
  

 

 

 

 

 

Plasmon Coupled Fluorescence in Gold Nanorods for 

Enhanced Optical Detection of Oligonucleotides 
 

 

 

Inês Isabel Resende e Silva 

 

 

 

Thesis to obtain the Master of Science Degree in 

Biomedical Engineering 
 

 

Supervisor: Dr. Pedro Miguel Neves Ribeiro Paulo 

 

 

Examination Committee: 

Chairperson: Prof. José Paulo Sequeira Farinha 

Supervisor: Dr. Pedro Miguel Neves Ribeiro Paulo 

Member of the Committee: Dr. Fábio Monteiro Fernandes 

 

 

 

 

 

October 2019 



 i 
 

DECLARATION 

 

I declare that this document is an original work of my own authorship and that it fulfils all the 

requirements of the Code of Conduct and Good Practices of the Universidade de Lisboa. 

 

 

 

 

PREFACE 

 

The work presented in this thesis was performed at the Centro de Química Estrutural of Instituto 

Superior Técnico (Lisbon, Portugal), during the period March-July 2019, under the supervision of Dr. 

Pedro Paulo. 

 



 ii 
 

AKNOWLEDGEMENTS 

 

This Master Thesis and the wrap-up of my time at IST was only possible with the assistance of some 

brilliant people for whom I’d like to express my sincere regard and gratitude.  

First, I want to thank my supervisor Pedro Paulo for his patient and kind guidance and for his vast 

expanse of knowledge. Having him as my supervisor, was like winning the lottery. His ability to impart 

knowledge is off the charts. I would also like to express my gratitude and admiration for David Botequim, 

PhD student and all-around great guy, he gave me the aid and time I needed to feel comfortable with 

lab work. It has been a privilege to learn from both. 

Secondly, I want to give a shout-out for Sofia Serra, my cubicle roomie. She is a great gal and we 

certainly achieved a mutual Q&A relationship, the holes in our knowledge matched nicely: any questions 

I had, most likely she knew the answer and vice-versa.  

I also want to thank Dr Vanda Vaz Serra for being a reliable source of good vibes. I also want to 

express how much I appreciate Professor Silvia Costa for occasionally dropping by the lab to check how 

the Master’s students are doing. 

Another person that could not go unmentioned is Rui Oliveira-Silva, that walks into a room and exerts 

his chatterbox skills: I am grateful for both the useful nuggets of information and the laughter.  

Finally, I want to thank my better half, Carlos Nogueira, not only for his willingness to proofread this 

document, but also for putting up with my scrambled chatter as I discussed non-linearly what I was up 

to in the lab. I could not have hoped for better support. I also want to thank my parents for financing my 

studies and my brother for being older and having gone through all this stuff in life first. 

 

 

 



 iii 
 

RESUMO 

 

As extremidades dos nano-bastonetes de ouro (AuNRs) são regiões hotspot com notável amplificação 

de campo próximo a partir de irradiação eletromagnética incidente, capazes de aumentar a emissão 

fluorescente de fluoróforos na vizinhança. Os faróis moleculares (molecular beacons) são sequências 

de oligonucleótidos que emitem fluorescência quando ocorre hibridação com a sequência alvo. O 

alcance de detecção destas sondas é restrito pela intensidade do sinal fluorescente "ON" em relação 

ao estado "OFF". Portanto, a conjugação de AuNRs com faróis moleculares posicionados 

selectivamente é uma estratégia promissora para o desenvolvimento de um sensor nano-híbrido para 

detecção óptica intensificada de oligonucleótidos. Este trabalho está integrado na pesquisa em curso 

para o desenvolvimento do referido sensor e fornece uma contribuição significativa através da 

caracterização da emissão de fluorescência dos faróis moleculares e dos nano-híbridos AuNRs-ADN. 

Primeiro, os efeitos de intensificação de fluorescência em AuNRs (25 x 71 nm) funcionalizados com um 

espaçador de ADN (10-pbs em cadeia dupla) marcado com ATTO647N foram caracterizados a nível 

de partícula única através de microscopia confocal de fluorescência. O estudo de partículas única de 

AuNRs-ADN estabeleceu que AuNRs funcionalizados indiscriminadamente precisavam de 10 vezes 

mais fluoróforo para atingir emissão de fluorescência ao nível dos AuNRs funcionalizados nas 

extremidades. Em seguida, faróis moleculares contendo os supressores orgânicos DDQII e QSY21 

foram estudados na ausência de AuNRs, em relação ao seu rendimento quântico e tempo de vida da 

fluorescência por espectroscopia convencional. Os faróis moleculares mostraram aumento não 

significativo do rendimento quântico na presença da sequência alvo, levando à sua exclusão (nas 

condições estudadas) como detectores adequados ao reconhecimento de oligonucleótidos para os 

nanobiosensores AuNRs-ADN em desenvolvimento. 

 

Palavras-chave: fluorescência intensificada por plasmão, nanopartículas metálicas, espectroscopia de 

partícula única, microscopia de fluorescência 
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ABSTRACT 

 

The tips of gold nanorods (AuNRs) are hotspot regions with remarkable near field amplification of 

incident electromagnetic field, capable of enhancing the fluorescent emission of dyes in their vicinity. 

Molecular beacons are oligonucleotide sequences that emit a fluorescent signal when hybridization with 

target sequence occurs. The detection range of these probes is restricted by the intensity of the “on” 

fluorescent signal relatively to the “off” state. Therefore, the conjugation of AuNRs with selectively 

positioned molecular beacons is a promising strategy for the development of a nanohybrid sensor for 

enhanced optical detection of oligonucleotides. This work is integrated in the ongoing research for the 

development of said sensor, and gives a meaningful contribution through the characterization of 

fluorescence emission of the molecular beacons and DNA-AuNRs nanohybrids. First, fluorescence 

enhancement effects in AuNRs (25 x 71 nm) loaded with a ATTO647N-labelled dsDNA 10-bp spacer 

were characterized at single particle level through confocal fluorescence lifetime microscopy. Single 

particle study of DNA-AuNRs supported that indiscriminately loaded AuNRs required 10-fold more dye 

to reach fluorescence emission of Tip-selective AuNRs. Then, molecular beacon probes bearing the 

organic quenchers DDQII and QSY21 were studied in the absence of AuNRs, in regard to their quantum 

yield and fluorescence lifetime by conventional spectroscopy. The molecular beacons showed negligible 

quantum yield increase in the presence of target sequence, leading to their exclusion, under the 

conditions studied, as suitable oligonucleotide recognition moieties for the in-development DNA-AuNRs 

nanobiosensors. 

 

Keywords: Plasmon enhanced fluorescence, metal nanoparticles, single particle spectroscopy, 

fluorescence imaging 
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1. INTRODUCTION 

 

 

One of the challenges in the development of point-of-care sensing devices is the detection of target 

analytes at low concentrations. Ideally, this sensor would be highly specific and impervious to other 

solutes. This imposes that signal resulting from analyte detection must be unequivocally greater than 

that of background noise and of non-specific interactions. 

In order to overcome this barrier, conventional methods for oligonucleotide detection often rely on 

amplification, typically a complex and time-consuming process. Considering that oligonucleotides are 

biomarkers of interest in medical and environmental fields, there is a need for alternative detection 

methods. 

Molecular beacons are oligonucleotide sequences that form a stem-and-loop structure and are 

labelled with a quencher at one end and a fluorophore at the other, thus only emitting fluorescent signal 

when target sequences hybridize to the complementary loop sequence. The detection range of these 

sensors is restricted by the intensity of the “on” fluorescent signal relatively to the “off” state. Hence, the 

enhancement of fluorescence emission on the “on” state could raise the sensitivity of these sensors. 

For fluorescence based optical sensing, gold nanoparticles (AuNPs) can act as antennas, amplifying 

the signal of neighbouring fluorescent molecules, through enhancement of the excitation rate and 

quantum yield [1]. This phenomenon, called plasmon enhanced fluorescence (PEF), depends crucially 

on the dye’s position at the particle’s surface and it can be particularly strong at specific surface regions, 

known as plasmon hotspots. 

Therefore, the conjugation of AuNPs with selectively positioned molecular beacons is a promising 

strategy for the development of a nanohybrid sensor for enhanced optical detection of oligonucleotides. 

The present thesis delves into the parts of one such nanostructure: gold nanorods (AuNRs) 

functionalized with dye-labelled alkanethiol-oligonucleotides (DNA-AuNRs). 

In the proof-of-concept, a red emitting dye (ATTO647N) is 10-bp away from the AuNR surface, 

covalently labelled at the terminus of a dsDNA spacer, here termed BF1BT. These AuNRs were loaded 

with the dye-labelled BF1BT according to two different protocols [2]: fully-coated (FC) through a 

PEG/Tween20 assisted ligand-exchange approach, and tip-selective (Tip) exploiting the CTAB bilayer 

that stabilizes AuNRs. Stationary state fluorometry showed that the fluorescence readout was 

considerably greater in Tip nanohybrids compared to free dye, due to the AuNRs’ antenna effect. In FC 

nanohybrids, quenching of fluorescence was verified [2]. 

The purpose of this research was to set the groundwork for the development of a high sensitivity 

PEF-based sensor towards target oligonucleotides, consisting of AuNRs decked with molecular 

beacons with specificity towards oligonucleotide biomarkers for medical diagnostics  – examples were 

selected for the infection with dengue virus or sleeping sickness, and for circulatory miRNA-145. 

The goal of this thesis was to support the ongoing research through the characterization of the 

fluorescence emission of the molecular beacons and DNA-AuNRs nanohybrids. Specifically, the 

oligonucleotide probes were studied in regard to their quantum yield and fluorescence lifetime, and the 
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DNA-AuNRs were characterized at single particle level, using confocal fluorescence lifetime microscopy 

(CFLM) to analyse immobilized samples.  

Overall, a significant amount of work displayed and discussed in this thesis addresses and 

complements the current research at CQE8 and the final part of the PhD project of David Botequim [3].  

The present introductory section, due to the array of fields involved in the development, 

characterization and potential application of a fluorescence-based optical biosensor, contains an initial 

section covering key concepts related to the effect of metal nanoparticles (NPs) on fluorescence, 

followed by a brief literature review involving PEF and fluorescence quenching (FQ) based sensors. 

This is followed by a technical introduction to CFLM technique and a general overview of some aspects 

pertaining to the proof-of-concept of DNA-AuNR nanohybrid sensors. 

 

 

 

1.1. Plasmonic Enhancement of Fluorescence and Energy Transfer 

 

1.1.1. Fluorescence of Organic Dyes 

Fluorescence happens when a molecule is electronically excited trough the absorption of a photon, 

typically, producing a singlet excited-state that relaxes to S1 state, and then it decays to the ground 

state, S0, through spontaneous emission of a photon: a radiative decay process. The fast vibrational 

relaxation of the molecule in the excited state explains the red shift of the emission spectrum relatively 

to the absorption spectrum called the Stoke’s shift (Figure 1A) [4][5]. 

 

A                                                           B 

Figure 1: A – Schematic of absorption and emission spectra relative to the energy levels of an organic 
fluorescent molecule. B – Jablonski diagram. Summary of energy levels and possible transition 

mechanisms of a fluorescence emitter. [6] 
 

Two key concepts to this phenomenon are the Bohr condition and the Franck-Condon principle. The 

Bohr condition demands that the frequency of an incoming/emitted photon is equal to the difference in 

the energies of the two stationary states divided by Planck's constant. The Franck-Condon principle is 

grounded on the Born-Oppenheimer approximation that an electronic transition towards an excited state 

occurs within 10-15 seconds, while molecular vibrations (nuclei displacement) occurs within 10-10 to        
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10-12 seconds. Therefore, electronic transitions can be considered vertical on potential energy curves 

relative to nuclear configuration (Figure 2). Each state has a set of vibrational levels leading to 

progression of simultaneous electronic and vibrational (or vibronic) energy transitions. Notwithstanding, 

there is also inhomogeneous broadening resulting from the interaction between the fluorescent molecule 

and its encasing solvation shell [4], [5]. 

 

 
Figure 2: Franck–Condon principle illustrated in the potential energy diagram of a diatomic molecule. 

Favoured transitions correspond to the minimal change in nuclear coordinates and maximum overlap of the 
vibrational wavelengths. [7] 

 

The efficiency of the fluorescence process for a given molecule can be described as the ratio of the 

radiative decay rate (𝑘 ) over the total decay rate of the molecule, which is given by the sum of the 

radiative and nonradiative decay (𝑘 ). Alternatively, it can be defined as the ratio of the total number of 

emitted photons over the total number of absorbed photons per time unit [4] [5].  

𝛷 =
𝑘

𝑘 + 𝑘
 

 
(1) 
 

The photon emission of an ideal fluorescent molecule can be explained as a 1st order kinetics process 

(Eq. 2) ruled by the excited state lifetime 𝜏 (also called fluorescence or emission lifetime). This value 

can be defined as the time a molecule spends in the excited state before decaying to ground state. It is 

the reciprocal of the sum of radiative and non-radiative decay rate constants (Eq. 3). Experimentally 

(Eq. 2), 𝐼(𝑡) is the number of photons detected at time 𝑡 and 𝐼  is the number of photons when the 

energy pulse is provided [5]. 

𝐼(𝑡) =  𝐼  𝑒  /  
 

(2) 
 

𝜏 =
1

𝑘 + 𝑘
 

 
(3) 

 
Fluorescence quenching can occur through intramolecular or intermolecular photophysical 

processes. Phenomenologically, intermolecular quenching can occur due to photoinduced electron or 

proton transfer, excimer/exciplex formation and excitation energy transfer [4].  
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The excitation energy transfer depends on spectral overlap and can be radiative or non-radiative. 

Radiative energy transfer is also called the trivial transfer: a fluorescent molecule (donor) emits a photon 

that is absorbed by another molecule (acceptor). Consequently, this transfer occurs at a donor-acceptor 

distance larger than the wavelength of the emitted photon [4]. 

Non-radiative transfer happens at distances shorter than the wavelength, it can be categorized 

according to the magnitude of interaction (strong, weak and very weak coupling) and it can occur through 

several mechanisms, as summarized in Figure 3 [4]. 

 

A 

 

B 

 
Figure 3: Non-radiative transfer mechanisms. A – Types of interactions. B – Classes of coupling (strong, 
weak and very weak), according to the value of interaction energy 𝑈 relative to the electronic energy 

difference between donor and acceptor 𝛥𝐸 and the width of the absorption 𝛥𝜀 and vibronic bands 𝛥𝑤 [4]. 
 

Since for the designed molecular beacons, the expected dominant process is long-range dipole-

dipole interaction, or Förster’s resonance energy transfer (FRET), this mechanism will be detailed next. 

For FRET, the efficiency of the process (Eq. 4) is dependent on the acceptor-donor distance (𝑟) in 

relation to Förster’s critical radius 𝑅 . At 𝑅  energy transfer and spontaneous decay are equally probable 

[4], [5].  

𝛷 =
1

1 +
𝑟

𝑅

 
(4) 
 

 

Förster’s critical radius 𝑅  can be determined from spectroscopic data as defined by Eq. 5, where 

the orientation factor 𝑘  is 2 3⁄  (for an isotropic molecular orientation), 𝛷  is the quantum yield of the 

free donor, 𝑛 is the refractive index, 𝐼  is the normalized emission spectrum of the free donor and 𝜀  is 

the molar absorption coefficient of the acceptor [4], [5]. 

𝑅 =
9000 (ln 10) 𝑘 𝛷

128𝜋 𝑁 𝑛
𝐼 (𝜆)𝜀 (𝜆)𝜆  𝑑𝜆 

 
(5) 
 
 

Typical values of Förster’s critical radius 𝑅  are in the range of 1 to 10 nm, which is comparable to 

the dimensions of biomacromolecules, such as nucleic acids and proteins. For this reason, FRET 

interactions have been widely used to probe structure and dynamics of biological systems. 
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1.1.2. Plasmonic Manipulation of Photophysical Rates 

Metal NPs have been used since antiquity to stain glass. The incidence of light, i.e. electromagnetic 

waves, on metal NPs excites a collective oscillation of the conduction band electrons. This collective 

and coherent oscillation is confined by the particle’s surface and is called as localized surface plasmon 

resonance (LSPR). At resonance, i.e., when the frequency of incident photons matches the plasmon 

mode frequency, it is possible to discern a well-defined absorption band in transmission mode and 

increased scattering intensity at reflection/dark-field mode [1][8]. 

This resonance wavelength, at which maximum absorbance and scattering can be found, is a 

characteristic of the plasmon mode, which can be described as a surface charge oscillations coupled to 

the electromagnetic field, under the form of evanescent waves that decay exponentially perpendicularly 

to the NP’s surface [6].  

The plasmon modes depend on the metal NP size, shape, composition and the refractive index of 

the surrounding medium [8]. Furthermore, due to LSPR, metal NPs can concentrate the energy of 

incident electromagnetic fields into subwavelength volumes, leading to the formation of hotspots in 

regions of large surface curvature (e.g. at the tips of anisotropic particles) or in gaps between metal 

nanostructures [1][9]. In this region, the NP is also more sensitive to the medium’s refractive index, 

displaying a noticeable resonance wavelength shift in response to local changes of refractive index, 

which is another sensing scheme known as LSPR sensing [1][10]. 

                

 
Figure 4: Near field Intensity Enhancement in 50 nm gold nanospheres (AuNS), 25 x 60 nm AuNRs and 

80 nm AuNSs dimer. Examples of hotspots (regions of amplified electromagnetic field) on the surface of 
metal NPs (from discrete dipole approximation (DDA) simulations provided by supervisor).  

 

Next, is it is briefly outlined how plasmonic nanoparticles can interact with fluorescent molecules in 

order to manipulate their photophysical rates and perform as optical antennas. The emissive rate 𝛾   

of a fluorescent molecule can be defined as the product of the quantum yield 𝛷  and the excitation rate 

𝛾  (Eq. 6). Plasmonic nanoparticles can increase fluorescence by enhancing the local excitation field. 

The excitation rate (Eq. 7) is dependent on the absorption cross-section of the fluorophore 𝜎 and of the 

photon flux 𝐼, which scales with the transition dipole moment 𝐩 and the electric field squared 𝐄, below 

the optical saturation limit [1]. 

𝛾 = 𝛾  𝛷  
 

(6) 
 

𝛾 ∝  σ 𝐼 ∝ |𝐩 . 𝐄|  
 

(7) 
 

Another plasmonic effect which can increase the fluorescence rate is to increase the quantum yield, 

which can be done by enhancing the radiative decay rate over the non-radiative decay [6]. In emitters, 

the decay rate depends on the local density of states. When an emitter molecule is placed in the vicinity 

of the NP acting as a nanoantenna, the plasmon modes provide a higher local density of states, thereby 
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accelerating the decay rate of the emitter and shortening its excited state lifetime, which is known as the 

Purcell effect [1][6]. Intuitively, this process is more relevant to emitters that have a low quantum yield 

(𝜂 ≪ 1). 

In a spherical particle, the enhancement of the radiative 𝑘  and non-radiative 𝐾  decay rates relative 

to the radiative decay of the uncoupled dye (𝑘 ) can be described according to equations (8) and (9) 

[11], respectively,  

𝑘

𝑘
= 1 +

𝑅

(𝑅 + 𝑧)

𝜀(𝜔) − 1

𝜀(𝜔) + 2
 

 

(8) 
 

𝐾

𝑘
=

3𝑐

16
 𝐼𝑚

𝜀(𝜔) − 1

𝜀(𝜔) + 1

1

𝜔 𝑧

𝑝 + 𝑝 + 2 𝑝

|𝐩|
 (9) 

where 𝜀 is the dielectric function of gold, 𝑧 is the NP-emitter distance, 𝑅 is the particle radius and 𝜔 is 

the excitation frequency. For more complex particle geometries, the loss of symmetry makes estimation 

of enhancement factors a non-trivial matter, requiring numerical methods for accurate estimation such 

as discrete dipole approximation (DDA), the finite difference time domain (FDTD) method, the finite 

element method (FEM) or the boundary element method (BEM) [12]. 

Taking equation 7 and a combination of equations 8 and 9 (or equivalent numerical estimates) to 

assess the modified emission quantum yield by equation 1, the overall fluorescence enhancement 𝑓 , 

that contributes to the detected signal, can be described by equation 10. The enhancement effect is a 

function of the incident electric field 𝐸 , the local electric field 𝐸 , the electric dipole moment of the 

transition µ, the quantum efficiency of the molecule 𝛷  and the quantum efficiency of the ensemble 

emitter-nanostructure 𝛷  [1]. It must be noted that the quantum efficiency enhancement term of the 

product 𝛷 𝛷⁄  is calculated at the emission wavelength, whereas the electric field factor term is 

calculated at the incident (excitation) wavelength. Therefore, to maximize the fluorescence 

enhancement, it is necessary for the plasmonic resonance of the NP to overlap with the spectral range 

of the emitter [1][13][14]. 

𝑓 =
|𝐩 . 𝑬𝒍𝒐𝒄|

|𝐩 .  𝑬𝟎|
×

𝛷

𝛷
 

 
(10) 
 

This phenomenon has been coined surface enhanced fluorescence (SEF), metal enhanced 

fluorescence (MEF) and plasmon enhanced fluorescence (PEF). However, it is not always the case that 

plasmon-coupled emission leads to fluorescence enhancement, because alternative decay pathways 

may open up for emitters near NPs, which are detrimental for PEF emission, such as electron transfer 

(at short distances) and energy transfer (at intermediate distances). The later occurs when excitation 

energy is resonantly transferred from the emitter to the NP, where it is dissipated as heat. It must be 

noted that this type of quenching is incidentally optimized by matching the emission wavelength of the 

fluorophore with plasmon resonance of the particle [6][14][15].  

The energy transfer from emitter to NP enables the use of metal NPs as quenchers in sensing 

assays. NP-emitter acceptor-donor pairs benefit of extended Förster’s radius compared to pairings with 

organic quenchers, due to the increase in absorption cross-section [16]. 

The key factor to distinguish which phenomenon is prevalent is the NP-emitter distance: starting from 

the surface of the NP, there is a gradual transition from quenching to fluorescence enhancement until a 
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maximum in fluorescence emission is reached. After that point, the coupling effect decreases and 

eventually, at long separation distances, the intrinsic fluorescence properties of the emitter are 

recovered [6][14][15]. 

Moreover, a metal NP can modulate FRET of an organic donor-acceptor pair in vicinity, through the 

overlap of the plasmon excitation with the emission spectrum of the donor and absorption spectrum of 

the acceptor. In this ensemble, the incoming energy absorbed by the donor is transferred to the NP that 

may disperse it through non-radiative pathways or transfer it to the acceptor [16]. 

A parallel consequence of PEF is the increase of the photostability of dyes in the vicinity due to 

acceleration of the decay rates: by shortening the excited state lifetime, the lower is the likelihood of 

unwanted reactions that cause photobleaching (e.g. oxygen-free radicals) [17]. 

In summary, four key aspects of LSPR in NP-emitter conjugates can be pointed out: 1) the ability of 

plasmonic particles to absorb incident light and to concentrate the electromagnetic radiation field; 2) the 

plasmon hot-spots at the surface of particles (in particular, of anisotropic shape), thereby acting as an 

antenna for dye excitation; 3) the ability to couple the emission from point source emitters in their vicinity 

to the far field, thereby acting as an antenna for dye emission; 4) the capacity to participate in FRET 

processes as a quencher or mediator. 
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1.2. Overview of Plasmon-based Optical Sensors 

AuNPs possess several characteristics that make them an attractive vehicle for several applications 

(Figure 5). For example, AuNPs can convert electromagnetic energy into heat, causing death of 

malignant tumour cells, a process called photothermal therapy. They also possess a high X-ray 

absorption coefficient and a long vascular retention time, making them an interesting possibility as an 

imaging contrast agent. Even when one restricts the potential of AuNPs towards sensor applications, 

the realm of possibilities is fairly large. For succinctness, noteworthy systems based on Surface 

Enhanced Raman Scattering (SERS) or dual-mode optical systems are not discussed [48]. 

 

Figure 5: Schematic of the surface charge oscillations resulting from the interaction of light with a metal 
NP, leading to several spectroscopic responses usable for analyte detection. [17] 

 

A sensor can be defined as a system capable of converting a variation in its surrounding environment 

into measurable signal. Within the context of this work, the measurable signal is optical in nature, e.g. 

monitoring alterations in spectral characteristics, namely wavelength shifts and variation in emission 

intensity. 

A plasmonic sensor can make use of the LSPR properties of metal NPs as the signal transducer. 

Metals such as silver are the best choice for this sensing strategy, because of their narrow plasmon 

resonance band and large sensitivity to the surrounding index of refraction. However, silver easily suffers 

oxidation, whereas gold is more stable, non-toxic and easy to modify [18][19][20]. 

LSPR based sensors typically measure the plasmon resonance wavelength shift induced by the 

occurrence of binding events near the NP’s surface. For example, Joshi et al [21] used gold nanoprisms 

functionalized with ssDNA probes to detect microRNA through tracking of red shift on plasmon 

resonance wavelength, induced by the change in the refractive index on the proximity of the NP. This 

sort of sensing scheme has also been used in multiplex applications, utilizing NPs with intrinsically 

distinct plasmon resonance wavelengths to measure different analytes [22]. 

Alternatively, plasmonic NPs can participate in fluorescence-based sensors by modifying the 

emission properties of fluorophores. Depending on the sensing strategy, the plasmonic NP can perform 

as a nanoantenna for plasmon-enhanced fluorescence (PEF) or as an energy acceptor in fluorescence-

quenching (FQ) schemes. 

Plasmonic structures can be split into two types: those originating from top-down approaches, which 

typically yield homogeneous NPs at increased cost; and bottom-up processes that yield high number of 
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NPs with better crystallinity, but might lead to a greater dispersion in NP’s size and shape, and also 

require multiple washing steps [23].  

Focusing on NPs obtained from bottom-up synthesis, these particles may be modified by methods 

of colloidal chemistry in order to incorporate molecular components for target recognition, thus, yielding 

nanohybrid sensors with remarkable sensitivity, of which nucleic acid probes can be highlighted. Current 

nucleic acid probes can have high specificity towards not only for the detection of oligonucleotide 

sequences, but also ions [24][25], small molecules [24] and proteins [26]. The resulting nanohybrids can 

be mono-dispersed or self-assembled in a controlled way into dimers [27] and aggregates. 

From single nanohybrids, core-shell structures have emerged as particularly interesting systems to 

study the effect of spacer distance on PEF [28] [29], since the rigidity of the system allows better control 

of NP-emitter distance. The core is typically Au or Ag, with silica being a popular shell material due to 

its optical transparency and dielectric properties, with easy control of shell thickness through reagent 

concentration and easy conjugation with both biomolecules and fluorophores [30]. 

The controlled aggregation of nanohybrid particles is used in detection schemes of colorimetric 

sensors and it can be highlighted because it allows for an easy visual detection (extensive review on 

colorimetric biosensors by Tang et al [31]). In particular, it has been reported the use of target miRNA 

as a catalyst for controlled aggregation [32]. This sort of system has been used in miniaturized platforms 

[33]. Furthermore, the dimerization or aggregation of NPs can induce coupling of the plasmon modes, 

leading to significant PEF in the gaps between NP [34][27]. 

For the purpose of this work, the next subsections will focus on nanohybrids, consisting of metal NPs 

loaded with nucleic acid probes, in PEF and FQ based sensing schemes. 

 

 

1.2.1. DNA-NP Nanohybrids for Applications in Biosensing 

As discussed in section 1.1.2, metal NPs can be used to manipulate the radiative and nonradiative 

decay rates of fluorescent molecules. Roughly, at short distances, fluorescence quenching occurs 

because of energy or electron transfer between the dye and NP, while at longer distances, there is 

enhancement of fluorescence in well matched NP-emitter systems, due to the nanoantenna effect [35]. 

The key factor in distinguishing PEF and FQ nanohybrids is NP-emitter distance. Hence, nanohybrids 

for PEF and FQ tend to share very similar architectures and occasionally operate within both ranges. 

More often than not, there is a dye labelled strand that can either be in competition with target analyte 

(i.e. signal transduction occurs when the dye-reporter strand is dislodged irreversibly from the NP) or 

directly bound to the NP surface (e.g. a hairpin probe for oligonucleotide detection that can be re-used 

because of reversible conversion between opened/closed conformations). There is growing interest in 

bypassing direct labelling of nucleic acid in favour of dyes with intrinsic specificity towards nucleic acid 

conformations (e.g. thiazole orange for DNA G-quadruplex structure or Pico Green for dsDNA). 

However, the latter strategies depend on non-covalent supramolecular interactions which are not-

sequence specific and require staining steps that may be difficult to perform or prone to interferences 

for in vivo studies. 
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Before delving into broad considerations over common tools used to establish sensor response in 

nanohybrids, it is relevant to expose some simple examples in literature to provide a general view of 

common DNA-NP designs. 

Cheng et al [36] used AuNPs (20 nm, 50 nm and 100 nm) loaded with ATTO550 labelled DNA hairpin 

probes of 15, 25, 35 and 50 bps to explore, theoretically and experimentally, the quenching efficiencies 

of the closed hairpins and the fluorescence enhancement upon hybridization with cDNA. They reported 

quenching efficiencies at the initial state of 96.8% or higher for all tested combinations and fluorescence 

enhancement rate of 1.23 for the 100 nm NP at a NP-emitter distance of 16 nm. 

 

 

Figure 6: Schematic of the preparation and mechanism of the FQ-PEF-based sensor. Thiol exchange 
leading to displacement of hairpin oligonucleotide probes enables the calculation of fluorescence 

enhancement or quenching efficiency of a nanohybrid [36]. 
 

In a similar set-up, Zhou et al [37] mapped virtually and experimentally the effect of distance on the 

fluorescence response of a FAM-labelled hairpin probe bound to AgNPs for the detection of Hg2+ ions. 

Initially, the fluorescence is quenched due to NP-emitter proximity, but in the presence of Hg2+ ions, 

hybridization becomes possible between the attached probe and a non-complementary DNA-strand in 

solution, forming a duplex structure and leading to fluorescence enhancement. For 36 nm, 89 nm and 

199 nm AgNPs, the authors showed that the maximum enhancement factor was observed at a distance 

𝑑 of 10, 13 and 7.5 nm, respectively. Furthermore, they obtained experimental data that confirmed that 

the enhancement factor decreases proportionally to 𝑑  for shorter distances and proportionally to 𝑑  for 

longer distances. It is also worth to highlight that for larger NPs, the quenching efficiency is lowered and 

the maximum enhancement factor occurs at a shorter distance, because larger particles scatter more 

than absorb.[37]. 
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A 

 

B 

 
Figure 7: A - Enhancement factor and field intensity decay as a function of the distance between the 

fluorophore and the surface of the 89 nm AgNP. Inset: FDTD simulation image. B – Fluorescence Intensity 
against Hg2+ concentration. Inset: lower range [37]. 

 

In the scope of applied research, Sun et al [38] developed a Au@Ag (gold core with a silver shell) 

nanorod system functionalized with a stem-loop ssDNA sequence, capable of detecting the eaeA gene 

characteristic of a virulent strain of Escherichia coli, whose operation is schematized in Figure 8. Initially, 

the hairpin probe is closed in a no-fluorescence set-up. Upon hybridization with the cy3-ssDNA probe, 

the hairpin opens in with reporter dye in PEF condition (ON state). In the presence of the hairpin 

complementary target, there is release of the cy3-ssDNA probe, leading to a decrease in fluorescence 

signal (OFF state). After establishing that the maximum fluorescence intensity occurred at 30 bps, the 

authors drew a relative fluorescence intensity - eaeA sequence concentration curve, with a detection 

limit of 3.33 x 10-18 M. Furthermore, testing sensor specificity against mutated eaeA sequences showed 

decreased relative fluorescence response proportional to the number of mismatch nucleotides.  
 

 

Figure 8 Schematic of the PEF Au@Ag sensor for the detection of the eaeA gene [38]. 
 

Another example based on competitive sensing used FRET as a quenching mechanism for the initial 

OFF state. Li et al [39] developed a AgNP based sensor for the detection of human platelet-derived 

growth factor-BB (PDGF-BB). AgNP were loaded with TAMRA-labelled aptamers, which hybridized with 

complementary BHQ-2 quencher labelled strands. In the presence of PDGF-BB, the BHQ-2 strands 

were displaced, leading to recovery of fluorescence. Fluorescence ratio-analyte concentration curves 

showed a limit of detection at 0.8 ng/mL for the AgNP nanohybrids slightly more sensitive that the bare 

FRET sensor with a minimum detected concentration of 12.5 ng/mL. 
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A B 

Figure 9: A - Schematic of the preparation and mechanism of the AgNP FRET sensor. B – Relative 
fluorescence ratio against PDGF-BB concentration. Inset: linear range. [39] 

 

Common to all the previous examples is the use of spectroscopy to assess the correct assembly of 

the nanohybrids and, in particular, fluorimetry to assess target response. Experimentally, reports 

focusing on spacer length typically gauge the relative fluorescence enhancement from the ratio between 

the fluorescence signal of the nanostructure (area or peak intensity) and that of non-coupled dye. The 

standard for non-coupled dye goes from simple free dye (through dislodgement from the NP or predicted 

from washing supernatant) to mixtures of dye and NP at the same concentrations as expected for the 

respective nanohybrid or functionalized hollow-shells (for core-shell systems). More downstream 

research will typically use initial state fluorescent signal to build relative fluorescence signal versus 

concentration (often, the logarithm of concentration) curves. 

This, in conjunction with the variability in NP-emitter spectral overlap and the fluorescence 

dependency of the nanohybrid on the excitation wavelength, makes it difficult to compare and gauge 

what constitutes as good performance in FQ and PEF based sensors. 

Furthermore, just like in regular probes, there is significant compromise on sensor specificity, due to 

interference of other solutes, resulting in false positives to target presence. Another effect that cannot 

be disregarded is that the loading of several probes/analytes onto a NP can give rise to cooperative or 

repulsive analyte binding (i.e. if a target binds to a probe in a nanohybrid, following analyte molecules 

will have an easier or harder time binding, respectively). 

 

 

 

1.2.2. DNA-NP Nanohybrids in Bioimaging and Theranostics 

After establishing a sensor with good sensitivity and specificity towards a target of interest, the 

transition towards a cellular/circulatory sensing or therapeutic agent is mostly dependent on 

biocompatibility. Overall, similar metal NP-emitter architectures can be applied to multiple applications, 

from the conventional fluorometry based sensing to bioimaging [40], including cell imaging studies with 

real time monitoring, and theranostic applications using photothermal therapy [41][42][43]. 

From the scope of intracellular probes, two DNA-NP nanohybrids can be highlighted: nanoflares and 

gold nanobeacons. These gold nanohybrids present two advantages over regular molecular beacons 
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used for this type of application: easier cellular uptake without assistance of a transfection mechanism 

and lower susceptibility to enzymatic activity (nuclease of probe sequences). 

Seferos et al [44] coined the term nanoflare to designate an intracellular probe consisting of a densely 

oligonucleotide-functionalized 13-nm AuNP. The signal transduction steps are visible in Figure 10A. The 

functionalized AuNPs are initially hybridized with a cyanine (Cy5) labelled reporter strand (i.e. the flare 

strand), whose signal is quenched due to proximity to the AuNP’s surface. Afterwards, in the presence 

of the target mRNA that has a higher affinity to the recognition sequence, the reporter strand is freed, 

releasing fluorescence signal. High-survivin expressing SKBR3 cells (human breast cancer cell line) 

were transfected with a recognition sequence towards survivin mRNA and compared against SBR3 cells 

transfected with a non-survivin recognizing sequence. The mean fluorescence of each cell population 

was obtained from flow cytometry and showed values of intensity of 27.7 and 10.9 counts, showcasing 

the ability of nanoflares to relatively quantify mRNA present intracellularly [44]. 

 

 

C 
 

 
Figure 10: A - Schematic representation of mRNA detection by nanoflare system. B – Fluorescence 

spectra of exclusively 1 nM nanoflares (green), 1 nM nanoflares and 1 µM target (red), 1 nM nanoflares and 
1 µM noncomplementary sequence (blue). C -Intracellular testing of nanoflares in SKBR3 cells treated with 

survivin nanoflares (left) and noncomplementary nanoflares (right) [44]. 
 

Since then, nanoflare systems have been greatly explored for the labelling, isolation and 

characterization of genetic expression of cells, accurately reflecting estimations of mRNA amount 

calculated by quantitative RT-PCR. More recently, Tiffany et al [45] used nanoflares to detect genetic 

markers of circulating tumour cells in whole blood with engineered nanoflares targeting epithelial-

mesenchymal mRNA associated with metastatic tumour progression. 

Gold nanobeacons consist of molecular beacons in which the quencher is a gold nanosphere, 

commonly used in theranostics. Bao et al [46] used gold nanobeacons with a Cy3 dye to detect and 

silence the expression of a mutant Kras gene in a murine gastric cancer model. In this system, the gold 

nanoparticles could be used to keep track of the delivery to tumour sites and the Cy3 only emitted signal 

after hybridization of the beacon with the mutant Kras target. Systemic single dose injection of the gold 

nanobeacon lead to significant tumour regression. 
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Figure 11: Gold nanoparticles functionalized with a dye (Cy3) labelled hairpin-DNA, i.e. gold 
nanobeacon. Under hairpin configuration, proximity to gold nanoparticles leads to fluorescence quenching; 

hybridization to a complementary target restores fluorescence emission. [46] 
 

Another relevant theranostic probe, this one using photothermal therapy was developed by Shi et al 

[47], employing AuNRs@Ag@Au, capable of acting both as optical heaters and fluorescence 

quenchers. This nanostructure was covered with S6-aptamer that recognizes CD90, an outer membrane 

protein prevailing in cancer cells, and hybridized with FAM-cDNA. Once reaching target location, the 

FAM-cDNA was released causing fluorescence recovery. The assemble was effectively internalized in 

lung cancer A549 cells after 1h incubation, exhibiting negligible toxicity and could be used for 

photothermal therapy, inducing controlled cellular death, through image-guided laser irradiation at 980 

nm. 

 
Figure 12: Schematic representation of a system for in vivo cancer imaging and guided photothermal 

therapy [47]. 
 

A bioimaging example of particular significance for the present work are the region-selectively 

functionalized AuNRs nanohybrids (THP-AuNRs) developed by Dai et al [40] for intracellular miRNA-

373 detection by near infra-red triggered toehold-mediated strand displacement amplification (a rapid 

isothermal process for amplification of target sequences that employs assistant strands). In this 

nanohybrid (Figure 13), hairpin assistant probes (HAP) were loaded at the tips of AuNRs, while dye-

labelled hairpin detection probes (HDP) were loaded onto the sides. Under irradiation with an 808 nm 
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laser, the HAP strand is released and can amplify target miRNA. The HDP strand at the sides is 

quenched by the AuNR, until hybridization with target miRNA occurs, increasing NP-emitter distance. 

Assessment of average fluorescence intensity in non-irradiated MCF-7 cells showed linear increase with 

miRNA concentration. 

 

A 

 
B1 B2 C 

 
Figure 13: A - Schematic illustration of THP-AuNR synthesis and intracellular miRNA amplified analysis 

in single living cells. B – Confocal microscopy images of MCTS cells (x, y, and z directions, scale bars: 100 
mm) after incubation with the THP-AuNR for 8 hours without irradiation (B1) and after 24 h with 3 min at 
0.64 W/cm2 (B2). C - Plot of fluorescence intensity in a single MCF-7 cell versus quantity of intracellular 

miRNA-373 mimics.[40] 
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1.2.3. PEF Systems for Single Molecule Detection 

The ultimate goal of an optical sensor is single particle/molecule detection. The advantage of single-

molecule sensitivity is the capacity to detect rare events. It is also possible to use smaller sample 

volumes at lower concentrations for high-throughput multiplexing assays, which hold potential for 

miniaturization and development of point-of-care diagnostic devices. 

Recently, Vietz et al [48] investigated fluorescence quenching-enhancement in a sensor-like 

approach using single-molecule experiments. They had a DNA origami pillar immobilized on a coverslip, 

which carried a closed 30-bp hairpin structure with dye ATTO647N and quencher BBQ650. When 80 

nm AgNPs were added to the structures, only one NP was captured per pillar. 

 

 

Figure 14: A - Schematic of the assembly and mechanism of the AgNP FQ-PEF sensor. B - Confocal 
microscope images of DNA origami pillars in green (ATTO542). C - Confocal microscope image of DNA 

origami pillars in green (ATTO542) and open hairpin structure in red (ATTO 647N). D - Confocal 
microscope images of DNA origami pillars in green (ATTO542) and showing the absence of red, indicating 

bleached ATTO647N. [48] 
 

Through confocal fluorescence microscopy (Figure 14), it was possible to identify the ATTO542-

labelled pillars and, after hybridization of the molecular beacon with target DNA, an increase in the 

fluorescence of ATTO647N. 

By changing the molecular beacon quenching mechanism, they managed to showcase the additivity 

effect on signal acquisition of an initial closed/quenched state with a target present open/fluorescence-

enhanced state. In a FRET-based quenching set-up there was a reduction of the quenching efficiency 

due to the AgNP, leading to a 3.7-fold brighter signal. Contrarily, on a direct contact based quenching 

set-up the additive effect of unquenching-enhancement lead to a 217-fold brighter signal [48]. 
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This group went on to explore this DNA origami sensing assemble in an applied research context. 

The use of a molecular beacon towards the detection of Zika-specific artificial DNA in buffer and in heat 

inactivated human blood serum yielded enhancement values of 4.9 and 7.3-fold upon target 

hybridization [49]. 

On a fundamental research perspective, Zhang et al [50] tested the fluorescence-enhancement of 

IRDye800CW at a single molecule level on immobilized 38 x 116 nm AuNRs, through a DNA-based 

transient binding method. The near-infrared dye with a quantum yield of 7% was conjugated to a 10-bp 

ssDNA, building an imager strand that could reversibly hybridize with immobilized docking strands. The 

docking strands were immobilized on the AuNR surface or on the glass surface, yielding a maximum 

enhancement factor of 900 and 3500-fold, respectively. 

 

 A 

 

B 

 
Figure 15: Schematic of transient binding system with docking strands immobilized on AuNRs (A) and 

on the glass surface (B). When the imagers hybridizing to a docking strand in the hotspot region, plasmon 
enhanced fluorescence emission is recovered. Adapted [50]. 

 

This type of time trace experiments, in which imager strands can be refreshed in the near field of the 

AuNR, allows for a statistics build-up of enhancement data at the hotspot without the limitation of 

photobleaching. The use of the DNA-based transient method ensures that the time that molecules 

remain in the volume of interest can be tailored through the electrolyte concentration, temperature or by 

type and number of complementary base pairs of imager and docking strands. This overcomes the 

limitation of associated with freely diffusing molecules that only remain in the diffusion volume for about 

1 ms, making it difficult to analyse fluorescence enhancement on low quantum yield dyes. 

In theory, the same AuNR and docking strands can be used to assess imager strands with different 

dyes. They also hypothesize that laser irradiation can lead to hot electron induced DNA release, through 

breaking of the Au-thiol bonds, rather than through temperature increase of the AuNR [50]. 
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1.3. Confocal Fluorescence Lifetime Microscopy 

On confocal laser scanning microscopy, two superimposed focal volumes define the observation 

volume: the excitation volume created by a tightly focused laser beam and the detection volume defined 

by a pinhole placed in front of the detector. The focused laser light spatially scans the sample surface, 

illuminating one spot at a time, yielding a diffraction limited intensity distribution called a point spread 

function [5]. This point spread function can be approximated with a 3D Gaussian volume with 

characteristic transverse and longitudinal dimensions, wxy and wz, respectively. 

Typically, the excitation laser light is removed via filter and the signal of the sample is selected 

employing a pinhole that excludes out of focus light (spatial filtering). The photons scattered or emitted 

by the sample are collected by photon detectors and converted into current. This results in remarkable 

resolution (limited by the pinhole, theoretical limit of 0.5 μm [4]) with a trade-off in imaging time. 

Furthermore, compared to conventional fluorescence microscopy, this technology requires more 

irradiation power, since only in-focus light emitted from the sample is recovered. This can cause 

photodegradation in susceptible samples [4]. 

Using a pulsed laser synchronized with a digital counter, the time between the pulse and the first 

photon arriving at the detector can be measured. Iteration of this operation at large scale generates 

time-resolved fluorescence measurements allotted in a histogram-like manner: number of photons that 

arrived at a specific time from excitation; culminating in a fluorescence decay curve [51]. As long as only 

one photon is detected at each pulse (typically one photon is detected at about 50-100 pulses), the 

obtained fluorescence decay matches what would be expected for an individual molecule. If photon pile-

up occurs (i.e. more than on photon is arriving at the detector at each pulse), since only the first arriving 

photon is measured, the fluorescence lifetime histogram becomes biased, leading to underestimation 

of excited state lifetime. This time domain emission spectroscopy is known as Time-Correlated Single 

Photon Counting (TCSPC) and has a time resolution in the nanosecond range [5], [51], [52]. 

Single Photon Avalanche Diode (SPAD) photodetectors start saturating at 5 x 106 photon counts per 

second, with an increase in dead time due to photodetector heating [53], but can present pile-up at much 

lower counts, depending on laser excitation frequency and energy as well as the sample quantum 

efficiency. SPADs offer a higher photon collection efficiency compared to other detectors and low 

background counts [5]. 

Associating the TCSPC to the beginning of an acquisition and synchronizing with spatial information 

(Figure 16), fluorescence lifetime imaging microscopy (FLIM) can be performed. It can be understood 

as the several excitation-emission cycles that occur during each pixel being combined into a pixel-

specific photon arrival time histogram, from which a lifetime value can be extracted. The outcome is a 

lifetime-mapping image that is ideal for complex structures, allowing easy distinction of different sample 

regions, independently of fluorescence intensity (sample concentration) or irradiation power [5], [51], 

[52].  
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Figure 16: Time-Tagged Time-Resolved (TTTR) mode records the arrival times of all photons relative to 
the beginning of the experiment (time tag). TTTR data is extended to contain markers for synchronization 

with the piezo scanner, allowing reconstruction of the 3D image [51]. 
 

 

 

 

1.4. DNA-AuNRs for Oligonucleotide Detection – Thesis Context 

In this thesis, the NP-emitter conjugates explored for fluorescence enhancement are composed from 

AuNRs and ATTO647N dye, a red emitting dye attached to the NP surface by a thiolized 10-bp dsDNA 

spacer (BF1BT). The conjugation of fluorescently labelled DNA oligonucleotides onto gold nanorods is 

sought here as a preliminary study toward the development of nanobiosensors comprising DNA hairpin 

probes for the detection of nucleic acids. Previously, at CQE8 group, two colloidal functionalization 

approaches were established to load alkanethiol dye-labelled oligonucleotides onto AuNRs: fully-coated 

(FC) and tip-selective functionalization (Tip). The work done in this thesis follows-up on this research 

project and provides a detailed characterization of these nanohybrid materials by single-particle 

fluorescence spectroscopy. 

The fully-coated approach serves mostly as a standard for comparison of the tip-selective approach, 

which is the main approach of interest, since by ensuring that the fluorophore labelled DNA strands are 

focused on tips of the AuNRs (the hotspot where the effects of LSPR are more intense), maximization 

of sensor response can be achieved. On the other hand, the non-specific functionalization of the 

particle’s surface leads to the dispersion of target sequences, through binding on the sides of AuNRs, 

over areas without significant enhancement effect. 

The current system can easily be adapted to operate as a sensor by adding a stem-loop-stem-

quencher to one of the sequences, in order to introduce a mechanism of controlled switching of the 

fluorescence of ATTO647N upon hybridization with a target sequence (complementary to the loop 

region). 

 

1.4.1. Functionalization of AuNRs with Dye-labelled DNA 

A common colloidal production method for AuNRs is seed-mediated synthesis, employing 

cetyltrimethylammonium bromide (CTAB) and silver nitrate to regulate the AuNR formation and aspect 

ratio. CTAB is a surfactant that envelops the AuNR in a tightly adsorbed dense bilayer 

(trimethylammonium head facing outwards) positively charging its surface, thereby preventing 
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aggregation in water due to charge stabilization [54][23][55][56]. However, CTAB is cytotoxic because 

it disrupts the phospholipidic bilayer of cell membrane’s by forming nanoscale holes, due to the 

electrostatic adsorption of quaternary ammonium cations. 

In order to dislodge CTAB, a ligand exchange (LE) method can be used. Polyethylene glycol (PEG) 

and nucleic acids modified with a thiol group are common bio-friendly ligands for this displacement of 

CTAB. Thiol has good affinity to gold and sufficient packing of AuNRs with this ligand also prevents 

particle agglomeration [57][58]. 

The formation of gold-sulphur bonds is a widely used strategy for surface functionalization. This 

unconventional bond with a dissociation energy of ca. 298 kJ/mol is remarkably stable [59]. For this 

reason, thiol decked AuNPs are stable at room temperature, but nevertheless there is evidence of thiol 

exchange occurring between NPs [58], which is a source of concern in the long-term stability of these 

systems. 

Returning to the ligands of interest, when attempting surface modification with PEG, a common issue 

is the lack of total functionalization with substitution of CTAB by PEG only occurring in the tips of the 

AuNRs [54]. Also, when attempting surface modification with nucleic acids, an issue to consider is the 

electrostatic attraction between the positively charged CTAB and the negatively charged oligonucleotide 

sequences in solution [56].  

Li et al [56] reported an 1h approach using mPEG-SH (i.e. methyl ether-initiated PEG) and Tween20 

to simultaneously displace CTAB and functionalize AuNRs with thiolized DNA. Their process uses citrate 

to shield electrostatic repulsion between the DNA already attached to the surface of AuNRs and the 

DNA in suspension. This protocol is the key inspiration for the protocol implemented at CQE8 for the 

two-step ligand exchange that is used for fully-coated functionalization of AuNRs (see section 3.2).  

A key advantage is the control over the number of DNA strands loaded onto each AuNRs through 

the regulation of the DNA/AuNR molar ratio or the mPEG-SH and Tween20 concentrations. Tween20 

is a non-ionic and biocompatible surfactant that can weakly adsorb to AuNRs acting as a stabilizer for 

further modification. mPEG-SH also helps prevent aggregation by creating a steric stabilization effect: 

the higher the molecular weight of the polymer, the higher the steric protection; and also the higher the 

DNA loading capacity and rate [54][56].  

For the tip-selective functionalization (see section 3.1), the deliberate region-selective protocol can 

be traced back to Caswell et al [60] with incubation of AuNRs in CTAB with thiolized biotin. The CTAB 

bilayer (ca. 24 Å) is less dense at the tips due to the curvature of the AuNR, lowering the steric hindrance, 

and allowing attachment of the thiolized ligand in the hotspot region. In a recent work in which thiolized 

oligonucleotides were loaded onto CTAB stabilized gold nanotriangles [61], it has been hypothesized 

that the functionalization occurs on a two-step process: adsorption induced by electrostatic attraction, 

followed by a slow rearrangement that ends with the formation of the thiol-gold bond. 
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Figure 17: Schematic of dye-labelled dsDNA BF1BT and functionalization protocols for DNA-AuNRs. 
Top – Tip-selective process. Bottom – Fully-coated process. Adapted from [2].  

 

 

 

1.4.2. Extinction and Emission Spectra of FC-BF1BT and Tip-BF1BT 

AuNRs (Figure 18) are typically characterized by the existence of two plasmonic modes with distinct 

resonance wavelengths. Measured spectra will typically show a peak at a shorter wavelength due to the 

movement of charges along the width of the NP and a peak at a longer wavelength corresponding to 

the movement along its length. Usually, the transverse LSPR peak tends to be relatively fixed in regard 

to wavelength while the longitudinal LSPR peak varies more with the aspect ratio of the NP. 

Furthermore, the longitudinal LSPRs peaks are more intense than the transversal, due to larger effective 

cross sections for light absorption and scattering [54]. 

 

 
Figure 18: A– Depiction of collective electron oscillation in a AuNR. B – Normalized extinction spectra of 

AuNRs samples with increasing aspect ratio. [62] 
 

The commercial solution of AuNRs used in this work exhibits an extinction spectrum with the plasmon 

longitudinal resonance band (𝜆 ) at ca. 660 nm. The absorption and emission spectra of free BF1BT 
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do not differ significantly from free ATTO647N (see section 4.2.1 - Figure 39) and overlap with the 

plasmon longitudinal resonance band, a necessary condition for maximization of fluorescence 

enhancement, as described in section 1.1.2. Roughly, the absorption overlap allows for the 

enhancement of local field on the excitation rate, taking the dye more frequently to the excited state 

whereas the overlap of the emission spectra contributes to the enhancement of the photophysical decay 

rates, due to the higher local density of states resulting from the nanoantenna effect. In this NP-emitter 

pair, the amplification of the excitation rate is expected to be the main contributor for enhanced 

fluorescence, since enhancement of the non-radiative decay rate will lead to a decrease of the 

fluorescence quantum yield of the dye. 

 

 

Figure 19: Normalized extinction and emission spectra of BF1BT in 1x PBS and AuNRs in 10 mM of 
CTAB. 

 

Having established a NP-emitter pair fitting for PEF, the functionalization process for the DNA-AuNRs 

was primarily assessed from the extinction spectra of a colloidal dispersion of these objects. 

Functionalized AuNRs compared to AuNRs in 10 mM of CTAB show line broadening, a slight kink on 

the blue side of the longitudinal resonance peak and a bathochromic shift of the 𝜆 . The resulting 

spectra cannot be decomposed on the sum of its parts since dye coupled molecules have variable 

absorption contributions. However, the red shift can be associated to changes on the refractive index at 

the surface of the AuNRs, while the line broadening can be associated to the differing number of strands 

attached per NP, due to the formation of S-Au bonds by thiolized PEG and DNA [2][63][64]. 

 

 

Figure 20: Extinction spectra of AuNRs stock sample and Tip-1h in 10 mM of CTAB. 
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Furthermore, the extinction spectra can provide a visual cue for NP aggregation (and, indirectly, 

sample stability), which is apparent through significant broadening of the LSPR band and loss of colour 

at naked eye (if the sample is concentrated enough). During functionalization procedures, this type of 

assessment was employed to ensure the sample’s stability. 

Emission spectra could be used to assess fluorescence enhancement or quenching of functionalized 

samples relative to the same amount of free dye. Previous work has established that Tip-BF1BT 

functionalization has fluorescence enhancement and FC-BF1BT functionalization has fluorescence 

quenching. This topic is expanded upon in the Results and Discussion section (see 4.3.1.).  

 

 

 

1.4.3. Single Particle Spectroscopy of AuNRs’ Photoluminescence 

Single particle spectroscopy gives further insight into the emission properties of a system that are 

obscured by ensemble-averaging in conventional measurements. Usually, the average of a certain 

variable measured for a statistically significant number of individual particles will converge to the 

ensemble obtained value, but some phenomena can be smothered in ensemble measurements and 

different fractions of a heterogeneous population can become undistinguishable [65]. For example, 

single particle measurements allow for a more precise assessment of spectral changes in response to 

the local refractive index, comparatively to ensemble measurements where inhomogeneous line 

broadening can significantly mask this behaviour. Furthermore, single particle measurements allow 

correlation of different spectroscopic observables possibly highlighting covariance between them [65].  

To ensure that one is measuring a single particle, the most straightforward method is correlating 

acquired information with electron microscopy, but the substrate needs some sort of collocating marking 

system, which is not always readily available. Alternatively, spectral lineshape or histograms of scattered 

intensity can be used. The first approach works for NPs in which the plasmon is narrow and the plasmon 

energy strongly depends on size and shape, such as AuNRs. In the later approach, a monomodal 

distribution would be expected in which outliers would be dismissed as clusters or misshaped particles 

[65].  

The photoluminescence spectrum of a AuNR can be fitted with a Lorentzian function to determine 

the plasmon resonance wavelength (𝜆 ) and linewidth (𝛤, full-width at half-maximum - FWHM). The 

plasmon resonance wavelength becomes red-shifted with an increase in refractive index, because of 

the decrease in the restoring force for the plasmon oscillation, which is reflected in a decrease of its 

resonance frequency [63][64].  

The full-width at half-maximum has been shown to increase with AuNR width [66] and the adsorption 

of thiolized ligands to the surface [67], due to a faster loss of coherence on the oscillating electron cloud 

[12]. This line broadening is associated to chemical interface damping and provides an additional non-

radiative decay pathway to the plasmon resonance [63][64]. 
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Figure 21: Example of the photoluminescence spectrum of a single rod and respective Lorentzian fitting 
to determine the peak wavelength 𝜆  (666 nm) and linewidth 𝛤 (118 meV). 

 

 

 

1.4.4. DDA Simulations – Plasmon Field Enhancement Around a AuNR 

Discrete dipole approximation (DDA) methods have been used to map the near-field enhancement 

around a AuNR (Figure 23A) and to predict 𝜆  redshift resulting from adsorption of a layer of proteins 

[68] or total fluorescence enhancement of a neighbouring dye, discriminating the impact of the 

nanoantenna on the radiative and non-radiative rates [69].  

Khatua et al [69] showed that AuNRs produced by colloidal synthesis can lead to fluorescence 

enhancements of the order of those obtained for lithographic assemblies. The fluorescence of a weak 

emitter crystal violet placed in the vicinity of a 25 x 47 nm AuNR (𝜆  at 629 nm) was enhanced 1000-

fold under excitation as 633 nm. Through the DDA, it was estimated that the remarkable enhancement 

resulted from an enhancement of about 130-fold of the excitation rate (near field intensification) and an 

enhancement of about 9-fold of the effective emission (increased quantum yield, due to acceleration of 

the radiative rate). 

DDA simulations for the current system [2] showed maximum enhancement for a dye placed 3 nm 

away of the 25 x 61 nm AuNR (Figure 22), which lead to the choice of the 10-bp DNA linker. This 

sequence has an approximate length of 3.4 nm. 

 

Figure 22: Calculated fluorescence enhancement of ATTO647N at the tip of a 25 x 61 nm AuNR, 
according do NR-dye distance for excitation at 639 nm and emission at 700 nm. 
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Further simulations highlighted the ideal positions for dye enhancement with a predicted maximum 

of about 10-fold for excitation at 630 nm (Figure 23B). At this excitation, the system is far from the 

maximum possible enhancement of about 60-fold, which occurs at ca. 660 nm, aligned with the 

longitudinal plasmon. 

 

A 

 
B 

 
Figure 23: A – Calculated nearfield intensity enhancement map with labels for simulated emitter 

positions; B – Calculated fluorescence enhancement according to emitter position and excitation 
wavelength. Right side axis shows extinction cross-section from simulated AuNR. From [2] 

 

 

 

1.4.5. Molecular Beacons as Oligonucleotide Probes in AuNRs 

Typically, a molecular beacon is an engineered sequence of oligonucleotides forming a hairpin/stem-

and-loop structure, labelled with a quencher on one end and a fluorophore at the other, thus only emitting 

fluorescent signal when target DNA or RNA sequences hybridize to the matching sequence in the loop. 

The crucial step in the design of a molecular beacon probe is the number of base pairs at the stem 

(typically five to seven): the number of paired-bases must lead to a stem strong enough to form the 

hairpin structure for efficient fluorescence quenching, while still being weak enough to be dissociated 

when a complementary DNA hybridizes with the loop of the molecular beacon, i.e., it must be such that 

the spontaneous reorganization occurs exclusively in the of presence the target sequence [57]. As a 

result, molecular beacons possess extremely high selectivity and single base pair mismatch 

identification capability, compared to simple linear probes. 

Other factors must be considered when binding a molecular beacon to a NP for a fluorescence-

enhancement set-up, namely: the functional group for binding and its position; the fluorophore-quencher 

pairing, and; the appropriate spacer length to place the fluorophore at optimum distance from NP surface 

[70]. 
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Therefore, the proposed molecular beacon probes (Figure 24) for enhanced optical detection of 

oligonucleotides keep the 10-bp spacer for ATTO647N, adding the quencher molecule on the target 

complementary arm. The chosen quenching mechanism was FRET with organic quenchers DDQII or 

QSY21. The quencher labelled probes were complementary to target oligonucleotides: dengue virus 

RNA (TD), microRNA-145 (TM) and sleeping sickness DNA (TS). The target ready molecular beacon 

consisted of the quencher labelled probe sequence hybridized at the stem with BF1. Both strands of the 

stem are thiolized (BF1 at 3’, quencher strand at 5’). The hairpin includes a 6-nucleotide complementary 

sequence at 3’, followed by a 4-nucleotide bulge. The purpose of said bulge is to avoid direct contact 

between donor-acceptor molecule. 

 

 

Figure 24: Schematic of molecular beacon (BF1 hybridization with probe sequence BD, BM or BS) 
conformational response to absence/presence of target (TD, TM or TS, respectively). Adapted [3]. 

 

The successful loading of these molecular beacons on the surface of AuNRs (Figure 25) would 

generate nanobiosensors for the detection of nucleic acids. The nanoantenna effect of AuNRs would 

contribute in two ways for the increased detection sensibility of this nanohybrids over conventional 

molecular beacons: 1) modulation FRET between donor ATTO647N and acceptor organic quencher, 

ensuring efficient fluorescence quenching in the closed hairpin; 2) fluorescent enhancement of 

ATTO647N in open hairpin.  

 

 

Figure 25: Schematic of AuNRs loaded with molecular beacons according to the Tip-selective protocol. 
Upon hybridization with target oligonucleotide, the quencher labelled probe arm opens allowing detection of 

the PEF of ATTO647N. 
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The detection of exogeneous RNA (dengue virus) or DNA (sleeping sickness), or endogenous RNA 

(microRNA-145) were chosen for the proof-of-concept. Sleeping sickness (human African 

trypanosomiasis) and dengue virus are some of the worse insect-borne pathogens. Sleeping sickness 

and dengue are estimated to infect, respectively, 15 thousand and 100 million people annually. Both 

pathologies have a significant economic and mortality impact [71][72]. microRNA-145 has been 

identified as a key biomarker in cancer progression: its inhibition leads to apoptosis and decreased cell 

proliferation, inhibiting tumour growth in leukaemia cell lines [73].  

The concentration of these targets and similar analytes in directly extracted biological fluids is of the 

order of the femtomolar. Consequently, amplification and multi-labelling steps are usually necessary for 

their detection. However, these processes are incongruent with the speed and simplicity desired of a 

sensor. 

The nanohybrids currently being nurtured at CQE are still at the onset of a biosensor but can progress 

towards a highly sensitive sensor for the enhanced optical detection of target oligonucleotides. After 

assessing said biosensor through ensemble stationary state methods and at single-particle level, the 

successful system can easily be miniaturized towards a lab-on-a-chip system and/or expanded towards 

other oligonucleotide sequences of interest through manipulation of the hairpin loop sequence. The 

flexibility of nucleic acid probes could even lend itself to expansion of the proposed nanohybrid towards 

other biomarker analytes, such as small ions or even proteins if aptamer mechanics allow it, which could 

encourage multiplexing research using distinct combinations of dyes and NPs. Other alternative lines of 

research are also possible, such as direct real-time imaging of intracellular miRNA or photothermal 

therapy. 
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2. EXPERIMENTAL SETTINGS 

 

2.1. Chemicals & Materials 

Ultrapure water was used for all experimental steps requiring water and was obtained with a Milli-Q 

purification system (Merck-Millipore). Thiolated poly(ethylene glycol) (mPEG-SH, MW~5,000), poly(vinyl 

alcohol) (PVA, MW~89,000-98,000, 99%), Poly(acrylic acid) (PAA, MW~15,000, 35 wt% in water), 

Poly(allylamine hydrochloride) (PAH, MW~17,500), N-hydroxysuccinimide (98%), bovine serum 

albumin (BSA, 96-99%), Tween 20, CTAB (99%), sodium citrate tribasic dihydrate (99,5%) and citric 

acid (99,5%) were acquired from Sigma-Aldrich. Succinimidyl 4-(p-maleimidophenyl)butyrate (SMPB) 

was acquired from ThermoFisher Scientific. PBS tablets were acquired from Sigma-Aldrich and 

ThermoFisher Scientific. 

Colloidal AuNRs with 25 nm of diameter, ca 71 nm in length, and plasmon peak at 650 nm (15% 

dispersion) were acquired from Nanopartz in CTAB aqueous suspension: A12-25-650-CTAB-DIH-25, 

Lot F3216 (OD1.1 ~ 1.2 ⨯1011 NPs/mL (0.055 mg/mL)) and 12G72-7304 (OD1.1 ~ 9.3 ⨯ 1010 NPs/mL 

(0.055 mg/mL)). ATTO647N in the form of NHS-ester derivative was purchased from ATTO-TEC GmbH. 

Modified oligonucleotide sequences were purchased from STABVIDA, except BD2, BM2 and BS2 that 

were purchased from ThermoFisher Scientific. Sequences and modifications are explicitly described in 

Table 1. 

 

Table 1: ssDNA oligonucleotide sequences and respective modifications. 

Label Modifications Nucleotide Sequence 

BF1 
5’ ATTO647N 
3’ C6 Thiol 

5’- GAG TCT GGA C -3’ 

BT 5’ C6 Thiol 5’- GTC CAG ACT C -3’ 

DF1 
5’ Thioctic Acid 
3’ ATTO647N 

5’-TGG TCG TTG AAG TCG AGG CCT GTT CTC GGA GAG 
CGA CCA-3’ 

BD1 
5’ C6 Thiol 
3’ DDQII 5’- GTC CAG ACT C CA AGT GGT CGT TGA AGT CGA GGC 

CTG TTC TCG GAG AGC GAC CA-3’ BD2 
5’ C6 Thiol Modifier S-S 
3’ QSY21 

BM1 
5’ C6 Thiol  
3’ DDQII 5’- GTC CAG ACT C CA AGT GGT CGC AGG TCA AAA GGG 

TCC TTA GGG ACG ACC A-3’ BM2 
5’ C6 Thiol Modifier S-S 
3’ QSY21 

BS1 
5’ C6 Thiol  
3’ DDQII 5’- GTC CAG ACT C CA AGT GGT CGC AAG TGC GTA AAC 

ACA ACG ACC A-3’ BS2 
5’ C6 Thiol Modifier S-S 
3’ QSY21 

TD --- 5’-CUC UCC GAG AAC AGG CCU CGA CUU CAA-3’ 

TM --- 5’-UCC CUA AGG ACC CUU UUG ACC UG-3’ 

TS --- 5’-TTG TGT TTA CGC ACT TG-3’ 
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2.2. Equipment 

UV−vis extinction spectra were measured in a spectrophotometer from PerkinElmer, model Lambda 

35. Corrected fluorescence emission spectra were acquired with a FluoroLog-3 spectrofluorimeter 

(Horiba Jobin Yvon) with a 450 W Xenon Lamp. This apparatus is fitted with a Hamamatsu R928 

photomultiplier tube, making it apt for TCSPC [74]. Fluorescence decays were obtained through 

excitation at 1 MHZ with a N-590 nm NanoLED pulsed diode (Horiba, peak at 592 nm, pulse of 1.4 ns). 

A circular heated water bath (Haake Fisons K15) with DC 3 controller is connected to the FluoroLog-3 

fluorimeter. Cuvettes with a 10 mm light path and 700 μL capacity made of Quartz SUPRASIL (Hellma) 

were used for all extinction and emission spectra, except for temperature assays in which cells with 1.2 

mL capacity were used for emission spectra. 

The CFLM used was a MicroTime 200 (PicoQuant GmbH) as shown in Figure 26. Details of set-up 

are given in Ref. [75]. 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 

482nm (LDH 485, PicoQuant) at 40 MHz. The objective is a 60x water immersion lens with a numerical 

aperture of 1.2 (UPLSAPO 60XW, Olympus). Sample emission passes through an excitation 

wavelength specific dichroic mirror and filter, followed by a 50 μm pinhole. The filter for the 639 nm laser, 

was 695AF55 (Omega, bandpass filter centred at 695 nm with a 55 nm 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 detectors (SPCM-AQR from PerkinElmer) and 

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. Additionally, the system contains a 

charge-coupled device camera (ZC-F10C2, GANZ) for laser beam diagnosis and position. 

 

Figure 26: Schematic of the CFLM at CQE. 
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3. METHODOLOGY 

 

 

3.1. DNA-AuNRs Tip-Selective Functionalization Protocol 

The detailed protocol has been described in Ref. [2]. 

A starting volume of commercial AuNRs (350 or 400 μL) was subjected to a centrifugation, the 

supernatant was discarded, and the pellet was resuspended in CTAB (10 mM). Another centrifugation 

was performed, the supernatant was discarded, and the pellet was resuspended in the remaining 

volume. A small volume (2 μL) was removed for UV-Vis spectrum acquisition to determine concentration 

in the remaining volume (ca. 40 μL). 

DNA was left to hybridize for at least 1 hour at room temperature in 0.55x PBS (for BF1BT, BT was 

25% in excess; for DF1TD, TD was 100% in excess). 

A CTAB solution over 10 mM concentration was prepared and volumes were adjusted to ensure a 

final CTAB concentration of 10 mM, a dye-per-particle molar ratio of 4000:1 and 0.11x PBS during 

functionalization time. The solution of CTAB>10 mM was added first in a fresh eppendorf, followed by 

the AuNRs, and only afterwards the hybridized DNA. 

After one hour, unbound DNA was removed by resuspension in 400 μL of CTAB (10 mM), followed 

by centrifugation. Supernatant was discarded and the pellet was resuspended in 500 μL of CTAB (10 

mM). This process was repeated seven more times, ending with a small volume of Tip-BF1BT (ca. 40 

μL) with a final concentration of 1 nM (OD ~ 6-7). 

All centrifugations were performed at 6000 rpm during. Samples were kept at 4 ºC for further studies. 

 

 

3.2. DNA-AuNRs Fully-Coated Functionalization Protocol 

The detailed protocol has been described in [2], and it was inspired by [56].  

The starting volume of commercial AuNRs (450 or 500 μL) is treated in the same manner as in 3.1. 

to ensure a known starting solution CTAB (2 mM for the first BF1BT attempt, 10 mM otherwise). The 

first ligand-exchange step consisted of the exchange of CTAB by adding mPEG-SH (250 μL, 10 μM), 

vortexing 20 seconds, adding Tween20 (250 μL, 0.2 wt%), centrifuging and discarding the supernatant. 

This process is repeated three times and yields stable ligand exchange functionalized AuNRs (AuNRs-

LE). A small volume (2 μL) was removed for UV-Vis spectrum acquisition to determine concentration in 

the remaining volume (ca. 50 μL). 

DNA was left to hybridize for at least 1 hour at room temperature in 0.55x PBS (for BF1BT, BT was 

25% in excess.). 

Citrate buffer (pH3) was prepared from sodium citrate tribasic dihydrate and citric acid. 

Volumes of AuNRs-LE, hybridized DNA, citrate buffer and concentration and volume of PBS were 

adjusted and successively added to ensure a dye-per-particle molar ratio of 4000:1, 0.5 M of citrate 

buffer and 0.35x PBS during functionalization time. The functionalization time for DF1 was one hour and 

for BF1BT was overnight (ON). 
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Removal of unbound oligonucleotides was performed through resuspension in 400 μL of PBST buffer 

(PBS with Tween 20, 0.01 wt%), centrifugation, discarding supernatant and resuspension in 500 μL of 

PBST. This process was repeated five more times, ending with a small volume of FC-BF1BT (ca. 60 

μL) with a final concentration of 1 nM (OD ~ 6-7). 

All centrifugations were performed at 6000 rpm during 15 min. Samples were kept at 4 ºC for further 

studies. 

 

 

3.3. Immobilization of AuNRs and inSsitu Functionalization  

Round glass coverslips were cleaned with an aqueous solution of RBS50 detergent at 5% (v/v) via 

sonication during 20 min. This was followed by a water washing step and sonication during 10 min in 

ethanol. After another water wash, the coverslips were dried with nitrogen prior to placement in 

UV/Ozone chamber model PSD-UV3 from Novascan, where they were irradiated for 2 hours [27]. 

Afterwards, the glass surfaces were silanized in a MeOH-MPTMS mixture, washed with ethanol and 

nitrogen dried. 

Drop casting was performed to adsorb functionalized Tip AuNRs onto the coverslip surface. This was 

achieved by placing a drop of AuNRs (OD ~1) in the coverslip, inside a Petri dish where an eppendorf 

with water was kept open ensuring constant humidity. Posteriorly, the coverslips were washed with water 

to remove non-fixed entities. After washing, a PBS drop was left on the glass for 1h. Lastly, the coverslips 

were washed with water and nitrogen dried. 

PVA samples were prepared via spin-coating of DNA-AuNRs in a 1% v/v PVA solution; which left 

Tip samples with 1 mM of CTAB and FC samples with PBS 0.1x and Tween 0.001 wt%). Stock AuNRs 

were immobilized onto glass coverslips via spin-coating of OD 1.1 drop. 

Details on the exploratory attempts at surface passivation and inSitu Functionalization are described 

directly in section 4.3.3. 

 

 

3.4. Relative Determination of Fluorescence Quantum Yield 

The quantum yield of ATTO647N, dye-labelled DNA spacer (BF1 and BF1BT), target probes (BD, 

BM and BS) and respective molecular beacons and beacon-target assemblies was obtained through a 

relative determination method [76][77]. This method is based on the comparison of integral emission 

spectra of a standard dye versus that of the sample being studied, under identical conditions. The 

standard must have a known quantum yield and similar optical properties as the sample, thus cresyl 

violet was chosen as the standard dye, with a known quantum yield of 56 % in ethanol (EtOH) at 24 ºC 

[77]. The method requires absorption and emission spectra and the same 10 mm Quartz (700 μL) 

cuvettes were used on both apparatuses to minimize the effect of scattering losses at the interface on 

the calculation. The procedure was as follows:  

1) UV-Vis extinction spectra of sample and standard were obtained, ensuring similar absorption 

values at the chosen wavelength of 580 nm, that acts as the excitation wavelength for the emission 

spectra of both the sample and the standard, and therefore must be on the blue side of the maximum 
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absorption peak of both samples to guarantee that the acquired emission spectrum starts before the 

onset of the emission band (since it will be necessary to integrate the entire curve). Care was taken to 

avoid internal filter effects by ensuring maximum extinction values below 0.2 A and concentration of 

standard dye was adjusted rather than that of samples.  

2) Emission spectra of sample and standard were obtained with excitation at 580 nm. Slit width was 

2 nm for samples containing dye and 5 nm for quencher labelled strands. (In absence of an appropriate 

low quantum yield dye to act as standard for quencher-labelled strands, a diluted solution of cresyl violet 

was used for the 5 nm slit spectrum acquisition, to avoid saturation of detectors. The respective 

extinction spectrum was also acquired). 

3) The quantum yield was calculated based on the relative determination [76]. 

𝛷 =  𝛷  
𝑓

𝑓

𝐹

𝐹

𝑛

𝑛
 

 
(11) 
 

The underscripts st and x refer to the standard and the sample, respectively; 𝛷 is the quantum yield, 

𝑛 identifies the refractive index of the solvent, 𝑓 is obtained from the extinction spectrum in step 1) and 

represents the absorption factor (the fraction of incident light on the sample that is absorbed), whereas 

𝐹 is in units of photons and is the integral of the emission spectrum obtained in step 2). The following 

formulas are applied: 

𝑓 = 1 − 10 ( ) 
 

𝐹 =
𝑆1

𝑅1
 𝑑𝜆  

 

(12) 
 
(13) 
 

𝐴(𝜆 ) refers to the value of absorption at 580 nm, 𝑆1 𝑅1⁄  is the instrument wavelength dependence 

corrected emission spectrum and the integral of 𝜆  covers the emission spectrum from 590 to 850 nm. 

One limitation must be pointed out with respect to this protocol: the absorption spectrum of the 

samples/standard dye is steeped at 580 nm (section 7.5), which compromises accuracy in the 

calculation of the absorption factor. 

 

 

3.5. Fluorescence Decay Measurements 

When a diffusing molecule passes through the confocal volume of the CFLM, it is instantaneously 

excited and decays before exiting the volume. TCSPC allows allocation of the detected photons 

relatively to arrival time, building a fluorescence decay histogram. 

A droplet of each sample used for quantum yield determination was placed in separates areas of a 

clean coverslip and a point fluorescence intensity time trace (MCS – Multi-Channel Scalers) was 

acquired with the 639 nm laser. 

Quencher-labelled sequences BD1, BD2, BM1, BM2 and BS2 were excited at 0.8 kW/cm2 during 2 

min. All other samples (molecular beacons with and without target) were excited at 0.08 kW/cm2 for 2 

min, except for BS2BF1 which required 3 min to ensure ca. 104 counts at the maximum. 
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The Instrument Response Function (IRF) was obtained with diffusing AuNRs and possessed a 

FWHM of ca 0.5 ns. Using reconvolution fitting, it was possible to obtain relative amplitudes of each 

lifetime component in a multi-exponential fitting more accurately that it would have been for a tail-fitting. 

The fluorescence decays were fitted assuming a fixed value for IRF background (example in Figure 

27A of the next section). In the Tables present in this thesis, 𝐴  represents the lifetime weighted 

fractional intensity of a respective lifetime component 𝜏   of a multi-exponential fitting with an associated 

𝜒  score, intensity-averaged decay time 𝜏  and amplitude-averaged decay time 𝜏  (as defined in Ref. 

[4]).  

 

 

3.6. Temperature Variation Studies 

Each sample was heated from room temperature to 90 ºC in 10 ºC steps. Once the maximum 

temperature was reached the sample was left to cool down to room temperature. At each step, a waiting 

time of 10 min was given to guarantee that the sample was in stationary state before acquiring 

fluorescence decay, emission and excitation spectra. Fluorescence decays were obtained at 665 nm, 

bandpass 10 nm, until the maximum reached 104 counts. IRF (prompt) was acquired for each 

experiment with excitation at 594 nm of colloidal silica spheres. Decays were analysed with the DAS6 

v6.4 software or an Excel Solver-based routine and selected according to χ  and residuals distribution 

(example in Figure 27B). 

UV-Vis spectra were acquired prior and after the heating and cooling down process. The emission 

spectra were obtained in the same manner as in 3.4 for calculation of the quantum yield. 

 

A B 

Figure 27: Fluorescence Decay of ATTO647N at room temperature. A - Bi-exponential fitting performed 
using the software SymPhoTime. B - Single exponential fitting performed through an Excel Solver-based 

routine 
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3.7. Quantification of Dye-labelled Oligonucleotides loaded on AuNRs – 

Calculation of Relative Fluorescence Enhancement 

The protocol for the quantification of DNA strands per AuNR has been established in [78]. Starting 

from a solution of 1 nM of DNA-AuNRs (OD ~ 6-7), 8 μL were diluted in 800 μL of CTAB (10 mM) or 

PBST, for the Tip and FC nanohybrids, respectively. After, the extinction and emission spectra were 

measured. The former was used to calculate AuNR concentration and the later was acquired with 

excitation at 600, 620 and 640 nm. 

The sample was recovered from the cell into the original eppendorf and its volume was quantified. 

2-mercaptoethanol (ME) was added to the sample ensuring a final concentration of 20 mM. The sample 

was then kept at 37 ºC for 5 hours. During this process, ligand-exchange occurs with ME displacing the 

oligonucleotides from the AuNRs surface. Afterwards, the sample was centrifuged (6000 rpm, 15min), 

the supernatant with the displaced oligonucleotides was recovered and its emission spectrum was 

acquired with excitation at 600, 620 and 640 nm. 

Emission spectra for known BF1BT concentrations in CTAB (10 mM) and ME (20 mM) (section 7.6 

- Figure 64) or in PBST and ME (20 mM) (section 7.6 - Figure 65) were previously obtained with 

excitation at 600 nm. The integral from 630 nm to 800 nm was calculated for each spectrum (photon 

flux). Consequently, a calibration curve could be drawn of dye-emission relative to known DNA 

concentration and fitted with a linear regression. 

As a result, the number of dye-labelled strands per AuNR could be calculated by dividing the 

concentration of DNA obtained from the supernatant emission spectrum by the concentration of AuNRs 

obtained from its extinction spectrum. 

For the calculation of the relative fluorescence enhancement, the emission spectrum of AuNRs was 

corrected for the AuNR induced light scattering. This was done by subtracting the emission spectrum of 

AuNRs in CTAB (10 mM) or AuNRs-LE in PBST at a concentration matching that of the original sample. 

Slight variations of concentration were compensated with a multiplicative factor, which was obtained 

through visual adjustment. The slight dispersion of light in the supernatant was also corrected with 

solutions of CTAB (10 mM) and ME (20 mM) or PBST and ME (20 mM). 

The relative fluorescence enhancement is the ratio of the photon flux of the DNA-AuNRs over the 

photon flux of the respective DNA supernatant within the 620-800, 640-800 and 660-800 nm ranges for 

the excitation wavelengths of 600, 620 and 640 nm, respectively. 

Limitations of this ligand exchange method for the quantification of dye-labelled alkanethiol-

oligonucleotides include possible underestimation of DNA concentration due to lack of full displacement 

by ME. It also presumes no photodegradation during the five-hour bath at 37 ºC. 
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3.8. MATLAB Routines for CFLM Intensity Images and Single Particle 

Spectral Fitting 

 

3.8.1. CFLM Intensity Images – 3D Gaussian Fitting of Point Spread Function 

Intensity images of immobilized AuNR samples were obtained with a pulsed diode 639 nm laser at 

20 MHz and a 55 nm bandpass filter centred at 695 nm. The excitation irradiation is not polarized; hence 

all objects are equally likely to be excited independently of their orientation. However, the filter favours 

AuNRs with a longer aspect ratio. 

From SymPhoTime software (PicoQuant GmbH, version 5.3.2.2.), intensity weighted FLIM images 

were extracted for visual sample comparison: bright areas with lifetime superior to 3.5 ns were not within 

the scope of interest, on the basis that the lifetime of ATTO647N is 3.5 ns [79] and PEF leads to lower 

lifetimes. 

In microscopy a point like object is perceived as a diffraction limited spot, which can be described as 

a point spread function. This point spread function can be approximated with a 3D Gaussian for surface 

measurements. Therefore, a MATLAB routine was built to allow a more expedite analysis of a large 

number of bright spots (Figure 28), using intensity images exported on ASCII format (*.dat). It makes 

use of two existing contributions on the MathWorks - File Exchange entry: Image Segmentation Tutorial 

(version 1.6.0.0) by Image Analyst [80] and Fast Gaussian Point Spread Function Fitting (MEX) by 

Simon Christoph Stein [81]. 

The first was tweaked to meet the requirements associated with the identification of numerous bright 

spots, each only containing a small number of pixels, and it saves each identified spot as a matrix. 

Furthermore, it allows the possibility of saving a mask of a given image to be used posteriorly. This 

allows tracking of the same bright spots in images resulting from multiple exposures of the same region. 

The selection of bright spots is based on a combination of a threshold minimum and a minimum pixel 

cluster area. For example, a 40 x 40 µm image with 512 pixels/side acquired with irradiation at 0.04 

kW/cm2 would have a threshold of 5 and a minimal area of 7 pixels (T5A7), i.e. for a bright spot to be 

identified as a region of interest, it requires at least 7 connected pixels with at least 5 counts of intensity. 

A pixel border value can be inserted to add a line or two of pixels around an identified spot, providing a 

more reliable background fitting, but can also cause overlap in areas with high spot density.  

The Fast Gaussian Point Spread Function Fitting was meant for the rapid fitting of 3D Gaussian point 

spread function models to a list of candidate positions in an image. It was developed with fluorescence 

microscopy images in mind and it uses a MEX file interface, on account of MATLAB fitting being slow 

for the data volume usually involved. A sparse image was submitted to the MEX fitting and each bright 

spot was also fitted using an Excel Solver-based routine. The results were similar enough to validate 

the use of this code. 

The implemented routine makes use of the available functions, which estimate an initial guess for 

each saved matrix and performs an anisotropic 3D Gaussian fitting. All the key parameters, namely 

Gaussian centre in ROI [x0,y0], peak intensity, background value, width [wx,wy] are saved for each spot 

in a joint table for the image, easily retrieved for other operations. 
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The same routine was used for fitting of images with irradiations at different irradiation power, 

resolution, area and for distinct experiments. The thresholding details of each can be found in image 

captions. The peak intensity obtained from gaussian fitting of each bright spot was used as the maximum 

of emission of each bright spot rather than the raw data value. This smooths the impact of dye blinking 

and background noise. 

Nonetheless, there are significant limitations to the obtained processed data, which is dependent on 

the raw images obtained from the CFLM. One issue not visible to the naked eye in the acquired images, 

but easily identified in the processed data is the vertical adjustment: even assuming that Airy disk based 

focusing is consistent at every acquisition, a slight mechanical relaxation can lead to significantly 

different intensity average values for the same area. Another issue is drying drops, with a significant 

increase in intensity and background noise. However, experimental procedures were adapted to avoid 

this type of artefacts.  

 

 

Figure 28: Schematic for the single particle analysis: an intensity image processed through a MATLAB 
routine labels all spots according to a user input threshold. Regions of interest (blue) are fitted with a 3D 

Gaussian (yellow) and spectral data for each spot is fitted with a Lorentzian. 
 

Furthermore, when the signal-to-noise ratio is low, the PSF fitting of the associated low intensity 

spots can easily result in misshaped flat 3D gaussian, with aberrant width, or simply not converge. When 

an identified bright spot cannot be fitted, it receives the Not-a-Number (NaN) label. This is particularly 

relevant whilst tracking a region of interest throughout multiple acquisitions. Dye-blinking or 



 

 37 

photobleaching can occur, making identified and adjustable low intensity bright spots, impossible to fit 

with a 3D Gaussian in later images. For the graphs in section 4.4.2, these points were excluded, resulting 

in a higher average peak intensity, without significantly altering the tendency (e.g. Figure 29). 

 

 

Figure 29: Response in Tip-DF1TD response to 5 μL of TD target (1 μM) in ca. 20 μL PBS 1x (coverslip 
with tank). ‘# points’ indicates the number of points used for the calculation of the average: Black – All 

points; Red - Excluding regions of interest that received NaN label. 
 

 

 

3.8.2. Single Particle Spectral Fitting 

Single particle spectra were obtained through the spectrometer, QEPro (Ocean Optics) coupled to 

the CFLM. For these acquisitions, light passed through a 510 nm low pass filter and each particle was 

irradiated with 480 nm laser excitation at 50 kW/cm2. OceanView was used to collect spectra with a 10 

s integration time. All spectra were fitted a Lorentzian as established in literature for individual AuNRs 

[65][82] with a fixed Gaussian component at shorter wavelengths to account for a baseline from  

scattered light. The fitting was performed through the default quasi-newton method of the in-built fminunc 

function that was set to find the minimum of the least-square difference between the raw spectral data 

and a starting initial guess. Classification of acquired spectra into single rod, aggregate or non-

admissible entries was performed by visual inspection. For each single AuNR, the plasmon resonance 

wavelength 𝜆  and the full width at half-maximum (FWHM) 𝛤 was extracted for further operations. 
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4. RESULTS AND DISCUSSION 

 

 

The research work presented in this thesis is organized as described hereafter. In section 4.1, the 

emission properties of dye-AuNR hybrids, as characterized by single-particle spectroscopy, are 

described and compared to previous results of ensemble emission spectroscopy to evaluate plasmon-

coupled emission in these systems. Next, in section 4.2, the functionality of DNA hairpin probes 

designed to perform fluorescence signalling of target oligonucleotide sequences is analysed from results 

of ensemble emission and fluorescence decay measurements. Finally, in sections 4.3 and 4.4, the 

conjugation of the DNA hairpin probes onto gold nanorod antennas to produce a nanohybrid biosensor 

and its response to target sequences were assessed by ensemble emission or confocal fluorescence 

lifetime microscopy. 

The dye-AuNR hybrids are prepared from the conjugation of gold nanorods with a dsDNA 

oligonucleotide composed of BF1 and BT sequences. The BF1 strand is modified at the 3-end with a 

thiol for covalent attachment by thiol-gold chemistry and at the 5’-end with a ATTO647N dye. 

Hybridization of this strand with complementary sequence BT ensured a 10-bp (ca. 3.4 nm) distance 

between the dye and the AuNR surface, which had been previously determined via DDA simulations to 

be ideal for fluorescence enhancement of a dye placed at the tip of a AuNR (25 nm x 61 nm) [2]. The 

CQE8 group has explored two functionalization protocols to load of dye-labelled DNA onto AuNRs, as 

detailed next.  

One of the functionalization protocols yields tip selectively functionalized AuNRs in an aqueous 

solution of 10 mM of CTAB (Tip-BF1BT). The other protocol consists of a two-step ligand-exchange 

method. First, CTAB is substituted by mPEG-SH as the stabilizing agent, and then, mPEG-SH is non-

selectively dislodged by BF1BT, resulting in randomly decorated AuNRs suspended in PBST (FC-

BF1BT). For both cases, single particle spectra and CFLM images were obtained of immobilized 

samples. By matching each bright spot to the acquired spectrum, it was possible to exclusively analyse 

the fluorescence emission of individual AuNRs (section 4.1). 

Having successfully established a AuNR-DNA assembly with PEF, the group’s next objective was to 

substitute the DNA linker for a DNA probe (section 1.4.5. - Figure 24), in order to develop a PEF-based 

sensor. Tip functionalization resulted in irreversible aggregation during protocol, while FC 

functionalization with the same probes showed no significant fluorescence recovery when introduced 

with target sequence in stationary state methods (namely, emission spectra). 

Consequently, it was pertinent to determine possible causes behind the lack of significant 

fluorescence recovery upon exposure of nanohybrids to the target sequences. On the hypothesis that 

the issue lay with the molecular beacon design: the fluorescence quantum yield and lifetime of each 

stem-hairpin assembly was determined and the impact of temperature on both variables was tested 

(section 4.2). 

Furthermore, due to the absence of significant sensor response, a simpler molecular beacon was 

designed, consisting of an ATTO647N labelled probe (DF1) against target dengue sequence (TD). 
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Contrary to previous probes, this one was lacking in the 10-bp spacer. Instead, in the closed hairpin 

conformation the fluorescence emission of ATTO647N would be quenched directly by the AuNR. 

Simultaneously, several attempts were made at replication of the established protocols. Additionally, 

there were exploratory efforts at developing a biocompatibility scheme for the Tip functionalization and 

at establishing a functionalization protocol for loading of alkanethiol-oligonucleotides onto MPTMS 

immobilized AuNRs (InSitu functionalization) (section 4.3). Once the replication efforts were coherent 

with previously obtained results, it was possible to test TD response in AuNRs-DF1 nanohybrids. 

(section 4.4). 

 

 

 

4.1. Single Particle Fluorescence Spectroscopy of AuNRs-BF1BT 

The samples herein described consist of previously prepared AuNR functionalized with BF1BT 

dsDNA, according to the tip specific (Tip) and fully coated (FC) protocols. There were variations of 

protocol in the DNA:NR loading ratio and functionalization time that enabled tuning of the final number 

of dye molecules per particle. For FC, the loading ratio was either 400:1 for a functionalization time of 1 

hour or 4000:1 for an overnight (ON) functionalization. For tip, the loading ratio was always 4000:1, but 

the functionalization time was either 1 h or 6 h. This way, it was possible to obtain dye-AuNR hybrids 

with the final number of dye molecules per particle indicated in Table 2. 

 

Table 2: Summary of ME-quantification of BF1BT strands per AuNR and relative fluorescence 
enhancement at 600 nm excitation. 

 Strands/AuNR F/F0 

Tip-1h 36 7.2 

Tip-6h 93 3.7 

FC-ON 327 0.8 

FC400-1h 102 0.3 

 

Coverslips were treated with MPTMS (section 3.3) in order to covalently immobilize AuNRs via drop 

casting. Alternatively, the dye-AuNR hybrids were dispersed in a PVA polymer solution and immobilized 

on coverslips through spin-coating technique. The immobilization of the AuNRs made it possible to 

characterize and compare the emission of single particle DNA-AuNR structures according to the 

different functionalization and immobilization protocols. Henceforward, the samples are identified by the 

surrounding environment (H2O or PVA), followed by functionalization protocol and defining trait: Tip-1h, 

Tip-6h, FC-ON, FC400-1h. 

CFLM intensity images for dye-labelled AuNRs were obtained at an excitation wavelength of 639 nm 

with a power of only 0.04 kW/cm2 because of the strong emission from the nanohybrid system (Figure 

30A). On the other hand, the original (stock  solution) AuNRs gave a weak one-photon luminescence 

signal and for single-particle detection required a much higher power of 20 kW/cm2 (Figure 30B).  
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In these images, the bright spots do not represent real dimensions of the AuNR-BF1BT nanohybrids, 

instead these regions of interest give information on the fluorescence emission or light scattering of a 

point-like object. Each bright spot was fitted with a 3D Gaussian by a MATLAB routine. The routine was 

used to determine the irradiation power from a systematic assessment of photobleaching (section 7.3), 

through tracking of average peak intensity compared to irradiation power and throughout multiple 

irradiations.  

At the excitation power of 0.04 kW/cm2, the strong brightness of each spot can be associated to the 

NP-emitter coupled emission of BF1BT decorated AuNRs rather than NP scattering, since for the same 

conditions it is impossible to detect luminescence in non-labelled AuNRs, such as H2O Stock or PVA 

LE (AuNRs-PEG) samples. The overlap between the excitation wavelength with the absorption 

spectrum of the AuNR and ATTO647N enables the detection of plasmon-enhanced fluorescence in 

AuNRs-DNA (as previously evaluated in ensemble spectroscopy measurements with Tip-functionalized 

samples). 

 

A 

 

B 

 
Figure 30: CFLM images of H2O samples at 639 nm laser irradiation. A –Tip-1h at 0.04 kW/cm2 (40 x 40 

μm, 256 pxs); B – Stock at 20 kW/cm2 (40 x 40 μm, 256 pxs); 
 

The first relevant point from single particle spectral acquisition of AuNRs was to confirm that indeed 

single particles were being detected. For this purpose, the individual spectrum from each detected spot 

was collected at 482 nm, 50 kW/cm2 excitation and its lineshape was analysed. (At this excitation 

wavelength and for the power used, the signal detected is essentially due to the one-photon 

luminescence of the AuNR and, for this reason, the respective spectrum can be used to assess if it is a 

single particle or not). The acquired spectral data was fitted with a Lorentzian, that allowed the extraction 

of the resonance wavelength 𝜆  and the full width at half-maximum (FWHM) 𝛤 of each AuNR. The 

criteria used to identify individual AuNRs was that: 1) only a single longitudinal surface plasmon peak is 

detected, and 2) the FWHM is within the range reported in the literature for a single particle, within 90-

150 meV [83]. The assessment of the fraction of individual AuNRs per MPTMS immobilized sample is 

given in Table 3 . 

On MTPMS immobilized stock AuNRs (Table 3), an individual single rod fraction of 97% endorsed 

good reagent quality. In this sample, no aggregates were found (section 7.3. - Table 14), but a certain 

number of non-admissible entries were obtained, which encompassed rare spherical NPs and 
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unidentifiable particulates (either foreign objects or due to human error during data acquisition or 

classification). This is coherent with previously obtained transmission electron microscopy images 

(Figure 31). 

 

Table 3: Summary of single-spectra acquisitions for H2O samples: # - Total of acquired spectra; 
Individual Fraction – percentage of identified individual AuNRs against the total number of acquired spots; 

〈𝜆 〉 – average surface plasmon resonance wavelength and 〈𝛤〉 - average FWHM of the individual fraction. 

 # 
Individual 
Fraction 

〈𝝀𝑺𝑷𝑹〉 
(nm) 

〈𝜞〉 
(meV) 

H2O Tip-1h 107 50% 659.2 128.8 

H2O Tip-6h 119 76% 658.6 120.0 

H2O STOCK 95 97% 664.2 121.0 

 

In the H2O Tip samples the individual fraction is lowered by the presence of aggregates. Per 

exclusion, this implies that aggregates are a result from sample manipulation. It is most likely that this 

aggregation occurs at fixation steps, because the extinction spectra of the same samples in colloidal 

dispersion does not show typical characteristics of aggregated samples, such as broadened spectra or 

strongly shifted peaks. 

 

 

Figure 31: Transmission electron microscopy image of a stock solution AuNRs (obtained by supervisor).  
 

The FC samples could not be immobilized via MTPMS, due to molecular crowding of the particle’s 

surface that prevents the attachment via surface thiol-gold NP bonding. Alternatively, the immobilization 

was performed in a PVA polymer film, and for comparison purposes, the same immobilization method 

was also used for Tip samples. CFLM intensity images for PVA samples (Figure 32) were remarkably 

brighter than H2O samples (Figure 30). This might be related to the higher refractive index of PVA (ca 

1.45) relatively to water (ca. 1.33). 
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A 

 

B 

 
  
C 

 

D 

 
Figure 32: CFLM images of PVA samples at 639 nm, 0.04 kW/cm2 (40 x 40 μm, 512 pxs). A - Tip-1h; B 

– FC-ON; C - Tip-6h; D – FC400-1h. 
 

A plausible explanation for the larger aggregation of Tip samples upon surface immobilization would 

be the electrostatic attraction between the negatively charged DNA-functionalized tips and the positively 

charged AuNRs sides when solvent is evaporating thus increasing local particle concentration. This 

might also explain why the aggregation percentage is the lowest for the PVA FC and LE compared to 

the Tip samples (Table 4), since the surface charge is expected to be relatively homogeneous. 

 

Table 4: Summary of single-spectra acquisitions for PVA samples: # - Total of acquired spectra; 
Individual Fraction – percentage of identified individual AuNRs against the total number of acquired spots; 

〈𝜆 〉 – average surface plasmon resonance wavelength and 〈𝛤〉 - average FWHM of the individual fraction. 

 # 
Individual 
Fraction 

〈𝝀𝑺𝑷𝑹〉 
(nm) 

〈𝜞〉 
(meV) 

PVA Tip-1h 207 61% 642.8 141.4 

PVA Tip-6h 183 52% 642.4 138.3 

PVA FC-ON 174 83% 679.5 123.0 

PVA FC400-1h 291 81% 682.9 114.4 

PVA LE 272 84% 653.1 127.3 
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Looking into the resonance wavelength of each AuNR sample, the 𝜆  is expected to play a key role 

in regulating single particle emission, because a better match between the excitation laser wavelength, 

the plasmon resonance and the absorption/emission of ATTO647N should lead to a brighter plasmon-

coupled emission. Overall, the average value lays in 640-680 nm range and most samples possess a 

broad standard deviation with considerable interval overlap amongst each other (Figure 33A,B). The 

H2O Tip samples presented an average 𝜆  coherent with that obtained in extinction spectra of said 

samples in colloidal dispersion. 

 

A 

 

B 

 
Figure 33: Boxplot of the surface plasmon resonance wavelength 𝜆  obtained from Lorentzian fitting of 

single particle spectra, acquired with laser irradiation at 482 nm, 50 kW/cm2. For PVA samples, histograms 
of 𝜆  can be found in section 7.3.3. 

 

The PVA FC samples displayed the longer 𝜆 . Prima facie, this is in accordance to previous works 

that have shown that the attachment of molecules to a AuNR induces a red-shift in the 𝜆 , which 

scales with the number of bonds [67]. However, the PVA Tip samples had a blue shift relative to stock 

samples, which is incongruent with the previous assumption. It was thus theorized that the main factor 

affecting 𝜆  in PVA samples was the refractive index. After all, PVA films are about 20 nm thick and 

the AuNR are 25 nm in diameter. Possibly, in PVA FC samples, PEG covers the sides of the AuNR, 

ensuring a complete encapsulation of the particle, whereas in PVA Tip samples, CTAB is likely expelled 

during the spin-coating process, resulting in partially covered AuNRs. Consequently, data pertaining to 

PVA Tip and PVA FC samples was actually being acquired in different conditions: in Tip the refractive 

index of the surrounding environment is likely lower (due to partial exposure to air) than in FC. 

Regarding the FWHM (Figure 34A,B), 𝛤 has been shown to increase with AuNR width [66] and the 

adsorption of thiol molecules to the surface [67], when the loss of coherence of the oscillating electron 

cloud is faster [12]. Across all samples, the effect of thiol adsorption as a broadener of linewidth is not 

apparent. Indeed, once again the PVA Tip samples deviate with a 𝛤 of 140 meV, relatively to ca. 120 

meV of all other samples. This data is not coherent with previous work [64], in which AuNRs tip-

selectively functionalized with biotin showed little broadening compared to fully-coated. 
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Figure 34: Boxplot of the FWHM 𝛤 obtained from Lorentzian fitting of single particle spectra, acquired 

with laser irradiation at 482 nm, 50 kW/cm2. 
 

After correlating the spectral data from the AuNRs’ photoluminescence excited at 482 nm with the 

bright spots detected in the fluorescence images excited at 639 nm, it was possible to extract from the 

3D fitting of each region of interest, the peak intensity for fluorescence emission from bright spots 

corresponding only to individual AuNRs (Figure 35). (For acquisition discriminated data see 7.4. - Table 

16) From now on only data pertaining to PVA samples is discussed for comparison of fluorescence 

emission between Tip and FC samples immobilized in the same conditions. The PVA LE sample (Figure 

35E), which is not dye-labelled (and therefore does not emit fluorescence), only reaches a comparable 

brightness, for instance, to the fainter sample FC400-1h, though an increase in the excitation power of 

100-fold. 

Prima facie, the broad dispersion in peak intensity for all samples, mainly the Tip-1h, Tip-6h and FC-

ON, supports the premise that the functionalization protocols yield samples with a significant dispersion 

in the actual number of strands per NP. Apparently, a great number of AuNRs contain a small amount 

of dyes, while a few are greatly loaded and are thus more fluorescent. 

Ensemble measurements of fluorescence emission from these dye-AuNR hybrids cannot provide 

this type of insight and only sample averaged quantities can be assessed. For instance, the Tip-1h, Tip-

6h, FC-ON and FC400-1h were subjected to the DNA quantification method and thus it was known that 

the average number of dye labelled oligonucleotides per AuNRs (strands/AuNR) was 36, 93, 327 and 

102 (see Table 2), respectively. The relative fluorescence enhancement was also evaluated from 

ensemble emission with excitation at 600 nm, which afforded enhancement factors of 7.2, 3.7, 0.8 and 

0.3 fold, respectively [2]. 

When one considers the number of strands of each sample, sample comparison appears to support 

that brightness is more dependent on the “correct” location of said strands, rather than its real amount, 

as expected from DDA simulations [2]. In FC400-1h (102 strands/AuNR), each AuNR is only sparsely 

decorated with DNA, decreasing the likelihood of DNA strands to insert themselves at the tip of the 

AuNRs. Thus, compared to Tip-6h (93 strands/AuNR), that has the most similar DNA/NR ratio, the 

overall brightness of FC400-1h is considerably lower (Figure 32C,D). It should be noted that the 

difference in number of strands is likely within the expected dispersion for the functionalization and error 

of the quantification method. 
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Figure 35: Histogram of Peak Intensity1 of single AuNRs in samples irradiated at 639 nm. Samples A – 
PVA Tip-1h; B – PVA FC-ON; C – PVA Tip-6h; D – PVA FC400-1h were irradiated at 0.04 kW/cm2. E – 

PVA LE was irradiated at 4 kW/cm2. 
 

When comparing the Tip-1h (36 strands/AuNR) and Tip-6h (93 strands/AuNR), it becomes apparent 

that the increase in number of strands from a longer functionalization time, does not contribute to 

maximum increased brightness. It was hypothesized that the optimal hot-spot positions at the tip 

become occupied within a 1h hybridization time (like for Tip-1h), and further functionalization, such as 

in Tip-6h sample, does not lead to further enhancement because the next DNA strands can only occupy 

side regions that contribute weakly for emission. 

Indeed, FC-ON (327 strands/AuNR) shows remarkable similarity to Tip-1h (36 strands/AuNR). Once 

again, the higher dye loading does not translate in increased brightness, but it can be conjectured that 

with the high number of dyes per NP in the FC sample, a significant amount of DNA strands will 

eventually end up attached at the tips of the AuNRs, leading to similar levels of brightness. Indeed, 

visual inspection of CFLM images of PVA Tip-1h and PVA FC-ON were already suggestive of this result, 

as there was no significant difference in brightness of both samples (Figure 32A, B). 

In short, ensemble and single particle data coherently support the premise that tip-selective loading 

of alkanethiol dye-labelled DNA oligonucleotides onto AuNRs yields nanohybrids capable of superior 

dye emission enhancement. 

 

 

 

1 Note that in the lower category (0-50 or 0-10), there are actually no fittings with peak intensity value 
within 0-5, due to thresholding in the routine for identification of regions of interest.   
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Having restricted the fluorescence emission analysis to single particle AuNRs, the peak intensity can 

be correlated with respective spectral data and be used to build sets of scatter graphs relating different 

variables for each region of interest. For example, a point of interest in the scope of this correlation was 

to determine how the intensity of bright spots related with the single rod 𝜆  (Figure 36). In general, it 

was expected from previous simulation results that the maximum brightness would be obtained for 

AuNRs with 𝜆 . around 650 nm. 

 

 

Figure 36: Scatter graph of Peak Intensity obtained at 639 nm irradiation (A, B - 0.04 kW/cm2; C - 4 
kW/cm2) relatively to surface plasmon resonance wavelength 𝜆  obtained from spectral fitting of irradiated 
single AuNRs at 482 nm, 50 kW/cm2. A – PVA Tip-1h (o) and PVA FC-ON (o); B – PVA Tip-6h (o) and PVA 

FC400-1h (o), C – PVA LE. 
 

For PVA LE, the peak intensity values appear to be the higher for AuNRs with 𝜆  around 675 nm, 

closer to the centre of the band-pass filter in the CFLM. For PVA Tip and FC-ON samples the higher 

values occur within the 650-680 nm range, which was in agreement with the simulation, but was 

weighted down by the significant number of AuNRs with plasmon at the same wavelength and non-

remarkable brightness. 

This dispersion of intensities found in the experimental data has its origins in the heterogeneity in the 

amount, location and orientation of dye per AuNR. This dispersion makes it difficult to perceive the 

spectral dependence of plasmon-coupled fluorescence effects as it is known from single-molecule 

experiments or from theoretical simulations. In colloidal functionalization of AuNRs, the binding of DNA 

is a stochastic process [62][84] and there is no guarantee that the ATTO647N dipole is aligned with the 

surface plasmon oscillation. Furthermore, in this system dye’s emission is not constant, which manifests 

itself in peak intensity variation in multiple acquisitions, i.e. just because one nanohybrid did not exhibit 

remarkable fluorescence in one image acquisition, it does exclude the possibility of it doing so in a 

second acquisition due to the characteristic intermittency emission pattern of single-molecule 

fluorescence. The combination of these factors spreads the correlation plots in Figure 36 toward the 

regions of low fluorescence signal. 
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4.1.1. Fluorescence Decay in Single Particle AuNRs-BF1BT 

The FLIM images shown in Figure 32 indicate an average decay time for the brightest emission spots 

that is around 1 ns (i.e. green coloured dots). These images also show less bright spots with a sub-ns 

decay time (i.e. blue coloured dots). 

However, the colour scale in these images was obtained through a Fast-FLIM mode that is based on 

tail fitting of TCSPC histograms of each individual pixel. Because of the low number of photons collected 

per pixel, the Fast-FLIM images may obscure complex decay behaviour. 

Therefore, each image was analysed, selecting exclusively spots corresponding to single AuNRs 

from combining the spectral data with the minimum intensity threshold mask that defined regions of 

interest (Figure 37A,C,E). The TCSPC data stored in the pixels of these selected regions was used to 

reconstruct the sample’s fluorescence decay (Figure 37B,D,F). In order to properly fit the decay curves 

with a multi-exponential function at least three components were required for the AuNRs-BF1BT 

samples. The decay fits clearly show that the major contribution is from a sub-ns decay component.  

This fast decay component had been anticipated because the dye-AuNR nanohybrids were designed 

for an optimal distance between dye molecule and metal surface, and also for good spectral overlap 

between both species, which should afford a strong acceleration effect of radiative and non-radiative 

decay rates. Moreover, it was also expected that the magnitude of these acceleration effects should 

depend on the position of the dye on the nanorod’s surface due to the dependence of dye-particle 

interactions on distance and orientation (for quantitative predictions from DDA simulations check Ref. 

[2]). 

Since each particle bears multiple dye molecules distributed over the surface (even in Tip 

functionalized samples), it is plausible to assume that the combination of particles’ heterogeneity in 

number and distribution of dyes with the dependence of photophysical rates on spatial distribution could 

be reflected in a multi-exponential decay curve. 

Nonetheless, this hypothesis does not exclude other interactions that are possible in multi-

chromophore systems and that could add complexity to the decay behaviour. In fact, the steady-state 

emission spectra of the FC samples seem to suggest that some excitonic interactions occur in these 

denser dye-particle hybrids, whereas in Tip functionalized samples there is no such evidence: when 

comparing the fluorescence decays of Tip- vs. FC-functionalized samples, it was seen that the latter 

showed a slightly shorter average decay time, that could be tentatively attributed to the participation of 

excitonic states in the emission from these systems.  

 

Table 5: Summary of lifetime assessment (in ns) for regions of interest of PVA Tip-1h, PVA FC-ON and 
PVA LE. 

 𝑨𝟏 𝝉𝟏 𝑨𝟐 𝝉𝟐 𝑨𝟑 𝝉𝟑 𝝌𝟐 𝝉𝑭 

PVA Tip-1h 0.31 3.36 0.22 0.85 0.47 0.07 0.75 1.27 

PVA FC-ON 0.18 3.25 0.11 1.04 0.71 0.05 0.79 0.73 

PVA LE 0.99 0.119 0.01 1.854 -- -- 1.16 0.14 
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Figure 37: Fluorescence decay of regions of interest in CFLM images (40 x 40 μm, 512 pxs) for single 
AuNRs at 639 nm laser irradiation: A,B – PVA Tip-1h and C,D – PVA FC-ON at 0.04 kW/cm2; E,F – PVA LE 

at 4 kW/cm2. 
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Although the ultrafast component 𝜏  likely consists of the accelerated lifetime for AuNR-coupled dye 

emission, it might encompass an additional scattering component from the coverslip-PVA interface. 

Assuming the scattering contribution to be equal in both samples, PVA FC-ON has a higher 𝐴  

contribution to shortening of the excited state lifetime, which is probably associated with the previously 

mentioned excitonic alteration of closely packed ATTO647N molecules (section 4.3.1 - Figure 43). 

Concurrently, PVA Tip-1h is also more likely to contain unbound BF1BT, since FCS measurements of 

the final supernatant of samples prepared per Tip-selective functionalization show values of about 0.4 

nM compared to 0.2 nM of FC samples. This is consistent with a larger contribution (𝐴 ) from the long 

decay component. 

The presence of a longer lifetime component 𝜏  with a minor amplitude is not completely understood, 

in view of the expected acceleration of decay rates for a dye molecule close (ca. 4 nm) from the AuNR’s 

surface. It was hypothesized that it might be due to a minor fraction of free BF1BT (section 4.2.1), that 

is still in the vicinity of the particle and that is subject to minor enhancement effects. Alternatively, it 

might be associated with free dye in the environment of the PVA polymer film. 

In regard to the PVA LE sample, which is not dye-labelled, the decay curve closely resembles the 

IRF as it mirrors the ultrafast nature of AuNRs’ photoluminescence. In order to properly fit the decay 

curve two components were required: a dominant sub-ns component that corresponds to the 

photoluminescence and a residual 2-ns component that is a surface contamination. 

Further studies are required to better characterize the particle-to-particle heterogeneity in terms of 

the single-particle emission time traces and their fluorescence decay curves. 
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4.2. Fluorescence Signalling in Molecular Beacons for Oligonucleotide 

Detection 

The designed DNA probes (section 1.4.5 - Figure 24) have the same 10-bp spacer for optimal 

positioning of ATTO647N, but the equivalent to BT sequence was extended to comprise a loop region 

that ends with a quencher. The loop region has a sequence complementary to a specific target 

sequence. In the absence of target, the hairpin probe would be closed, ensuring quenching of 

ATTO647N, i.e. a state of high FRET, low emission, while hybridization with the target is expected to 

open the hairpin, thus resulting in a state of low FRET, high emission, that signals target recognition. In 

the hairpin design, two organic quenchers with different FRET efficiencies were tested: DDQII and 

QSY21 (Figure 38). 

 

A 

 
B 

 
C D 

Figure 38: Simplified chemical structure for DDQII (A) [85] and QSY21 (B) [86]. Normalized extinction 
(filled lines) and emission (dashed lines) spectra for DDQII (D) from BM1 and QSY21 (E) from BD2. 

 

Early on, test samples with DDQII labelled probes (BD1, BM1 and BS1) were suspected of weak 

efficiency, due to low spectral overlap between quencher absorption and dye emission (Figure 38C). 



 

 51 

Later, Tip functionalization of AuNRs with QSY21 probes (BD2, BM2 and BS2) resulted in irreversible 

aggregation during protocol implementation. FC functionalization with the same probes showed no 

significant fluorescence recovery when introduced with target sequence in stationary state methods 

(namely, emission spectra), even though it did show partial response to target in suspension MCS 

traces. 

Therefore, in order to determine why the successful functionalization protocol FC-BF1BT did not 

translate into target sensitive sensors based on FRET-PEF, there was an attempt to pinpoint limitations 

directly associated with the probe component of the system. The quantum yield and lifetime values of 

DDQII (BD1, BM1, BS1) and QSY21 labelled probes (BD2, BM2, BS2), hybridized with ATTO647N 

labelled stem (BF1) and with respective targets (TD, TM, TS) were determined. 

In order to assess the maximum possible molecular beacon fluorescence readout and potentially 

infer some facts on hybridization kinetics, control measurements were performed on ATTO647N, 

BF1BT, BD2BF1 and BS2BF1 by subjecting solutions to an incremental temperature procedure and 

monitoring their fluorescence intensity and lifetime. 

 

 

 

4.2.1. Fluorescence Quantum Yield and Lifetime Assessment 

The values of quantum yield obtained from the relative determination method (section 3.4) matched 

the known value for ATTO647N dye in aqueous solution. According to specification sheet, ATTO647N 

has a quantum yield of 65% [79] and a value of 62% was obtained. 

The quantum yields of BF1 and BF1BT were expected to closely match said value, but for BF1 the 

obtained quantum yield was 56%, whereas BF1BT resulted in a value of 62% closely matching that of 

free ATTO647N.  

The fluorescence decays were measured in the CFLM setup by placing a droplet of each sample on 

top of a coverslip and acquiring a point trace with the focus placed 10 m inside the solution. 

Surprisingly, ATTO647N required two exponential components for a decay fitting with reasonable 𝜒 . 

However, contrarily to BF1 and BF1BT, the short component appears unlikely to have photophysical 

relevance. 

 

Table 6: Summary of fluorescence quantum yield and lifetime assessment (in ns) of ATTO647N, BF1 
and BF1BT (BF1 ~ 1 μM, BT ~ 2 μM) in 1x PBS. 

 𝜱𝑭 𝑨𝟏 𝝉𝟏 𝑨𝟐 𝝉𝟐 𝝌𝟐 𝝉𝑭 𝝉𝑨𝒎𝒑 

ATTO647N 62% 
1 3.47 -- -- 1.86 3.47 -- 

0.98 3.52 0.02 0.262 1.12 3.45 2.71 

BF1 56% 0.95 4.05 0.05 1.05 1.13 3.91 3.56 

BF1BT 62% 0.96 4.12 0.04 1.05 1.07 3.99 3.67 
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The lower quantum yield of BF1 might be associated with an unexpected dye-nucleotide interaction. 

To the best of my knowledge, there are currently no reports on interaction of ATTO647N with 

nucleotides. For other dye labels, such as ATTO-655, it is known that electron donor-acceptor 

interactions with DNA bases can lead to fluorescence quenching, in particular, due to the low oxidation 

potential of guanosine [87]. However, ATTO647N has already been reported to cause high levels of 

non-specific binding in protein conjugates [88]. It is possible that the hydrophobicity of ATTO647N in 

ssDNA BF1 leads to non-specific interaction between the positive charge dye and the negative DNA 

chain, resulting in charge transfer from an electron rich nucleotide to the dye [89]. In order to better 

assess this possibility, an experiment could be conducted in which the fluorescence emission and 

lifetime would be collected from free ATTO647N subjected to an increasing concentration of non-

labelled short oligonucleotide sequences of only one nucleobase type. Alternatively, the same data 

could be collected and compared for dye-labelled single base type short oligonucleotide sequences. 

Nonetheless, ATTO647N is widely used in biophysical studies for labelling DNA oligonucleotides and 

this is a minor effect as it can be perceived by the amplitude of the short lifetime component. 

The longer lifetime in dye-labelled oligonucleotides compared to free dye (Table 6 - τ ) is harder to 

explain, but associated with the bathochromic shift of BF1BT’s absorption and emission spectra 

relatively to ATTO647N (Figure 39) alludes to distinct local environment of free and DNA-bound dye. If 

this effect is related to the local polarity or polarizability of the dye when bound to DNA, then a 

solvatochromism study could be conducted using different solvents to establish an empirical polarity 

scale for ATTO647N [90]. Through comparison, the polarity of ATTO647N-labelled DNA could be 

inferred. A complementary explanation could invoke the role of water vibrational modes in the non-

radiative decay of ATTO647N dye and an eventual shielding effect upon complexation onto the DNA 

chain, that could also be assessed by studying free ATTO647N in different solvents. 

 

A B 

Figure 39: Simplified chemical structure of ATTO647N (A)[79] and normalized extinction (filled lines) and 
emission (dashed lines) spectra of ATTO647N and BF1BT in 1x PBS (B). 

 

Moving on to the molecular beacon components, firstly, the quencher-labelled sequences (only) were 

measured because it is possible to detect a residual emission from the quencher moiety. As expected, 

these exhibited a very low quantum yield (see 7.5. - Table 17); so low that it is outside of the acceptable 

range to accurately predict with the relative quantification method. When BF1 was added to assemble 
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the molecular beacon, the dye’s fluorescence emission dominated, and no contribution from quenchers 

could be detected. The lineshape of the emission spectrum was similar to that of free ATTO647N. 

For the DDQII quencher (Table 7), the molecular beacons BD1BF1 and BM1BF1 yielded quantum 

yields of about 45%, while for BS1BF1, the measured quantum yield was 15%. Therefore, only the latter 

beacon shows a behaviour that is closer to an acceptable sensor off-state value. Overall, the QSY21 

probes (Table 8) are more efficient in quenching the fluorescence of ATTO647N than the DDQII probes, 

since the quantum yields for the molecular beacon of the former are consistently lower than those of the 

later. However, once target sequences are added to solution the increase in quantum yield is remarkably 

low across all molecular beacons with an increment of only 2-5%. The lack of response to the target 

sequence excludes its use for sensing applications and has prompted further studies involving 

temperature variations.  

 

Table 7: Summary of quantum yield and lifetime assessment (in ns) for DDQII molecular beacon 
(BD1BF1, BM1BF1 and BS1BF1) with and without target. Concentration of probe, BF1 and target was 1, 0.5 

and 2 μM, except for BS1 in which it was 0.5, 0.25 and 1 μM, respectively, in 1x PBS. 

 𝜱𝑭 𝑨𝟏 𝝉𝟏 𝑨𝟐 𝝉𝟐 𝑨𝟑 𝝉𝟑 𝝌𝟐 𝝉𝑨𝒎𝒑 

BD1BF1          

w/o Target 46% 0.87 4.54 0.11 1.999 0.02 0.21 1.03 2.83 

w/Target 50% 0.86 4.56 0.12 2.243 0.02 0.22 1.04 3.05 

BM1BF1          

w/o Target 44% 0.85 4.53 0.13 2.089 0.02 0.27 0.97 2.98 

w/Target 49% 0.89 4.49 0.09 1.787 0.02 0.23 1.00 2.98 

BS1BF1          

w/o Target 15% 0.74 4.18 0.16 1.323 0.10 0.24 1.13 1.42 

w/Target 19% 0.74 4.27 0.17 1.675 0.09 0.25 1.04 1.63 

 

Also, for molecular beacons and beacon-target assembles, there is a requirement of three 

components to ensure a χ  score within acceptable values. The main photon contributor 𝐴  in the 

molecular beacons and beacon-target ensembles has a lifetime close to the longer component of BF1 

and BF1BT. The intermediate contributor (7-15%) 𝐴  has lifetimes from 1 to 2.3 ns. These lifetime in 

both these components appears to increase with length of the quencher-labelled probe sequence. The 

residual 𝐴  and 𝜏  variables most likely represent quencher labelled probes hybridized with target or 

free. Even though some quencher probes were bi-exponential fitted (see 7.5. - Table 17), in the 

assembled beacon the average lifetime 𝜏  is enough to describe the low photon contribution, rather than 

requiring two separate components. 

Furthermore, loop dynamics in DNA hairpins typically occur in the millisecond timescale (for loops of 

similar length), thus at the timescale of fluorescence decay measurements, it can be considered that we 

have a static population with multiple conformational types contributing to the overall decay. The long 

decay time component with a lifetime similar to that of free ATTO-647N (or BF1-BT hybrid) suggests 
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that a significant fraction of dye emission is unhindered. This result agrees qualitatively with the 

fluorescence quantum-yield of the assembled beacons, which is in the range of 10 and 15 %.  

 

Table 8: Summary of quantum yield and lifetime assessment (in ns) for QSY21 molecular beacon 
(BD2BF1, BM2BF1 and BS2BF1) with and without target. Concentration of probe, BF1 and target was 1, 

0.5 and 2 μM, respectively, in 1x PBS 

 𝜱𝑭 𝑨𝟏 𝝉𝟏 𝑨𝟐 𝝉𝟐 𝑨𝟑 𝝉𝟑 𝝌𝟐 𝝉𝑨𝒎𝒑 

BD2BF1          

w/o Target 15% 0.86 4.503 0.11 2.050 0.03 0.01 1.148 0.31 

w/Target 17% 0.84 4.482 0.14 2.262 0.03 0.01 1.080 0.36 

BM2BF1          

w/o Target 12% 0.83 4.337 0.10 1.302 0.07 0.01 1.117 0.14 

w/Target 17% 0.79 4.226 0.10 1.649 0.11 0.01 1.088 0.09 

BS2BF1          

w/o Target 10% 0.91 4.341 0.07 1.408 0.01 0.01 1.039 0.89 

w/Target 12% 0.86 4.131 0.12 1.760 0.01 0.01 1.016 0.64 

 

From the previous tables the experimental transfer efficiency could be calculated (Table 9 and Table 

10) through a steady state method, using the decrease in quantum yield of the donor, and though a 

time-resolved method, using the amplitude averaged lifetime. 

 

Table 9: Transfer efficiency from experimental data for DDQII molecular beacons with and without 
target. 

 𝜱𝑻 =
𝜱𝑭

𝑩𝑭𝟏𝑩𝑻 − 𝜱𝑭
𝒙  

𝜱𝑭
𝑩𝑭𝟏𝑩𝑻

 𝜱𝑻 = 𝟏 −
𝝉𝑨𝒎𝒑

𝒙  

𝝉𝑨𝒎𝒑
𝑩𝑭𝟏𝑩𝑻

 

BD1BF1   

w/o Target 26% 23% 

w/Target 19% 17% 

BM1BF1   

w/o Target 29% 19% 

w/Target 21% 19% 

BS1BF1   

w/o Target 76% 61% 

w/Target 69% 56% 

 

The transfer efficiencies calculated according to 𝛷  and the lifetime 𝜏  diverge significantly. In 

fact, the time-resolved method for calculation of transfer efficiency fails when donor fluorescence is not 

well described by a single exponential [4]. 
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Table 10: Transfer efficiency from experimental data for QSY21 molecular beacons with and without 
target. 

 𝜱𝑻 =
𝜱𝑭

𝑩𝑭𝟏𝑩𝑻 − 𝜱𝑭
𝒙  

𝜱𝑭
𝑩𝑭𝟏𝑩𝑻

 𝜱𝑻 = 𝟏 −
𝝉𝑨𝒎𝒑

𝒙  

𝝉𝑨𝒎𝒑
𝑩𝑭𝟏𝑩𝑻

 

BD2BF1   

w/o Target 76% 91% 

w/Target 73% 90% 

BM2BF1   

w/o Target 81% 96% 

w/Target 73% 98% 

BS2BF1   

w/o Target 84% 83% 

w/Target 81% 76% 

 

The target response potential of these DNA hairpin probes will be discussed based on calculations 

of FRET efficiency for the aforementioned donor-acceptor pairs. Assuming long-distance dipole-dipole 

interaction between dye and quenchers, a theoretical transfer efficiency curve (Figure 40) can be built 

after calculation of Förster’s radius (R ) from the normalized emission spectrum of ATTO647N and the 

absorption spectra of BD2 and BM1. The rough values of 69 and 44 Å were obtained for QSY21-

ATTO647N and DDQII-ATTO647N acceptor-donor pairs. 

Comparing the theoretical efficiency curve with the transfer efficiencies obtained through the 

fluorescence quantum yield, it is possible to estimate dye-quencher distance. For both BD1BF1 and 

BS2BF1 in the absence of target, with transfer efficiencies of about 26% and 84%, the average dye-

quencher distance obtained is of 52 Å. 

This distance and respective transfer efficiencies are below the expected for a well-assembled 

molecular beacon with a closed hairpin: based on approximate molecular lengths the distance should 

be of the order of 14 Å for QSY21 (4-bp) and 30 Å for DDQII (4-bp plus spacer of quencher). 

The mismatch between the expected and quantum yield calculated transfer efficiency might result 

from a combination of three factors: 1) free dye and/or free quencher in solution (i.e. non-labelled probe 

sequences and free ATTO647N); 2) the equilibrium constant for ssDNA-dsDNA association is such that 

at the molar ratios between probe sequence and BF1, not all dye-labelled strands are hybridized with 

quencher-labelled arm; 3) DNA hairpins may remain in the open conformation (low FRET, high 

emission). Alternatively to the first assumption, it could also be inferred that there is a residual fraction 

of quencher sequences, in which the quencher is not active either because of chemical or photochemical 

decomposition, but it has been dismissed because it was possible to confirm the amount of quencher 

and its stoichiometry relatively to DNA oligonucleotides from the absorption spectrum of the quencher 

sequences. These values correspond to the quantities expected from the supplier specification.  

Nonetheless, considering that the distance of 30 to 40 Å for QSY21 molecular beacons may result 

from a contribution of non-hybridized BF1 to the average signal, the obtained transfer efficiency can be 
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considered acceptable for the designed molecular beacon at OFF state, with the understanding that the 

process of loading probes onto the AuNRs might favour molecular beacons with a well-assembled stem. 

 

 
Figure 40: Transfer Efficiency of DDQII (purple) and QSY21 (pink) to ATTO647N. Closed hairpin 

represents BD-BF1, BM-BF1 and BS-BF1, while TD, TM and TS represent BD-BF1-TD, BM-BF1-TM and 
BS-BF1-TS, respectively. 

 

Upon target introduction, a significant decrease in transfer efficiency with an increase of quantum 

yield close to that of BF1BT would be expected, even if complete fluorescence recovery would be 

unlikely, due to molecular flexibility that would lead to a range of possible dye-quencher distances in the 

open hairpin. Despite this, the fluorescence recovery would be expected to be more pronounced for 

BD1 and BD2 probes, due to the longer arm, which ensures not only a higher dye-quencher distance 

but also a higher equilibrium constant, leading to more open hairpins [91].  

When the hairpin is hybridized with target, assuming no coiling of the strand, the distance would be 

of the order of 112, 133 and 146 Å for the BS, BM and BD probes, respectively. What was obtained was 

a variation in transfer efficiency for all molecular beacons of less than 10 %, which renders an increase 

of less than 10 Å in dye-quencher distance. 

Since efficiency transfer decrease upon insertion of target was consistently low throughout all 

samples, it strongly suggests that the hairpin is not opening, likely due to secondary structures, which 

decrease the rate of loop-opening step that precedes the hybridization with target sequences. Also, this 

effect might be more pronounced the longer the probe sequence, since it will be more likely for it to 

develop relatively stable conformations within the loop, within itself and with neighbouring strands. 

Future work will need to focus on assessing the impact of salt concentration on the ON and OFF 

states of the designed molecular beacons, since this lack of significant response to target is likely 

associated to excessive salt concentration, which has been reported to stabilize closed and secondary 

conformations to the detriment of an open hairpin [92]. 
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4.2.2. Effect of Temperature in Quantum Yield and Lifetime of ATTO647N, BF1BT, 

BS2BF1 and BD2BF1 

The melting temperature of a DNA hybrid is defined as the temperature at which the amount of 

dsDNA and ssDNA is equal. The melting temperature of BF1BT as reported by the manufacturer is of 

32 ºC. In order to obtain an estimate more aligned with experimental conditions ITDDNA OligoAnalyzer 

was used with an inputted concentration of BF1:BT of 0.5-1 μM and a salt concentration of 137 mM 

providing a 36.7 ºC estimate.  

Disregarding possible effects of temperature on photophysical properties of dyes and quenchers and 

assuming that the melting temperature for BS2BF1 and BD2BF1 is equal to that of BF1BT (since the 

complementary sequence is the same), at about 35 ºC it would be expected that the quantum yield of 

these molecular hybrids would be of the order of 30 % (about half of the value of BF1BT at room 

temperature – 62%). At high temperatures, it would be expected full recovery of ATTO647N emission 

due to complete dissociation of QSY21 and BF1 strands. 

To validate the aforementioned hypothesis on quantum yield, a test was conducted with incremental 

10 ºC steps up to 90 ºC. Once a given step was reached, a waiting time of 10 min was given to guarantee 

that the sample was in stationary state, before acquiring the emission and excitation spectra, followed 

by fluorescence decay acquisition. The emission spectra exhibited slight broadening (section 7.5. - 

Figure 62) and were used for calculation of the quantum yield (Figure 41A,C). The fluorescence decays 

were forcibly fitted with a single exponential (Figure 41B,D), because at the resolution imposed by the 

apparatus, the sub-ns component discussed in the previous section is not adjustable and the 1-2 ns 

component only represents less than 15 % of the whole acquired signal. Despite this simplification, all 

fits had χ  scores below 1.5. 

The quantum yield of ATTO647N decreased with temperature. The decrease was likely associated 

with a loss of amount in free emissive dye, since extinction spectrum (section 7.5.2 - Figure 61) of 

ATTO647N after the heat test was lower than that of starting sample. There are two possible causes for 

this effect: 1) hydrophobicity of dye leading to gradual adsorption of dye onto glass; 2) heat-induced 

photodegradation of dye. Nonetheless, there was a noted shortening of lifetime with increasing 

temperature, which combined with the decrease in quantum yield calls, supports the possibility of 

enhanced non-radiative decay rates, due to increased thermal energy.  

Remarkably, the quantum yield of BF1BT increases with temperature, possible implying that 

attachment of dyes to DNA can have a shielding effect of the dye against thermal agitation. Since all 

fluorescence decay curves were acquired up to a pre-set of 10,000 counts in the peak channel, the 

increase in quantum yield is mirrored on a decrease of background counts. The latter are proportional 

to the acquisition time, which becomes shorter due to the higher photon emission (see section 7.5.2. - 

Figure 63). The increase in quantum yield with shortening of the measured lifetime implies that 

temperature enhances the radiative decay rate of ATTO647N bound to DNA. However, the interplay of 

several factors does not allow for conclusive statements. 

On the assembled molecular beacons, the quantum yield value associated with 50% of ssDNA and 

dsDNA only occurs at 60 ºC (BD2BF1) and 70 ºC (BS2BF1). Even using BF1BT as a baseline for the 
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effects of temperature on the fluorescence emission of the dye in the molecular beacons, it appears that 

the acquired data does not reflect DNA hybridization dynamics. 

 

A B 

 

C D 

Figure 41: Fluorescence quantum yield (A, C) and lifetime (B,D) of ATTO647 and BF1BT in relation to 
temperature. Lifetime of BF1BT in relation to temperature can be well described by linear regression 

𝜏 = −5.75 𝑇 + 4.46 with 𝑅 = 0.997. 
 

Furthermore, both probes show an increase in quantum yield of about 25% at 90 ºC. Considering 

that BF1BT already showed by itself an increase of about 10 %, this increment is too low to be explained 

solely by FRET-induced quenching, according to the naïve approach established in the beginning of this 

section. The fluorescence decay curves for BD2BF1 and BS2BF1 also do not exhibit the well-defined 

linear relation between lifetime and temperature of ATTO647N and BF1BT. 

Even though this experiment was inconclusive, it hints at more complex intermolecular processes 

than expected for the designed stem-loop molecular beacon. The lack of full recovery of BF1BT signal 

at 90 ºC lends credence to the hypothesis that the quenching of the dye in this system is not explained 

exclusively by a dynamic quenching process, possibly owing to the interference of a static or direct 

contact quenching process. 

Summarily, it can be considered that the dependence of quantum yield and lifetime of the DNA 

probes according to temperature cannot be rationalized exclusively as the interplay of its effect on the 

photophysical rates of the fluorophore and on DNA hybridization. Some other factor is at play and, 

dismissing that it might be related with integrity of the probe (unbound dye and quencher in solution), to 

assess it other experiments need to be conducted, e.g. titration experiments with increasing quencher 

concentration to assess it relation with fluorescence intensity and decay, including building of a Stern-

Volmer plot and extraction of rate constants. 
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4.3. Conjugation of DNA Hairpin Probes onto AuNRs – Nanohybrid 

Biosensors 

The first two topics of this section will discuss studies in colloidal dispersion, namely the replication 

of functionalization protocols and surface modification for biocompatibility of Tip functionalized AuNRs. 

The last topic will explore in situ functionalization of immobilized AuNRs and surface passivation. For 

conciseness, the nanohybrid systems are identified as before but adding the type of DNA oligonucleotide 

used for functionalization at the end of the sample label (e.g. Tip-1h-BF1BT). 

 

4.3.1. Plasmonic Fluorescence Enhancement of AuNRs-BF1BT and AuNRs-DF1 

Table 11 summarizes the samples of AuNRs-BF1BT prepared in the replication assays, and it 

indicates the number of strands per NR and the fluorescence enhancement factors that were calculated 

from the integrated emission spectra before and after dye displacement with ME, as defined in 3.7. Tip-

1h-BF1BT and FC-ON-BF1BT samples were prepared as attempts at replicating the already established 

protocol (Figure 42) [2]. 

However, the first tries at a tip selective protocol showed an excessive number of strands, especially 

when weighting the relative fluorescence enhancement. The enhancement factors previously obtained 

at the host laboratory for a Tip-1h-BF1BT sample with 36 strands/AuNR had 7, 11 and 16-fold of 

emission enhancement for excitation at 600, 620 and 640 nm, respectively [2]. Only the last attempt at 

Tip-1h-BF1BT finally produced comparable results to previous attempts. One hypothesis for the 

discrepancy rests in pellet recovery. Originally, the pellet was extracted directly with the pipette, before 

passing it to the new microtube during the washing steps. However, in the first two replication assays 

this procedure was modified and, instead, resuspension of the pellet after removing most supernatant 

was performed before passing it to the new microtube. This additional procedure made it possible to 

assess the sample’s stability by inspecting its colour and eventually disaggregate/dislodge bound 

AuNRs. But, unfortunately, it also led to a significant increase of the number of strands of DNA per AuNR 

and to lower enhancement factors. 

 

Table 11: Summary of replication attempts of established protocols for AuNRs-BF1BT. ME-quantification 
of BF1BT strands per AuNR and relative enhancement according to excitation wavelength (𝜆𝑒𝑥𝑐). 

Calibration curves for BF1BT can be found in section 7.6. 

  Strands/AuNR F/F0 
Notes 

𝝀𝒆𝒙𝒄 (nm) 600 600 620 640 

Tip-1h- 
BF1BT 

65 1.94 2.47 2.87 Resuspension of the pellet after supernatant extraction 

179 2.04 2.45 3.09 Resuspension of the pellet after supernatant extraction 

47 4.09 6.66 10.6 Coherent replication. 

FC-ON- 
BF1BT 

512 0.30 0.34 0.40 CTAB concentration lowered to 2 mM before LE 

775 0.35 0.41 0.42 PEG washed with Tween20, 3 centrifugations. 

 

Even if thiol migration is a slow process at room temperature, thiol desorption can easily occur at 

room temperature (see 1.3) [58]. Considering the possibility of thiols’ mobility on gold, it might be 
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reasonable to presume that by inserting homogenising steps in between washes, desorption of thiols is 

stimulated, increasing the stochastic variability of the tip-selective functionalization protocol and leading 

to previously well placed strands becoming docked in regions with little to none enhancement effect, 

thus explaining the relatively low fluorescence enhancement values. This hypothesis is in qualitative 

agreement with a comparison between Tip and FC-functionalized samples [2]. Also, the multiple 

homogenising steps probably account for the increased number of strands/AuNR, because it has been 

reported for 10-bp thiolized DNA strands that loading onto a AuNP may be doubled by adding 10 

seconds of sonication during salt aging [93]. 

In spite, all Tip samples show fluorescence enhancements (i.e. F/F0 above 1), that, as expected, 

increase as the excitation wavelength approaches the 𝜆 . This trend is mostly due to the plasmon 

nearfield becoming larger in the vicinity of 𝜆 , thus, raising the excitation rate of dye molecules close 

to the AuNR’s surface, particularly at the tip hot-spots. On the other hand, FC-ON-BF1BT sample shows 

a relative fluorescence emission below 1 indicating that quenching prevails in this system, even though 

the emission intensity also increases as the excitation wavelength approaches  𝜆 . Nevertheless, the 

emission spectrum of the supernatant resulting from ME-quantification is always higher than that of the 

starting FC-BF1BT sample (Figure 42B). 
 

A B 

Figure 42: Dispersion corrected emission spectra of A – Tip-1h-BF1BT (47 strands/AuNR) and B – FC-
ON-BF1BT (775 strands/AuNR) and the respective displaced BF1BT. 

 

The previously reported values for FC-ON-BF1BT with 327 strands/AuNR and relative fluorescence 

enhancement of 0.4 for excitation at 600 nm [2] are comparable to the first reproduction attempt that 

achieved a number of 512 strands/AuNR and a relative emission decrease of 0.3. Again, the increased 

number of strands was likely a consequence of the excessive homogenisation. 

However, for the second FC-ON-BF1BT, there was a deliberate attempt to increase the number of 

strands, in order to reach values reported such as 470 strands per AuNRs of size 13 nm x 48 nm [94] 

or 1100 strands in AuNRs of size 13 nm x 51 nm [95]. If high levels of DNA loading could be achieved 

through simple modifications of the current protocol, then it could be explored to reach stable and 

biocompatible nanohybrid systems. The increase in strands/AuNR was achieved by adding to the 

protocol three Tween20 0.1% centrifugations prior to insertion of DNA. This cleared mPEG-SH from 

solution, which would otherwise compete with DNA for attachment to AuNR surface. 

A total of 775 strands/AuNR was reached and the system showed blue shift of the maximum 

wavelength 𝜆  with increasing excitation wavelength 𝜆  (Figure 43). This was aligned with previous 
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results and might occur due of close packing of DNA strands on AuNR surface, leading to - stacking 

of ATTO647N moieties, in which the individual transition dipoles are disposed in a H-type of organization 

thus leading to an overall cancelation effect in the lower-energy state that induces self-quenching [2]. 

 

 

Figure 43: Normalized dispersion corrected emission spectra for FC-ON-BF1BT at different excitation 
wavelengths. 

 

The remainder of this section will be dedicated to DF1 decked AuNRs. As previously described, the 

DF1 probe is a simpler hairpin design that in the closed configuration imposes a position of the dye-

label close to the gold surface, in order to allow the particle itself to act as a quencher. Upon hybridization 

with the target, the hairpin opens and the dye-label is pushed away from the gold surface, thereby 

signalling molecular recognition by fluorescence recovery. For comparison purposes, two types of 

nanohybrids were prepared: one with the apriori closed hairpin (Tip-1h-DF1) and another with the open 

conformation (Tip-1h-DF1TD). In the latter case, DF1 was previously hybridized with target prior to 

functionalization, which also allowed to assess if the loading of DNA onto NP surface is improved for 

‘linear’ dsDNA compared to closed hairpin.  

 

Table 12: Summary of replication attempts of established protocols for AuNRs-DF1. ME-quantification of 
BF1BT strands per AuNR and relative enhancement according to excitation wavelength (𝜆𝑒𝑥𝑐).  

  Strands/AuNRs F/F0 
Notes/Further Experiments 

𝝀𝒆𝒙𝒄 (nm) 600 600 620 640 

Tip-1h- 
DF1 

298 1.51 1.45 1.50 
Centrifugation of DF1 loaded AuNRs without volume 

restitution, leading to significant aggregation. 
See section 4.4.2. for target response. 

Tip-1h- 
DF1TD 

242 4.36 4.21 4.26 
Centrifugation of DF1 loaded AuNRs without volume 

restitution, leading to significant aggregation. 
See section 4.4.2. for target response. 

FC-1h- 
DF1 

52 - - - See section 4.4.1. for target response. 

 

However, not only were the Tip-1h-DF1 and Tip-1h-DF1TD samples prepared before the procedural 

error (of homogenisation in between washing steps) was identified, but were also subjected to a 

centrifugation without volume restitution to suspend functionalization. Both presented significant 

aggregation, which required additional vortex and sonication steps to promote resuspension. Despite 

these issues, the samples went on to be tested after MPTMS immobilization (see 4.4.2). 
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Prima facie, the higher relative fluorescence enhancement of Tip-1h-DF1TD, compared to Tip-1h-

DF1 supports the idea that in the later sample, DF1 probes are to some extent in a closed hairpin 

conformation, putting ATTO647N within the quenching radius of the AuNR. In contrast, in the former 

sample, the probe would be hybridized with target and, thus, in an open conformation that enables 

fluorescence emission. In a critical perspective, bearing in mind that in a closed hairpin conformation 

the dye’s fluorescence should be quenched and that the distance reached by the fully extended probe 

is barely within the range for plasmon enhanced fluorescence, then the ideal outcome would have been 

relative fluorescence significantly below 1 for Tip-1h-DF1 and slightly above 1 for Tip-1h-DF1TD. As 

such, the fact that the spectral emission of Tip-1h-DF1 was similar to Tip-1h-BF1BT implies that in the 

Tip-1h-DF1 samples, the probe was most likely open, probably due to electrostatic interactions with the 

CTAB stabilizing bilayer. Actually, because the Tip-functionalized samples are originally stabilized by 

CTAB detergent in a concentration above its critical micelle concentration. and because this micellar 

medium could potentially interfere with DNA functionalization and hybridization, there was a 

considerable effort done toward either replacing CTAB with other surface stabilizing agents (possibly 

neutral species) or immobilizing the AuNRs on a solid interface to wash away CTAB from the particles’ 

surface, as explained in the next section.  

Finally, a FC-functionalized sample was also prepared: FC-1h-DF1. The emission spectrum shape 

and number of strands per NP of this sample was aligned with previous attempts on FC-functionalized 

samples at CQE8’s host laboratory. The emission spectrum of this sample is completely dominated by 

the effect of scattered light by the AuNRs, which prevented the determination of relative fluorescence 

enhancement (see section 4.4.1 - Figure 48). This is in of itself a promising result, since compared to 

previously prepared FC-1h-BF1BT samples, it has no significant fluorescence, implying effective 

quenching of dye by the NP.  

 

 

 

4.3.2. Biocompatibility Modifications for Tip-1h-BF1BT 

The biocompatibility issue is only worth discussing in regard to Tip samples, because the FC-

functionalized samples went on to be successfully internalized in a mouse neuroblastoma cell line (N2a) 

[2], as one would expect from a PEG and DNA covered NP. Accordingly, discussing biocompatibility in 

Tip samples can be summed up to the removal of cationic surfactant CTAB, since all other parts of the 

system are tolerated by live cells at the sub-nanomolar concentrations typically used for this type of 

experiments.  

A potential side-benefit of successfully removing CTAB from solution in a tip-selective 

functionalization would be easing the hybridization of the stem in attached probes, namely DF1, thus 

leading to the expected quenching of ATTO647N by the AuNR. Currently, it appears that due to DNA-

CTAB electrostatic interaction, closing the stem is not thermodynamically favourable. 

Hence, two attempts were made at removing CTAB from solution. The first (Tip-PEG) relied on a 

gradual decrease of CTAB concentration, while increasing mPEG-SH. The second (Tip-PAA-PAH) was 

inspired by ref. [96] and relied on alternating PAA and PAH layers. 
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The Tip-PEG experiment failed once the concentration of CTAB and Tween 20 went below 0.5 mM 

and 0.1%, respectively, with irreversible aggregation. Yet, it is possible that not enough time was given 

to allow S-Au bounds to occur. Alternatively, it might be that by keeping Tween 20 above 0.1% is enough 

to stabilize the sample. Nonetheless, emission spectrum of the supernatant of the first centrifugation 

showed an estimated number of 120 strands that had been released per NR, which was close to the 

number of strands that had previously been determined to be attached in this sample (179 

strands/AuNR). This implies that most/all DNA was displaced by mPEG-SH, probably due to lower steric 

hindrance at the tips in conjunction with the desorption of thiols at room temperature, that ended up 

favouring mPEG-SH in competition with the thiolized DNA. 

The Tip-PAA-PAH attempt (Figure 44) also showed evidence of a significant DNA displacement, with 

a roughly estimated number of 60 strands/AuNR in the PAA step, followed by 30 strands/AuNR in PAH 

step. Furthermore, the absorption spectrum of the final Tip-PAA-PAH suspension exhibited significant 

aggregation and the emission spectrum was flattened compared to the original Tip-1h-BF1BT. These 

results indicate that colloidal stability of these nanohybrids was not accomplished. 

 

A B 

Figure 44: A – UV-Vis spectra of starting Tip-1h-BF1BT, supernatant after PAA layer, supernatant after 
PAH layer and resulting TipPAA-PAH ; B – Respective emission spectra with excitation at 600 nm. 

 

 

 

4.3.3. Surface Passivation for inSitu Functionalization of AuNRs 

A key limitation of colloidal chemistry with AuNPs is aggregation, a hurdle that can be bypassed 

through functionalization of already immobilized NPs. Making use of this advantage is especially 

interesting for the DF1 probe, that is meant to switch from an initial, closed hairpin and quenched state, 

to an open hairpin and emissive state. In this case, selectively packing DNA onto the tips, to take 

advantage of the hotspot for PEF, could be overlooked for the sake of obtaining a proper sensing 

response to target sequences. 

On the other hand, the main challenge to overcome, regarding in situ functionalization, is ensuring 

that the whole surface does not become stained with the dye-labelled sequences during the 

functionalization step because of unspecific adsorption over the glass surface (instead of specifically 

attachment on the gold surface). This issue is especially relevant considering DF1, because one would 

expect significantly less signal in probe strands correctly immobilized on AuNRs, than in the glass 
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surface, due to quenching. Weighting these facts, a natural conclusion is blocking the surface to avoid 

adsorption of DNA onto the glass. 

Nonetheless, 2 nM of BF1BT and DF1 were loaded directly onto immobilized AuNR without surface 

passivation treatment. Even though several washes were performed, the coverslip did become 

significantly stained and, in the subsequent step, of imaging at a low excitation power of 0.04 kW/cm2, 

it was already difficult to locate AuNRs (Figure 45). Unexpectedly, at 4 kW/cm2, InSitu-DF1 appears to 

be slightly brighter than InSitu-BF1BT. Posteriorly, the InSitu-DF1 functionalization was further loaded 

with 5 nM of DF1, stringently washed and enough signal at 0.04 kW/cm2 was obtained to test target 

response (section 4.4.2).  

 

A B 

 
C 

 
D 

Figure 45: Images obtained with 639 nm laser. A – InSituBF1BT (2 nM) (40 x 40 μm, 256 pxs) at 4 
kw/cm2; B – InSituBF1BT (2 nM) (40 x 40 μm, 256 pxs) at 0.04 kw/cm2; C – InSituDF1 (2 nM) (40 x 40 μm, 

256 pxs) at 4 kw/cm2; D – InSituDF1 (2 nM) (40 x 40 μm, 256 pxs) at 0.04 kw/cm2. 
 

The first try at surface passivation was made with maleimide, a reagent that is strongly reactive to 

free sulfhydryl groups at pH 7 and towards primary amines at pH>8.5 [97]. For surface passivation, the 

desired chemistry would be the formation of a thioether bond that recruits the double bond of the 

maleimide and the sulfhydryl group of the MPTMS treated glass surface. 

The attempt caused a slight bathochromic shift on AuNRs spectra (Figure 46A), which could indicate 

coating of the AuNR. Even if this could be evidence of unwanted passivation of AuNRs, it was possible 

that the effect would be lower on the particles’ surface than on the glass. Furthermore, point trace 
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analysis confirmed that maleimide in solution did not show any detectable fluorescence contamination 

that would compromise other measurements. 

 

A 

 
𝛥 𝜆  (nm) 

B 

 
𝛥 𝛤 (meV) 

C 
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Figure 46:  𝜆  shift (A) and 𝛤 variation (B) after incubation with maleimide of MPTMS immobilized 
AuNRs. CFLM images with 639 nm laser irradiation (20 x 20 μm, 256 pxs). C – MPTMS immobilized AuNRs 
after incubation with maleimide at 4 kW/cm2 irradiation; D – Maleimide passivated AuNRs after incubation 

with 5 nm of DF1 and multiple washes at 0.04 kW/cm2 irradiation (dark area in the centre results from 
photobleaching induced by point trace acquisitions in between images). E - MPTMS immobilized AuNRs 
after incubation with SMPB-BSA (SMPB 1 mM, BSA 0.02 mM) at 4 kW/cm2 irradiation (40 x 40 μm, 256 
pxs); F – SMPB-BSA passivated AuNRs after incubation with 5 nm of DF1 and multiple washes at 0.04 

kW/cm2 irradiation 
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However, when 5 nM of DF1 were added, the surface became heavily stained (Figure 46D), perhaps 

due to reaction with exposed amines in adenosine, cytosine and guanine nucleotides. An attempt was 

made at checking for target response, but the experimental condition was too dire to extract any sort of 

response. 

Another passivation attempt was inspired by Zhang et al [50], which used a SMPB-BSA surface 

passivation (SMPB 1 mM, BSA 0.02 mM) (Figure 46E). SMPB is a cross-linker with a maleimide end 

and a N-hydroxysuccimide ester end that can also react to primary amines in cysteine residues of BSA, 

therefore passivating the surface with a ca. 5 nm thick layer. 

After loading the surface with 5 nM of DF1 and washing, maximum image brightness did not appear 

to increase significantly, potentially indicating that the whole surface, including AuNRs, was effectively 

passivated. Consequently, this sample was not used to test target response. 
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4.4. Fluorescence Signalling of Nanohybrid Biosensors in Response to a 

Dengue Virus Target 

The DF1 probe consisted of a 39-nucleotide probe with a loop sequence that is complementary to 

target sequence TD that was identified as a biomarker for infection with dengue virus. The DF1 probe 

is modified with a thioctic acid at the 3’-end and with an ATTO647N dye label at the 5’-end. The 

sequences of 6-nt at both ends are complementary for closing of the hairpin. 

Different samples were tested for sensor performance in response to a dengue virus target: 

i. FC-1h-DF1 was tested in steady-state ensemble measurements and, to promote hairpin 

opening/closing, it was subjected to heat shock; 

ii. Tip-1h-DF1, and its variation Tip-1h-DF1TD, were immobilized in MPTMS treated glass 

surfaces and studied by single-particle fluorescence spectroscopy; 

iii. InSituDF1 was a surface-functionalized sample with DF1 probe after washing thoroughly 

CTAB, in order to eliminate any detrimental interactions in the hybridization scheme for 

target detection. 

 

 

4.4.1. Nanohybrid FC-1h-DF1: Fluorescence Signalling in Response to TD 

The scheme proposed for the detection of target sequence (TD) with the nanohybrid FC-1h-DF1 is 

illustrated in Figure 47. The nanohybrid is prepared from the conjugation of DF1 onto gold nanorods 

stabilized with a thiolized PEG layer. Initially in a closed configuration, the surface proximity of the 

ATTO647N label is proposed to completely quench its emission. Upon hybridization with the target 

sequence, the hairpin opens and displaces the dye label, which restores its fluorescence emission, and 

signals target recognition. 

 

 

Figure 47: Schematic for FC-1h-DF1 response to TD in solution. 
 

The first attempt done with a colloidal suspension of FC-1h-DF1 showed no response in the emission 

spectrum to target sequence (Figure 48A). Nevertheless, the application of a heat shock (90ºC for 5 

min) to sample, prior to target injection, has been reported as a way to overcome the kinetic barrier in 

other systems in which the detection of oligonucleotides is dependent on hybridization [98]. (Others 

have used 37 ºC for 1h [40] or 2h [38]. DNA origami structures frequently use 90 ºC during folding 

process). 

Said protocol was applied with weak results (Figure 48B). As expected, the control done with FC-1h-

DF1 subjected to heat shock, but not injected with TD, showed a lower fluorescence intensity when 
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compared to FC-1h-DF1 subjected to heat shock and injected with TD. However, the difference is only 

marginal which makes this result inconclusive. 

 

A B 

Figure 48: Emission spectra of FC-1h-DF1 in PBST. A – Response of starting solution (FC-1h-DF1) to 
TD target (FC-1h-DF1 + TD). AuNRs-LE consist on the sample used for correction of dispersion. B - 

Response of starting solution (FC-1h-DF1) to TD target (FC-1h-DF1 (90º C) + TD). Control solution (FC-1h-
DF1 (90 ºC)) heated to 90 º C. 

 

Subsequently, there was an attempt to gauge the maximum response that could potentially be 

achieved from FC-1h-DF1. The solution was slowly heated to 90ºC (Figure 49 – FC-1h-DF1 @ 90 ºC). 

At this point, assuming that no DF1 is released from AuNR, the maximum response is obtained. TD was 

added and the sample was left to cool down slowly until ambient temperature. Significant fluorescence 

emission could be seen, but the possibility that the signal results from free DF1 cannot be discarded. 

To disprove or confirm the latter hypothesis, this experiment would have to be repeated without adding 

target. Also, it would be informative to centrifuge the sample after the experiment, in order to quantify 

DF1 concentration in supernatant (which corresponds to the amount leached from the nanohybrid). 

 

 

Figure 49: Emission spectra in PBST of starting solution (FC-1h-DF1) heated until 90 ºC (FC-1h-DF1 @ 
90º C) and left to cool down to room temperature after TD introduction (FC-1h-DF1 (90 ºC) + TD). 

 

Notwithstanding, since the concentration of TD (1.4 μM) inserted in both experiments was 

significantly superior to the concentration of DF1 calculated after 2-mercaptoethanol displacement (0.5 

nM), it is likely that the FC-1h-DF1 nanohybrids are completely saturated. Considering the low 

fluorescence recovery upon introduction of target, even with assistance of a heating step, the FC-1h-

DF1 system clearly has a narrow readout range. However, it is possible that with an increased loading 

of DF1 per AuNR and optimization of sample and acquisition conditions, a fluorescence-based sensing 
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approach from the likes of others reported in literature could be achieved [38][36][37][24]. Some 

anticipated optimization steps consist of: i) tweaking of salt concentration (which could remove the need 

for a heating step); ii) determining a reasonable temperature and time range for easing target 

hybridization, and iii) assessment of optimal excitation wavelength, slit width and integration time. 

 

 

 

4.4.2 Single-particle Fluorescence Signalling of Nanohybrids: Tip-1h-DF1 & InSituDF1 

The first attempts at monitoring target response in surface-immobilized Tip samples of nanohybrids 

were performed by CFLM measurement of single-particle fluorescence. Two potential advantages can 

be pointed out for this approach compared to ensemble measurements in colloidal suspension. First, 

CTAB is completely removed from sample through washing without compromising the sample’s stability, 

whilst removing the positive surface charge from CTAB bilayer that appears to interact electrostatically 

with DNA. Second, assessing the target response at single particle level enables single emitter tracking, 

i.e. following the evolution of one bright spot through time. A possible drawback is the loss of more 

heavily loaded AuNRs-DF1 due to lack of available gold surface in the NR to bind to the thiolized glass. 

Tip-1h-DF1 and Tip-1h-DF1TD samples (Table 12) were subjected to multiple irradiations of the 

same area at 0.04 kW/cm2, prior and post target introduction. The prepared Tip-1h-DF1TD sample had 

been washed previously to remove the target that had been introduced during the functionalization. 

Notwithstanding, it was a bit brighter from the get-go when compared to the Tip-1h-DF1 (Figure 50), 

possibly indicating that the loaded target on the nanohybrid was not entirely removed, but then again, 

there is little ground for a definite conclusion at the low statistics involved (ca. 10 points). At the irradiation 

power of 0.04 kW/cm2, it is extremely difficult to locate AuNRs leading to a very small sampled population 

and with such a low S/N ratio, that a slight shift in the focal depth can have significant impact in measured 

brightness. 

Nonetheless, recalling that immobilized stock AuNRs could only be identified under irradiation at 4 

kW/cm2, the detection of AuNRs-DF1 in these acquisitions at 0.04 kW/cm2 implies that the fluorescence 

of ATTO647N is not completely quenched by the NP. Furthermore, recalling that MPTMS immobilized 

Tip-1h/6h had an average peak brightness of about 30 counts (see 7.2.1. - Figure 53) under irradiation 

at 0.04 kW/cm2 and that at the NP-emitter distance imposed by the BF1BT spacer the predicted 

fluorescence enhancement is of 10-fold, then the projected signal for the open AuNR-DF1 hairpin (dye-

NP distance of about 13 nm, which is far from the optimal range for PEF) would be of about 4 counts, 

which is within noise range. 
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Figure 50: A – Schematic for immobilized Tip-1h-DF1 and Tip-1h-DF1TD response to TD. Single particle 
tracking and average peak intensity in relation to time of Tip-1h-DF1 (B) and Tip-1h-DF1TD (C) prior and 

after introduction of 5 μL of TD target (1 μM ) in ca. 20 μL 1x PBS (coverslip with tank).. ‘# points’ indicates 
the number of points analysed for each graph. Analysed images were 40 x 40 μm, 256 pxs, obtained at 639 

nm, 0.04 kW/cm2 laser irradiation. 
 

Moving on to inSituDF1 without surface passivation (Figure 51), target response was slightly more 

promising, with what can be considered a 1.5-fold brightness after approximately one-hour hybridization 

with target. Compared to the Tip-DF1 samples, this sample was subjected to a lower number of 

irradiations and with a longer in-between time. These two factors should be considered for future 

AuNRs-DF1 target tests. 

On the whole, target response in the immobilized AuNRs-DF1 systems showed little potential for 

sensor application. One of two paths can be taken to ease signal acquisition without compromising dye 

stability. On one hand, the equipment can be changed: in the CFLM an oil immersion objective lens or 

one with a bigger opening can increase photon counts at the detector. Alternatively, a more open filter 

could be used to increase the wavelength range for fluorescence detection and, thereby, lowering the 

irradiation threshold required for AuNR detection. On the other hand, the current AuNR-DF1 system can 

be substituted by one more aligned with the equipment limitations. Bigger AuNRs scatter more light and 

a dye such as ATTO680 would be closer to the centre of the current band pass filter at 695 nm. 
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Figure 51: A – Schematic for inSituDF1 response to TD. Single particle tracking (B) and average peak 

intensity (C) in relation to time of inSituDF1 prior and after introduction of 2 μL of TD target (100 μM) in ca. 
20 μL 1x PBS (coverslip with tank). ‘# points’ indicates the number of points analysed for each graph. 

Analysed images were 80 x 80 μm, 512 pxs, obtained at 639 nm, 0.04 kW/cm2 laser irradiation. 
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5. CONCLUSIONS AND FUTURE OUTLOOK 

 

 

Since Feynman’s famous lecture There’s Plenty of Room at the Bottom, nanotechnology has become 

an increasingly more relevant field, although not necessarily in the way he envisioned it. Nanoparticles 

started dominating the field due to their broad range of possibilities.  

One possibility was explored in this thesis: the use of the unique plasmonic properties of AuNRs 

when combined with an emitter. The goal was the development of a molecular beacon-based sensor 

for enhanced optical detection of oligonucleotides, that could eventually be used for cell imaging or in a 

microfluidic device for a lab-on-a-chip application. The top advantage of this approach over free 

molecular beacons would be the enhanced fluorescence readout in response to target. 

In this work single particle fluorescence spectroscopy of DNA-AuNRs nanohybrids with ATTO647N 

dye was performed. The acquired data agreed with theoretical simulations and ensemble spectroscopy 

measurements done at the host laboratory. Furthermore, the results in this thesis also denoted that the 

chosen immobilization methods might induce sample aggregation and significantly alter photophysical 

characteristics compared to the colloidal sample. From a single-particle discriminated analysis, particle-

to-particle variability could be accounted for and correlation of different optical variables illustrated the 

in-sample heterogeneity. 

Two approaches for DNA conjugation onto AuNRs were assessed: FC and Tip-selective 

functionalized nanohybrids. Between FC and Tip samples, the later emerge as structures with great 

potential for nanobiosensors, since in Tip-specific functionalization a low number of dyes generates 

signals of the same order of magnitude as heavily loaded AuNRs from FC functionalization protocol. 

Transposing this logic for AuNR loaded with molecular beacons, this would imply a lower limit of 

detection (higher sensitivity) for tip-selective nanohybrids over non-selectively functionalized ones. 

Also in this work, fluorescence signalling of the molecular beacons (only) was assessed in terms of 

quantum yield and lifetime, which advocated that the current molecular beacon design with a quencher 

labelled probe loop is unsuitable, under the conditions studied, for building sensitive AuNR based 

nanobiosensors. 

Furthermore, regarding the conjugation of thiolized nucleic acids onto AuNRs, the established 

protocol was in time accurately replicated and fluorescence signalling in AuNRs-DF1 nanohybrids could 

be tested with inconclusive (and, thus, non-promising) target response. 

Therefore, within the scope of the work here presented, there are several problem-solving steps to 

be taken. 

First of all, one core contribution of this thesis was in the processing of CFLM intensity images 

through a homemade MATLAB routine, capable of identifying individual bright spots with reduced user 

input and saving them as a mask of regions of interest. Posteriorly, the obtained mask could be used to 

keep track of the same spots in subsequent acquisitions of the same region. For each recognized bright 

spot, the routine applies a 3D-gaussian fitting, allowing a more automated evaluation of the 

characteristics of each individual spot, that smooths the impact of noise and dye blinking in the 

assessment of intensity. However, it still requires significant user input to process successive images: it 
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is far from being a standalone program. Furthermore, the systematic comparison of data subjected to 

this processing is highly influenced by operational settings of the CFLM, namely variations in the vertical 

axis that can easily lead to the sub estimation of signal. If this type of signal processing approaches 

continue to be explored, it might be of interest to perform to assemble a z-stack type image for each 

studied sample, through multiple acquisitions at different heights, which would serve as a ruler of 

expected signal, allowing the operator to assess if acquisition is being performed at optimal height. 

Experimentally, there are several lines of work that can be explored and continued. At a fundamental 

research level, it is relevant to explore the fluorescence enhancement of ATTO647N in AuNRs, similarly 

to Zhang et al [50], through DNA transient binding. Thiolized-BT would be sparsely loaded (ca. 10 

strands/AuNR) non-selectively, tip-selectively and on the glass of AuNRs and time traces could be 

acquired of freely diffusing non-thiolized BF1. This would provide experimental single-molecule data on 

the effect of the hotspot on ATTO647N complemented with shifting of plasmon resonance wavelength 

and FWHM. 

On the subject of building an effective nanobiosensor consisting of a AuNR decked with molecular 

beacon probes, it might be of value to characterize more extensively the molecular beacons as an 

individual component. For example, testing the effect of increasing salt concentrations on molecular 

beacon, to assess minimum background value, and on molecular beacon with target, to assess 

maximum response value at room temperature. From both curves, the optimum salt concentration for 

maximum fluorescence increment could be chosen. Furthermore, it would be relevant to assess 

potential interactions between the molecular beacons and surfactants CTAB and Tween 20. 

Assuming that it is still relevant to continue research on building nanobiosensors with the QSY21 

molecular beacons, the Tip and FC assembly can also be more extensively characterized. FC molecular 

beacon nanohybrids can be tested in varying temperatures and salt concentrations to assess maximum 

possible response of the nanohybrid in the presence and absence of target. If FRET efficiency is 

enhanced in the proximity of the AuNR, it is possible that the fluorescent emission for the closed hairpin, 

would be considerably lower than for free molecular beacon. Likewise, if the hairpin opening lead to 

significant fluorescent enhancement of ATTO647N dye, it would be possible to have sufficient signal 

variation between OFF and ON states for a FC nanobiosensor. 

On the topic of Tip molecular beacon nanohybrids, the preliminary issue is stability, which might 

imply that the current protocol is unsuitable for long DNA strands: a CTAB bilayer is ca 2.4 nm thick and 

the BF1BT dsDNA is 3.4 nm long, compared to the about 11-15 nm of molecular beacons, disregarding 

strand flexibility and the possibility of stable tangled conformations. Possible variations to the current 

protocol involve giving more time for reaction to occur or tweaking salt concentration to shield charge 

the stronger negative charge of the long DNA chain that may favour the formation of CTAB-molecular 

beacon micelles. TCEP could be used to break disulphide bounds in the molecular beacons, easing the 

loading process. Alternatively, a new region-selective functionalization could be attempted based on 

reports using thiolized oligonucleotides, with innate biocompatibility [98][40][94]. 

Regarding AuNRs-DF1, it might be worth to attempt target response in a FC-ON-DF1 nanohybrid. 

Assuming no significant increase in starting fluorescence readout from the increased number of loaded 

strands, the target response range could be significantly improved by the increase of the maximum 
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emission threshold. For Tip-DF1, to avoid electrostatic CTAB-DNA interactions that might impede the 

hairpin from closing, new paths can be explored such as stabilizing AuNRs in citrate prior or after 

functionalization [99]. 

In a long term view, other challenges loom, such as the miniaturization of the proposed 

nanobiosensor onto an easy-to-use and reliable platform that could evolve into a point-of-care testing 

device. The accurate detection of biomarkers associated with pathologies is of growing interest for many 

in scientific community. These research paths contribute to the development of more cost-effective 

diagnostic and therapeutic tools. 
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7. APPENDIX 

 

 

7.1. Preliminary acquired data – Intensity of Aggregates and Single AuNRs 

Correlation tables were drawn to associate the CFLM intensity images processed by a homemade 

MATLAB routine with acquired single particle spectra. Preliminarily, the purpose was not only to isolate 

the intensity data exclusive to individual AuNRs, but also to compare the average intensity of individual 

NRs with that of aggregates in order to determine if a visual or threshold rule of thumb could be 

established when analysing images. Previous work with gold nanospheres and porphyrin at CQE8 had 

shown an intensity difference of approximately 2-fold between dimers and single particles [100]. 

Alas, the preliminary acquired data pointed towards visually undistinguishable individual and 

aggregate spots, a fact that became further established whilst increasing the statistic population. Thus, 

it became apparent that an intensity-based screening rule could not be established to distinguish 

aggregate and individual functionalized AuNRs and that single particle spectra acquisition was 

necessary for an exclusive characterization of individual AuNRs. A relevant by-product of this analysis 

is the substantial difference in fluorescence intensity between stock and functionalized samples. 

 

Table 13: Summary of Average Peak Intensity 〈𝐼𝑝𝑒𝑎𝑘〉 and respective standard deviation 〈𝜎𝐼〉 from 
intensity images obtained preliminarily at different irradiation powers. # - number of points. 

Sample 
0.04 kW/cm2 0.4 kW/cm2 4 kW/cm2 

# 〈𝐈𝐩𝐞𝐚𝐤〉 〈𝛔𝐈〉 # 〈𝐈𝐩𝐞𝐚𝐤〉 〈𝛔𝐈〉 # 〈𝐈𝐩𝐞𝐚𝐤〉 〈𝛔𝐈〉 
H2O 

Stock 
Individual  -- -- 37 6 4 37 32 11 

H2O   
Tip-1h 

Individual 9 20 9 10 125 76 12 360 200 

Aggregate 14 70 31 11 379 267 11 799 237 

H2O      
Tip-6h 

Individual  -- --  -- -- 35 287 128 

Aggregate  -- --  -- -- 12 507 252 

PVA   
Tip-1h 

Individual 51 28 30 52 195 132 54 404 182 

Aggregate 10 43 43 18 235 170 18 487 193 

PVA  
FC-ON 

Individual 45 158 100 45 615 238 45 839 190 

Aggregate 4 85 79 4 379 215 4 612 220 
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7.2. Photobleaching and Detector Saturation 

Photobleaching occurs when a dye is irradiated at an energy high enough to alter their chemistry, 

typically through a redox process, thus loosing capacity for fluorescence [101]. 

 

7.2.1. Assessment of Photobleaching – Determination of Irradiation Power. 

A H2O Tip-1h sample was irradiated at 4.1, 1.6, 0.8, 0.4, 0.2, 0.08 and 0.04 kW/cm2 to investigate 

photostability. The sample was found to be unstable. Furthermore, to better characterize the 

photobleaching behaviour, all samples were submitted to multiple irradiations. 

 

 

Figure 52: Average signal intensity with irradiation at 4.1, 1.6, 0.8, 0.4, 0.2, 0.08 and 0.04 kW/cm2 with 
639 nm laser. The sample was averaged over 28 bright spots. 

 

All samples showed an average intensity decrease upon multiple irradiations. The slopes were 

steeper for higher energy irradiation, typically more pronounced for the first two exposures, except for 

the H2O Tip-1h. Nonetheless, it must be noted that the standard deviation associated with the average 

intensity of each irradiation was strikingly broad, consistently encompassing the average intensity value 

for all the following irradiations. This is not only a consequence of the diverse levels of brightness of 

each spot in a given area, but also likely due to a blinking effect/intermittency in fluorescence. Indeed, 

individual tracking of a bright spot will typically show ups and downs with each irradiation, rather than a 

gradual decrease of intensity. Since not all fluorescent molecules in a AuNR emit simultaneously and 

continuously, it is possible for the ATTO647N to be in an “off”-state, during the signal acquisition step. 

For H2O Tip-1h and H2O Tip-6h (Figure 53) at both irradiation energies, there appears to be a gradual 

softening of the decrease into some sort of plateau. It indicates that although some molecules may suffer 

irreversible photobleaching, the overall sample can endure multiple exposures, specially at lower 

excitation intensities. This result by itself indicates a certain degree of success in functionalization, since 

multiple exposures of non-modified AuNRs would naturally remain constant, barring some aberrant 

event or apparatus limitation. The H2O Tip-1h behaviour at 0.04 kW/cm2 second irradiation is probably 

result of a better vertical adjustment in the microscope. 
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A 

 

B 

 
Figure 53: Average intensity after gaussian fitting of bright spots, with background removal, for samples 

H2O Tip-1h (•) and H2O Tip-6h (•) upon irradiation with 639 nm laser at: A – 0.04 kW/cm2 and B – 4 kW/cm2. 
The H2O Tip-1h sample was averaged over 92 bright spots. The H2OTip-6h sample was averaged over 24 

bright spots. 
 

In Figure 54, the PVA FC-ON shows a gradual decrease in average intensity, exhibiting steeper 

intensity decline for higher irradiation energies. There is a slight less steep decrease between the 

second and third exposure at 0.4 kW/cm2, once again potentially indicating a stability plateau. After the 

more vulnerable particles are exhausted, the remaining ones can survive such exposure at a given 

intensity. 

 

A

 

B 

 

C 

 
Figure 54: Average intensity after gaussian fitting of bright spots, with background removal, for samples 

PVA ON-FC and PVA 1h-Tip upon irradiation with 639 nm laser at: A – 0.04 kW/cm2.; B – 0.4 kW/cm2 and 
C –4 kW/cm2.The PVA FC-ON (•) sample was averaged over 84 bright spots. The PVA 1h-Tip (•) sample 

was averaged over 101 bright spots. It was not possible to analyse PVA 1h-Tip exposure to 0.4 kW/cm2 and 
above due to unexpected evolution of bright spots (see 7.2.2).  

 

Comparing the different PVA samples for the 0.04 kW/cm2 exposure, the key fact to keep in mind is 

that the FC-ON sample implies full coverage of the AuNR, whereas the other one was tip-selective 
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functionalized. The steeper decrease for the Tip-1h might result from the fact that the sample is less 

loaded and perhaps the DNA strands are less shielded compared to FC-ON. 

Later on, when a dedicated effort to increase sample statistic was performed, PVA samples were 

subjected to three sequential irradiations, on two separate occasions. In Figure 55, the peak average 

intensity for each sample is shown for each irradiation. PVA FC-ON aging is clearly visible. Other 

differences result from sample inherent statistical variation, operator induced deviation and possibly 

image resolution. 

 

A B 

 
Figure 55: PVA samples at multiple irradiations at 639 nm, 0.04 kW/cm2. A – 1st acquisitions; B – 2nd 

acquisitions. 
 

 

 

7.2.2. Torus-shaped events: Sample Irradiation at 0.04 kW/cm2 and 4 kW/cm2 

When PVA Tip-1h samples were first irradiated at 4 kW/cm2 (Figure 56), a donut-shaped anomaly 

visible appeared and was thought to represent dye release, since it appears as if the fluorophore 

molecules are migrating away from the AuNR, in a thermophoresis-like event. Possibly, the AuNR would 

heat up due to the excitation laser and the electrons from the plasmon would reduce the S-Au bond, 

leading to DNA release. This hypothesis was further supported by the fact that in the H2O samples, if 

the water droplet dried, there was typically a considerable increase in background signal in the next 

acquired images, indicating non-specific adsorption of dye onto the glass coverslip. Even the fact that, 

in the torus-shaped events, an increase of the lifetime was visible in the CFLM images appeared to 

support a release of dye, since the lifetime approached that of uncoupled ATTO647N. 

However, this was later confirmed to be a saturation phenomenon of the detectors. 
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Figure 56: CFLM 40x40 µm images at 639 nm laser irradiation for each AuNR-BF1BT PVA sample. Left 
– Laser irradiation at 0.04 kW/cm2; Right – Laser irradiation at 4 kW/cm2. 
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7.3. Single-Particle Spectral Acquisition – Surface Plasmon Resonance 

and FWHM 

7.3.1. Complete Data Set for Table 3 and Table 4 

A drop of Trolox was placed in a MTPMS immobilized Tip-1h sample. After some time, an increase 

in brightness is visible to the naked eye, implying that the Trolox was acting as hypothesized in 

controlling the flickering of the ATTO-647N. Although an increase in brightness was apparent, MCS 

point traces did not show reduced flickering. 

A 

 

B 

 
Figure 57:CFLM images (40x40 µm, 256 pxs) at 639 nm, 0.04 kW/cm2 laser irradiation. A – H2O Tip-1h; 

B – Trolox Tip-1h. 
 

Since there was no significant different in the spectra acquired from H2O Tip-1h samples with a water 

or Trolox drop, this data was used as part of the statistics for characterization of the H2O Tip-1h.  

 

Table 14: Single-spectra acquisitions for H2O samples. Left side of table shows the raw numbers (# - 
Total of acquired spectra). Right side shows extracted key results: Individual Fraction – percentage of 

identified individual AuNRs against the total number of acquired spots; 〈𝜆 〉 – average surface plasmon 
resonance wavelength and 〈𝛤〉 - average full-width at half-maximum of the individual fraction. 

Sample # 
Single 
Rod 

Aggregates 
Non-

admissible 
Individual 
Fraction 

〈𝝀𝑺𝑷𝑹〉 
(nm) 

〈𝜞〉 
(meV) 

H2O Tip-1h 107 53 41 13 50% 659.2 128.8 

Tro Tip-1h  37 16 18 3 43% 661.4 124 

H2O Tip-1h  70 37 23 10 52% 658.3 130.8 

H2O Tip-6h 119 90 25 4 76% 658.6 120.0 

1st acquisition  42 33 8 1 79% 656.9 114.7 

2nd acquisition  77 57 17 3 74% 659.5 123.1 

H2O STOCK 95 92 0 3 97% 664.2 121.0 

1st acquisition  45 43 0 2 96% 670.1 117.8 

2nd acquisition  50 49 0 1 98% 659.1 123.9 

 



 

 88 

In Table 15, there is a decrease in individual fraction of AuNRs in PVA samples clearly associated 

with an increase in non-admissible entries, proportional to sample aging. Non-depicted data was 

acquired for verification of this result in July, 2019. 

Originally, the preliminary results of PVA immobilized samples presented a higher individual AuNRs 

fraction compared to MPTMS. However, as the PVA samples aged the number of non-admissible 

spectra increased greatly in Tip samples, skewing the previous assessment. A considerable portion of 

non-admissible spectra were volatile: under continued irradiation, successive acquisitions of a spectrum 

showed a decrease in spectral maximum, broadening of the Lorentzian shape and shifting of the 𝜆  

(for an example, see 7.3.2). Other non-admissible entries were broad low intensity spectra. These were 

most likely the same type of volatile spectra, albeit with a faster degeneration that did not allow detection 

of the phenomenon within the integration time of spectral acquisition. 

 

Table 15: Single-spectra acquisitions for H2O samples. Left side of table shows the raw numbers (# - 
Total of acquired spectra). Right side shows extracted key results: Individual Fraction – percentage of 

identified individual AuNRs against the total number of acquired spots; 〈𝜆 〉 – average surface plasmon 
resonance wavelength and 〈𝛤〉 - average full-width at half-maximum of the individual fraction. 

Sample # 
Single 
Rod 

Aggregates 
Non-

admissible 
Individual 
Fraction 

〈𝝀𝑺𝑷𝑹〉 
(nm) 

〈𝜞〉 
(meV) 

PVA Tip-1h 207 126 20 61 61% 642.8 141.4 

1st acquisition  100 65 12 23 65% 641.6 136.6 

2nd acquisition  107 61 8 38 57% 644 146.5 

PVA Tip-6h 183 95 26 62 52% 642.4 138.3 

1st acquisition  91 63 8 20 69% 643.2 135.5 

2nd acquisition  92 32 18 42 35% 640.7 143.8 

PVA FC-ON 174 145 10 19 83% 679.5 123.0 

1st acquisition  89 74 5 10 83% 676.1 119.8 

2nd acquisition  85 71 5 9 84% 683.1 126.2 

PVA FC400-1h 291 237 17 37 81% 682.9 114.4 

1st acquisition  145 127 3 15 88% 679.3 121.0 

2nd acquisition  146 110 14 22 75% 687.1 107.3 

PVA LE 272 228 19 25 84% 653.1 127.3 

1st acquisition  125 101 10 14 81% 634.1 136.4 

2nd acquisition  147 127 9 11 86% 668.2 120.1 

 

Disregarding this skewing of the individual fraction with sample aging, the current supposition for the 

fact that initially the PVA samples had a higher individual fraction than MPTMS samples is that in the 

PVA polymer the NRs were “fixed” into place, whereas in the silanization based immobilization, the 
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adsorption of AuNRs onto the glass surface was weaker than the force resulting from the drying of the 

H2O drop, leading to particle dragging and then aggregation. Therefore, aggregation was probably 

facilitated by the electrostatic attraction in between the negatively charged DNA-functionalized tips and 

the positively charged AuNRs sides. This would also support why the aggregation percentage for non-

stock samples is the lowest in PVA FC and LE samples, since the positively charged side area in these 

cases is expected to be non-existent. 

 

 

7.3.2. Example of Changing spectra of PVA Tip-1h 

Ca. 20 % of acquired spectra in PVA Tip samples (in surfaces that are older than 6 months from the 

immobilization date), varied with successive acquisitions, with significant 𝜆  shift and fluctuating 𝛤. All 

particles with variable spectra tended towards a broad spectra with few counts at maximum (under 40 

counts/s) after multiple acquisitions. 

 

Figure 58: Single particle fitting of one particle in PVA Tip-1h, six successive acquisitions at 482 nm, 50 
kW/cm2. 

 

It is difficult to establish a theory for the increasing incidence of volatile spectra in PVA Tip sample. 

The first supposition was particle migration resulting from a combination of polymer ageing and heating 

induced breakage, but time trace point acquisition confirmed the continued presence of a scattering 

element. Even though gold is an extremely stable element, current supposition for the volatile spectra 

is that nanoparticle oxidation is occurring, possibly associated with silver traces remaining from the 

seed-mediated synthesis. On a different note, it is also worth pointing out that PVA Tip samples also 

show significant linewidth broadening compared to other samples. It possible that said phenomenon is 

related to the increased incidence of volatile spectra as the PVA samples aged.  
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7.3.3. Single Spectra of PVA immobilized AuNRs-BF1BT 

Originally, images of PVA immobilized samples were obtained on the edges of the sample 

preparations, where a sparser amount of AuNRs could be found, easing the process of PSF fitting to 

bright spots, due to lower overlap of regions of interest. It was later hypothesized that this could account 

for the blue shift in PVA Tip samples, likely due to a refractive index closer to that of air, while in FC 

samples, the PEGylation would ensure that the refractive index remained closer to that of water. 

Later, an exploratory attempt of PVA Tip-1h on a visibly thicker area showed an average 𝜆  of 647 

nm for 40 acquired points. This result supported the notion that the acquisition on the edges of the 

sample preparations did not induce a considerable bias to the characterization of the sample 

functionalization. 

 

 

Figure 59: Histogram distribution of 𝜆  of each PVA sample for single rods. A – PVA Tip-1h; B – PVA 
FC-ON; C – PVA Tip-6h; D – PVA FC400-1h; E – LE. Note: slight shift of data compared to Table 15 due to 

exclusion of spots that did appear at 639 nm. 
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7.4. Spectral Data-CFLM Correlation Summary 

Several reasons motivated the dismissal of H2O samples from the single particle fluorescence 

emission correlation analysis: 1) when the H2O Tip samples were prepared, a systematic approach to 

spectral data acquisition had not yet been established and once it was implemented, the samples had 

aged too much to be considered reliable; 2) since FC samples could not be immobilized via MTPMS 

drop casting, comparison of H2O Tip versus PVA Tip would only provide further information on the 

impact of the different immobilization protocols, which was not the main point of focus ; 3) in the MTPMS 

based immobilization, more heavily loaded Tip probes are likely washed out during the PBS washing of 

the coverslip due to weaker absorption onto the coverslip surface. 

 

Table 16: Summary of data correlation of PVA immobilized AuNRs: # - number of points common to both 
experiments separated by categories: Single Rod, Ill-Defined Aggregates, Double Peak Aggregates, 
Spherical Particles and Non-Admissible. No-PSF line and the No-Spectra column represent points existing in 
the spectral image, but not on the intensity image, and vice-versa, respectively. 

  # 
Single 
Rod 

Ill-defined 
Aggregates 

Double 
Peak 

Aggregates 

Spherical 
Particles 

Non-
admissible 

No-
Spectra 

PVA Tip-1h 
(40x40 µm, 512 

pxs) 

PSF  80 53 1 9 6 11 15 

No 
PSF 

20 12 2 0 5 1 -- 

PVA Tip-1h 
(40x40 µm, 256 

pxs) 

PSF  87 48 6 2 3 28 14 

No 
PSF 

20 13 0 0 1 6 -- 

PVA Tip-6h 
(40x40 µm, 512 

pxs) 

PSF  78 53 4 4 3 14 14 

No-
PSF 

13 10 0 0 2 1 -- 

PVA Tip-6h 
(40x40 µm, 256 

pxs) 

PSF  70 28 15 2 5 20 6 

No 
PSF 

22 4 1 0 1 16 -- 

PVA FC-ON 
(40x40 µm, 512 

pxs) 

PSF 81 68 4 1 2 6 17 

No 
PSF 

8 6 0 0 1 1 -- 

PVA FC-ON 
(80x80 µm, 512 

pxs) 

PSF 82 69 3 1 2 7 7 

No 
PSF 

3 2 1 0 0 0 -- 

PVA FC400-1h 
(40x40 µm, 512 

pxs) 

PSF  102 94 2 1 0 5 11 

No 
PSF 

43 33 0 0 6 4 -- 

PVA FC400-1h 
(40x40 µm, 256 

pxs) 

PSF  101 78 11 3 0 9 6 

No 
PSF 

45 32 0 0 3 10 -- 

PVA LE     
(40x40 µm, 256 

pxs) 

PSF  78 63 6 1 0 8 7 

No 
PSF 

47 38 2 1 4 2 -- 

PVA LE      
(40x40 µm, 512 

pxs) 

PSF  99 86 5 1 0 7 14 

No 
PSF 48 41 2 1 1 3 -- 
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7.5. Fluorescence Quantum Yield and Lifetime Assessment  

 

 

Figure 60: Normalized extinction and emission spectra of cresyl violet, standard dye used for relative 
fluorescence quantum yield calculation. 

 

 

 

7.5.1. Organic Quenchers DDQII and QSY21 

Table 17: Summary of quantum yield assessment for DDQII labelled probes (BD1, BM1, BS1) and 
QSY21 labelled probes (BD2, BM2, BS2) and respective molecular beacon and target-beacon hybrids, in 
1x PBS. #bp - sequence length. Concentration of probe, BF1 and target was 1, 0.5 and 2 μM, except for 

BS1 in which it was 0.5, 0.25 and 1 μM. (*) BF1 contamination of BS1 was visible in UV-Vis. 

 𝜱𝑭 𝑨𝟏 𝝉𝟏 𝑨𝟐 𝝉𝟐 𝝌𝟐. 𝝉𝑭 𝝉𝑨𝒎𝒑 

BD1 1% 0.77 0.187 0.23 0.533 1.235 0.27 0.22 

BM1 0.6% 0.69 0.175 0.31 0.462 1.067 0.26 0.22 

BS1 0.5%(*)        

BD2 0.2% 0.96 0.011 0.04 1.312 1.088 0.02 0.01 

BM2 0.2% 0.99 0.025 0.01 1.373 1.052 0.04 0.03 

BS2 0.2% 1 0.014 -- -- 1.069 0.01 0.01 
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7.5.2. Effect of Temperature on Spectra and Fluorescence Decay of ATTO647N, 

BF1BT, BD2BF1 and BS2BF1 

 

Figure 61: Extinction spectra of ATTO647N, BF1BT, BD2BF1 and BS2BF1 before and after being 
subjected to the temperature test in 4.2.2.  

 

Figure 62: Normalized emission spectra for ATTO647N, BF1BT, BD2BF1 and BS2BF1 at 25 and 90 ºC. 
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Figure 63: Fluorescence decays for ATTO647N, BF1BT, BD2BF1 and BS2BF1 at 25 and 90 ºC. 
 

 

 

 

 

7.6. Calibration Curves for BF1BT quantification 

 
Figure 64: Calibration curve for the photon flux (𝐹) relatively to the concentration of BF1BT in CTAB 10 

mM, 700 μL cells, (𝜆 =  600 nm). Linear regression 𝐹 =  7.168E06 [BF1BT]  +  8.573E05  with R = 0.999 
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Figure 65: Calibration curve for the photon flux (𝐹) relatively to the concentration of BF1BT in PBST, 700 
μL cells, (𝜆 =  600 nm). Linear regression 𝐹 =  6.465𝐸06 [BF1BT]  +  1.193E06  with R = 0.998. 

 

 

 

7.7. Wang et al Functionalization Attempt – AuNRs-DF1//BT 

Parting from the already established protocols, inspired by Wang et al [94], it was thought to be of 

interest to attempt a selective tip and side functionalization. By covering the full surface in DNA, with a 

dye labelled sequence at the tips and non-labelled sequence on the sides, a biocompatible sample with 

the hotspot benefit for PEF would hopefully be obtained. Unfortunately, the exploratory attempt 

underwent gradual aggregation during the final salt-aging step, even though CTAB concentration (2.5 

mM) was still considerably above the critical micellar concentration. The current hypothesis for failure 

leans towards the competition between the electrostatic attraction of DNA to CTAB and the 

thermodynamic wall for Au-S bounds. The formation of Au-S might not have been favourable, especially 

if the age and number of defrosting cycles of BT aliquots somehow degraded the 5’ thiol. 

 

Figure 66: Schematic of Wang et al [94] tip and side selective functionalization attempt. The grey colour 
of AuNR-DF1//BT hinted at possible aggregation. After the addition of 2.19 μL, 2.74 μL and 3.53 μL of NaCl 

0.5 M, with in-between vortex of sample, a concentration of NaCl 150 mM was reached, and sample had 
suffered a noticeable loss of colour indicative of aggregation. After the addition of 4.7 μL, 6.58 μL and 9.87 

μL of NaCl 0.5 M, with in-between sonication of sample, a concentration of NaCl 300 mM was reached. 
Sample was left over the weekend and irreversible aggregation occurred. 

 


