical tip-specific functionalization of gold nanorods

The photochemical reaction employed here for plasmon-mediated functionalization of
hot-spots is based on the photochemistry of phenyl azides. For the proof-of-concept, a biotin
derivative with a PEG spacer and a phenyl azide photoactivatable group, TFPA-PEG;-Biotin,
hereafter named TFPA-Bt, or a nitro-substituted phenyl azide, hereafter named NPA-Bt, were
used. The photochemistry of phenyl azides is detailed in section 4.3. Here, a brief description is
given in the scope of the functionalization strategy toward achieving a tip-specific attachment of
biotin receptors onto gold nanorods. The phenyl azide group in TFPA-Bt is perfluorinated and
upon irradiation in the ultraviolet (UV, below ca. 300 nm) it is converted to a nitrene group that
can perform N-H or C-H insertion by reaction with an organic monolayer. This also occurs in
nitrophenyl azides, that instead can be irradiated with long-UV light (e.g, 365 nm; 300 to 460 nm),
which is an advantage when compared to perfluorophenyl azides, because the damage caused by
short-wave UV to biomolecules is minimized.

However, this direct approach would afford an indiscriminate surface functionalization of gold
nanorods. Instead, the employed approach was to drive the photochemical reaction by two-photon
absorption using the strong near-field enhancement at the nanorods’ tips upon excitation of the
LSP at around 600 nm (see Figure 4.4). The light sources were a pulsed diode (NanoLED594nm)
or a light-emitting diode (LED595nm), with peak wavelengths of 594 nm and 595 nm, respectively.
Similar strategies have been successfully demonstrated for obtaining spatial control of

> The rationale for anchoring biotin receptors

photopolymerization onto metal nanostructures.
onto nanorods was to validate the surface attachment by using these particles as plasmonic sensors
for the corresponding target biomolecule, streptavidin (SA). This approach was envisioned for
creating plasmonic sensors with improved performance by concentrating the receptor units at the

plasmon hot-spots.
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Figure 4.4 - Photochemical tip-specific functionalization of gold nanorods. (A) Extinction spectra of
25/600 (dark blue) nanorods, and of photoreactants TFPA-Bt (purple) and NPA-Bt (orange). Excitation

wavelength (Aexe) is either 594 (NanoLED594nm) or 595 nm (LED595nm) to induce 2PA of
photoreactants. (B) Simulated maps of the plasmonic near-field using discrete dipole approximation method

for gold nanorods (25 nm x 47 nm, LSP of 597 nm) excited at an incident wavelength of 600 nm and
considering the RI of water (1.33).

V - Test sensor functionality

The interaction between streptavidin (53 kDa) and biotin is one of the strongest non-covalent
biological interactions found in nature having a binding constant in the order of 10" M'".” For this
reason, this interaction is widely employed when one wants to develop biological assays, and many
reagents based on it are commercially available for bioconjugation techniques. The
biotin-streptavidin pair is particularly well suited for LSPR sensing because biotin can be
conjugated into the nanoparticle surface, while the RI of the larger streptavidin is detected. In
principle, because of its binding constant of 10" M, it would allow for detection limits down to
femtomolar. However, reported examples of plasmonic sensors are typically more modest with
detection limits in the range from micromolar to picomolar. The effects of conjugation of biotin
to the nanoparticle surface via a molecular tether, which includes steric hindrance and limited
mobility, are desctibed as possible explanations for the reduced affinity that is measured.'

Here, single-immobilized gold nanorods coated with an organic layer were photochemically
functionalized with biotin, as represented in the schematic illustration of Figure 4.5A. The change
in the local refraction index close to the nanorod’s surface, induced by streptavidin binding, is
transduced into a longitudinal plasmon peak shift that can be monitored by transmission
spectroscopy (Figure 4.5B). As control assays, nanorods were exposed to the photochemical

reactants, but without being irradiated, and therefore their surface should be free from biotin.
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Figure 4.5 - Scheme of the plasmonic sensor immobilized on a glass substrate via a MPTMS monolayer.
(A) A monolayer (red) of alkanethiols (AUT or CEA) or oligo(ethylene glycol) (MT(PEG)4) is formed on
the surface of the gold nanorods (steps I-11I). Under irradiation, the photochemical functionalization occurs
at the rods’ tips (step IV), using a derivatized biotin of TFPA-Bt or NPA-Bt photoreactants (purple
symbols). Binding of streptavidin to the biotinylated nanorods’ surface occurs (step V). (B) Illustration of
the plasmonic wavelength shift that represents the sensing principle employed. The binding of streptavidin
to a photochemically tip-functionalized nanorod causes a shift of the LSP peak that is monitored via
real-time extinction spectra.

4.3. Photochemistry of phenyl azides

Organic phenyl azides have been widely used in synthetic organic chemistry and generally in
some biology research applications for effective and reliable photoaffinity labeling (a technique for
marking the binding sites of proteins), and photocrosslinking of proteins, biomolecules and
biopolymers. Numerous specific forms of phenyl azide compounds are available, differing slightly
in terms of efficiency, stability and absorbance maximum. However, their reaction mechanism is
triggered by a common step, so for better elucidation, the photochemistry and possible reaction

pathways of phenyl azides can be presented in the unified scheme of Figure 4.6.
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Figure 4.6 - Scheme of aryl azides possible reaction pathways for light-activated photochemical conjugation
with surrounding molecules. R can represent any molecule that contains nucleophilic or active hydrogen

groups (C-H or N-H). Adapted from Ref. 78.

Once a photoreactive phenyl azide is exposed to ultraviolet light, photoactivation occurs and
the azide decomposes releasing nitrogen gas to give the singlet biradical phenyl nitrene. This is a
highly reactive intermediate that can undergo reactions indiscriminately with a large variety of
organic functional groups.” Covalent bonds with neighboring molecules are possible to occur by
several pathways: active hydrogen insertion into C-H and N-H sites, addition reactions with double
C=C bonds, or ring expansion.”""

Photolysis of aryl azides leads to formation of singlet aryl nitrene at ambient temperature, but
the photobehavior of this species depends on temperature and phase conditions. In solution at
room temperature (or higher temperatures), phenyl nitrene immediately vibrationally deactivates
and ring expansion, to form an dehydroazepine intermediate, is very fast (10-100 ps range)** with
a 3 kcal/mol batrier.*>** The use of fast, pulsed lasers as light sources allowed the direct detection
of short-lived intermediates and enabled the detailed study of their reactions.”

Besides dependence on temperature, the rate of phenyl nitrene ring expansion to
dehydroazepines is also strongly dependent on the effects of ring substituents. This influences
significantly the electronic structure of phenyl nitrene. In fact, aryl azides substituted with various
groups, for example, nitro-, fluoro-, imino-, can provide different outcomes, being actually
proposed as better photoaffinity labeling reagents. In the scope of this thesis, two types of

substitution are more pertinent, fluoro- and nitro- aryl azides, which correspond to the
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photoactivatable groups present in the biotin derivates used for particle functionalization.
These examples are described in more detail below.

An important finding in the photochemistry of phenyl azides was the introduction of halogen
atoms (F or Cl) on the aromatic ring.**® The fluoro- substituents in perfluorinated aryl azides
greatly suppress the ring expansion reaction and thus increase the yields of insertion reactions with
C-H (to form secondary amines or ISC to triplet nitrenes) and N-H bonds (of nucleophiles), or
with C=C bonds (in addition reactions), establishing stable covalent chemical bonds.****® The
major difference between the photochemistry of fluorinated and non-fluorinated phenyl azides is
the raise of the barrier for ring expansion of singlet (tetrafluorophenyl) nitrene (8 kcal/mol)*"*
when compared to that of singlet phenyl nitrene (3 kcal/mol).** This increases singlet nitrene
lifetime into the range of tens or hundreds of nanoseconds at ambient temperature. The increased
lifetime of the singlet nitrene and the improved coupling chemistry of fluorinated azides is
appropriate for a wide range of molecules and materials and is therefore highly general and versatile.
Polyfluorinated aryl azides have long been proposed as superior reagents for photoaffinity labeling
studies.”” They are also used in covalent functionalization of various types of unreactive targets,
like solid surfaces and nanopatticles of hydrocarbon-based materials such as carbon nanotubes™

91,92

or graphene;’"”* and in immobilization of proteins,” small molecules, carbohydrates, enzymes, and

synthetic polymers.””*"

Like every technique, the perfluorophenyl azide coupling chemistry is not without
shortcomings. Because the coupling reaction applies to C-H, N-H, and C=C bonds, the method
therefore lacks specificity for certain functional groups. Generally, short-wavelength UV light
(e.g., 254 nm; 265 to 275 nm) is needed to efficiently activate perfluorophenyl azides (or simple
phenyl azides) as they all have UV absorption maxima around 260 nm. This is other disadvantage
because it is also the region where biopolymers (proteins and nucleic acids) have absorption.
Fortunately, photolysis tends to be complete before any appreciable photolytic damage of these
biopolymers takes place. Nitro-substituted phenyl azides better solve this issue and also find

widespread use as photoaffinity labeling agents of biological macromolecules.

4.4. Functionalization and testing of gold nanorods coated with an
amine-alkanethiol monolayer

The first set of results described in this chapter concern the functionalization of gold nanorods
using a biotin derivatized with a perfluorinated aryl azide. In order to accomplish its photochemical
coupling, the nanorods were previously coated with an amine alkanethiol layer. The rationale
behind the choice of an amine-terminated alkanethiol layer was that the reaction with the nitrene
group, formed upon photochemical conversion of the perfluorinated aryl azide, would proceed
mainly by N-H insertion (although C-H insertion could also take place with neighboring methylene

chain groups). The perfluorinated aryl azide that was used is the commercially available
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TFPA-PEGs;-Biotin, or TFPA-Bt (Figure 4.7). The PEG spacer is a hydrophilic chain group that

for an extended conformation of TFPA-Bt has a spacer arm length of 3.4 nm.
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Figure 4.7 - Chemical structure of TFPA-Bt photoreactant with indication of the photoactive
tetrafluorophenyl azide group.

Two amine-terminated alkanethiols were used for previous coating of nanorods that differ only
in the alkane chain length, with CEA and AUT having chain lengths of 2 and 11 carbon atoms,
respectively (Figure 4.8). The rationale behind testing two chain lengths was to evaluate the
plasmonic response of the biotin-functionalized nanorods upon streptavidin binding due to the
known distance dependence of plasmon sensitivity. The capture of the target biomolecule at
distances closer to the nanorods’ surface should correspond to a larger sensor response due to the
greater sensibility to the refraction index. Figure 4.8 shows one of the possible insertion products
from the photochemical reaction of TFPA-Bt with either CEA or AUT. The represented products
would give the longest distances between biotin receptor and the gold surface. However, the
extended representation may be misleading because the PEG spacers are flexible. On the other
hand, the alkanethiol spacer should form a compact monolayer on the nanorod’s surface and this

monolayer has a different thickness between CEA and AUT.
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Figure 4.8 - Photochemical reactions between CEA or AUT and TFPA-Bt. Upon irradiation, covalent
bonding occurs through N-H insertion into the phenyl nitrene intermediate of TFPA-Bt. One of the
possible reaction products is represented, considering CEA when n=1 and AUT when n=10.

The first study presented here aimed at evaluating the efficacy of the photochemical reactions
on AUT-coated nanorods simply by monitoring LSP peak shifts that could eventually be induced
by attachment of the biotin derivative. In this assay, the nanorods’ surface was immersed in aqueous
solutions of the photoreactant and irradiation was performed over an interval of 2 hours, while
monitoring the transmission spectrum of the irradiated nanorods. For control purposes, the
nanorods’ surface was kept in the dark for 2 hours before any irradiation took place and monitored
for non-specific interactions. The light source used in this assay was the LED595nm selected for
an intensity level of 6, which for the irradiation arrangement used corresponds to an irradiance of
1.80 mW/cm® A similar test with NanolLED594nm, that gives an irradiance of 0.11 mW/cm?,
yielded equivalent results (not shown here). The nanorods exhibited negligible LSP shifts while
kept in the dark (90 min) or after under irradiation for 2 h (Figure 4.9). This unexpected result does
not necessarily mean that TFPA-Bt did not react with the AUT monolayer on the nanorods.
Instead, it might simply be that the attachment of biotin linkers did not afford a large enough
variation in the organic layer thickness to give a contrast of index of refraction to be measured by
transmission. There are literature examples of relevant LSP peak shifts detected in similar
experiments, but these involve a much thicker and compact grafted layer formed by

plasmon-induced photo-conversion of diazonium salts on gold nanoparticles.”
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Figure 4.9 - Test to monitor the photochemical reaction of TFPA-Bt with AUT-coated gold nanorods.
The surface was filled with water, then water was replaced by TFPA-Bt solution (1 mM) and the surface
was kept in the dark for 90 min (black symbols). Afterward, it was irradiated with LED595nm at intensity
level 6 for 2 hours.

Since it was not possible to directly confirm the attachment of TFPA-Bt onto the nanorods, the
surface functionalization with biotin receptors was evaluated indirectly by performing streptavidin
sensing assays. In this type of assay, the nanorods are exposed to an aqueous solution of
streptavidin and the LSP wavelength is monitored in response to streptavidin binding. In most
assays performed, two nanorod samples are compared: one that was irradiated, and it should be
biotin-functionalized; and, another, that was kept in the dark and that serves as a control sample
for non-specific adsorption.

The first set of results presented here from streptavidin sensing assays concern an evaluation of
the irradiance power on the extent of biotin functionalization in the nanorods. Actually, a question
that often arises with respect to aryl azide linkers is what should be the optimal wavelength and
intensity of light for photoactivation. The LED595nm source allows to vary the irradiation power
that was selected in separate assays at levels 1, 3 and 6, that correspond to 0.03, 0.18 and
1.80 mW /cm?, respectively (while keeping the irradiation time constant at 2 hours). The irradiated
nanorod samples were then subjected to streptavidin sensing assays by monitoring the LSP peak
every minute, which allows to describe a binding kinetic curve (Figure 4.10A). The kinetic curves
show an initial red-shift of the LSP peak wavelength, and after some time it stabilizes, as expected
for a situation of chemical equilibrium. The difference between the final and initial peak
wavelengths give a total LSP peak shift that was compared between assays to evaluate biotin
functionalization of the nanorods. In Figure 4.10B, the average LSP peak shifts for several replicas
of sensing assays performed for the several irradiation powers used (starting from the
non-irradiated control assays) are displayed in a column plot. Unfortunately, only a minor increase
of less than 1 nm, in comparison to non-irradiated control samples, was observed with the

increment of the irradiance.
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Figure 4.10 - Plasmonic sensing using streptavidin in the presence of AUT-coated gold nanorods that were
photochemically tip-functionalized with TFPA-Bt. (A) Examples of kinetic traces showing the LSP shift of
TFPA-Bt photochemically functionalized nanorods using LED595nm at intensity level 1 (green symbols),
3 (orange symbols) and 6 (red symbols), and a control assay (blue symbols), in response to streptavidin
(100 nM) binding. The filled lines are the fits performed with a stretched exponential. (B) Average LSP
shifts in response to streptavidin binding. Error bars correspond to the standard deviation.

The results presented graphically in Figure 4.10 are given in more detail in Table 4.1. Although
nanorods functionalized with biotin respond to streptavidin, the difference of response between
controls and irradiated samples’ sensing responses was not significant enough for unequivocal
validation of the tip-selective functionalization approach when using AUT-coated particles. These
results could be indicative that the photochemical reaction of TFPA-Bt with AUT may be impaired

to some extent, as later discussed.

Table 4.1 - LSP shifts (AL) measured for streptavidin sensing (100 nM) using AUT-coated 25/650 nanorods
tip-functionalized with photoreactant TFPA-Bt (0.1 mM) using LED595nm irradiation with intensities 1, 3
and 6. Control corresponds to non-irradiated surfaces. The column on the right stands for the

average * standard deviation of N=3 (except Int. 3).

AN /nm

(100 nM SA)
1.5

Control | 2.2 [ 21+ 0.6
2.7
3.8
2.2

Int. 1 33 31+£0.6
3.3
3.6

Int. 3 3.9 3.8+0.2
5.2

Int.6 |3.0|35+14
2.4

In order to increase the peak-shift response, the streptavidin target was replaced with an
antibiotin antibody, since a bulkier protein may elicit larger sensing responses from the

biotin-functionalized nanorods. The kinetic time traces of Figure 4.11 represent the LSP peak shifts
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measured for a non-irradiated control and an irradiated sample. The values of 3.4 and 4.3 nm for
the control and the irradiated sample, respectively, are comparable. The lack of a significant
difference between sample and control confirmed that the photochemical reaction between AUT

and TFPA-Bt was not a promising strategy for tip-specific functionalization of gold nanorods.
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Figure 4.11 - Kinetic traces showing the LSP peak shift of 25/650 gold nanorods coated with AUT and

irradiated with TFPA-Bt (red symbols), and of a control assay (blue symbols), in response to antibiotin
antibody. The curves shown correspond to the fits performed with a stretched exponential function.

o

Alternatively, the photochemical reaction with TFPA-Bt was also tested on CEA-coated
nanorods. As it was previously done with AUT-coated particles, an initial assay was done simply
by monitoring LSP shifts that could eventually be induced by attachment of the biotin derivative
onto CEA-coated nanorods. For this purpose, immobilized nanorods with an LSP peak at 600 nm
were used and the influence of irradiation with LED595nm at intensity level 6 was also tested. The
nanorods showed insignificant LSP shifts after being kept in the dark for 30 min or when irradiated,
both for 30 min, with LED595nm (Figure 4.12). As previously observed with AUT-coated
nanorods, the plasmon peak shifts were negligible when compared to control experiments, so the

attachment of TFPA-Bt onto the nanorods was again not directly confirmed.
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Figure 4.12 - Monitorization of the photochemical reaction of TFPA-Bt with CEA-coated nanorods. Two
surfaces were filled with water and then water was replaced by TFPA-Bt solution (1 mM). One surface was
kept in the dark for 30 min (black symbols), while the other was irradiated with LED595nm at intensity
level 6 also 30 min.
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As previously done with AUT-coated particles, the next step was to test the efficacy of the
photochemical reaction between CEA and TFPA-Bt by performing SA binding assays. These
assays were performed with 25/600 CEA-coated nanorods that were exposed to TFPA-Bt
(0.1 mM) while irradiated with NanoLED594nm (samples) or kept in the dark (controls). Table 4.2
presents the LSP shifts measured for these controls and irradiated samples. The small differences
found between the non-irradiated controls and the irradiated samples make these assays

inconclusive.

Table 4.2 - Partial and total LSP shifts (AX) measured for streptavidin sensing (100 and 1000 nM) using
CEA-coated 25/600 nanorods tip-functionalized with photoreactant TFPA-Bt (0.1 mM) through irradiation
with NanoLED594nm. For each set of LSP shifts the column of the right corresponds to the

average * standard deviation considering N=7.

AA/nm AA/nm AA/nm
(100 nM SA) (1000 nM SA) (Total)
1.9 1.6 3.5
1.2 0.9 2.1
2.7 1.3 4.0
Controls 1.4 1.3£0.7 0.9 09+04 2.3 23+1.1
0.9 0.6 1.5
11 0.4 1.5
0.9 0.4 1.3
4.1 1.5 5.6
1.3 1.6 2.9
1.6 1.3 2.9
Samples 2.3 1.7+1.2 11 1.0+ 0.6 3.4 25+1.2
1.0 0.5 1.5
0.8 0.4 1.2
0.9 0.3 1.2

An important aspect of the SA sensing assays with biotin functionalized AUT- and CEA-coated
nanorods is the comparison between the LSP shifts measured on these particles with the ones
obtained for the non-specific interactions of the bare nanorods. First, the average LSP shifts
measured for a concentration of SA of 100 nM were between 3.1 and 3.5 nm for biotin
functionalized AUT-coated nanorods, which are higher values than those obtained, 1.1 nm, for the
non-specific interactions of SA with bare nanorods with the same characteristics (see section 4.10.2
of Annexes). Moreover, for biotin functionalized CEA-coated nanorods the average values of the
LSP peak shifts in the presence of 100 nM of SA vary between 1.3 to 1.7 nm, being smaller than
the 2.6 nm obtained with identical 25/600 bare nanorods (see also 4.10.2 of Annexes). These results
follow an opposite trend of what was intended by testing compounds of different chain length.

Using AUT and CEA alkyl-thiols terminated with an amine group, streptavidin assays showed
that the plasmonic response observed in non-irradiated controls is comparable to the one obtained
with irradiated samples. This represents an undesirable effect that did not allow to take more

definitive conclusions about the functionalization process »a photochemical reactions.
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The eventual failure of the photochemical reaction in these conditions could be tentatively
explained by the protonation of the amine groups of AUT or CEA at the pH of the reaction
medium. The loss of nucleophilicity from the amines, once they are protonated, would compromise
the reactivity of AUT and CEA with the phenyl nitrene group of TFPA-Bt. In fact, the amines’
pKa of AUT is 7.5, even in SAMs,” while for CEA this value is 10.8, so one can assume that the
monolayers are partially or totally protonated, respectively.”

Research was then redirected to find alternative organic coatings to amine-alkanethiol SAMs.

Hence, PEG-thiol molecules were used in the coating of nanorods, as presented in the next section.

4.5. Functionalization and testing of gold nanorods coated with a
methyl-PEG-thiol monolayer

The photochemical biotin functionalization of nanorods was also performed on particles coated
with a monolayer of oligo (ethylene glycol) thiols terminated by a methyl group. The chemical
structure of this thiol compound, MT(PEG),, is shown in Figure 4.13. In this molecule, the
photochemical reaction of the phenyl nitrene intermediate of TFPA-Bt could occur by covalent
insertion with the C-H bounds of the terminal methyl group, as shown in Figure 4.13, or the C-H

bonds of the methylene groups of the chain.
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Figure 4.13 - Photochemical reaction between MT(PEG)4-coated gold nanorods and TFPA-Bt. Covalent
bonding occurs, upon irradiation, through C-H insertion into the phenyl nitrene intermediate of TFPA-Bt.
One of the possible reaction products is represented.

In order to evaluate the efficiency of the photochemical reaction, two conditions were tested
on glass-immobilized nanorods (25/600) that were either: i) exposed to TFPA-Bt with a
concentration of 0.1 mM and using an irradiance power of 0.18 mW/cm* (LED595nm, intensity
level 3), or; ii) exposed to TFPA-Bt with concentrations of 1 mM and using an irradiance power of
1.80 mW/cm? (LED595nm, level 6). Then, the sensing capability of these biotin-functionalized
nanorod samples was evaluated from kinetic measurements of streptavidin binding. The results
presented on Table 4.3 are the monitored LSP shifts obtained for non-irradiated controls and for

irradiated samples, for both conditions tested. The observed shifts were almost 2-fold greater for
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irradiated samples than for controls, that were also exposed with TFPA-Bt but not irradiated. In
the latter, the response is only due to the non-specific adsorption of SA onto the nanorods.
However, in the irradiated samples, the plasmon peak shift to streptavidin binding is larger than
the non-specific response level. This strongly suggests that the photochemical reaction resulted in
the successful functionalization of nanorods with biotin »iz the reaction of TFPA-Bt with the
methyl-PEG thiol monolayer on the nanorods. In order to further characterize if biotin
functionalization is tip-specific as intended, it would be required to examine this samples by a
microscopy technique with nanometric spatial resolution, such as Atomic Force Microscopy

(AFM) or Scanning Electron Microscopy (SEM).

Table 4.3 - LSP shifts (AX) measured for streptavidin sensing (100 nM) using MT(PEG);-coated nanorods
functionalized with photoreactant TFPA-Bt (0.1 mM) using intensity 3 of LED595nm, and with 1 mM

irradiating at intensity 6 of LED595nm. The right column corresponds to the average * standard deviation
considering N=4.

LED595nm AA/nm
TFPA-Bt/mM intensity level (100 nM SA)

. - 1.1
1.3

Controls |-------------o-o-momeo e 1_ _6___ 12£01
1 no 1.2
0.1 3 ig

Samples ________________________________________ 1_:?"_ 21203
1 6 2.1

Some of the replicates of Table 4.3 are represented by the kinetic time traces of Figure 4.14.
The nanorods’” LSP peak red-shifts represent the response obtained for SA concentrations of
100 nM (region I) and 1000 nM (region II).
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Figure 4.14 - Kinetic traces of the binding of streptavidin to nanorods coated with MT(PEG)s and
tip-functionalized with (A) TFPA-Bt (0.1 mM) using intensity 3 of LED595nm, and with (B) 1 mM at
intensity 6 of LED595nm (red symbols in both situations). Blue symbols correspond to the controls, i.e.
surfaces that were not irradiated. Monitorization of the LSP shifts was performed with streptavidin solutions
of 100 nM (region I) and 1000 nM (region II). The filled lines are the fits using a stretched exponential.
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When using 0.1 mM of TFPA-Bt and an irradiance power of 0.18 mW/cm® (LED595nm,
level 3), the time traces in region I show that, after several minutes, the LSP shifts slow down eatlier
for the control than for the irradiated sample (Figure 4.14A). If the protein concentration is
increased up to 1000 nM (region II), the LSP shift increases again and it also stabilizes more rapidly
in the control than in the irradiated sample. The same trend is observed for 1 mM of TFPA-Bt and
an irradiance power of 1.80 mW/cm® (LED595nm, level 6) - Figure 4.14B. However, in region I,
the LSP shifts do not reach a stable plateau and, in region II, the LSP shifts are higher in the
irradiated sample than in the control.

It is worth mentioning that the photoreactant does not absorb in the visible spectral range, but
instead at wavelengths inferior to 300 nm (Figure 4.26 of Annexes). So, in correspondence to the
experimental design, the photochemical reaction may have been triggered from a two-photon
absorption that is induced in the regions of strong near-field enhancement at the nanorods’ tips.
The near-field enhancement effect is stronger for irradiation with a wavelength (595 nm) close to
the resonance frequency of the plasmon band (600 nm).

The results of photochemical functionalization obtained with nanorods coated with a
MT((PEG)4 monolayer are strikingly different than those previously shown for rods with AUT or
CEA monolayers (section 4.4). Two possible explanations for this improvement are highlighted:
i) methyl groups of MT(PEG), are not vulnerable to protonation as are the amine groups of AUT
and CEA, and so the reactivity of methyl-terminated SAMs is better via a C-H insertion of the
nitrene group of TFPA-B; ii) passivation of glass substrates with methyl-terminated molecules is
known to reduce the effect of non-specific adsorption »iz introduction of hydrophilic units,”" and
therefore, streptavidin is more prone to bind with the sparse biotin functionalized in the rod’s tips.

Although the results shown in this section indicate the photochemical attachment of biotin
receptors onto the nanorods, the marginal improvement of only 2-fold increase of the LSP shift
of the irradiated samples relatively to the controls, has led to research other possible

photoreactants, as described in the sections below.

4.6. Functionalization and sensing assays with photoreactant NPA-Bt

The other photoreactant tested was NPA-Bt, in which the photoreactive group is now a
nitrophenyl azide (NPA). This molecule was obtained from a coupling reaction between the
commercially available Sulfo-SANPAH and Amine-PEG,-Biotin compounds, as illustrated in
Figure 4.15. Sulfo-SANPAH is a well-known heterobifunctional photocrosslinker that has a spacer
arm length of 1.82 nm terminated with a sulfo N-hydroxysuccinimide NHS-ester group that can

be used to couple amine-derivatized molecules.
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Figure 4.15 - Coupling reaction between Sulfo-SANPAH and Amine-PEG:-Biotin to produce NPA-Bt
photoreactant. Meza-nitrophenyl azide photoactive group is indicated.

NPA is a nitro-substituted phenyl azide, and as previously shown, the photoreactivity of nitrene
is non-specific to virtually all hydrocarbon backbones of polymers. So, sulfo-SANPAH has
successfully been used to introduce NHS active ester groups to polymeric surfaces.””'" It has also
been applied to conjugate peptides, proteins or aminated biomolecules, such as DNA and

782719 The use of this photoreactant was envisioned

polysaccharides, to most polymeric materials.
in the scope of this thesis as a way to link NPA-Bt to DNA probes, such as molecular beacons,
that would be modified with an amine group at one end of the chain.

Another feature of NPA is that its UV absorption band extends to longer wavelengths than
TFPA, with measurable absorption up to 320 nm. In principle, this effect of the nitro- substituent
could make NPA more photoreactive in a plasmon-assisted 2PA process using irradiation at
595 nm. In Figure 4.16A it is shown the absorption spectrum of NPA displaying a band close to
300 nm, useful for 2PA, and a broad band between 400-600 nm. The latter band was not described
in the product specifications, and it was not clear if it could interfere with the desired
photochemical reaction. For this reason, this section is opened with results from an irradiation
study of NPA-Bt compound in bulk solution. When broadband irradiation from a mercury lamp
was used with a filter that excludes the UV range (Figure 4.16B), then no changes in the spectrum
were observable. However, when the filter was removed, the shape of the absorption bands at
ca. 300 nm and 400-600 nm changed and an additional increase in absorbance at longer
wavelengths was visible for both bands. The changes in the absorption band at ca. 300 nm of

NPA-Bt upon UV-irradiation is tentatively attributed to the loss of N, and the formation of a
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phenyl nitrene group that mostly likely then suffers solvolysis or self-polymerization.
This assumption can be sustained because under visible light irradiation with an incoherent source
(LED595nm at intensity level 6) the spectrum remained unchanged (see Figure 4.27B of Annexes).
Hence, the photochemical reaction in the absence of a plasmon near-field seems to be triggered
only by UV irradiation, because irradiation of NPA’s absorption band between 400-600 nm does

not change its spectrum.

Aoa B 100
i “ ——NPA-Bt .
’;:0'3 ] ;\ ——Hg lamp w/ filter g 80
L ] Hg lamp w/o filter o 1
(] b O 60 -1
&) ] c
5 02 ] = 1
£ g 407
o 1 |
801 ] s
< : = 20 -
0 - T T oo+ | 1o rr T T 0 T T T T T
200 300 500 600 700 200 400 600 800

Wavelength (nm) Wavelength (nm)
Figure 4.16 - Irradiation of photoreactant NPA-Bt with LED595nm at intensity level 6. (A) Absorption
spectra of photoreactant before (orange line), and after exposure to a mercury lamp (30 min) using a filter
that excludes the UV range (red line) and without the filter after more 30 min irradiation (green line). (B)
Filter with a transmission window that excludes UV light.

To assess the ability of NPA-Bt as a viable reactant for the photochemical attachment of biotin
onto nanorods, three samples of particles coated with AUT, CEA and MT(PEG), were first
exposed to 0.1 mM of the molecule under irradiation with NanolLED594nm. After, the particles’
functionalization with biotin was evaluated by streptavidin binding assays. The kinetic
measurements provided the LSP shifts for irradiated samples that were compared with
non-irradiated controls, which should not be functionalized with biotins. These results are

presented in Table 4.4.

Table 4.4 - Partial and total LSP shifts (AA) measured for streptavidin sensing (100 nM) with AUT-coated
25/650 nanorods, and CEA- and MT(PEG)s-coated 25/600 nanorods, tip-functionalized photochemically
with NPA-Bt.

AA/nm

(100 nM SA)
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cEA |Gt
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For AUT- and CEA-coated nanorods the plasmon shifts obtained in the controls and in the
irradiated samples are mostly comparable. Besides, the results resemble those obtained with the
photoreactant TFPA-Bt, as discussed in previous sections, and can be attributed mainly to
non-specific binding of SA. Likewise, these assays also confirm the inefficacy of amine-terminated
monolayers for photochemical reactions in nanorods. This has also been reported in a work that
claims that Sulfo-SANPAH (precursor of NPA-Bt) bonds preferentially to the -OH groups of
chitosan.” The bonding occurs by insertion of H atoms on the phenyl nitrene intermediate, in
detriment of the amines that were protonated in acidic conditions resulting in weakened
nucleophilicity.

Regarding MT(PEG),-coated nanorods, the irradiated sample showed a 10-fold increase in the
LSP shift when compared to a not irradiated control. This preliminary result showed that NPA-Bt
photoreactant can be more suitable than TFPA-Bt (only 2-fold increment) for the photochemical
attachment of biotin receptors onto the nanorod’s surface. This is attributed to the higher
absorption overlap that is achieved in the plasmon-induced 2PA of NPA-Bt when compared to
TFPA-Bt (see Figure 4.4).

The performed assays can be examined in more detail from the kinetic time traces of
Figure 4.17. The LSP peak shifts in response to a SA concentration of 100 nM show that for
AUT-coated nanorods the control and irradiated sample have the same sensing response
(Figure 4.17A). But interestingly in CEA-coated particles there is a remarkable difference between
the plasmon peak shifts of the irradiated sample and the control (Figure 4.17B). This effect is more
pronounced in the beginning of the assays, maybe because, despite of the lower reactivity of
amine-terminated monolayers, some biotins still got attached by photochemical reaction providing
receptors for SA binding. The strange behavior of the irradiated sample can be attributed to a

spurious perturbation of the streptavidin layer adsorbed on the particles’ surface.
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Figure 4.17 - Kinetic traces showing the LSP shift of 25/650 gold nanorods coated with (A) AUT, and of
25/600 nanorods coated with (B) CEA and (C) MT(PEG)4, in response to streptavidin binding (100 nM).
Photochemical tip-functionalization was performed with NPA-Bt (red symbols), and controls correspond
to non-irradiated surfaces (blue symbols). The filled lines are fits performed with a stretched exponential.

In the assays with MT(PEG)s-coated nanorods (Figure 4.17C) the marginal response of the
non-irradiated control is only due to the non-specific adsorption of SA to the nanorods.
This response is significantly lower to the non-specific interactions verified in the amine-terminated
coatings. Once again, this is justified by the hydrophilic monolayer formed by MT(PEG), molecules
on the surface of the nanorods that prevents the adsorption of SA. This highlights the importance

of using pegylated compounds as anti-fouling agents in LSPR assays.

4.7. Remarks and follow-up

The performance of label-free biosensors depends strongly on the biomolecular interactions
between the target analyte and specific bioreceptors and, in this perspective, the development of
novel receptors is important (e.g. aptamers, peptamers, nanobodies, etc.), as it may lead to better
detection sensitivities and lower concentration limits. A complementary strategy is to improve the
transduction component of a biosensor, in order to achieve larger responses from a low number
of recognition events. In this sense, it is crucial to position receptors at the most sensitive regions
of the sensing component. This feature is well illustrated by the work developed in this chapter.
The implementation of an innovative photoactivated process to yield specific functionalization of

the tip hot-spots at gold nanorods was aimed at improving the response of plasmonic sensors
p p g p g p p >
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because this strategy could be employed for selective attachment of receptors at the hot-spots of
other plasmonic nanostructures.

The proof-of-concept was developed here with a gold nanorod functionalized with biotin
receptors for the development of a model plasmonic biosensor for streptavidin detection. An
improvement in the sensing assays with methyl-terminated coated nanorods photochemically
functionalized with NPA-Bt was found. However, this improvement is not that much relevant
when compared to chemical functionalization approaches used for streptavidin LSPR sensing
(annex 4.10.3). Therefore, the idealized generalization of photochemical functionalization to other
type of bioreceptors, e.g. nucleic acids, was not pursued in the follow-up of this thesis.
Alternatively, the well-established strategy of thiol conjugation was used for attaching
fluorescently-labeled DNA probes, such as molecular beacons, onto the tips of gold nanorods, as
discussed later in Chapters 5 and 6. Some possible sources of interference and methodological
limitations were identified, and these will be discussed throughout this section.

The glass substrates’ preparation could have interfered with the efficacy of the photochemical
reaction, because the propyl chain of the MPTMS layer probably gets inserted to some extent into
the nitrene group of the photoreactants, therefore competing with the N-H or C-H bonds present
in the organic coatings of the nanorods. This could have been aggravated by the weakened
nucleophilicity of the terminal amine groups of AUT and CEA due to their protonation. This was
partially overcome by replacing these organic layers with methyl-terminated SAMs on the surface
of the nanorods using MT(PEG)..

The photochemical reactions were not evaluated directly in the surface of the nanorods. In fact,
the insertion of the photoreactant into the organic layer on the nanorods’ surface did not produce
significant shifts in the LSP band due to detectable changes in the RI around the particles.
However, possible alternatives for direct assessment of the efficiency of the photochemical
reactions could be implemented: i) perform the reactions between the photoactivatable molecules
and AUT, CEA or MT(PEG)4 in solution and quantify the resultant outcome by mass, Nuclear
Magnetic Resonance (NMR) or Raman spectroscopies in search of reaction products;”
ii) at the metal particle surface, to determine the formation of organic layers of photoreactant,
X-Ray Photoelectron Spectroscopy (XPS) or Reflection Adsorption Infrared Spectroscopy
(RAIRS) can be used to identify chemical elements or groups, while AFM can also be used to
indirectly assess the localization of functionalization sites through the detection of bound
streptavidin.'®

Experimental variables such as the irradiation energy and time (2 hours), and the distance
between the light source and the photoreactants placed in contact with immobilized nanorods were
not optimized. So, these conditions could have been inadequate for effective photoactivation and
succeeding reactions. The irradiance of the light source can be higher if a coherent laser source,

that normally reaches 10°-10” W/cm?, is chosen instead of the sources used.”
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The loss of thiols from the nanorods’ surface due to extensive washing before the sensing assays
is another experimental aspect that may have caused interferences. Since the Au-S bonds between
the organic coating and the nanorods are labile,” there is a possibility for their desorption under
certain circumstances. For example, the phosphate buffered saline (PBS) buffer overnight
immersion step that proceeds SA sensing. Modification of the procedures can include a minimal
PBS immersion of 30 min or 1 hour instead of long periods of time such as overnight.

Other plausible limitation can be the limited RI sensibility of the chosen gold nanorods.
This cotresponds to a shift in the plasmonic band of about 200 nm/RIU. To overcome this
weakness, there could be employed gold nanoparticles with other shapes, or even of different
materials, such as silver, that could allow for a higher sensibility to the RI. As the suggested
approach intrinsically targets the regions of high near-field enhancement at the plasmon hot-spots,
it can be generalized to any particle shape. Thus, bypiramids, triangles, cubes and stars, that hold
sharp tips that create localized sensing volumes and offer high RI sensibilities, are an alternative to
rods.'

Further studies using dark-field microscopy for single-patticle and/or single-molecule detection
could clarify about the sources of heterogeneity in molecular interactions that occur in the surfaces
used for plasmonic sensing. Also, single-molecule plasmon sensing experiments could allow
statistical analysis of the number of proteins that bind to biotin functionalized onto gold nanorods.
In this regard, some exploratory efforts were conducted using gold nanorods immobilized on a
microfluidic channel, with their surface functionalized zz situ with thiolated biotin receptors, and
further monitoring the plasmon response upon exposure to streptavidin. The work was developed
in the Molecular Biosensing for Medical Diagnostics group of the Eindhoven University of
Technology, under the supervision of Dr. Peter Zijlstra.

It is clear that further work is needed on the plasmonic sensor optimization and
functionalization to improve reproducibility and sensibility. Many of the improvements suggested
are challenging, specially from a surface functionalization point of view, because the sensor surface
exposes different materials to the protein target, i.e. glass and gold. Novel methods that reduce
time-consuming steps, enable simple and spatially localized particle’s functionalization, and yield
specific binding with high affinity to the nanorod’s surface while reducing non-specific binding are

therefore highly desirable.

4.8. Experimental section
4.8.1. Materials

Gold nanorods coated with cetyltrimethylammonium bromide (CTAB) with an approximate
size of 25 nm x 57 nm or 25 nm x 60 nm with a LSP peak wavelength of 600 or 650 nm (products
no. A12-25-600-CTAB (25/600) or A12-25-650-CTAB (25/650)), respectively, and of
10 nm x 30 nm with a LSP wavelength of 700 nm (product no. A12C-NR10-700 (10/700)), were

acquired from Nanopartz Inc. as aqueous suspensions with an optical density of 1. CTAB was
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purchased from Sigma with a purity of 299%. (3-mercaptopropyl)-trimethoxysilane (MPTMS) was
from Aldrich with 95% purity. Hydrochloric acid 37% (HCI) was from Sigma-Aldrich. EZ-Link
NHS-Biotin and EZ-Link NHS-PEG,-Biotin were from ThermoFisher Scientific.

The surface coating reagents: 11-amino-1-undecanethiol hydrochloride (AUT, 99%) was from
Aldrich, cysteamine (CEA, 98%) was from Sigma, and methyl-PEG-thiol MT(PEG),) was from
ThermoFisher Scientific. Photocrosslinkers biotinamido-[tri(ethylene glycol)]-azido-2,3,5,6-
tetrafluorobenzamide (EZ-Link TFPA-PEG;-Biotin, TFPA-Bt), sulfosuccinimidyl 6-(4"-azido-2'-
nitrophenylamino)hexanoate  (Sulfo-SANPAH) were from  ThermoFisher  Scientific;
N-Succinimidyl 4-Azido-2,3,5,6-tetrafluorobenzoate (ATFB-SE) was from Molecular Probes.
EZ-Link Amine-PEG»-Biotin, (+)-biotinyl-3,6-dioxaoctanediamine, was supplied from
ThermoFisher Scientific. Anhydrous sodium carbonate (Na,COs;) from Baker and sodium
bicarbonate (NaHCO3) from Merck were used to prepare carbonate-bicarbonate buffer.
Streptavidin from Streptomyces avidinii was from Sigma, already affinity purified and lyophilized from
10 mM potassium phosphate. Monoclonal antibiotin antibody produced in mouse, ELISA 1:4000,
was from Sigma. Phosphate-buffered saline buffer was acquired as tablets from Sigma and
dissolved in ultrapure water (18.2 MQ-cm); before use it was filtered in 0.22 pm PVDF filters.
Ethanol absolute anhydrous was from Panreac and methanol was from Riedel-de-Haén (>99.8%).
Ultrapure water was obtained with a Milli-Q purification system (Merck-Millipore) and used in all
preparations. Glass slides of rectangular shape (25 x 36 mm® and 25 x 50 mm?® in area) with

thicknesses #1 and #1.5 were acquired from Menzel-Glaser, Deltalab or Normax.

4.8.2. Instrumentation

Absorption/extinction spectra were measured with a UV/vis spectrophotometer from
PerkinElmer, model Lambda 35. Glass surfaces were cleaned using a UV /ozone chamber, model
PSD-UV3, from Novascan. Incoherent light sources for irradiation were a pulsed diode
NanoLED-590, with a peak wavelength of 594 nm (NanoLLED594nm) and ca. 1.33 mW of power,
from Horiba Scientific, and a mounted high-power LED M595L3 from Thorlabs with a peak
wavelength of 595 nm (LED595nm) and six power levels available, as shown in Figure 4.18. The
intensity of each level was measured considering a distance of 3 cm between the source and a lens

(focus ~ 8 cm), plus a sample holder 12 cm from the lens.
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Figure 4.18 - Characteristics of the high-power LED, LED595nm, used as incoherent light source
irradiation to trigger the photochemical reactions. (A) Visible spectrum with maximum wavelength at
595 nm. (B) Power measured as a function of the intensity levels available in the instrument.

The irradiated areas corresponded to a 1.9 cm x 2.1 cm ellipse, in the case of NanoLED594nm,
and a circle-shaped region with 1.25 cm of radius when using LED595nm. Table 4.5 displays the

light irradiance intensities of both irradiation sources.

Table 4.5 - Light intensities measured for the irradiation sources NanoLED594nm and LED595nm (with
the six intensity levels available in the instrument).

Intensity
(mW/cm?)
NanolLED59%4nm 0.11
0.03
0.11
0.18
0.68
1.44
1.80

LED595nm
Intensity levels

e

4.8.3. Glass substrates silanization and gold nanorods immobilization

Glass coverslips (24 x 50 mm® in area and of thicknesses #1 or #1.5) were cleaned by
petforming a UV /ozone treatment for 60 min. After, a TLC chamber was used to hold the slides,
where they were immersed in HCI (1 M) for 30 min, then rinsed copiously with water, and sonicated
in water and methanol for 10 min with intermediate steps of N, blow drying. For silanization, the
clean slides were immersed in a 5% (v/v) solution of MPTMS in ethanol or methanol for 30 min,
rinsed thoroughly with ethanol to remove unbound silane from the glass surface, sonicated for
10 min in methanol and blow dried with N,. Alternatively, silanization was also performed
considering a mixture of 5% (v/v) HCI (1 M) and 5% (v/v) MPTMS in ethanol.

Diluted gold nanorod solutions (OD = 1) were concentrated 5-fold by washing the particles.
This procedure reduced the CTAB concentration and facilitated surface adhesion through
centrifugation (6000 rpm, 20 min) with supernatant replacement with an aqueous solution of

CTAB (0.1 mM) at least three times. The washed suspension of nanorods was drop-casted on the
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silanized glass coverslips over an area of approximately 1-1.5 cm® by leaving a 200 ul. drop in
contact with the glass for 20 min. Then, the solution was removed, and the glass surface was rinsed
copiously with water, and blow dried with N,. This process was repeated 3 to 5 times until the
patticle density on the glass surface, measured by UV /vis spectroscopy, reached an OD of 0.002
to 0.01.

4.8.4. Gold nanorods’ surface coating

To achieve a full surface coating layer of the nanorods with AUT, CEA or MT(PEG)4, CTAB
was not added to the coating solutions. Instead, glass surfaces with immobilized nanorods were
exposed to aqueous solutions of the coating molecules (200 pL, 1 mM) for 90 min.
The surface was thoroughly rinsed with water, immersed 2 h in PBS buffer, rinsed again with water
and blow dried with N,. Removal of any reactant residues or CTAB detergent must be efficient to

avoid interferences during the photochemical reactions and/or the sensing assays.

4.8.5. Photochemical functionalization of coated gold nanorods

A biotin-derivatized photoreactant with an azide group was prepared by a coupling reaction
between the photocrosslinker Sulfo-SANPAH (0.1 mM) and Amine-PEG,-Biotin (1 mM) in
carbonate-bicarbonate buffer at pH 7.9 (adjusted with a solution of 1 M of HCI). The coupling
reaction was allowed to proceed for 1 h and the final mixture, with ca. 0.1 mM, was kept in the
dark at -20 °C without purification until further use. The resulting coupling product was named
NPA-Bt in accordance to the nitrophenyl azide group in the photocrosslinker precursor and the
derivatized biotin moiety. TFPA-Bt photoreactant was also named after the azide group,
tetrafluorophenyl, and the biotin part. Stock solutions (3 mM) of this photoreactant were prepared
by dissolving it in ethanol and freezing at -20 °C in the dark until further use.

Glass slides containing fully-coated nanorods were assembled into a home-made liquid cell
(Figure 4.19) by attaching over each one, using a melted thin frame of Parafilm M, a clean glass
slide of 25 x 36 mm? in area and thickness #1.5 from Menzel-Glaser. The liquid cells were about

1 mm thick and hold approximately 500 pL of solution.

Figure 4.19 - Example of home-made liquid cell where the gold nanorods were immobilized and that was
used to perform photochemical reactions and/or streptavidin sensing assays.

142



Plasmon-assisted photochemical functionalization of gold nanorods

For photochemical reactions the liquid cells were filled with solutions of TFPA-Bt (0.1 or
1 mM) or NPA-Bt (ca. 0.1 mM), both in water. Liquid cells were irradiated with both light sources
for 2 h under ambient conditions. In the irradiations with LED595nm, a lens was placed 3 cm from

the source and a sample holder 12 cm from the lens (Figure 4.20).

Figure 4.20 - Experimental setup used for irradiating samples with LED595nm. A lens was placed 3 cm
from the source and a sample holder 12 cm from the lens.

Controls were liquid cells filled with solutions of photoreactants that were kept in the dark, i.e.
were not irradiated, also during 2 h. All liquid cells were thoroughly rinsed with water and filled
with PBS buffer overnight. This last step was required before the sensing experiments in order to
remove unreacted photoreactant and any additional residues that could cause interferences.

Control assays to monitor the photochemical reaction of TFPA-Bt (1 mM in water) with bare
(uncoated) and with AUT- and CEA-coated nanorods were employed. For bare nanorods, water
was first injected in liquid cells and extinction spectra were recorded. Water was then removed,
replaced by a photoreactant solution and extinction spectra were again measured. Next, one liquid
cell was irradiated with LED595nm at intensity level 6 and another one was kept in the dark, i.e.
was not irradiated, while obtaining alternately extinction spectra of both samples at defined times
over a period of 90 min. Concerning AUT-coated nanorods, the extinction spectra of one liquid
cell filled with water was recorded and afterwards water was exchanged by a TFPA-Bt solution,
maintaining the liquid cell in the dark during 90 min, before irradiating it for 2 h with LED595 nm
at intensity level 6; spectra were obtained at pre-established time points. For CEA-coated nanorods,
experiments were analogous to the previous ones with AUT-coated nanorods, with a difference on
irradiating one liquid cell and keeping other in the dark, and recording alternately extinction spectra
of both cells every 10 min during 30 min.

Evaluation of the photoreactivity of NPA-Bt (ca. 2.5 uM) and TFPA-Bt (ca. 10 pM in water),
both in water, was performed by positioning a 250 W mercury lamp 10 cm from a quartz cuvette
containing the solutions. Absorption spectra of the photoreactants were recorded before

irradiation and every 5 min until 30 min of irradiation in the case of NPA-Bt, and after 30 min
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exposure when using TFPA-Bt. NPA-Bt photoactivity was also assessed using the mercury lamp
with a filter and LED595nm at intensity level 6.

ATFB-SE photoreaction with bare nanorods consisted in filling the liquid cell with water,
recording the extinction spectra and replacing the water by a solution of photoreactant (1 mM in
water). The cell was kept in the dark for 90 min and irradiated after with LED595nm at intensity
level 6 for another 90 min, while obtaining spectra at defined time intervals.

Worth’s mentioning that when using TFPA-Bt solutions, special care was taken to keep the
ethanol content as low as possible in the liquid cells, since placing ethanol would break the parafilm

seal and the cells would need to be assembled again.

4.8.6. Sensor functionality assays using photochemically functionalized gold nanorods

Stock solutions of streptavidin were prepared by dissolving 1 mg of protein in 1 mL of PBS
buffer. This solution was diluted in PBS to attain the final concentrations of streptavidin used for
sensing, i.e. 100 nM and 1 pM. Next, PBS that was kept overnight in the liquid cells, was replaced
by a novel PBS solution, to ensure cleanness of the surfaces. To monitor the streptavidin sensing,
on a liquid cell filled with PBS the extinction spectra was recorded at a speed of 240 nm/min to
obtain the initial peak position of LSP. Then, the PBS buffer was replaced with a 100 nM SA
solution, and successive spectra were recorded at a speed of 120 nm/min each minute, during
90 min (occasionally was 60 min), over a wavelength span of 100 nm around the LSP position.
After this kinetic run, the extinction spectrum of the liquid cell containing the 100 nM of
streptavidin was recorded at a speed of 240 nm/min to obtain the LSP position. Then, the 100 nM
SA solution was replaced with another of higher concentration (1 uM) to perform another kinetic
run of 60 min with the same wavelength span and speed as before. After this second kinetic run,
the extinction spectrum of the liquid cell filled with 1 uM of streptavidin was again recorded at a
speed of 240 nm/min to obtain the LSP position at the end of the sensing assay.

Kinetic traces were created from a time series of extinction spectra, in which each LSP position
was fitted with a Gaussian function, and the maximum wavelength obtained from the fit was
represented as a function of time. After, kinetic traces were also fitted, using a stretched exponential
function, as described in Ref. 16, being the quality of the fits evaluated from the residuals plot.
Partial plasmon peak shifts, for 100 nM and 1 uM SA concentrations, were evaluated as the
difference between the values of the fitted exponential function at the end and initial peak positions
of the 100 nM streptavidin sensing trace, and the end and initial peak position of the 1 uM
streptavidin sensing trace, respectively. Total LSP shifts, when considered, correspond to the sum
of the partial plasmon shifts.

Antibiotin sensing assays were also performed by diluting the protein directly from the flask in
PBS buffer and monitoring it by a kinetic run of 90 min, following the same procedures
implemented for streptavidin sensing.

There were cases in which the liquid cell was remade for any reason, e.g. broken coverslip, leak

or appearance of an interference pattern. In such situations, the liquid cells were disassembled by
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filling them with ethanol and letting them sit for ca. 1 min. Then, the front and back glass slides

were gently separated, and the liquid cell mounted again.

4.8.7. Tip-specific chemical functionalization of gold nanorods

The procedures listed next were employed to chemically functionalize gold nanorods at their
tips. First, biotin thiol linkers were prepared by coupling reactions, following an established
protocol from Ref. 16. Briefly, 10 mM of the EZ Link precursors reacted with 1 mM of cysteamine
in PBS buffer. The coupling reaction was allowed to proceed for 30 min and the final mixture was
used without purification in the next functionalization steps. The biotin thiol linkers, hereafter
termed PEGO0 and PEG4, were named accordingly to the length of the oligoethylene glycol spacer
in the precursor, i.e. NHS-Biotin and NHS-PEG.-Biotin, respectively.

Glass slides with immobilized nanorods were cleaned with UV /ozone treatment for 10 min and
then rinsed with water and blow dried with Na. To start the tip-specific chemical functionalization,
the area with immobilized particles was incubated with a CTAB solution (200 pL, 1 mM) for
10 min. This solution was then removed by draining it out of the surface and replacing it with a
solution of biotin thiol linker (10 uM) and 1 mM of CTAB. PEGO and PEG4 were used to
functionalize 10/700 and 25/600 or 25/650 gold nanorods, respectively. This thiol attachment
reaction was allowed to continue for 90 min. Lastly, the surface was thoroughly rinsed with water,
immersed 2 h in PBS buffer, rinsed again with water and blow dried with Na. Again, removal of

any reactant residues or CTAB is important to avoid interferences during the sensing assays.
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4.10. Annexes

4.10.1. Immobilization of gold nanorods on glass surfaces

Gold nanorods (e.g. 25/600) solutions with an OD of 10 were used but the outcome rendered
stains on the glass coverslips (Figure 4.21A). After extinction spectra measurement, this revealed
aggregation of the particles, pictured by the appearance of a band between 600-700 nm or a
spectrum with an undefined shape, in which the distinctive longitudinal plasmon band of the

nanorods was absent (Figure 4.21B).
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Figure 4.21 - Immobilization of 25/600 gold nanorods on silanized glass substrates through the formation
of Au-S bonds. (A) Example of an immobilization rendering nanorod’s stains in the glass coverslips,
(B) that corresponded to aggregation of the particles as revealed in the extinction spectra.

4.10.2. Control assays I: evaluation of non-specific adsorption

To first assess the non-specific binding of streptavidin to the gold nanorod’s surface, a set of
control experiments was performed. Bare nanorods, i.e. particles that were not functionalized with
biotin, were exposed to streptavidin solutions. Red-shifts in the particles’ plasmon peak position
were then monitored, as seen in regions I (100 nM of SA) and II (1000 nM of SA) of the examples
of Figure 4.22.
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Figure 4.22 - Kinetic traces showing the LSP peak shifts of bare 25/600 (black) and 25/650 (grey) gold
nanorods in response to streptavidin binding using solutions of 100 nM (region I) and 1000 nM (region II).
The filled lines represent the fits performed with a stretched exponential.

The LSP shifts of 25/600 nanorods ate slightly greater than the ones obtained with 25/650
nanorods. This tendency is confirmed in Table 4.6 in which the total plasmon shifts were about
3.6 and 3.2 nm for 25/600 and 25/650 nanorods, respectively. These values correspond to the
non-specific adsorption of streptavidin to bare nanorods and were assumed as the lower limit for
defining a specific sensor response. The higher response of 25/600 gold nanorods, particulatly to

100 nM of SA, is not in agreement with the expected sensitivities of these two nanorod samples.

152



Plasmon-assisted photochemical functionalization of gold nanorods

Table 4.6 - Partial and total LSP shifts (AX) measured for streptavidin sensing (100 and 1000 nM) using
bare 25/600 and 25/650 nanorods. Average * standard deviation of N=3.

NRs AN /nm AA/nm AN /nm
(100 nM SA) | (1000 nM SA) Total)
2.3 0.9 3.2
25/600 1 25(26+04]113]1.0+x03]38|3.6+0.3
3.0 0.7 3.7
25/650 | 1.1 - 2.1 - 3.2 -

4.10.3. Control assays II: gold nanorods functionalized by thiol attachment evaluation
of non-specific adsorption

The effect of tip-selective functionalization with the photochemical strategy was compared to
another strategy that uses thiol attachment in the presence of CTAB detergent that acts as a
side-protective coating. The role of CTAB in this tip-functionalization of gold nanorods with
thiol-derivatized molecules has long been recognized in the literature.'”'>™'* It implies that CTAB
molecules create a bilayer coating over the nanorods that is more compact over the particles’ sides,
thus directing thiol attachment to the tips.

Nanorods were tip-functionalized using a protocol previously demonstrated to be
site-selective.*'™ Two biotin-linker thiols of different length, PEG0 and PEG4, were prepared by
coupling reactions (see section 4.8.7) following a published protocol.” Briefly, both linkers were
prepared by mixing an excess of NHS-Biotin or NHS-PEG4-Biotin with cysteamine
(Figure 4.23A). The NHS-activated biotin reacts with the primary amine of cysteamine forming a
stable amide bond. The spacer arms that separates biotin from the thiol group has an end-to-end
distance, at an extended conformation (biotin not included), of about 0.5 nm and 2.4 nm for PEGO
and PEG4, respectively. To attach the desired biotin functionality on the nanorods, biotinylation
was performed in a home-made flow cell by incubation of the particles with a solution of CTAB.
This established a bilayer of CTAB on the sides of the nanorod, preventing the thiolated biotin
from binding there and favoring thiol attachment at the nanorods’ tips for streptavidin detection

(Figure 4.23B).
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Figure 4.23 - Biotin thiol linkers prepared by coupling reactions. (A) Cysteamine and NHS-Biotin produced
PEGO, and cysteamine and NHS-PEG4-Biotin produced PEG4. (B) Scheme of the chemical
tip-functionalization of glass-immobilized gold nanorods using the coupling reactions’ products (PEGO or
PEG4) rendering biotinylated nanorods, that act as plasmonic sensors of streptavidin binding,.

For the chemical tip-functionalization of 25/600 and 25/650 nanorods the longer biotin-linker
thiol PEG4 was used. In sensing assays, the nanorods’ LSP peak red-shifts were monitored
(Figure 4.24) for SA concentrations of 100 nM (region I) and 1000 nM (region II).
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Figure 4.24 - Kinetic traces showing the change over time in the LSP peak position of (A) 25/600 and (B)
25/650 gold nanorods chemically tip-functionalized with PEG4 linker, in response to streptavidin binding
(100 nM in region I and 1000 nM in region II). The filled lines correspond to the fits performed with a
stretched exponential.

For both 25/600 and 25/650 nanorods the total LSP shifts wete comparable, with values of
about 6.3 and 6.5 nm, respectively (Table 4.7). These values are well-above the threshold obtained
for the non-specific adsorption in bare nanorods, as would be expected for a response measured
in biotin-functionalized nanorods due to specific adsorption. The results also illustrate the highest
response to streptavidin that can be acquired with tip-specific chemical functionalization of the

nanorods.

Table 4.7 - Partial and total LSP shifts (AX) measured for streptavidin sensing (100 and 1000 nM) using
25/600 and 25/650 nanorods chemically functionalized with PEG4 at their tips.

NRs AN /nm AA/nm AA/nm
(100 nM SA) | (1000 nM SA) | (Total)
25/600 5.2 1.1 6.3
25/650 6.1 0.4 6.5

The maximum response to streptavidin that could be attained with a chemical tip-specific
functionalization was further tested. To this end, smaller nanorods with a width of 10 nm and with
an LSP peak at 700 nm (10/700) were used (Figure 4.25A,B). Smaller particles are advantageous
because the smaller surface area reduces non-specific interactions and allows more target binding,.
Also, when compared to previous bigger nanorods, they produce plasmon near-fields at their tips

that are one order of magnitude higher (Figure 4.25C), thus being more sensitive.
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Figure 4.25 - Characteristics of the 10 nm x 30 nm gold nanorods used. (A) TEM image. (B) Extinction
spectrum. (C) Plasmon near-field map calculated for a nanorod with the dimensions mentioned and excited
at the LSP peak wavelength (700 nm) of the nanorods.

The nanorods were tip-functionalized with PEGO due to the higher sensitivity of the smaller
particles in a close distance to their surface. The evaluation of the sensing response to streptavidin
resulted on an averaged value of 7.6 nm (Table 4.8). The particles were also tested for the detection

of antibiotin antibodies and the LSP shift was about 14 nm (Table 4.8).”

Table 4.8 - LSP shifts (AL) measured for streptavidin (100 nM) and antibiotin, using 10/700 nanorods
chemically functionalized with PEGO at their tips. For SA, the right column corresponds to the

average T standard deviation of N=3.

AN /nm
7.6
100nM SA |79 |7.6+04
7.2
Antibiotin 14 )
100-fold

Despite the better sensitivity and increased response of the 10/700 smaller particles to both
streptavidin and antibiotin binding, the possibility of using these nanorods to achieve two-photon
reactivity seemed unlikely. This was due to the mismatch between the LSP peak at 700 nm and the

requirement of irradiating the photoreaction at wavelengths close to 300 nm.
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4.10.4. Irradiation of TFPA-Bt and NPA-Bt photoreactants

The photoreactant TFPA-Bt was tested under UV-light exposure as a control measurement of
its behavior (Figure 4.26). It was seen that the bulk reactant has a band with maximum at
ca. 260 nm (useful for 2PA) and has almost no absorption above 300 nm. However, when
broadband irradiation from a mercury lamp was used, absorption decreased with an additional
increase in absorbance at longer wavelengths. The change in the absorption spectrum upon
UV-irradiation can be attributed possibly to the loss of N and the formation of a phenyl nitrene

group, so the reactant was in appropriate conditions to be photoactivated.
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Figure 4.26 - Absorption spectra of TFPA-Bt photoreactant before (dark purple) and after exposure with
a mercury lamp during 30 min (light purple).

As for NPA-Bt, UV-light exposure showed changes in the absorption band at ca. 300 nm and
a clear isosbestic point forming at 440 nm (Figure 4.27A), possibly due to the loss of N, and the
formation of a phenyl nitrene group that eventually suffers solvolysis or self-polymerization.
Irradiation with LED595nm at intensity level 6 did not changed the absorption bands of the
photoreactant (Figure 4.27B).
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Figure 4.27 - Absorption spectra of NPA-Bt photoreactant. (A) Before (dark green) and during 30 min
irradiation with a mercury lamp, considering intervals of 5 minutes. (B) Irradiation using LED595nm at
intensity level 6.

4.10.5. Control assays III: Irradiation of bare gold nanorods

Control experiments were performed to evaluate the photoreaction of TFPA-BT with the
surface of bare 25/600 nanorods, that were placed in contact with water, and after exposed to
aqueous solutions of TFPA-Bt at 1 mM, in the dark or using LED595nm irradiating at intensity
level 6 (Figure 4.28).
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Figure 4.28 - Test to monitor the photochemical reaction of TFPA-Bt with bare nanorods.
Surfaces were water injected, then replaced with a TFPA-Bt solution (1 mM). One surface was
irradiated with LED595nm at intensity level 6 (red symbols) and the other was kept in the dark
(black symbols), both during 90 min.

After TFPA-Bt injection, a LSP shift of ca. 1 nm was observed in both situations, due to the
changes of the photoreactant solution (small fraction of ethanol) in the medium’s RI. But in the
absence or in the presence of light irradiation, it was cleatly depicted that the LSP shifts decreased
ot increased marginally, keeping a constant behavior. This indicates that the perfluorophenyl azide
do not bond per se to metal surfaces, and TFPA-Bt could not be applied directly for biotin

functionalization of nanorods.

4.10.6. Experiments with photoreactant ATFB-SE

An alternative photoreactant to TFPA-Bt that was considered was N-Succinimidyl 4-Azido-
2,3,5,6-tetrafluorobenzoate, ATFB-SE - chemical structure in Figure 4.29. This heterobifunctional
molecule is also a perfluorophenyl azide and the NHS-ester functionality was envisioned as a

potential route for linkage with molecular beacons.

ATFB-SE
F
N3 F
O
F O\N
F O

Tetrafluorophenyl azide

Figure 4.29 - Chemical structure of ATFB-SE photoreactant.

The possibility of polymerizing ATFB-SE directly in the nanorods’ tips was tested using 25/600
bare uncoated nanorods and LED595nm at intensity level 6. The nanorods were placed in contact
with water and after exposed to an aqueous solution (1 mM) of photoreactant, first in the dark and

then using light irradiation, both during 90 min (Figure 4.30). It was clearly shown that in both
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situations the LSP peak wavelength varied only slightly (values below 0.7 nm), and a constant

tendency was kept, so the photoreactant was not further applied.
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Figure 4.30 - Test of the photochemical reaction between ATFB-SE and bare gold nanorods. The surface
was filled with water and then water was replaced by ATFB-SE solution (1 mM). The surface was then kept
in the dark (black symbols) and later irradiated with LED595nm at intensity level 6 (red symbols).
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5. Tip-specific functionalization of gold nanorods with dye-labeled
DNAs

The validation of a tip-specific functionalization of gold nanorods with fluorescently-labeled
oligonucleotides in order to achieve an effective fluorescence enhancement in ensemble emission
was a crucial development in the scope of this doctoral thesis. The functionalization of
gold nanorods was optimized by comparing two strategies: one specific to the tips, that is carried
out in the presence of a surfactant protective coating, and a non-selective one that involves
ligand-exchange reactions and results in indiscriminate cover of the particle. The content of this
chapter were published in: Botequim, D.; Silva, 1. I. R.; Serra, S. G.; Melo, E. P.; Prazeres, D. M. F.;
Costa, S. M. B.; Paulo, P. M. R. Fluorescent Dye Nano-Assemblies by Thiol Attachment Directed
to the Tips of Gold Nanorods for Effective Emission Enhancement. Nanoscale 2020, 72 (11),
0334—6345. https://doi.org/10.1039/DONR00267D.

5.1. Introduction

The assembly of nano-objects composed of fluorescent dyes, or other emitters, and metal
nanoparticles is a promising approach for the development of multifunctional probes. In most of
the eatly reports, the overall emission of these nano-assemblies is less than, or at most comparable
to, that of the same amount of fluorescent dye loaded onto the nanopatticle."” Therefore, the
plasmonic antenna effect of gold nanorods is not being explored for enhancing the bioimaging
functionality in these systems. In fact, there are only a limited number of reports in which an
effective fluorescence enhancement is clearly demonstrated.” Furthermore, in these
nano-assemblies, the dye molecules are indiscriminately attached over the whole surface of the gold
nanorods, instead of being concentrated at the tips, where plasmon hot-spots for emission
enhancement are located.’

The colloidal stabilization of gold nanorods by a cetyltrimethylammonium bromide (CTAB)
surfactant bilayer offers a straightforward approach for tip-specific functionalization using
thiol-derivatized molecules. The role of CTAB detergent as a side-protective reagent that directs
thiol attachment toward the nanorods’ tips has long been reported in the literature and explored
for controlled end-to-end nanorod assembly.” Later, it was also explored for selectively attaching
dye molecules mediated by biotin-streptavidin binding onto the tips of gold nanorods, which
yielded enhancements of about 40-fold from single-molecule fluorescence emission." The ability
of gold nanorods to perform as optical antennas that afford large fluorescence enhancements has

" with

been demonstrated for a diversity of emitters using single-molecule fluorescence detection,
overall enhancement factors that surpassed a 1000-fold emission increase of weakly fluorescent
molecules for resonant plasmonic enhancement of fluorescence.!" On the other hand, the large
enhancement factors observed for dye-particle systems that are prepared, or selected, in

single-molecule experiments may be difficult to achieve in ensemble conditions. The enhancement
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factors are more modest for dye-nanorod assemblies, typically in the range of 10-fold emission
increase, due to sample averaging over many dye molecules positioned randomly, instead of being
concentrated at the plasmon hot-spots.'*"" In this view, the optimization of dye-patticle attachment
in such nano-assemblies is critical to maximize the enhancement effect of the gold nanorod
antenna.

The modification of gold nanoparticles with thiolated oligonucleotides has enabled the use of
DNA-directed assembly to achieve precise positioning of particles or molecular components in the
development of nano-composite materials. In this work, the interest was in exploring DNA linkers
as a spacer between the metal surface of a gold nanorod and a fluorescent dye, in order to develop
dye-particle nano-assemblies with enhanced emission properties. Two functionalization strategies
were compared to prepare dye-particle nano-assemblies using thiol attachment of dye-labeled
double-stranded DNA (dsDNA) oligonucleotides onto gold nanorods. The nano-assemblies were
prepared either by a tip-specific approach using a CTAB side-protective bilayer, or by a
non-selective approach, that consists of a two-step ligand exchange process. The emission
properties of these dye-particle nano-assemblies were investigated by ensemble spectroscopy and

single-particle fluorescence microscopy.

5.2. Tip- and non-selective functionalization of nanorods with dye-labeled DNAs

The double-stranded DNA linker used is assembled by combining two complementary 10-nt
sequences that are terminated with thiol groups. The opposite side of one of the oligonucleotides
is labeled with one Atto-647N dye molecule (Figure 5.1). The length of this sequence, which is
ca. 3.4 nm, was chosen to approximately match the optimal distance for emission enhancement at
the nanorod’s tips, as estimated from model simulations using discrete dipole approximation
(DDA) method (Figure 5.10 of section 5.12 - Annexes). The initial aim was to maximize the thiol
attachment at the nanorod tips which would concentrate dye molecules in the hot-spot regions.
As previously mentioned, the colloidal stabilization of gold nanorods by a CTAB bilayer has been
widely employed for achieving tip-selective functionalization of these particles with thiolated
molecules.”""'®"” However, in the case of DNA oligonucleotides, which are strongly negatively
charged, their attachment onto CTAB-stabilized gold particles may be facilitated by the addition
of salt and/or co-surfactants, such as sodium dodecyl sulfate (SDS), Tween or polyvinylpyrrolidone
(PVP). In some examples, this process is carried out in two steps so that CTAB is first completely
replaced by another surface agent before binding of the thiolated oligonucleotides.””* Even though
this approach allows for a better control over particle stability, it usually implies the loss of the
CTAB side-protective role that directs the tip attachment of thiols and, thus, it results in the

functionalization of the particle surface in a non-selective fashion.
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Figure 5.1 - Functionalization of gold nanorods with dye-labeled DNAs. (A) Scheme of a dye-labeled
dsDNA oligonucleotide and preparation of dye-particle nano-assemblies using two functionalization
methods: (top) tip-selective or “Tip” is based on the CTAB protective role of the nanorods’ side walls;
(bottom) non-selective or “NS” is a two-step coating process in which CTAB is first replaced with thiolated
PEG and then by fluorescently-labeled DNA oligonucleotides. (B) Emission spectra of tip-functionalized
nano-assemblies (solid line) and of the dye-labeled oligonucleotides from the same sample displaced into
solution by ligand exchange with 2-mercaptoethanol (dashed line). (C) Emission spectra of
NS-functionalized nano-assemblies (solid line) and of its displaced dye-labeled oligonucleotides (dashed
line). Excitation wavelength was 620 nm in both parts (B) and (C).

It was chosen to compare two approaches for the functionalization of gold nanorods with
thiolated oligonucleotides: a non-selective coating via a two-step ligand exchange, hereafter termed
“NS” functionalization, and a tip-selective approach using the CT'AB as a directing reagent through
its side protective role, hereafter termed “tip” functionalization (Figure 5.1A). The latter approach
was validated by performing hybridization between gold nanorods tip-functionalized with a
thiolated single-stranded DNA (ssDNA) sequence and gold nanospheres coated with a

complementary sequence, as shown in the transmission electron microscopy (TEM) images of

Figure 5.2.
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Figure 5.2 - Validation of tip-selective functionalization by promoting hybridization between
tip-functionalized gold nanorods with a thiolated ssSDNA of 24 nts and gold nanospheres coated with the
complementary sequence: 5'-CAG CCC CAT AGA TTG CTC CGA AAA-3'-SH. Examples of TEM
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images showing: (A-E) tip assembly, and (F-H) side assembly. From a total of 39 nanorods evaluated with
68 nanospheres assembled, the ratio of 40:28 was obtained for a tip:side classification, showing that the
majority of assembled nanospheres are at the nanorods’ tips. A non-negligible fraction of side-assembled
particles has also been reported in previous studies from the literature.22-2¢ In this work, it is plausible that
some additional side assembly could have been promoted by electrostatic adsorption between positively
charged sides of nanorods and negatively charged nanospheres. Besides tip-selective assembly, it was also
noticed self-aggregation of nanospheres (images I and J) even after washing by two cycles of centrifugation
and resuspension in aqueous CTAB solution.

The comparison between the two approaches provided a demonstration of the critical role of
surface chemistry in the outcome properties of these systems - both resulted in strongly emitting
dye-particle nano-assemblies, but only tip-functionalization showed evidence of an effective

antenna effect, in which the emission from the assembly is larger than its isolated components.

5.3. Fluorescence enhancement in tip-functionalized nano-assemblies

The fluorescence enhancement effect was experimentally assessed by comparing the emission
spectrum from a sample of dye-particle nano-assemblies with that from the same sample after
displacing the dye molecules into solution by ligand exchange with 2-mercaptoethanol.””
For tip-functionalized samples, this method consistently afforded larger emission intensities for
dye-particle nano-assemblies than for displaced dye molecules, thus, showing an effective emission
enhancement (Figure 5.1B). On the other hand, the dye-particle nano-assemblies obtained by
NS-functionalization often show more emission from its displaced dye into solution, which means

that overall, the dye’s emission is suppressed in these nano-assemblies (Figure 5.1C).

A B C 100
=z 80
14 - 680 . = o0
1 Q
1.3 1 gmo 24 Q 40
€12 —Tipan <660 = 1 % 28
214 ] —Teen S0 T T & "0 th  3h  6h
.é 1] E gee X ] Time of incubation
£ 09 | z 1 -
g ] g2 D
i 08 | € 05 | g 10
0.7 | - ] e 5
06 +Hr——r— N, 0 e £ I
620 640 660 680 700 720 620 670 720 770 820 w 0
Wavelength (nm) Wavelength (nm) Ti 1h f_3h b t'6h
Ime of Incubation
E F G
14 1 680 1
1.3 4 éem 08+
1.2 ] —Ns-800 <660 El ] —NS-800
5., ] —NS-1600 650 I 06 A —NS-1600
c 1.1 4 IR ===} o
1 —nNs-4000 3888 < | —NS-4000
S 14 Soo T Y x
g <2229 04
2009 7z H ¢
% 1 S 0.8
4 o @
0.8 j E 0.2 A G>J 0.6
0.7 1 Z 0.4
o6 N 0 e g 0
620 640 660 680 700 720 620 670 720 770 820 O © O 9
Wavelength (nm) Wavelength (nm) M KRR

Figure 5.3 - Evaluation of fluorescence enhancement in dye-particle nano-assemblies. (A,B) Extinction and
emission spectra of tip-selective functionalized gold nanorod samples for several incubation times - the inset
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in part (A) shows the extinction peak wavelength (Ama). (C) Number of dye-labeled DNA chains per
nanorod (“DNA-per-NR”). (D) Experimental fluorescence enhancement factor of tip-functionalized gold
nanorods determined for excitation at 620 nm. (E,F) Extinction and emission spectra of non-selective
functionalized gold nanorod samples for various DNA loading ratios - the inset in part (E) shows the

extinction peak wavelength (Ama). (G) Number of dye-labeled DNA chains per nanorod (“DNA-per-NR”).
(H) Experimental relative emission showing quenching in non-selective functionalized gold nanorods
determined for excitation at 620 nm. The light blue bars in parts (G) and (H) refer to a non-selective
functionalization sample prepared with an overnight incubation time.

This subject was further investigated by evaluating how the amount of dye loaded per particle
affects the fluorescence enhancement in tip-functionalized nano-assemblies (Figure 5.3).
The emission intensity of displaced dye increases proportionally to the incubation time during their
functionalization, which indicates that larger amounts of dye are being loaded onto the nanorods
(Figure 5.11 in the Annexes). The dye-per-particle ratio corresponds on average to approximately
36, 53 and 93 dye molecules for incubation times of 1, 3 and 6 hours, respectively (Figure 5.3C).
These values are well below the theoretical maximum of 412 oligos estimated from the empirical
footprint of a short ssDNA chain, as proposed in Ref. 26, and are also below those determined
experimentally by other authors for fully coated gold nanorods of similar size.***” Thus, it is
reasonable to assume that the surface of gold nanorods is not saturated even for an incubation
time of 6 hours. However, as more dye is added by extending the incubation time, it is also likely
that insertion at the nanorod side becomes more relevant. As discussed further ahead (section 5.5),
the loading of dye molecules on the particle side should have a negative contribution to the average
emission enhancement, as these surface regions provide little or no enhancement effect. Indeed,
the largest enhancement factor was evaluated for an incubation of 1 hour and the trend shows a
decrease of enhancement factors as incubation time increases (Figure 5.3D). The apparent effect
of emission saturation is tentatively explained if the tip surface becomes saturated already at the
lowest dye-per-particle ratio and the dye molecules that are further loaded by increasing
dye-per-particle ratio become inserted in the side regions, thus giving a negligible contribution to
the overall dye-particle emission.

The extinction spectrum of tip-functionalized nano-assemblies compared to that of the original
CTAB-stabilized gold nanorods shows that the plasmon peak wavelength is red-shifted by about
10 nanometers (inset of Figure 5.3A) and, also the spectral lineshape broadens. These effects may
result from a combination of factors. First, the replacement of CTAB surfactant molecules by
DNA oligonucleotide chains is likely to contribute with a change of local refraction index in the
tip regions, which could account for the peak shift of the surface plasmon resonance, while
particle-to-particle variability in the number of attached DNA chains may contribute as a source
of inhomogeneous line broadening. Second, the dye-particle extinction also includes a contribution
from plasmon-enhanced absorption of light by its coupled dye molecules. It is not straightforward
to separate the above-mentioned two effects on the overall extinction spectrum, in order to

experimentally assess only the enhancement factor on the dye’s absorption.
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The samples prepared by NS-functionalization can also be tuned in terms of the amount of
dye-labeled DNA attached per particle (Figure 5.3E,F). By keeping the incubation time fixed at
1 hour, it was possible to gradually increase the number of DNA chains attached per particle from
about 102 up to 170 by successively increasing the loading ratio from 400 to 4000 during incubation
(Figure 5.3G). In the latter case, it was further possible to almost double the number of the attached
chains up to 327 by extending the incubation time from 1 hour to overnight (light blue-coloured
bar). However, the emission intensity from NS-functionalized samples is at most comparable to
that of the displaced dye into solution, and more frequently than not, it is actually less intense
(Figure 5.3F and Figure 5.11B in the Annexes). So, the average emission from dye molecules in the
nano-assemblies prepared by NS-functionalization is suppressed (Figure 5.3H). The absence of an
effective emission enhancement, or antenna effect, in these ensemble measurements does not
mean that the dye-particle nano-assemblies are not strongly emissive as individual objects, a fact
that was confirmed by fluorescence microscopy (section 5.7).

The non-selective functionalization seems to produce nano-assemblies in which there is a
compensation between the antenna effect known for dye molecules positioned at the rod tips and
quenching processes that may result from the predominance of non-radiative decay enhancement
at the particle sides or from self-quenching interactions due to close packing of dye molecules on

the particle surface.

5.4. Excitation wavelength dependence of the enhancement effect

It was also investigated the dependence of emission enhancement on the excitation wavelength.
It could be anticipated that emission enhancement increases as the excitation wavelength is brought
closer to the longitudinal surface plasmon resonance, because the induced plasmon near-field
becomes stronger, thus, producing larger accelerations in the dye’s excitation rate. This feature was
explored by selecting excitation wavelengths on the high energy side of the longitudinal surface
plasmon band until the dye’s Stokes shift allowed the measurement of the maximum emission
peak, as illustrated here for tip-functionalized nano-assemblies with an incubation time of 1 hour
(Figure 5.4). It was possible to confirm that the emission enhancement increases from a factor of
about 7 up to 17-fold when the excitation wavelength varies from 600 to 650 nm, as it approaches
the longitudinal surface plasmon peak of these gold nanorods. In the samples prepared with
incubation times of 3 and 6 hours, we have observed the same trend (Figure 5.17 and Table 5.3 of
the Annexes), although the enhancement factors are smaller in magnitude, as previously discussed.
The dependence of the enhancement factor on the excitation wavelength, as shown here,
qualitatively supports the role of plasmon-enhanced fluorescence in the emission from these

dye-particle nano-assemblies.

168



Tip-specific functionalization of gold nanorods with dye-labeled DNAs

A 1_] r 12_ B 20
4 I 3 4
0.09 ' gg [ 10§ g
oy ‘ - r ® 15
0.7 1 > 2. £
g 0.07 - fl 06 L 8 < 5 ]
ey ' 655 665 675 685 | X 510
S Frée 3 <
S 0.05 [°3 =
£ La® o5
X 0.03 [, S
i L 0 oo o o oo
0.01 +——+r++ T " + 0 j ' "
550 600 650 700 750 800 850 590 610 630 650
Wavelength (nm) Lexe (NM)

Figure 5.4 - Evaluation of fluorescence enhancement of tip-functionalized gold nanorods and its
dependence on the excitation wavelength. (A) Extinction spectrum of dye-particle nano-assemblies for the
“Tip-1h” sample (grey curve) and emission spectra of the same sample for several excitation wavelengths
(red curves) indicated by the arrows over the extinction spectrum - the inset is an overlay of the normalized
emission spectra showing that the lineshape practically does not change. (B) Experimental fluorescence
enhancement factor of dye-particle nano-assemblies for the “Tip-1h” sample (red symbols) and comparison
with non-selectively functionalized gold nanorods for the “NS-4000” sample (blue symbols).

Intriguingly, no significant changes were observed in the lineshape of the enhanced emission
spectra, as inferred from a comparison between the normalized emission from dye-particle
nano-assemblies and that of the displaced dye molecules (inset of Figure 5.4A and Figure 5.12 of
the Annexes). The apparent absence of spectral reshaping in the plasmon-coupled emission of our
dye-particle assemblies may result from a good spectral overlap between the dye’s emission and
the longitudinal surface plasmon band, as suggested from the simulated spectra shown in Figure
5.12B and C of the Annexes.

The spectral dependence of NS-functionalized samples shows a distinct behaviour relatively to
tip-functionalized samples that was tentatively attributed to molecular aggregation. In particular,
the emission peak maximum displays a significant blue-shift as excitation is selected at longer
wavelengths (Figure 5.13 of the Annexes). Also, the lineshape of these spectra differs from that of
the displaced dye in solution by presenting a lower relative intensity of the second vibronic. These
characteristics are amenable for an excitonic interaction of H-type, as known for molecular dye
aggregates in which n-stacking of conjugated macrocyclic dyes results in a colinear alignhment of
their transition dipoles.” The lowest excitonic state of H-aggregates is usually a dark state because
of cancellation between the individual transition dipoles of the coupled molecules, which could
explain the absence of emission enhancement in the NS-functionalized samples. However, this
excitonic interaction would have to be in the weak coupling regime due to the absence of major
spectral changes. Alternative explanations for the spectral wavelength dependence could invoke a
solvatochromic type of shift in the local environment at the nanorod surface and the spectral
selection of a sub-population of dye molecules upon changing the excitation wavelength.

The contrast between the emission properties of nano-assemblies prepared by tip- and
NS-functionalization illustrates the importance of site-selective approaches for particle conjugation
with functional molecular components. Site-selective approaches enable the concentration of the

desired functionality at the plasmon hot-spots, thus, maximizing the intended effects in the
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nano-composite systems, either for enhancing fluorescence emission by antenna effects, or for

molecular sensing based on the refraction index sensitivity of the plasmon resonance.

5.5. Model simulations of a single dye on a gold nanorod

A comparison of the antenna effect on the dye’s emission between the tip and side positions at
the nanorod surface was examined by model simulations. The spatial heterogeneity of
plasmon-molecule interactions has motivated to perform detailed model simulations of the antenna
effect for different dye positions on the particle surface (Figure 5.5). The aim was to cleatly show
the differences of emission enhancement between the tip and side regions of the nanorod
geometry. For this purpose, the excitation rate enhancement (Yex.) and the radiative (K:) and
non-radiative (K,:) decay rates of an emitter were estimated for selected positions on the particle
surface at the tip and side regions. Along with the intrinsic radiative (4o) and non-radiative (&a:)
decay rates of Atto-647N in water, it was possible to estimate a fluorescence enhancement factor
(F/F’ for each emitter position, as indicated in Figure 5.5A.

Simulations were performed within a wavelength interval covering the absorption and emission
spectra of Atto-647N dye, in order to retrieve spectrally averaged enhancement factors that could
afford a fair comparison with the experimental ones. The plots of Figure 5.5B-D provide detailed
insight into the spectral dependence of the enhancement effect on each photophysical rate, which
has been previously discussed.” Furthermore, it also illustrates the enhancement dependence on
the dye’s orientation relative to the nanorod particle. Figure 5.5E shows the complete set of emitter
positions probed on the particle surface superimposed on the near-field enhancement map
calculated for excitation at 620 nm. This wavelength was chosen to coincide with the data shown
in Figure 5.3B and D. The enhancement factors displayed in Figure 5.5F show that these do not
vary significantly in the tip region (positions 1-4) and correspond to an emission increase of about
10-fold (or slightly smaller, if orientation averaging of the emitter’s dipole is considered).
The emission enhancement decreases away from the tip region (position 4) when proceeding
towards the rod side (position 7). Accordingly, in the middle position the dye’s emission should be

suppressed for an orthogonal orientation of the emitter’s dipole.
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Figure 5.5 - Theoretical estimation of fluorescence enhancement using DDA simulations. (A) Scheme of
the dye-particle model showing the dye emitter in three selected positions of tip, cap and side - the
enhancement factor is calculated from F/ V=Yg, X @y, / @ using the excitation rate enhancement and the
relative fluorescence quantum yield (see 5.10.6 of the Experimental Section for other details).
(B-D) Enhancement factors for the excitation, radiative and non-radiative decay rates (Vexc, Kr and Kur,
respectively) of an emitter in the tip, cap and side regions - for comparison, the normalized absorption or
emission spectrum of Atto-647N dye is shown in the background (orange and yellow shaded ateas,
respectively), also, the decay rates were normalized by the dye’s intrinsic radiative decay rate
(ko = 1.4 x 108 s1). (E) Set of emitter positions considered on the particle surface displayed on the
near-field enhancement map of the simulated gold nanorod for excitation at 620 nm. (F) Fluorescence
enhancement factors calculated from DDA simulations for different emitter positions considering either an
orthogonal orientation of the emitter’s dipole (closed symbols) or an average orientation (open symbols).
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The simulation results confirm that the dispersion of dye molecules over the side regions of a
gold nanorod antenna should, on the overall, contribute to a lower emission enhancement effect.
The difference between the tip and side regions increases steeply as the excitation wavelength
comes closer to the surface plasmon resonance peak (Figure 5.14 in the Annexes), showing that
the distribution of dye attachment affects more critically the overall enhancement in that condition.
A direct quantitative comparison between simulations and experimental results may be impaired
by sample’s heterogeneity in the distribution of particle size and shape and also by variations from
particle-to-particle in the number of dye molecules attached. Nevertheless, the simulations show
that distributing dye molecules non-selectively over the surface will decrease the overall antenna
effect as opposed to concentrating the same (or a smaller) amount of dye at the plasmon hot-spots

in the tip regions.

5.6. Single-particle emission in colloidal suspension

The emission properties of the dye-particle nano-assemblies were further investigated at
single-particle detection level by confocal fluorescence microscopy. The emission intensity time
traces from dilute colloidal suspensions of these nano-assemblies with sub-nanomolar
concentrations show intense fluorescence burst events with maximum photon detection rates in
the order of hundreds of counts per ms for an excitation power of only 4.4x10° kW /cm’
(Figure 5.6). Further information from these intensity traces was obtained from their
autocorrelation function (ACF), as shown in Figure 5.0E and F. The ACF curves show two
relaxation components that were attributed to the rotational and translational diffusion motions of
the dye-particle nano-assemblies in colloidal suspension.” The relaxation times fitted for the short
and long relaxation times (T1 an Ty) correspond to the values theoretically estimated using a
modified version of Einstein-Smoluchowski relation for a rod-like particle geometry (Table 5.2 of

the Annexes).”!
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Figure 5.6 - Fluorescence emission of dye-particle nano-assemblies characterized by confocal fluorescence
microscopy. (A) Intensity time traces and (B) photon counting histograms of sub-nanomolar suspensions
of tip-functionalized gold nanorod samples obtained for excitation at 639 nm with a power of

4.4 x10-3 kW /cm? - traces are shown for a binning interval of 1 ms. (C,D) Similar plots for NS-functionalized
gold nanorod samples. (E,F) Fluorescence autocorrelation function (ACF) of dye-particle nano-assemblies
obtained by tip- and NS-functionalization, respectively. (G) Values of individual brightness (I)AN) obtained
from intensity traces, as a function of the excitation power (P.) for tip-functionalized samples (red symbols)
and for non-selectively functionalized samples (blue symbols) - for comparison, the individual brightness
of a single dye-labeled DNA chain (green symbols) and that from one-photon luminescence emission of
single gold nanorods (orange triangles) is shown.

The analysis of ACF curves also provided an estimate of the average occupation number (N)
of dye-labeled particles in the confocal volume, which was combined with the mean trace intensity
(I) to determine an individual brightness (I)AN), which is a sample average for single-particle
emission. The comparison between values of (I)AN) show that tip-functionalized nano-assemblies
are stronger emitters than the NS-functionalized ones and that, in general, dye-particle
nano-assemblies have an emission that is approximately three orders of magnitude more intense
than that of a single dye-labeled oligonucleotide (Figure 5.6G). The photoluminescence emission

from the gold nanorods alone (without dye) that can be directly excited by one-photon absorption

173



Chapter 5

is also negligible (orange triangles), when compared with the emission from dye-particle
nano-assemblies. The qualitative trends observed in the individual brightness of tip- and
NS-functionalized nano-assemblies are consistent with the results from ensemble emission. The
fluorescence decays of dye-particle nano-assemblies show ultrafast decays that are below the

setup’s time resolution (Figure 5.16 of the Annexes).

5.7. Single-particle fluorescence imaging

The chemical attachment of dye molecules onto colloidal nanoparticles is a stochastic process
that is prone to originate a dispersion of the number of dye molecules attached per particle.””™*
The heterogeneity in the degree of dye-labeling will affect the individual brightness of dye-particle
nano-assemblies, and thus it will have crucial implications on their performance as single-object
nanoprobes. In order to characterize the variation of emission properties from particle to particle
and between differently functionalized samples, were performed single-particle fluorescence
measurements on surface-immobilized dye-particle assemblies. In these measurements, the
excitation laser beam is not polarized on the sample’s plane, which means that immobilized objects
have approximately the same probability of being excited independently of their orientation on the
surface. Nevertheless, it was clearly perceptible that the emission intensity from the
diffraction-limited spots in the sampled images showed a certain degree of particle-to-particle
variability (Figure 5.7). The maximum emission intensity was obtained from point-spread function
(PSF) fitting and the single-particle photoluminescence spectrum of each nano-object was obtained

in order to confirm that a single gold nanorod was being measured (Figure 5.7B,C).
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Figure 5.7 - Single-particle fluorescence measurements on surface-immobilized dye-particle assemblies.
(A) Fluorescence image of a tip-functionalized sample of dye-particle nano-assemblies dispersed on a
polyvinyl alcohol (PVA) polymer film - excitation at 639 nm. (B) Example of PSF fitting used to determine
the emission intensity (“Peak intensity”) of individual nano-assemblies (experimental - yellow surface, and
fitted 2D-Gaussian - blue surface). (C) Example of the photoluminescence spectrum from a single-particle

and of a Lorentzian fitting used to determine the peak wavelength (Arsp) and linewidth (I') - the fitted
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parameters are shown as box plots in the right panels. (D,E) Histograms of emission peak intensity sampled
for individual nano-assemblies of tip-functionalized samples, “Tip-1h” and “Tip-6h”, respectively.
(F,G) Histograms of the peak emission intensity for NS-functionalized samples, “NS-4000” (incubated

overnight) and “NS-400”, respectively - the insets show the sample average emission intensity, (Ipeax), and
the total number of particles sampled.

Four samples of dye-particle nano-assemblies were selected in order to compare the emission
properties of tip- and NS-functionalization. Firstly, tip-functionalized particles with 1 hour
incubation (“Tip-1h”) are compared with non-selectively functionalized particles with a
dye-per-particle loading ratio of 4000 and incubated overnight (“INS-40007). This pair of samples
affords a comparison between the dye-particle nano-assemblies of lowest and highest dye content,
respectively, of 36 and 327 dye molecules per particle for “Tip-1h” and “NS4000” samples
(Figure 5.3C and G). In the second comparison, the tip-functionalized particles for 6 hours
(“Tip-6h”) are compared with the non-selective functionalized particles incubated with a
dye-per-particle ratio of 400 (“NS-400). This pair of samples affords a comparison between the
dye-particle nano-assemblies with approximately the same dye content of 93 and 102 dye molecules
per particle, respectively for “Tip-6h” and “NS-400”, but prepared with a different
functionalization protocol.

The emission intensities of individual particles in samples “Tip-1h” and “NS-4000” are
distributed in a similar way, despite their striking difference in the average number of dye molecules
per particle (Figure 5.7D,F). Remarkably, the “Tip-1h” sample with an average of only 36 dye
molecules per particle is composed of objects with an emission intensity comparable to those in
“NS-4000” that have an average dye content ca. 10 times larger. It is plausible to assume that the
emission properties of tip-functionalized samples are dominated by dye molecules attached to the
tip hot-spots, which will produce the largest possible antenna effects. The non-selective
functionalization with high loading ratios of dye molecules, such as sample “NS-40007, will also
have a significant number of dye molecules attached at the tips. This comparison is only effective
for non-selective functionalization at high dye contents, because otherwise the dispersion of dye
molecules over the surface regions of weak enhancement will negatively affect the individual
brightness of dye-particle assemblies. For instance, the “NS-400" sample is mostly composed of
objects with less than 100 counts of peak intensity. This sample can be compared with “Tip-6h”,
which has a similar average number of dye molecules per particle, but displays a distribution of
stronger emission intensities (Figure 5.7E and G). The differences between tip- and non-selective
functionalization may also be appreciated in the spectral properties of individual nano-objects.
For instance, the plasmon peak wavelength of surface-immobilized samples is strongly red-shifted
in non-selectively functionalized dye-particles relatively to tip-functionalized dye-particles. This
result is consistent with the formation of a thicker organic coating layer around dye-particles
prepared by non-selective functionalization, because of the combination of attached PEG and

DNA chains onto the gold nanorod surface.
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5.8. Cell internalization assays

The conjugation of gold nanoparticles with DNA oligonucleotides opens up the possibility of
developing multi-functional nano-composite systems that combine the strong optical response of
plasmonic nanoparticles with the molecular recognition capability of DNA biotechnology, such as
molecular beacons or aptamers. These nano-assemblies are particularly promising for i situ
probing of biological processes in live cells, or 7 vivo conditions, using fluorescence imaging.
In order to confirm the potential of the dye-particle nano-assemblies developed here for future
applications in live cell studies, these were investigated in cell internalization studies by confocal
fluorescence microscopy with sub-diffraction spatial resolution. The “NS-4000” sample was
chosen because it is already biocompatible after preparation by ligand exchange of CTAB with a
PEG coating. For internalization assays, mouse neuroblastoma N2a were used, which have been
genetically modified to express a fusion construct of prion protein with yellow fluorescent protein
anchored to the plasma membrane for fluorescence labeling of the cell contour.” Live N2a cells
were incubated in the presence of a sub-nanomolar concentration of fluorescent particles from the
“NS-4000” sample that corresponded to a density of 24 patticles per pm’. After one day of
incubation time, it was already possible to verify the uptake of these fluorescent particles by the
N2a cells (Figure 5.8). This figure shows that red-emitting fluorescent dye-particles have been
internalized by the cells and, from the orthogonal projection, it is clear that these particles are

present inside the cells.

Figure 5.8 - Cell internalization of fluorescent dye-particle nano-assemblies by live neuroblastoma N2a cells
expressing  stably a  fusion of the prion  protein-yellow  fluorescent  protein
(YFP)-glycosylphosphatidylinositol (GPI)-anchored to label the plasma membrane. (A) Confocal
microscopy image of N2a cells immediately after the addition (# = 0) of dye-particles showing their location
outside the cell. (B) After an incubation time of 24 hours showing that dye-particles have been internalized,
and (C) high-resolution fluorescence image after 48 hours of incubation time showing by orthogonal
projection that dye-particle assemblies are inside the cell volume.
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5.9. Remarks and follow-up

The conjugation of dye-labeled DNA oligonucleotides with gold nanorods is fundamental for
the development of multifunctional fluorescent nanoprobes. Here, it was shown that the
functionalization route for conjugation of dye-labeled DNA oligonucleotides onto gold
nanoparticles is crucial for achieving an effective plasmon-enhanced emission from these
nano-assemblies. By using a procedure for thiol attachment directed to the nanorods’ tips where
plasmon hot-spots are located, it was possible to measure an ensemble effect of emission
enhancement of about one order of magnitude in tip-functionalized nano-assemblies. On the other
hand, the comparison with a non-selective coating procedure showed that attaching dye molecules
indiscriminately over the surface is detrimental for observing emission enhancement. In fact, the
results show that, in order to obtain dye-particle nano-assemblies displaying a comparable
fluorescence emission, the non-selective approach requires a much larger number (approximately
10 times more) of dye molecules loaded per particle than the tip-functionalization approach.
Simulations of discrete dipole approximation gave further insight into the surface distribution of
plasmon-enhanced emission by confirming that tip regions afford an effective enhancement, while
side regions exhibit a negligible effect or even emission quenching.

The use of tip-selective approaches for the assembly of fluorescent probes based on gold
nanorods is not commonly explored in most literature reports, which means that those systems
may suffer from poor enhancement of dye molecules positioned at the nanorods’ side.
The comparison between enhancement factors previously reported could serve as a benchmark for
evaluating the advantages of tip- over non-selective functionalization. Such a comparison is
provided in Table 5.1. However, instead of a direct comparison between enhancement factors,
which may depend critically on the selected dye’s intrinsic quantum yield, it is more relevant to use
a figure-of-merit proposed in the literature.’® This is mostly pertinent for the dye-particle assemblies
developed in this work, because Atto-647N dye has already a high quantum-yield of ca. 65% in
aqueous medium. The figure-of-merit evaluated for the several examples presented in Table 5.1
shows that tip-selective functionalization, as proposed here, stands out in terms of the achieved

enhancement effect.
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Table 5.1 - Comparison of literature reports on dye-particle assemblies based on gold nanorods that display fluorescence enhancement. The examples selected
illustrate the diversity of surface chemistries used for dye assembly onto gold nanorods, although most approaches are not tip-selective. The enhancement factors
presented on this table are the top values reported on each study.

Arsp
length x width

804 nm
(46 x 11)

Reference

647 nm
(89 x 42)

800 nm
(35 x 9.3)

37

850 nm
(50 x 12)

38

776 nm
@3x12) <

39

843 nm
(54 x 13)

40

820 nm
(85 x 20)

668 nm
(47 x 19)

654 nm
(49 x 21)

41

664 nm
(50 x 25)

42

615 nm
(40 x 17)

43

662 nm

This work 71 % 25)

Dye assembly onto gold NRs

Human Serum Albumin with covalently linked
IR800 dye

Silica shell with entrapped oxazine 725 dye
Poly(styrene-alt-maleic acid) with non-
covalently attached indocyanine green

CTAB bilayer with electrostatically adsorved

chlotin e6

Silica shell with covalently linked IRDye

Silica shell with adsorbed doxorubicin dye
Silica shell with covalently linked porphyrin,
'T790

Silica shell with covalently linked
phthalocyanine, AIC4Pc

Silica shell with covalently linked porphyrin,
TCPP

Oligo dsDNA spacer with 45-bp labeled with
Quasar 670

Polyelectrolytes (PSS/PDADMAC) with
electrostatically adsotved CdSe/CdZnS QDs

Oligo dsDNA spacer with 10-bp labeled with
Atto-647N

Tip

No

No

No

No

No

No

No

No

Yesd

No

Yes

Purpose or application

Fundamental study

Fundamental study

Photodynamic therapy, hyperthermia and
near-infrared optical imaging

Fluorescence detection and photodynamic
therapy

Fundamental study

Fundamental study

Two-photon imaging and photodynamic
therapy

Co-enhancement of fluorescence and singlet
oxygen generation

Sensor for detection of pyrophosphate in
aqueous solution

Array biochip for ultrasensitive DNA analysis

Fundamental study

Fundamental study

Enhanc.
factor

37w

1.3

10

2.9

2.1

4.5

<2

10.8

17

FOM =

0.9

52

0.034

0.54

0.7

0.26

0.32

2.8

0.45

<0.6

2.2

11

* FOM= Enh. factor X @ is a figure-of-merit defined in Ref. 36 for comparison of enhancement effects between dyes of strikingly different quantum
yield, @:" In this work, the enhancement effect was evaluated from a single-particle type of measurement, while other examples in the table are from
ensemble measurements © The nanorod size was assessed from TEM images reported in Ref. 39. ¢ In this work, the dye molecules are assembled onto

surface-immobilized nanorods, instead of an attachment in colloidal dispersion that is used in the remaining examples.
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The results herein reported could significantly improve the performance of dye nano-assemblies
for imaging or sensing applications. In fact, this tip-functionalization approach was used for
attaching fluorescently-labeled DNA probes, such as molecular beacons, onto the tips of gold
nanorods for nucleic acid detection, as discussed next in Chapter 6. The internalization of
dye-particle nano-assemblies and their successful detection inside living cells could be further
exploited for developing nano-assemblies carrying functional DNA constructs for nucleic acid
sensing, which could have potential for probing gene transcription inside living cells. These studies
could be focused on tip-functionalized gold nanorods, because an effective emission enhancement
is observed with a low number of attached dye molecules, which leaves more surface available for

loading other cargo or functional units onto these nano-assemblies.

5.10. Experimental section

5.10.1. Materials

Gold nanorods in aqueous suspension stabilized by CTAB with an average size of
25 nm x 71 nm were purchased from Nanopartz Inc. (Loveland, USA) - product no.
A12-25-650-CTAB-DIH-25, lot F3216. DNA oligonucleotides purified by HPLC were purchased
from STAB Vida (Monte da Caparica, Portugal) with the following sequences: a dye-labeled strand,
(Atto-647N)-5-GAGTCTGGAC-(C6-SH)-3> and a non-labeled complementary strand,
3-CTCAGACCTG-(C6-SH)-5’, where C6 stands for a hexamethylene spacer. Thiolated
poly(ethylene glycol) (mPEG-SH, M,~5,000), Tween 20, CTAB (= 99%) and poly(vinyl alcohol)
(PVA, 99%, MW~89,000-98,000) were supplied by Sigma-Aldrich. Phosphate-buffered saline
(PBS) buffer was acquired as tablets also from Sigma-Aldrich. Sodium citrate tribasic dihydrate
(Sigma-Aldrich, = 99.5%) and citric acid (Sigma-Aldrich, = 99.5%) were used to prepare citrate
buffer with pH 3. Ultrapure water (18.2 MQ.cm) was obtained with a Milli-Q) purification system

(Merck-Millipore) and used in all preparations. All reagents were used as obtained.

5.10.2. Instrumentation

A PerkinElmer, model Lambda 35, UV/Vis spectrophotometer was used to measure the
extinction spectra. Corrected fluorescence emission spectra were recorded with a FluoroLog-3
spectrophotometer (Horiba Jobin Yvon, Tokyo, Japan). Confocal fluorescence microscopy and
single-particle spectroscopy measurements were performed on a time-resolved confocal
fluorescence microscope, model MicroTime 200, from PicoQuant GmbH (Berlin, Germany). The
microscope setup details were previously described in Chapter 3. The SymPhoTime software,
version 5.3.2.2, from PicoQuant GmbH (Berlin, Germany) was used for data acquisition and
analysis. Live cell internalization studies were conducted on a laser scanning confocal microscope,
model LSM710, from Zeiss (Jena, Germany). Transmission electron microscopy (TEM)

characterization was performed on a Hitachi H-8100 electron microscope operating at 200 kV.
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5.10.3. Tip-selective functionalization of gold nanorods

The tip-selective approach uses the CTAB surfactant bilayer already present in the gold
nanorods to direct the dye-labeled oligonucleotides to the tip hot-spots.”” Firstly, the ssDNA
sequences indicated above were hybridized in 0.5x PBS for at least 1 h at room temperature using
a 25% molar excess of the non-labeled sequence. Then, the functionalization mixture was obtained
by adding the dsDNA hybrid (0.5x PBS) to the gold nanorods at a molar ratio of
4000 oligos-per-particle to give a final particle concentration of 1 nM in a volume of 90 uL.
The concentration of CTAB was constant at 10 mM during the incubation time. The mixture was
allowed to react at room temperature for 1, 3 and 6 hours. At the end of each time interval, the
reaction was halted by washing the unbounded oligonucleotides in eight centrifugation cycles with
resuspension in 500 pL of aqueous CTAB (10 mM). All samples were stored in the suspension at
4 °C until further use. The number of dye-labeled oligonucleotides attached per gold nanorod was
determined by a ligand displacement protocol using 2-mercaptoethanol, as reported in Ref. 25.
For this purpose, a working curve was previously established by measuring the fluorescence
intensity from solutions of dye-labeled oligonucleotides with known concentrations in the presence

of 2-mercaptoethanol (Figure 5.9).
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Figure 5.9 - Additional information for evaluating the number of dye-labeled oligonucleotides attached per
gold nanorod. (A) Emission spectra of dye-labeled oligonucleotides with known concentrations in the
presence of 2-mercaptoethanol (20 mM) obtained for an excitation wavelength of 600 nm. (B) Working
curve for the determination of dye-labeled oligonucleotide concentration in the displacement assays: here
represented as the integrated emission spectra (area) for solutions of known concentrations of dye-labeled
oligonucleotides in PBST buffer (closed circles) and aqueous CTAB (open triangles) both in the presence
of 2-mercaptoethanol (20 mM).

The emission spectra were recorded for excitation wavelengths in the range of 600 to 650 nm
in steps of 10 nm. The experimental enhancement factors were calculated from the ratio between
the areas of emission spectra of the dye-particle assemblies and that of the same sample after dye

displacement (Figure 5.17 of the Annexes).

5.10.4. Non-selective functionalization of gold nanorods

For comparison purposes, a non-selective functionalization approach was used for the
attachment of dye-labeled oligonucleotides onto gold nanorods. This approach consists of a

two-step ligand exchange process in which CTAB is first replaced by thiolated mPEG-SH
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molecules and then by dye-labeled dsDNA oligonucleotides following a protocol that was adapted
from Ref. 20. Briefly, a volume of 2 mL of gold nanorods (0.2 nM) in aqueous CTAB (1 mM) was
centrifuged (6000 rpm, 15 mins), the supernatant was discarded, and the pellet was resuspended in
aqueous mPEG-SH (250 pL, 10 pM) and Tween 20 (250 uL, 0.2 wt %). The solution was
centrifuged (6000 rpm, 15 mins) and the supernatant was replaced again with mPEG-SH and
Tween 20. This procedure was repeated two times to wash away the CTAB detergent. The second
ligand exchange begins with hybridization of the ssDNA sequences, as described in the previous
section. After that, the hybrid (35 pL) was added to the PEG-stabilized gold nanorods (10 pL) to
obtain the following molar ratios of dye-per-particle: 400, 800, 1600 and 4000, while keeping the
particle concentration fixed at ca. 2 nM. Then, citrate buffer at pH 3 (20 pL, 0.5 M) and PBS
(35 uL, 1x) were added, and functionalization was allowed to proceed for 1 h at room temperature.
Finally, the unreacted oligonucleotides were washed by six centrifugation cycles with resuspensions
in PBST buffer (mixture of PBS with Tween 20, 0.01 wt %).

The surface charge of tip- and NS-functionalized gold nanorod samples was assessed from

measurements of zeta potential (Table 5.4 of the Annexes).

5.10.5. Single-particle fluorescence spectroscopy

Fluorescence emission from dye-particle nano-assemblies in colloidal suspension was
characterized by Fluorescence Correlation Spectroscopy (FCS). These measurements were
performed with picosecond diode laser excitation at 639 nm and by selecting emission with a
bandpass filter centered at 695 nm and a transmission window of 55 nm. The emission intensity
time traces were collected from a sub-nanomolar suspension of functionalized gold nanorods
(ca. 10 pm above the coverslip surface) during a time interval of 60 or 120 s for several excitation
powers in the range from 4.4x10” to 4.4 kW /cm® The acquisition in time-tagged time-resolved
mode also provided fluorescence decays for the same samples. Single-particle emission intensity
and one-photon luminescence measurements were characterized on surface-immobilized samples.
For this purpose, NS- or tip-functionalized gold nanorods were diluted to a sub-nanomolar
concentration in a PVA solution (1% v/v) and deposited on glass coverslips by spin-coating.
Fluorescence emission was measured using excitation at 639 nm with a power of 4.4x10* kW /cm?
to minimize photodamage effects, which were evaluated from several consecutive image
acquisitions using a scanning resolution of 0.156 nm per pixel and an integration time per pixel of
0.6 ms. Then, excitation wavelength was changed to 482 nm and an excitation power of
ca. 50 kW/cm? was used to measure the one-photon luminescence spectrum from individual gold
nanorods. The spectral lineshape was fitted with a Lorentzian function using a home-made
MATLAB program. The corresponding diffraction-limited spots in the fluorescence images
obtained with excitation at 639 nm were fitted with a 2D-gaussian using an adapted MATLAB

routine for point-spread function fitting.

181



Chapter 5

5.10.6. Simulations of Discrete Dipole Approximation

The method of discrete dipole approximation was used to obtain estimates of the plasmonic
enhancement effect of a gold nanorod on the fluorescence emission from Atto-647N dye. A full
detailed description of the calculation procedures can be found in Refs. 11 and 44. In this work,
the simulated particle was a spherically capped cylinder with a diameter of 25 nm and length of
61 nm. The volume of this particle was discretized as an array of cubic elements with a side of
0.25 nm. The values reported for the dielectric function of gold by Johnson and Christy were
renormalized to the dielectric constant of water in order to describe the particle and its surrounding
environment.” The fluorescent dye was modelled as a point-like dipole emitting at specific
wavelengths each representing a spectral component within the dye’s emission spectrum.'
The magnitude of the dye’s transition dipole moment was calculated from its rate of spontaneous
emission,* by using the fluorescence quantum yield and lifetime determined for the dye-labeled
oligonucleotide in water, @r = 0.57 and T = 4 ns (data not shown). The separation between the
emitter and the metal surface was kept constant at a distance of about 4 nm that matches the DNA
spacer length. Two conditions were considered regarding the emitter’s transition dipole orientation:
it was either assumed to be orthogonal to the metal surface; or it was orientationally averaged over
three independent directions of space. For each probed position, the fluorescence enhancement,
F/F’, was estimated from DDA simulations from the product of the excitation rate enhancement,
Yexc> and the relative emission quantum yield of the dye modified by the plasmonic particle,
F/F' = Yoxc X @p, / @p. The excitation rate enhancement was obtained from y,x = |E|?/|Eo|?,
which is the near-field enhancement at the incident wavelength in the position assumed for the dye
molecule. The relative emission quantum yield of the dye, @,/ @r, was calculated from the
radiative, K;, and non-radiative, K., decay rates modified by the plasmonic antenna using the

theoretical formalism described by D’Agostino et al.”’

5.10.7. Cell internalization assays

Mouse neuroblastoma N2a cells genetically modified to express stably a construct of the prion
protein fused to the YFP-GPI-anchored for labeling the cell membrane were used in the
internalization assays.” The genetically modified N2a cell line was cultured at 37 °C under 5% CO,
in DMEM supplemented with 10% FBS, 100 pg/mL streptomycin and 100 U/mL penicillin
(Invitrogen, USA) and incubated in the presence of a sub-nanomolar concentration of
NS-functionalized gold nanorods. Cellular uptake was imaged 24 hours after incubation with
nanorods and again two days later (after replacement of culture medium) by fluorescence imaging
in a laser scanning confocal microscope equipped with a 63x plan-apochromatic 1.4 NA oil
immersion objective and sub-diffraction spatial resolution (Carl Zeiss Axio Observer Z1 mounted
LSM710 confocal microscope). Three detection channels were used for excitation at 405, 514 and
633 nm, respectively, for detection of nuclei stained with Hoechst 33342 dye, cell membranes
labeled with PrP-YFP-GPI-anchor fusion protein, and dye-particle nano-assemblies labeled with
Atto-647N dye.
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5.12. Annexes

5.12.1. Optimal distance estimation for fluorescence enhancement at the tips of gold
nanorods

The estimation of the optimal distance for emission enhancement at the nanorod’s tips, from

model simulations using the DDA method, is shown in the next figure.
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Figure 5.10 - Fluorescence enhancement factors, F/ IV, calculated from DDA simulations of an emitter
with the photophysical properties of Atto-647N dye positioned at the tip of a gold nanorod with a size of

25 nm x 61 nm - see dye-particle configuration on the right-side scheme - for excitation and emission at
639 and 700 nm, respectively. The calculated enhancement factors show that the maximum enhancement
effect for this particle configuration is about 40-fold emission increase at a distance of 3 to 4 nm away from
the particle’s surface.

5.12.2. Emission spectra from tip- and non-selective functionalized gold nanorods

In Figure 5.11 are shown the emission spectra from nano-assemblies that were used to quantify

the amount of dye loaded per particle and how it affects the fluorescence enhancement.
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Figure 5.11 - Emission spectra of dye displaced from nano-assemblies used to quantify the amount of
loaded DNA per particle. (A) Tip-selective functionalized gold nanorod samples for several incubation
times. (B) non-selective functionalized gold nanorod samples for various DNA loading ratios - excitation
wavelength at 620 nm.

5.12.3. Simulated spectra for the dye’s enhanced emission by a gold nanorod

Comparison between the normalized emission from tip-functionalized gold nanorods and that
of the displaced dye molecules and simulated spectral that suggest the apparent absence of spectral

reshaping in the plasmon-coupled emission of the dye-particle assemblies (Figure 5.12).
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Figure 5.12 - Simulated spectra for the dye’s enhanced emission by a gold nanorod. (A) Normalized
emission spectra of tip-functionalized gold nanorods (sample “Tip-1h”) measured for several excitation
wavelengths (red curves) showing a similar lineshape and comparison to the emission spectrum of the
displaced dye in aqueous solution (green curve). (B,C) simulated spectra for the dye’s enhanced emission by
a gold nanorod (red dots), in the case of: (B) good spectral overlap between the dye’s emission (green curve)
and the longitudinal surface plasmon band (black curve); or (C) large mismatch between them. These
simulations suggest that a possible explanation for the apparent absence of spectral reshaping in
plasmon-coupled emission of the dye-particle assemblies could be due to a good spectral overlap between
the dye’s emission and the longitudinal surface plasmon band.

5.12.4. Spectral dependence on the excitation wavelength

The spectral dependence of non-selectively functionalized gold nanorods on the excitation

wavelength is represented in the following figure.
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Figure 5.13 - Extinction spectrum of the non-selectively functionalized gold nanorods for “NS-4000”
sample (grey curve) and emission spectra of the same sample for several excitation wavelengths (blue curves)
indicated by the arrows over the extinction spectrum. The inset shows the change in the fluorescence
spectrum close to its maximum, as excitation is selected at longer wavelengths (see arrow).

The spectral dependence of the calculated enhancement factor on the excitation wavelength for

an average of the positions simulated in the tip and side of a nanorod is shown in Figure 5.14.
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Figure 5.14 - Spectral dependence of the calculated enhancement factor (F/FY) on the excitation
wavelength for an average of the positions simulated at the tip and side regions (circles and crosses,
respectively). The simulated emitter positions are shown in Figure 5.5E of the main text. These results
consider an average dipole orientation of the emitter. The calculated extinction spectrum for the simulated
nanorod is depicted in red - axis on the right-side.

5.12.5. Analysis of autocorrelation function curves from single-particle fluorescence
emission

Further information from the intensity traces shown in Figure 5.6 of the main text was obtained
from their autocorrelation function (ACF). The ACF curves show two relaxation components that
were attributed to rotational and translational diffusion motions of the dye-particle

nano-assemblies in colloidal suspension,”

/ 1 T\ ! T \"1/2
— -T/T
G(1)—1=(1-A,e l)xﬁ(Ha) (1+K2_Tw) 1)

The relaxation times for the short component were used to calculate the rotational diffusion
coefficient of the dye-particle nano-assemblies from: t1 = 1/6D;". The values of 1. fitted from the
ACEF curves of samples “Tip-1h” and “NS-4000” (shown in Figure 5.6E,F of the main text) were
80 and 49 us, and these correspond to Dr' values of 2.1 and 3.4 ms’, respectively (see Table 5.2
below). For comparison purposes, the rotational diffusion coefficient for these nano-objects was
theoretically estimated using a modified version of Einstein—Smoluchowski relation for a rod-like

particle geometry,”

3 kT(Inp + CH)

1
D — @

where p is the ratio between the rod’s length I and diameter 4, and C;* is an end-effect term that
depends on the aspect ratio, G = —0.662 + 0.917/p — 0.050/p°. The dimensions of gold nanorods
were 25 nm x 71 nm, but were increased by the length of the DNA which is approximately 4 nm.
This yielded an estimate of 4.8 ms™ for the rotational diffusion coefficient that compares well with

the experimental values fitted from ACF curves. Similarly, the long relaxation times of 7.7 and
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5.6 ms for samples “Tip-1h” and “NS4000” were used to calculate the respective translational
diffusion constants (T = wy’ /4D, yielding values of 6.2 and 7.8 pm’/s for these samples.
The latter values compare well to the theoretical estimate of 8.0 um?/s obtained for a rod-like

object with the size previously assumed for these nano-assemblies,’!

‘T 3agl ®

where p is again the ratio between the rod’s length I and diameter 4, and C; is an end-effect term
that depends on the aspect ratio, C = 0.312 + 0.565p — 0.100/p°. The ACF curves of the control
systems are quite different (results not shown), because these display a single relaxation component
with longer decay times due to the translational diffusion of dye-labeled oligonucleotides either
bound to CTAB micelles (“Control 17), or free in solution (“Control 2”), which are both objects

much smaller than gold nanorods (Figure 5.15).

Table 5.2 - Values of the short and long relaxation times (T1 an Ty) fitted from ACF curves of samples of
dye-particle nano-assemblies studied, and respective rotational and translational diffusion coefficients
(D/* and D)) obtained from experimental data or theoretically estimated.

D} /ms™ D, /um?s™
Sample T,/ps exp. calc. Ty /ms exp. calc.
Tip-1h 80 2.1 4.8 7.7 6.2 8.0
Tip-3h 57 2.9 5.7 8.2
Tip-6h 96 1.7 6.7 6.7
NS-400 52 3.2 4.8 5.1 8.3 8.0
NS-800 54 3.1 6.3 6.7
NS-1600 51 3.3 5.4 8.0
NS-4000 49 34 5.6 7.8

5.12.6. Intensity time traces of control systems and decays of dye-particle
nano-assemblies and the same controls

Examples of intensity time traces of two control systems that do not show intense fluorescence

bursts are shown in Figure 5.15.
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Figure 5.15 - Examples of intensity time traces of two control systems that do not show intense
fluorescence bursts when the same amounts of the components present in samples “Tip-6h” and
“NS-40007, respectively, are simply mixed together in (A) aqueous CTAB or (B) PBST buffer (i.e. without
performing the functionalization protocols) - these intensity traces were measured for a much higher
excitation power, 0.44 kW /cm2, than those presented in Figure 5.6 of the main text.

The fluorescence decays of the dye-particle nano-assemblies in colloidal suspension and their

control systems are graphically represented in the next figure.
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Figure 5.16 - Fluorescence decays of dye-particle nano-assemblies in colloidal suspension.

(A) Tip-functionalized gold nanorods (sample “Tip-1h”) and its control sample and (B) non-selectively
functionalized gold nanorods (sample “NS-4000”) and its control sample - control samples are described in
Figure 5.15. All measurements were performed in a time-resolved fluorescence microscope with picosecond

diode laser excitation at 639 nm with a power of 4.4x10-3 kW/cm? for dye-particle samples, or a power of
0.44 kW /cm? for control systems, and for emission selected with a bandpass filter centered at 695 nm with
a transmission window of 55 nm.

5.12.7. Determination of fluorescence enhancement factors

The experimental enhancement factors in tip-functionalized gold nanorods were calculated

from the spectra shown in the following figure.
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Figure 5.17 - Evaluation of fluorescence enhancement in tip-functionalized gold nanorods from
comparison of the emission spectra of dye-particle nano-assemblies (light blue shaded areas) with that of
the same sample after displacement of dye-labeled oligonucleotides into solution (orange shaded areas) -
the enhancement factor is determined from the ratio of the respective areas, Fluo. enh = A/A,. The data is
displayed according to the excitation wavelength (Aexo), as indicated at top of each column, and the sample
incubation time used for DNA loading (1, 3 and 6 hours), as indicated at the beginning of each line.

From the calculations were obtained the values of enhancement factors shown in Table 5.3.

Table 5.3 - Fluorescence enhancement factors determined from data shown in Figure 5.17.

Enhancement Aexe /nm
factor 600 610 620 630 640 650
Tip-1h 7.2 8.5 10.6 13.4 15.5 17.0
Tip-3h 5.7 6.4 7.7 9.3 10.4 11.2
Tip-6h 3.7 4.1 4.8 5.6 6.2 6.6

5.12.8. Determination of the zeta potential of dye-particle nano-assemblies

The surface charge of dye-particle nano-assemblies (Table 5.4) was assessed in a Zetasizer Nano
ZS from Malvern Instruments Ltd (Malvern, UK), using the Zetasizer Software, version 7.10.
The zeta potential of all samples was recorded at 25 °C and 6 measurements were made to
guarantee data reproducibility. The zeta potential values for NS-functionalized samples were
measured in sub-nanomolar concentrations in water and are negative, because the CT'AB bilayer
in the “unmodified” nanorod sample is first replaced with thiolated PEG (“mPEG only” sample)
and then dye-labeled oligonucleotides are inserted (in various loading ratios), which are negatively
charged. For tip-functionalized gold nanorods, a previous dilution to sub-nanomolar
concentrations was performed with aqueous CTAB (10 mM). The values of zeta potential

determined for these samples probably reflect the micellar composition of the medium.
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Table 5.4 - Values of zeta potential determined for gold nanorod samples.

Gold nanorod samples {-potential/mV
unmodified® 31£5
mPEG only -15+2

NS-400 2213
NS-800 -19+2
NS-1600 26 +1
NS-4000 29+ 2
unmodified®™ 5314
Tip-1h 09 £6
Tip-3h 58 £ 4
Tip-6h 58 £ 3

@ Original gold nanorods in aqueous CTAB 1 mM or ® 10 mM.
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Fluorescence signalling of DNA probes functionalized onto gold nanorods

6. Fluorescence signalling of DINNA probes functionalized onto gold
nanorods

The research described in this chapter aims at the development of a nano-object for nucleic
acid biosensing from the conjugation of molecular beacons onto gold nanorods, hereafter
generally referred to as nanohybrid biosensor. Molecular beacons are widely used to detect
nucleic acids by a conformational change of the beacon that generates a fluorescence signal
(signal-on), as described in Chapter 1. The sensitivity of these probes is however limited by the
signal they generate. One strategy to overcome this problem relies on plasmonic nanoantennas
that can enhance fluorescence emission from dye molecules in their vicinity. This approach has
been generally employed for the amplification of fluorescence signalling schemes used for

sensing.'”

6.1. Introduction

Recent advances in the field of plasmonics that have delivered emission enhancement of
several orders of magnitude have not yet been explored for fluorescence sensing. In this thesis, it
was envisioned to explore such remarkable enhancements for improving sensor responses and to
push the limit of detection of nucleic acids, thereby, dismissing any pre-amplification (e.g. reverse
transcription-polymerase chain reaction, RT-PCR) or multi-labeling steps. Also, by using a
molecular beacon type of approach, the molecular recognition and signalling can take place in a
single step, much like a label-free biosensing assay. The enhanced fluorescence signalling effect
was aimed at contributing toward the application of the proposed nanohybrid biosensor as a
reliable, accurate, easy-to-use, portable and cost-effective diagnostic tool. In this regard, for the
proof-of-concept, molecular beacon probes were designed to detect synthetic nucleic acid targets
proposed in the literature as biomarkers with potential application in medical diagnostics of
dengue virus and sleeping sickness (human African trypanosomiasis) infections, and
cancer/cardiovascular (or other) diseases (mictoRNA-145).

For the diagnostic of dengue a synthetic dengue viral RNA sequence from DENV-2 serotype
of New Guinea C 44 (position 1008) was chosen as the target.' For sleeping sickness, a 17-mer
DNA probe of a specific sequence situated within the 18S ribosomal RNA gene of the
Trypanosoma brucei parasite,” which belongs to both T. b. gambiense (GenBank accession number
AJ009141) and T. b. rhodesiense (GenBank accession number AJ009142), was used.” Detection of a
oligonucleotide sequence of miRNA-145 mimics’'* was also performed. These sequences are

shown in Figure 6.1.
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6.2. Design of nanohybrid biosensors for nucleic acids’ detection

The DNA hairpin probes were designed to operate by a conformation-induced change in the
efficiency of a Forster Resonance Energy Transfer (FRET) process. This change is triggered by
the hybridization of a nucleic acid target sequence to the hairpin’s loop region that induces
conversion from a closed conformation (high FRET, low emission) to an open conformation
(low FRET, high emission). The fluorogenic dual-labeled probes involved in FRET are a
donor-acceptor pair, in which the donor was chosen to be Atto-647N dye and the acceptor was
either Deep Dark Quencher II (hereafter, DDQ II) or QSY™ 21 (hereafter, QSY 21).

The donor and acceptor are linked to separate, partially complementary, single-stranded DNA
(ssDNA) sequences that are assembled into the molecular beacon probe: one ssDNA sequence
contains the dye Atto-647N (F-Seq) and another ssDNA the quencher (DDQ II or QSY 21)
molecule (Q-Seq). These ssDNA spontaneously hybridize and fold to yield the hairpin
configuration shown schematically in Figure 6.1A.

The assembled beacons have terminal thiol groups for the attachment onto gold surfaces.
A linear segment of 10-bp double-stranded DNA (dsDNA) is used to place the Atto-647N about
4 nm away from the particle surface, in order to avoid metal quenching. Next to this linear
segment there is a 4-nt long spacer (CAAG), followed by a stem-and-loop structure. The loop
region has a ssDNA sequence complementary to the target sequence. The stem is a 6-bp region
rich in C-G pairs to ensure a proper hairpin closure in the absence of target. The acceptor is
covalently linked to the 3’-end so that in the closed hairpin conformation it is near the donor.

The molecular beacons’ working principle is illustrated in Figure 6.1C, using the example of
dengue viral RNA sequence detection. (For the design and closing/opening dynamics of the
hairpins used for detection of DNA and miR-145 targets see Figure 6.19 of the Annexes - section
0.9). Briefly, when the hairpin loop is in a closed conformation, fluorescence emission of
Atto-647N is strongly quenched by the acceptor moiety. Upon hybridization of a nucleic acid
target sequence with the loop region, the hairpin opens and emission from Atto-647N is

recovered, thus, signalling the detection event.

196



Fluorescence signalling of DNA probes functionalized onto gold nanorods

A . Donor (D)
oop Acceptor Atto-647N
(A) F-Seq
17,23 CGACCA-3’ 5’-GAGTCTGGAC-3’-(SH)
or27 GCTGGT-GAAC-CTCAGACCTG-5'-(SH)
nts Stem  Spacer Q-Seq
B

TS (17 nts): TTG TGT TTA CGC ACT TG
TM (23 nts): UCC CUA AGG ACC CUU UUG ACC UG
TD (27 nts): CUC UCC GAG AAC AGG CCU CGA CUU CAA

Open hairpin
Nucleic acid

Closed hairpin target

High FRET
Low emission

Low FRET

High emission

Figure 6.1 - Design of the molecular beacons used for detection of nucleic acids of interest. (A) Scheme
of the molecular beacons. The beacon is formed by hybridization of an Atto-647N labeled DNA strand
(F-Seq) with another strand labeled with DDQ II or QSY 21 acceptor molecules (Q-Seq). The loop region
of the hairpins has 17, 23 or 27 nucleotides (nts), with complementary sequences to selected targets for
(B) sleeping sickness (TS), miRNA-145 (TM) and dengue virus (TD), respectively. (B) Representation of
an assembled hairpin used for detection of a dengue virus RNA sequence (in green), composed by an
Atto-647N donor molecule (red dot) labeled into a ssDNA sequence (in blue, F-Seq) and another ssDNA
strand (in orange, Q-Seq) labeled with an acceptor molecule (grey dot). The nucleic acid target sequence is
complementary with the loop region of the hairpin. Sensing occurs when the hairpin changes from a
closed conformation of high FRET efficiency (or low emission) to an open conformation upon
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hybridization of the target with the loop region, resulting in low FRET efficiency and high fluorescence
emission.

Atto-647N is a red-emitting dye that is commonly used for labeling DNA molecules in

1316 This is due to its

biophysical studies and single-molecule fluorescence experiments.
photophysical properties (high fluorescence quantum yield, @r = 0.65), high thermal and photo
stability, and strong absorption."” The excitation and emission wavelength maxima, respectively
ca. 646 and 664 nm," are also advantageous because of the near-infrared biological window
which minimizes interference from sample’s auto-fluorescence. In order to assure a good spectral
match of the dye-antenna pair, and a slight red-shift of the dye’s emission relatively to the
longitudinal surface plasmon (LSP) peak wavelength, a gold nanorod with a size of
25 nm x 71 nm (width X length) and a LSP wavelength at 661 nm was chosen for plasmonic
antenna.'

The distance between the dye and the particle’s surface is a crucial parameter because at short
distances the gold nanoparticle quenches fluorescence, while at long distances the antenna effect
decays rapidly.” Previous simulations using the discrete dipole approximation (DDA) method
have indicated that for this dye-antenna pair the optimal distance is about 3 to 4 nm away from
the gold nanorod’s tip (with a colinear emission dipole orientation).” As discussed in Chapter 5,
the maximum enhancement calculated for this situation corresponds to a 40-fold increase of
emission. Thus, the beacon was designed with a 10-bp linear segment (ca. 3.4 nm) between the

thiol groups and the position of the dye at the F-Seq.

Figure 6.2 - Scheme (not to scale) of the nanohybrid biosensor proposed for the detection of nucleic
acids: a gold nanorod is tip-functionalized with fluorescently-labeled hairpin probes that upon target
molecular recognition provides increased sensitivity in nucleic acids’ detection. This is due to amplification
of fluorescence, induced by the plasmonic antenna effect of the gold nanorod over the dye’s emission.

DDQ II and QSY 21 are called dark quenchers because they decay from higher electronic
states by non-radiative processes (hence are dark).”' In dark quenchers, a high rate deactivation by

internal conversion contributes to a short excited state lifetime. This means that the probability
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for other competing relaxation pathways, such as fluorescence, intersystem crossing, and
photochemistry is reduced. Hence, when compared to conventional fluorescent acceptors, dark
quenchers perform better for FRET experiments in bioassays, because they do not contribute
with background fluorescence and, thus, provide greater sensitivity (low signal-to-noise
ratio).”

DDQ 1II is based on 1,4-diaminoanthraquinone chromophore (Figure 6.3A), and it was
developed by the group of Tom Brown.” It is license-free and it has been used in molecular
beacons as a long-wavelength fluorescence quencher because of its absorption maximum at
about 630 nm (Figure 6.3B) that provides a broad quenching range between 550-720 nm. Thus, it
can efficiently suppress the fluorescence of Atto-647N dye, because of its partial spectral overlap

(depicted in grey in Figure 6.3B).
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Figure 6.3 - The acceptor molecule DDQ II. (A) Chemical structure. (B) Normalized absorption
spectrum (green line) while labeled on a Q-Seq chain and spectral overlap (in grey) between emission of
donor Atto-647N (red line) labeled onto F-Seq and absorption of DDQ II.

On the other hand, QSY 21 has a broad and intense absorption range of 540-750 nm* with
maximum around 660 nm,” and therefore has a better ovetlap with Atto-647N’s emission than
DDQ II (Figure 6.4B). It consists mainly of two 2,3-dihydro-1-indolyl rings and one benzene
ring attached to the central xanthene ring (Figure 6.4A). It is suggested that the intrinsic low
fluorescence quantum-yield of QSY 21 (and other QSYs) involves a twisted intramolecular
charge transfer state due to free molecular rotation of the bond between the N atom and the
xanthene moiety.”” For this reason, it makes an excellent energy acceptor in FRET

applications.”
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Figure 6.4 - The acceptor molecule QSY 21. (A) Chemical structure.’® (B) Normalized absorption
spectrum (blue line) while labeled on a Q-Seq strand and spectral overlap (in grey) between emission of
donor Atto-647N (red line) labeled onto F-Seq and absorption of QSY 21.

Calculations of FRET efficiency (Eq. 6 of Chapter 1) were performed for the
above-mentioned donor-acceptor pairs. The spectral overlap integral, a dipole orientation factor
of 2/3, the refraction index of water, the normalized emission spectrum and @ of Atto-647N in
the absence of acceptors, and the molar absorption coefficient of the acceptors were considered.
The calculation of Férster’s radius (Eq. 7 of Chapter 1) yielded values of 43 and 70 A for
Atto-647N/DDQ 1II and Atto-647N/QSY 21, respectively. This means that DDQ II is less
efficient than QSY 21 for quenching Atto-647N dye by a FRET process. Nonetheless, the
estimated donor-acceptor distances in the closed hairpin configurations are well below the
Forster’s radius, which should ensure a quenching effect strong enough for fluorescence
signalling purposes.

FRET efficiency curves for the donor-acceptor pairs Atto-647N/DDQ II and
Atto-647N/QSY 21 are shown in Figure 6.5. The vertical lines depict the estimated

donor-acceptor distances in the closed and open hairpin conformations for the several targets.

Closed hairpins Open hairpins
A BC
120
100 A

80 -
—— Atto-647N/DDQ Il

60 - ——Atto-647N/QSY 21

40 ~
20 -

Transfer Efficiency (%)

0 T L
0 50 100 150
Donor-acceptor distance (A)

Figure 6.5 - Theoretical energy transfer efficiency curve from Atto-647N dye to acceptors DDQ 11
(green line) and QSY 21 (blue line). “Closed hairpins” stands for DDQ 1I- and QSY 21-labeled molecular
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beacons in closed conformations, with A, B and C representing open hairpins hybridized with sleeping
sickness, miRNA-145 and dengue virus targets, respectively.

Firstly, the estimated distances between the end nucleotides in the closed hairpin is about 30 A
(left vertical dashed line Figure 6.5). In this case, the estimated FRET efficiency is above 90% for
DDQ II and almost 100% for QSY 21, which should guarantee a strong quenching effect. On
the other hand, open hairpins are expected to have minimal energy transfer efficiencies as a result
of dye-quencher separation distances well-above the calculated Forster’s radius, thus providing
robust fluorescence signalling response. Assuming the schematic structures of beacon-target
assemblies represented in Figure 6.1 and in Figure 6.19 of the Annexes, those distances would be
around 98, 122 and 125 A for the beacons used for detection of sleeping sickness, miRNA-145

and dengue virus, respectively.

6.3. Fluorescence signalling of molecular beacons in solution

The functionality of the molecular beacons was first characterized in solution by time-resolved
confocal fluorescence microscopy, in order to assess the hairpin closing/opening and the FRET
efficiency in response to the respective targets. This technique provides measurements of
fluorescence intensity and emission lifetimes with single-molecule sensitivity from a microscopic
observation volume inside the sample. The correlation function of fluorescence intensity
time-traces, using the technique of Fluorescence Correlation Spectroscopy (FCS), is employed to
study fluorescence fluctuations in the microsecond to second timescale. These may arise from
translational diffusion or conformational changes in the molecular beacons. The microscope also
operates in time-correlated single-photon counting (TCSPC) that provides the sample’s
fluorescence decay from a single measurement (i.e. simultancous FCS and TCSPC from a

confocal detection volume).

6.3.1. Confocal fluorescence microscopy studies

Firstly, the assembly of molecular beacons through hybridization of F-Seq and Q-Seq strands
was studied in phosphate-buffered saline (PBS) buffer. The expected outcome was the
suppression of the dye’s fluorescence due to a high FRET efficiency with the quencher in the
closed hairpin configuration. Afterwards, the target sequences were added to open the beacons,
which would restore fluorescence, thereby signalling the molecular detection event.
Measurements were executed by placing a droplet of each sample on top of a glass coverslip and
acquiring a point trace with the confocal volume centered 10 um inside the solution.

Initially, the set of molecular beacons labeled with DDQ II were examined. For the sake of
simplicity, these beacons were named BD1, BS1 and BM1 according to the respective target
being either dengue virus, T. brucei, or miR-145. Furthermore, the suffix label no. “1” represents
quencher DDQ II and makes a distinction to beacons with QSY 21 that were labeled as no. “2”.

The results discussed next are focused on the beacon designed for detection of the RNA target
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associated with dengue virus. They serve the purpose of illustrating the biosensor strategy
developed here, while the remaining examples are illustrative of the versatility of the strategy to
detect other nucleic acid targets.

Figure 6.6 shows a set of experimental results (intensity time traces, autocorrelation functions
and fluorescence decays) that were acquired for the three situations measured: (i) first, only
sequence F-Seq (1 nM) in solution; (ii) after addition of Q-Seq (100 nM) to assemble molecular
beacon BD1 and; (iii) finally, after addition of target TD (2 pM) to test the beacon’s response
(the complete assembly is termed as BD1TD).
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Figure 6.6 - Characterization of the functionality of molecular beacon BD1 in 1x PBS buffer by
time-resolved confocal fluorescence microscopy and FCS. For F-Seq (in red, 1 nM), molecular beacon
BD1 after addition of Q-Seq for BD1 (in dark green, 100 nM) and beacon response to target TD (in light
green, 2 uM) were measured: (A) fluorescence intensity time traces (binning interval of 1 ms),
(B) autocorrelation functions and (C) fluorescence decays. All measurements were performed using a laser
light excitation of 639 nm.
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From the previous set of data, three parameters were initially assessed to evaluate the
performance of beacon BD1 (Figure 6.7): (i) diffusion coefficient from fitting the autocorrelation
functions with a 3D-Brownian diffusion model for one species;” (ii) the mean fluorescence
intensity of the sample; (iii) the average fluorescence lifetime from a multi-exponential fitting of

the decay curves.
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Figure 6.7 - Parameters used to evaluate the functionality of molecular beacon BD1 in aqueous solution.
(A) Diffusion coefficients (abbreviated as “D”), (B) mean trace fluorescence intensities and (C) average
fluorescence lifetime of F-Seq alone (red columns), then with addition of Q-Seq for BD1 (dark green
columns), and later after addition of target TD (light green columns).

The diffusion coefficient decreases with the addition of each component, which is
qualitatively the expected result from their sequential assembly, i.e. after the association of each
component the hydrodynamic radius of the hybridized conjugates increases, and as a
consequence the diffusion coefficient diminishes accordingly to the Stokes-Einstein relation.”
The average fluorescence intensity and lifetime both decreased when Q-Seq for BD1 was added
to F-Seq. This is also the expected result because of the quenching effect of DDQ II on
Atto-647N’s emission. After addition of target TD, both parameters increase, which qualitatively
also corresponds to the expected result since the target’s hybridization with the hairpins’ loop
region should induce its opening. However, the small amplitude of the variations observed in
both parameters indicates that the beacon might not be functioning propetly. In particular, the
fluorescence decay of BD1 displayed a long decay component of significant weight and with a
lifetime similar to that of F-Seq alone, which is not in line with the expected FRET efficiency for
the closed hairpin conformation. This issue will be further discussed below. An ill-defined
closure of the hairpin would not explain why the initial dyes’ fluorescence was not totally
recovered when the target was added. Although, here the explanation could be that in the open
hairpin conformation the dye-quencher distances still allow for FRET to occur, but with a low
efficiency due to the long distances (this feature will also be discussed below). The limitations
found in BD1’s signalling of target RNA were also found for molecular beacons BS1 and BM1
(Table 6.1).
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Table 6.1 - Analysis of the functionality of DDQ II-labeled molecular beacons BS1 and BM1 in aqueous

solution: diffusion coefficients, fluorescence intensities and average lifetime of F-Seq alone and then after
addition of Q-Seq sequences (“BS1” and “BM1”) and later following addition of targets (“w/ target”).

Diffusion coef. Intensity Average lifetime
(pm?’/s) (counts/ms) (ns)

F-Seq 186.7 6.2 4
BS1 142.6 4.5 3
w/ target 132.8 4.8 3.1
F-Seq 189.5 6.5 4

BM1 123.9 5.3 3.6

w/ target 108.4 6.0 3.8

When analyzing the parameters, beacons BS1 and BM1 followed the same tendencies of BD1
with more or less similar values. Therefore, the eatlier final assumptions made regarding the
functionality of BD1 can be extrapolated for BS1 and BM1. However, the shorter loop sequence
in BS1 seems to play a role in the retrieved value for the diffusion coefficient, which is larger than
BD1 or BM1 that are similar in their sizes. Also, the decrease on the average fluorescence lifetime
and intensity was more expressive for BS1 relatively to BM1 or BD1. This can be tentatively
attributed to either a higher fraction of closed BS1 hairpins, or to shorter donor-acceptor
distances in the open hairpin conformations, when compared to BM1 and BD1, thus increasing
FRET efficiency.

Next, the fluorescence decays were analyzed in more detail from the values of lifetimes and

amplitudes of a multi-exponential fitted curve (Table 6.2).

Table 6.2 - Fluorescence lifetimes (%) and amplitudes (A;) obtained from decay curve’s fitting for
DDQ II-labeled molecular beacons (BD1, BS1 and BM1) and beacon-target assemblies (“w/ target”).

Concentrations of F-Seq, Q-Seq and targets were 1 nM, 100 nM and 2 pM, respectively, in 1x PBS.

Ay Ty (ns)| Ay [Ty (ns) | Az [ T3 (ns) | xP

BD1 0.64 | 4.20 0.27 1.14 0.09 0.21 1.06
w/ target | 0.62 4.25 0.31 1.42 0.07 0.23 0.97
BS1 0.79 4.07 0.14 1.10 0.07 0.22 0.996
w/ target | 0.79 4.16 0.14 1.34 0.07 0.23 1.01
BM1 0.65 4.25 0.28 1.51 0.07 0.23 1.07
w/ target | 0.63 4.28 0.30 1.46 0.07 0.20 1.11

Two parameters were used for evaluation of the functionality of DDQ II-labeled beacons:
their unquenched fraction and their quenching efficiency (also in the presence of target
sequences), as indicated in Table 6.3. The first parameter was calculated assuming that the long

decay component is due to Atto-647N dye that for some reason is not quenched and, thus, emits
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with the intrinsic decay time of F-Seq. Initially, the hypotheses considered for this abnormal
fraction of unquenched dyes was either: i) F-Seq not hybridized with Q-Seq or; ii) hybridized, but
in an open hairpin conformation of; iii) hybridized, but with a non-labeled (defective) Q-Seq or;
(iv) free Atto-647N due to mislabeling of F-Seq. As discussed later, it was found that hypothesis
ii) explains better the full set of experimental results. The unquenched fraction was then
calculated from the area of the long decay component (I.. = A1X1) divided by the decay curve
area of F-Seq sample without Q-Seq (In = AoXTo), both registered for the same acquisition time.
As for the quenching efficiency, it was calculated assuming that the short decay components in
the beacon samples correspond to emission from Atto-647N dyes that are effectively quenched
by FRET, here tentatively attributed to closed hairpins. The usual formula for FRET efficiency
calculated from emission lifetimes (¢rr = 1 — Tav/To) Was used, but here considering an average of
the short decay components: Toy = Ziz23ATi/ Ziz3Ai.

Table 6.3 - Fraction of unquenched molecular beacons BD1, BS1 and BM1, and their quenching energy
transfer efficiency (also in the presence of the respective targets - “w/ target”).

Fraction unquenched, L../I, (%) Quenching efficiency, ¢rr (%)
BD1 62.6 92
w/ target - 92
BS1 51.9 93
w/ target - 92
BM1 70.5 91
w/ target - 92

The fractions of unquenched beacons were significantly high, between 51.9-70.5%, meaning
that the majority of Atto-647N molecules present in solution were still emissive. The most
plausible interpretation for this lack of quenching of Atto-647N relies on insufficiently closed
hairpins, hence limiting FRET efficiency. Other possible explanations were also scrutinized, such
as contamination with free Atto-647N dye, Q-Seq strands mis-labeled and/or free F-Seq strands
that did not hybridize with Q-Seq. The first hypothesis can be dismissed because if there was a
significant fraction of free dye, then the FCS curves would in principle show a clear evidence of a
bi-modal distribution of emitters due to the difference in diffusion times between free and
labeled species. The second hypothesis can also be dismissed because absorption spectra allowed
for quantification of quencher and DNA contents in the Q-Seq sequences. These corresponded
to stoichiometric ratios of 1.1, 0.9 and 1.2 DDQ II molecules per DNA chain for Q-Seq for
BD1, Q-Seq for BS1 and Q-Seq for BM1, respectively. These results confirm that the amount of
quencher-labeling is as expected relatively to the oligonucleotide content. The third hypothesis

was investigated with a titration type of assay, as described below.
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The lower unquenched fraction of BS1 beacons relatively to BD1 and BM1 may be due to the
hairpin’s length (BS1 has a loop region with 17 nucleotides when compared to 23 in BM1 and 27
in BD1). This feature was tentatively attributed to a better loop closure provided by more stable
conformations within hairpins or even by secondary structures in ill-defined loops. In this regard,
possible secondary structures using the OligoAnalyzer Tool of Integrated DNA Technologies
(IDT), Inc. (https://eu.idtdna.com/calc/analyzer, considering oligonucleotide and salt (Na”)
concentrations of 100 nM and 137 mM, respectively) were predicted. The tool rendered 7
structures for Q-Seq for BS hairpin sequences when compared to 10 and 17 for Q-Seq for BD
and Q-Seq for BM, respectively. A greater probability for partial and aleatory complementarities
within the loop is expected for longer chains. However, the relative stability of these secondary
structures within the complex conformational landscape of these hairpins must also be
considered.

In general, quenching efficiency was above 90% for all beacons (Table 06.3), which is
considerably high. This means that FRET efficiency of the Atto-647N/DDQ II pair should be
sufficient to allow for a low emission state if closed hairpins would be the dominant fraction in
the absence of target. Yet, this was not confirmed experimentally and the insignificant changes in
quenching efficiency after addition of target further compromised the functionality of the

beacon.

6.3.1.1. Signalling response of QSY 21-labeled molecular beacons
The first strategy to increase the signalling response was to replace DDQ II for QSY 21 as

dark quencher of the beacons. Although, this was later proven to be a misleading approach (due
to ill-defined hairpin closure), it was expected that by replacing the quencher for QSY 21 this
would afford a larger Forster’s radius. Hence, it would result in an improved quenching efficiency
by FRET. The results on molecular beacons labeled with QSY 21 (BD2, BS2 and BM2) are
described hereafter.

Primarily, the hybridization between the two components of molecular beacon BD2 was
followed by performing a titration assay. The concentration of F-Seq was kept constant at 1 nM

and the concentration of Q-Seq was increased from 1 up to 200 nM.
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Figure 6.8 - Fluorescence titration of molecular beacon BD2 in 1x PBS buffer performed using confocal
fluorescence microscopy with single-molecule sensitivity. The concentration of F-Seq was fixed at 1 nM
while increasing Q-Seq for BD2 concentration from 1 to 200 nM, followed by addition of target TD.
(A) Diffusion coefficients (in orange) obtained from autocorrelation functions and average fluorescence
intensities (in red) from histograms. The addition of target TD (2 pM) is represented by squares
(“BD2TD”). (B) Fluorescence decay fitted curves for F-Seq (dark blue), increasing concentrations of
Q-Seq for BD2 (all other blue lines), and addition of TD (black line). Values correspond to the average of
three consecutive measurements performed with a laser excitation at 639 nm using a power of
12 kW/cm?.

The titration assay showed the association of the F-Seq and Q-Seq from the gradual decrease
in the diffusion coefficient and also in the average emission intensity, which stabilizes at excess
Q-Seq concentrations (Figure 6.8A). One interesting behaviour of this beacon was that the
intensity’s decrease for 100 nM of Q-Seq (from 5.5 to 2.8) was more expressive than that
obtained in the previous BD1 beacon (from 5 to 4.7 counts/ms). As expected, FRET efficiency
of the Atto-647N/QSY 21 pair was more pronounced than for the Atto-647N/DDQ 1I pair.

However, the fluorescence decays show that even in the limit of complete hybridization of F-Seq
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with Q-Seq, there is a long decay component with a reasonable weight (Figure 6.8B) that
indicates a significant fraction of unquenched dye. This result suggests that also in this case there
is a condition of ill-defined closure that affects the beacon performance. Furthermore, the
fluorescence recovery after target addition (2 pM) was quite similar to the one verified when
testing beacon BD1 (square symbols). This possibly demonstrates that, as before, there is a
residual quenching effect in the open hairpin conformations.

The apparent association constant, Ka, for the hybridization between F-Seq and Q-Seq for
BD2 sequences was determined following Ref. 34. It was assumed a 1:1 bimolecular interaction
for the hybrid formation and the diffusion coefficients of free and bound species (Figure 6.8A)
were used. A value of 3.0 x 10° M was obtained for Ka, which is comparable to other reported
values of binding constants for oligonucleotides of similar length.”

Figure 6.9 shows the same set of experimental results as Figure 6.6, but for molecular beacon
BD2 and the response to its target RNA. For beacons BS2 and BM2 the same assays were also

performed (data is not shown here).
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Figure 6.9 - Characterization of the functionality of molecular beacon BD2 in 1x PBS buffer by
time-resolved confocal fluorescence microscopy and FCS. (A) Fluorescence intensity time traces (binning
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interval of 1 ms), (B) autocorrelation functions and (C) fluorescence decays for F-Seq (in red, 1 nM),
beacon BD2 after addition of the respective Q-Seq (in dark blue, 100 nM), and beacon response to target
TD (in light blue, 2 pM). All measurements were performed using a laser light excitation of 639 nm.

From the preceding data, the same parameters of diffusion coefficient, average emission
intensity and fluorescence lifetime were extracted to evaluate the functionality of the beacon BD2

(Figure 6.10).
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Figure 6.10 - Parameters used to evaluate the functionality of molecular beacon BD2 in aqueous solution.
(A) Diffusion coefficients (abbreviated as “D”), (B) mean trace fluorescence intensities and (C) average
lifetime of F-Seq per se (red columns), then following addition of Q-Seq for BD2 (dark blue columns), and
later after addition of target TD (light blue columns).

The diffusion coefficients for the several hybrid species (BD2 alone and hybridized to target)
coincide with the previous values obtained for BD1. This result is consistent because the nucleic
acid sequences are exactly the same, only the quencher was changed. In turn, fluorescence
lifetime and intensity displayed a qualitative behavior similar to that previously observed.
However, the original dyes’ fluorescence intensity was quenched down to 55% after addition of
Q-Seq for BD2, a much larger effect than the previous value of 76% for BD1. As for the second
step, the dyes’ emission recovery after target addition is much higher than for BD1, which
corresponds to a larger signalling response. Undeniably, signalling was enhanced owing to a
better contrast between the low and high emission states (although far from what was originally
planned). The influence of the larger Forster’s radius of the donor-acceptor pair with QSY 21
played a definite role here.

Generally, these results on beacon BD2 confirm its assembly and recognition of the RNA
target, with relevant improvements when compared to BD1. The same improvement was also

found for beacons BS2 and BM2 (Table 6.4).
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Table 6.4 - Parameters used to evaluate the functionality of QSY 21-labeled molecular beacons BS2 and
BM2 in aqueous solution: diffusion coefficients, fluorescence intensities and average lifetime of F-Seq
alone, following addition of Q-Seq sequences (“BS2” and “BM2”) and then after addition of targets
(“w/ target”).

Diffusion coef. Intensity Average lifetime

(pm?/s) (counts/ms) (ns)

F-Seq 174.6 5.1 4.0
BS2 163.1 2.9 2.5
w/ target 143.8 2.9 2.5
F-Seq 176.5 44 4.0
BM2 1231 3.3 2.7
w/ target 110.9 3.7 3.1

The fluorescence decays were further analyzed by retrieving the values of lifetimes and

amplitudes of short and long components from multi-exponential fittings (Table 6.5).

Table 6.5 - Fluorescence lifetimes (%) and amplitudes (A;) obtained from decay curve’s fitting for
QSY 21-labeled molecular beacons (BD2, BS2 and BM2) and beacon-target assemblies (“w/ target”).

Concentrations of F-Seq, Q-Seq and targets were 1 nM, 100 nM and 2 pM, respectively, in 1x PBS.

Ay | Ti(ns)| Ay [ T2 (ns) | Az | T3 (ns) | x2

BD2 095¢ 414 |0.04: 148 10.01{ 0.09 |1.12
w/ target [ 091 | 4.04 |[0.08{ 1.54 |0.01} 0.09 |[1.04
BS2 09841 428 |[0.02}{ 242 10.01{ 0.05 |1.16
w/ target [ 0.97 | 422 |[0.02; 262 |0.01; 0.07 |1.17
BM2 0961 432 |0.03{ 240 |0.01{ 0.08 |1.13
w/ target [ 0.89 | 438 |[0.07{ 279 004} 0.12 |1.16

As before, the fraction of unquenched beacons and their quenching efficiency (and for

beacon-target assemblies) were also evaluated (Table 6.6).

Table 6.6 - Fraction unquenched of molecular beacons BD2, BS2 and BM2, and quenching energy
transfer efficiency for the same beacons (also in the presence of the respective targets - “w/ target”).

Fraction unquenched, I../Io (%) Quenching efficiency, ¢er (%)
BD2 30.5 97
w/ target - 97
BS2 25.1 98
w/ target - 98
BM2 39.1 97
w/ target - 94
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The fractions of unquenched beacons between 25.1-39.1% were still high, but significantly
lower than when testing DDQ II as quencher. These results were again in contradiction to the
initial purpose of a low emission state of the beacons, thus, supporting the hypotheses made
about the incomplete closing of hairpins. Indeed, the same nucleic acid sequences are used for
the series with QSY 21. Therefore, it is expectable that these beacons would suffer from the
same issues of incorrect stem closure, as it seems to be the case.

The quenching efficiency, as calculated from the short decay components only (Table 6.6),
was very high and close to 100% for all beacons, and increased when compared to beacons
labeled with DDQ II. This result can be explained by the larger Forster’s radius of
Atto-647N/QSY 21 pair - 70 A compared to 43 A for Atto-647N/DDQ 1II. The results are also
in agreement with the theoretical energy transfer efficiencies (Figure 6.5), that showed that in the
closed hairpin conformation the FRET efficiency is above 90% for DDQ II and almost 100%
for QSY 21.

Considering the estimated melting temperatures (Tm) of 43.9, 47.8 and 56.3 °C for beacons
BM, BD and BS, respectively, theoretically the hairpins should be closed at the room temperature
(~25 °C) at which the studies were performed. In the presence of the targets, Tw’s of the open
hairpins are 67.5, 72 and 57.3 °C, thus, also at room temperature, the beacons should be
hybridized with the targets, as planned. So, the issues found with the beacons’ performance could
have not been anticipated on the basis of T estimates. Nevertheless, the models for calculating
the T are based on approximations that can have its limitations. Besides, the beacons were
designed with terminal quenchers, dyes and thiols, thus being more complex than the sequences
considered in the calculations (OligoAnalyzer Tool considering oligonucleotide and salt (Na")
concentrations of 1 uM and 137 mM, respectively).

Molecular beacons labeled with QSY 21 showed a slightly better performance in aqueous
solution than DDQ IlI-labeled probes. Yet, since all beacons still revealed some limitations on the
closing/opening tesponse and on fluorescence signalling of targets, a deeper complementary
study was performed by conventional fluorescence spectroscopy (see section 6.9.3 of Annexes
for more details). These results were part of the master thesis of Inés Silva,” which joined this
project at the host laboratory during the last year of this doctoral thesis. Briefly, results indicated
that QSY 21-labeled beacons are more efficient in quenching Atto-647N’s emission than the
ones with DDQ 1II, in agreement with the studies discussed in this section. Also, in both series
“1” and “2” of the beacons, upon addition of target sequences, the increase in the quantum yield
was remarkably low (between 2 to 5%). This lack of response confirms the previously mentioned
limitations of all beacons in respect to their closing/opening transition in signalling target
detection.

Nevertheless, the perspective that the plasmon near-field effect on the FRET efficiency could
improve the contrast between the “on” and “off” states, prompted to test the beacons’

conjugated onto plasmonic nanoparticles, as described next.
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6.4. Functionalization of molecular beacons onto gold nanorods

This section is dedicated to the conjugation of beacon probes onto gold nanorods to create
nanohybrids for plasmon-enhanced fluorescence signalling of nucleic acids. The experience
gathered on tip-selective (tip) and non-selective (NS) functionalization protocols, as described in
Chapter 5, was employed here to load the beacons onto the nanorods. Unfortunately, the
implementation of a tip-functionalization protocol for beacons led to irreversible aggregation of
nanorods, as visually observed by the color change of nanorod suspensions from green to
grey/transpatrent. The aggregation is tentatively attributed to a charge compensation between the
negative hairpins and the positive CTAB bilayer that is present in the nanorods’ corona, which
possibly compromises the colloidal stabilization by electrostatic repulsion. To overcome this
drawback, NS-functionalization was performed instead.

The experimental procedures used for NS-functionalization of beacons into nanorods were
the same as those presented in Chapter 5: a two-step ligand exchange, in which CTAB was first
replaced by thiolated mPEG-SH molecules, and then by the beacons.”” The results presented
here are for the conjugation of BD2 onto nanorods. The resulting nanohybrid particles, hereafter

named NRs-BD2, were characterized by optical spectroscopy, as presented in Figure 6.11.
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Figure 6.11 - Non-selective functionalization of BD2 onto gold nanorods. (A) Extinction spectra of
nanorods after ligand exchange (black curve) and after functionalization with BD2 (dark blue curve).
(B) Emission spectra of nanohybrids (dark blue curve) and BD2 displaced from the same sample (light
blue curve), both measured at an excitation wavelength of 600 nm. The displacement of BD2 into
solution was performed by ligand exchange with 2-mercaptoethanol (20 mM).37

After conjugation of BD2 to PEG-coated nanorods (NRs-LE), the LSP peaks shifted about
3 nm (Figure 6.11A). This value indicates a change in the refraction index of the nanorods’
environment that was induced by the DNA coating layer and thus supports the notion that
NS-functionalization was achieved.

Steady-state fluorescence measurements (Figure 6.11B) were also performed on NRs-BD2,
for the evaluation of its emission properties and to assess the number of functionalized strands in

each nanorod. The latter quantification was performed by using a ligand exchange procedure
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with 2-mercaptoethanol, as previously described.” The fluorescence of the displaced beacons in
solution was much higher than that of the nanohybrids, which indicates that the dye’s emission is
quenched in the nanohybrids. However, the fluorescence intensity of NRs-BD2 shows that there
is still a significant emission. This is probably because hairpins are not entirely closed when
loaded into the particles, so that the quenching mechanism by FRET is not effective.

Regarding the quantification of BD2 strands loaded into each nanorod, a value of 255 strands
per rod was obtained. This number was higher than the 170 DNA hybrid chains attached per rod
obtained in Chapter 5 using the same incubation time (1 h) and loading ratio (4000).*" Since a
molecular beacon in closed hairpin conformation is more voluminous than the previously studied
DNA hybrid, one would anticipate that the loading on the particle’s surface would be inferior
because of higher steric hindrance. However, the larger loading attained in these nanohybrids
may also reflect the attachment of open hairpins to the rods’ surface, hence resulting in a
stretched-out sequence with lesser steric hindrance.

The nanohybrids were tested in colloidal solution to evaluate their emission response to the
target RNA (TD), as investigated by fluorescence correlation spectroscopy (Figure 6.12).
They were first diluted in sub-nM concentrations in PBST buffer (mixture of 1x PBS with Tween
20, 0.01 wt %).
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Figure 6.12 - Evaluation at the single-particle detection level of nanohybrids formed by BD2
NS-functionalized onto gold nanorods by FCS measurements. (A) Fluorescence intensity time trace
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(binning interval of 1 ms) and (B) fluorescence autocorrelation function. (C) Test in aqueous solution
(PBST bulffer) of the fluorescence response of colloidal single nanohybrids for target TD concentrations
of 0.1 and 10 uM after 30 minutes of exposure to particles. Values and error bars represent respectively
the average and standard deviation of three consecutive measurements. A laser excitation of 639 nm with
a power of ca. 0.04 kW /cm? was used in all measurements.

The emission intensity time trace of the nanohybrids shows intense and regular fluorescence
burst events with maximum photon detection rates in the order of hundreds of counts per ms.
The autocorrelation function obtained from this intensity trace shows two relaxation
components. These are attributed to the rotational and translational diffusion motions of the
nanohybrids in colloidal suspension, as also reported in the work of Chapter 5. In addition, for
the long relaxation, a diffusion coefficient of 7.7 pm/s* was obtained, which cotresponds to the
value theoretically estimated, 8.0 um?/s, using a modified version of Einstein-Smoluchowski
relation for a rod-like particle with the size assumed for the nanohybrids.

In order to evaluate fluorescence signalling of the nanohybrids in response to target RNA,
three consecutive measurements were performed, before and after addition of 100 nM and then
10 uM of TD. Next, the analysis of the autocorrelation curves provided an estimate of the
average occupation number of nanohybrids in the confocal volume. This was combined with the
mean trace intensities to determine the brightness of a single nanorod, which is considered a
sample average for single-particle emission. The observed increment of 14% in the brightness of
these nanohybrids when exposed to 100 nM of target is suggestive of fluorescence signalling.
This response was not further improved with higher concentration of target (10 uM), which
reflects the fact that the beacons at the particles’ surface were probably saturated at 100 nM
concentration.

The RNA target detection was also compared to previous biosensing assays based on the
beacon alone (section 6.3). The response to the target in this case had an increase of about 9% on
the brightness of a single dye molecule, but when BD2 was conjugated to the nanorods, the
nanohybrids showed an increment of 14%. This slight increase is still far from the intended
performance for the nanohybrid sensors.

Therefore, and to sum up, under the experimental conditions tested, the limited biosensor
response of non-selectively functionalized gold nanorods with BD2, as well as the unsuccessful
tip-functionalization results, have encouraged a change in strategy that led to the design of a new

hairpin probe, as described below.

6.5. Novel hairpin probe designed for detection of dengue viral RNA

The newly designed hairpin DNA probe is also labeled with Atto-647N dye, but uses the gold
nanorod as an energy acceptor instead of an organic molecule (such as a dark quencher). This
39-nucleotide probe, hereafter named HD, is composed of a 6-bp stem with a loop region of
27-nt complementary to the dengue viral RNA target (Figure 6.13). The HD beacon is modified

with a thioctic acid (a heterocyclic thia fatty acid comprising pentanoic acid with a
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1,2-dithiolan-3-yl group at the 5-position) at the 5 end. This could guarantee a comparable
covalent attachment to the nanorod’s surface relatively to the two thiol groups of the previous
beacons. The Atto-647N dye is labeled at the 3’ end for deliberate placement in close proximity
to the nanorod’s surface, thus, enabling metal quenching to provide an “off” state.” When the
RNA target sequence hybridizes with the loop region of the hairpin, the subsequent opening of

the conformation reestablishes the dye’s emission, thus providing an “on” state (Figure 6.13B).

A Donor (D)
Loop Atto-647N

CGACCA-5’

GCTGGT-3’-(Thiotic acid)
Stem

27 nts

B Open hairpin

RNA
Closed hairpin target

Figure 6.13 - Scheme of the design of the novel hairpin probe HD envisioned for the detection of dengue
viral RNA sequences. (A) The probe is modified with an Atto-647N dye labeled on the 3’ end and a
thiotic acid moiety on the 5 end. The loop region of the hairpin has 27 nucleotides in order to hybridize
with the RNA target. The 6 nts at both ends of the probe are complementary and fold spontaneously
forming the stem that closes the hairpin. (B) Representation of the hairpin (in orange) labeled with an
Atto-647N donor molecule (red dot). The blue regions are the nucleotides that form the stem closing the
hairpin. The RNA target sequence (in green) is complementary with the loop region of the hairpin and
when their hybridization occurs the hairpin changes from a closed conformation to an open
conformation.
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The conjugation of the hairpin probe with gold nanorods to form nanohybrid biosensors is
schematically represented in Figure 6.14. The objective here was to achieve plasmon-enhanced
fluorescence signalling of biomolecular detection events and provide high sensitivity in nucleic

acid biosensing responses.

Figure 6.14 - Scheme (not-to-scale) of the newly proposed nanohybrid biosensor for the detection of
dengue viral RNA: a gold nanorod is tip-functionalized with fluorescently-labeled hairpin probes that in a
closed conformation allow the proximity of the dye (red dot) to the nanorod’s surface for quenching of
fluorescence, as the nanorod acts as an energy acceptor.

6.5.1. Functionalization of HD onto gold nanorods and sensing response in aqueous

solutions

Prior to functionalization, the novel HD hairpin probe was studied by performing an optical
spectroscopic characterization and by determining the fluorescence quantum yield (see
Figure 6.21 and Table 6.14 of the Annexes). The possible secondary structures and the melting
temperature of HD are shown in Table 6.15 of the Annexes.

Tip-selective and NS-functionalization (for comparison purposes) were used to conjugate the
HD hairpin probe onto gold nanorods in colloidal suspension following the protocols described
in Chapter 5. Stable particles were obtained with both approaches, as characterized by the
extinction spectra in Figure 6.15A and B. This constituted a major progress relatively to the
previous conjugations with the molecular beacons that, in most cases, resulted in rod aggregation.
It was shown in the literature that oligonucleotides with a thioctic acid moiety functionalized
onto gold nanoparticles provided higher loadings and higher stability (in the presence of thiols

from dithiothreitol) than particles prepared with oligonucleotides carrying a single thiol.”
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Figure 6.15 - Tip- and NS- functionalization of HD onto gold nanorods. (A) and (B) are extinction
spectra for tip- and NS-functionalization, respectively. “NRs” are nanorods stabilized by CTAB.
“NRs-LE” represents nanorods after ligand-exchange reactions. (C) and (D) are emission spectra of
nanohybrids after tip- (dark green curve) and NS-functionalization (dark orange curve), respectively, and
of HD displaced from the same samples by ligand exchange with 2-mercaptoethanol (20 mM).3” These
spectra were measured at an excitation wavelength of 600 nm.

Only minor LSP peak shifts of 1 nm were measured on both nanohybrids after the
functionalization procedures. In particular, blue- and red-shifts were obtained respectively for
NRs-HD-Tip and NRs-HD-NS samples, in relation to rods before loading of HD.

Steady-state fluorescence measurements (Figure 6.15C and D) were also performed.
Interestingly, the nanohybrids prepared by tip-functionalization exhibited significant
fluorescence, while the ones NS-functionalized displayed no fluorescence. This difference can
indicate that hairpins are conjugated onto the nanorods in distinct conformations.
In tip-functionalized nanorods the presence of CTAB may contribute to incomplete or even
non-closing of the stem. Possibly this is due to electrostatic interactions of the DNA strand with
the surfactant bilayer, so that the dye’s distance to the nanorod’s surface is greater than in the
case of a closed hairpin leading to emission, instead of particle-induced quenching, as initially
planned. In the NRs-HD-NS sample, the PBST medium may have contributed to a better closure
of the hairpin’s stem. Indeed, an excessive salt concentration has been reported to stabilize closed

and secondary conformations.*
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The ensemble emission measurements also allowed to assess the number of hairpins attached
to each nanorod using the same displacement quantification method as before.”” Values of 81 and
50 HD strands per nanorod were obtained for tip- and NS-functionalization, respectively. These
results are in opposition to what was expected from the work discussed in Chapter 5/Ref. 20, in
which tip-functionalization rendered lower loadings of DNA hybrids.

It was also possible to evaluate the fluorescence enhancement effect, but in tip-functionalized
particles only, because NS-functionalized had no fluorescence. This was performed by comparing
the emission spectrum from a sample of nanohybrids with that from the same sample after
displacing HD into solution by ligand exchange with 2-mercaptoethanol.”” The values obtained

are presented in Table 6.7.

Table 6.7 - Fluorescence enhancement of NRs-HD-Tip nanohybrids obtained in displacement assays,
with variation of the excitation wavelength (Aexc).

Fluor. enhancement

Aexc (nm) | 600 | 610 | 620 | 630
NRs-HD-Tip | 1.6 | 1.7 | 1.7 | 2.1

In agreement with the work discussed in Chapter 5/Ref. 20, tip-functionalization rendered
nanohybrids with enhanced fluorescence emission, while the non-selective approach presented
only emission suppression.

The biosensing ability of colloidal nanohybrids in aqueous solution was also tested by adding
the RNA target (2 uM) for 30 minutes. The emission response was assessed by comparing the
emission spectrum from a sample of nanohybrids to that of the same sample now in the presence
of target. The results were similar regardless of the functionalization procedure: absence of
fluorescence signalling. This means that there was no response of the nanobiosensors to the
presence of the RNA target in solution. Probably this was due to the already open or
incompletely open hairpins. Moreover, in tip-functionalized nanorods, the presence of a CTAB
bilayer perhaps interfered with a proper target hybridization with the hairpin’s loop by means of
electrostatic interactions. For NS-functionalized nanorods, the limitation caused by electrostatic
interactions is due to the negative charge of the hairpins and that of the target, which probably
also hampers hybridization.

The misleading results on the first NRs-HD-Tip sample led us to prepare new samples of
tip-functionalized nanohybrids considering some experimental variations. Apart from
nanohybrids with HD in the closed hairpin conformation (i.e. without target), a new sample was
also prepared of HD hybridized with the target (HDTD). This would provide open hairpins later
conjugated onto nanorods. This trial would allow the assessment of the fluorescence
enhancement induced in the dyes’ emission that could be attained in the open hairpin
conformation. In addition, it was intended to evaluate if the loading of HD chains would be

increased by using a more linear and rigid dsSDNA chain like HDTD.
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Initially, to confirm the conformational difference between HD and HDTD the fluorescence
autocorrelation curves (Figure 6.23 of the Annexes) were acquired in 0.5x PBS (as used in the
functionalization). The values obtained for the diffusion coefficients were 110 and 84 pm?®/s,
respectively for HD and HDTD. These values support the hybridization of HD with the target,
because the hydrodynamic radius of the HDTD hybrid is supposedly larger than that of HD, and
thus, supports target association as intended.

After functionalization, both types of nanohybrids were stable in CTAB solutions of 1 mM, as
evaluated by the extinction spectra of Figure 6.16A. The decrease of CTAB’s concentration from
10 to the critical micelle concentration of 1 mM*' was meant to reduce interference from CTAB
detergent on the hairpin probe, and later in the target sensing assays. In agreement to previous
HD-nanorod conjugates, LSP peak blue shifts of 1 and 2 nm were measured for the
HD- (NRs-HD) and HDTD-tip-functionalized nanorods (NRs-HDTD), in comparison to

nanorods before loading of oligonucleotides.
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Figure 6.16 - Tip-functionalization of gold nanorods with HD (NRs-HD) and with HD hybridized with
TD target (NRs-HDTD). (A) Extinction spectra of the nanohybrids - “NRs” are nanorods stabilized by
CTAB (1 mM). (B) and (C) are emission spectra of NRs-HD and NRs-HDTD nanohybrids, respectively,
and of HD and HDTD displaced from the same samples by ligand exchange with 2-mercaptoethanol
(20 mM), measured at 600 nm.
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Ensemble spectra (Figure 6.16B and C) of nanohybrids were performed to quantify the load
of probes-per-nanorod. The values of 35 HD and 42 HDTD probes per rod were obtained, in
agreement to the tip-functionalization protocol of Chapter 5/Ref. 20.

Table 6.8 shows the fluorescence enhancements factors at 600 and 620 nm excitation
wavelengths. These were also calculated for each type of nanohybrids by comparing the emission
spectrum from their sample with that from the same sample after displacing HD or HDTD into

solution.

Table 6.8 - Fluorescence enhancement factor for samples NRs-HD and NRs-HDTD obtained in
displacement assays while vatrying the excitation wavelength (Aexc).

Fluor. enhancement

Aexe (Nm) 600 620
NRs-HD 2.8 3.5
NRs-HDTD | 1.9 3.1

The fluorescence enhancement detected for NRs-HD nanohybrids is slightly larger than that
for NRs-HDTD (for both excitation wavelengths measured). This difference may arise from the
possible larger distance between dyes and the rods’ tips, attained in the stretched HDTD chain,
which could decrease the antenna effect.”” In the particular case of NRs-HD, the fluorescence
enhancement increased from 1.6 to 2.8 at an excitation wavelength of 600 nm, when comparing
to the previous tip-functionalized particles. The difference in probes loading - 81 in the previous
experiment and 35 in this one - may be one of the reasons for this increment. As less dye
molecules are inserted at the nanorod side and mostly at the tips, the average fluorescence
enhancement increases, thus contributing to the overall increased nanohybrid emission.
Again, incomplete and/or absence of closure of the hairpins may contribute to the emission of
the NRs-HD sample, instead of a particle-induced quenching effect as initially planned for closed
hairpins.

The biosensing response of the previous colloidal nanohybrids (sample NRs-HD) in aqueous
solution was also tested by adding the RNA target (2 pM; 30 minutes), but no fluorescence
emission was obtained. The lack of response to the RNA target may again be caused by the
hairpins being already opened even in the target’s absence. However, one cannot exclude an
eventual interference of CTAB molecules in the target hybridization.

Unfortunately, a fluorescence signalling response from these nanohybrids was not obtained as
initially projected. This failure has driven the development of assays on surface-immobilized
nanohybrids. With this strategy change, target hybridization assays in the absence of CTAB

(or other surface agents) become possible.
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6.5.2. Fluorescence signalling on surface-immobilized nanohybrids

The biosensing assays described here were carried out with the nanohybrids immobilized on
glass coverslips modified to covalently bind gold particles. This organic coating was achieved
using well-established surface silanization procedures. The surface immobilization of former
HD-tip-functionalized gold nanorods (sample NRs-HD in Figure 6.16) enabled their study by

single-particle spectroscopy on a confocal fluorescence microscopy setup (Figure 6.17A).
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Figure 6.17 - Surface-immobilized nanohybrids formed by HD functionalized onto the tips of gold
nanorods (NRs-HD). (A) Probed image of nanohybrids recognized by their photoluminescence and
identified as points with numbers. The image was obtained with 40 x 40 pm, 256 pixels, at 639 nm and
0.04 kW/cm? laser irradiation. (B) Single emitter tracking and (C) average peak intensity in relation to time
of the nanohybrids, prior and after addition of target RNA at # = 12 mins (TD, 1 uM in 1x PBS). A total
of 38 points were analysed for each graph.
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With this surface immobilization approach, and unlike in the case of ensemble measurements
in colloidal suspension, CTAB can be completely removed from the nanorods’ surface through
washing without affecting stability of the particles. The removal of the positively charged CTAB
bilayer minimizes undesired electrostatic interactions, which could interfere with target
hybridization; or the spontaneous closing of hairpins. Also, eventually the evaluation of the
sensing response at single-particle level (Figure 6.17B), would allow in principle to detect
single-molecule hybridization events.

The response to the target RNA was tested by performing measurements of single-particle
fluorescence on the nanohybrids (previous Figure 6.17B and C). These were exposed to multiple
irradiations of the same area, before and after target addition. As can be seen in the previous
tigure, the sensing response to the target was inexistent, even after approximately 1 hour of
exposure. Possibly the hybridization of the target with the loop’s hairpin did not occur due to
incomplete removal of CTAB molecules from the surface of the nanorods, thus limiting the
increment of the particles’ peak intensities that could signal the molecular detection.
Unfortunately, these results have not demonstrated a nanohybrid sensor with plasmon-enhanced
fluorescence signalling. Nevertheless, the experience harnessed from this work has contributed to

improve the strategies toward the ultimate goal of detecting single-molecule hybridization events.

6.6. Remarks and follow-up

Functionalization of fluorescently-labeled probes onto plasmonic hot-spots at the tips of gold
nanorods was performed for the development of nanohybrid biosensors. The major advantage of
this approach over free probes would be to exploit enhanced fluorescence signalling, in response
to target species, which would provide biosensors with more sensitivity for nucleic acid detection.
However, under the conditions investigated, the designed molecular beacons presented
limitations when tested alone in solution. In view of this chapter’s overall results, possible
improvements of the nanohybrid’s components - molecular beacons and nanoparticles - are
discussed next.

First of all, the stem could be increased or enriched in CG content, because the possible
structures obtained using the OligoAnalyzer tool suggest that the first (AT) pair of the stem do
not effectively close, and thus may contribute to mis-folded hairpin conformations. On the other
hand, the length of the stem could be reduced to 5 base pairs, since beacons with shorter stems
allow faster hybridization kinetics and improved sensitivities. However, since they can suffer
from lower signal-to-background ratios and selectivity, a compromise needs to be found.***

Other major changes could also be implemented, such as the labeling strategy. Instead of
terminal-labeled dyes connected by linker chains, that are flexible and can affect FRET distances,
the dye-labeling could be done directly onto a nucleotide.'® Since dye-DNA interactions are
known to stabilize the closed conformation of hairpins, this could circumvent the limitations

verified here in the beacons’ closing. In addition, synthetic nucleic acids such as locked nucleic
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acid (LNA) or peptide nucleic acid (PNA), which have higher sensitivity and selectivity than
DNA probes, could be explored to redesign the beacons.*

Also, beacons alone could be characterized more extensively. The influence of ionic strength,
temperature and oligonucleotide length on the kinetic and equilibrium constants of binding and
dissociation could be studied.* In this regard, the lack of significant response to targets, which
restricts their use for biosensing applications, could also be related to salt concentration, or to the
lack of divalent counterion species. As reported, this effect stabilizes closed and secondary
conformations instead of allowing opening of the hairpins.*” Therefore, the influence of salt
concentration on the beacons could be studied to assess minimum background fluorescence (low
emission state), and on beacon-target assemblies to evaluate top signalling responses (high
emission state) at room temperature.”’ Nevertheless, preliminary studies along these lines did not
provided yet promising results.”

Regarding the unsuccessful tip-functionalization of molecular beacons, in which the issue was
the particles’ stability, variations to the protocol could be performed. For example, increase
reaction time or fine-tuning salt concentration to shield the negative charges of the long hairpins’
chains, possibly preventing the formation of complexes between CTAB micelles and molecular
beacons. A biocompatibility strategy on these tip-functionalized nanorods could provide particles
without CTAB, stable and adequate to interact with targets more effectively. In this regard,
several alternatives were tested, i.e. using PEG or PEG/BSPP/Tween 20" and PAA/PAH* as
substitution ligands, but without the intended outcome. Alternatively, the nanorods could be
stabilized with a citrate coating before or after functionalization with the beacons.””* In fact, gold
nanospheres that already have a citrate coating were functionalized with the new hairpin probe,
but due to unclear results, further studies are necessary.

In this work, the plasmonic hot-spots for signal enhancement were the tips of elongated gold
nanoparticles, such as nanorods. Alternatively, gold nanoparticles assembled as dimers could be
used to develop nano-gaps with molecular beacons placed in the hot-spot for highly sensitive
biomolecular detection of nucleic acids. To this end, the beacon would need to be adapted to
function as a linker between particles. For example, the stem of the hairpin could be extended to
bare another two thiol functions located in opposite ends of a dsSDNA segment designed to be
30-bp long. This length would provide a gap distance of at most 10 nm between the assembled
nanoparticles. For nanospheres, and considering the work discussed in Chapter 3/Ref. 49 the
particle’s size of 80 nm, or more, could enable an efficient scattering of the dye’s emission,
thereby, resulting in better antenna efficiencies. This work already proved that such a dimer
configuration can support emission enhancements of a red-emitting dye up to 3 orders of
magnitude. Also, dimers of gold nanorods in head-to-head configuration using beacons could be
developed to obtain even larger field enhancements in the nano-gap,” when compared to dimers

of spherical particles. Such large enhancements could have a similar benefit in the sensitivity of
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nucleic acid detection and would contribute to fully explore fluorescence emission increase by

plasmonic antennas for sensing applications.

6.7. Experimental section

6.7.1. Materials

Gold nanorods coated by CTAB surfactant with an approximate size of 25 nm x 71 nm and
with a LSP peak wavelength of 661 nm (product no. A12-25-650-CTAB-DIH-25, lot F3210)
were acquired from Nanopartz Inc. (USA) as aqueous suspensions with an optical density of 1.
DNA oligonucleotides purified by high-performance liquid chromatography were purchased
from STAB Vida (Portugal), except QSY 21-labeled strands that were acquired from
ThermoFisher Scientific (USA). Dye-labeled strand, F-Seq, had the following sequence:
(Atto-647N)-5-GAGTCTGGAC-(C6-SH)-3’, with C6 representing a hexamethylene spacer.

Q-Seq sequences, hairpin probe HD, and targets are described in the next table.

Table 6.9 - Sequences of hairpins (Q-Seq strands and HD), respective modifications/quenchers and
nucleic acid target sequences.

Labels Modifications Hairpin sequences Targets
Q-Seq of 5’ C6 Thiol 5-GTC CAG ACT C )
BDl 37 DDQ 1I CA AGT GGT CGT Dengue virus RNA’ TD4
I TGA AGT CGA GGC| 5.CUC UCC GAG AAC AGG
Q-Seqof | > COThiol [ CTG TIC TCG GAG|  CCUCGA CUU CAA-3
d Modifier S-S | AGC GAC CA-3’
BD2 3 QSY 21 Length: 27 nts
Length: 53 nts
Q-Seq of 5’ C6 Thiol 5-GTC CAG ACT C Sleeping sickness DNA, TS
_Bst | I¥DDQI | CA AGT GGT CGC | 5 prG TGT TTA CGC ACT
Q-Seq of 5 C6 Thiol AAG TGC GTA éAC TG-3
q Modifier .3 | ACA ACG ACC A3 Lenothe 17
oth: 17 nts
BS2 3 QSY 21 Length: 43 nts
Q-Seq of 5’ C6 Thiol 5-GTC CAG ACT C ) .
BMl 3 DDQ I CA AGT GGT CGC rn1croRNA—l45, TM9 12
— o AGG TCA AAA GGG [ 5-UCC CUA AGG ACC CUU
Q-Seqof | > COThiol ] TCC TTA GGG ACG UUG ACC UG-’
BM2 l\/é(,)dlf;(;{r ZSiS ACCAY Length: 23 nts
Q Length: 49 nts
5-TGG TCG TTG Dengue virus RNA, TD*
ap | 3 Thioetic Acid | 420 150 806 CEL s cuc uce 6aG AAc A6
’ . CCU CGA CUU CAA-3
3> Atto-647N CCA CCAY
Length: 27 nts
Length: 39 nts

CTAB (= 99%), thiolated poly(ethylene glycol) (mPEG-SH, MW ~5,000) and Tween 20 were
supplied by Sigma-Aldrich (USA). Sodium citrate tribasic dihydrate (Sigma-Aldrich, = 99.5%) and
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citric acid (Sigma-Aldrich, > 99.5%) were used to prepare citrate buffer with pH 3. Atto-647N in
the form of NHS-ester derivative was purchased from ATTO-TEC GmbH. Phosphate-buffered
saline  buffer as tablets from Sigma was dissolved in  ultrapure  water.
(3-mercaptopropyl)-trimethoxysilane (MPTMS) was from Aldrich with 95% purity. Ultrapure
water (18.2 MQ-cm) was obtained with a Milli-Q purification system (Merck-Millipore, USA) and
used in all preparations. All reagents were used as obtained. Microscope coverslips of & 22 mm

were produced by Menzel-Gliser (Gerhard Menzel GmbH, Germany).

6.7.2. Instrumentation

A PerkinElmer, model Lambda 35, UV/Vis spectrophotometer was used to acquire
absorption or extinction spectra. Corrected fluorescence emission spectra were recorded with a
FluoroLog-3 spectrophotometer (Horiba Jobin Yvon, Japan). Confocal fluorescence microscopy
with single-molecule sensitivity measurements were performed on a time-resolved confocal
fluorescence microscope, model MicroTime 200, from PicoQuant GmbH (Germany).
The microscope setup details were previously described in Chapter 3. Single-particle spectra were
collected with a QE Pro (Ocean Optics, Germany) spectrometer, that was fiber coupled to the
confocal microscope. The SymPhoTime software, version 5.3.2.2, from PicoQuant GmbH was
used for data acquisition and analysis. Glass surfaces were cleaned using an UV /ozone chamber
model PSD-UV3 from Novascan.

6.7.3. Confocal fluorescence microscopy studies

Prior to performing measurements on molecular beacons, glass coverslips had to be prepared.
Briefly, round glass coverslips were extensively cleaned by sonication (20 min) in RBS 50
detergent (5% v/v) and absolute ethanol. Coverslips were rinsed with ultrapure water between
steps and at the end. After drying with Ny, coverslips were exposed to UV/ozone for 2 houts
and a small liquid tank was mounted.

Separate aqueous solutions in 1x PBS for each oligonucleotide concentration were freshly
prepared from working stock solutions at room temperature. To study the functionality of each
beacon in solution, three consecutive steps were performed. Initially, 100 uL. of F-Seq with 1 nM
was placed on the tank cell in the glass coverslip. After an incubation step of 30 minutes, 11.1 uL
of each QQ-Seq sequences’ solution with 1 uM (final concentration of 100 nM) were added and
allowed to hybridize with the F-Seq for another 30 min for beacon assembly. Finally, 2.3 pL. of
each respective target sequence (100 uM; final concentration of 2 pM) were inserted and
hybridization of beacon-target assembly was left for 30 min. For the titration assay of BD2 in
1x PBS, the concentration of F-Seq was kept fixed at 1 nM and the solution incubated for
20 min. After, the concentration of Q-Seq from BD2 was increased from 1 until 200 nM,
followed by addition of RNA target (TD, 2 uM). Between each addition of Q-Seq and later of

TD, 20 min were given to allow for hybridization of oligonucleotides.
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Measurements were performed in the time-resolved confocal fluorescence microscope. Laser
excitation at 639 nm with a pulse repetition rate of 20 MHz was focused by a 60x water
immersion objective ca. 10 um above the coverslip surface. All measurements were made at
room temperature (ca. 25 °C) with acquisition times of 180 seconds. For emission
intensity-lifetime measurements, a laser excitation power of ca. 1.6 kW /cm® was used to acquire
point fluorescence intensity time traces, while fluorescence autocorrelation curves were obtained
at ca. 4 kW /cm® In the titration assay, three consecutive measurements were performed in each
addition step, using a power of 12 kW /cm® The focal area and detection volume were calibrated,
in every new coverslip, by using Atto655-COOH and considering as reference value a diffusion
coefficient of 425 mm® s in water at 25 °C.

Time traces of fluorescence intensity were cross-correlated to avoid after-pulsing artifacts.
Also, by applying reconvolution fitting, it was possible to obtain amplitudes and lifetimes of short
and long components in a multi-exponential fitting. The use of an IRF insured a more accurate
fitting than what could be obtained with a tail fitting and allowed a better estimation of the
relative amplitude of each lifetime component. The IRF was obtained using the scattering signal
from a dispersion of gold nanorods, resulting in a Full Width at Half Maximum (FWHM) of

ca. 0.5 ns.

6.7.4. Molecular beacons’ fluorescence quantum yield and lifetime determination

The fluorescence quantum yield and lifetime were assessed for Atto-647N dye, F-Seq (1 uM),
Q-Seq strands (1 pM), DDQ 1I-/QSY 21-labeled molecular beacons (F-Seq and Q-Seq with 0.5
and 1 uM, respectively, except for BS1 that was 0.25 and 0.5 uM) and beacon-target assemblies
(with 2 pM of each target). All solutions were prepared in 1x PBS.

The relative determination method was implemented to obtain the quantum yields.”"”* This
method is based on the comparison of the integral emission spectra of a standard dye versus that
of the sample (dye) being studied, under identical conditions. The standard dye must have a
known quantum yield and similar optical properties as the sample, thus cresyl violet was selected,
with a known quantum yield of 56% in ethanol at 24 °C.”> The method involves acquiring
absorption and emission spectra. For this, 10 mm quartz cuvettes were used in both respective
instruments to minimize on the calculation the effect of scattering losses at the interface. Internal
filter effects were avoided by ensuring maximum extinction values below 0.2 absorbance and
concentration of standard dye was adjusted rather than that of samples. Emission spectra of
standard and sample were obtained with excitation at 580 nm.

Lifetime determination was performed in the time-resolved confocal fluorescence microscope
(front-face geometry) by TCSPC technique. A droplet of each sample used for quantum yield’s
assessment was placed in separates areas of clean glass coverslips. A point fluorescence intensity
time trace was acquired with the laser beam with excitation at 639 nm focused ca. 10 pm above
the coverslip surface. Q-Seq sequences were excited at 0.8 kW/cm® and all other samples at

0.08 kW/cm® for 2 minutes. Again, reconvolution fitting was applied to obtain relative
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amplitudes of each lifetime component in a multi-exponential fitting, assuming a fixed value for
the same IRF (FWHM).

6.7.5. Functionalization of gold nanorods with molecular beacons

Two approaches were used for the attachment of molecular beacons onto gold nanorods, a
tip-selective and a non-selective functionalization, following the protocols described previously in
Chapter 5/Ref. 20. First, for assembly of beacons, F-Seq and Q-Seq sequences were hybridized
in 0.5x PBS for at least 1 h at room temperature using a 25% molar excess of Q-Seq strands.
Afterwards, to prepare the functionalization mixture for a tip-selective procedure, beacons
(0.5x PBS) were added to nanorods in aqueous CTAB (10 mM) at a dye-per-particle molar ratio
of 4000 to give a final rods’ concentration of 1 nM in a volume of 90 pL. The mixtures were
allowed to react at room temperature for 1 hour (experiment with BD2) or 24 hours
(experiments with BD2, BS2 and BM2). At the end, the reaction was halted by washing
unbounded oligonucleotides by eight centrifugation cycles with resuspension in aqueous CTAB
(10 mM, 500 pL). All samples were stored in the colloidal suspension at 4 °C until further use.

The non-selective functionalization is briefly described next. First, a volume of 2 mL of gold
nanorods (0.2 nM) in aqueous CTAB (1 mM) was centrifuged (6000 rpm, 15 mins), the
supernatant was discarded, and the pellet was resuspended in aqueous mPEG-SH (250 ulL,
10 pM) and Tween 20 (250 pL, 0.2 wt%). The solution was centrifuged (6000 rpm, 15 mins) and
the supernatant was replaced again with mPEG-SH and Tween 20. This procedure was repeated
one more time to wash away CTAB. The second ligand exchange started with hybridization of
F-Seq and Q-Seq sequences (from BD2), as described for the tip-functionalization. After,
beacons (35 pL in 0.5x PBS) were added to the PEG-stabilized nanorods (10 pL) to give a molar
ratio of dye-per-particle of 4000, while keeping the particle concentration fixed at ca. 2 nM. Next,
citrate buffer at pH 3 (20 pL, 0.5 M) and PBS (35 pL, 1x) were added, and functionalization
proceed for 1 h at room temperature. Lastly, unreacted oligonucleotides were washed by six
centrifugation cycles with resuspensions in PBST buffer (mixture of PBS with Tween 20,
0.01 wt %). Samples were also stored in the colloidal suspension at 4 °C until further use.

The number of molecular beacon BD2 attached per gold nanorod was determined by a
reported ligand displacement protocol using 2-mercaptoethanol.” Nanohybrids were previously
diluted to sub-nM concentration using PBST buffer. A working curve was previously established
by measuring the fluorescence intensity from solutions of beacon BD2 in PBST with known
concentrations in the presence of 20 mM of 2-mercaptoethanol, as shown in the next figure. The

emission spectra were recorded with excitation wavelengths at 600 nm.
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Figure 6.18 - Quantification of the number of beacon BD2 chains attached per gold nanorod.
(A) Emission spectra of BD2 solutions with known concentrations (between 0 and 47 nM from down to
top) in PBST buffer and in the presence of 2-mercaptoethanol (20 mM), obtained for an excitation
wavelength of 600 nm. (B) Working curve for the determination of BD2’s concentration in the
displacement assays - represented as the integrated emission spectra (area) of the solutions measured in

(A).

Characterization of the fluorescence emission of colloidal nanohybrids formed by beacon
BD2, was performed by FCS measurements at room temperature. For the evaluation of the
sensing response of colloidal single nanohybrids NRs-BD2 to dengue virus RNA target,
fluorescence intensity time traces were also acquired. First, nanohybrids were diluted to a sub-nM
concentration in PBST. In the sensing assay three consecutive measurements were performed: to
the nanohybrids alone and in the presence of target after 30 min exposure, first at a
concentration of 0.1 pM and later of 10 uM. All measurements were performed at a laser
excitation of 639 nm with a power of ca. 0.04 kW/cm® and with the beam focused ca. 10 pm

above the coverslip surface, during a time interval of 180 s.

6.7.6. Novel hairpin probe designed for the detection of dengue viral RNA
The fluorescence quantum yield of the hairpin probe, HD, designed for detection of the RNA

target, was also performed considering the abovementioned relative determination method.”>
HD was prepared with 1 pM in 1x PBS, PBST and CTAB (10 mM) and the quantum yield was
also measured after addition of target (2 pM) to each solution.

For the attachment of hairpin probes onto gold nanorods, again tip-selective and
non-selective functionalization approaches were implemented, following the protocols as
described previously in Chapter 5/Ref. 20 and in the above section. Hybridization of HD with
the target sequence (2-fold excess) was carried out in 0.5x PBS for at least 1 hour, prior to
tip-functionalization of nanorods with the resulting HDTD hybrid. The hybridization was
afterwards confirmed by FCS measurements using a laser excitation at 639 nm.

Concerning the determination of the number of probes (HD and HDTD) attached per gold
nanorod, a displacement method using 2-mercaptoethanol was also performed (see Figure 6.22

of the Annexes). The emission spectra were acquired with an excitation wavelength of 600 nm.
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The dye displacement by ligand exchange with 2-mercaptoethanol was also used in the
determination of the fluorescence enhancement of the nanohybrids. Emission spectra were
recorded for excitation wavelengths between 600 to 630 nm in steps of 10 or 20 nm depending
on samples.

Biosensing assays to evaluate the response in colloidal suspension of the nanohybrids to
artificial RNA target from dengue virus (2 uM, 30 minutes exposure) were performed by
assessing their fluorescence though acquisition of the emission spectra of each sample before and
after insertion of the target (incubation time of 30 minutes).

Biosensing assays were also carried out with the nanohybrids immobilized on silanized glass
surfaces. First, round glass coverslips were extensively cleaned prior to use by sonication (20 min)
in RBS 50 detergent (5% v/v) and methanol. The coverslips were rinsed with ultrapure water
between steps and at the end. After drying with N, they were exposed to a UV/ozone treatment
for 2 hours. For silanization, clean slides were immersed in a 5% (v/v) solution of MPTMS in
methanol for 30 min, rinsed thoroughly with methanol to remove unbound silane from the glass
surface, sonicated for 10 min in methanol and blow dried with N». Then, HD-tip-functionalized
nanorods were immobilized by drop-casting, at a sub-nM concentration in 1 mM of CTAB,
during 30 min on the silanized coverslips. After, these were rinsed with ultrapure water, placed in
PBS for 30 min to remove unbound particles, rinsed again with ultrapure water and blow dried
with Na. The surface immobilization enabled the characterization of the nanohybrids by confocal
fluorescence microscopy coupled with single-particle spectroscopy. Probed images of the
nanohybrids were obtained with 40 x 40 um, 256 pixels, at 639 nm and 0.04 kW/cm?® laser
irradiation to minimize photodamage effects. Single particles (a total of 38) were identified by
their photoluminescence and tracking of their peaks’ intensity in relation to time was performed

prior and 30 min after the addition of the RNA target sequence (1 pM in 1x PBS).
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6.9. Annexes

6.9.1. Structures of the molecular beacons designed for DNA and miRNA-145
detection

The structures of the molecular beacons designed for the detection of a DNA sequence
associated with sleeping sickness and miRNA-145 are represented in the next figure, both in

closed and open hairpin conformations.

Figure 6.19 - Molecular beacons designed for the detection of nucleic acid targets: DNA sequence
associated with sleeping sickness (A) and miRNA-145 (B). Beacons are formed by an Atto-647N donor
molecule (red dot) labeled into a ssSDNA sequence (in blue, F-Seq) and another DNA sequence (in orange,
Q-Seq) labeled with an acceptor molecule (grey dot). Both are in closed and open hairpins’ conformation
(upon hybridization of targets (in green) with the loop region of the hairpin) as represented in the
structures of the left and right side, respectively, of each (A) and (B).

The theoretical thermodynamic analysis (using the OligoAnalyzer Tool and considering
oligonucleotide and salt (Na") concentrations of 100 nM and 137 mM, respectively) of the
closing/opening dynamics of the hairpins correspond to the pretended effect. The change in the
Gibbs free energy, AG®, of the hairpins’ stem has a value of -11.55 kcal.mole™. Those of Q-Seq
for BS, Q-Seq for BM and Q-Seq for BD loop regions hybridized with the respective targets
have values of -30.27, -44.86 and -52.61 kcal.mole™, respectively. Since the AG® of the closed

beacons is smaller than that of the beacons hybridized with the targets, this validates, at least
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theoretically, the opening and the design of the beacons. The increment (negative) in AG® values
is due to the increase in the number of nucleotides on the hairpins’ loop from 17 in Q-Seq for
BS, to 23 in Q-Seq for BM and 27 in Q-Seq for BD.

6.9.2. Absorption spectra of the nucleic acid targets

The absorption spectra of the target sequences used for RNA, DNA and miRNA-145
detection are represented in Figure 6.20, where the characteristic absorption bands of nucleic

acids at around 260 nm are visible.
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Figure 6.20 - Absorption spectra of synthetic target sequences (1 pM): dengue viral RNA (TD), sleeping
sickness-associated DNA (TS) and miRNA-145 (TM).

6.9.3. Fluorescence quantum yield and decay analysis in solution

Table 6.10 presents the values of fluorescence quantum yield and lifetime (see section 6.9.4 of
Annexes) of dark quenchers DDQ II and QSY 21 labeled onto Q-Seq sequences.

Table 6.10 - Fluorescence quantum vyield (@r) and lifetime (1) assessment for DDQ II- and
QSY 21-labeled sequences (1 pM).

Dp (%) | Ay | Ty (ns) | Ay | T2 (ns) XZ

Q-Seq for D1 1 0.77{ 0.187 1023} 0533 |[1.235
Q-Seq for S1 0.5 n.a. n.a. n.a. n.a. n.a.
Q-Seq for M1 0.6 0.69 { 0.175 1031} 0.462 | 1.067

Q-Seq for D2 0.2 096 0.011 |0.04; 1.312 |1.088
Q-Seq for S2 0.2 1 0.014 | na. n.a. 1.069

Q-Seq for M2 0.2 099 0.025 |0.01} 1.373 |1.052

The fluorescence quantum yields of Atto-647N dye and F-Seq are presented in the next table.
The decay times and amplitudes from a multi-exponential curve analysis of fluorescence decays is

also shown here.
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Table 6.11 - Fluorescence quantum yield (@) and lifetime (Ti) assessment of Atto-647N dye and F-Seq
(1 uM).

Dp (%) | Ay | T1 (ns) | Ay | T2 (ns) XZ

1.00 3.47 - - 1.86

Atto-647N 62
0.98 3.52 0.02 0.26 1.12
F-Seq 56 0.95 4.05 0.05 1.05 1.13

The quantum yield’s value of Atto-647N, 62%, matches well the reported value for the dye in
aqueous solution, 65%,'” while for F-Seq the value of obtained was 56%. The difference can be
possibly justified by Atto-647N dye unexpectedly interacting with the nucleotides of F-Seq.
However, there are currently no works published about the interaction of Atto-647N with
nucleotides that resulted in quenching of the dye’s emission. In other dyes for example, such as
Atto-655 (used in the work of Chapter 3), electron donor-acceptor interactions with DNA bases
may cause fluorescence quenching, by means of guanosine’s low oxidation potential.** Still, it was
reported that Atto-647N triggered high levels of non-specific interactions in protein conjugates.”
So, it is hypothesized that the hydrophobicity of Atto-647N in F-Seq creates non-specific
interactions between its positively charged N* atom, that is delocalized by resonance along the
molecule’s ring, and the negative DNA chain backbone with subsequent charge transfer from the
electron rich nucleotides to the dye, resulting in a slight quenching effect.” Also, unexpectedly,
for Atto-647N’s decay fitting with reasonable y? were required two exponential components.

The next table shows that molecular beacons BD1 and BM1 exhibited quantum yields of

around 45%, while for BS1 the measured quantum yield was significantly lower, 15%.

Table 6.12 - Fluorescence quantum yield (@) and lifetime (7;) evaluation for DDQ II-labeled molecular
beacons (BD1, BS1 and BM1) and beacon-target assemblies (“w/ target”). Concentrations of F-Seq,
Q-Seq and targets were 0.5, 1 and 2 pM, respectively, except for BS1 that was 0.25, 0.5 and 1 uM,

correspondingly. All solutions were prepared in 1x PBS.

@y (%) | Ay [Ty (ns)| Ay | T2 (0s) | Az | T3 (ns) | x°

BD1 46 0.87{ 4.54 ]0.11 2.00 10.02% 0.21 1.03
w/ target 50 086 456 |012: 224 |0.02} 0.22 1.04
BS1 15 0.74{ 418 |]0.17 1.32 10.10¢ 0.24 [1.13
w/ target 19 0.74 ¢ 4.27 ]0.17 1.68 ]0.09{ 0.25 1.04
BM1 44 0.85{ 453 013} 209 |0.02{ 027 10.97
w/ target 49 0.89 1 4.49 ]0.09 1.79 10.02{ 0.23 1.00

Regarding QSY 21-labeled beacons (Table 6.13) these are more efficient in quenching
Atto-647N’s emission than the previous with DDQ 1I, as can be seen by the significant and

consistent reduction of the fluorescence quantum yields, especially for BD2 and BM2.
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Table 6.13 - Fluorescence quantum yield (@) and lifetime (7;) assessment for QSY 21-labeled molecular
beacons (BD2, BS2 and BM2) and beacon-target assemblies (“w/target”). Concentrations of F-Seq,

Q-Seq and targets were 0.5, 1 and 2 uM, respectively, in 1x PBS.

@p (%) | Ay [Ty (ns)| Ay | T2 (0s) | Az | T3 (ns) | x°

BD2 15 0.86{ 4.50 ]0.11 205 10.03{ 0.01 1.15
w/ target 17 0.84: 448 014 226 |0.03{ 0.01 1.08
BS2 10 0.91 4.34 10.07 1.41 0.01 0.01 1.04
w/ target 12 0.86{ 413 ]0.12 1.76 ] 0.01 0.01 1.02
BM2 12 0.831{ 4.34 ]0.10 1.30 ] 0.07¢ 0.01 1.12
w/ target 17 0.79 1 4.23 |0.10 1.65 ]0.03: 0.01 1.09

Concerning the fluorescence decays of the beacons, before and after target hybridization, it
was required a multi-exponential decay function with three components to propetly fit the decay
curves with a x? close to one. The main component has a lifetime similar to that of F-Seq
(4.05 ns), so it can be attributed to a fraction of unquenched emission from the Atto-647N labels.
This component is attributed mostly to open, or to ill-defined closed, hairpin configurations, in
which the donor-acceptor distance precludes an efficient FRET process. One cannot completely
exclude the possibility of a minor fraction of unlabeled Q-Seq strands, or of free F-Seq, but
previous control experiments suggest that these alternative explanations are not the main
contribution for the unquenched component. The intermediate decay time with values between
1-2.3 ns and a relative weight of 7-17%, is attributed to Atto-647N emission quenched by FRET
in the assembled beacons. These are insufficiently closed but with donor-acceptor distances close
enough for a mild FRET efficiency. The short decay time component is attributed to a minor
fraction of correctly closed beacons, in which the donor-acceptor distance is well below the
Forster radius and an efficient FRET process occurs. The latter component might also have a
minor contribution from ill-closed hairpins that within a larger conformational landscape allow

for some configurations with short donor-acceptor distances.

6.9.4. Novel hairpin probe HD

The optical spectroscopic characterization of HD was performed by acquiring its absorption,

excitation and emission spectra, represented in the next figure.
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Figure 6.21 - Optical spectroscopic characterization of the new hairpin probe HD (1 pM): absorption
(red curve), excitation with emission at 760 nm (grey curve) and emission with excitation at 580 nm (green

curve) measured in 1x PBS buffer.

The spectra lineshape of HD and its maximum wavelengths of absorption and emission agree
well with an equivalent Atto-647N dye-labeled sequence. The fluorescence quantum yield was
also determined, including in the presence of the target TD, by performing the eatly-mentioned
relative determination method. The values obtained are shown in the following Table 6.14 and

allowed an elementary evaluation of the probe’s functionality.

Table 6.14 - Fluorescence quantum yield (@r) determination for HD and hairpin probe-target assemblies
(“w/ target”) in 1x PBS, PBST and 10 mM of CTAB. Concentration of HD and target TD were 1 and
2 pM, respectively.

Pr (%)
HD in PBS 39
w/ target 51
HD in PBST 44
w/ target 52
HD in CTAB 34
w/ target 31

The possible secondary structures of HD hairpin probe are shown in the next table.
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Table 6.15 - Possible secondary structures of hairpin probe HD obtained in the OligoAnalyzer Tool
(oligonucleotide and salt (Na*) concentrations of 1 uM and 137 mM, respectively). AG®, T, AH® and AS°®
are respectively the change in the Gibbs free energy, the melting temperature, and the change in enthalpy
and in entropy.

Structus AG® Tn AH® AS°
U] (keal.mole™) | (°C) | (keal.mole™) | (cal.K'mole™)
2{4_;

,gj} n 6.2 47.8 -87.3 -272.02
i

gj sk

‘ ){ | -4.22 46 -64 -200.5

iinc.i{"

%%ﬁigo -3.37 37.2 -85.8 -276.46
2E§

f} ¥ 3.16 35.9 -90 1291.26
U_T§
,f}i n 3.15 38.3 741 -237.96

3.15 38.3 741 -237.96

Tncﬁf»*:-r

wf S

%ﬁ 4, 313 36.9 -81.9 -264.18
1
b

For the quantification of the number of HD and HDTD probes attached per gold nanorod a
ligand displacement protocol with 2-mercaptoethanol was used. Previously, a working curve was
established by measuring the fluorescence intensity from solutions of HD with known

concentrations in the presence of 20 mM of 2-mercaptoethanol and of PBST buffer
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(non-selective functionalization) or 10 mM of CTAB (tip-selective functionalization), as shown in

Figure 6.22.
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Figure 6.22 - Assessment of the number of HD strands attached per gold nanorod. (A) Emission spectra
of hairpin probes with known concentrations (between 0 and 5 nM from down to top) in the presence of
CTAB (10 mM) and of 2-mercaptoethanol (20 mM), obtained for an excitation wavelength of 600 nm.
(B) Calibration cutrve for the determination of the concentration of HD in the displacement assays:
represented as the integrated emission spectra (area) for solutions of known concentrations of HD in
PBST (black circles) and in aqueous CTAB (10 mM, grey circles), both in the presence of
2-mercaptoethanol (20 mM).

Hybridization of HD with the RNA target sequence (HDTD) was confirmed by acquiring
fluorescence autocorrelation functions of HD and HDTD solutions by FCS measurements

(Figure 6.23).
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Figure 6.23 - Fluorescence autocorrelation functions of HD and also HD but hybridized with target TD
(HDTD), both performed by FCS measurements with an excitation wavelength of 639 nm.
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7. Concluding remarks and future perspectives

Nanotechnology has a pivotal role in our contemporary society, in which technologies operating
at the nanoscale have recently evolved in an unprecedented way. Its application in the fields of
biotechnology and medicine has led to the emergence of nanomedicine, which has now evolved to
a point that it is envisioned that in a near future it will provide outstanding advances in healthcare
solutions for the general population, not only in clinical environment but also in transitional or
home scenarios. One particular example is that of nanobiosensors for medical diagnostics. In this
scientific and technological picture, the present doctoral thesis was developed by aiming at an
impactful contribution to the field of nanobiosensors with research studies on fluorescently-labeled
DNA probes conjugated onto gold nanoparticles. These nanohybrid sensors are foreseen as a
possible route towards highly-sensitive detection of nucleic acids proposed as disease biomarkers.

The work developed was mostly concerned with the evaluation of emission enhancement on
dye-labeled probes by gold nanoparticle antennas, in view of its application for signal amplification
of fluorescence-based sensors. In particular, artificial DNA hairpin probes or molecular beacons
were designed for the detection of nucleic acids and, their conjugation onto gold nanorods was
explored toward novel biosensor tools with more sensitivity for nucleic acids’ detection.
This approach promises huge advances and, despite how challenging, it is one worth pursuing.

In the initial part of this research (Chapter 3), the characterization of fluorescence enhancement
of red-emitting dyes by a single gold nanorod or, alternatively, by a dimer of gold nanospheres, was
performed. Both particle geometries turned out to be powerful and useful nanoantennas.
Afterwards, the ability of binding molecular components selectively at plasmon hot-spots was
explored through a plasmon-induced photochemical reaction (Chapter 4). In the proof-of-concept,
the photochemical functionalization was tested by attaching biotin receptors onto
surface-immobilized nanorods. Preliminary results suggested that the photochemical reaction was
successful, as planned, but the lack of improvement over chemical functionalization has driven a
change in strategy.

A major development of this thesis was the validation of a tip-specific functionalization of
dye-labeled DNAs onto gold nanorods to effectively achieve fluorescence enhancement
(Chapter 5). It was found that tip-specific functionalization afforded fluorescence enhancements
of about one order of magnitude, while indiscriminate surface coating led to undesired emission
quenching in nanohybrids. These studies highlighted the importance of site-selective approaches
for hot-spot functionalization in the pursue of maximizing plasmon-enhanced fluorescence effects.
This result was explored next for the development of a fluorescence-based sensor (Chapter 0).
Preliminary tests on the molecular beacons alone resulted in limited sensor responses, which led to
a new hairpin probe that was designed to make use of the gold nanorod as an energy acceptor,
instead of organic molecules used in the previous design. The tip-functionalization of nanorods
with this novel hairpin probe was performed with success, but exploratory assays with the

nanohybrids resulted up to now in marginal fluorescence signalling upon target recognition.
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Potential improvements to these systems have already been analyzed in Chapter 6. Yet, taking into
consideration the overall objective of this thesis’ research plan, some further considerations are
added below on promising lines of research that can be pursued in the future.

One interesting possibility consists of employing the gold nanodimers of Chapter 3 for
developing fluorescence-based sensors. This system actually presented the larger fluorescence
enhancements, even though, later, gold nanorods were preferred due to their simplicity and ease
of surface functionalization. Still, alternative procedures for particle dimerization could be
implemented, which would enable the conjugation of molecular beacon probes onto nanodimers.
For instance, the author has previously shown the separate functionalization of two samples of
gold nanoparticles with complementary single-stranded DNA sequences to assemble through
hybridization both particle samples into a dimer.'

As discussed in Chapter 6, by positioning molecular beacons in the gap region of nanorod
dimers it would be possible to increase sensor responses. Hence, by combining the expertise on
tip-specific functionalization and particle purification by gel electrophoresis, it may be possible to
produce dimers of gold nanorods in end-to-end configuration, as reported in the literature using
DNA and also other ligands.>” The DNA spacers formed by molecular beacons would allow
controlling the interparticle gaps, which will be a crucial asset to obtain even larger field
enhancements. Dimer particles based on a tip-to-tip assembly of other sharp particle shapes, like
nanotriangles could also be contemplated.® The previous experience of the author on the synthesis
and functionalization of colloidal silver nanotriangles would be valuable for this purpose.”

As soon as the proof-of-concept of the nanohybrid sensor could be achieved, the next challenge
would be biosensing assays with target nucleic acids performed in model buffered samples or in
real samples, for example, by accessing biological samples (e.g. blood, plasma, serum) containing
genetic material of the disease-causing agents. A rigorous elucidation of the interactions between
nanohybrids and biomolecules in biological fluids would be of utmost importance.

A marginal improvement suggested here concerns the gold-sulfur bond. Despite being the most
widely used in the preparation of metal nanoparticle-based sensors, it is labile, so it may not
guarantee enough stability. So, for a more reliable attachment of molecular beacons on the surface
of gold nanopatrticles, this issue could be circumvented by replacing thiol- with selenol-derivatized
oligos due to the higher stability of the gold-selenol bond.”"’

The nanohybrid sensors should be further characterized in colloidal solution or while
immobilized, in terms of their limit of detection, dynamic range and selectivity. In this regard, one
possible route to further extend the dynamic range of the biosensor could be the simultaneous
probing of hundreds of multiple individual nanohybrids using widefield single-particle microscopy.
It was shown that the simultaneous detection of hundreds of nanoparticles, each performing as a
single plasmonic biosensor, would allow us to perform target detection over an extended dynamic
range of 7 decades in concentration.! Most likely, a similar strategy could provide

amplification- or label-free detection of nucleic acids in the sub-picomolar or even femtomolar
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range. The ability to reach such low detection limits would contribute significantly toward the
application of these nanosensors as a tool for diagnostics. For instance, it could also be a useful
strategy to develop rapid tests that detect the viral RNA of SARS-CoV-2, since several sequences
were readily suggested as possible biomatkers of the COVID-19 disease.'>" This would contribute
to contain the spread of the disease, alleviate social and medical infrastructures and systems, and
aid in plan prevention and mitigation activities.

In a long-term perspective, if highly emissive and biocompatible nanohybrids are developed by
tip-specific functionalization procedures, the molecular beacon-based sensor can eventually be
used for cell imaging studies, and as a carrier with functional DNA features for nucleic acid sensing
with additional potential for probing gene transcription inside living cells. The ultimate goal of
detection of single-molecule nucleic acid hybridization, that could be opened up by
plasmon-enhanced fluorescence, would enable the development of improved biosensors.
Moreover, the nanohybrids can be implemented in a microfluidic device with integrated optics for
fluorescence signal readout and lab-on-a-chip application.'*"" In fact, fluorescence detection is the
most used technique in microfluidics due to its high sensitivity, selectivity, and remarkable
efficiency.' This approach will allow the evaluation of improved sensing response due to
plasmon-enhanced fluorescence signalling in a model device. For instance, the incorporation of
the nanohybrids in smartphone-based platforms, already integrated with microfluidics, could be
developed, as these can be used straightforward by end-users and possibly patients at the

18-20

point-of-care  (e.g. at home). Smartphone fluorescence microscopy,”  including

plasmon-enhanced,” can be a valuable tool to this end. Since the accurate detection of disease
biomarkers is of growing interest for a broad scientific and medical community, these approaches
and the suggested research paths can contribute to the creation of more portable and cost-effective

diagnostic and (why not?) therapeutic tools.
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