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Abstract 

 

 The methods of synthesis and characterization of the optical properties of 

gold nanocages produced by templated galvanic exchange of silver nanocubes is 

reported. The effect of surface modifications and substrate interactions were 

observed using ultra-violet, visible and near-infrared spectrophotometry and 

fluorescence spectroscopy. The refractive index sensitivity of the gold nanocage 

structures was altered using various combinations of conditions including size, 

shape, surface functionalization, substrate support, and capping with dielectric 

shells. Atomic force, scanning electron, and transmission electron microscopic 

methods were used for imaging and characterization of the gold nanocages. The 

potential applications of gold nanocages with various environmental and surface 

conditions were investigated based on the ability to tune the localized surface 

plasmon resonance modes to a series of desired wavelengths and bandwidths. 

Collaboration with the Albert group (Department of Electronics) was carried out 

with the successful assembly, as well as limit of detection and sensitivity 

improvements, of a protein biosensor supported on a titled fibre Bragg grating. 

Investigations into the fluorescence quenching effects of silica-capped gold 

nanocages was carried out using a tailored selection of fluorescent dyes to 

enable potential enhancement and/or quenching using the same nanostructure. 

The optical properties of gold nanocages allow for many potential uses of the 

same nanostructure in a wide variety of applications, including biomedical and 

biosensing applications.  
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1 Introduction 

Nanotechnology is a rapidly evolving and incredibly intriguing field of 

study. The use of nanomaterials in an astounding variety of applications allows 

for seemingly endless possibilities. Small variations in methods of preparation, 

use conditions, and type of material can have drastic effects on the properties of 

a nanomaterial, thus altering the potential range of applications. There are many 

areas of chemistry that are included under the general terminology of 

nanotechnology research. One of the many intriguing areas of research and 

application is plasmonic nanotechnology. The investigation of interactions 

between electromagnetic radiation and particles or materials of much smaller 

dimensions than the wavelength of the radiation has yielded the observation that 

these nanomaterials behave drastically different than their macro-sized or bulk 

counterparts. One of the first known observations of this phenomenon was the 

Lycurgus Cup. This glass chalice is observed as jade green in ambient light, but 

placing a light source within the chalice reveals a brilliant red in the glass (as 

seen in Figure 1.1). This is caused by gold and silver nanoparticles embedded in 

the glass, each approximately 70 nm in diameter.1,2 

This drastic change of observable properties is caused by localized 

surface plasmon resonance (LSPR). LSPR is the optical phenomenon arising 

from the collective oscillation of surface electrons in a metal nanostructure.3 The 

resonance of the electron density is directly affected by the size and composition 

of the nanostructure, as well as by the nature of the immediate environment. This 

affectation is the primary research interest in working with plasmonic 

nanomaterials as it defines an inherent tuneability of the range of absorption of 
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Figure 1.1 – Lycurgus Cup: Light-induced colour change of Lycurgus Cup caused by 
gold and silver nanoparticles in the glass. Reprinted with permission from Macmillan 

Publishers Ltd: Nature Outlook, reference 1, copyright 2013. 
 

the material, which can be used in turn to optimize a given system of plasmonic 

nanoparticles for use in a particular application. Applications of particular interest 

include fluorescence enhancement, improvement of refractive index sensitivity, 

enhanced absorption for photovoltaic platforms, electromagnetic field-induced 

heating, and optical fibre-based biosensors.  

 
 

 

 

1.1 Objectives of This Study 

The principle of all LSPR applications is based on the interaction of light 

with the utilized assembly, thus a system wherein the surface material can be 

quickly and easily modified to change the range of said interaction could be 

versatile enough to provide a broad range of applications using the same 

material. The proposed material to achieve this versatility of applications for this 

project is cubic gold nanocages. The review of this investigation aims to 
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demonstrate the reasoning for choosing cubic gold nanocages as the primary 

structure and material for these potential applications. Each application has 

specific ranges of light interaction to achieve the desired ranges of results, thus 

this work is to explain how these ranges can be achieved using cubic gold 

nanocages. The proposed methods of tuning the LSPR range of the gold 

nanocages include surface modifications and controlled environmental 

alterations.  

 

1.2 Interactions with Light 

Richard Feynman’s 1959 lecture “Plenty of Room at the Bottom” was a 

key inspirational challenge to scientists of the day to push the limitations of small-

scale science beyond what they thought would be possible.4 The term 

“nanotechnology” was coined in 1974 by Dr. Norio Taniguchi in Japan to 

describe precision machining of materials to within atomic-scale dimensional 

tolerances.5 Since these beginnings, the field of research in nanoscale materials 

and technology has grown exponentially.  

 
1.2.1 Localized Surface Plasmon Resonance 

Plasmonic nanotechnology encompasses most of the research 

investigating interactions between metallic nanoparticles and light. This interest 

in plasmonic structures is based on the nanomaterial’s ability to capture, 

concentrate and/or propagate light.2 A plasmon is a collection of electron density 

able to oscillate relative to a fixed position of positive ions. Oscillations with 

observable amplitude are more commonly found in metals. This resonance is a 
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series of quantized oscillations that are induced by an electromagnetic field, 

typically within the range of ultraviolet to visible light. The nature of a metal’s 

plasmon oscillation is the primary influence on a metal’s optical properties. When 

the plasmon is confined to a small surface, however, the optical properties are 

drastically different from those observed in bulk metal. This is one of the main 

sources of interest in plasmonic nanomaterials. When metals are confined to the 

nanoscale in three dimensions, the plasmonic oscillation at the surface of the 

metal nanostructure is referred to as the localized surface plasmon resonance 

(LSPR)6 (see Figure 1.2). Plasmon oscillation also occurs in bulk metal, but for 

the purpose of interactions with electromagnetic fields only the surface electrons 

are considered. This is to account for the limited depth of interaction an 

electromagnetic field can have with a material. It has been found that the depth 

of penetration into bulk gold and silver structures extends to a maximum of 50 

nm.7 For most applications in plasmonic nanotechnology, this maximum depth of 

influence is well within the bounds of at least one dimension of the nanostructure 

being utilized. Plasmonic materials are used to scatter and/or absorb light for a 

number of applications, as described in Section 1.2.2, or to enhance existing 

emission or absorption of a system into a more desired range of the 

electromagnetic spectrum. Noble metal nanoparticles have a series of unique 

properties, among which is their ability to support surface plasmons. Noble 

metals are those that can form stable solids of pure metal that are not easily 

oxidized (or at least not beyond a passivation layer of metal oxide at the surface 

of the solid), as opposed to many metals that are only stable as oxide formations.  
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Figure 1.2 – Schematic of LSPR: Visual representation of LSPR of metal 
nanostructure (not to scale) and induced electron cloud oscillation. 
Reproduced with permission from Elsevier Limited, reference 136, copyright 2010. 

 

 

 

The impact of the interacting electromagnetic fields has been extensively 

studied in the field of computational nanotechnology. The class of problems 

allowing for analytical solutions to a number of surface plasmon conditions is 

collectively called “Mie theory”. Gustav Mie, in 1908, analytically solved the first 

problem8, that of plane waves interacting with a uniform sphere of a given 

relative dielectric constant surrounded by a uniform medium of a different given 

relative dielectric constant. This solution was the introduction to more 

complicated problems and conditions, of which all the solutions involve series of 

complex differential equations. For systems of particles so much smaller than the 

incident wavelength, simplified computational equations have been utilized and 

have yielded theoretical results in good accord with experimental results.2 The 

approach most commonly used for theoretical computations of noble metal 

plasmonics is now finite-difference time-domain (FDTD). This allows for discrete 

steps of time to enable more easily resolved interpretations of the resonance of 
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Figure 1.3 – Schematic of Induced Fields: (A) Induced electric fields31 and 
(B) its distance-dependent strength2 for a 30 nm silver nanosphere. Reproduced with 
permission from Elsevier Limited, reference 31, copyright 2010. Reprinted with 
permission from reference 2 (S.Gray, J. Phys. Chem. C, vol. 117, no. 5, pp. 1983-1994, 
2013). Copyright 2013 American Chemical Society. 

 
 

the plasmonic structure being analyzed. It is from these theoretical calculations 

that the distance of influence from a nanostructure’s surface can be known, as 

well as the corresponding electric field strength, and it is from the knowledge of 

those factors that near-field plasmonic applications begin. The fine tuning of the 

nanostructure is different for each intended application, though the theory of 

interactions with electromagnetic fields spans the wide variety of uses.  

 

     

 

 

1.2.2 Applications of LSPR 

There are many, many applications of plasmonic nanomaterials. A large 

portion of these applications are sensing platforms that utilize the tuneability of 

the plasmon resonance of the nanomaterials with the intent of increasing 

specificity. The ability to tune the plasmonic resonance stems from adjusting the 

(A) (B) 
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size, shape, composition and surroundings of the plasmonic nanomaterial being 

used.  

The ability of noble metals to support surface plasmons has provoked 

considerable interest in nanoparticle applications for plasmonics and photonics. 

The wide range of plasmon wavelengths has made noble metal nanomaterials 

uniquely suited for many plasmonic applications, among which are catalysis, 

optics, chemical and biological sensing, and medical therapeutics.6 The vast 

improvements in recent years to synthesis and characterization methods of these 

noble metal nanoparticles have facilitated the use of these plasmonic 

nanoparticles. Control over the size, shape and composition of the nanoparticles, 

as well as the nature of the surrounding environment, has been extensively 

investigated.6,9-10 It is these properties that allow for tunability of frequency, 

strength and bandwidth of the resulting signals, yielding a very wide range of 

potential applications.11 These applications encompass theranostics7,12-13, 

surface plasmon-based sensors14-15, concentration of light7,14, plasmonic 

circuitry14, waveguides16, and thermal applications17. Some of the current and 

potential applications of noble metal nanostructures are described in the 

following subsections, a number of which were included in the intended 

applications for the nanostructures prepared in this work. 

 
 
1.2.2a) Refractive Index Sensing 

In previous and on-going work, the plasmon resonances of silver 

nanostructures have been shown to be highly sensitive to any change of the 
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refractive index of the surrounding medium.14,18-19 The degree of this sensitivity is 

often controlled by the type of metal, as well as the size and shape of the 

nanostructure. Refractive index sensitivity (RIS) itself is defined as the shift of the 

plasmon resonance maximum per refractive index unit (nm/RIU). One of the 

principles used to compare the RIS of plasmonic nanostructures is the figure of 

merit (FOM). The FOM is determined as the ratio of the RIS to the full-width-at-

half-maximum of the plasmon resonance mode in question. A higher FOM is 

dependent on two primary factors: the uniformity of size (and shape) of the 

nanostructures, and the inherent line width of the plasmon mode being 

observed.18 The line width of a plasmon resonance mode is affected by the 

amount of spatial confinement to which the plasmon oscillation is subjected. For 

example, with a cubic nanostructure, there are three primary resonances 

observable: dipolar, quadrupolar, and octopolar. (See Figure 1.4a) The dipolar 

mode is the least spatially confined of these three resonances, resulting in the 

most broad line width. The octopolar is the most spatially confined of these 

resonances, thus is has the most narrow line width, though the octopolar mode is 

difficult to observe clearly for most structures. The sharp-edged cubic 

nanostructures give the clearest demonstration of an octopolar mode while most 

other shapes, including truncated cubes, have interference from the dipolar or 

quadrupolar mode that can obscure any observable octopolar mode. 
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The shape of the nanostructure dictates the number of plasmon 

resonance poles observable for a particular nanostructure. As previously 

mentioned, a cubic structure has three primary plasmon resonance modes, 

whereas a spherical nanostructure will only have one observable resonance 

mode, that of the dipole resonance.19 Chen et al prepared larger, more complex 

nanostructures that have alternate resonance modes observable by 

spectroscopy for the purpose of determining their RIS, as seen in Figure 1.5.20 

 

Figure 1.4 – Visualization of Plasmon Modes: Plasmon modes (B) of a large silver 
nanocube and 3D representation30 of the oscillations of each mode (A). Reproduced 
with permission from John Wiley and Sons, reference 30, copyright 2013. 
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Figure 1.5 – LSPR by Nanostructure 
Shape: A sample of LSPR spectra 
varying by shape of nanostructure.20 
 
A – nanospheres, line a  
B – nanocubes, line b 
C – nanobranches (spectrum not shown) 
D – nanorods, aspect ratio = 2.4; line c  
E – nanorods, aspect ratio = 3.4; line d 
Line e – nanorods of aspect ratio 4.6 
 
Reprinted with permission from reference 
20 (H. Chen, et al, Langmuir, vol. 24, no. 
10, pp. 5233-5237, 2008). Copyright 2008 
American Chemical Society. 

 

 

 

 

The value of RIS of a nanostructure is determined by varying the medium 

surrounding the nanostructure and observing any shift of plasmon resonance 

peaks. This is typically observed in solution to ensure the same refractive index 

is on all sides of the nanostructure. The refractive index of the surrounding 

solution is changed by either changing the primary solvent outright, or by creating 

a solution of known refractive index using a combination of solvents. The 

refractive index of a mixed solution can be calculated using the Lorentz-Lorenz 

equation20, as shown below. The refractive index sensitivity is then determined 

by observing the shift of one resonance mode peak for each solution of a 

different refractive index, and computing the shift per refractive index unit, thus 

the RIS is given units of nm/RIU.  
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Gold 
nanoparticles 

length 
(nm) 

diameter 
(nm) 

LSPR max. 
(nm) 

RIS 
(nm/RIU) 

FOM 

nanospheres  15 527 44 0.6 
nanocubes 44  538 83 1.5 

nanobranches 80  1141 703 0.8 
nanorods 40 17 653 195 2.6 

 
Table 1.1 – RIS and FOM of Gold Nanostructures: Summary of reported RIS and FOM 
of varying shapes of gold nanostructures (as reported by Chen et al.20). 

 

 
The knowledge of the refractive index sensitivity of numerous 

nanostructures led to developments in the field of solution-based sensors. Once 

a particular system has been calibrated to find its RIS, it can be placed in a new 

solution and the refractive index of that solution can be interpolated. This 

advantage leads to a simple form of refractive index sensing. It is in this concept 

that many plasmonic sensors find their basis.  

There have been a number of developments made in the use of LSPR 

sensors, both for bio-sensing and for chemical sensing. Wu et al used the 

concept of RIS-based plasmon sensing to observe the change of refractive index 

surrounding the plasmonic nanoparticles (which in this case were silver 

Equation 1.1 – Lorentz-Lorenz equation: Lorentz-Lorenz equation for refractive 
index of a liquid mixture.20 

n1,2: refractive index of liquid mixture; 
n1, n2: refractive indices of pure liquids respectively; 
φ1, φ2: volume fractions of two components. 
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nanocubes).21 The biological sensors using LSPR and RIS-based sensing will be 

reviewed further in the next section of this work. The basis of all of these 

biosensors is the plasmon mode shift with respect to the binding of a 

biomolecule. This rapid and label-free sensor has a similar line of thought in 

chemical sensors. The ability to determine the relative concentration of a volatile 

organic compounds (VOCs), the pH of a system, and compounds in aqueous 

solutions by the shift of the plasmon modes of a particular nanostructure is a very 

interesting combination of chemical techniques.22   

The Lu research group in Taiwan, using gold and silver nanoparticles, 

self-assembled onto single and stacked substrates, was able to observe spectral 

responses to changes in concentration of target gases passing over and through 

their sensor arrays.  Their results showed good sensitivity and specificity to a 

number of target gases, measured simultaneously using plasmon modes shifts 

observed with ultraviolet-visible (UV-vis) spectrophotometry, indicative of the RIS 

of each array.23 Their main work with LSPR tuning came from the surface 

modification of the metal nanoparticles after their self-assembled deposition onto 

the desired substrates. The modifications, using thiolated solutions, were to form 

another self-assembled monolayer, this one on the metal nanoparticles 

themselves, again altering the environment surrounding the metal nanoparticles, 

inducing further RIS changes from that initially observed in colloidal solutions. 

This modification of the RIS of the metal nanoparticles is what allowed the 

researchers to observe further changes influenced by the presence of low 

concentrations of target gases. As the gases adsorbed to the functionalized 
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surface of a nanoparticle, a change of conformation of the thiolates’ alkyl chains 

induced a new refractive index around the nanoparticle, observable as a plasmon 

resonance shift by UV-vis spectroscopy. These arrays were determined to have 

limits of detection as low as 5 ppm.22 A similar concept, using gold island films 

and layers of polystyrene sulfonic acid (PSS) and polystyrene, was developed by 

Karakouz et al.24 The polymers bound to the gold nano-islands would expand or 

shrink upon exposure to various target gases. This expansion and contraction 

altered the refractive index surrounding the gold nano-islands, inducing a shift of 

the LSPR mode peak.  

By the same principle of conformation induced refractive index 

modification, Nuopponen et al utilized aqueous dispersions of gold nanoparticles 

coated with a stimuli-sensitive diblock copolymer to observe LSPR shifts as a 

function of pH and temperature.22,25 The functionalized gold nanoparticles were 

also observed to aggregate based on the pH of the solution, inducing a further 

shift of the plasmon mode. The outer block of the diblock copolymer used was 

poly(methacrylic acid) (PMAA), a polymer whose solubility in solutions of varying 

pH has been extensively studied. The trend is such that solubility can be 

increased or decreased by the respective increase or decrease of the pH of the 

solution. As the solubility of the PMAA block was decreased, the demixing 

temperature of the lower block (poly(-N-isopropylacrylamide), PNIPAM) was also 

lowered. The entire arrangement of the diblock copolymer around the gold 

nanoparticle was altered with changing pH, thus inducing quantifiable LSPR 

shifts, observable by optical spectroscopy. In addition to changing the RIS, the 
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functionalization of the gold nanoparticles with this diblock copolymer also 

colloidally stabilized the aggregrates of particles. The polymer-coated 

nanoparticles were subjected to heating experiments, the results of which vary 

greatly to those without polymer coating. Typical uncoated gold nanoparticles 

would tend to sinter irreversibly together when subjected to heat, while the 

diblock copolymer-coated gold nanoparticles remained separated in solution by 

the polymer itself, allowing for moderate, reversible alterations of particle cluster 

sizes. An alternative pH sensor array was developed by Mack et al, where a gold 

film deposited over a polymer layer with patterned nanowells used the expansion 

and contraction of a hydrogel above the gold layer to detect the changing pH.26 

The hydrogel was comprised primarily of a pH-sensitive polymer, poly(2-

hydroxylethyl methacrylate) (poly-HEMA), which has also been utilized by Jiang 

et al over substrate-bound gold nanocresents in yet another pH-by-refractive 

index sensing nanoarray. These sensor arrays use the same principle of 

expansion and/or contraction to alter the refractive index of the surrounding 

environment, and both have been found to be very stable with repeatable results 

after one month of storage.22,26-27 

A further example of an application of LSPR sensing includes the 

detection of aqueous ammonia or copper ions. The detection of aqueous 

ammonia is based on Le Chatelier’s principle of exchanging silver nanoparticles 

(Ag(s)) to coordinated diamminesilver ions (Ag(NH3)2
+

(aq)). This exchange alters 

the shape and/or size of the colloidal silver nanoparticles, inherently altering the 

LSPR modes. This plasmon mode alteration may be drastic enough to cause a 
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distinguishable colour change, allowing for colorimetric sensing as well as LSPR 

sensing.22,28 A method of detection of copper ions by LSPR sensing was 

developed by Choi et al using gold nanoparticles functionalized with ligands 

typically used to form copper ion complexes. The ligands were chosen such that 

the absorption of the metal-ligand complex matched the plasmon resonance of 

the silver nanoparticles, causing quenching of the nanoparticle plasmon 

scattering, observable with very low concentrations of copper ions.22,29 

The limits of detection for LSPR sensors are generally improved by 

increasing the FOM of a particular sensing array. Changes induced on a narrow 

LSPR peak will have a greater impact than on a broad LSPR peak, making 

smaller changes more significant and increasing the limit of detection for the 

influencing analyte. If the sensing array is intended to be constructed on a 

substrate, then the shape of that substrate has a direct effect on the LSPR 

phenomena of the nanocrystals being used. Nanostructures with sharp edges 

and a high aspect ratio have been seen to have high RIS and the use of 

substrates to further break the symmetry of the nanoparticle, inducing hybridized 

plasmon modes, allows for greater control of the LSPR mode of the nanoparticle. 

This in turn can be utilized in sensing applications to optimize the limit of 

detection (LoD) and FOM of a sensing array. Comparisons have been made 

between planar substrate, those with shallow concave facets, and those with 

high aspect ratio cylindrical pores to observe the induced changes to the LSPR 

modes of silver nanocubes.30 The highest sensitivity by these substrate designs 

was observed using the substrate made with cylindrical pores. The increase is 
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suspected to be caused by inter-particle coupling across a wall between two 

pores. The dielectric substrate, located between two nanoparticles, amplifies the 

hybridized resonance modes of the nanocube, and with two nanocubes’ 

plasmons resonating toward the same pore wall, the resonance is further 

amplified. The inter-particle distance, even without a dielectric medium between 

the two nanoparticles, also has an effect on the RIS of the sensing array. The El-

Sayed research group has investigated the effects of plasmonic coupling in noble 

metal nanostructures, including distance-dependence.31  

There are many methods of modifying the refractive index sensitivity of a 

particular nanostructure, and it is the combinations of these various methods that 

have induced such a wide variety of LSPR-based refractive index sensors. The 

nanostructures used in all of the applications mentioned previously were made of 

silver, gold, or a combination of silver and gold nanoparticles. The reasoning for 

these choices over other noble metal options is reviewed in Section 1.3.  

 
1.2.2b) Biosensors  

Similar to LSPR-based sensors for the detection of changing refractive 

index are LSPR-based biological sensors. The LSPR mode of the sensing array 

has an induced change of maximum wavelength when a target biomolecule 

interacts with the array. LSPR-based biological sensors have an advantage over 

typical bioassays with the fact that they are label-free, allowing for the target 

molecule to be detected directly and instantaneously. Traditional bioassays, such 

as an enzyme-linked immunosorbent assay (ELISA), have rigorous rinsing and 

exposure procedures, eventually allowing a second antibody to be captured by 
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the target biomolecule, which then generates the signal used to measure the 

concentration of the target. By removing multiple steps from the sensing platform 

with LSPR-based sensors, additional information about the target molecule can 

be inferred (such as the analysis of real-time binding kinetics) while reducing the 

sensing area required for a  signal to be produced, hence improving the potential 

LoD for the target biomolecule. The sensitivity and specificity of the biosensor is 

still limited to the affinity of the capture molecule. This capture molecule can be 

bound to a nanoparticle surface, whence the LSPR mode would be shifted once 

the target molecule has been captured. The capturing of the target molecule 

induced a change of local refractive index surrounding the nanoparticle, which 

translates as an induced change of maximum absorbance of the plasmon mode. 

The choice of nanoparticle to be used in the biosensing array is influenced by the 

RIS of that nanoparticle, as well as the biocompatibility of the nanomaterial.22  

LSPR sensing has been used in the analysis of binding kinetics and the 

detection of many biomolecules. Some of these studies included biotin-

streptavidin interaction22, a number of antibody-antigen interactions22,32, DNA 

hybridization and sequence identification22,33, as well as protein and drug binding 

for targeted delivery.22,34 One main issue with many biomolecule sensors is 

biocompatibility. The principle may be sound, but if the nanostructure being 

developed has toxic effects, the platform is less likely to be able to be developed 

for in vivo use and presents limitations of reproducibility dependent on the 

viability of the target molecule. Chung et al presented a method of surface 

modification of silver nanoparticles to improve the biocompatibility of the 
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nanoparticles.35 Silver, as well as many other metals, are known to have harmful 

biological effects, especially when considering sizes in the nanoscale and 

possible cellular uptake. The enhancement of biocompatibility of the silver 

nanoparticles used in their study was achieved by synthesizing phospholipid 

derivatives containing disulfide groups and binding them directly to the silver 

nanoparticles being formed as silver-thiolate bonds. The external group of the 

phospholipid (phosphorylcholine) improved the biocompatibility of the metal 

nanoparticle by improving the cellular uptake without releasing silver ions or 

particles into the cells. The biocompatibility, cell viability and cellular uptake were 

all observed using a fluorescent dye also attached to the nanoparticle. These 

protected nanoparticles allowed for plasmon resonance effects to be observed 

within cells and tissues. The use of metal nanostructures for the improvement of 

protein optical fibre biosensors’ limit of detection was one of the applications 

being explored in this project36 (see Section 3.6). The use of substrates to 

immobilize the nanoparticles before modification with capture molecules is a 

method being explored in order to provide an easy-to-use interface.22,36 A 

number of the biosensors previously mentioned also use fluorescence 

enhancement and/or quenching as a measure of the binding of a target 

molecule.22.33 This additional factor of LSPR effects will be reviewed in Section 

1.2.2d). 

 
1.2.2c) Heating  

High temperatures are known to cause protein denaturation, and it is this 

fact that is being used in medical hyperthermia treatments. Protein denaturation 
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in a cancer cell is a method of reducing the resistivity of the cell to chemotherapy 

or radiotherapy treatments, as well as a method of inducing nonaggressive cell 

death. The range of temperature within which protein denaturation occurs is from 

43 to 48 oC. This is well above the standard human body temperature of 37 oC. 

Localized heating is yet another application of noble metal and semiconductor 

nanostructures.37 

The nanostructures being investigated for heating applications can be 

classed into three generic groups, dependent on their particular role in the 

thermal treatment: nanoparticles acting as thermometers (real-time thermal 

sensing of treated cells or tissues); nanoparticles for temperature-activated drug 

delivery; and nanoparticles for selective local heating. The small size of the 

nanostructures allows for easy and efficient intracellular incorporation after being 

transported through the bloodstream. For the third class of nanoparticles, the 

localized heating is typically induced through an external stimulus, either by an 

oscillating magnetic field (for magnetic nanoparticles) or by optical radiation (for 

photoactivated nanoparticles). The depth of penetration of optical radiation into 

human tissue does pose a limitation on the photoactivated nanoparticles, though 

nanoparticles tailored to have an optical excitation near 800 nm have shown 

promise for long-range photothermal treatments by the minimal light absorption 

through the tissue at this wavelength. The vast majority of nanoparticles being 

used in biological applications are made of gold, generally chosen for its stability 

and non-reactivity in biological conditions. The shape-dependent heating 

efficiency has been investigated by the Fluorescence Imaging Group in Spain, 
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wherein they determined that between nanorods, nanoshells, nanostars and 

nanocages, the nanorods and long-edged nanostars had the highest heating 

efficiency. (See Figure 1.6 for TEM images of the shapes used in Maestro et al.’s 

investigations.) The heating efficiency of the system is defined as the fraction of 

laser power reaching the gold nanoparticle that is converted to heat. Gold 

nanoparticles have very low fluorescence efficiency, so almost all of the optical 

power is converted to heat. The absorption of the nanoparticles at a given 

wavelength directly correlates to the heating efficiency, thus the researchers 

used double-beam fluorescence thermometry (DBFT) with thermosensitive CdSe 

fluorescent quantum dots to determine the heating efficiency of the nanoparticles 

in solution. This method allows for the simultaneous excitation of the trace 

amount of quantum dots (at 488 nm) and of the gold nanoparticles (at 808 nm). 

The fluorescence emission of the quantum dots is known to shift by 0.1 nm per 

degree Celsius, allowing for the temperature change to be measured as an 

average in solution.37 
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Other heating applications involve self-assembled monolayers (SAM) on 

supported gold nanofilms. These applications are generally used to study the 

desorption and melting temperatures and the heat capacity of the SAMs. Zhang 

et al used methods of differential scanning calorimetry (DSC) to determine these 

characteristics with respect to hexadecanethiol monolayers on polycrystalline 

gold.38 These properties are the basis of investigating surface-modified 

nanostructures for various thermal treatment applications. If the functionalization 

molecule cannot withstand temperature changes, or is prone to desorption upon 

heating in solutions, then that particular molecule-nanoparticle combination 

would not a viable option for in vivo thermal situations. For the restricted spaces 

of a living cell, there is no room for the steric hindrance of extra molecules 

Figure 1.6 – Micrographs of Various Gold Nanostructures: TEM images of different 
shapes used in heating investigations by Maestro et al. (a) gold nanorods; (b) 
nanoshells; (c, d) “long” and (e, f) “short” gold nanostars; and (g, h) gold nanocages. 
Reprinted with permission from reference 37 (L.M. Maestro, et al, Langmuir, vol. 30, 
no. 6, pp. 1650-1658, 2014). Copyright 2014 American Chemical Society. 
 



22 
 

surrounding the nanoparticle being used, so every molecule present is meant for 

a purpose, and it would lose that purpose, lessening the efficiency of the entire 

array if it were to desorb or decompose in situ.  

 
1.2.2d) Fluorescence enhancement  

The earliest known record of the phenomenon of fluorescence is a cup 

made of the wood from the narra tree, known as the lignum nephriticum cup. The 

wood from this tree, when in contact with water, would change the colour of the 

water from clear to opalescent hues (varying shades of blues and oranges 

depending on light and angle), as in fluorescent shades (see Figure 1.7). The 

written account of this strange wood was recorded by Nicolás Monardes in 1565. 

The source of the fluorescence has since been determined to be maltaline, the 

oxidation product of one of the flavonoids found in the wood.39 Developments in 

the progress and discovery of fluorescence materials and properties in the last 

400 years have made our modern use of fluorescent materials possible. The 

radiative decay of an optically excited compound or structure is very well 

understood, and this phenomenon has been exploited in many applications, 

including biomedical dyes and sensors, as well as in combination with other 

chemical techniques for sensing applications. Fluorescence is a popular area of 

research now, especially with respect to its enhancement using nanostructures.  
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The mechanism of fluorescence enhancement stems from effects of 

electromagnetic interactions between the fluorescence excitation, emission, and 

the plasmon modes of the nanoparticles. The first of these effects is the 

polarization of the incident light causing an increase in the incident field acting on 

the adsorbed molecules, while also causing the surface plasmon to resonate and 

radiate, thus increasing the intensity of the emitted light. The metal surface itself 

can also cause a change in the lifetime of the fluorescent molecule bound to or 

found near the surface by facilitating a conduit for the excess energy, generally 

leading to a faster emission after the excitation of the fluorophore.40-41 The 

enhancement effects are very sensitive to environmental changes, especially 

Figure 1.7 – Lignum Nepphriticum, pterocarpus indicus : Cup of 
Philippine Lignum Nephriticum (pterocarpus indicus), and flask 
containing its fluorescent infusion.39 
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when those changes also modify the plasmon resonance mode of the 

nanoparticle incorporated into the system. For example, the range of 

fluorescence enhancement using a number of silver nanostructures has varied 

from 10 to 100 times the intensity observed without the use of the 

nanostructures, while gold nanostructures yielded enhancement factors of 2 to 

30.41-43 The variation of these enhancement factors stems from both the 

electronic structure of the metal, as well as the physical shape and orientation of 

the nanostructures being used. Silver allows for a much greater enhancement of 

fluorescence than gold, as is evidenced by the more common use of gold 

nanostructures to quench fluorescence emission rather than enhancement. The 

structure of the arrays being utilized also has a significant influence on the 

enhancement of the emission intensity. One of the most significant alterations of 

structure is the change from isolated particles to aggregates or clusters of 

particles. The clusters of particles have different enhancement patterns brought 

about by the coupling of the plasmonic fields of the particles when they are very 

close together. The cavities between clustered particles have more surface area 

with which a fluorophore molecule can interact, thus creating a potentially higher 

enhancement in those cavities seen as an average signal intensity higher than 

that seen with isolated particles.40-41 

Noble metal nanostructures are of particular interest in this area of study, 

mainly for the potential application of multi-use systems. Ultra-small noble metal 

nanoclusters have already been found to be fluorescent without the addition of a 

dye. These very tiny groupings of atoms, either silver or gold, are documented to 
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fluoresce in the red region of the visible spectrum.44 The synthesis of these 

nanoclusters must be very controlled. Noble metals have a tendency to prefer 

forming larger, more stable nanostructures. Huang et al developed a method 

involving the formation of dendrimer capsules in order to maintain small sizes 

during synthesis. Once stable, the fluorescence was easily observed for both the 

silver and gold nanoclusters. An application for which these nanoclusters might 

be considered is cellular labelling, though the small size of the nanoclusters may 

also increase the cytotoxicity with respect to larger particles.45 The use of larger 

nanostructures is thus more desirable for potential biological applications. This 

poses its own challenges however, with the fact that noble metal nanostructures 

with width above 5 nm do not have fluorescent properties. The majority of the 

metal structures quench any nearby fluorescence by the nature of their ability to 

transfer energy through the conduction bands of the structures and emit that 

transferred energy in non-radiative decay. Thus, the use of surface modification 

is a typical method used to develop fluorescence enhancement, as well as 

variations of the structure of the nanoparticle can be used to control fluorescence 

quenching.46   

A popular method of surface modification of nanoparticles for control of 

fluorescence enhancement or quenching is the use of silica shells. Silica 

nanoparticles have been used shown to increase the intensity of fluorescence 

emission, thought to be caused by the high scattering ability of silica as a 

dielectric medium, allowing for an increased collection efficiency of the emission 

field.47 Silica is usually an insulator, but it can be electronically polarized by an 
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applied electric field (making it a dielectric), such as that of oscillating conduction 

electrons at the contact point between a noble metal nanostructure and the silica 

structure. There a number of principles that influence the likelihood of a noble 

metal nanostructure to enhance or quench fluorescence emission respectively, 

though the primary consideration is the overlap between the excitation or 

emission of the fluorophore with the LSPR of the nanostructure. If the absorption 

spectrum of the nanostructure overlaps well with the absorption (excitation) 

spectrum of the fluorophore, there is likely to be enhancement, whereas if the 

maximum absorption of the nanostructure overlaps with the emission range of 

the fluorophore, there is likely to be quenching of emission intensity (see Figure 

1.8).48-49 There are applications where quenching is the desired effect, and 

Reineck et al determined that the most efficient quenching occurred when the 

fluorescence emission is expected 30 nm red-shifted of the LSPR of the 

nanoparticle.50 One way to control this placement is to create a system of core-

shell nanoparticles, such as gold or silver nanoparticles coated in silica (metal-

silica core-shell structures have also been used for attaining enhancement). The 

plasmon bands of gold nanostructures are always of higher wavelength than 

those of silver nanostructures, allowing for simpler fluorescence enhancement 

arrays with silver. The same silica shells have been applied to both gold and 

silver nanostructures, with almost opposite results. Any thickness of silica shell 

on a gold nanoparticle was shown to have the same or increased quenching over 

the use of an uncoated gold nanoparticle, while the same thicknesses of silica 

shells on a silver nanoparticle had the same or increased enhancement as bare 
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Figure 1.8 – Fluorescent Dye and LSPR Overlap: The absorption (dashed) and 
emission (dotted) spectra of Cascade Yellow dye show good overlap with the 
plasmon bands of silver and gold, respectively, for fluorescence 
enhancement/quenching investigations. Reproduced with permission from John 
Wiley and Sons, reference 51, copyright 2006. 

silver nanoparticles. The extent of the quenching or enhancement with respect to 

the shell thickness demonstrated a distance-dependence for the fluorescence 

arrays. Using the silica shells as rigid spacers of controllable distances, the 

fluorophores closer to the metal nanoparticle showed an increased effect over 

that seen with thicker silica shells.50-53 Alternative core-shell structures include 

DNA shells (crosslinked to increase aggregation)54 and Rhodamine B shells 

(changing thickness of shell modulated fluorescence emission by surface-

enhanced fluorescence).55 
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Other works with fluorescence and nanoparticles includes creating hybrid 

multifunctional colloidal nanostructures. Bigall et al have explored the use of 

fluorescent, plasmonic, and magnetic properties in a number of combinations. 

Their aim has been to investigate these combinations for use in complex 

applications where one property alone would not be sufficient for the intended 

analysis. An example of such an application is in biomedicine with the goal of 

both labelling and destroying target tissue. Researchers have used fluorescent 

nanostructures to label tissues, and are also investigating the use of plasmonic 

nanoparticles as heat sources for destroying damaged or infected tissue, but the 

combination of the two has been thus far limited by the general tendency of noble 

metal plasmonic nanoparticles to quench surrounding fluorescence emission. 

The addition of an insulating layer, as well as the effects of distance and type of 

functionalization, are what Bigall et al, among many others, have been reviewing. 

Further progress is expected in the understanding of the combination of 

magnetic, fluorescent, and plasmonic nanoparticles (including combinations of all 

three types of nanoparticles) as the desire for hybrid systems increases.56  

 
1.2.2e) Fibre Optics and Optical Fibre Sensors 

One branch of LSPR-based sensing is with the use of optical fibres as a 

sensing platform. The optical field of the fibre can be enhanced by coating it with 

plasmonic films, or depositing plasmonic nanoparticles onto the surface. The 

enhancement is induced by the coupling between the optical modes of the fibre 

and the LSPR of the nanostructure. The enhancement of the optical field also 

increases the sensitivity of the sensing platform by utilizing the nanostructures’ 
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increased sensitivity to changes in their local environment. The plasmonic 

coupling effects of silver nanoparticles bound to an optical fibre sensor have 

been studied extensively by the Kundu research group in India. Their studies 

demonstrated an increased shift in the absorption spectrum of the sensor with 

the increased adsorbed particle density. More nanoparticles bound to the fibre 

platform allowed for increased interparticle coupling as well as increased 

coupling to the fibre’s optical field.57 Tu et al recently reported on the comparison 

between the used of solid nanoparticles versus hollow nanoparticles for 

increased optical enhancement and sensitivity.58 Their work used solid gold 

nanoparticles and hollow gold nanocages, similar to a part of the studies to be 

presented in this work (see Section 3.6). Solid gold nanoparticles on optical 

fibres were shown to have higher sensitivity to surrounding refractive index 

changes than those coated with silver nanoparticles, and further sensitivity was 

noted with the use of hollow gold nanostructures (caused by intra-particle 

coupling, previously unobtainable with filled nanostructures). These sensing 

platforms are of particular interest by their flexibility and tunability, as well as by 

being relatively inexpensive and simple to prepare. The quick and sensitive 

responses of optical fibre-based sensors allow them to be potentially used in a 

wide variety of applications, including biosensors. 

 
1.2.2f) Photovoltaics 

The ongoing research for the development of solar cells stems from our 

as-yet limited ability to capture the full potential energy from a light source. The 

typical photovoltaic arrays in production now have an average efficiency of near 



30 
 

3 %, leaving the vast majority of the potential energy wasted in this endeavour. 

This efficiency is a measure of the photon-to-current ratio of a particular array. 

The difficulty in achieving a higher efficiency stems from the relatively narrow 

range of absorption compared to the spectrum of photon energy available to 

absorb. The use of plasmonic nanoparticles in a photovoltaic array is an area of 

research intended to improve the absorption efficiency of the array. Silver 

nanostructures have been moderately explored for this application, with 

promising results when the plasmon resonance was made to couple with the 

semiconductor layer of a solar cell.14 Alternative methods of increasing the solar 

cell array’s efficiency include the assembly of superparticles (diameter between 

200 and 400 nm) from smaller nanoparticles (in order to control the absorption 

range via the interparticle spacing)59, or using core-shell or core-shell-shell 

nanostructures of metal, silica, and titania.60 In both of these methods, the 

attempt is to have a minimum separation, but not direct contact, between the 

metal nanoparticle and the semiconducting layer, either by functionalized self-

assembly, or applying a silica thin film before coating with the conducing titania 

film. All of these modifications aim at broadening the absorption range of the 

solar cell array, however one main obstacle is the production cost. Without a 

drastic increase of efficiency, the cost to produce arrays with silver, gold or other 

noble metal nanoparticles is extravagant. The research will continue, though 

mass production of altered solar cells will be some time coming. 
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1.2.2g) Other Potential Applications 

The above sections have briefly reviewed a number of applications for 

noble metal nanostructures, for which the gold nanocages produced in this study 

were evaluated. There are many other potential applications, a few of which will 

be reviewed very briefly in this section.  

Surface-enhanced Raman spectroscopy (SERS) and SERS-based 

sensors, with the continuous advances in nanofabrication and nanotechnology, 

are very versatile methods of analysis. High sensitivity made possible by the 

inherently high-intensity signals of Raman-active molecules allowing for a variety 

of surface modifications to be investigated for improved sensitivity and detection. 

Research in surface modifications in recent years have altered from roughened 

surfaces to structured and/or random deposition of pre-synthesized 

nanoparticles.61-63 The nanoparticles present discrete regions of optical field 

coupling, altering the sensitivity of the entire sensing array. The shape and 

material of the nanoparticles being used also alters the SERS signal significantly. 

Even small changes of shape have significantly different shifts, such as slight 

truncation of the corners of a cubic structure, as demonstrated by McLellan et 

al.64 The process by which the surface is modified can also have an effect on the 

SERS signals produced. Direct surface modification, such as roughening or 

lithographic techniques, have shown very different shifts and intensities than 

deposited or pre-assembled nanostructures.65-66 An interesting case observed by 

the El-Sayed research group was that hollow gold nanoframes, contrary to 

previously studied solid gold nanostructures, showed a reduction of the SERS 

efficiency. This reduction is believed to be caused by the interaction between the 
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outside and inside of the hollow nanostructure. A solid nanostructure only has 

external influences on the LSPR and induced electronic fields, whereas a hollow 

nanostructure has an additional influence of the internal surfaces inducing their 

own fields and coupling with the external surfaces’ fields.67 This altered 

nanostructure added a new level of complication to the investigation. Zoppi et al 

later functionalized the gold nanocages to be able to observe both SERS and 

fluorescence spectroscopy changes in order to develop a very sensitive sensing 

probe.68 These recent advances have further developed the range of applications 

for noble metal nanostructures with Raman-active molecules, and methods are 

being developed for the modification of SERS substrates to allow for tailored 

enhancement mechanisms. Controlled deposition and selective galvanic 

displacement of silver nanowires have allowed Netzer et al to tailor their SERS 

substrates69, a feature certain to further expand these applications.  

A number of other applications of noble metal nanostructures in plasmonic 

applications include the self-assembly of gold nanoparticles to modify indium tin 

oxide electrodes70; the self-orientation of silver nanocubes for assembly of 

plasmonic nanojunctions71; the use of silver films with cadmium sulphide 

nanowires, or Oregon Green-doped silica-coated gold nanoparticles for the 

production of plasmon lasers72-73; as well as the use of surface-modified hollow 

silver, gold, or silver/gold alloy nanostructures for the catalytic degradation of 4-

nitrophenol and 4-aminophenol74-75, or catalytic glucose oxidation.76 

Thermotherapy, theranostic, and drug delivery mechanisms (general and 

targeted) using a variety of gold nanoparticles are also being developed.12,21,34,77-
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86 The functionalization of the gold nanoparticles with thiolated molecules have 

allowed for a number of sensing platforms and aptamer-based delivery modes to 

be developed, including the sensing of a biomarker for Alzheimer’s disease87 and 

targeted thermotherapy to cancer cells.88-90 The use of hollow gold 

nanostructures is a promising method of drug delivery currently being 

investigated. Targeted cell imaging using modified gold nanoparticles is also 

being investigated, for in-vitro and real-time in-vivo imaging.91-92 The versatility of 

external functionalization, along with the strong plasmon resonance and stability 

in biological conditions, make gold nanostructures a very promising option for a 

number of biomedical applications. 

 

 

Figure 1.9 – Potential drug delivery mechanisms using nanostructures:  
(A) release mechanism for gold nanocages coated with smart polymers 

Reprinted with permission from reference 12 [Xia, et al, Acc. Chem. Res., vol. 44, no. 
10, pp. 914-924, 2011). Copyright 2011 American Chemical Society. 

(B) other commonly used loading techniques that may be applied to gold 
nanocage platforms. Reproduced with permission from Elsevier Limited, reference 
34, copyright 2010. 

(B) 
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1.3 Choice of Material  

The plasmonic properties of gold and silver nanostructures are being 

extensively studied in current research. Since the shape and size of the 

nanostructure has a direct impact on these properties, the on-going development 

of control over the size and shape of the nanoparticles is constantly altering the 

range of applications for both silver and gold nanostructures. Modified synthesis 

methods are also becoming increasingly robust and reproducible, allowing for 

larger scale syntheses of the nanostructures being investigated.  

The work presented herein uses gold nanocages with post-synthesis surface 

modifications made as needed to direct the investigation toward an intended 

application. Previous work involved the synthesis, characterization and 

application of silver nanocubes.19,93 The intention for this work was to contrast 

the utilization of gold nanocages in similar characterization settings and 

applications. The silver nanocubes used previously showed good sensitivity to 

refractive index, especially when supported on a dielectric substrate. Silver 

nanostructures, especially those with well-defined and sharp edges, have shown 

excellent LSPR tunability and sensitivity for plasmon resonance sensing 

applications.22,43,94-95 The characterization and investigative potential for 

applications of gold nanocages for this project was prompted by the potential of 

high sensitivity at longer wavelengths and the idea that gold is more favourable 

for use in biological and biomedical applications.  

The potential seen in reported research before this project began 

demonstrated the size and shape dependence of the RIS of various gold 
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nanoparticles20 (as seen in Table 1.1), as well as the potential for molecular 

sensing platforms using other gold nanostructures.22 These basic results, as well 

as the well-known biocompatibility of gold, was the basis of choosing gold as the 

primary material to be utilized in this project. Large gold nanoframes, varying 

from mostly spherical to forms of cubic structures, are being investigated for their 

sensing efficiency at near-infrared (NIR) wavelengths,68,96 with promising results 

based on the high strength surface plasmon fields generated by the interaction 

between internal and external fields of the hollow nanoparticles. The gold 

nanocages investigated in this project were smaller than those previously 

reported, a feature intended to allow for functionalization and/or coatings to 

control the LSPR in the UV-vis range of the electromagnetic spectrum for various 

applications.  

 

1.4 Synthesis Methods 

Nanostructures in general have two main preparatory routes: “top-down” or 

“bottom-up”. A top-down approach involves starting with a bulk substance and 

using lithographic techniques, such as etching, mask-guided deposition, or 

electron beam lithography to create a desired nanostructure.97 This method is 

typically limited to solid structures and it is difficult to create colloidal dispersions 

with the resulting nanostructures. A bottom-up approach is more versatile in this 

manner as it typically involves the formation of nanocrystals from ions in solution. 

The growth and applications of the resulting nanocrystals may be either 

substrate-supported or colloidal-solution based, with simple modifications and 
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functionalizations used to tailor the resulting nanostructures to the desired 

shapes and sizes.  

 
1.4.1 Polyol Synthesis for Silver Nanostructures 

The production of hollow, cubic gold nanocages requires sacrificial silver 

nanocubes as a starting structure. The synthesis of silver nanostructures has 

been extensively investigated, with a polyol synthesis method becoming the most 

common synthesis process used in recent years. This method is called a polyol 

method as it uses an alcohol containing multiple hydroxyl groups as the main 

solvent. A polyol synthesis method also requires a reducing agent, a capping 

agent, and a metal precursor. The progression of the reaction and the resulting 

product can be varied using temperature changes, the presence of trace ions, 

and the concentration of the reagents being used. The typical choices of solvent 

for a polyol synthesis of silver nanoparticles are ethylene glycol, 1,2-propylene 

glycol, or 1,5-pentanediol. For this project, ethylene glycol was used as both the 

primary solvent and the reducing agent. The hypothesized mechanism of the 

reduction of silver ions to silver crystals is that ethylene glycol, when heated in 

the presence of oxygen will form glycoaldehyde, a reductant strong enough to 

spontaneously reduce silver ions in the same solution.14   

 
 

   C  C        
(15 

o
C)

→         C  C          

 

 

Equation 1.2 – Reduction of ethylene glycol: Reduction of ethylene glycol to 
glycoaldehyde when heated in the presence of oxygen. 
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Other syntheses processes have used aqueous solutions using 

polyelectrolytes98-100, citrate (known as the Turkevich method when forming gold 

nanoparticles)57,101-102, copper chloride103, chloroplatinic acid (H2PtCl6)
104, 

dimethylformamide105, hexamethylenetetramine76, or hydroxylamine106 to 

stabilize and reduce the metal precursor, all of which result in different 

nanocrystal shapes. Seed-mediated107-109 and electrochemical110-111 synthesis 

methods can also be employed, though they are typically ideal for very large or 

complex nanostructures. All of the methods listed above are completed in either 

hydrophilic or aqueous solutions, though hydrophobic solvents are also being 

investigated. The challenge with hydrophobic solvents is in achieving the same 

level of control over the product’s size and shape, thus alternative etching agents 

and capping agents are needed to achieve similar results.112 

 
1.4.1a) Metal Precursor 

The metal precursor used in this project for the preparation of silver 

nanocubes was silver nitrate. This was chosen as the precursor in the polyol 

synthesis for its ready availability as well as for the fact that the complimentary 

cation would not interfere with the progression of the synthesis. The rate of 

addition of the metal precursor also affects the structure being formed.113 An 

alternative silver precursor is silver trifluoroacetate (CF3COOAg), with similar 

nanocrystal products to those made from silver nitrate when used in a polyol 

synthesis.114 Other noble metal nanostructures are made in similar fashions to 

those of silver, including platinum, palladium, gold, ruthenim and rhodium.82,98-

99,115-117 Plasmonic nanoparticles include those made of cobalt, nickel, iron and 
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copper (among others), though the synthesis of these particles trends toward 

oxide nanoparticles, thus the more stable noble metals are used more often.118 

The timing of the synthesis must be carefully monitored as overgrowth can occur 

with extended reaction time, resulting in truncated octahedrons119, extended 

shapes120, or branched nanoparticles.99 

 
1.4.1b) Capping Agent 

The capping agent of a synthesis is the primary method of dictating the 

specificity of shapes produced. Without a capping agent to guide the crystal 

growth, the particles would undergo rearrangement to achieve the lowest 

possible surface energy, known as the Wulff shape. For noble metals, the 

nanoparticle Wulff shape is a truncated octahedron7, as it is a close 

approximation of a spherical particle while still maintaining a crystal lattice 

(spherical particles having the lowest surface area allow for the lowest surface 

energy arrangement). Thus, various capping agents have been investigated and 

utilized in research to enable the monodisperse production of a number of 

different shapes of silver nanoparticles.14 The capping agent used in the 

synthesis of silver nanocubes for the extent of this work was polyvinylpyrrolidone 

(PVP). PVP has been shown to selectively bind to the (1 0 0) crystallographic 

planes of a metal crystal growing in solution, promoting the growth of all other 

faces, eventually leaving only the (1 0 0) faces of a cubic structure (see Figure 

1.10).121 Alternative capping agents for shape control of noble metal nanocrystal 

growth include polyelectrolytes98, facet-specific peptide sequences122, 

citrate9,57,123-124, iso-luminol125, cetyltrimethylammonium bromide (CTAB)3, and 
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surfactants such as stearyltrimethyammonium chloride115 or oleylamine116. 

Preparation of silver nanoparticles without the use of a capping agent is also 

possible so long as the desired shape is spheroid nanoparticles.126 

 

 

 
1.4.1c) Trace Materials 

One type of trace ion that is desired for some of the synthesis methods of 

silver nanocubes is sulfide anions. S2- is known to increase the rate of reduction 

of silver ions, though this ion must be present only in very small amounts to avoid 

the precipitation of silver sulfide in the solution, typically causing rapid 

aggregation of the silver crystals being formed.127 Trace amounts of sodium 

sulfide were added during the synthesis process of the silver nanocubes 

prepared for this project, with the intention of increasing the rate of reaction. An 

alternative choice of trace ion is that of a halide.128 These anions act as an 

Figure 1.10 – Binding of PVP versus Citrate: Schematic of preferential binding of (A) 
a citrate group to the (111) face, and (B) a PVP repeating unit to the (100) face of a 
silver crystal. Reprinted with permission from reference 121 [Xia, et al, J. Phys. 
Chem C, vol. 116, no. 41, pp. 21647-21656, 2012). Copyright 2012 American 
Chemical Society. 
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oxidative etchant for the silver crystals being formed, promoting the formation of 

twinned-seeded starting particles and encouraging the growth of larger 

nanostructures, such as nanowires or very large nanocubes when using chloride 

ions.113,129-130 A source of bromide ions can be added, with resulting structures 

trending toward right bipyramids and nanobars.113,131 The rate of the reaction can 

also be increased using microwave irradiation100,132, or by bubbling hydrogen gas 

through the polyol synthesis reaction.133 Etching to desired shapes during or after 

synthesis can be achieved by adding oxygen130,134 or trace amounts of nitric acid, 

though excess results in acid digestion of the nanoparticles.135 

 
 
1.4.2 Galvanic Displacement for Gold Nanostructures 

 

 

 

 
Once the silver nanocubes have been prepared, the gold nanocages are 

synthesized by a simple galvanic displacement using tetrachloroauric acid. This 

displacement occurs spontaneously because Au3+ has a higher reduction 

potential than Ag+, allowing the silver of the template nanostructure to be 

oxidized as the gold deposits in its place136 (as described in Equation 1.3). PVP 

Equation 1.3 – Galvanic Exchange Reactions: (a, b) Half reactions and 
reduction potentials of the reduction of silver and gold ions181; (c) complete 
reaction for galvanic exchange of gold for silver. 

Half Reactions: 

Ag
 

(a )
 e-

(a ) Ag(s)   (0.80V vs. S.H.E.)  (a) 

Au
  
(a )  e

-
(a ) Au(s)  (1.50V vs. S.H.E.)  (b) 

 
Combined reaction for galvanic exchange: 

Au
  
(a )    Ag(s)  Au(s)    Ag

 

(a )
        (0.70V)   (c) 



41 
 

is added to the solution to preserve the cubic shape during the metal-ion 

exchange. This stage of the preparation was an aqueous solution, producing 

easily repeatable results.12,137-139 Galvanic exchange has also been utilized in the 

formation of nanoboxes made of palladium-silver and platinum-silver alloys140, as 

well as a number of other hollow gold shapes136. A pathway of patterned 

displacement is suggested by Cobley et al. (see Figure 1.11), wherein an alloy of 

gold and silver is first formed at the exposed faces of the nanocube, followed by 

the progressive oxidation of silver resulting in first an alloyed hollow cubic shape 

then a gold nanocages with partially open faces.136  

 

 

 
There are a number of minor alterations seen in literature to the general 

procedure of galvanic displacement of silver with gold. In some cases, the silver 

nanocrystals are synthesized in the same vessel to which the gold solution is 

added, making the synthesis a one-pot procedure.18 An alternative method 

involves the formation of gold nanocrystal seeds to begin a four-step protocol to 

form gold nanocages.76 Both of these methods were attempted for this project 

Figure 1.11 – Schematic of Galvanic Displacement: Schematic illustrating the 
major morphological and structural changes involved in the galvanic displacement 
reaction between AgNC and HAuCl4. Reproduced with permission from Elsevier 
Limited, reference 136, copyright 2010. 
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(see Section 2.2), however a more simple procedure was found to be easily 

reproduced with good consistency. This simple method used previously prepared 

silver nanocubes and a low concentration of tetrachloroauric acid (HAuCl4) to 

slowly exchange the silver nanocubes to hollow gold nanocages, as per 

Skrabalak et al.137, and was the primary method of gold nanocage preparation for 

this project. 

 
 
1.5 Surface Modifications Made to Gold Nanocages 

To enable the use of the same nanoparticle in a number of different 

applications, simple surface modifications can be completed. These 

modifications may be for the intent of self-assembly, RIS adjustment, LSPR 

shifting, or application design. All modifications to the surface of the nanoparticle, 

by etching or molecular binding, will inherently change the RIS of the 

nanoparticle. The extent of this alteration stems from whether the change was 

intentional or simply a side effect of the surface modification. The two main 

surface modification methods used for this project were functionalization with an 

alkyl chain and silica-coating of the gold nanocages. Other surface modifications 

possible include peptide binding for targeted biomedicine applications80, disulfide 

binding for improved biocompatibility35, and fluorophore or quantum dot binding 

for emission enhancement and/or quenching applications49. 

 
1.5.1 Alkyl-Chain Functionalization (HDT) 

Most plasmonic applications have the RIS of a nanostructure tuned to an 

acceptable working range for the specific application. The functionalization of a 
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nanostructure alters this sensitivity, a fact which must be considered before 

investigating an application that requires a molecule to be coated onto the 

nanostructure. Generally, unmodified nanoparticles have a higher RIS than 

surface-modified nanostructures. The electromagnetic field of a nanoparticle 

decays away from the particle surface, thus the strongest sensitivity occurs close 

to the nanoparticle surface.65 A functionalization molecule will typically form a 

monolayer on the surface of the nanoparticle, the thickness of which corresponds 

to the decreased sensitivity of the nanoparticle. This can, however, be an effect 

outweighed by the function of the newly bound monolayer.  

One molecule that was used for gold nanocage functionalization in this 

project was hexadecanethiol (HDT). The intention of this modification was the 

potential for increased packing order when depositing the nanocages onto 

substrates. The long alkyl chains create organized packing structures between 

themselves through van der Waal’s interactions. This organized packing allows 

for a method of self-controlled distance of separation upon deposition.38 The fact 

that HDT also forms a self-assembled monolayer on gold and silver is another 

favourable attribute of this functionalization method. A thiolated alkane will 

spontaneously form a covalent bond with the surface atoms of the nanostructure, 

which forms a very well ordered monolayer following the crystallographic nature 

of the nanostructure.  
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1.5.2 Core-Shell Modifications (Silica-Coating) 

A different method of surface modification is that of creating a core-shell 

system. Metal core and dielectric shell nanostructures have proven to be 

particularly interesting for a number of applications. Some of those applications 

include photothermal drug release84 and self-assembly of core-shell films141. 

There is one synthesis method in particular that is often modified to suit specific 

situations, being the Stöber method. This method was initially developed for the 

synthesis of monodisperse, micron-sized silica spheres.142 The general process 

of this method is the hydrolysis of an alkyl silicate, followed by condensation of 

Figure 1.12 – Schematic Representations HDT Monolayers:  
Schematic representations of  
(A) packing order of HDT on a gold surface. Reprinted with permission from 

reference 182 (Terrill, et al, Langmuir, vol. 14, no. 4, pp. 845-854, 1998). Copyright 
1998 American Chemical Society. 

(B) alkyl-chain structure of HDT184 
(C) SAM formation of HDT on a metal surface. Reprinted with permission from 

reference 183 (Kim, et al, J. Appl. Phys., vol. 106, p. 083518, 2009). Copyright 2009 
AIP Publishing LLC. 

(A) (B) 

(C) 



45 
 

the newly formed silicic acid, using ammonia as a catalyst. The controlled growth 

of silica shells on metal nanostructures is completed much the same, though the 

amount of alkyl silicate is typically much lower than originally utilized. The 

spheres first synthesized by Stöber et al were 0.05 to 2 µm in diameter, while the 

shells desired around the nanostructures are typically between 3 and 100 nm. An 

alternative to the Stöber method that has been developed involves a 

microemulsion to create confined spaces within which the core-shell 

nanostructures are synthesized.143 This method uses a surface primer in order to 

control the silica thickness on the nanoparticle, which has been seen to allow for 

the use of high concentrations of particles with consistent results. Other methods 

of creating metal-core silica-shell nanostructures involve the use of water-soluble 

micelles, though this is typically with the intent of creating very thick shells on 

very small nanoparticles.144 

The intent of creating core-shell structures with noble metal nanoparticles 

has a basis in protecting the nanoparticle or nanostructure from external 

environments. Nanostructures, both made of gold and silver, have tendencies to 

be altered when exposed to electron beams, heat and pH changes. Using silica 

as a protective coating is one method often used to stabilize the nanostructures 

in harsh environments.145 The thickness of the shell can be determined using a 

Mie-type model for the shift of a nanoparticle’s LSPR mode with respect to the 

thickness of the shell. Khlebtsov et al used a spherical core-shell approximation 

to determine the approximate thickness of the silica shell being formed on gold 

nanocages, with good agreement to the experimental results.146 The structure of 
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the silica shell being formed is influenced by the length and amount of PVP 

surrounding the nanostructures, the water content of the solution, the 

concentration of ammonia added, as well as the type of nanoparticle being 

used.147 Once formed, the silica shells can themselves by functionalized 

externally for other applications.68,84,141,148 

 

1.6 Preparation for Intended Applications 

There are a number of steps to be completed between the synthesis of 

gold nanocages and the induction into a desired application. Many applications 

incorporate a substrate, thus the nanocages must be deposited somehow, while 

other applications require the use of varying solvents or the presence of other 

optically important molecules. The nanocages must therefore be prepared and 

applied to these changing environments. 

 
1.6.1 Deposition Methods 

The deposition of gold nanocages has three primary methods: drop-cast, 

Langmuir-Blodgett technique, and self-assembly. Of these three, drop-casting is 

the only method that does not allow for organized assembly, instead resulting in 

random placement and aggregation upon solvent evaporation. For the use in 

applications, a more ordered, or at least controlled, deposition is desired, thus 

the use of Langmuir-Blodgett technique and self-assembly methods. 
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1.6.1a) Langmuir-Blodgett Technique 

The term Langmuir-Blodgett, in reference to deposition technique for films, 

was first coined in 1934. It was then that Iriving Langmuir and Katherine Blodgett 

discovered that it is possible to homogenously deposit a monolayer of organic 

molecules onto a solid surface by inserting the solid surface into an aqueous 

solution containing a monolayer of the organic molecules.149 Since its initial 

discovery, this method has been utilized extensively, and expanded to include 

the deposition of solid particles in combination with organic surfactants onto 

various forms of substrates. These advances, especially in recent years, made to 

include complex nanomaterials typically thought too large or heavy to be 

deposited via Langmuir-Blodgett (LB) technique, have allowed this method to be 

used to form detailed and complex surface and deposition arrangements, some 

of which are not easily achieved by other deposition methods.150-151  

 

 

 

Figure 1.13 – LB Deposition Illustration:  illustrative representation of the transfer 
of a monolayer of nanoparticles by LB technique via capillary forces (A-water 
subphase; B-LB trough barrier; C-deposition substrate; D-nanostructure sample). 
Reproduced with permission from John Wiley and Sons, reference 150, copyright 
2009. 

A 

B 

C 

D 
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The mechanism of the formation of LB films is simple. It begins with a thin 

layer of water on a specially designed trough. The material to be deposited as a 

film is first made to form a monolayer at the air-water interface of the water in the 

LB trough. This material is preferentially amphiphilic to allow for the majority of 

the material to remain at the surface of the water. If the material is too 

hydrophobic, there will likely be pockets of concentrated material on the surface 

of the water, while being too hydrophilic has the material dispersing into the 

water subphase instead of remaining on the surface. Once a an even monolayer 

of amphiphilic material has been achieved, at the desired density (measured as 

surface pressure while on the LB trough), a solid surface or substrate can be 

vertically lifted through the monolayer, whereupon the monolayer of deposition 

material will quantitatively and qualitatively transfer onto the exiting surface via 

capillary action and surface tension.  

Many different substrates can and have been used to receive LB films, the 

main criterion being that it is not a hydrophobic surface (one such surface would 

repel the water and monolayer, thus preventing the transfer of the monolayer). 

Patterning can also be achieved by using tailored mixes of different amphiphilic 

molecules, such as two different phospholipids or a polyelectrolyte and surfactant 

mixture.152-158 When depositing nanoparticles by LB technique, a amphiphilic 

spacer is often used to prevent aggregration and provide more control over the 

interparticle spacing of the deposited monolayer. The orientation of phospholipid 

monolayers has been extensively studied, the results of which provide an insight 

into the mechanism of packing and surface coverage as a function of surface 
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Figure 1.14 – FDTD Determinations: 
FDTD determination of resonance 
modes influenced by substrate 
(A=peak#1, B=peak#2); (C) changes 
to observable LSPR upon silver 
nanocube approach to substrate.7 

pressure, for lipids, nanoparticles, and mixtures of the two.159 The LSPR of 

plasmonic nanoparticles changes drastically upon deposition, especially onto a 

dielectric substrate. This change is induced by the alteration of the electronic field 

interactions on one surface of the nanoparticle (seen clearly with cubic 

structures) as well as by the permanent change of refractive index near the same 

surface (see Figure 1.14).155,160  

 

 

 

 

(C) 

(A) (B) 
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1.6.1b) Self-Assembly Method 

Self-assembly on gold structures has its origin with the discovery of 

spontaneous, organized binding of disulfides onto a gold surface in 1983. The 

bond formed between gold and sulfur is a strong, semi-covalent bond, though it 

is unstable in the presence of water. Self-assembled monolayers developed on 

gold since then typically involve either a disulfide or an alkanethiol.161-162 These 

monolayers are highly organized, especially when a long-chained thiolate is used 

to form the monolayer. The alkane chains will also organize themselves to a 

state of order dependent on the density of monolayer formed, similar to the 

organization seen with phospholipids at different densities in an LB film. The 

density of the monolayer can be controlled by the concentration of the sulfur-

containing compound added to the system.   

There are a number of intents for the formation of self-assembled 

monolayers on a gold nanostructure. At high density, the monolayer can form a 

protective coating, especially with the use of multi-dentate molecules, to enhance 

resistance against metal corrosion and particle decomposition.163 Other 

applications of self-assembled monolayers on gold nanostructures include 

surface modification for further functionalization (such as coatings or targeted 

etching) and the assembly of large areas of organized nanostructures (possibly 

extending in three dimensions as well).  

There are a few popular binding molecules currently being utilized, among 

which are (3-aminopropyl)trimethoxysilane (APTMS), (3-

aminopropyl)triethoxysilane (APTES), and (3-mercaptopropyl)trimethoxysilane 
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Figure 1.15 – Alkoxysilane Structures: Structures of APTES (A), APTMS (B), 
and MPTMS (C).185 

(MPTMS).70,164-165 These alkoxysilanes are of particular interest for their double-

ended functionality. The nitrogen or sulfur end favour binding to a gold or silver 

surface, while the silane group can be adsorbed to another surface or particle. 

This dual functionality allows for the capture of gold nanoparticles (when the 

silane-end is fixed first) or for a monolayer formation on a gold surface or on gold 

nanoparticles (when the sulfur- or nitrogen-end is bound first).  

 

 

              

 

Polyelectrolytes can also be utilized to form self-assembled monolayers 

on gold or silver nanostructures. Layer-by-layer assemblies can be constructed 

by using the alternating charges of certain polyelectrolytes. The self-assembly is 

then driven by electrostatic attraction.166-167 The use of phospholipids in a 

colloidal suspension of gold nanoparticles can also yield self-assembled regions 

upon deposition, much like with LB films.168 Three-dimensional self-assembly 

occurs at high pressures with functionalized nanoparticles, but it can be precisely 

controlled with flat-sided nanostructures (such as nanocubes) by selectively 

functionalizing faces of the nanostructure.169  

 

(A) (B) (C) 
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1.6.2 Fluorescence Investigations 

Upon coating noble metal nanostructures with silica, fluorescence 

enhancement and quenching studies are often used as an important 

characterization method. Thin-film silica over silver nanocubes has been shown 

to enhance the fluorescence emission by an average factor of 10 (with respect to 

emission intensity at same concentration without nanoparticles). Thin films of 

silica over gold nanostructures is typically intended for quenching studies, with 

quenching increasing with the thickness of the silica shell. The prediction of 

whether the presence of nanoparticles in solution with a fluorophore will enhance 

or quench the fluorescence emission is based on the overlap of the excitation 

and/or emission wavelengths with the LSPR maxima of the nanoparticle. Thus 

the fluorophores chosen for the study of silica-coated gold nanocages are 

different for those used in silver nanocube studies. The fluorophores used in this 

study were Rhodamine 6G (Rh6G), Rhodamine 640 (Rh640), LDS 751, 

Rhodamine 800 (Rh800), Rhodamine B (RhB), Nile Blue chloride (NBC), and 

1,1’-diethyl-4,4’-carbocyanine iodide (cryptocyanine). The overlap of the LSPR 

absorption of gold nanocages with the excitation and/or emission of the 

fluorophores used in this work is discussed in Section 3.5. 
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Table 1.2 – Fluorescent Dye Information: Basic information and structure of 7 
fluorescent dyes used in this project. (Structures obtained from chemBlink database186) 

 

 

Fluorophore Name 
Excitation, Emission 

Wavelengths (nm) 
Structure 

Rhodamine 6G 529; 554 

 

Rhodamine 640 545; 588 

 

LDS-751 543; 712 

 

Rhodamine 800 545; 569 

 

Rhodamine B 684; 704 

 

Nile Blue chloride 629; 662 

 

Cryptocyanine 709; 721 
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1.6.3 Refractive Index Sensitivity Determination 

The measure of refractive index sensitivity follows a simple procedure with 

easily reproduced results. Typical analysis involves the use of solutions of 

ethylene glycol, ethanol and/or water. Varying the ratios of these solvents in a 

homogenous solution allows the refractive index of the solution to be easily 

manipulated. The refractive index of the solution can be calculated using the 

Lorentz-Lorenz equation (Equation 1.1). A known concentration of the 

nanostructure being investigated is then added to the solution and UV-vis 

spectroscopy (and/or NIR spectroscopy) is used to observe the LSPR peak 

position with respect to changing refractive index, from which the RIS of the 

nanostructure is obtained. The slope of this typically linear relation represents the 

RIS of the nanostructure. Any modifications made to the surface of the 

nanostructure will alter the RIS, thus this process is repeated after surface 

modifications.  

RIS can also be determined for a nanostructure deposited onto a 

substrate. The solution is exchanged around the nanostructure, and so long as 

the nanostructure is firmly bound to the substrate, the RIS measured will be with 

respect to the unbound faces of the nanostructure. There is a small amount of 

surface rearrangement that occurs upon solvent exchange, more so as the 

refractive index of the solution increases. This is observed by a shift of the LSPR 

when replaced in a previously measured medium. It is for this reason that RIS is 

carried out as the last characterization method for substrate-supported 

nanostructures.  
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 1.7 Characterization methods 

A number of characterization methods were used throughout this project. 

There were a few spectroscopic and microscopic methods used at different 

stages, for varying states of samples being synthesized or used. Some important 

information regarding these methods is discussed in the sections to follow. 

 
1.7.1 Ultraviolet-Visible and Near-Infrared Spectroscopy 

Ultraviolet-visible (UV-vis) and near-infrared (NIR) spectrophotometry 

were used extensively throughout this project. The LSPR signals are observed 

as absorption maxima using these spectrophotometric methods, the strongest of 

which is the dipolar resonance. When the nanostructure has sufficiently sharp 

edges, the multipolar resonances can also be observed, such as the quadrupolar 

and octopolar resonances for cubic structures. Gold nanocages and silver 

nanocubes both have their LSPR well within the range of UV-vis and NIR 

wavelengths, though the placement within those ranges depends on the 

composition and size of the nanostructure, as well as the surrounding 

environment. The range for silver nanocubes in this project was from 300 to 600 

nm, while a range of 400 to 2500 nm was needed for gold nanocages. 

Glass, quartz and polymethacrylate cuvettes were available to use for the 

various methods of spectroscopy, the choice of which was made depending on 

the range of absorption to be observed. Glass is known to absorb light below 380 

nm and above 800 nm, thus if to be used for colloidal suspensions or monolayer 

deposition, a baseline without nanostructures was required to eliminate the 

interfering absorption. Quartz cuvettes are the prime candidates for absorption 
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Equation 1.4 – Beer-Lambert Law: Beer-Lambert Law to relate absorbance to 
concentration. (A=absorbance; ε=molar absorptivity (L mol-1 cm-1); l=path length 
through cuvette (cm); c=concentration of compound in solution (mol L—1).) 

measure from 200 to 2500 nm, thus the range under 400 nm was more clearly 

characterized (though quartz cuvettes are more fragile than glass, making them 

more delicate to clean after use with self-adsorbing nanoparticles). 

UV-vis and NIR spectroscopy have easily recognizable features that are 

intrinsic to the samples being characterized. The width of the maximal peak 

observed is representative of the monodispersity of the sample. Slight variations 

of size and shape will alter the maximum LSPR peak, though when the variations 

are not consistent throughout the entire sample, the peak observed is a 

summation of their absorbances, thus making it broader than a monodisperse 

sample. The intensity of the absorption observed follows the Beer-Lambert law 

for concentration of nanoparticles (see Equation 1.4). The actual concentration of 

these (as moles of nanoparticles per litre) is difficult to determine since the 

extinction coefficient (also known as molar absorptivity) changes for each 

particular combination of size, shape and nanostructure composition. The 

concentration of silver nanocubes and gold nanocages cannot be directly 

correlated to the original amount of silver added to the synthesis unless the 

amount lost to cleaning, unreacted reagents, and in-situ characterization can be 

quantified. The concentration observed by the absorption intensity is thus a 

relative concentration between samples.  

 

A=εlc 
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 Absorption can also be used to characterize substrate-supported 

nanocages. The substrate in question is first used to baseline the spectrometer 

(or collected as absorption against air for later subtraction) in order to accurately 

capture the particular interference of that substrate. Each substrate used was 

slightly different (in film thickness, surface features and substrate thickness), thus 

a more accurate representation of the effect of the substrate on the LSPR of the 

nanocages is obtained by removing that same interference from the sample’s 

spectra. The intensity of the absorbance observed then represents the relative 

surface coverage of the substrate with the nanostructures. Angle-dependent 

absorption and LSPR shifts can also be observed on substrate-supported 

samples. 

 
1.7.2 Transmission and Reflection Spectroscopy 

 Substrate-supported nanoparticles are analyzed for transmission and 

reflection properties between 300 and 900 nm, or above 1500 nm for fibre optic 

substrates. 

 
1.7.2a) Slide-based Substrates 

Transmission and reflection spectra were obtained for monolayers of gold 

nanocages deposited by LB technique onto thin-film silicon and glass substrates. 

The range of absorption and transmission spectra obtained was 340 nm to 1025 

nm. Transmission spectra had baseline subtractions against the blank substrates 

(as with UV-vis absorbance). The theory behind correlating transmission minima 

to absorption maxima is according to Beer’s law (see Equation 1.5), though there 
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Equation 1.5 – Beer’s Law: Beer’s Law, relation of 
intensities of absorbance (A) and transmittance (T). 
 

are often differences observed. These differences are the influences of 

plasmonic fields and substrate effects, thus the maxima and minima of the same 

sample’s LSPR may not align as expected. Reflection spectra are obtained 

separately, and are an unusual characterization to be observed. Typically, 

reflection is counted as part of the absorption spectra along with scattering, but it 

is possible to obtain reflection separately to better analyze the sample. The 

intensity of reflection of a sample is compared to that of a clean, unblemished 

mirror representing 100 % reflection. With metal nanostructures, the reflection 

measurements obtained can be related to the coverage of the substrate.  

 

A=log
1 
(
1

T
)=log

1 
(
1  

 T
) 

 

 

 

 
1.7.2b) Optical Fibre Substrates 

Transmission spectra were also obtained for optical fibre-supported 

nanocages. This particular application was for the intention of developing 

biosensing platforms on the basis of resonance shifting, much like colloidal or 

slide-supported nanoparticles. The cladding resonance of the optical fibre is the 

most sensitive to coupling interactions, thus it was this resonance that was 

monitored as nanostructures, receptor molecules and target molecules are 

sequentially bound to the surface of the optical fibre. The addition of plasmonic 
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Figure 1.16 – TFBG Transmission Spectrum: Transmission 
spectrum of TFBG, fibre-based platform. Range of interest 
indicated by red brackets; cladding mode indicated by red arrow.36 

 

nanostructures to the surface of the optical fibre is for the intent of increasing the 

sensitivity and limit of detection of the biosensing platform. This sensitivity can 

also be observed as an increase of the RIS of the optical fibre set up. Recent 

developments include polymers as well as solid or hollow noble metal 

nanostructures being bound to the fibre.58,170 The application investigated in this 

project added the feature of a titled fibre Bragg grating to these developing 

sensing platforms (to be discussed in Section 3.6). 
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1.7.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy was used to measure the enhancement and 

quenching potential of silica-coated gold nanocages. As the project progressed, 

the choice of fluorophores was altered to better suit the particular samples being 

analyzed. The fluorescence compounds used are listed below (also see in Table 

1.2). The process of collecting fluorescence emission spectra of the varying 

fluorophores was repeated with different silica shell thicknesses for the intent of 

observing whether intensity was dependant on the thickness of the shell. Relative 

concentrations of fluorophore to gold nanocages was also considered for 

observable trends.  

The maximum excitation of each of the fluorophores was found first by 

UV-vis spectroscopy, where the maximum absorption was observed at the same 

wavelength as the maximum excitation. The maximum emission of each was 

then observed using fluorescence spectroscopy before adding any nanocages to 

the solution. Polymethacrylate cuvettes were used exclusively for fluorescence 

spectroscopy in this project. This choice was to minimize potential interference, 

as glass has strong absorption signals at much of the desired range of 

investigation. A quartz cuvette could have been used for fluorescence 

investigations, but polymethacrylate was chosen first for availability and then for 

consistency between samples. The intensity of the emission was observed as a 

function of the concentration of fluorophore. Some of the fluorophores revealed 

evidence of self-quenching, thus ideal working concentrations were chosen 

accordingly. The intensity for each fluorophore at the same concentrations was 
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Equation 1.6 – Quantum Yield Equation: Quantum yield for a fluorescence event. 
 

directly dependent on the quantum yield of each compound, as seen in Table 1.3 

below. With the varying porosity of the silica shells, there was a suspected effect 

to be observed as the fluorescent compounds diffused into the shells’ pores, thus 

the same samples were repeated 24 hours after initial addition of the gold 

nanocages.  

 

 =
  photons emitted

  photons absorbed
 

 

 

Fluorescent Dye Quantum Yield171 

Rhodamine 6G 0.95 
Rhodamine 640 0.01 

LDS-751 0.4 
Rhodamine 800 0.288 
Rhodamine B 0.7 

Nile Blue chloride 0.27 
Cryptocyanine 0.007 

 

 

 

1.7.4 Microscopic Methods 

Optical microscopy, in many forms, was used to image and characterize 

various stages of this project. An optical microscope could not be used to 

observe the samples prepared in this work as the nanostructures prepared were 

Table 1.3 – Quantum Yield of Fluorescent Dyes: Quantum yields of the fluorescent 

dyes used in this project. 
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much too small for standard objective magnification. Other work has yielded the 

use of nanowires, some of which were able to be identified through an optical 

microscope when they were of sufficient diameter and length, but the small 

nanocubes and nanocages prepared for this work were much too small to be 

resolved without alternative methods. 

 
1.7.4a) Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to image monolayers of 

deposited nanocages on slide substrates in an effort to determine the 

approximate nanostructure size, monodispersity, and the density of the 

monolayer. The mode of imaging used here was exclusively non-contact mode, 

dependent on van der Waal’s interactions to alter the tip amplitude with respect 

to changes in surface topography. This method of AFM allows for extended tip 

usage and repeated sample imaging by the lack of force exerted on the sample. 

The resolution obtainable by AFM allowed for individual nanostructures to be 

easily resolved, though the shapes are broadened and slightly rounded by the 

inherent nature of this imaging method. The tip is repelled by the static forces of 

the surface of the sample, creating tip convolution and slightly distorting the 

image of the nanostructure it is approaching.  

 
1.7.4b) Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used during this project for the 

exclusive purpose of imaging monolayers of gold nanocages deposited by LB 

technique. This microscopic method allows for much higher resolution than AFM 
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to provide a more precise and accurate analysis of nanostructure size and 

density. The resolution of SEM is excellent for relatively broad areas being 

imaged, though does not provide atomic resolution for more detailed structural 

analysis. In preparation for SEM, most samples must be sputtered with a thin film 

of gold to provide a conducting material with which the electrons will easily 

interact. However, this preparation method did not need to be completed for the 

gold nanocages imaged in this project, allowing for higher resolution and contrast 

between the nanocages and the substrate in the resulting images.  

 
1.7.4c) Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was the method of 

characterization with the highest imaging resolution used in this project. Atomic 

resolution was obtained with careful calibration; the TEM used was capable of up 

to one million times magnification and resolution as precise as 0.24 nm. TEM 

was thus used to determine the size of the nanocubes and nanocages prepared, 

as well as the silica-shell thickness throughout that stage of the project. This 

method of imaging also allowed for a qualitative analysis of the monodispersity of 

a sample, and was used in combination with RIS of silica-coated nanocages to 

approximate the shell thickness of later samples prior to imaging. TEM has the 

uncomplicated method of sample preparation, with the samples simply drop cast 

onto TEM grids (designed as a carbon thin-film on a copper grid array). Once the 

solvent evaporates, the sample is permanently placed on the TEM grid and can 

be stored indefinitely before imaging and can be imaged repeatedly.  
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2 Experimental 

All glassware used for the synthesis of silver nanocubes and gold 

nanocages was washed with aqua regia (one-third concentrated HNO3(aq) 

(Anachemia) and two-thirds concentrated HCl(aq) (Anachemia) by volume) for 15 

to 20 minutes, followed by extensive water rinsing (52 times with tap water, 38 

times with distilled water, and 15 times with Milli-Q distilled, deionized water) and 

were fully dried to ensure removal of contaminants before use. 

 
2.1 Synthesis of Silver Nanocubes 

Silver nanocubes (AgNC) were prepared using a modified polyol synthesis 

method. Solutions of PVP (0.08 g/mL; MW 40000, Sigma-Aldrich), Na2S (3mM; 

Sigma-Aldrich) and AgNO3 (282 mM; Sigma-Aldrich) were each prepared in 

anhydrous ethylene glycol, (EG, Sigma-Aldrich). 35 mL of EG was heated at 150 

oC for one hour (on a stirring hotplate; Corning Life Sciences) in a round-

bottomed flask (Pyrex Vista Glassware), capped with an injection stopper 

(Chemglass) and submerged in a stirring mineral oil bath (Sigma-Aldrich). 5 mL 

of the PVP solution, 400 uL of the Na2S solution, and 2.5 mL of the AgNO3 

solution were added sequentially with ten minute interludes. The progress of the 

AgNC formation was monitored by periodic UV-vis characterization (Shimadzu 

UV-2450). The observable properties of the synthesis solution was another 

indication of the progress of the reaction: it became opaque as nanocubes were 

formed with the colour of the solution changing from clear to yellow, orange, 

redish-brown, and finally to green-ochre. The placement and sharpness of the 

dipolar mode (between 405 and 500 nm) was a key observation, as well as the 
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sharpness of the octopolar mode (at 350 nm) for determination of the sharpness 

of the silver nanocubes being formed. Once suitable properties were obtained, 

the flask was removed from the heated bath and submerged in an ice bath until 

cool. The product was then centrifuged at 12000 rpm in a micro-centrifuge 

(Sorval Legend Micro21, Thermo Scientific) to enable the exchange of the EG 

solvent with ethanol (95 %, Commercial Alcohols). Washing was continued by 

repeated cycles of redispersion in ethanol (using sonication; Water-bath 

sonicator, Elmasonic) and centrifugation to remove the supernatant solution until 

condensed down to a total product volume of 2 to 4 mL. Once washed 3 to 4 

times further in ethanol, the silver nanocubes were stable enough to leave 

refrigerated for up to one week, though further washing was required before 

further reactions to ensure good monodispersity in the sample.  

Variations made to this synthesis method were very few for this project. 

The average length of a synthesis reaction (from adding AgNO3 solution to 

submerging flask in ice bath) was approximately 15 minutes. Trace amounts of 

water or chloride in the solution had a tendency to slow the reaction (up to 

approximately 45 minutes) and would interfere with the formation of 

monodisperse nanocubes. One alternative method for the synthesis of AgNC 

was attempted during this project with the intent of forming large nanocubes. This 

alternative method was a 24 hour reaction with an intentional addition of HCl(aq) 

to promote slow and even growth of large AgNC as per Im et al.172 The results 

were not easily reproducible, thus the above polyol method was used to form the 

products used in all subsequent investigations. 
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2.2 Synthesis of Gold Nanocages 

 Hollow gold nanocages (AuNC) used for further analysis and applications 

in this project were synthesized using a simple galvanic displacement method 

with pre-made AgNC (as described previously) used as sacrificial templates. A 

large amount of 0.1 mM HAuCl4·3H2O(aq) (Sigma-Aldrich) in 18.  MΩ distilled 

deionized water (MilliQ pure water filtration) was prepared. The AgNC prepared 

previously were exchanged to deionized water by centrifugation and redispersed 

in 0.5 mL deionized water. 10 mL of 0.01 g/mL PVP in deionized water was also 

prepared and added to the AgNC suspension. This solution was heated to boiling 

before adding the HAuCl4 solution. The 0.1 mM HAuCl4 solution was added at a 

rate of approximately 2 mL per minute until the solution was observably deep 

blue. The progression of colour change is typically as follows: opaque green-

ochre or redish-brown (of AgNC) to redish-purple, purple, violet, blue-violet, grey-

blue, and finally to a translucent deep royal blue (solution remains mostly opaque 

until this point; see Figure 2.1). The progress of the galvanic exchange was 

monitored by UV-vis spectroscopy, as an observation of the changing intensity 

ratio between the decreasing silver dipole and the increasing gold dipole (further 

red-shifted than AgNC, between 500 and 700 nm). Once a satisfactory exchange 

was completed, the reaction was allowed to continue heating and stirring for 

approximately 10 minutes to ensure no gold ions remained in solution. The 

galvanic exchange rate of silver to gold is 3 to 1, which is why the resulting 

structures will remain hollow so long as there is not an extreme excess of gold 

salt added to the reaction. The AuNC solution was then condensed to 2 mL in 
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Figure 2.1 – Synthesis Product of Gold Nanocages: Newly synthesized gold 
nanocages seen as a translucent, royal blue, colloidal suspension. 

water by centrifugation and redispersion cycles (as with AgNC). Once 

condensed, the AuNC product was washed with a saturated solution of NaCl 

(Caledon) in deionized water to remove any remaining silver ions in solution 

before continuing washing with deionized water for refrigerated storage. Once 

washed, the AuNC are very stable in solution and can be used in further studies 

and applications for up to 3 months. This method of AuNC synthesis was 

modified from the Nature Protocol by Skrabalak et al.137 

 

 

 

Alternative procedures were also attempted for the synthesis of gold 

nanocages. PVP, AgNO3 and HAuCl4·3H2O in 1,5-pentanediol were refluxed 

together for one hour as per Lee et al.18; and a seed-growth protocol from 

HAuCl4 and trisodium citrate with sequential growth solutions of HAuCl4, PVP 

and hexamethylenetetramine (HMT) as per Zhang et al.76 were attempted. 
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Neither of these methods yielded easily repeatable and well-formed products, 

thus the above exchange method was used to produce gold nanocages used in 

further investigations and applications. 

 

2.3 Surface Modifications to Gold Nanocages 

Simple surface modifications, for the intent of specific investigations and 

applications, were made to the AuNC prepared in this project. 

 
2.3.1 Hydrophobic Functionalization 

The gold nanocages prepared previously were exchanged by 

centrifugation to a 95 % ethanol. 0.5 mL of the 2 mL synthesis product was 

dispersed in 1mL of ethanol and was added to 9 mL of a prepared solution of 1-

hexadecanethiol (HDT, 1 mM; Sigma-Aldrich). This solution was stirred overnight 

at room temperature (10 to 12 hours). The resulting product was washed at least 

three times with ethanol by centrifugation-and-redispersion cycles, then 

redispersed in 1 mL ethanol for storage and use.  

 
2.3.2 Silica-Shell Formation 

The processes used to coat the AuNC with silica shells were modified 

Stöber methods. The original method developed by Werner Stöber in 1968 

yielded monodisperse silica spheres142, thus the modifications were made to 

allow for shell growth around the nanostructures present. The method developed 

during this project began according to Khlebtsov et al, wherein the synthesized 

AuNC were redispersed in 4 mL of distilled deionized water and added to 18 mL 
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Table 2.1 – Modifications to Stöber Method: Modifications to Stöber method of capping 
gold nanostructures with silica (Trials 8, 9 and 10 were repeated ratios of 

NH4OH:TEOS, with the intention of monitoring for any difference of silica shell with 
altered rates of addition). 

 

isopropanol (99.5 %, Caledon) before adding 0.5 mL of ammonium hydroxide (30 

wt% in water; Anachemia) and 0.05 mL of tetraethylorthosilicate (TEOS; 99.999 

%, Sigma-Aldrich) while stirring for one hour. The expected thickness of the 

product silica shells by this method was 45 nm.173 This being too thick for any 

influence of the LSPR beyond the silica shell, the method was modified by 

varying the volume and concentration of NH4OH as well as the volume of TEOS 

in series. The table below lists the first set of method modifications and the 

predicted thicknesses according to Khlebtsov et al. 

 

 

 

 

Trial 
Number 

Volume 28% 
NH4OH (mL) 

Volume 
TEOS (µL) 

Volume Ratio 
NH4OH/TEOS 

Predicted SiO2 Shell 
Thickness (nm) 

1 0.2680 25 10.72 45 173 

2 0.2680 12.5 21.44 22.5 

3 0.2680 5 53.60 9 

4 0.2680 2.5 107.20 4.5 

5 0.1340 25 5.36 22.5 

6 0.0535 25 2.14 9 

7 0.0268 25 1.07 4.5 

8 
0.1340  

(0.268 x 14 %) 
25 5.36 22.5 

9 
0.0536  

(0.268 x 5.6 %) 
25 2.14 9 

10 
0.0268  

(0.268 x 2.8 %) 
25 1.07 4.5 
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Some of the method modifications listed yielded more promising results 

than others for the intent of obtaining thin silica shells on the AuNC. These 

methods were further explored for reproducibility, as well as adding a hardening 

process in an attempt to reduce the pore size of the silica shells. This hardening 

process was modified from a method published by Aslan et al in 2007174, and 

had 2.5 µL of TEOS added to the pre-coated AuNC in ethanol with low heating 

(60 oC) for 16 hours in closed vials, followed by centrifugation and redispersion 

washing with ethanol. A third method was also added, with easily repeated 

results, wherein a small fraction of the uncoated AuNC (50 µL of the 2 mL 

synthesis product) were dispersed in 0.8 mL ethanol with 10 µL deionized water, 

10 µL NH4OH (28 %) and 3 µL of TEOS added in a closed vial, and heated at 60 

oC for 16 hours. This small volume of product was again washed with ethanol, 

and proved to be reproducible, including with larger fractions of AuNC (with the 

other reagents’ volume adjusted to maintain the same ratios). The issue with this 

final method was that the silica shells were still consistently too thick for the 

intended applications, while stopping the reaction before 16 hours yielded 

inconsistently-coated AuNC. Thus, timed etching cycles of the prepared silica-

coated AuNC (AuNC@SiO2) were completed using 300 µL portions of 6 mM 

NaOH(aq) (Caledon) in deionized water while stirring at 1000 rpm. The etching 

cycles were monitored for etching progress every hour (approximate etching rate 

observed to be 1 to 2 nm per hour).  

The thickness of the resulting silica shells throughout the methods 

investigated was observed by UV-vis spectroscopy, RIS determination (using 



71 
 

Schimadzu UV-2450 spectrometer), and TEM imaging with the help of Carleton’s 

Nano Imaging Facility (FEI Tecnai G2 TEM). 

 

2.4 Monolayer Deposition of Gold Nanocages 

Some of the intended applications required substrate-supported 

nanostructures, thus there were two methods used in this project to deposit 

monolayers of AuNC, as described below. 

 
2.4.1 Langmuir-Blodgett Technique 

The LB apparatus (NimaTech; NimaTR516 software) was prepared for 

deposition of AuNC by first thoroughly cleaning the trough and the aspirator 

nozzle with chloroform (Caledon) and surfactant-free Kimwipes (Fisher 

Scientific). Once dry, the trough was filled with fresh Milli-Q distilled, deionized 

water such that a meniscus of approximately 5 mm was visible above the edge of 

the trough. The surface of the water was evacuated using the aspirator, followed 

by the full volume of the trough while watching for changes in surface tension 

(evidence of likely contamination on the trough). Further cleaning with chloroform 

was completed if required. A Whilhelmy plate (adapted to calibrated pieces of 

Fisherbrand filter paper) was installed at this point for measuring the surface 

pressure of the depositing monolayer, and the trough was refilled with fresh 

deionized water. The water was allowed to equilibrate for 15 to 20 minutes in a 

closed environment before obtaining an isotherm of the surface of the water (see 

Figure 2.1). If the isotherm was not seen to remain at 0 mN/m throughout the 
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Figure 2.2 – Clean Water Isotherm:  Isotherm obtained during preparation stages of 
deposition by LB technique: clean water on isotherm with very little contamination. 

 
 

extent of the trough compression, the trough was again cleaned with chloroform 

and the process was repeated until a satisfactory isotherm was obtained.  

 

 

 

For the deposition of unmodified and functionalized AuNC, the preparation 

method was the same: the AuNC were exchanged to chloroform and redispersed 

in 250 µL of chloroform and 10 µL ethanol. The prepared AuNC solution was 

then carefully added to the surface of the water phase on the LB trough through 

careful dropwise addition using a microsyringe. The chloroform was allowed to 

evaporate from the sample while the surface was again reaching equilibrium. The 

trough compression was adjusted such that an even monolayer of AuNC was 

seen on the water’s surface. Pressure annealing was used to align the 

functionalized particles without gaps in the monolayer’s continuity. Unmodified 
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Figure 2.3 – Gold Nanocage LB Isotherm: Isotherm of gold nanocages on the LB 
trough in preparation for deposition. Areas A, B and C correspond to liquid-
expanded, liquid-condensed and solid phases, respectively.  

AuNC had a tendency to diffuse into the water subphase, thus the monolayer 

deposition was carried out as quickly as possible to avoid excess sample loss. 

Isotherms of the samples to be deposited were obtained to discover the 

pressures needed for monolayer phase-changes (liquid-expanded, liquid-

condensed and solid analogue phases; see Figure 2.3). These phases defined 

the ranges of low, medium and high density monolayers to be deposited (see 

Figure 2.3). 
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The slide substrates were prepared by cleaning with sonication in 

methanol (Caledon) and water in sequence. The substrate was then submerged 

below the monolayer on the surface of the LB trough and raised slowly (2 

mm/min, controlled by Nima LB program) with automated pressure control. This 

automatic process allows for an even density monolayer to be deposited. As the 

substrate was raised out of the solution, it removed the monolayer from the 

surface of the water and adsorbed it to the slide substrate (through capillary 

forces as discussed previously), lowering the total AuNC density on the water 

surface, thus the automated control allowed for the desired pressure and AuNC 

density to remain constant throughout the deposition. This deposition process 

Figure 2.4 – Visualization of Gold 
Nanocage LB Monolayer Pressures: 
Gold nanocages in monolayer on 
surface of LB trough’s water subphase 
at (A) low, (B) medium, and (C) high 
densities, corresponding to liquid-
expanded, liquid-compressed, and 
solid phase analogues, respectively. 
 

(A) (B) 

(C) 
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was repeated for each sample, with a varying number of slide-substrates coated 

with AuNC monolayers depending on the density deposited (lower pressure 

allowed for more slides to be dipped and coated before reaching insufficient 

sample remaining on the trough for the next deposition). The slide substrates had 

a silicon thin-film covering half of one face of the slide (to allow for simultaneous 

deposition on silicon and on glass), thus this was deemed the primary face of the 

slide, upon which the even monolayer of AuNC was deposited. The back of the 

slide had an uneven layer also deposited onto it which was wiped off with a 

Kimwipe wetted with methanol. The deposited monolayers of AuNC, 

functionalized or unmodified, were then imaged using AFM (Ntegra NT-MDT) 

and SEM (Tescan Vega-II XMU VPSEM, Nano Imaging Facility), as well as 

characterized by UV-vis and NIR (Cary5) spectroscopy for absorption, reflection 

and/or transmission (Ocean Optics).  

 

   

 

Figure 2.5 – Silicon Thin-Film and Glass Slide Substrates: (Left) A sample of clean, 
unused silicon thin-film and glass substrate typically used with depositions by LB 
technique. (Right) Three such silicon-glass substrates after deposition with medium-
density monolayers of gold nanocages. 
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2.4.2 Self- Assembly Method 

The use of optical fibres for the development of sensing platforms required 

a more complex, though less involved, method of deposition of gold nanocages. 

The tilted fibre Bragg grating (TFBG) was first inscribed into the core of a single-

mode optical fibre (by pulsed laser etching through a phase mask, at a tilt of 10o 

from the normal axis of the fibre). A thin gold mirror was also plated by 

electroless deposition on the end of the Bragg grating for easy of sensing ability. 

These methods were developed and performed by the Albert lab group in the 

Department of Engineering. Once the base TFBG sensor had been prepared, 

four self-assembled coatings were applied, ending with AuNC. Between each 

layer, the fibre was rinsed with Milli-Q distilled, deionized water. The first layer to 

be deposited onto the fibre was one of (3-aminopropyl)trimethoxysilane (APTMS; 

Sigma-Aldrich) using a solution of 10 % in deionized water, self-assembled while 

the fibre was submerged in the solution for 2 hours. This monolayer was for the 

intent of silanization of the surface of the fibre. The second self-assembled 

monolayer was of glutaraldehyde (2.5 % in water; Sigma-Aldrich), assembled 

over 30 minutes onto the APTMS layer. Cysteamine (0.5 M for 1 hour; Sigma-

Aldrich) made up the third self-assembled monolayer on the optical fibre for the 

intent of providing a thiol-ended compound with which to bind the AuNC. The tri-

layered TFBG was then submerged in a solution of AuNC for 2 hours, resulting in 

an even layer of AuNC covalently bound to the submerged portion of the TFBG 

platform.  
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Further layers were required for the investigation of a biosensing platform 

(with Dr. Sandrine Lepinay). These layers included a self-assembled monolayer 

of 11-mercaptoundecanoic acid (MUA, 10 mM in ethanol; Sigma-Aldrich). The 

carboxyl groups of this last layer were activated by an aqueous solution of N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 0.2 M; Sigma-

Aldrich) and N-hydroxysuccinimide (NHS 0.05 M; Sigma-Aldrich) in preparation 

for binding of avidin (1 mg/mL; Sigma-Aldrich). This final layer of avidin provided 

the receptor half of the avidin-biotin biosensor. The AuNC were placed beneath 

this layer for the intent of increasing the sensitivity and limit of detection of the 

TFBG biosensor. For the full procedure, refer to the publication in Biosensors 

and Bioelectronics by Lepinay et al.36, in Section 3.6. 

 

2.5 Preparation for Characterization 

Throughout this project, numerous characterization methods were used to 

determine the nature and properties of the structures being synthesized and 

used in investigative applications. There are certain conditions that were followed 

when using these characterization methods to ensure reproducible results. 

 
2.5.1 Absorbance: UV-vis and NIR Spectroscopy 

UV-vis spectroscopy was used extensively throughout this project. The 

relative concentration of the samples being analyzed was monitored throughout 

most stages, though due to the time-sensitive nature of the synthesis processes, 

the results obtained then were purely for qualitative analysis. The spectra of 

colloidal AgNC, AuNC and AuNC@SiO2 were primarily in ethanol, though a new 
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baseline was obtained at the start of each sample set regardless of the solvent 

change or lack thereof. Once the synthesis products were stable, all spectra 

obtained had quantifiable relative concentrations determined by the precise 

addition of a known volume of nanoparticles into a known volume of solvent and 

homogeneously mixed before analysis. The concentrations determined during 

analysis and applications were usually relative to the total concentration of AgNC 

produced during the initial synthesis.  

NIR spectroscopy was used for the observing the absorbance of AuNC 

deposited onto slide-substrates. These spectra were obtained by fixing the slide 

substrates (blank and coated with both unmodified and HDT-functionalized 

AuNC) at a distance calibrated for free-standing samples from the light source.  

 
2.5.2 Transmission and Reflection of Slide-Substrates 

Transmission and reflection spectra of the AuNC-deposited slides were 

obtained using an Ocean Optics apparatus (USB 2000 detector; PX-2 pulsed 

xenon light source; LS-1 tungsten halogen lamp) calibrated against blank slides 

or a clean mirror, respectively.  

 
2.5.3 Refractive Index Sensitivity Determination 

RIS determination was completed using the UV-vis spectrometer for 

colloidal solutions of AuNC and silica-coated AuNC. Once deposited onto slide 

substrates, the LSPR of the AuNC was too far red-shifted to be clearly seen 

using the UV-vis spectrometer. It was then that the NIR spectrometer was used 

to determine the RIS of deposited unmodified and HDT-functionalized AuNC. In 
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both cases, solutions of pure deionized water, 1/3 EG in water, 2/3 EG in water, 

and EG were used to obtain a range of refractive indices. The refractive index of 

each solution was calculated using the Lorentz-Lorenz equation, resulting in 

values of 1.3334, 1.3606, 1.3883, and 1.4166 refractive index units (RIU), 

respectively. An alternative data set was used when desired, using 0 %, 25 %, 50 

%, 75 %, and 100 % EG in water (1.3334, 1.3538, 1.3744, 1.3953, and 1.4166 

RIU, respectively). Once the absorption maxima of these refractive index ranges 

were obtained, data processing to obtain the slope of wavelength shift per RIU 

yielded the RIS of each sample. 

 
2.5.4 Fluorescence Spectroscopy 

The impact of AuNC@SiO2 on the intensity of fluorescence emission was 

observed using a Cary Eclipse fluorescence spectrometer. The best excitation 

wavelength of each of the fluorophores being used was found using UV-vis 

spectroscopy, then the emission wavelength was found using fluorescence 

spectroscopy before adding AuNC@SiO2 to the solution. The fluorescence 

analysis was performed exclusively in ethanol and a blank emission baseline was 

obtained accordingly. The excitation and emission wavelengths of each 

fluorophore were listed previously (see Table 1.2). The fluorophores being used 

were at first kept at the same concentration in order to observe any fluorophore-

AuNC ratio relations, but the intensity of some of the fluorophores was too low for 

the same concentrations, thus the concentrations were adjusted in order to 

provide comparable ranges of intensity. When no fluorescence enhancement 

was observed, only varying degrees of quenching, the silica shell on the AuNC 
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was etched further. AuNC with no silica shell were also tested for fluorescence 

emission affectation (exclusively quenching). Once relatively thin silica shells 

were obtained, the choice of fluorophores used for each sample was made 

according to the overlap of the LSPR of the AuNC with either the excitation or 

emission of the fluorophores. Three-dimensional mapping of excitation versus 

emission for the most promising fluorophores (with and without AuNC@SiO2 

present) was obtained to enable the identification of plasmon effects where 

present. 

 
2.5.5 Microscopy: AFM, SEM and TEM 

AFM required very little preparation other than calibration of the instrument 

and the probe tip to obtain clear images. The AuNC samples deposited onto slide 

substrates required no further modification before imaging by AFM.  

SEM imaging of the AuNC monolayers on slide substrates also required 

no additional preparation. TEM imaging of the colloidal samples prepared 

required drop-cast deposition onto purchased TEM grids. TEM was used for 

analysis of AgNC, AuNC, and AuNC@SiO2 samples. The calibration of the 

electron microscopes and imaging of the samples using both the SEM and TEM 

was completed with the help of Dr. Jianqun Wang in the Nano Imaging Facility.  

AFM and SEM were also used by Dr. Sandrine Lepinay to observe and 

determine the density of the AuNC bound to the surface of the TFBG biosensing 

platform. 
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2.5.6 Transmission of Optical Fibre-Substrates 

The transmission through the TFBG optical fibre sensing platform was 

observed using a JDS Uniphase OMNI 2 Swept Wavelength System fibre optic 

component analyzer, measured and analyzed by Dr. Sandrine Lepinay. The 

sensors were connected to the analyzer using a spliced connector and scanned 

from 1520 to 1620 nm. Transmission spectra were obtained after each 

monolayer addition to the surface of the fibre. The main resonance being 

monitored through sequential additions to the TFBG platform began at 1538 nm 

(being red-shifted with each modification). 
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3 Results and Discussion 

 
3.1 Syntheses: Effects of Size, Shape and Composition 

The use of silver nanocubes was an essential part of this project as they 

serve as the templates for the formation of gold nanocages. The plasmonic 

properties of the silver nanocubes have been extensively investigated in previous 

work by many members of the Ianoul lab group. Only two key properties of silver 

nanocubes were noted during the scope of this project, mainly during the 

synthesis of the silver nanocubes themselves. During a polyol synthesis of silver 

nanocubes, single-crystal silver seeds are quickly formed, then grown in a 

controlled manner toward nanocubes using PVP as a capping agent. This 

progressive growth can be observed as changes to the LSPR spectrum of the 

product being formed. As seen in Figure 3.1, there is a continued red-shift of the 

LSPR maximum as the reaction progresses, indicative of the increase in size of 

the silver product in the reaction solution. The shape of the silver nanostructure is 

monitored by the appearance of the octopolar plasmon mode at 350 nm as the 

reaction progresses. As the cubic shape becomes well-defined, this small peak is 

observed more distinctly. With the growth of these nanocubes, the separation 

increases between the octopolar mode at 350 nm and the dipolar mode (red-

shifted maximum past 400 nm). For relatively small silver nanocubes, the 

reaction is stopped once this separation is well defined. 
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The other key plasmonic property of silver nanocubes noted during this 

project is the LSPR shift with respect to the size of the silver nanocubes in 

solution. As the size of the silver nanocubes directly dictates the gold nanocubes 

formed from them, size-control is an important factor to note. The majority of the 

gold nanocubes used for later investigations in this project were between 30 and 

50 nm in diameter, though the potential for using larger gold nanocubes is easily 

achievable. As seen in Figure 3.2, the LSPR of silver nanocubes is red-shifted 

Figure 3.1 – LSPR Progress of Silver Nanocube Synthesis: Observable general trend 
of the progress of the synthesis of silver nanocubes starting with small seeds and 
progressing to cubic shapes (evident by the emergence of a small but well-defined 
peak at 350 nm (octopolar mode of cubes). 
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with increasing size. The dipolar mode is observed as the maximum of the silver 

nanocube spectrum and is most influenced by the size of the nanocube. The 

octopolar mode at 350 nm is not greatly affected by the increasing size of the 

nanocube, only by the overall shape of the silver nanostructure. As the 

nanocubes increase in size, a third plasmon mode can be observed as a 

shoulder blue-shifted from the dipolar maximum (near 390 nm in Figure 3.2). This 

shoulder is the emergence of the quadrupolar mode of the silver nanocubes, 

becoming more distinct as the silver nanocube size continues to increase.  

 

 

Figure 3.2 – LSPR Shift with Respect to Size: The shift of the LSPR of silver 
nanocubes is used to predict the diameter of the nanocubes by the inherent red-shift of 
the dipolar maximum with increasing size. 
 



85 
 

Similar to the LSPR changes during the synthesis of silver nanocubes are 

those during the synthesis of gold nanocages, as seen  in Figure 3.3. The dipolar 

maximum is drastically red-shifted (as is the nature of gold nanostructures as 

opposed to those composed solely of silver), and the silver dipolar peak can be 

seen to become progressively less distinct as more silver is oxidized in the 

reduction of gold. The LSPR of the gold nanocages continues to red-shift slowly 

as more gold is added, though this is not with respect to the overall size of the 

nanocube (since it was the silver nanocubes used as a template). This is instead 

a shift observed with respect to increasing thickness of gold in the nanocage 

walls. A part of this same shift is the influence of the oxidation of silver; as more 

silver is oxidized, there is less to form a gold-silver alloy in the structure of the 

nanocages, thus the average absorption observed becomes more like that of a 

pure gold nanostructure. The octopolar mode of the silver nanocubes can also be 

observed to distort away from 350 nm toward 340 nm and become less distinct. 

This is likely caused by the corners of the product nanocages becoming slightly 

rounded as the exchange occurs, causing a less intense resonance.  

For every gold atom reduced, there are three silver atoms oxidized (see 

Equation 3.1 below). It is by this principle that the product nanostructure can be 

hollow. The gold will preferentially deposit along the edges of the disappearing 

silver nanocube, eventually leaving only a cubic nanocage structure.  
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Figure 3.3 – LSPR Progress of Galvanic Displacement: The progression of the 
galvanic displacement during the silver nanocube-templated synthesis of gold 
nanocages can be observed by UV-vis spectroscopy as more gold salt is added to 
oxidize the silver into solution. 
 



87 
 

 

 Ag
(s)
  AuCl4(a ) Au(s)  AgCl(s)  Cl(a ) 

 

 
 
 

For most plasmonic nanostructures, the LSPR will red-shift as a function 

of the size of the structure. This principle stands for gold nanocages, though it is 

not always a clear relation. The structure of the nanocage itself also influences 

the LSPR observed. For this reason, the principle of size-dependence of the 

silver nanocubes used as templates does not directly correlate to the LSPR 

pattern of the gold nanocages as seen in Figure 3.4. It is a more complex 

correlation for relative LSPR for this particular structure. The porosity of the 

faces, the thickness of the nanocage walls and edges, and the composition of the 

alloy making up the nanostructure all add their influence to the LSPR shift, not 

just the size of the nanocage. This makes it difficult to predict the trend of the 

size of nanocage produced unless the original size of the templating silver 

nanocubes is known. The gold nanocages are formed directly on the silver 

nanocube with the gold depositing into the spaces vacated by the oxidized silver. 

Thus the final product is typically within 5 nm in edge length of the original silver 

nanocube templates.  

 

Equation 3.1 – Galvanic Displacement Reaction: The complete equation of the 
galvanic displacement reaction occurring between silver nanocubes and 
tetrachloroauric acid is shown, leaving insoluble silver chloride as a product of the 
reaction to be removed during cleaning. 
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The monodispersity of the gold nanocages in a particular sample is 

primarily dictated by that of the silver nanocubes used to template the exchange 

reaction. The process of galvanic exchange can also distort the shape of the 

nanocube as the silver in solution may again reduce onto the structure in the 

lowest possible energy coordination, pushing the average shape away from cubic 

into spheroid nanostructures. With minimal contamination in solution, the majority 

of the nanostructures remain cubic, as seen in Figure 3.5.  

Figure 3.4 – LSPR Changes from Silver Nanocubes to Gold Nanocages: The 
synthesis of gold nanocages from silver nanocubes does not follow the same size-
dependent trend seen during the synthesis of silver nanocubes. The porosity, gold 
nanocages wall thickness and the percentage of silver-gold alloy remaining also 
influence the LSPR of the nanocages, not just the size of the nanostructure. (The 
matching colours of spectral lines correspond to a particular silver nanocubes template 
producing a particular gold nanocage product.) 
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Figure 3.5 – Micrographs of AuNC Synthesis Products: A few of the AuNC synthesis 
products; the porosity of the nanocages varied between trials, as did the wall thickness, 
though the structures within each sample had very similar properties. 
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3.2 Depositions: Substrate and Density Effects 

The plasmonic property that is utilized in almost every application of noble 

metal plasmonic nanostructures is their inherent sensitivity to changing refractive 

index. One of the ways to change the refractive index surrounding the 

nanostructure is to deposit them onto substrates. Langmuir-Blodgett technique 

was used to deposit unmodified and hydrophobic-functionalized gold nanocages 

onto slide substrates of glass and varying thicknesses of silicon thin films on 

glass. As seen in Figure 3.6, the initial deposition of gold nanocages from 

solution onto a glass (or silicon) substrate yields a blue-shifted LSPR spectrum. 

The nanocages are suddenly exposed to air on all but one face, which is 

adsorbed onto the slide substrate. The capping agents, when removed from 

solution, flattened onto the surface of the nanocage with an average thickness 

less than 1 nm, allowing for the LSPR to be influenced by the next layer of the 

surrounding environment, that being air in this case. Air, having a lower refractive 

index than the solution in which they were previously suspended, lowers the 

wavelength at which the LSRR is observed.  

The main consideration for substrate-supported nanostructures is not this 

initial blue-shift, however, but the subsequent red-shift and broadening of the 

dipolar mode as the refractive index of the substrate is altered. Adding a thin film 

of silicon to the glass slide increases the total refractive index of the media with 

which the nanocages are interacting, inducing an increase of the LSPR 

wavelength. This property, altering the LSPR of substrate-supported 

nanostructures by altering the nature of the substrate, can be applied to the 



91 
 

Figure 3.6 – LSPR Shift with Respect to Substrate Refractive Index: The LSPR shift 
with respect to deposition onto a slide substrate and subsequent influences of 
substrate refractive indices. Once deposited, a higher refractive index induced a red-
shift of the LSPR. 
 

interest of substrate effects (such as in photovoltaic applications). The density of 

the deposited monolayer also influences the sensitivity of the LSPR to the 

refractive index of the surrounding environment. With a high-density monolayer, 

the electron oscillations of the gold nanocages are affected more by the proximity 

of other nanocages than the nature of the substrate. Figure 3.7 shows the effect 

of substrate-silicon thickness on the LSPR of the gold nanocages used in this 

project with respect to the density of the deposited monolayer.  
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(B) 
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Reflection and transmission properties were also observed for the 

monolayers of gold nanocages prepared by Langmuir-Blodgett technique. The 

LSPR position was not expected to shift away from that seen by normal 

absorption (as shown in Figure 3.8), thus the property under investigation in this 

case was the change of intensity. The reflection maxima did red-shift slightly, 

though the extent of that shift is difficult to determine with current instrument 

limitations. The shift is likely in part caused by internal reflection in the substrate 

inducing an interaction with the face of the nanocage in contact with the 

substrate instead of the only the unbound faces. Beer’s law can be used to 

(C) 

Figure 3.7 – LSPR Shift with Respect to Silicon Film Thickness: (A, previous page) 
Summary plot of LSPR shift with respect to silicon thin-film thickness demonstrates 
higher sensitivity with lower density monolayers; (B, previous page, C) sample series 
of the spectra observed in the analysis of LSPR red-shift with respect to increasing 
silicon thickness, for small nanocages at high density and larger nanocages at low 
density, respectively. 
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calculate an alternate absorbance spectrum from transmission data. This new 

absorbance does not accurately account for scattering or reflection, thus the 

maximum does not typically align exactly with the experimentally obtained 

absorbance maximum, though it was usually seen to be in good agreement. 

These comparisons were made with the smaller gold nanocages (approximate 

edge length of 35 nm) for this project. Attempts were made to compare the 

reflective and transmission properties of the larger nanocages as well 

(approximate edge length of 50 nm), but only intensity information can be 

confidently compared as the instrument available for reflection and transmission 

did not have the near-infrared light source needed to obtain more accurate 

readings for an LSPR above 900 nm.  

Figure 3.9 is a sample of the spectra observed by reflection for gold 

nanocages deposited at low density on slide substrates made with varying 

thickness of silicon thin-films. The observable trend is at first unclear until the 

note of the density of the monolayer is made. At low density, the majority of the 

surface of the substrate is still open to direct interaction with incident light, thus 

the increase in reflection observed between the glass substrate and the thinnest 

silicon film (10 nm) is caused by the nature of the substrate. Silicon thin films are 

more reflective than bare glass, though it is also observed that the intensity of 

this reflection decreases with increasing silicon film thickness. The reflection 

property from the gold nanocages is more easily observed with a high-density 

monolayer, as in Figure 3.10, where it was observed that there is no definitive 

influence from the substrate on the reflection of light off the gold nanocages.  
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Figure 3.8 – Absorbance, Reflection and Transmission of gold nanocages: (A), (B) on 
previous page; comparison of experimentally determined absorbance, reflection and 
transmission of gold nanocages deposited by LB technique onto a slide-substrate 
show moderate agreement between the LSPR maxima and minimum observed of the 
respective spectra. The absorption of the gold nanocages as determined by applying 
Beer’s Law to the transmission spectrum, provides an approximate estimate of the 
extent of scattering or reflection that is normally only seen as an over absorption. Each 
series of spectra represent a different combination of conditions, being small 
nanocubes at high density on a thin-film of silicon of 10 nm (A); small nanocubes at 
high density on bare glass (B); and small nanocubes at low density on bare glass (C). 

(C) 
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Figure 3.9 – Reflection Spectra, Low Density Monolayers: Sample of spectra 
collected for reflection studies; sample here is small gold nanocages (35 nm in 
edge-length) at low density of a variety of substrates. (The low density monolayers 
were achieved by LB technique without any surface modifications made to the 
nanocages.) 
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The definitive trend observable from the reflection spectra of gold 

nanocage monolayers was that the density of the monolayer does directly affect 

the intensity of the reflection observed. The reflection intensity increases with 

increased monolayer density, as seen in Figure 3.11. This is likely as the 

increased monolayer allows the collection of closely packed gold nanocages to 

act more like a thin film of gold instead of individual nanostructures, thus having a 

reflection more inherent to bulk gold than nanoparticles.  

Figure 3.10 – Reflection Spectra, High Density Monolayers: Sample of spectra 
collected for reflection studies; sample here is small gold nanocages (35 nm in 
edge-length) at high density of a variety of substrates. (The high density 
monolayers were achieved by LB technique with HDT-capped gold nanocages.) 
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Transmission had the same trend as reflection with respect to monolayer 

density, albeit reversed. The intensity of transmission was seen to decrease as 

the density of the gold nanocage monolayer increased, as shown in Figure 3.12. 

 

 

Figure 3.11 – Trends of Reflection Intensity: Intensity of reflection spectra seen to 
increase with increasing AuNC monolayer density. Solid lines are high density 
monolayers, while dashed lines are low density monolayers. The red line represents the 
intensity of the mirror used as a blank for this investigation (represents 100 % reflection).  

Black lines – 35 nm AuNC on glass;  
Green lines – 35 nm AuNC on 10 nm silicon thin-film;  
Blue lines – 50 nm AuNC on 30 nm silicon (dashed blue line is a medium density 
monolayer) 
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There was no observable trend of substrate effects on the transmission 

spectra of the monolayers of gold nanocages. Figure 3.13 shows the spectra 

obtained for a sample at low and at high density. There is as yet no trend to be 

found for the transmission of gold nanocages, though the previously observed 

effects of porosity and silver-gold alloy composition warrant future investigation 

into possible hidden correlations. 

Figure 3.12 – Trends of Transmission Intensity: Intensity of transmittance spectra 
seen to decrease with increasing AuNC monolayer density. Solid lines are high density 
monolayers, while dashed lines are low density monolayers. The red line represents 
the intensity of the clear blank used for this investigation (represents 100 % 
transmission).  

Black lines – 50 nm AuNC on 30 nm silicon thin-film (dashed black line is a 
medium density monolayer); 

Green lines – 35 nm AuNC on 25 nm silicon thin-film;  
Blue lines – 35 nm AuNC on 20 nm silicon thin-film. 
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Figure 3.13 – Transmission Spectra: Sample transmission spectra 
observed for high (A) and low (B) density monolayers of gold nanocages 
on various substrates. 

(A) 

(B) 
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SEM and AFM images of some of the deposited monolayers were 

collected as a method of evaluating the density of the prepared depositions. A 

few of these images are shown in Figure 3.14.  

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.14 – SEM and AFM Micrographs: Sample SEM and AFM images for 
characterization of low density monolayers (left column) and high density 
monolayers (right column) prepared by LB film deposition technique. 



103 
 

3.3 Surface Modifications: Effects of Altering the Local Environment 

 
3.3.1 Hydrophobic Functionalization 

During the deposition of gold nanocages by Langmuir-Blodgett technique 

onto slide substrates, it was observed that the as-synthesized gold nanocages 

were unable to achieve close packing in a monolayer. Hydrophobic surface 

functionalization was a method used previously to create close ordered 

arrangements of silver nanocubes, thus this was also attempted with the gold 

nanocages used in this project. The surface modification achieved by exchanging 

the PVP capping agent with a self-assembled monolayer of HDT also changed 

the LSPR observed in solution, as seen in Figure 3.15. The shift seen with 

smaller gold nanocages was much greater than that seen with larger nanocages. 

This difference may be attributed to the smaller nanocages being more sensitive 

to changes in the amount of aggregation in the solution. The smaller nanocages, 

when aggregated together by increased Van der Waals forces between their 

capping molecules, have an increased number of surrounding nanocages 

influencing the plasmon modes of their respective neighbours than would the 

larger nanocages. This is also why the LSPR of the functionalized nanocages is 

seen to have a significantly broader bandwidth than those left unmodified. The 

HDT-capped nanocages were used to form high density monolayers on the slide 

substrates (as seen by SEM and AFM in Figure 3.14). TEM images were also 

used to observe the increased packing order induced by the alkyl-chain 

interactions. The extent of the packing order observed by TEM imaging was 
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limited since the samples had been drop-cast instead of precisely deposited by 

LB technique (see Figure 3.16). 

 

 

 

 

 

 

 

 

 

Figure 3.15 – LSPR shift with Respect to HDT Coating: LSPR shift induced by 

surface functionalization of gold nanocages. 
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3.3.2 Core-Shell Formation: Silica Shells 

The other surface modification employed during this project was coating 

the gold nanocages with silica shells. These core-shell structures of varying 

shell-thicknesses had distinct effects on the LSPR of the suspended 

nanostructures. Silver nanocubes have previously been coated with thick silica 

shells, thus the principle of creating a core-shell gold nanocage and silica-shell 

system was first established according to methods by Khlebtsov et al.173 and 

Aslan et al.174, as seen in Figure 3.17. The red-shift of the LSPR (and the change 

of RIS; see Section 3.4) was an indication of silica shells being formed, though 

TEM later revealed that they were not at all well-formed (see Figure 3.18). 

Figure 3.16 – TEM Micrograph of HDT-Capped Gold Nanocages: TEM imaging of 
HDT-capped gold nanocages revealed domains of ordered aggregates after 
preparing sample for imaging by drop-cast deposition. 
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Figure 3.18 – TEM Micrographs of SiO2 Coating Attempts: TEM images of 
“AuNC@Si 2” products using methods as per Aslan et al. (left image: showing 
some shells, but not well formed around the gold nanocages. Some silica particles 
formed independent of the gold nanocages.) and Khlebtsov et al. (right image: no 
visible shells on any of the gold nanocage, nor any visible silica spheres formed 
independently). 

Figure 3.17 – SiO2 Coating Attempts: SiO2 coating attempts following methods by 
Aslan et al. and Khlebtsov et al. LSPR shift leads one to assume silica shells are 
being formed (not the case when further investigations completed). 
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Modified Stöber methods were then attempted to further determine a 

reliable method of coating the gold nanocages evenly with silica. Table 2.1 in 

Section 2.3 lists the changes made to the method. All of the modified methods 

yielded a red-shift of the LSPR in solution (as seen in Figure 3.19) thus RIS 

determination was completed on all of the products in an aim to determine the 

best combinations (see Section 3.4). TEM imaging was performed on a number 

of the products to help correlate potential silica shell thickness with the RIS 

results. Fluorescence spectroscopy was performed using the products of these 

ten method modifications (see Section 3.5). 

 



108 
 

 

 

  

Figure 3.20 – TEM Micrograph of Bare 
Gold Nanocage: Uncoated gold 
nanocages were also imaged for 
characterization purposes before 
attempting to coat with silica shells. 

Figure 3.19 – LSPR Shifts with Stöber Method Modifications: All of the 
modifications made to the Stöber method (listed previously) showed some degree 
of red-shifting of the LSPR shift, indicative of the formation of some sort of silica 
shell (or silica nanoparticles in contact with the gold nanocages). 
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Figure 3.21 - TEM Microgrpahs of 
Further Stöber Method Modifications: 
Trials 1 (top left), 2 (top right) and 3 
(middle left)) produced poorly formed 
silica coatings on the gold 
nanocages. Many parts of the 
nanocages were still exposed to 
surrounding environment while other 
portions of the same nanocages had 
very thick piles of silica attached to 
them. Trials 4 (bottom left) and 6 
(bottom right) produced very thin, but 
well-formed silica shells. 
(NH4OH:TEOS ratios of 10.72, 21.44, 
53.60, 107.2 and 2.14, respectively) 
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Two of the first ten modifications to the Stöber method provided potentially 

reproducible results (see Table 3.1), thus these particular methods were 

repeated with slight modifications in an attempt to optimize the method to be 

used. Two of these repeated methods involved an extended period of time 

intended to harden the silica shells by having a slight excess of TEOS in the 

reaction solution, both of which were seen to have even shells forming (by TEM, 

see Figure 3.22). The silica shells were still very thick, thus they were etched with 

NaOH in an attempt to reduce the overall thickness. Figure 3.23 demonstrates 

the etching process as observed by UV-vis spectroscopy. Within the first 30 

minutes of etching there is a blue-shift of the LSPR of the coated nanostructures. 

From the TEM images, it was determined that the initial etching time first 

dissolves the small spheres of silica that were also formed during the coating 

process. Once these small pieces were gone, the silica shells themselves were 

etched, albeit slowly. As the silica shells reduce in thickness, the LSPR is red-

shifted as an indication of the reduced distance between the nanostructure and 

the suspending solvent. The limited distance of penetration of a plasmonic field 

dictates the need for thin shells in order to retain sensitivity to the surrounding 

environment (especially being the basis of plasmonic sensors). Fluorescence 

spectroscopy was also used to analyze these modified coatings, as seen in 

Section 3.5. 
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Trial 
Number 

Volume Ratio 
NH4OH/TEOS 

SiO2 Shell 
Thickness (TEM 

imaging, nm) 

RIS*  
(nm/RIU) 

Description 

0 N/A 0 ± 0 268.7 ± 0.5 
Uncoated 

AuNC 

1 10.72 5.00 ± 2.39 196.5 ± 47.0 
Incomplete 
monolayer 

2 21.44 3.27 ± 1.81 256.1 ± 16.3 
Incomplete 
monolayer 

3 53.60 1.92 ± 1.14 314.9 ± 44.1 
Incomplete 
monolayer 

4 107.20 1.54 ± 0.66 297.3 ± 42.9 
Mostly even 
monolayer 

5 5.36 3.27 ± 1.81 253.2 ± 21.4 
Incomplete 
monolayer 

6 2.14 2.06 ± 1.04 238.5 ± 15.0 
Uneven 

monolayer 

7 1.07 1.02 ± 1.71 238.5 ± 15.0 
Incomplete 
monolayer 

8 5.36** 2.16 ± 1.50 237.3 ± 35.6 
Incomplete 
monolayer 

9 2.14** 0.79 ± 1.10 197.7 ± 23.2 
Incomplete 
monolayer 

10 1.07** 1.91 ±1.02 238.5 ± 15.0 
Incomplete 
monolayer 

 
*Refractive index sensitivity (RIS) determination discussed in Section 3.4  
**Volume ratios repeated using lower concentration NH4OH (see Table 2.1 in Section 2.3) 
 

 

 

 

 

  

Table 3.1 – Stöber Method Modification Results: Results of initial 10 Stöber method 
modifications. 
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Figure 3.22 – Further Developments of Modified Stöber Methods: 
Above: (Left) Coating and hardening of silica shell occur simultaneously in 16-hour 
reaction; (Right) etching for 3 hours* with NaOH(aq) to reduce shell thickness. 
Below: (Left) AuNC with thin coating (form Trial 4 method of first Stöber 
modifications) hardened with further addition of TEOS over 16 hours, producing 
very thick shells; (Right) etching for 3 hours* with NaOH(aq) to reduce shell 
thickness. 
*(approximate etch rate of 1 to 2 nm per hour) 
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Figure 3.23 – LSPR Shift During Etching: The LSPR shifts observed during the 

etching of the silica shells from 18 to 16 nm (A), and from 53 to 47 nm (B).  

(A) 

(B) 
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3.3.3 Silica Shell Etching Variations 

These last modifications to the Stöber method were used to optimize the 

process to be used for the remainder of this project. The general process was 16 

hours of simultaneous coating and hardening (3:50 TEOS:AuNC by volume, 

assuming full AuNC synthesis product was first condensed to 2 mL), followed by 

etching with NaOH (300 µL, 6 mM). The last variation made to this method was 

to the etching stage, being either one single addition of NaOH, or sequential 

etching at predetermined time intervals. The coating process prior to etching 

formed even silica shells around the gold nanocages with thicknesses varying 

from 17 to 35 nm, mostly dependent on the size of the nanocages being coated 

(smaller structures have less surface to cover, thus thicker shells are formed with 

the same amount of reagents in solution as the thinner shells on larger 

nanostructures). Three different gold nanocage samples were used for the 

subsequent investigations, all of approximately the same size nanocages though 

their respective LSPR spectra differ significantly, as seen in Figure 3.24.  

The effectiveness of the etching variations was evaluated primarily by RIS 

determination and fluorescence spectroscopy (see Sections 3.4 and 3.5, 

respectively). TEM imaging was used periodically throughout this stage of the 

project to confirm predicted thicknesses of silica shells and trends in the etching 

and fluorescence results.  
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The general trend of LSPR shift observed during the continuous etching 

series is demonstrated in Figure 3.25. One curious notion observed in this series 

was that the shells seem to redeposit or reassemble between etching hours 10 

and 15. This is suspected to be caused by the etched silica remaining in solution, 

given enough time, will redeposit on the remaining shell. Some of the re-

deposited silica filled pores in the surface of the shell, though the average shell 

thickness increased as this happens. In response to this observation, a 

sequential etching series was developed in an attempt to continue to reduce the 

shell thickness surrounding the gold nanocages. 

Figure 3.24 – LSPR of Gold Nanocage Products: Three samples of gold 
nanocages with the same average edge length. The variations of the LSPR 
observed are caused by porosity and silver-alloy content remaining in the product 
nanostructure. 
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Figure 3.25 – LSPR Observations During Continuous Etching Series: (one addition 
of NaOH allowed to etch for up to 15 hours) General trend is no real etching 
occurred. Shells seemed to be slightly thinner at the 5-hour time, but then grew 
again between 10 and 15 hours. (A) shows one series of sample etching results, 
with the three trends shown in (B). 

 

(B) 

(A) 
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The continuous etching series used one single addition of NaOH to the 

sample and was stirred for the desired time before washing and completing 

characterization. For the sequential etching series, NaOH was added and 

allowed to etch for up to 5 hours, followed by washing the sample and 

exchanging into clean solvent before adding the next addition of NaOH for the 

next etching time interval. This method allowed for a continually thinning silica 

shell, though the TEM images collected revealed that the porosity of the silica 

shells increased as the overall thickness decreased, directly affecting the RIS of 

these core-shell systems (see Section 3.4). Figure 3.26 summarizes the LSPR 

movement as etching continued for these three samples of silica-coated gold 

nanocages.  
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Figure 3.27 – LSPR Observations During Sequential Etching Series: (A) shows a 
sample of the LSPR changes observed for one of the gold nanocage samples; (B) 
demonstrates the continued etching of the silica shells with each subsequent 
addition of NaOH(aq).  

 

 

(A) 

(B) 
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Table 3.2 – Refractive Indices of Solutions: Refractive indices of 
solutions for RIS determination 

3.4 Refractive Index Sensitivity Determinations 

RIS is the basis of many of the potential applications of gold nanocages, 

thus it was one of the largest investigations of this project. The RIS 

determinations included both colloidal suspension of gold nanocages and silica-

capped gold nanocages, and the slide-substrate supported gold nanocages on 

various thicknesses of silicon thin films. 

The refractive index sensitivities of gold nanocages were determined 

using three solvents of fixed refractive index (95 % ethanol, 1.3658 RIU; 

deionized water, 1.3334 RIU; and ethylene glycol, 1.4166 RIU) in combination 

with a varying choice of solutions of intermediate refractive indices. These 

intermediate ranges were typically solutions of 1/3 and 2/3 ethylene glycol in 

water, or 25 %, 50 % and 75 % ethylene glycol in water. The refractive indices of 

these mixed solutions were calculated using the Lorentz-Lorenz equation 

(Equation 1.1), the results of which are shown in Table 3.2. 

 

Solution Ratio RIU 

1/3 ethylene glycol in water 
2/3 ethylene glycol in water 

1.3606 
1.3883 

25% ethylene glycol in water 
50% ethylene glycol in water 
75% ethylene glycol in water 

1.3538 
1.3744 
1.3953 
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3.4.1 Colloidal Suspensions 

Figure 3.28 displays a sample of the spectra obtained for RIS 

determination of gold nanocages in solution, both unmodified and capped with 

silica shells. The RIS of each series was determined as the slope of the linear fit 

to the relation of LSPR position to the refractive index of the solution (as seen in 

Figure 3.28d). 

RIS determination was used throughout the modifications of silica capping 

and etching methods in attempts to estimate the average silica shell thickness at 

a given stage. TEM imaging was used to compare the true average shell 

thickness with these original estimates in order to improve the approximations 

before TEM of later samples. Preliminary estimates were thought to follow a 

trend of increasing RIS with decreasing shell thickness, whereupon once the RIS 

of etched-shell reached the same RIS as uncoated gold nanocages it was 

thought that the shell was either very thin or had been etched away completely. 

This was not the case, as revealed by the TEM images of the same etched 

samples. What was found instead was that the increased porosity of the silica 

shells drastically increased the RIS of the gold nanocages’ LSPR, to the point in 

some cases that the RIS determined for the etched samples was nearly equal to 

that of the uncoated nanocages despite still having 10 to 15 nm of silica shell 

surrounding the nanocage core. Table 3.3 summarizes the determinations of RIS 

of gold nanocages, with average edge length of 36 nm (±6.3 nm), with respect to 

the silica shell thickness surrounding them. 
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Figure 3.28 – RIS Determination of 
Colloidal Sample: (A , B, C) Shown 
are some of the spectra collected 
during RIS determination trials, for  
colloidal suspensions of uncoated 
AuNC,  and AuNC@SiO2 without and 
with sequential etching, respectively,  
(D) The linear plots of the LSPR 
wavelength with respect to the 
refractive index of the medium 
describe the relation to refractive 
index sensitivity in terms of nm per 
RIU. 

(A) (B) 

(C) 

(D) 
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Table 3.3 – RIS of Colloidal AuNC@SiO2: Summary of RIS 
determinations for colloidal AuNC@SiO2. 

 

SiO2 Shell Thickness 
(nm) 

RIS 
(nm/RIU) 

Description 

0 (± 0 nm) 282.7 (± 10.1 nm/RIU) 
Uncoated AuNC  

(36 ± 6.3 nm) 

10.8 (± 3.2 nm) 248.7 (± 13.3 nm/RIU) Very porous shell 

15.0 (± 2.1 nm) 192.3 (± 32.6 nm/RIU) Very porous shell 

17.3 (± 2.1 nm) 100.2 (± 8.5 nm/RIU) Unmodified SiO2 

30.8 (± 2.5 nm) 61.4 (± 88.5 nm/RIU**) Shell too thick for use 
 
**Shell thickness greater than 20 nm shields LSPR from environmental changes 
and cannot be used for plasmonic applications involving detection of altered 
conditions. 
 

 

 
3.4.2 Slide Substrate-Supported 

The monolayers of gold nanocages deposited by Langmuir-Blodgett 

technique were also used to investigate the RIS properties of these 

nanostructures. The monolayers of low and medium density depositions were 

submerged in solutions of water, 1/3 and 2/3 ethylene glycol in water, and 

ethylene glycol to compare their LSPR spectra against that seen in air. The 

monolayers of high density were achieved by first functionalizing the gold 

nanocages with hydrophobic HDT, allowing for much closer packing during the 

deposition onto slide substrates. This hydrophobic functionalization, however, 

added a complication to further investigations. The adsorption of the 

functionalized nanocages onto the surface of the glass or silicon thin-film slide 

did not have a strong enough interaction to withstand submerging the slides into 

aqueous solutions. The monolayer was immediately and completely pulled away 

and aggregated at the surface of the solution when the slide was submerged in 
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Figure 3.29 – Images of HDT-Capped Monolayer: HDT-
functionalized nanocages deposited as a monolayer by LB technique 
did not withstand being resubmerged into an aqueous solution. (Left 
= Before; Right = After) 

Table 3.4 – RIS of Substrate-Supported AuNC@SiO2: Summary of RIS 
determinations for substrate-supported AuNC@SiO2. 

any solution prepared for RIS determination (see Figure 3.29). Thus the RIS of 

high-density monolayers of gold nanocages was not determined. 

 

 

 

 

 

 
The RIS determination of the low and medium density monolayers of gold 

nanocages on slide substrates was completed in the same manner as the 

colloidal suspensions. A sample collection and RIS determination series is shown 

in Figure 3.30, with a summary of RIS by density, silicon thin-film thickness and 

nanocage size reported in Table 3.4.  

 
AuNC Average Edge 

Length (nm) 
Silicon Thin-Film 

Thickness 
RIS (nm/RIU) 

35 (low density) 
0 nm (bare glass) 151.9 (± 10.5 nm/RIU) 

20 nm 508.7 (± 102.2 nm/RIU) 

50 (low density) 
0 nm (bare glass) 273.6 (± 9.3 nm/RIU) 

20 nm 91.1 (± 1.1 nm/RIU) 

50 (medium density) 
0 nm (bare glass) 208.2 (± 57.4 nm/RIU) 

20 nm 230.1 (± 26.5 nm/RIU) 
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Figure 3.30 – RIS Determination of 
Substrate-Supported Sample: Shown 
are some of the spectra collected 
during RIS determination trials of 
substrate-supported gold nanocages 
at low density on glass (A), low 
density on 20 nm silicon thin-film (B), 
and medium density on 20 nm silicon 
thin film (C) 
 (D) The linear plots of the LSPR 
wavelength with respect to the 
refractive index of the medium 
describe the relation to refractive 
index sensitivity in terms of nm per 
RIU. (D) 

(A) (B) 

(C) 
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Figure 3.31 – Spectra Before/After RIS: Observation of monolayer 

rearrangement after RIS. 

When evaluating properties of substrate-supported nanostructures, RIS 

determination must be the last characterization completed because of the 

surface rearrangement induced by repeated submersion in solutions of 

increasing refractive index. This rearrangement alters the LSPR observed, as 

shown in Figure 3.31. The alteration affects all sizes and surface 

functionalizations of gold nanocages to such an extent that the change is 

immediately visible upon UV-vis characterization. Normally NIR is needed for 

substrate-supported gold nanocages though the before- and after-RIS LSPR 

shoulders are also drastically different below 900nm.  
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3.5 Fluorescence Enhancement and/or Quenching 

Most applications of gold nanoparticles involving fluorescence utilize their 

inherent quenching for the purpose of monitoring target concentrations or 

localized aggregation. These applications have so far had their fluorescence 

dyes chosen with respect to the target molecule as opposed to the gold 

nanoparticle. The ability to estimate the quenching or enhancement of a 

fluorophore’s emission intensity based on the type of gold nanocage being used 

(mainly the thickness of a capping agent around it) could be a useful measure in 

expanding the choice of fluorophores for a variety of applications.  

 
3.5.1 Proof-of-Concept: Using Available Resources 

The resources available as this portion of the project began were not very 

well suited for determining the quenching or enhancement potential of silica-

capped gold nanocages. They were, however, essential in determining which 

fluorescent dyes were to be acquired for further investigations. 

Rhodamine 6G (Rh6G) is one of the fluorescent dyes most commonly 

used in a wide variety of applications including bioassays and SERS. It has a 

strong excitation and emission signal well within the visible spectrum (529 nm 

and 554 nm, respectively). Rh6G was the first fluorophore used in this project in 

combination with gold nanocages. As shown in Figure 3.32, neither the excitation 

nor emission of Rh6G have much overlap with any of the gold nanocages used in 

this project, thus initial predictions were not expecting enhancement at all, though 

to what degree the emission would be quenched was then unknown. 

 



128 
 

 

 
Many fluorophores are known to self-quench with higher concentrations, 

thus calibration spectra of each fluorophore to be used were obtained to 

determine a good working range for each dye. The calibration concentrations and 

emission spectra of Rh6G are shown in Figure 3.33. 

 

Figure 3.33 – Calibrated Emission Intensities of Rh6G: Rh6G calibrated emission 

intensity with respect to concentration. 

Figure 3.32 – Rh6G Spectra versus AuNC LSPR: Rh6G excitation and 

emission spectra shown to overlap with AuNC LSPR 
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Silica spheres, without a metal core, are known to enhance fluorescence 

emissions, thus a comparative analysis of uncoated gold nanocages was 

completed, as well as gold nanocages without any fluorescent dye. Tiny gold 

nanoclusters have characteristic fluorescence properties while under a certain 

size, but larger nanostructures do not have the same inherent fluorescence, as 

demonstrated in Figure 3.34. 

 

 
Fluorescence spectroscopy was used during the method development 

processes of the silica-coated gold nanocages, in combination with RIS and 

TEM, to determine the thickness of the silica shell formed. Rh6G was the 

fluorophore utilized for the first round of Stöber-method modifications (see Figure 

3.35), all of which showed significant quenching. The TEM imaging collected of 

Figure 3.34– Fluorescence quenching using uncoated gold nanocages. 
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the same gold nanostructures revealed that the shells were mostly incomplete, 

thus any potential fluorescence enhancement on the part of small silica 

spheroids around the nanocages  would have been countered by the quenching 

from the exposed metal in the solution. 

 

 
As the silica-coating method was further developed, two different 

fluorophores already on hand were chosen to continue the investigations. These 

two dyes were Rhodamine 640 (Rh640; excitation 545 nm, emission 588 nm; see 

Figure 3.36) and LDS-751 (excitation 543 nm, emission 712 nm; see Figure 

3.37). Of the immediately available dyes, these two were chosen for their 

Figure 3.35 – Quenching from Modified Stöber Methods: Rh6G emission quenched by 
products of the Stöber modification trials. 
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increased overlap with the LSPR of the gold nanocages. Again, however, neither 

of these had much excitation overlap with the LSPR spectra.  

 

 

Figure 3.36b) – Rh640 Spectral Properties: Rh640 calibrated emission 
intensity with respect to concentration 

Figure 3.36a) – Rh640 Spectral Properties: Rh640 excitation and emission 
spectra shown to overlap with AuNC LSPR 
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Figure 3.37b) – LDS-751 Spectral Properties: LDS-751 calibrated emission intensity with 
respect to concentration 

Figure 3.37a) – LDS-751 Spectral Properties: LDS-751 excitation and emission spectra 
shown to overlap with AuNC LSPR 
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The results observed with the silica-coated gold nanocages and Rh640 or 

LDS-751 were significantly different from those observed with Rh6G. The silica-

capping method had been improved to the point of forming even shells of 

relatively low porosity (though still thick), and the degree of quenching of the 

fluorescence emission was lessoned with the even silica shells. There was also 

an easily observable trend of increasing the quenching efficiency of the solution 

by increasing the concentration of the gold nanocages with respect to the 

fluorophore being used (see Figures 3.38 and 3.39) The fluorescence emission 

observed for silica-capped gold nanocages with LDS-751 was particularly high. 

The LSPR of the gold nanocages used at this point had a maximum wavelength 

of 648 nm, almost directly between the excitation and emission wavelengths of 

LDS-751. The reasonably large overlap of the higher modes of the silica-capped 

gold nanocages with the excitation wavelength of the dye likely allowed for a 

small amount of fluorescence enhancement using the thick silica shells, though it 

was then quenched by the overlap with the emission wavelength, showing a 

resulting fluorescence emission near even to that seen without gold nanocages. 

At this stage, there was still no measurable enhancement, but the 

 uenching of the dyes’ emissions had gained a measure of control based on the 

approximate thickness of the evenly coated silica shells on the gold nanocages. 

Table 3.5 summarizes the quenching of Rh6G, Rh640 and LDS-751 with respect 

to the thickness of the silica shell on the gold nanocages. 
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Figure 3.39 – Quenching of LDS-751 by [AuNC]: LDS-751 emission intensity affected by 
the concentration of AuNC in solution 

Figure 3.38 – Quenching of Rh640 by [AuNC]: Rh640 emission intensity affected by the 
concentration of AuNC in solution 
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3.5.2 Effect of AuNC@SiO2 on Fluorescence Quenching: Tailored for LSPR 

Overlap 

 
With the investigation of controllable fluorescence quenching using silica-

capped gold nanocages well begun, the choice of fluorophores to use was further 

tailored for excitation and/or emission overlap with the LSPR of the nanocages. 

The fluorophores then purchased for the remainder of this investigation were 

rhodamine B (RhB; excitation 545 nm, emission 569 nm), rhodamine 800 

(Rh800; excitation 684 nm, emission 704 nm), Nile Blue chloride (NBC; excitation 

629 nm, emission 662 nm), and cryptocyanine (excitation 709 nm, emission 721 

nm). The excitation, emission and calibration spectra of each of these four 

fluorophores are seen in Figures 3.40 to 3.43, respectively. The choice of these 

fluorophores allowed for overlaps of the LSPR of the gold nanocages being used, 

with the excitation, emission, or both wavelengths of the fluorophore. 
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Figure 3.40b) – RhB Spectral Properties: RhB calibrated emission intensity with respect to 
concentration.  

Figure 3.40a) – RhB Spectral Properties: RhB excitation and emission spectra shown to 
overlap with AuNC LSPR. 
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Figure 3.41b) – Rh800 Spectral Properties: Rh800 calibrated emission intensity with 
respect to concentration.  

Figure 3.41a) – Rh800 Spectral Properties: Rh800 excitation and emission spectra shown to 
overlap with AuNC LSPR. 
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Figure 3.42a) – NBC Spectral Properties: NBC excitation and emission spectra 

shown to overlap with AuNC LSPR. 

Figure 3.42b) – NBC Spectral Properties: NBC calibrated emission intensity with 
respect to concentration. 
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Figure 3.43a) – Cryptocyanine Spectral Properties: Cryptocyanine excitation and 

emission spectra shown to overlap with AuNC LSPR. 

Figure 3.43b) – Cryptocyanine Spectral Properties: Cryptocyanine calibrated 
emission intensity with respect to concentration. 
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The silica-capped gold nanocages used during this stage of the 

investigation all had very well formed and even shells. The relative porosity of the 

silica shell increased with etching time, though these pores in the surface of the 

nanostructure had the potential to provide controllable distances between the 

fluorophore molecule and the gold nanocages without the use of an adsorbing or 

covalently-bound functionalization molecule. A similar pattern to that seen with 

LDS-751 was observed for these four fluorophores in that the concentration of 

the nanocages affected the resulting emission intensity, and so too did the 

thickness of the silica shells. As shown in Figure 3.44(a-d), each of the 

fluorophores chosen for specific gold nanocage samples had varying degrees of 

emission quenching based on the thickness of the silica shell; the extent of the 

quenching trends are summarized in Table 3.6. 
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Figure 3.44a) – Quenching by Best Overlap: Quenching of fluorescence emission 
using AuNC@SiO2 with best LSPR overlap (RhB + AuNC@SiO2 with 17.5 nm silica 
shell). 

Figure 3.44b) – Quenching by Best Overlap: Quenching of fluorescence emission 
using AuNC@SiO2 with best LSPR overlap (Rh800 + AuNC@SiO2 with 16.6, 17.5 
and 29.5 nm of silica shells). 



143 
 

 

 

 

 

Figure 3.44c) – Quenching by Best Overlap: Quenching of fluorescence emission 
using AuNC@SiO2 with best LSPR overlap (NBC + AuNC@SiO2 with 17 nm silica 
shell). 

Figure 3.44d) – Quenching by Best Overlap: Quenching of fluorescence emission 
using AuNC@SiO2 with best LSPR overlap (cryptocyanine + AuNC@SiO2 with 30 
and 18 nm silica shells). 
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As mentioned above, the fluorophores were chosen specifically for the 

gold nanocages prepared for this investigation. The effect of the LSPR 

overlapping with the excitation wavelength was of particular interest, both for the 

potential for fluorescence enhancement and the control over small amounts of 

quenching if enhancement was not achieved. Three-dimensional fluorescence 

spectroscopy was used at this point to observe changes across a range of 

excitation and emission wavelengths of the fluorescent dyes alone in solution 

versus with silica-coated gold nanocages (see Figures 3.45 to 3.48). All of the 

solutions containing the gold nanocages exhibited an increased intensity around 

the maximum excitation wavelength. The excitation and emission wavelengths 

are very close together for many of the fluorophores, thus a pattern of 

broadening the excitation peak will directly affect the intensity of the emission 

peak observed. The broadening of the excitation peak can be observed through 

the subtraction of the normalized emissions of the fluorophore alone and with the 

silica-capped gold nanocages in solution. 

The subtraction of the two emission mappings, with and without silica-

capped gold nanocages, allowed one to better observe the influence of the gold 

nanocages’ LSPR on the bandwidth of the excitation of the fluorophore. Table 

3.6 lists the combinations of fluorophores with AuNC@SiO2 structures that 

provided the best potential overlap, thus these silica-capped structures were 

investigated using the 3D mapping shown below. 
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RhB excitation and emission did not overlap well with any of the 

AuNC@SiO2 LSPR maxima, thus the sample with the nearest LSPR maxima 

was chosen for this portion of the investigation, still revealing a broadening of the 

excitation peak evidenced by an increased intensity at the leading edge of the 

emission range. 

Figure 3.45 – 3D mapping of RhB Emissions: 3D mapping of emission spectra 

of RhB with and without AuNC@SiO2 structures in solution (top right and top left 

respectively), and subtraction of the two (bottom middle). The gold nanocages 

used here had 15 nm silica shells with an LSPR maximum of 641 nm. 
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Figure 3.46 – 3D mapping of Rh800 and AuNC@SiO2 (15 nm shells): 3D 

mapping of emission spectra of Rh800 with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 15 nm silica 

shells with an LSPR maximum of 641 nm. 
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Figure 3.47 – 3D mapping of Rh800 and AuNC@SiO2 (13 nm shells): 3D 

mapping of emission spectra of Rh800 with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 13 nm silica 

shells with an LSPR maximum of 689 nm. 
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Figure 3.48 – 3D mapping of Rh800 and AuNC@SiO2 (10 nm shells): 3D 

mapping of emission spectra of Rh800 with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 10.8 nm silica 

shells with an LSPR maximum of 670 nm. 
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Figure 3.49 - 3D mapping of Cryptocyanine and AuNC@SiO2 (13 nm 

shells): 3D mapping of emission spectra of cryptocyanine with and without 

AuNC@SiO2 structures in solution (top right and top left respectively), and 

subtraction of the two (bottom middle). The gold nanocages used here had 

13 nm silica shells with an LSPR maximum of 689 nm. 
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Figure 3.50 - 3D mapping of Cryptocyanine and AuNC@SiO2 (10 nm 

shells): 3D mapping of emission spectra of cryptocyanine with and without 

AuNC@SiO2 structures in solution (top right and top left respectively), and 

subtraction of the two (bottom middle). The gold nanocages used here had 

10.8 nm silica shells with an LSPR maximum of 670 nm. 
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Figure 3.51 - 3D mapping of NBC and AuNC@SiO2 (15 nm shells): 3D 

mapping of emission spectra of NBC with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 15 nm silica 

shells with an LSPR maximum of 641 nm. 
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Figure 3.52 - 3D mapping of NBC and AuNC@SiO2 (13 nm shells): 3D 

mapping of emission spectra of NBC with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 13 nm silica 

shells with an LSPR maximum of 689 nm. 
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Figure 3.53 – 3D mapping of NBC and AuNC@SiO2 (10 nm shells): 3D 

mapping of emission spectra of NBC with and without AuNC@SiO2 

structures in solution (top right and top left respectively), and subtraction of 

the two (bottom middle). The gold nanocages used here had 10.8 nm silica 

shells with an LSPR maximum of 670 nm. 
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3.5.3 Potential for Time-Dependence Fluorescence Emission Effects 

The silica shells of core-shell nanostructures are known to be porous, 

more so after a number of etching procedures. The size of the pores will vary 

generally depending on the conditions during the reaction for the initial formation 

of the silica shells. With respect to solid-faced nanostructures, these pores can 

generally be controlled and used for studies of diffusion kinetics of a particular 

dye or dye-labeled molecule. For the case of hollow metal nanostructures, such 

as with gold nanocages, the growth pattern of the silica shell is more erratic as it 

deposits along the inside of the walls as well, thus the pore sizes may no longer 

be consistent with previous knowledge. Investigations into time-dependence 

fluorescence, using variations of emission intensity and the relative diffusion 

rates of various sized fluorophores would be one way to determine the 

approximate pore sizes of these the nanocages. This particular characteristic 

would be useful when considering capture-and-release mechanism for 

biomedical applications, such as timed-release or targeted delivery. The 

evidence of the pores in the silica shell can be seen in Figure 3.54, where the 

degree of quenching of the fluorophore was drastically increased after 24hours. 

This could present an interesting investigation with respect to silica shell 

thickness relating to the porosity of the same silica shell, though a logical process 

of investigation could begin with controlling first the shell thickness and the 

porosity of the shell independently for investigation of those properties 

separately. 
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Figure 3.54 – Emission After Prolonged Exposure: Increased 

quenching observed after 24 hours. 
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3.6 Application and Publication: Gold Nanocages on a TFBG-Based 

Biosensor 

 
An application of the gold nanocages investigated in this project was the 

work of collaboration with Dr. Sandrine Lepinay from the Albert lab group in the 

Department of Electronics. The intent of this work was to improve the limit of 

detection of a biosensor made on an optical fibre substrate, for the detection of 

the binding of biotin to avidin immobilized on the surface of the fibre. Both gold 

nanoparticles and gold nanocages were used in this investigation, bound to the 

surface of a tilted fibre Bragg grating via a series of thin-film and monolayer 

depositions to create the sensing film. The improvement of the limit of detection, 

and the increase in sensitivity to environmental changes was the result of a 

number of factors: the reduced non-specific absorption onto the gold 

nanostructure by external surface functionalization of the gold nanostructures; 

and an optical field enhancement due to the coupling of the gold nanostructures’ 

LSPR with the photonic modes of the optical fibre.  
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Reproduced with permission from Elsevier; Copyright 2013 Elsevier B.V. 

Online edition: http://dx.doi.org/10.1016/j.bios.2013.08.058 
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4 Conclusions 

The investigation into the synthesis, optical properties and potential 

plasmonic applications of gold nanocages, comparing unmodified to surface 

functionalization and capping in colloidal and substrate-supported environments, 

presents a variety of information with respect to tuning the localized surface 

plasmon resonance to desired wavelengths and peak shapes. Unmodified gold 

nanocages can be tuned during synthesis toward a more or less red-shifted 

LSPR position relative to their silver nanocube templates depending on the ratio 

of gold to silver added and the porosity of the faces. The LSPR can be further 

tuned with the use of substrates of known refractive indices. Once deposited, an 

increased refractive index on the part of the supporting substrate will red-shift the 

LSPR peak by a predictable amount related to the refractive index sensitivity of 

the nanocages. Colloidal nanocages also have LSPR sensitivity to surface 

functionalization. Whether the nanocages are fully enclosed in a silica shell or 

simply modified with a monolayer of surfactant or hydrophobic molecules, the 

environment immediately surrounding the gold nanocages has been modified, 

inducing a predictable and repeatable shift of the LSPR of the nanocages. The 

width of the LSPR mode of the gold nanocages was primarily tuneable by the 

polydispersity of the structures in solution. The more monodisperse samples 

showed a narrower LSPR band, while those with a variety of shapes and sizes 

were much broader. The ability to tune the LSPR of the gold nanocages to the 

desired maximum wavelength and width is definitely a property required for 

further use in plasmonic applications. Many applications are based on the 
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interaction within a specific range of the electromagnetic spectrum, thus having 

an LSPR that can be modified to fall within a desired range (with controllable 

intensity based on concentration of nanostructure) allows for gold nanocages to 

be a candidate in the development of these applications.  

The reflection and transmission properties of substrate-supported 

nanocages are inherent to their monolayer density. High density monolayers 

behave much like solid gold films, revealing bulk reflection properties instead of 

the plasmonic resonance-related properties seen at low density. This is a 

property that should be considered if monolayers of medium to high density are 

to be used in applications involving absorption and transmission of light, for if the 

intent is to absorb light, having too much lost to reflection will impact the 

effectiveness of the assembly (such as with photovoltaic application). 

The RIS of the gold nanocages can also be tuned. Substrate-supported 

nanocages have a higher RIS with respect to the substrate when arranged in a 

low density monolayer. For the case of surface modified nanocages, thinner 

shells and self-assembled monolayers have a greater impact on the RIS of the 

nanocages, primarily caused by the limited reach of influence of the plasmon 

field itself. Modifications close to the surface, or a series of modifications within 

the induced field just beyond the surface of the nanostructure will have a stronger 

interaction with the LSPR than if the modification extends beyond the range of 

the induced electric field (when the LSPR is influenced by an apparent change of 

suspension medium instead of a surface modification).  
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The influence of unmodified and silica-capped gold nanocages on the 

intensity of fluorescence emission is related to the LSPR of the nanostructure 

being used and its overlap with the excitation or emission wavelengths of a 

particular fluorophore. The greatest control of the degree of quenching of a 

fluorophore was achieved as the LSPR maximum of the nanocages overlapped 

nearly perfectly with the excitation maximum of the fluorophore, allowing the 

thickness of the silica shell to be the primary influence on the quenching of the 

emission spectrum. With good LSPR-excitation overlap, the gold nanocages with 

thinner silica shells were seen to quench less than those with thicker shells, 

though the only instance of enhancement observed was with the LSPR maximum 

placed between the maxima of excitation and emission. The greatest degree of 

quenching was seen with bare gold nanocages, though intensities near the same 

were achieved with silica shells of low porosity near 20 nm thick as the LSPR 

overlapped both the excitation and emission spectra of that particular 

fluorophore. The intrinsic property observed for all solutions of silica-capped gold 

nanocages in the presence of fluorescent dyes was that the excitation band of 

the fluorophore was broadened as a result of any overlap with the LSPR of the 

gold nanostructure. This broadening effect was more noticeable as the overlap 

with the excitation band increased, but even a small overlap with a shoulder or 

the tail of the LSPR band induced this observable optical property. All of the gold 

nanocage assemblies showed evidence of increased quenching with increased 

concentration relative to that of the dye being used, regardless of the LSPR-

excitation or LSPR-emission overlap. 
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Both the RIS of the gold nanostructure assembly and the potential for 

fluorescence enhancement or quenching are useful properties for plasmonic 

sensing applications. RIS and fluorescence quenching can be easily tuned based 

on the nature of the gold nanocage assembly being used, thus the potential 

integration into a number of sensing platforms is of particular interest. Sensitivity 

can also be increased by the limited contact surface of the gold nanocages 

providing less interference than a solid nanostructure. Many plasmonic sensing 

platforms use changing refractive indices at the surface of the assembly as the 

sensing basis, thus the inherently high RIS of gold nanocages provides a useful 

basis for their integration into these assemblies. 
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5 Future Works 

The work presented herein provided a moderate range of characterization 

and optical properties of gold nanocages; there is, of course, always more to be 

investigated. Current work underway by colleagues and collaborators of the 

Ianoul lab include heating experiments of nanostructures (including gold 

nanocages) bound to the surface of optical fibres for the investigation of the 

stability of the structures in varying conditions and specific bioapplications 

involving optical detection. Alternative oxide coatings and surface modifications 

are also of particular interest in the furtherance of this research, including 

titanium and vanadium oxide films and coatings for modifying the range of LSPR 

absorption and applications of the nanostructures. 

SERS investigations were not conducted at all with the gold 

nanostructures used in this project. It is a spectroscopic method that will be used 

to investigate the enhancement potential the gold nanocages in future work. The 

potential to increase the sensitivity of the Raman signals is high due to the 

surface contact of the gold nanocages limited only the edges, where the LSPR is 

strongest. The lack of solid material, through which the signal would normally 

diffuse, may provide a stronger enhancement and greater sensitivity than those 

seen with solid gold nanostructures, thus SERS investigations are definitely to be 

completed. 

Further investigation of aspects of this project would be beneficial for 

developing specific applications of the gold nanocages. Using a surface 

modification molecule that would allow for high density monolayers with 
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increased stability for RIS determination (perhaps functionalizing the surface of 

the slide substrate as well) would be one investigation useful for continuing to 

tailor the maximum light absorption ranges on silicon slide for potential 

photovoltaic applications. In-depth investigations into potentially time-dependent 

fluorescence emission are another curious property to be researched further. The 

pore size of the silica-coated nanocages may have an effect on the rate of 

diffusion of the dye molecules into the shell itself, which may provide further 

quenching or enhancement trends based on average distance travelled and 

concentration found within the surface of the silica shell at a given time. 

Other hollow plasmonic nanostructures may be able to be synthesized in 

the same manner as the cubic gold nanocages. The shape and size specificity of 

silver nanostructures is well understood, thus the potential for other hollow gold 

structures lies in the stability of structure to be formed (it would be very 

interesting to investigate the potential for high aspect ratio nanostructures such 

as nanorods or nanowires). 
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