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ABSTRACT 

 This thesis explains some of the fundamental concepts regarding localized surface 

plasmon resonance (LSPR) and how to explore it on biosensing and photodynamic therapy. 

Molecular LSPR sensing and metal-enhanced oxygen singlet generation for photodynamic 

therapy were demonstrated exploring spherical and non-spherical silver/gold nanoparticles with 

various size and structures. Mathematical simulations and experimental analyses were used on 

the discussion of the metallic nanoparticle (NP) size, material and shape contribution to LSPR-

based effects. The light-NP interactions were evaluated by the use of Finite Element Method with 

COMSOL Multiphysics. Computational simulations, focused on the assessment of the LSPR 

spectrum and spatial distribution of electromagnetic field enhancement near a metallic 

nanoparticle, were used to ascribe the behavior of crucial parameters, as figure of merit, bulk and 

molecular sensitivity, which rules the LSPR sensor performance. Here, spherical nanostructures 

were evaluated as starting points for LSPR biosensor. The theoretical analyses indicated a 

nonlinear behavior of the bulk and molecular sensitivity of gold and silver nanosphere-based 

sensing platform as function of the NP size. Significant LSPR peak shift due to the adsorption of 

molecular layer on the NP surface were observed for nanoparticles with ~ 5 and ~ 40 nm radii. 

Besides, the theoretical approach used in this work provides insights on the LSPR behavior due 

to adsorption layer of molecules on a NP surface, establishing a new paradigm on engineering 

LSPR biosensor. Moreover, molecular sensing was demonstrated by the identification Candida 

albicans antigen. The feasibility of using Ag nanotriangles on LSPR biosensing was also 

evaluated. Refractive index based sensitivity (406 nm/RIU) and figure of merit (2.6) values were 

calculated for nanotriangles colloids, with altitudes ~ 57 nm, and attributed to LSPR near field 

enhancement at the tips of the nanostructure. The interaction of Ag nanotriangles with Methylene 

blue photosensitizer was also appraised, and 2.2-fold metal enhanced singlet oxygen generation 

was determined. The association of Methylene blue with Au nanoshells (80 nm silica core/20 nm 

gold shell) was also quantified, showing 300% increase in singlet oxygen production upon the 

irradiation of laser light (632 nm). These results introduce new perspectives on the use of metallic 

nanoparticles on photodynamic process. 

Keywords: Metal nanoparticles. Localized surface plasmon resonance. Finite element method. 

Sensors. Photodynamic therapy 



 
 

RESUMO 

Esta tese explica alguns dos conceitos fundamentais sobre a ressonância plasmônica de 

superfície localizada (LSPR) e como explorá-la em terapia fotodinâmica e biosensores. Detecção 

Molecular LSPR e geração de oxigênio singleto realçado por metal para terapia fotodinâmica 

foram demonstrados pelo uso de nanopartículas de prata / ouro esféricas e não esféricas com 

vários tamanhos e estruturas. Simulações matemáticas e análises experimentais foram usadas na 

discussão do tamanho das nanopartículas metálicas (NP), contribuição do material e da forma 

para os efeitos baseados em LSPR. As interações luz-NP foram avaliadas pelo uso do Método 

dos Elementos Finitos com o COMSOL Multiphysics. Simulações computacionais, focadas na 

avaliação do espectro LSPR e distribuição espacial do aumento do campo eletromagnético 

próximo a uma nanopartícula metálica, foram utilizadas para atribuir o comportamento de 

parâmetros cruciais, como figura de mérito, bulk e sensibilidade molecular, que regem o 

desempenho do sensor LSPR. Aqui, as nanoestruturas esféricas foram avaliadas como pontos de 

partida para o biossensor LSPR. As análises teóricas indicaram um comportamento não-linear da 

sensibilidade bulk e molecular da plataforma de detecção baseada em nanoesfera de ouro e prata 

em função do tamanho da NP. Mudanças significativas no pico do LSPR devido à adsorção da 

camada molecular na superfície da NP foram observadas para nanopartículas com raios de ~ 5 e ~ 

40 nm. Além disso, a abordagem teórica utilizada neste trabalho fornece insights sobre o 

comportamento do LSPR devido à camada de adsorção de moléculas em uma superfície de NP, 

estabelecendo um novo paradigma na engenharia de biosensores LSPR. Além disso, a detecção 

molecular foi demonstrada pela identificação do antígeno Candida albicans. A viabilidade do uso 

de nanotriangulos de Ag em biossensores LSPR também foi avaliada. Os valores de sensibilidade 

baseada no índice de refração (406 nm / RIU) e mérito (2.6) foram calculados para colóides de 

nanotriangulos, com tamanho ~ 57 nm, e atribuídos ao aumento de campo próximo do LSPR nas 

pontas da nanoestrutura. A interação de nanotriangulos de Ag com o fotossensibilizador Azul de 

metileno também foi avaliada, e a geração de oxigênio singleto 2,2 vezes maior foi determinada. 

A associação do Azul de metileno com nanocascas de Au (núcleo de sílica de 80 nm / 20 nm de 

casca de ouro) também foi quantificada, mostrando um aumento de 300% na produção de 

oxigênio singleto sob irradiação de luz laser (632 nm).  

 



 
 

Estes resultados introduzem novas perspectivas sobre o uso de nanopartículas metálicas no 

processo fotodinâmico. 

 

Palavras-chave: Nanopartículas metálicas. Ressonância plasmônica de superfície localizada. 

Método dos elementos finitos. Sensores. Terapia fotodinâmica.  
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 1   INTRODUCTION 

1.1 General Introduction on Nanostructures 

When the matter is converted into nanostructures, novel physical and optical 

characteristics may arise, which cannot be emerged in bulk materials. This concept has been 

attracted for many centuries to humans and later on provided basis for new field of science and 

technology known as nanotechnology [1]. The nanotechnology has become fascinating to 

fabricate nanoscale devices, materials and systems within the range of 1 to 200 nm. Nowadays, 

nanotechnology demonstrates the convergence of various scientific and technologic fields to 

explore the areas as materials, physics, engineering, chemistry, electronics and biology [2]. 

Nanotech has brought an investment from health sectors, and is expected to generate a 

paradigm shift in diagnostic, prevention as well as treatment of several diseases [3]. In particular, 

nanostructures are bringing a revolution within the wide scientific fields. Elements limited to 

nanoscale in diverse size or forms provide robust physical properties i.e. electronics, optical, 

catalytic and magnetic [4]. More than one thousand (1000) sub-wavelength nanostructures have 

been explored like magnetic, metallic, dielectric, liposomal and carbon based NPs [5]. Within the 

nanometer range, the nanostructures are well resembled in size with biological molecular 

structures and structures inside the living cells. Due to their facile surface chemistry and 

appropriate size match allowing conjugation of gas or biologically active molecules, several 

nanostructures are potentially exploitable for broad range in medicine and biology applications 

[3]. 

One of the pioneer scientists investigated the interaction of light with small inorganic 

nanoparticles (NPs) was Michael Farady, who first analyzed metal colloids to elucidate brilliant 

ruby color of gold (Au) and yellow color of silver (Ag) on glass using dispersed colloidal 

gold/silver particles [6]. However, the colors of nanomaterials have attracted mankind for a long 

history, for instance, Lycurgus cup which is fourth century Roman glass and currently exhibited 

in British Museum. Lycurgus cup exhibits deep green color when it is illuminated from ambient 

light and ruby red color on illumination from inside as shown in figure 1. A plethora of studies, 

later on,  reveal that the cup is made of gold and silver nanoparticles with the size of 50 to 100 
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nm in diameter and are embedded on the cup with the ratio of gold to silver 3:7 which shows 

color variations due to absorption as well as scattering [7]. 

Later on, Gustav Mie published his famous article, in 1908, explaining the basis of 

scattering and absorption of a plane electromagnetic wave by homogeneous sphere, finding a 

rigorous solution applying electromagnetic theory [8]. Rapid advances, in the capacity of 

fabricating nanoscale materials, promise a starting point to bring revolution in sciences and 

technology. Synthetic procedures continue to evolve and lead to improve the control over size as 

well as on shapes for sub-wavelength nanostructures. Attaining the optical properties by simply 

modifying the nanostructures parameters i.e. size, shape, and composition could be attractive and 

employ in the advance biomedical areas [9]. More sophisticated designs of nanostructures are 

now in progress, in particular, multifunctional nm-structures [5].   

Figure 1 - The Lycurgus cup illuminated from inside (ruby red) and from ambient light (green), obtained 

from ‘British Museum’ free image service. 

 

Source: taken from [7] 
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When the size of the particle decreases, the importance of surface to volume ratio 

increases [10]. To indicate how decrease in size increases the number of atoms on the surface of 

particle consider, for example, a cube of iron with a length of 1 cm on an edge that contains 10
-5

 

% surface atoms. Dividing the same cube into smaller parts until an edge of 10 nm is achieved 

that gives 10% surface atoms which presents the significance from micro to nano level size 

conversion [11]. Artificially engineered such materials reveal unique optical properties that 

cannot be achieved naturally existing materials. In fact, such materials posses positive imaginary 

(  ) and negative real (  ) parts of dielectric function ( ( )        ) and considered as 

capable of supporting plasmon resonance. 

Localized Surface Plasmon Resonance (LSPR) is attributed to an optical phenomenon that 

exhibit due to light-particle interaction when the size of the plasmonic particle is smaller than the 

wavelength (λ) of the incident light (size ˂˂ λ) [6,12]. The light-NP interaction creates free 

electrons of metallic nanostructures to oscillate coherently with respect to lattice positive ions at 

resonant frequency as shown in figure 2 [13]. The resonance is generated when natural frequency 

of oscillating dipole of the nm-structure and frequency of incident light are matched [14].   

Figure 2 - The localized surface plasmon resonance behavior induced by electromagnetic (EM) field. 

 

Source: taken from [15] 
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In order to get nano-materials based properties, researchers show great interest to 

fabricate and design nanoparticles of various size and shapes using different materials such as 

nanospheres [16], nanorice [17], nanocages [18], nanostars [19], nanorods [20] and nanopyramids 

[21] which allow the shift of LSPR response from visible to near infrared region (NIR) of LSPR 

extinction spectrum.  

One of the important fabrication methods is chemical reduction to prepare nanoparticles 

of any shape or size as stable and colloid dispersion in organic or water solvents. Borohydride, 

ascorbate, citrate and elemental hydrogen can be used as reductants during chemical reduction 

[22]. Mulvaney et al. employed γ-ray source to generate different types of metallic NPs using 

gold and silver [23]. Esumi et al. used thermolysis method for the fabrication of palladium NPs in 

numerous organic solvents [23]. Electrolysis can also lead to size selective synthesis of transition 

metal NPs [23]. Laser irradiation can be used to fabricate nanoparticles of well defined size and 

shape without using reducing agents. For instance, silver particles were prepared only by silver 

salt and surfactant in solution [24].   

Although a precise control over the shape, size and structure of metal nanoparticles can be 

obtained by wet chemical methods, but to manage the inter-particles separation is complicated 

task in colloid solution [25,26]. A well controlled separation between nanoparticles of different 

shapes or size can be achieved on a substrate by electron beam lithography as well as nanosphere 

lithography [27,28]. Duyne et al. used nanosphere lithography (NSL) to fabricate various size of 

nanostructures. NSL achieves excellent control over NP’s shape, size and inter-particle separation 

[29]. However, NSL and electron beam are expensive techniques and need high vacuum to 

prepare the NPs. 

The light can be scattered or absorbed by metal nanostructures with remarkable 

efficiency, thereby, the NPs present 4 to 5 order higher optical cross sections than to conventional 

dyes [30], at a resonance frequency. For example, Au nanospheres of 40 nm size exhibit molar 

absorption coefficient 7.66x10
9
 M

-1
cm

-1 
that is 5-times higher than that of indocyanine green 

(1.08x10
4
 M

-1
cm

-1
) and are commonly introduced in photothermal therapy (PTT) [31]. Similarly, 

the small size of AuNPs (80 nm diameter) demonstrates the comparable scattering to larger 

polystyrene (300 nm diameter) at wavelength 560 nm [32]. The particular shape like Au 
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nanocages, due to their moderate scattering and higher absorption, possess hidden potential as 

contrast agent in optical imaging [33]. Therefore, the metallic nano-size structures have been 

utilizing as contrast agents for optical imaging modalities, fluorescence microscopy and optical 

coherent tomography because of their high scattering features [34].  

The absorption or scattering of nanostructures can also be changed by varying the size, 

shape or composition. The dielectric core with metal shell or metal core with dielectric shell, for 

instance, can enhance absorption/scattering on changing the core/shell dimensions [30]. The 

silica coated gold nanostructures, in particular, as a consequence of their valuable optical 

characteristics and facile functionalization show high stability, biocompatibility, low 

immunogenicity, and versatility comparatively to symmetric bare gold nanoparticles [35].  

Metallic nanostructures are increasingly receiving attention as an important starting point 

for medical therapy and medical diagnosis [36–39]. The plasmonic NPs establish several features 

of LSPR sensing that explore their importance in biomedical and biological assays, further LSPR 

sensing. The use of plasmonic NPs for label free assays localize the sensing area and thus reduce 

the total amount of analyte to generate a signal, further minimizing the effects of diffusion 

limited mass transport.  

Several biomolecules have been detected using LSPR-based effects. For instance, biotin-

streptavidin is appropriate to LSPR sensing because biotin (a small organic molecule) is 

conjugated to NP surface, and protein streptavidin (large molecule) is detected [40]. Antigen-

antibody detection is another example of LSPR assay. Detection antibody is basically conjugate 

of antibody-NPs through self assembled monolayer and then standard bio-conjugate linker. Most 

reports characterized the sensitivity based on dose-response curve, for example, detection of a 

marker for Alzheimer’s disease. Besides of antibody-antigen and biotin-streptavidin interactions, 

other bio-markers have been probed using LSPR sensors as aptamer-protein, toxin-receptor, 

cytochrome-inhibitor, protein-carbohydrate and nucleic acid hybridization interactions [41]. 

Moreover, morphology related optical features have been developed significantly by 

tuning spherical into non-spherical forms [42]. In particular, shape associated study described the 

high performance of sensing platform using non-isotropic particles [43,44]. Due to poor 

monodispersity and sharp edges of Au bipyramids, enable them to utilize in colorimetric sensor 
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to detect influenza virus [45]. Further, Au nanorods are compared with nanobypramids for 

biosensing application, and bipyramids show 64-fold enhancement than to the rods 16-fold 

enhancement containing sensor systems [46].   

Metallic nanoparticles have also been explored as contrast agents for optical imaging 

modalities, as fluorescence microscopy and optical coherent tomography [47]. The metal NPs are 

usually not fluorescent, and therefore for imaging applications they are frequently tagged with 

fluorophores and targeting molecules [48]. On medical therapy, gold nanostructures have been 

explored on photo-thermal therapy [49]. Light energy absorbed by the metallic nanoparticle is 

converted to heat that dissipates, increasing the temperature of the NP surrounding medium. 

Various shapes as spheres, rods, and shells show robust potential for thermal related therapy [50].  

Likewise, Photodynamic Therapy (PDT) has emerged as one of the important therapeutic 

options, for several diseases treatment. PDT combines photosensitizing drugs and light to induce 

selective damages on a target tissue [51]. Since, singlet oxygen is considered as primary 

cytotoxic-agent that may damage a wide variety of cells  [52]. Therefore, the PDT performance is 

largely dependent on the production of oxygen singlet (
1
O2). Nearby the photosensitizer (PS), the 

nanostructures increase the local field which results more production of 
1
O2 [53]. The presence of 

plasmonic nanoparticles is much required for hydrophobic PSs that are more complicated to 

manage for applications in vivo [54]. The metal NPs are functionalized with PS through weak 

interactions or strong covalent bonding. The presence of nanoparticles in close proximity to PS 

can enhance the quantum yield as well as stabilize the PS against photobleaching [55]. 

Furthermore, the weak pharmaceutical effects result in part of poor penetration of PS into the 

cellular-compartment of tumor. Embedding the PS with metal nanoparticles can enhance the drug 

penetration into cells/tissues. Additionally, the reduction of drug can be protected by embedding 

it into the silica shells in vitro [52]. 

 The objective of this thesis is to explore optical characteristics of noble metal 

nanostructures for engineering new platforms for biosensing and optical related therapy. 

In this thesis, it will be demonstrated some of the basic concepts regarding localized 

resonance response and how to scrutinize it for bio-applications. Numerical simulations and 

experimental results will be used on the investigation of size, shape and material of the NP 
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contribution to the LSPR sensor. Furthermore, the relationship between EM field decay length 

and size of the nanoparticles will be discussed to probe the LSPR sensor performance. This thesis 

will also investigate the possibility of exploring singlet oxygen generation by Methylene blue in 

the metallic NPs presence. 

1.2 Overview 

 The current Chapter 2 describes some specific mathematical theories i.e. Mie theory and 

Quasi-Static approximation as well as Finite Element Method. It also describes influence of 

various parameters on which LSPR is reliant on, such as shape, size, surrounding dielectric 

medium and material compositions. It also includes expansion of Campbell's model to predict the 

LSPR peak shift due to adsorbate molecules layer. Moreover, the behavior of crucial parameters 

such as Figure of Merit, bulk/molecular sensitivity, MEF and MEO, are investigated to probe the 

effects of NPs.  

 In Chapter 3, gold and silver nanoparticles were explored as starting point to assess the 

plasmonic optical characteristics of the nanostructured sensor platform. Here, for the first time in 

the literature, Campbell’s model was evaluated exploiting a NP size-dependence approach. This 

chapter provides insights on the LSPR behavior due to adsorption of molecules layer on a NP 

surface, establishing a new paradigm on engineering LSPR biosensor.  

Chapter 4 describes the optical properties of Ag nanoplates and evaluate their potential to 

manipulate on LSPR biosensing and PDT applications. The analysis which is based on 

experimental and simulated results, focus on the assessment of the LSPR spectral shift and spatial 

distribution of the electromagnetic field enhancement near metallic nanoplates, with various 

altitude lengths as well as thickness. The important parameters that explore the LSPR sensor 

performance for triangular NPs, such as sensibility and Figure of Merit, are identified and 

resolved. The interaction of Ag nanoplates with MB is also appraised, and MEO is evaluated and 

quantified. 

In Chapter 5, the effects and characterization of negatively charged (silica core/Au 

shells) nanostructures were demonstrated to explore their potentials for PDT applications. The 

near electric field around the nanoshell was calculated by Finite Element Method (FEM) 
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simulations. The influence of irradiation time and concentration of metallic nanostructures on 

MEO were also appraised and quantified.  

 The conclusion and future perspectives are summarized in Chapter 6.       
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2    OPTICAL PROPERTIES OF METAL NANOSTRUCTURES 

2.1 Evaluation Methods for Optical Properties 

The optical properties of metallic nanostructures can be characterized analytically by 

solving Maxwell’s equations under proper boundary conditions. Here, two methods are used to 

solve the spherical shape metallic NPs: Mie theory for calculating light-scattering characteristics 

with any arbitrary size and Quasi-Static approximation for particles of size less than 30 nm.   

2.1.1 Dielectric Functions of Au and Ag Nanoparticles  

 The fundamental optical characteristics of metal nanoparticles may be predicted 

calculating their size-dependent dielectric function. The dielectric function value of a metal is 

influenced by its structure. As the metallic nanoparticle becomes smaller, electron scattering on 

the NP surface becomes more pronounce, and therefore affecting the dielectric function value of 

the material. The complex dielectric function (  ( )) can be described by Drude model, which 

also account for the conduction electrons scattered by the nanoparticle surface. Therefore, 

dielectric function can be written as [56]: 

  ( )        ( )  
  

 

 (    )
 (2.1) 

where ϵinter(ω) depicts interband transitions, ωp represents plasmon frequency and γ is a 

phenomenological scattering parameter. The plasma frequency can be expressed for bulk metal 

by: 

 
   (

   

    
)

   

 (2.2) 

where me is the effective mass of an electron, N is the number density of free electrons, e is the 

charge of an electron and    dielectric function of free space (vacuum). For nanoparticles, the 

scattering parameter has inherent contributions of the intrinsic properties of the material as well 

as from interface scattering and therefore, it can be described as γ = γbulk + γscat.  
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 Interface scattering becomes significant when the effective electron path length Leff is 

larger than to the nanoparticle itself [57]. The effective path length for convex shapes particles, 

for instance sphere, rods, cubes etc, is expressed as Leff = 4V/S where V is the volume and S is the 

surface area [56]. Thus, the scattering parameter is given by γscat  = AVf /Leff  where A is scattering 

efficiency [57]. For gold, γbulk = 1.07x10
14 

s
-1

, Vf = 1.40x10
6 

ms
-1

, while for silver γbulk = 

3.22±1.22x10
13 

s
-1

, and Vf = 1.39x10
6 

ms
-1

 [58]. Table 1 depicts the spheres radii and effective 

electron path lengths with respect to their sizes. 

 The figure 3 depicts the dielectric functions of Au and Ag particles, considering size 

correction, showing that decreasing the nanoparticle radius (effective path length) both real (  ) 

and imaginary parts (  ) of metallic dielectric changes. The real part of dielectric function depicts 

the pattern of electron polarization in the medium as a consequence of incident field and 

determines LSPR peak position.  

Table 1 - Nanospheres radii and their corresponding effective electron path lengths (Leff). 

Sphere Radius (nm) Leff  (nm) 

5 6.67 

10 13.34 

15 20.00 

20 26.67 

25 33.34 

30 40.00 

35 46.67 

40 53.34 

45 60.00 

50 66.67 

Source: belong to author 
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Figure 3  - Complex dielectric function based on surface scattering of gold (a ) and (c), as well as 

silver (b) and (d) nanospheres with different radii (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 nm). 

  

  

Source: belong to Author 

 However, imaginary part ϵi describes energy dissipation or loss in the materials. 

Decreasing of the nanoparticle size leads to a lower polarizability of the metal (fig. 3(a) and (b)), 

while increases the magnitude of ϵi (fig. 3(c) and (d)). Therefore, higher loss is expected for 

metallic particle with 5 nm radius than to 50 nm radius nanostructures due to surface scattering. 

One can notice that on decreasing effective path length (particle radius), both real and imaginary 

parts of ϵ(ω) are affected. Real part of ϵ(ω) (fig. 3(a) and (b)) becomes less negative, showing 

that metals are less polarizable, while increase in magnitude of imaginary part (fig. 3 (c) and (d)) 

of ϵ(ω) causing increase in overall losses in the NP. In particular, these effects yield overall poor 

plasmonic metal.   
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2.1.2 Mie Theory 

Lord Rayleigh, in 1871, gave the basic understanding of dipole moment after 

investigating sub-wavelength nanostructures excited by EM radiation [59]. Later on, it was Mie 

who was responsible of real breakthrough to analyze the light coupling with spherical NPs and 

his rigorous solution resembled with Rayleigh scattering. He derived the following equations to 

discuss scattering, absorption and extinction cross-sections induced by EM interaction with 

spherical NPs [12]: 
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where k is wavenumber, l represents integers that are used to explain dipole (l = 1), quadrupole (l 

= 2) and multipole of higher orders of scattering. The parameters    and    are derived from 

Riccati-Bassel functions    and    
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Here       where   is the radius of spherical NP and    is the wavenumber in the medium. 

Similarly, m = n/nm where          is the complex refractive index of the noble metals and 

   is the surrounding medium refractive index.   ( ) and   ( ) are Ricatti-Bessel cylindrical 

functions [60].  
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2.1.3 Quasi-Static Approximation 

The electrostatics approximation is explored to understand optical characteristic of the 

metallic NPs that posses size very small (     ) as compare to incident light wavelength. 

Consequently, such electrostatic problem can be solved using Laplace equations with proper 

boundary conditions [61]. Consider a sphere of radius r is placed in homogeneous medium and 

its diameter is assumed to be smaller than the wavelength of applied field E0, as shown in figure 

4. As the particle size is smaller, therefore, the field is supposed to be uniform inside the 

spherical nanoparticle. The internal field (Ei) is calculated as [62]: 

 
     

   

     
 (2.8) 

where    is dielectric function of surrounding medium. 

Figure 4 - The study of spherical shaped nanoparticle r << λ in homogeneous electrostatic field. 

 

Source: taken from [61] 
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Therefore, the polarizability     for a particle of radius   due to applied field is  

       (
    

     
) (2.9) 

where          is the dielectric function of the NPs. The electrostatics solution related to 

small sphere in quasi-static regime using oscillating EM field, and is considered to be time 

dependent but not spatial dependence on EM field. Also in this approach,   and     in the above 

equations are replaced by  ( ) and   ( ) due to their frequency dependent behavior, and    

may be taken as real constant (non-absorbent medium). It is apparent that polarizablity observes 

robust resonant under the condition i.e.       is minimum. 

That is expressed as:  

 (      )     (2.10) 

If    is negligible,    should be negative that is necessarily for resonance, known as Fröhlich 

condition (       ). The corresponding cross-sections for absorption (    ) and scattering 

(    ) for small nanoparticles (≤ 30 nm in diameter) can be calculated as [8]: 
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Extinction cross section (    ) is obtained                by combining equations (2.11) and 

(2.12) and resultant equation is demonstrated as: 
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(2.13) 

where   is volume,   is the speed of light and   is angular frequency.  

It is clear (equation (2.13)) that increasing the value of   , the extinction cross section 

becomes more intense  [63]. One can notice that absorption process, on a quasi static approach, is 
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proportional to   , although scattering cross section is proportional to   . Therefore, absorption- 

process will be more effective than scattering on particles with dimension smaller than 10 nm. As 

a result, for large NPs size, the scattering process play significant role on the resulting extinction 

spectra [64]. When the particle size increases, the higher order modes are induced due to non-

homogeneous polarization of NPs by incident light and resultantly plasmon peak grows towards 

longer wavelength [65].  

2.1.4 Anisotropic NPs beyond Mie Theory 

Mie theory and quasi-static approach are considered an efficient tool for spherical shaped 

NPs. However, complex shapes/morphologies such as nanocages, nanorods, nanoplates, 

nanobipyramids, nanostars, nanorice and nanocubes, cannot be properly evaluated using Mie 

theory. The elongated metallic nanoparticles, for instance Au nanorods, can be studied 

theoretically using Mie Gans theory to depict longitudinal and transverse LSPR modes [66]. 

Although, for various other shapes, different numerical methods are applied to characterize the 

morphologies such as discrete-dipole approximation (DDA), boundary element method (BEM), 

finite element method (FEM) and finite difference time domain (FDTD). In particular, FEM is a 

standard method to solve the partial differential equations, associated to complex geometries. In 

this thesis, numerical calculations based on FEM are performed using COMSOL Multiphysics, 

describing the interaction of light with metallic NPs of different shapes (Appendix A).  

2.2 Important Factors for LSPR 

The plasmon resonance is highly sensitive to different shapes, size, material composition 

and dielectric function of surrounding medium for plasmonic NPs which are used to manipulate 

LSPR spectra. Various types of NPs, in the last decade, have been fabricated and investigated to 

evaluate LSPR spectra and to enhance electric field on or around the NPs.  

2.2.1 Shapes dependence of LSPR 

Fascinating changes on LSPR properties can be observed by the modification of the 

metallic NP morphology. Recent progress in fabrication and synthesis of NPs increased the 

interests of plasmon modes in broken-symmetric and symmetric nanostructures [67].  
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Nanosphere lithography and electron beam lithography techniques are used to design 

nanostructures with multiple shapes and to control the inter-particle distance on a substrate 

surface [68].  

These methods are expensive limiting their use to a restricted number of research groups. 

Additionally, colloidal chemistry methods allow inexpensive synthesis of nanoparticles with 

various shapes, albeit unable to control over the distance between the particles [69]. LSPR feature 

is highly dependent on shapes, which enable them to render plasmon peak in manifold spectral 

regions [70]. The sharper tips NPs, in particular, are expected to exhibit LSPR at longer 

wavelength compared with spheroids. For instance, the red-shift more than 200 nm for scattering 

spectra was examined for individual triangular Ag nanoplate than to the spherical NP peak shift 

[71]. The different geometrical shapes have specific LSPR spectra such as 506, 537, 548, 603 and 

629 nm for triangles, trapezoids, irregular circular cylinder, hexagonal and parallelograms, shapes 

respectively [72]. Wang et al. fabricated AuNPs of different shapes such as nanospheres, 

nanorods, nanocubes, nanobranches and nanobipyramids, to investigate shape dependent LSPR 

resonance from visible to near infrared region [73]. Figure 5 shows a LSPR peak of Ag triangular 

NP red-shift more than 400 nm as compare to spherical particle. 

Figure 5 - The extinction LSPR spectra and TEM images of silver nanostructures. 

 

Source: belong to author 
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2.2.2 Size dependence of LSPR 

The size of a metallic nanostructure plays an important role on the light-NP interaction. 

The decreasing the size of metallic NPs enhance the dipole contribution on the LSPR spectra. 

However, increasing the radius of NPs, higher order modes become relevant in the extinction 

cross section and quadrupole resonance can overcome on dipole participation. In fact, scattering 

and absorption cross sections are size dependent, as displaying in equations (2.11) and (2.12). For 

larger metallic structures, the light-NP interaction will be determined mainly by scattering. 

Scattering cross sections rapidly increase with increasing the size of metallic NPs (       ) 

[60,74]. The scattering increases as a function of size, therefore, radiation damping causes 

broadenings, drastic shift and increases the amplitude of extinction [65]. The particles of small 

diameters (       ), the extinction spectra are dominated by dipole resonance; however, 

scattering which is radiative phenomenon, may be negligible [75]. When the particles possess 

dimensions smaller or comparable to the mean free path of oscillating conduction electrons, 

dielectric function of the NPs is highly dependent on the nanostructure size, as described in 

section (2.1.1).  

For NPs with diameters (       ), scattering is significant factor that reduces the role 

of the surface damping and retardation effects are considered in the optical response [31]. 

Radiation scattering arises because the electrons accelerate as a result of EM field, causing loss of 

energy and leading to broadening of LSPR spectrum [76]. The peak position of LSPR band is not 

dependent strongly on the size of AuNPs in the range 8-60 nm. For larger particles, the peak 

clearly red shifts and broadens [77]. The spectra of figure 6 were obtained by using Mie 

simulations. 

Additionally, the spectrum changes are more pronounced for AgNPs than for Au 

nanostructures. Moreover, Ag nanospheres show the presence of quadrupole mode when the 

radius of sphere exceeds 30 nm, while the most dominant mode for Au nanospheres is due to 

dipole resonance. The simulations also indicate that the FWHM of the extinction spectrum 

decrease with respect to the reduction of NPs radius.  
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Figure 6 - The LSPR extinction efficiency for gold (a) and silver (b) nanospheres in water. 

  

Source: belong to author 

 

2.2.3 Materials dependence of LSPR 

LSPR can be achieved theoretically in any metal, semiconductor or alloy by prompting 

the Fröhlich condition. On LSPR application, Au and Ag are mostly used metals with negative 

real part and small positive imaginary part of dielectric function. In particular, metals like 

aluminum offers plasmon resonance in ultraviolet region where several organic molecules absorb 

light [78]. Copper (Cu) is another example of plasmonic metals that exhibits the LSPR resonance. 

Cu nanostructure presents a narrow and intense LSPR peak similar to Ag and Au nanoparticles, 

with the same structure and geometry [79].  

Na, Li and Ga may also satisfy Fröhlich criterion, showing plasmon resonance of these 

metals at UV-Visible spectrum [79–81]. However, these metals are easily oxidized and highly 

reactive to the surrounding, make difficult to use them experimentally like Au or Ag [82]. It is a 

fact that surface plasmon resonance, in case of Ag and Au, can be tuned into UV-Visible or near 

IR spectrum [83]. The real and imaginary parts of dielectric functions for Au as well as Ag are 

shown in figure 7. Figure 7 (a) depicts the real parts of dielectric functions for both Au and Ag. 

One can notice that negative values of ϵr of dielectric function for Au and Ag reaching ~ ‒2.0 

close to 354.4 nm and 494.4 nm, respectively, fulfilling the Fröhlich condition (       ) for a 

NP in air. Figure 7(b) indicates the imaginary parts of dielectric function for both Au and Ag.  
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Figure 7 - The real (a) and imaginary (b) parts of dielectric functions for both Au and Ag, respectively.  

 

Source: taken from Johnson and Christy [58]. 

However, imaginary part of dielectric function has small positive values that cause the 

energy loss of matter and reason of broadening of linewidth of Au and Ag. Close to LSPR 

resonance wavelength, the imaginary parts of dielectric function are 3.81 and 0.28 for Au 

(@494.4 nm) and Ag (@354 nm), respectively, that cause energy loss in air. 

2.2.4 Surrounding Medium dependence of LSPR 

The surface of plasmon NP is very sensitive to the change in local medium and the 

influence of surrounding medium on LSPR of metallic particles have been studied for many 

years. As the RI of the surrounding medium increases, there is a peak-shift in LSPR wavelength 

[84]. The spectral dispersion in real part of dielectric function plays a remarkable role to 

investigate the surface plasmonic resonance due to change in RI of local environmental medium 

[85]. The electric field around NP generates the polarization in the local environment and the 

polarized medium has the influence on the restoring force in the presence of external EM field.  

As the values of the dielectric function of the surrounding medium increase, the small 

value of restoring force is observed and more charge is compensated by the polarized 

surrounding medium [84]. The spectra of single NP due to scattering shows the change in color 

of AgNP from blue to green after the addition of oil as shown in figure 8 (a) and (b) respectively. 

After removing the oil, the color of AgNP is changed again to blue, shown in figure 8 (c) [86]. As 

the RI of the solvent increases around the AuNP, the spectral plasmon peak gradually becomes 
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red-shift, as can be observed on the extinction spectra of gold nanoparticles (figure 8). The 

graphics in figure 9 were obtained by FEM with COMSOL Multiphysics (detailed in chapter 3). 

Figure 8 - The transfer of colors with change of RI by oil under dark field; before oil (a), with oil (b), and 

after removing oil (c). 

   

Source: taken from [86]. 

 

Figure 9 - The extinction spectra of individual gold nanoparticle (r = 50 nm) as a function of refractive 

index of solvents. 

 

Source: belong to author 
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2.3 Important Factors for LSPR Sensors 

2.3.1 Bulk Sensitivity 

Sensitivity is one of the important parameters to characterize a sensor. For LSPR based 

sensors, bulk sensitivity is termed as the variation of LSPR peak position with respect to the 

change in RI unit (RIU) of the medium, and its unit is eV/RIU or nm/RIU [87]. The most 

commonly employed equation for refractive index (RI) based sensitivity or bulk RI sensitivity 

can be written as [88]: 

 
   

      

   
 (2.14) 

where     represents bulk sensitivity, while        and     are, respectively, the wavelength 

shift of LSPR peak and the refractive index change of a medium. The refractive index changes of 

the surrounding medium induces wavelength shift of LSPR peak of NPs, therefore, playing a 

critical role in   . For instance, LSPR spectrum from Au nanospheres suspension can 

significantly red-shift by changing the colloidal solvent as shown in figure 9 (previous section). 

For 50 nm diameter Au nanospheres, the spectral shift in plasmonic peak is nearly linear with  

Figure 10- The plasmon peak wavelength shift for different refractive index medium obtained 

experimentally. 

 
Source: belong to author 
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respect to change in RI of the solvents as represented in figure 10, and calculated sensitivity was 

85 nm/RIU. 

The significant larger shift in LSPR peak observed, encourage researchers to design and 

fabricate different structures or shapes of metallic NPs with different size. In addition, bulk 

sensitivity can be manipulated as function of various shapes. Xia et al. investigated the    value 

of Au nanoshells versus Au nanospheres with same size, noticing that    value is bigger for 

shells (328.5 nm/RIU) than to spheres (66.5 nm/RIU) [89]. Chen et al. calculated the    of 

AuNPs of various shapes as branches > bipyramides > rods > cubes > spheres with their 

corresponding    values 703 > 540 > 288 > 83 > 44 nm/RIU, respectively [90].   

Neils et al. reported to the    value of AuNPs in the shape of XI cavity, and calculated a 

higher value of    1000 nm/RIU [91]. A research group  have fabricated  sharp axes 

nanoparticles and calculated    for nanorice (             ) [17], nanocrescents (   

          ) [92] comparatively larger than to the gold nanorods and nanoshells. The reported 

   for Au nanorings is 880 nm/RIU which is five times higher than that of nanodisks with same 

diameter and at the same spectral position [93]. Hafner et al. designed a complex star-shaped of 

AuNP that has multiple plasmonic peaks showing bulk sensitivity at 665 nm/RIU [94].  

Yu and coworkers investigated the Au nanorods with various aspect ratios from 2.8-7.0 

with corresponding    values ranging from 450-1150 nm/RIU [95]. Zalyubovskiy et al. have 

reported the    value of ring, split ring and sandwich possessing same dimensions which 

followed    order as ring (503) > split ring (498) > sandwich (441) with units nm/RIU [96]. 

Table 2 presents an overview of various nanostructures explored on sensing. The results suggest a 

strong correlation between NP surface area and    values.  

2.3.2 Figure of Merit 

LSPR sensing depends not only on the plasmonic peak shift but also on the precision to 

identify spectral changes. Therefore an important Figure of Merit (FoM) of plasmonic sensor is 

defined as [97]: 
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 (2.15) 

where FWHM is the full width at half maximum of the LSPR peak. Figure 11 indicates plamonic 

FWHM and peak shift used on sensing procedure. 

Figure 11 - The LSPR spectral shift and FWHM for sensing procedures. 

 

Source: taken from [97] 

Table 2 presents FoM values for several nanostructures, indicating that the nanostructure 

shape is relevant for sensing purpose. One can observe that sharp nanostructures, as triangles, 

pyramids and stars have a tendency to possess higher FoM values. Moreover, the nanoparticle 

size plays an important role on FoM values. As the nanoparticle size increases, a red shift and a 

broadening of the LSPR peak are observed. 
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Table 2 - Bulk sensitivity (ηb) and Figure of Merit (FoM) of plasmonic nanostructures of various shapes. 

Nanoparticles Types 

               

FOM References 

(nm) (nm) nm/RIU 

Au branches Ensemble 1141 879 703 0.8 [73] 

Au nanorice Ensemble 1600 600 801 1.3 [17] 

Au crescent Ensemble 1795 209 596 2.4  [92]  

Au shells Ensemble 770 350 314 0.9 [98] 

Au nanorods Ensemble 720 125 170 1.3 [99] 

Au/AuS Ensemble 700 400 409 1.0 [89] 

Au sphere Ensemble 530 60 90 1.5 [100] 

Au bipyramid Ensemble 681 52 352 4.5 [101] 

Ag cube Single 510 91 146 1.6 [102] 

Ag sphere Single 520 73 160 2.2 [103]  

Ag triangle Single 760 80 350 4.4 [103] 

Ag cube-sub Single 430 22 118 5.4 [102]  

Au star  Single 675 125 238 1.9 [94] 

Au pyramid Single 680 114 221 2.2 [21] 

Au rattle Single 570 52 199 3.8 [104] 

Au star  Single 770 124 665 5.4 [94] 
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2.3.3 Molecular Sensing 

 Various aspects of LSPR sensor propose its suitability of biomedical and biological 

assays. LSPR based sensing can be label-free. The response of LSPR sensor can be identified to 

any molecular attachment to the surface of NPs. The surface sensing enhances with increasing the 

volume of analyte [105,106].  

A phenomenon that explains LSPR based molecular sensing, is the formation self-

assembled monolayer (SAM) on the surface of NPs [107]. Campbell and coworkers presented 

mathematical model for the interpretation of plasmon resonance signals from adsorbed molecular 

layer on nanostructures [108]. This model can be employed to estimate the adlayer thickness on 

plasmonic structures, for both SPR and LSPR procedures. The formalism for this model consider 

the relation of E-field intensity (I) and distance (z) from the surface as: 

 
 ( )     [ 

 (
  
  

)
] (2.16) 

where ld the EM field decay length and I0 is the incident E-field intensity.  

On Campbell's model, an effective refractive index is calculated by averaging the refractive index 

over the depth of layer-medium structure. Therefore, this effective index of refraction can be 

calculated as: 
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 where P = I(z)/I0. Therefore, 
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For monolayer structure, equation (2.18) can be written as:  
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]     (2.19) 

 where n1 and nm are the refractive index of adsorbed layer (with thickness d1) and of surrounding 

medium, respectively.  
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Considering the definition of sensitivity (  ) in equation (2.14), plasmon peak shift (Δλ) can be 

described as: 

 
     [(     )(   

 (
  
  

)
)] (2.20) 

Equation (2.20) shows maximum shift for d >> 1, if ld > 2d. Also, ld and    both are size and 

shape dependent. Moreover, the big change in RI value (n1 ‒ nm) and    present higher peak shift.  

Campbell's model is not limited to monolayer structure and can be expanded to multilayer 

structure, as shown in fig. 12 (for bilayers), where the first layer presents refractive index n1 with 

adsorption layer thickness d1, while the second layer has a refractive index n2 and thickness d2 , in 

surrounding medium (nm).  

Figure 12- Nanosphere with a bilayer shell with thickness d1 and d2 with refractive indices n1 and n2 in 

surrounding medium (nm) respectively. 

 

Source: belong to author 
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Therefore, effective RI can be expressed as: 
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where d  = d1+d2. Therefore, the plasmon peak shift can be expressed as:  
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where    is bulk sensitivity of bare NP.  

It can be seen (equation (2.22)) that if d  >> ld, there can be observed maximum shift, while for 

growing value of ld, the spectral shift is effectively decreased. For bilayer structure, good 

condition can be identified for ld ≤ d, and the spectral shift show the increasing tendency. 

However, for d = 0, no spectral shift can be observed, and this fact demonstrates the bare particle 

presence without any adlayer.  

The equations (2.20) and (2.22) can also be used to pre-determine the adlayer thickness by 

employing the values of   , ld and change in refractive index values. These formalisms can also 

be presented for the quantitative estimates of adsorbate layer in the presence of pre-

functionalizing adlayers and for non-uniformities of adlayers thickness.  

 Table 3 shows the analyte detection limit (density) obtained with NPs of various shapes, 

size and material composition. Several examples of biological molecules label free sensing can be 

presented on various concentrations. Usually, on medical diagnosis from micro to nano 

concentrations are appropriate for detection. NS1 antigen concentrations, for example, in serum 

samples of patients can be detected during the acute phase of the infection (up to 7 days) which 

varies from 0.04 to 2 µg/ml. 

 

 



48 
 

 
 

Table 3 - The study of biological molecules with detection limit using various structures of Au/Ag. 

Nanostructures Biological Molecules Detection Limit References 

Au NPs IgG 0.1 nM [109] 

Ag plates Anti-ADDL 50 nM [110] 

Au NPs Streptavidin 0.05 µM [40] 

Au NPs Streptavidin 16 nM [111] 

Ag triangles Streptavidin 1.0 pM [112] 

Au nanorod Streptavidin 19 nM in serum [113] 

Au nanorod IgG 200 nM [114] 

Au nanorods Anti-rabbit IgG 10.0 nM [99] 

Au NPs BSA 0.01 µM [115] 

Au@SiO2 Mellitin 10 nM [116] 

Single Au NP Streptavidin 50 µM [117] 

Single Au nanorod Streptavidin 1.0 nM [118] 

 

2.4 Nanoparticles on Metal-Enhanced Fluorescence 

Metal-enhanced fluorescence (MEF) is an emerging tool that achieved high significance 

over the past decades due to its remarkable applications in biological research, molecular physics 

and medical diagnostics [119,120]. MEF depends on the couplings of excited state fluorophore 

with LSPR particles [121,122]. The metal NPs exhibited strong field enhancement at the particle 

surface. This enhanced near field could increase the fluorescence emission [123]. Furthermore, 

this phenomenon is characterized by increased quantum yield, spontaneous emission rate and 

decreased florescent life time [124,125]. For better understanding about this concept, it is 

informative to observe Jabłoński diagram for fluorophore in free space and in close proximity of 

plasmonic NP, as shown in figure 13. After absorption of a photon, fluorophore excites and 

transits to first excited state (S1). After a short time, fluorophore can emit a photon with radiative 

rate Г or return to ground state (S0) by non-radiative process with decay rate process knr.  
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Figure 13- Jabłoński diagram with and without (free space) metal plasmon resonance. Em and E indicate 

the excitation rate with metal and in free space respectively. While Гm and Г depicts respectively radiative 

rate in proximity of metal and in free space, knr is the non-radiative decay rate. 

 

Source: taken from [119]. 

However, modification of radiative decay rate may undergo when the fluorophore is 

placed near metallic nanoparticles at a suitable distance. Therefore, NPs can enhance the 

fluorophore emission by improving excitation emission and changing decay rates. Geddes et al 

studied the enhancement in fluorophore emission up to 500x due to LSPR of Ag nanostructures 

grown over glass [123].   

2.5 Nanoparticles on Metal-Enhanced Singlet Oxygen Generation   

 Molecular oxygen is one of the most abundant substances on the earth that is involved in 

a variety of chemical reactions in biological and chemical systems [126]. The important example 

among one of its remarkable applications is interaction of O2 with organic molecules. It is known 

that the ground state of O2 is a triplet state [127]. The chemical reactions between triplet O2 and 

singlet organic molecule are not allowed by Wigner’s spin selection rule to form new singlet. 

Therefore, at room temperature most chemical reactions do not occur between organic molecule 

and triplet O2 because of triplet multiplicity characteristics of O2 [128]. The highly reactive 

excited states (singlet) are generated by direct excitation of the ground triplet state (
3
Σ) of oxygen 

(O2). Kautsky and co-workers first revealed the existence of singlet oxygen (
1
O2) molecule 

experimentally [129]. There are no further restrictions for 
1
O2 to react with singlet organic 

molecules because of its trait of singlet multiplicity [130]. Several applications needed its 

generation in well controlled manner in human tissues or organic solvents, therefore PS is 
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involved to generate 
1
O2 [71, 72].  

In Photodynamic Therapy, photosensitizers are involved on 
1
O2 generation [71, 72]. 

Multifold PSs should exhibit the characteristics such as (1) high absorption coefficient, (2) 

excited triplet state of suitable energy, (3) quantum yield of triplet state (ΦT ˃ 0.4) and (4) long 

life time (τ ˃ 1µs). Table 4 exhibits a few examples of PSs and their quantum yields. In 

particular, cationic Methylene Blue is a photosensitizer with a high oxygen singlet generation 

quantum yield, ~0.5 [131]. Moreover, Methylene blue is a FDA-approved anti-microbial agent 

[132], and a low cost bacteriologic staining for histological applications [133].  

Photodynamic therapy can be limited by insufficient generation of 
1
O2 while reacting with 

biological cells. It has been demonstrated that LSPR metal field enhancement could improve the 

generation of oxygen singlet by a photosensitized molecule [121,135]. Due to robust EM fields 

around metallic NPs close in proximity to PS, a more efficient excitation of the photosensitizer is 

established [247]. Consequently, NP-PS interaction generated more 
1
O2 because of increased in 

triplet excited states yield of PS. Figure 14 presents the mechanism of metal-enhanced singlet 

oxygen generation (MEO) using modified Jabłoński diagram, showing the excited PS near the 

plasmonic NP. The PS is excited first from the ground state (S0) to an excited state (Sn). The 

enhanced excitation rate (Sn) then relaxes to a lowest excited singlet state (S1), and enhancing 

intersystem crossings events. 

Table 4- Some examples of PSs and their quantum yields. 

PS Quantum yield (Φ) in H2O 

Rose Bengal 0.75 

Methylene Blue 0.5 

Eosin Blue 0.52 

Fluorescein 0.03 

Source: taken from [134] 
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Figure 14- Jabłoński diagram for the PS and LSPR-based singlet oxygen generation procedure.  

 

Source: taken from [247] 

More yield of 
1
O2 is subsequently generated due to increasing intersystem crossing and 

triplet yield [136–138]. The metallic NP-photosensitizer distance is a relevant factor on Metal-

enhanced oxygen singlet generation, therefore, particle charge and concentration may play an 

important role on 
1
O2 generation procedure. In a solution, electrostatic interaction can aggregate 

NP and PS, with the same charge signal, leading to resonance energy transfer (RET) that can 

decrease the production of 
1
O2. For compounds with opposite charges, RET can be avoided by 

controlling the NP-PS distance with the solution compounds concentration. In that case, the EM 

field decay length associated to the NP becomes an important parameter on MEO. A higher MEO 

value, 3.3x, was observed exploring Rose Bengal photosensitizer on a non-continuous silver  

island films (2-dimension system) [139]. Moreover, Fales et al. demonstrated metal enhanced 
1
O2 

generation by Methylene-Blue-encapsulated in silica shell of gold nanostars, in breast cancer 

cells [19]. Although MEO was not quantified by Fales and coworkers, the coated gold nanostars 

allow SERS detection (diagnostic) and therapeutic action (PDT) in a single platform.  
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3     ENGINEERING LSPR PLATFORM FOR MOLECULAR BIOSENSING 

3.1 Introduction 

  Gold and silver nanostructures are increasingly receiving attention as an important 

starting point for label-free sensing.  LSPR sensors can be explored as fast, reliable, low-cost, and 

fairly simple tool for medical diagnosis. Various examples of LSPR biosensors were attributed to 

the diagnosis of relevant medical disease, as Alzheimer [140], preeclampsia [141], influenza 

[142], HIV‒1 [143], hepatitis‒B infections [66] and Dengue virus [144], as well as for 

intracellular protein sensing [145].  

 LSPR sensors are mainly based on the identification of plasmon resonance wavelength 

shift. LSPR peak shift may be induced by changes of the NP surrounding medium or by 

molecular attachment to the nanostructure surface. On molecular LSPR sensors, when a specific 

analyte attaches to the surface of NPs, a shift of LSPR spectra may be observed. In particular, 

chemisorption process can lead to SAM formation on the NP surface [146]. Moreover several 

important biomolecules, as antibodies, enzymes, DNAs and proteins, have been associated to 

metallic nanostructures, providing a diversity of LSPR platform for biomedical applications 

[147]. 

  For nanosphere LSPR-based sensors, the bulk sensitivity, FoM and EM field decay 

length are dependent of the NP particle radius [147]. Therefore, the plasmon peak shift of LSPR 

molecular sensor should also be dependent of the nanoparticle size. To develop an efficient LSPR 

molecular sensor, an evaluation of Δλ as a function of the NP size and adsorbate molecule layer 

thickness are required. Whereas several good reviews on LSPR sensors can be found in the 

literature [3,148–151].  

 In this chapter, crucial parameters that rule the LSPR molecular sensor performance, as 

Figure of Merit, bulk sensitivity and electromagnetic field distribution around the NP and their 

dependence with nanostructure size and material composition (gold and silver) are evaluated. 

Moreover, this chapter provides insights on the LSPR behavior due to adsorption of molecules 

layer on a NP surface. Campbell’s model is evaluated exploiting a NP size-dependence approach, 

establishing a new paradigm on engineering LSPR biosensor. 
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3.2 Materials and Methods 

3.2.1 Simulations Analyses 

 Computational simulations were used to describe the interaction of light with the 

nanoparticle, and therefore, leading to the understanding of the behavior of crucial parameters 

that govern the LSPR molecular sensor performance. Here, Finite Element Method (FEM) was 

performed using COMSOL multiphysics, to determine the scattered field distributions and, 

therefore, the NP extinction cross-sections. In FEM simulation, the nanoparticle surface was 

divided into small tetrahedral mesh elements with size 'finer'. Additionally, isotropic perfectly 

matched layer (PML) around the nanoparticle, was introduced to avoid any reflection artifacts on 

the simulation. The amplitude of the background-oscillating field was set to 1Vm
-1

.The values of 

the metal complex (real and imaginary) dielectric functions for Au and Ag were obtained from 

literature [152].  

3.2.2 Experimental setup 

 UV‒Visible extinction spectra, from 350 to 800 nm, were obtained using a 

spectrophotometer from Ocean Optics (HR+4000) with Halogen-Deutrium light source and two 

fibers. Figure 15 demonstrates the complete set up to measure the LSPR extinction spectrum of 

metallic nanoparticle in colloidal suspension. 

Figure 15- The experimental set up to determine the extinction spectrum of colloidal nanoparticles  

 

Source: taken from [153] 
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3.3 Results and Discussion 

LSPR peak position is solved not only by the real part ϵr of NP permittivity, but also by 

the RI of the local medium. On a refractive index based LSPR sensors, bulk sensitivity indicates 

how LSPR peak position moves with changes on the RI of the local medium. Figure 16 shows the 

theoretical and experimental analyses of the LSPR spectral peak position of 25 nm radius silver 

and gold nanosphere in several surrounding media, with different RI values. 

The experimental spectral analysis of the colloidal Au and Ag nanospheres were 

performed in different solvents e.g. water (1.33), acetone (1.36), tetrahydrofuran (1.407), 

dimethylformamide (1.43), polyethylene glycol-300 (1.465). LSPR peak position is linearly 

dependent on the refractive indices of surrounding medium as shown in figure 16 (a) for Au and 

Ag (fig. 16(b)) nanospheres. For gold nanosphere, with radius of 25 nm, LSPR peak wavelength 

can shift from 527 to 539 nm with RI increasing from 1.33 to 1.46, as shown in figure 16 (a). 

Experimental and theoretical values for the bulk sensitivity of gold spherical nanoparticles were 

identified as 78 nm/RIU and 83 nm/RIU, respectively. The small difference (6%) on the 

experimental and theoretical results indicate the good performance of the simulation method 

explored. The obtained experimental and theoretical bulk sensitivity values of silver nanospheres 

were 176 nm/RIU and 163 nm/RIU, respectively (fig.16 (b)).    

Figure 16- LSPR peak shift of gold (a) and silver (b) 25 nm radius nanospheres on changing the refractive 

index of the surrounding. 

  
Source: belong to author 
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  Table 5 presents the bulk sensitivity values of Au or Ag nanospheres for radius 25 nm, is 

in good numerical agreement. The reason in the bulk sensitivity differences of Au versus Ag 

nanospheres is due to their materials dielectric functions. It is evident that value of ϵi of silver is 

smaller than that of gold, in the visible band, resulting higher scattering efficiency and less 

plasmon damping. This fact makes silver more desirable over gold for sensing applications. The 

effects of NP size on the bulk sensitivity and FoM determining nanoparticle sensing platform, can 

be observed in fig 17. Ag and Au nanospheres with radii 5-50 nm were analyzed. A theoretical 

analysis of the bulk sensitivity as function of the NP size (figure 17(a)) indicates a nonlinear 

behavior for the ηb values. As the radius of the nanoparticles enhance, an increase of nanosensor 

bulk sensitivity from 50 to 182 nm/RIU for gold, and 103 to 284 nm/RIU for silver nanospheres 

were observed. As NP radius increases, the sensing area also increases, rising the sensitivity of 

the nanostructured platform.  

Moreover, for small particle (r < 10 nm) the absorption process mainly determines the light-NP 

interaction. Scattering phenomenon grows by increasing the particle size (r > 10 nm). For AuNP 

platform, with 20 < r < 40 nm bulk sensitivity is highly dependent on the nanostructure size. It 

can be seen (fig. 17) that bulk sensitivity of nanospheres for Ag is highly influenced on size than 

the Au. The nonlinear behavior of the bulk sensitivity, shown in figure 17(a), can be empirically 

described as: 

                    ( )    [
 

   
(   )

 

]         (3.1) 

where A, B, C and D are constants and r is the radius of nanospheres. 

Table 5- Bulk sensitivity of gold and silver nanospheres (25 nm radius). 

Material Experimental    (nm/RIU) Theoretical   (nm/RIU) 

Au 78 83 

Ag 176 163 

Source: belong to author 
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As the Ag nanosphere radius increase, the FWHM increase due radiation damping factor 

[33]. Therefore, FoM of Ag nanospheres decrease as the particle size grow, as shown in figure 

17(b) Albeit, the    value of Ag dielectric function is less than that of Au across visible band, 

therefore less damping occurs, resulting narrow FWHM (fig. 17(a) and (b)) and high values of 

FoM for silver particles. This is an advantage of Ag over Au nanospheres in practical biosensing 

applications.  

 The calculated value of FoM (3.8) of silver nanospheres (r = 10 nm) is higher than the 

reported values of more complex shapes, such as single Au nanorod (1.3) [34], Au nanostar (1.9) 

[35], Au pyramid (2.2) [8] Ag nanocube (1.6) [36]. The FWHM of gold spectrum is not so 

affected by increasing the particle size, as compared to Ag nanoplatform. Therefore, the FoM 

behavior of AuNP is mainly determined by bulk sensitivity changes. On molecular LSPR 

sensing, the EM field decay length is an important parameter to be considered. As ld  increases the 

LSPR wavelength shift decreases, due to a molecular bilayer adsorption on a metallic NP surface, 

as indicated in Campbell’s model in section 2.3.3 (equation 2.20). Figure 18(a) shows the EM 

field decay of an isolated silver nanosphere (r = 5 nm) in homogeneous surrounding medium (n = 

1.33). 

Figure 17- The bulk sensitivity of gold versus silver nanospheres as a function of particle radius (a) and 

their respective figure of merit (b). 

  

Source: belong to author 
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 The field decay length can be determined by fitting a single exponential on the field 

intensity distribution, as proposed by Barbillon et al [154]. Figure 18 shows that EM field decay 

length increases linearly as the NPs radius grows.  

For AgNPs with 2.5 < r < 50 nm, the Ag ld values can be described by a linear fitting as: 

 
         (3.2) 

where G (slope) and H are constants (fitting parameters).  

Figure 18(b) shows that the EM field decay length of Au or Ag nanospheres can reach few tens 

of nanometers (at resonance), indicating that LSPR sensors can be highly selective for thinners 

adsorption layers. While for surface plasmon resonance thin film based sensors the evanescent 

field decay length is of the order 200 to 300 nm. Campbell’s model (section 2.3.3) shows that 

LSPR peak shift increases by increasing the ηb values and reducing ld. As ηb and ld are dependent 

on the nanostructure size, the Δλ of a LSPR sensor should also be conditioned to the nanosphere 

radius. 

Figure 18- The electric field decay with respect to distance from Ag nanosphere (r = 5 nm) surface (a) and 

ld values for Ag or Au nanospheres with increasing particles radii (b), in homogeneous surrounding 

medium (n = 1.33). 

  

Source: belong to author 
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 Moreover, Campbell’s model also indicates that by increasing the adsorbate layer 

thickness the LSPR peak shift increases. Figure 19 shows the behavior of LSPR peak shift of an 

Ag nanosphere sensing platform for different nanostructure size, calculated from equations 

(2.20), (3.2), and (3.3). From figure 19, we assumed that a single monolayer, with refractive 

index equal to 1.47 and different thickness (0.5, 1.0, 1.5, 2.0 and 3.0 nm), adhered on the NP 

surface.  

 For small particles (r ≤ 5 nm), LSPR peak is determined by absorption process, field 

decay length is limited to few nm and ηb values are around 50 nm/RIU for gold and 103 nm/RIU 

for silver. Thus higher values for Δλ were observed, about 12 to 17 nm shift for AgNPs and about 

5 to 8 nm for AuNPs. For larger particles, the ld values increase, increasing the exponential factor 

on Campbell’s model and therefore reducing Δλ (for 5 ≤ r ≤  20 nm). Albeit, for particles with 

radius bigger than 25 nm, as NP size increases the bulk sensitivity values considerably increase 

(fig. 17), and therefore an increase of the LSPR peak shift is observed in figure 19. Moreover, 

figure 19 show that Δλ reduces for particles with radius bigger than 45 nm, due to the fact that 

bulk sensitivity growth is also reduced (fig. 17). Figure 19 also indicates that, on engineering a 

LSPR platform, two nanoparticles size range should be considered (r about 5 nm or 40 nm 

radius). Figure 20 shows the behavior of LSPR peak shift of 5 nm and 40 nm metallic (Ag and 

Au) nanospheres for molecular sensing platform, calculated from equation (2.20). On figure 20, it 

was assumed that single dielectric shell, with refractive index equal to 1.47 and shell thickness 

varying from 1 to 10 nm, shielded the NP surface, in water. 

Figure 19- The LSPR spectral peak shift (Δλ) as a function of Ag (a) and Au (b) nanoparticles radii by 

increasing the adsorbate layer thickness, with nads = 1.47. 

 

Source: belong to author 
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 By the increasing adsorbate shell thickness, the LSPR peak shift increases, for 40 nm NP 

radius. Albeit, for 5 nm NP radius the changes on the LSPR spectral shift is not significant (<2 

nm), by growing dielectric shell. Moreover, the slope of the graphics in figure 20 indicates that 

for 40 nm NP radius, small changes on the dielectric shell thickness can induce significant 

changes on Δλ. For instance, an increase of the shell thickness from 3 to 6 nm can induce ~ 12 

nm (for silver) and ~ 6 nm (for gold) shift of the LSPR peak wavelength. Many groups have been 

working on different methodologies to prepare nanoparticles of various structures, leading to high 

plasmonic fields and tunable plasmon spectrum, from visible to near infrared band. In particular 

high bulk sensitivity and FoM values were measured for non-spherical structures, like nanorods 

[34], nanopyramids [21], nanocubes [36] and nanostars [35],  particles.  

 The proposed approach can be extended to engineer the efficiently use of different 

nanostructures on molecular biosensing. On medical diagnostic, metallic nanoparticles are base-

structures to the engineering of LSPR biosensors. In particular, LSPR label-free immunoassay is 

launched by functionalizing the NP with an antibody or antigen, by the use of a ligand molecule, 

as cysteine or cysteamine. Usually, ligand molecules present a thiol functional group that attaches 

to the metallic nanoparticle surface, and an amine group (‒NH2), which allows binding to 

antibodies/antigen carboxyl group.  

 On engineering a high performance LSPR biosensor, the length of the binding molecules 

(ligand, antibodies and antigen) should be estimated, and a realistic value of the adsorbate shell 

layer should be used on Campbell’s model. For instance, cysteine and cysteamine (ligand 

molecules) are no longer than ~1 nm [19]. Moreover, the refractive index of the adsorbate shell 

layer should also be appraised. Regardless the different nature of binding molecules, an effective 

refractive index value of 1.47 RIU can be considered for molecular shell layer on an 

immunoassay LSPR platform [22]. The Laboratory of Biomedical Optics and Image of UFPE has 

demonstrated the use of metallic nanoparticle on the development of a LSPR biosensing platform 

for Candida albicans antigen identification. All the three steps assembling of sensing platform 

and identification of C. albicans antigen are shown in figure 21(left), following the published 

manuscript (doi: 10.1117/1.JNP.12.033003) by Farooq et al. (Appendix B).   
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Figure 20- The study presents the LPSR spectral shift upon the dielectric shell thickness layer for gold (a) 

and silver (b) nanospheres. 

  
Source: belong to author 

 Figure 21 (right) shows the optical extinction spectrum of the NPs on the glass slides 

platform starting, with an LSPR peak at 415 nm. The use of cysteamine as a ligand on the NPs 

led to a LSPR peak shift (red line) 419 nm. The platform extinction spectrum, with the 

immobilization of Candida albicans antibodies (200 ng/mL) and glycine, shows with another 

LSPR peak shift (blue line) at 424 nm.  

 The use of antibodies solution with different concentrations induced changes on the 

extinction spectrum. The inset of figure 21 indicates the LSPR peak wavelength of the NP on 

glass slide after antibodies immobilization. The increase of antibodies solution concentration 

allows an increase of the number of immobilization sites on the NPs surface, and therefore a 

longer spectrum shift. Another significant spectrum shift was observed when Candida albican 

antigen was identified by the platform (black curve in figure 21). A 25 nm red-shift indicating an 

antigen-antibody binding was observed when a 200 ng/mL solution of antigen were identified on 

the sensing platform. 
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Figure 21- Schematic diagram of LSPR platform for immunoassay C. albicans sensor (left), and LSPR 

extinction spectrum of the biosensing platform (right). The inset shows the LSPR peak shift for different 

antibody concentrations. 

 

 

Source: belong to author 

Moreover, the choice of the nanostructure with best performances is therefore dependent 

on the refractive index and effective thickness of the adsorbate molecules, LSPR sensing 

platforms are being extensively explored on biomedical diagnostic devices.  

In this chapter, we discussed the development of a LSPR sensor on theoretical evaluation 

of sensing platform performance. FEM simulation approach was employed on the assessment of 

the LSPR spectra and leading to identification bulk and molecular sensitivity as a function of NP 

size. Our sensing platform was able to identify small concentration (50 ng/mL) of C. albicans 

antigen in a solution dropped on the platform. The results indicated the viability of exploring 

LSPR effects on C. albicans antigen biosensor.  
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4    OPTICAL PROPERTIES OF SILVER NANOPLATES FOR BIOMEDICAL  

      APPLICATIONS 

4.1 Introduction 

Metallic nanostructures are an attractive option for biomedical applications [36–39]. The 

NP shapes, size, and material composition tailor LSPR applications on medical therapy and 

diagnosis procedures. Many groups have been working on different methodologies to prepare 

nanoparticles of various structures, leading to high plasmonic fields and tunable plasmon 

spectrum, from visible to near infrared band. It has been reported that colloidal chemical method 

offers particular control over size, shape and structure [26,155].  

In this chapter, we investigate the optical properties of Ag nanotriangle (nanoplate) and 

evaluate its potential to be used on LSPR biosensing and on PDT. The analysis, based on 

experimental results and simulation approach, focus on the assessment of the LSPR spectrum and 

spatial distribution of the electromagnetic field enhancement near metallic nanoplates, with 

different altitude lengths and thickness.  

Crucial parameters that improve the LSPR sensor performance, as sensibility and Figure 

of Merit, are identified and evaluated. The coupling of Ag nanoplates (AgNPls) with Methylene 

Blue (MB) photosensitizer is also appraised, and metal-enhanced oxygen singlet (MEO) is 

observed and quantified. 

4.2 Methods and Materials 

Ag nanotriangles sample with polyvinylpyrrolidone (PVP) stabilizer was obtained from 

nanoComposix. The specified average triangle altitude length of a nanoCompix nanostructure 

was ~57 nm and the extinction LSPR at 693 nm. Transmission electron microscopy (TEM) 

images of the nanoplates were obtained using MORGAGNI 20 at 100 kV. The samples 

transmission and emission spectrum, from 300-1100 nm, were obtained using an Ocean Optics 

spectrophotometer (HR +4000) and placing the samples in quartz cuvettes of 1 cm width. Fiber 

bundles were used to guide light from a Halogen-Deuterium light source to the sample and to 

send light from sample to the spectrophotometer.  
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On the LSPR bulk sensing experiments, the following solvents were explored: aceton, 

and, isopropyl alcohol from Quimica Moderna; tetrahydrofuran (THF), dimethylformamide 

(DMF), glycerol, and dimethyl sulfoxide from Sigma Aldrich; and poly ethylene glycol (PEG) 

from Chem Buyers. 

Methylene Blue, obtained from Merck, was used as a photosensitizer molecule, on the 

generation of singlet oxygen. Green Reagent (GR), from Thermofisher, was explored as the 

singlet oxygen sensor. The sensor stock solution was prepared adding 100 µg of GR in 330 µL of 

methanol solution. The 500 µM of GR was kept under dark at a temperature below 10
º
C. The GR 

has an optical excitation maximum at 504 nm and emits green light with maximum wavelength at 

525 nm. A He-Ne laser (at 632.8 nm) was used for the photosensitizer (MB) excitation. At the 

sample, the laser power was 1.2 mW with the spot size ~40 mm.  

Finite Element Method (FEM) based simulations were performed using COMSOL 

Multiphysics. Simulations were used to determine the frequency domain scattered field 

distribution close to the AgNPl. On the simulation, the nanoplates were considered to equilateral 

triangles. The simulations explored nanotriangles with altitude length, D, from 10 to 60 nm. 

Moreover, the nanostructure thickness varied from 1 to 20 nm. On the numerical analysis, the 

electric field amplitude was set as 1V/m. For all AgNPls size evaluated, different tetrahedral 

meshing was explored. A perfectly matched layer (PML) was used around the silver plate to 

minimize reflection artifacts. The radius of PML spherical shaped model was 500 nm and layer 

thickness was 150 nm with triangular meshing. The data for real and imaginary refractive index 

dispersion is obtained from Johnson and Christy literature [58]. 

4.3 Results and Discussion 

Figure 22(a) shows UV-visible extinction spectra of AgNPls colloid obtained theoretically and 

experimentally. A LSPR peak at 693 nm (measured) is due to plasmon dipole and a shoulder 

peak at 420 nm is associated to quadrupole resonance. The measured plasmon spectrum, appears 

much broader than the simulated result (60 nm altitude length, 10 nm thickness), indicating that 

the colloid is composed of AgNPls with different sizes. Figure 22(b) shows TEM images of silver 

nanoplates.  
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Figure 22- Experimental (solid line) and theoretical (dash-dotted line) extinction LSPR spectra of AgNPls 

in water (a). TEM images of silver nanoplates (b). The inset shows single nanoplate with ~57 nm altitude 

length. 

 
 

Source: belong to author 

A high inhomogeneous shape/size distribution of AgNPls can be observed on figure 22(b). The 

inset of figure 22(b) shows single AgNPl with triangular shaped and 60 nm altitude length. 

4.3.1 Effects of Nanoplate Dimensions on LSPR  

Extinction spectra of nanoplates were also investigated with respect to the nanotriangle 

altitude length and thickness. Figure 23(a) depicts that when the altitude of AgNPls are increased 

from 10 to 60 nm, while keeping the thickness constant (10 nm) in surrounding medium (  

    ), the LSPR modes appear in the visible and near infrared spectral regions. The prominent 

modes are attributed to dipole resonances. Figure 23(a) shows that there is continuous red-shift in 

LSPR peak positions from 475 to 685 nm, with the increase of the nanoparticle altitude length.  

It is found that FWHM increase continuously from smaller to larger Ag plates. Moreover, 

there is a linear relation between the plasmon peak shifts (dipole mode) and the nanoplates 

altitude length, as presented in figure 23(b). By changing the AgNPls thickness (t), significant 

effects on the extinction spectrum of the plates were observed, as shown in figure 24.  
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Figure 23- Simulated LSPR extinction spectra of AgNPls with different altitude lengths, t = 10 nm and n 

= 1.33 (a). Plasmon peak positions for various AgNPls altitude lengths (b). 

 
 

Source: belong to author 

Figure 24- Simulated extinction spectrum of AgNPls with different thickness, D = 60 nm and n = 1.33 

(a). Plasmon peak positions for various AgNPls thickness (b). 

  

Source: belong to author 

By reducing the plates thickness from 20 to 1 nm. (AgNPl with 60 nm altitude length), the 

plasmon spectra can shift from visible (580 nm) to near infra-red (1010 nm), as shown in figure 

24(a). The simulations also indicate that the FWHM of the extinction spectrum decrease with 

respect to the reduction of AgNPls thickness. For 1 nm thick, AgNPl the extinction spectrum 

presents a sharp peak, with FWHM ~7 nm. For 20 nm thick nanoparticle, around 37 nm FWHM 

was observed. The evaluation of the field distribution close to the NP surface can attribute to 

various applications with AgNPls, such as SERS, fluorescent based imaging, PDT, and 

biosensing. Figure 24(b) indicates that spectral shift due to changes on the NP thickness are more 
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noticeable on thinner particles (t<10 nm). For larger thickness, the influence of NP thickness on 

LSPR shift is weaker. Tuning the AgNPl's altitude and thickness, and therefore controlling its 

optical features from visible to NIR, could potentially contribute to harvest chemo-sensors [156]. 

Not only LSPR spectrum, but also the electrical field distribution around the NP is controlled by 

the nanostructure size. Figure 25 displays the calculated normalized electric field distribution 

(|E/E0|) around the single Ag nanoplate, with         and      nm, in a homogeneous 

surrounding medium (      ). As depicted in figure 25(a), the field enhancement is highly 

localized at the corners or tips of AgNPl. For dipole plasmon mode (685 nm) the strong field 

distribution is observed at the tips/corners of the nanoplate, while for quadrupole mode (465 nm) 

the field is spread to the sides of particle. Figure 25(c) shows the field amplitude decaying as a 

function of distance from the nanoplates tip surface. Field enhancement is highly perceived for 

685 nm than for 465 nm wavelength. Indicating that the dipole mode could be more sensitive to 

the environment local changes.  

Figure 25- The normalized electric field distribution |E/E0| of AgNPls solved with FEM analysis at dipole 

(685 nm) resonance (a) and quadrupole (465 nm) resonance (b). The EM field decay with respect to 

distance from AgNPl surface in water as surrounding medium (c). 

 

Source: belong to author 
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Moreover, 45 nm away from the NP surface 2-fold increase of the electric field was 

observed for the dipole mode. Electric field enhancement around Ag plates, with various altitude 

lengths, was numerically computed with respect to distance from the plate surface. Figure 26 

shows the |E/E0| distribution around AgNPls with different altitude lengths (D = 10, 20, 30, 40, 

50 and 60 nm) at their respective resonances wavelength (λ = 470, 505, 550, 595, 635, 685 nm). 

The field strength reduces by increasing the distance from the nanoplate surface. Far from the 

surface (>10 nm), field enhancement of the dipole modes is higher for larger NPs. The extension 

of the electrical field enhancement can be quantified by the EM field decay length, ld, define as 

the distance that the magnitude of the electric field has decayed to 1/e of its surface value. 

Figure 26- Simulated normalized plasmon field strength of silver plates with different sizes (D = 10, 20, 

30, 40, 50, 60 nm; t = 10 nm), in water (n = 1.33). The simulations used the corresponding plasmon peak 

wavelengths of each nanoplate. 

Source: belong to author 
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Table 6 elucidates the ld values of Ag nanoplates with different altitudes (D = 10, 

20, 30, 40, 50 and 60 nm) and      nm, in a homogeneous surrounding medium (n = 

1.33), under resonant excitation of dipole plasmon modes. EM field decay length has a 

particular importance on molecular sensing [157]. The ld values depend on shape, size and 

composition of the nanostructures. As the nanotriangle altitude increases, the EM field 

decay length grows. The EM field enhancement due to localized plasmon resonance 

extend to several nanometers, while the EM decay length value for surface plasmon 

resonance is about 200–300 nm [158].
  

 
Resonant excitation of plasmon modes lead to electric field enhancement close to 

AgNPls surface. However, significant changes on the field strength and distribution are 

observed when the excitation wavelength is scanned out of the plasmon peak. Figure 27, 

shows the |E/E0| distribution near AgNPl's tips (D = 60 nm and t = 10 nm) at different 

wavelength (λ = 685, 664, 634 nm). At the AgNPl surface, the electric field enhancement 

at 685 nm (resonance wavelength) is approximately 1.86 times higher than to 664 nm 

excitation, and 2.92 times higher than to 634 nm. 

Table 6- EM field decay lengths of Ag nanoplates with different altitude lengths (D). 

Altitude lengths (nm) EM field decay length (nm) 

10 5.10 

20 9.11 

30 11.10 

40 13.21 

50 15.10 

60 18.22 

Source: belong to author 
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Figure 27- Simulated normalized plasmon field strength of silver plates with D = 60 nm and t = 10 nm, at 

different excitation wavelengths (λ = 685, 664, 634 nm), in a homogeneous surrounding medium (n = 

1.33). 

 

Source: belong to author 

As the excitation electric field wavelength moves away from the plasmon resonance peak, 

the field enhancement becomes less effective. Moreover, far from the surface field enhancement 

of dipole modes are weaker. At 20 nm away from the AgNPl, the field enhancement at 685 nm is 

1.6 times greater than to 664 nm, and 5 times more effective than to 634 nm. Besides, the value 

of EM field decay length at dipole resonance (685 nm) is higher (18.22 times) than to field decay 

length (12.4 times) under the excitation at 634 nm.  

4.3.2 Nanoplate for Sensing  

 LSPR based sensing has been widely explored on the identification of refractive index 

(RI) changes of local medium [90,148]. For LSPR based sensors, bulk sensitivity is termed as the 

variation of LSPR peak position with respect to the change in RI unit (RIU) of the medium [159] 

and its formalism is already described in section 2.3.1. Figure 28(a) shows the measured LSPR 

extinction spectra of Ag plates (D = 57 nm, t = 10 nm) colloid in water (n = 1.33) and in dimethyl 

sulfoxide (n = 1.479). The increase of the medium RI induces 64 nm red-shift of the dipole 

plasmon peak, from 693 to 757 nm. A smaller red-shift (20 nm) of the quadrupole plasmon peak 
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is also shown in figure 28(a). The higher dipole shift is attributed to the increase of plasmon field 

enhancement due to sharp tips [160].  

 Changes of the RI of the AgNPl environment may induce shifts of the LSPR spectrum. 

Figure 28(b) shows the measured relative spectral shift of plasmon peak wavelength, ΔλLSPR, of 

the AgNPls with acetone (n = 1.36), isopropyl alcohol (n = 1.38), tetrahydrofuran (n = 1.40), 

dimethylformamide (n = 1.43), poly-ethylene glycol (n = 1.46), glycerol (n = 1.47) and dimethyl 

sulfoxide (n = 1.479). On the evaluation of the relative spectral shift of plasmon peak 

wavelength, water was chosen as the reference medium, and therefore, ΔλLSPR = ΔλLSPR(solvent)‒ 

ΔλLSPR (water). It was observed, in figure 28(b), that ΔλLSPR grows linearly with the increase of 

environmental medium RI, with R
2 

= 0.99. By measuring the slope of the linear fitting in figure 

28(b), a high AgNPls colloid bulk sensitivity value of 406 nm/RIU was found. The  
 
value for 

AgNPls colloid is greater than the sensitivity value of 60 nm Ag nanospheres ( 
 
= 160 nm/RIU), 

or of 60 nm silver nanocubes ( 
 
= 113 nm/RIU) [161,162]. Mock et al. evaluated the sensitivity 

of nanotriangles with longest dimension (D = 83 nm and t = 10 nm), finding  
 
= 350 nm/RIU 

[86]. A lower sensitivity value ( 
 
= 315 nm/RIU) was obtained by Martinssonet et al., exploring 

nanoplates with average particle size equal to 30 nm and t = 5 nm [155]. 

Figure 28- LSPR plasmon spectrum as a function of RI of solvents n = 1.33 (red solid line) and n = 1.479 

(dotted blue line) (a). LSPR peak shift for different refractive index solvents (b). 

 

Source: belong to author 
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 Table 7 presents bulk sensitivity of colloids and single Ag particles with different shapes, 

indicating the potential of exploring AgNPls as a starting point for the development of LSPR 

sensors. Our previous simulations lead to establish of the AgNPls dimensions that provide the 

highest sensitivity values for AgNPls. 

 The shift in LSPR spectra can also be induced by molecular attachment to the surface of 

NPs, provided by an attractive interaction, such as chemisorption, electrostatic or hydrophobic 

interaction. On LSPR molecular sensing, EM field decay is an important parameter, as described 

in section 2.3.3. For AgNPls we observed, in figure 26, that EM field decay length could vary 

from 5.19 nm (D = 10 nm) to 18.33 nm (D = 60 nm). The AgNPls decay length are bigger than 

the ld literature values for nanodisks (6 nm) or Ag cores with Au shells (11 nm) [154,163].  

Table 7- Survey of LSPR peak wavelength, bulk sensitivity, and Figure of Merit values for Ag 

nanoparticles with shapes. 

Shapes 
Ensemble/single Resonance 

(nm) 

Sensitivity(nm/RIU) FoM References 

Nanoplates Ensemble 686 409 2.6 Measured 

Nanocubes Ensemble 434 113 ‒ [162] 

Nanospheres Ensemble 398 144 3.0 [155] 

Nanoplates Ensemble 552 315 3.6 [155] 

Nanocubes Ensemble 444 158 3.3 [155] 

Nanosphere Single 435 160 2.2 [164] 

Nanocube Single 510 146 1.6 [102] 

Nanoplate Single 760 350 4.4 [86] 

Nanorod Single 776 400 ‒ [165] 
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 The high AgNPls colloid bulk sensitivity value and the relatively long decay length 

indicate that nanotriangles are attractive structures for molecular sensing. LSPR sensing depends 

not only on the plasmonic peak shift but also on the precision to identify spectral changes. 

Therefore, Figure of Merit (FoM) defined in section 2.3.2, is another important parameter for 

sensor's performance.  

In water, FWHM of the AgNPls plasmon peak was found to be 163 nm, and therefore the 

FoM value of the colloidal LSPR sensor platform was 2.6. On figure 28(a), a change around 34 

nm of the plasmon FWHM was observed, with the increase of medium RI, ∆nd  = 0.149, leading 

to 16% change on FoM values.  

The increase in FWHM is associated to an enhancement in imaginary part of Ag dielectric 

function. The table 7 depicts the bulk sensitivity and FoM values of NPs with different shapes for 

individual and ensemble nanoparticles. In particular, it is expected that spectroscopic techniques 

exploring single particle detection would lead to a narrow extinction plasmon band, and 

therefore, to higher FoM values. Moreover, the product ( 
 
 x FoM) gives a good indication of the 

sensing capability of a platform. From the table 7, a high value of  
 
 x FoM (1055.6) can be 

obtained by exploring silver nanotriangles, indicating the potential use of a nanostructure on 

sensor platforms. 

4.3.3 Nanoplate for PDT 

 On MEO, it is required that the PS absorption spectrum overlaps the LSPR extinction 

peak. In particular, the absorption and emission spectrum of the MB (photosensitizer) overlaps 

the AgNPls extinction spectrum peak at 693 nm with 163 nm FWHM, as shown in figure 29. The 

MB emission peak is found at 692 nm, and emission intensity increases as MB concentration 

goes higher. AgNPls and MB present features that could lead to MEO. The surface charge 

density of the nanoparticle is expected to be +Ve, [166] while MB molecule in water solution is 

cationic [167]. Therefore, AgNPls-MB aggregation, due to electrostatic interaction is not 

expected. With the addition of MB in the colloid, no shift on the LSPR peak was observed, 

indicating that the fluorescent molecules were not attaching to the NP surface. 
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Figure 29- Extinction spectra of colloidal AgNPls, MB and fluorescence emission of MB aqueous 

solution, excited with 632.8 nm. 

 

Source: belong to author 

By playing with the MB and AgNPls concentrations, both metal-enhanced fluorescence 

(MEF) and fluorescence quenching, RET, can be observed on the MB-AgNPls solution. Figure 

30(a) shows that AgNPls (3 µM) can prompt MEF on MB solution, with low PS concentration 

(<16 nM). For higher concentration of the PS, AgNPls induce the decrease of the MB 

fluorescence emission, as shown in figure 30(b). At high concentration (>2  M), due to re-

absorption process, a small red-shift of the MB emission was also observed. MEF phenomenon is 

attributed to the enhanced local electric field close to sub-wavelength nanoparticles, and 

quenching effect is due to the energy transfer between fluorophore and the metallic nanoparticles 

[168–170].  

The MEF of the PS can be an indication that MEO is achievable on the MB-AgNPls 

colloid. On the investigation of the MEO, the GR singlet oxygen sensor (~1µM) was introduced 

to MB-AgNPls colloid. He-Ne laser light irradiated the colloid, simultaneously exciting the 

dipole plasmon mode and the MB molecules, during 2 minutes.  
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Figure 30- Emission intensity of MB solution, with AgNPls (blue circle) and without AgNPls (red square) 

at lower (a) and higher (b) concentrations, respectively.  

 

Source: belong to author 

After that, the colloid was exposed to 500 nm light (~1.1mW), exciting the GR sensor. MB is not 

efficiently excited at 500 nm, and there is no significant overlapping of the MB and GR emission 

spectra. Figure 31 shows emission spectra of GR in the MB solution, with and without Ag plates. 

The AgNPls induce a clear enhancement of the GR emission, indicating an increase on the MB 

production of oxygen singlet, due to the interaction of the PS with the nanotriangles. The MEF 

resulting from the NP-GR molecules interaction is also considered on the evaluation of the GR 

emission.  
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Figure 31- Emission spectra of GR in MB solution and in MB-AgNPls colloid, excited with light at 500 

nm wavelength. 

 

Source: belong to author 

 To quantify the MEO, we follow the procedure described in reference [171]. Shortly, we 

measured the fluorescence emission of the GR sensor (excited with 500 nm) in the MB solution, 

with and without nanoparticles, after the laser irradiation. Additionally, we calculated the 

integrated spectra of the MB aqueous solution with and without nanoparticles. The MEF of GR 

due to AgNPls was taken into account on the determination of MEO value.  

The MEF factor for GR,      , is obtained as:  
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are integrated spectra for GR solution with and 

without Ag nanoplates. The metal enhanced 
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 are the integrated spectra of the GR-MB 

solution with and without AgNPls, after exposure to He-Ne light.  
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Table 8- Metal-enhanced fluorescence (MEF) and metal-enhanced singlet oxygen generation (MEO) for 

different concentrations of MB in the presence of AgNPls colloid. 

Concentration (nM) 
MEF MEO 

4 2.3 2.2 

16 1.30 1.1 

Source: belong to author 

 Moreover, ∫ (  )        λ
 

 
 and ∫ (  )       λ

 

 
 are the integrated spectra of the MB 

solution with and without AgNPls, after exposure to He-Ne light. Table 8 shows the MEO values 

obtained for the MB-AgNPls colloids, with different PS concentrations. Table 8 also indicates the 

enhancement of MB emission due to the interaction with Ag nanostructures (MEF). As shown in 

table 8, MEO and MEF have higher values at low concentration of MB, as compare to high 

concentration of the PS. Moreover, higher values MEO are associated to more effective MEF, 

indicating that the PS emission spectroscopy can be used as an indication tool for metal enhanced 

oxygen singlet generation analyses.  

 De Melo et al. evaluated the use of Ag nanospheres on MEO, obtained 140% increase on 

oxygen singlet generation by riboflavin photosensitizer [172]. Our results shows 220% increase 

of the oxygen singlet generation due to the AgNPls (table 8), indicates the potential use of the 

nanostructure on PDT. Moreover, it is known that silver nanoparticles present antimicrobial 

activity that could, together with the PDT action, enhance the damage on bacterial and yeast 

biofilms. 

 

  



77 
 

 
 

5     EXPLORING GOLD NANOSHELLS ON SINGLET OXYGEN GENERATION 

 5.1 Introduction 

In this chapter, gold nanoshells are considered of dielectric material (silica) core covered 

by thin metal (gold) shell that may be absorbed or scattered light within the range from UV to 

NIR (700-1300 nm) [173]. The core/shell Au nanostructures have been extensively studied for 

potential applications as increasing photoluminescence [174], catalysis [175], SERS [176] and 

fabricating photonic crystals [177]. In particular, biomedical applications include sensing [16], 

photothermal therapy (PTT) [138], hyperthermia [178], and targeted drug delivery [35] because 

of their valuable optical characteristics in stability, biocompatibility, low immunogenicity, and 

versatility [35]. Furthermore, due to their scattering features, Au nanoshells can be harvested in 

diagnostic imaging for computing topography as contrast enhanced reagent, photo-acoustic 

topography [179], optical coherence tomography [180] and dark field microscopy [181]. 

Various features of Au nanoshells can be exploited by varying the shell thickness to make 

them appropriate for different applications, for instance, PTT demands higher absorption 

nanoparticles while imaging and PDT require a system based on particles of higher scattering 

[31,182]. Loo and coworkers designed and manipulated silica core/gold shells for optical cancer 

imaging through scattering to destroy carcinoma cells by highly intensive absorption [183].  

In this chapter, we evaluate the use of negatively charged silica core/gold thickness layer 

nanostructures with Methylene Blue on MEO. The selection of Au nanoshells is based on the fact 

that extinction LSPR peak (651 nm) overlaps the MB spectrum. The pre-determined near electric 

field around the nanoshell was calculated by finite element method (FEM) simulation, and MEO 

was quantified. The influence of irradiation time and concentration of metallic nanostructures on 

MEO was also appraised.  

5.2 Materials and Methods 

            Gold nanoshells colloid sample contains polyvinylpyrrolidone (PVP) stabilizer with Au 

mass concentration (0.053 mg/mL) was obtained from nanoComposix. The specified average 

diameter of the nanostructures was 125±5.8 nm with core diameter 82.6±4.7 nm and shells 

thickness 21.5 nm. Methylene Blue, obtained from Merck, was utilized as a photosensitizer dye 
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to induce singlet oxygen generation. Singlet oxygen green reagent (GR), from Thermofisher, was 

prompted as the singlet oxygen sensor. The sensor stock solution was prepared adding 100 µg of 

GR in 330 µL of methanol solution. The solution concentration 500 µM of GR was kept at 

appropriate temperature under the dark. The GR depicts an optical excitation maximum at 504 

nm and emits green light with maximum wavelength at 525 nm. The He-Ne laser (at 632.8 nm) 

was employed for the photosensitizer (MB) excitation. At the sample, the laser power was 1.25 

mW with spot size ~ 40 mm. Scanning electron microscope (SEM) images of the gold nanoshells 

were obtained using MIRA 3 TESCAN functioned at 20 kV. These images were carried out on 

silicon substrates with dispersed Au shells. The samples LSPR extinction spectrum (300-1000 

nm) were obtained using an Ocean Optics spectrophotometer (HR +4000). Samples were placed 

in 1 cm path length quartz cuvette. Fiber bundles were used to guide incident light from a 

Deuterium Halogen light source to the sample and to send light from sample to the 

spectrophotometer detector. Finite Element Method (FEM) based calculations were performed 

using COMSOL Multiphysics. Simulations were used to determine the frequency domain 

scattered field distribution near to the nanoshell. On the simulation, the nanoparticles were 

considered to isotropic (spherical) shapes. The simulations evaluated Au shell keeping constant 

core with various gold layers thickness. Moreover, the nanostructure shell thickness varied from 

5 to 20 nm. On the numerical analysis, the back ground electric field amplitude (E0) was adjusted 

as 1 V/m. For all Au shells size evaluated, different tetrahedral meshing were manipulated. A 

perfectly matched layer (PML) was explored around the shell to minimize reflection artifacts. 

The radius of PML spherical shaped model was 600 nm and layer thickness was 200 nm with 

triangular meshing. Au shells geometry was designed by free tetrahedral meshing. The radius of 

silica core (R) 42 nm with coated Au layer thickness (T) were employed. The data for real and 

imaginary refractive index dispersion is obtained from J&C [58]. 

5.3 Results and Discussion  

5.3.1 UV-Visible Spectrum Analyses 

 On the characterization of the nanoparticles, scanning electron microscope images and 

optical transmission spectrum were explored. Figure 32 shows the Au nanoshell model for 

simulation (left) and SEM images of dispersed Au nanoshells on the surface of silica wafer 
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(right), indicating spherical shape. The figure 32 confirmed 125 nm average diameter of the 

nanoshell used.   

Spectroscopic analyses were also performed on the characterization of the purchased colloid. Au 

nanoshells on the surface of silica wafer, indicating spherical shape. Figure 33 exhibits extinction 

spectra of gold shells obtained experimentally (peak at 651 nm) and theoretically (peak at 650 

nm). The measured plasmon spectrum appears in good agreement with the simulated result. 

Figure 32- The gold nanoshell model for FEM simulation (left) in the surrounding medium (nm). SEM of 

silica core with gold coated thickness on silicon wafer substrate (right). Scale bar of the image: 1µm. 

Scale bar of inset image: 200 nm.  

  

Source: belong to author 
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Figure 33- The localized surface plasmon resonance extinction spectrum of the gold nanoshells. 

 

Source: belong to author 

5.3.2 LSPR Field Analyses 

In order to reveal the insight effects of E-field distribution and its influence near the Au 

nanoshell surface, analysis and calculations using FEM simulation were performed. The near 

field distribution was obtained by 3-D space that contained Au nanoshells. All the simulations 

were calculated in homogeneous surrounding medium water (n = 1.33) that makes the results 

more practical for biological applications.  

Figure 34 shows the cross sections of absorption and scattering of gold nanoshells with 

different shell thickness, keeping silica core R = 42 nm. For thin Au layer thickness (T = 5 nm), 

the absorption and scattering cross sections values are 5.0x10
4
 nm

2
 and 5.3x10

4
 nm

2
 and no 

difference can be observed in their LSPR peak position (figure 34(a)). However, the absorption 

spectra is affected by dipole as well as quadrupole resonance modes, while scattering is 

influenced only by dipole mode. On increasing the Au shell thickness from 5 to 20 nm, the 

absorption cross section is decreasing gradually as compared to scattering (figure 34(a-c)). Even 

the scattering becomes more important for T = 20 nm where absorption is very low.  
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Figure 34- Nanoshells scattering and absorption cross sections with core radius 42 nm and shell thickness 

5 nm (a), 10 nm (b) and 20 nm (c), respectively. 

   

Source: belong to author 

Moreover, the Au nanoshells (silica core/Au shell) depict scattering cross section (Csca = 

8.2 x 10
5 

nm
2
 for R = 42 nm and T = 20 nm) that is higher than to the solid Au spheres reported by 

Jain et al. [31]. Also, the variation in size of nanospheres from 5 to 100 nm limit the optical 

spectrum (510-560 nm) and may be ineffective to obtain desired tunability in the transparent 

window 700 to 900 nm [184].  

Therefore, due to higher scattering magnitude and broad range covering LSPR spectrum 

in NIR, nanoshells are more prompted for imaging and therapy as compared to gold nanospheres. 

Moreover, decrease in Au coated layer thickness, the extinction LSPR spectra of silica/Au 

nanostructures exhibit a distinct red-shift from 650 nm for 20 nm thickness to 854 nm for 5 nm 

layer thickness.  

Here, E-field was calculated at LSPR extinction peaks for various thickness, as shown in 

figure 35. Further analyses on E-field calculations show that higher E-field distribution occurs in 

the direction of polarization but decreases as the distance increases from particle surface. It can 

be seen clearly that stronger field intensity is generated by altering the gold layer thickness, as 

shown in figure 35(a-c).  
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The changes in normalized electric field (|E/E0|) on Au nanoshells were compared at 

different wavelengths using numerical results as shown in figure 36. The center of Au nanoshell 

is located at the position X = 0, Y = 0 and Z = 0, as well as the field enhancement along X-axis in 

homogeneous medium was found by changing Au layer thickness. The maximum field exists at 

714 and 854 nm for 10 and 5 nm shell thickness in XY plane at Z = 0. However, the highest 

normalized field was found for shell thickness 20 nm at 650 nm, comparatively to the NP with 

the shell thickness 5 and 10 nm.  

It is interesting to notice that the LSPR extinction peak (at 650 nm) for 20 nm Au 

nanoshell is very close the excitation peak (664 nm) of MB dye. Indicating that Au nanoshell (T 

= 20 nm) can be manipulated to enhance the generation of singlet oxygen by MB. Moreover, 

nanoshell with different thickness will not be effective on MEO of MB solution. Figure 37 

demonstrates the magnitude of normalized E-field distribution decay on nanoshells with Au layer 

thickness 5, 10 and 20 nm under the excitation at 633 nm. As expected, the E-field and the field 

decay length are higher for thickness 20 nm as compared to 5 nm or 10 nm under the excitation at 

633 nm. At ~20 nm away from the NP surface, the field enhancement at excitation wavelength 

(633 nm) for 20 nm shell thickness is 2 times higher than 10 nm thickness, and 3.7 times greater 

than for 5 nm thickness. 

Figure 35- The normalized electric field distribution at XY plane of silica core/Au shells with the 

thickness (a) T = 5 nm, (b) T = 10 nm, and (c) T = 20 nm corresponded to the fields at extinction spectral 

peaks 854 nm, 714 nm and 650 nm plasmonic wavelengths respectively.  

 

Source: belong to author 
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Figure 36- The electric field distribution (|E/E0|) along X-axis (both Y = 0 and Z = 0) obtained by FEM 

simulation and (a-c) corresponds to the 650 nm, 714 nm and 854 nm respectively, for different shells 

thickness. 

 

Source: belong to author 

 

Figure 37- Normalized E-field enhancement (|E/E0|) with respect to distance from the surface of Au shell 

with various silica coated thickness under the excitation at 633 nm. 

 

Source: belong to author 
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5.3.4 Gold Nanoshells for MEO 

 Au nanoshells and MB present features that could lead to MEO. The surface charge of the 

nanoshells is expected to be –Ve, while MB molecules in water solution are cationic. 

Electrostatic interaction can determine the NP-MB coupling and even lead to conjugation. The 

metallic NP-PS distance is an important factor on MEO, although particle surface charge as well 

as concentration can also play a significant role on MEO. The conjugation of NP and PS in 

solution phase due to electrostatic interaction, with the opposite charge signal, may lead to 

resonance energy transfer (RET) that can reduce the generation of 
1
O2. To avoid RET, some 

chemical and physical techniques are adopted [185,186]. For molecules with opposite charges, 

RET can be avoided by controlling the NP-PS distance with the solution compounds 

concentration. Moreover, for an effective MEO, plasmonic extinction peak and the PS absorption 

spectrum should overlap. In particular, 84 nm silica core/ 20 nm Au shell shows LSPR peak at 

651 nm, as observed in figure 33 and theoretical calculated peak is 650 nm. Therefore, these 

nanoparticles can be employed to enhance the generation of singlet oxygen on MB. Figure 38 

reveals experimentally that the colloidal Au nanoshells spectrum overlaps the MB extinction 

(peak at 662 nm) and emission spectra (peak at 692 nm).  

Figure 38- UV-Visible extinction spectra of colloid Au nanoshells, extinction and fluorescence intensity 

of MB. 

 

Source: belong to author 
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 To investigate MEO, singlet oxygen sensor GR of concentration (1 µM) was used with 

colloidal MB-Au nanoshells. The colloid was irradiated by He-Ne laser for 2 minutes to excite 

MB molecules. Further, the colloid was exposed with light source at wavelength 500 nm exciting 

the GR sensor. As there is no overlapping between GR and MB emission spectra, therefore MB is 

not influenced at 500 nm wavelength light. Figure 39 depicts GR emission spectra, with and 

without nanoshells, using MB photosensitizer. It is evident that fluorescence intensity of GR is 

increased with coated nanoparticles.  

 To quantify MEO, we used the procedure introduced in chapter 4 (section 4.3.3). We 

calculated the fluorescence emission of the GR sensor (excited at 500 nm), with and without 

nanoshells in the MB solution, after the laser irradiation. In addition, we measured the integrated 

spectra of the aqueous MB, with and without nanoshells, under laser irradiation. 

 

Figure 39- Fluorescence intensity spectra of GR in MB solution and MB-shells colloid, excited at 500 nm 

wavelength. 

 
 

Source: belong to author 
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 The MEF of GR due to Au nanoshells was taken into account in order to find MEO value. 

The MEF for GR,      , is determined as       
∫         

 

 

∫             
 

 

 and already described in 

section 4.3.3. The metal enhanced 
1
O2,        

 , for MB was calculated as discussed in section 

4.3.3 (        

  
∫ (     )       ∫ (  )      

 

 

 

 

     [∫ (     )        ∫ (  )       
 

 

 

 
]
). The MB with Au nanoshells produced more 

singlet oxygen than without nanoparticles. The 
1
O2 prompted by Au nanoshells was detected 

indirectly using fluorescent probe GR. Figure 40 shows the fluorescence peak intensity of GR in 

MB aqueous solution with and without Au nanoshells, as a function of irradiation time (at 632.8 

nm, 1.2 mW). The calculated fluorescence intensities were normalized to the initial sample 

fluorescence at each instant of time. With the increasing the irradiation time, higher 
1
O2 

production was observed with the presence of metallic Au nanoparticles. This is due to 

contribution of plasmon resonance effect of AuNPs [171].  

Table 9 depicts MEO values obtained for the MB-NPs colloids, with different Au 

nanoshells concentrations. As shown in table 9, MEO values increase gradually with the increase 

of NPs concentration. Zhang et al. explored first plasmon assisted MEO when PS is in close 

vicinity of Ag island film, and calculated 3-fold more 
1
O2, upon exposure of UV irradiation 

[187]. 

Figure 40- Fluorescence intensity ratio of GR with several irradiation time for MB solution with and 

without Au nanoshells. 

 

Source: belong to author 
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Table 9- MEO generation of MB for various concentrations of Au nanoshells. 

Mass Concentration (µM) MEO 

2.4 0.8 

4.8 1.40 

7.2 2. 2 

9.4 2.5 

11.8 3.2 

Source: belong to author 

By exploring a solution-based platform, de Melo et al. demonstrated the potential 

application of silver nanoparticles, enclosed by a pectin layer, on photodynamic therapy and 1.8-

fold enhancement of the singlet oxygen production by riboflavin solution were observed [172]. 

Moreover, in chapter 4, 220% increase of the oxygen singlet generation due to silver nanoplates 

was observed. The Au nanoshells improved more singlet oxygen generation (300%) on MB, seen 

in table 9. Moreover, the gold nanoshells suggest a high value of MEO than to silver plates due to 

the fact that plates depict higher E-field distribution at tips but weak on the sides. The obtained 

results indicate the potential use of the shells for generating higher MEO on PDT applications. 
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6    CONCLUSION AND FUTURE PERSPECTIVES 

6.1 Conclusion 

The noble metal nanostructures endow Localized Surface Plasmon Resonance with 

unique physical, chemical and optical features. The robust scattering and absorption of plasmonic 

nanostructures provide an opportunity to utilize them in label free sensing and Photodynamic 

therapy. The LSPR extinction spectrum is reliant on shape, size, materials composition and 

dielectric function of surrounding medium.  

By exploring computer simulation, the performance of nanostructure-based sensing LSPR 

platform were evaluated. FEM simulation approach was adopted on the assessment of the LSPR 

spectrum and EM spatial distribution near metallic nanoparticle, leading to the identification bulk 

and molecular sensitivity as a function of the nanoparticle size. Here, Campbell’s model was 

extended for multilayer nanostructures and, for the first time this model was evaluated exploiting 

single NP size-dependence approach. Moreover, the presented results provide insights on the 

LSPR behavior due to adsorption of molecules layer on the NP surface, establishing a new 

paradigm on engineering LSPR biosensor. 

Moreover, the theoretical approach determined the assessment of the nanoparticle design, 

leading to high performance of nanoplates (nanotriangles)  solution-based platform for sensing 

and PDT. The control of the nanoplates altitude lengths and thickness leads to tune LSPR 

extinction bands and spatial distribution of the electromagnetic field enhancement near the 

metallic nanoplates. Both increasing the plate’s altitude and decreasing the thickness strongly 

influence on plasmon peak as well as FWHM. In particular, for ~57 nm altitude plates, EM field 

enhancement extends for more than 18 nm, indicating the feasibility of using the nanoplates on 

molecular sensing. High sensitivity (406 nm/RIU) and good FoM (2.6) values were indicating for 

AgNPls colloids to employ plates for sensing applications. 

The silver plates colloids are also encouraged to use for metal enhanced singlet oxygen 

generation and metal enhanced fluorescence in the vicinity of MB aqueous solution. A 220% 

increase of the MB oxygen single generation due to the AgNPls indicates the potential use of the 

nanostructure on PDT. 
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 Furthermore, we have also exhibited the potential use of silica/gold nanoshells colloid 

conjugate with methylene blue on PDT. The production of metal-enhanced singlet oxygen was 

detected and quantified for MB water solution with the silica core/Au coated thickness layer 

nanoparticles. We demonstrated the presence of Au nanoshells improved singlet oxygen 

generation (300%) on MB.  

 

  The methodology developed in this thesis allows engineering high performance 

nanostructures for biomedical application. 

6.2 Future Prospects  

6.2.1 Explore FEM on Optical-Thermal therapy 

The strong absorption of metallic nanoparticles enable them to employ in optical-thermal 

therapy. The absorption of sub-wavelength nanostructures increases the temperature around the 

nanoparticles that is manipulated to ablate cells. Based on FEM, diverse shapes or size of metal 

nanoparticles can be manipulated to predetermine higher absorption. The initial simulations given 

in this thesis make promise in ever evolving world of optical-thermal research. In particular, 

more work should be needed with spheres, triangular nanoplates and gold nanoshells. There 

should be other variables included using FEM to manipulate thermal related characteristics such 

as inter-particle distance, different core-shell ratios and nanoparticles size. Various other shapes, 

for instance gold nanorods or bipyramids, need to examine due to their high surface to volume 

ratio and can provide wide possibility in thermal related areas.   

6.2.2 Evaluate Substrate and Solution based-Platforms 

The localized surface plasmon resonance peaks of gold nanoparticles can be tuned from 

visible to near-infrared region to explore on several sensing applications. However, the 

evaluation of light interaction with plasmon nanoparticles on a suspension or on a dielectric 

substrate may influence on sensibility and stability of the platforms. The metal nanoparticles on 

substrate can induce higher electric field enhancement that can improve sensor performance. 

Previous simulations were performed comparing the field enhancement of NP on substrate and in 

a liquid medium predict the higher field intensity on substrate, to pave the way for their use in 

sensing. 
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6.2.3 Smartphone-based Detection 

There is currently great interest in exploring fast and cost effective diagnostic optical 

technology. Usually these optical diagnostics are obtained using traditional devices, such as 

spectrophotometers, which are often large, heavy and expensive instruments requiring skilled or 

technical experts to handle them. However, access to these instruments for spectroscopic 

evaluation are limited in developing countries and in the less developed regions of the world, as 

neither the devices required nor the knowledge to handle such devices are accessible to the 

general public. In recent years, there has been a growing interest in developing portable, low-cost 

optical spectroscopic devices and integrating them with mobile phones to take advantage of the 

ease of accessing and processing data using mobile computing technology. For example, several 

smartphone-based spectrometers have been demonstrated at wavelength resolutions ranging from 

2 to 15 nm. Currently the Laboratory of Biomedical Optics at UFPE is implementing a self-

referenced colorimetric method for mobile-phone, that can be used on the color change 

evaluation of LSPR sensor platform. 

6.2.4 Candida Albicans PDT 

Based on our results (chapter 5), the use of gold nanoshells are being explored by the 

LOBI team for the photoinactivation of Candida albicans.  
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APPENDIX- A - FINITE ELEMENT METHOD AND COMSOL MULTIPHYSICS 

 

The laws of physics for space and time dependent are usually described by partial 

differentiation equations (PDEs). Due to complex geometries and problems, such PDEs cannot 

be resolved using analytical methods. Therefore, an approximation of these PDEs can be 

constructed which is based on various types of discretization. Discretization involves dividing 

the region into subdomains [188]. These discretizations approximations can be solved with 

numerical model equations. Consequently, these solutions based on numerical model equations 

are an approximation to the real solutions of PDEs. The finite element method, thus, is 

employed to compute such approximations. The numerical calculations used by COMSOL 

Multiphysics, is based on the FEM. FEM is standard method to solve the partial differential 

equations and EM fields are expanded to the finite elements. Maxwell’s equations are used to 

convert into the matrix equations and these equations are solved by iterative and direct methods 

[189]. The FEM analysis of any problem includes basically four steps: (1) discrete the solution 

region into finite number of elements or sub-regions, (2) deriving governing equations for a 

typical element, (3) assembling of all elements in the solution region, (4) and solving the system 

of equations obtained. For instance, consider a function u that may be dependent variable in PDE 

(i.e. pressure, electric potential, temperature, etc.) [188]. The function u can be approximated by 

a function ui using linear combinations of basis functions according to the following relations : 

      
 

(A1) 

 

    ∑  

 

   

 

(A2) 

where uj represents the coefficient of the functions that approximate u with ui and ψj denotes the 

basis functions. For example, the figure A. 1 shows this principle for for 1-D problem. u could, 

for example, presents the temperature along length , x, of a rod that is non-uniformly heated.  
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Figure A. 1: The function u (solid-blue line) is approximated with ui (dashed-red line), which is a linear 

combination of linear basis functions (ψi) and is represented by the solid black lines). The coefficients 

are denoted by u0 through u7 (a), while the coefficients are represented by u0 to u9 (b). 

 
Source: adopted from [190]   

 The linear basis functions have a value of 1 at their respective nodes and 0 at other 

nodes. In this case, the seven elements involve along the portion of x axis (i.e. the length of the 

rod) where the function u is defined. One of the advantages of using FEM is that it provides 

great freedom of discretization, both in the elements that may be used to discretize the basis and 

space functions. For example, the elements are uniformly divided over the x-axis, albeit this 

does not have to be the case, as shown in fig A.1(a). However, smaller elements in a region 

where gradient of function u is large could have been applied as seen in figure A. 1(b). It is 

apparent that figure A. 1(a) and (b) show the linear basis functions involve very limited support 

(non-zero only over the narrow interval) and overlap along the x-axis. Another advantage of 

FEM is, the theory is well developed. Also depending on the complex problem at hand, other 

functions may be chosen instead of the linear functions. For example, the theory provides useful 

error estimates or bounds for the error, when numerical model equations are solved on the 

computer.  

 Maxwell’s equations can be solved by FEM. Maxwell's equations relate the electric 

charge density (ρ), electric field (E), electric field displacement (D), current density (J) as well as 

magnetic field intensity (H) and magnetic flux density (B) as [191]: 

    ⃗⃗    
(A3) 
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    ⃗    
 

(A4) 

 
   ⃗  

  ⃗ 

  
 

 

(A5) 

 
   ⃗⃗     

  ⃗⃗ 

  
 

 

(A6) 

In order to solve these equations (A3-6), a set of boundary conditions and material constitutive 

relations are required. The material constitutive relations relate between    to  ⃗  field,  ⃗  to  ⃗⃗  field 

and  ⃗  to  ⃗⃗  field, and express as [191]: 

  ⃗⃗      ⃗   ⃗  
 

(A7) 

  ⃗    ( ⃗⃗   ⃗⃗ ) 
 

(A8) 

      ⃗  
 

(A9) 

where ϵ0 and µ0 are permittivity and permeability in free space and σ is electric conductivity. The 

polarization ( ⃗ ) for linear material is proportional to electric displacement i.e.  ⃗        ⃗  where 

   is the electric susceptibility. Magnetization ( ⃗⃗ )  in linear material is also related to magnetic 

field  ⃗⃗  and given as  ⃗⃗     ⃗⃗  where    is the magnetic susceptibility. The theoretical 

formulation of the Radio Frequency (RF) Module or Optical Wave Module presents the 

electromagnetic analysis at a macroscopic level involving Maxwell's equations at certain 

boundary conditions. The Electromagnetic Waves, frequency domain in both Wave Optics 

Module or RF module is typically based on the solution of inhomogeneous wave equation; the 

governing Maxwell’s equations are reduced as [192]: 

  
 ⃗⃗  [

  

  
 ⃗⃗   ⃗ ]        (   

  

   
) ⃗    (A10) 

where  r and µr are the material properties i.e. material relative permittivity and relative 

permeability respectively.  

In this research, direct method is used to solve various shapes and size of gold or silver 

nanostructures in homogeneous medium. The background oscillating field of arbitrary amplitude 
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was set to 1 Vm
-1

. A perfectly matched layer (PML) additionally incorporated to avoid any 

reflection artifacts during the simulation and extinction cross sections as well as normal electric 

field were calculated within a range of wavelength. 

COMSOL simulation was executed using the procedure which contained the following 

steps as: 

1 Global 

Global Settings 

Name Gold Nanoparticle 

Path D:\COMSOL\Gold Nanoparticle.mph 

Unit System SI 
 

 Used Products 

 

COMSOL Multiphysics 

Radio Frequency (RF) Module 

 

1.1 Global Definitions 

 1.1.1 Parameters 

Name Expression Unit Description 
E0 1 [V/m] 1 V/m Electric Field 

r 10 [nm] 0.1 E-7 Radius of NP 

λi 500 [nm] 5.0 E-7 m Initial wavelength 

k 2*π/λi 1.2566 E7 1/m Wavenumber 

f c_const/ λi 5.9958 1/s frequency 

r_pml 500 [nm] 5.0 E-7 m Radius of PML 

t_pml 200 [nm] 2.0 E-7 m Thickness of PML 

n_medium 1.33 1.33 Surrounding medium 

Lambda_step 1 [nm] 0.01 E-7 m Step size 

Sigma_geom π*r^2 3.1416 E-16 m
2
 Geometric cross section 

S_in ((E0^2)*n_medium)/(2*Z0_const)  Scaling factor 

 

1.1.2 Functions 

 Interpolation 1 



110 
 

 
 

Function Name eps_r 

Function type Interpolation 

 

 

 

 Interpolation 2 

Function Name eps_i 

Function type Interpolation 
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2 Component 

2.1 Definations 

2.1.1 Variables 

Name Expression Unit Description 

nrelPoav nx*emw.relPoavx+ny*emw.relPoavy+nz*emw.relPoavz W/m
2
  

sigma_sc intop_surf(nrelPoav)/S_in m
2
  

sigma_abs intop_vol(emw.Qh)/S_in m
2
  

sigma_ext sigma_sc+sigma_abs m
2
  

nsigma_sc (intop_surf(nrelPoav)/S_in)/sigma_geom   

2.1.2 Integration 

Integration 1 

Operator name Intop_vol 

Nanoparticle Domain 6 

Integration 2 

Operator name Intop_surf 

Nanoparticle Domain 9-12, 22, 23, 29, 34 

2.1.3 Physical Domain 

 Explicit 

Physical domain  

Label Physical domain 

Geometric entity level Domain 5, 6 

2.1.4 PML Domain 

 Complement 

PML domain  

Label PML domain 

Geometric entity level Physical domain 

 

2.1.5 Nanoparticle 

 Explicit 

Nanoparticle 

Label Nanoparticle 

Geometric entity level Domain 6 
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2.1.5 Nanoparticle 

 Explicit 

Nanoparticle Surface 

Label Nanoparticle surface 

Geometric entity level Boundary 9-12, 22, 23, 29, 34 

2.1.5 External PML Surface 

 Explicit 

External PML Surface 

Label External PML surface 

Geometric entity level Boundary 5-8, 20, 21, 28, 34 

 

2.1.5 Internal PML Surface 

 Explicit 

Internal PML Surface 

Label Internal PML surface 

Geometric entity level Boundary 9-12, 22, 23, 29, 34, 

2.1.5 Perfectly Matched Layer 1 (pml1) 

 Perfectly Matched Layer 

Internal PML Surface 

Name pml1 

Domain selection PML domain 

Type  Spherical 

Center Coordinate x,y,z (0,0,0) 

Physics  EM Waves, Frequency Domain (emw) 

PML Scaling Factor 0.5 

 

3 Geometry 

Label Size Thickness 
Sphere 1 r  

Sphere 2 r_pml t_pml 

 

 

 



113 
 

 
 

 

Figure A. 2- The 3D geometry of AuNP surrounded by PML layer. 

 

              Source: belong to author 

4 Material 

4.1 Water 

Setting 

Label Water 

Geometric entity level Domain 1-11 (all-domain) 

Water Selection 

 

Figure A. 3: The water (blue) around the AuNP. 

 

       Source: belong to author 

 4.2 Dielectric Functions of Gold 
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Setting 

Label Gold Nanoparticle 

Geometric entity level Domain 6 (Nanoparticle) 

Gold Selection 

 

5 Electromagnetic Waves, Frequency Domain 

Electromagnetic Waves, Frequency Domain 

Name emw 

Domain selection All domains 

Equation form Study control 

Solve for Scattered field 

Equation Eq. (10) 

Background Electric Field 

E0*exp(-j*(2*pi/(λ1[nm]))*n_medium*z) 
x 

V/m 
0 y 

0 z 

 

 Wave Equation, Electric 1 

 Perfect Electric Conductor 1 

 Initial Value 1 

 Scattering Boundary Condition 

6 Mesh 

6.1 Free Triangular 1 

Label  Free Triangular 

Geometric entity level Boundary 

Selection External PML surface 

Size Finer 

6.2 Swept 

Label  Swept 1 

Geometric entity level Domain 

Selection PML domain 
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Distribution All domain 

Number of elements 8 

6.3 Free Tetrahedral 1 

Label  Free Tetrahedral 1 

Geometric entity level Boundary 

Selection Nanoparticle surface 

Size Finer 

 

Figure A. 4- The 3D Mesh Pattern for AuNP for FEM simulation. 

 
Source: belong to author 

7 Study 

7.1 Parametric Sweep 

 

7.2 Frequency Domain 

Label  
Frequency Domain 



116 
 

 
 

Frequency unit Hz 

Frequencies c_const/(λ1[nm]) 

Electromagnetic Waves, Frequency Domain Physics settings (check in) 

7.3 Solver Configuration 

7.3 Solver Configuration 

 

 

 

 

 

 

 

 

 

 

 



117 
 

 
 

APPENDIX B - PUBLISHED ARTICLES 

  



118 
 

 
 

 



119 
 

 
 

 



120 
 

 
 

 


