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ABSTRACT 

 

In the recent past, there has been an accelerated development in medical modalities 

for the early diagnosis and treatment of cancer. Tissue conservation of neighbouring 

healthy tissue and development of a minimally/non-invasive treatment for cancer 

remain the primary unsolved issues regarding cancer treatments/therapies. 

Nanoparticle contrast agents for molecular targeted imaging have widespread interest 

in diagnostic applications with cellular resolution, specificity and selectivity for 

visualization and assessment of various disease processes. Of particular interest is the 

gold nanoparticle, owing to its tunability of the surface plasmon resonance (SPR) and 

its relative inertness. This study explores adjusting various wet chemical synthesis 

parameters to synthesise anisotropic gold nanoparticles with surface plasmon 

resonance (SPR) in the near infra-red (NIR) region of the electromagnetic spectrum. 

Multimodal nanoprobes were then constructed with these anisotropic gold 

nanoparticles as core to be used with multiple optical imaging and therapeutic 

modalities. 

To achieve this goal, multibranched gold nanoparticles (nanostars) were synthesised 

using a one-pot synthesis methodology. The SPR wavelength of the nanostars was 

tuned to be within the optical imaging window of 600 – 900 nm by varying synthesis 

parameters such as pH, temperature and ratio of reducing agent to the gold precursor. 

For the construction of multimodal gold nanoprobes, gold nanostars were first coated 

with a monolayer of diethylthiatricarbocyanine iodide (DTTCi), a Raman reporter dye. 

In a separate reaction, bovine serum albumin (BSA) was chemically denatured to 

expose the thiol groups, which was conjugated with photosensitisers (PS), hypericin 

and chlorin e6, to protect the fluorescence of photosensitisers from quenching by the 

gold nanostars. This BSA-PS conjugate was added to the nanostars to complete the 

synthesis of the multimodal nanoprobe. This nanoprobe was optically characterised 

using UV-Visible, fluorescence and Raman spectroscopy to confirm the retention of 

optical properties of all the individual components. The therapeutic ability of the 

nanoprobe was examined by investigating the singlet oxygen generation and 

photothermal capability by purpose-built laser setup and UV-Vis spectroscopy.  



 

vii 
 

The structure and shape of the gold nanostars were further optimised for the SPR to 

lie within the second optical window (1050 – 1400 nm) to further enhance the contrast 

for deep tissue imaging. Synthesis methodology included using silver ions for gold to 

be reduced on its surface, thereby growing into nanostars with longer and sharper 

branches, which reflected in the SPR band red shifting to 1050-1200 nm. Finite 

difference time domain (FDTD) simulations demonstrated the tunability of the SPR 

and surface charge distribution of these nanostars. Silica coated gold nanostars were 

successfully used as contrast agent for Photoacoustic Imaging (PAI) of nanostars 

embedded phantoms. NIR in vivo PAI and photothermal efficiency of gold nanostars 

were then investigated as a proof-of-concept. Xenografted tumours were administered 

with nanostars and irradiated using 1064 nm continuous wave laser (0.5 W/cm2 for 10 

minutes) and the localised temperature increase (photothermal effect) was monitored 

using thermal imaging. PAI was used to image the localisation and retention of 

nanostars within tumours, and was also used to measure the tumour volume. The ≈9℃ 

temperature increase within tumours induced localised hyperthermia which shrunk the 

tumour volume initially and the subsequent increase in tumour size did not reach 

significance. This tumour regrowth after photothermal therapy (PTT) was suggestive 

of thermo-resistance by cancer cells as a result of mild hyperthermia. The 

quantification of tumour destruction at cellular level showed 39.8% decrease in the 

percent cellular area of the tumours that underwent PTT demonstrated that the PT 

effect of nanostars did result in significant tumour cell death.  
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CHAPTER 1 REVIEW OF GOLD NANOPARTICLES FOR 

TUMOUR IMAGING AND THERAPY 

1.1 NANOTECHNOLOGY IN BIOIMAGING 

Nanotechnology is an inter-disciplinary area of research involving chemistry, physics 

and medicine, and has great potential in early diagnosis and treatment of human 

anomalies, especially cancer. Nanoparticles (NP) are typically smaller in size, in the 

range of hundreds of nanometers (1 x 10-9 m) which is comparable to bio-molecules 

like proteins and antibodies. The smaller size of nanoparticles, typically hundreds to 

thousand times smaller than biological cells, offers higher surface area-to-volume ratio 

for surface bioconjugation with tumour specific markers, and allows to interact with 

biomolecules on the surface and inside the cells, which may transform the way disease 

diagnosis and treatment are perceived. Compared to conventional molecular-scale 

agents, NP have the advantages of design-specific physio-chemical properties like 

tunable extinction (absorption and scattering) peaks, longer blood circulation time, 

engineered clearance pathways, bioconjugation of multiple markers and multi-modal 

capability. Some of the well-studied nanoparticles for biological imaging includes 

gold nanoparticles, silver nanoparticles, paramagnetic nanoparticles, carbon 

nanotubes, quantum dots and liposomes [1, 2].  

 

1.1.1 Nanoparticles as contrast agent in bioimaging 

Contrast agents (CA) are used to enhance the contrast between the target area and the 

background to improve the detection of features that are otherwise difficult to detect. 

As compared to molecular-scale CA, NP-CA are proven to improve the preciseness of 

tumour detection and therapy by providing accurate margin of tumour tissue and 

vasculature [3]. Resolution from various in vivo bioimaging techniques has been 

improved by employing NPs as CA. For a NP to be used as an ideal CA, it should 

satisfy various requirements; should be (a) soluble and stable in various biological 

media, (b) independent of various in vivo parameters like ionic strength, pH, polarity 

or temperature, (c) easy and cost-effective synthesis, (d) of optimal size and have 

surface characteristics to have long circulation time in blood by avoiding the primary 

in vivo elimination mechanism via the reticuloendothelial system (RES) and should 
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have (e) easy clearance mechanism and high signal to background ratio. The optical 

extinction property of CA should be distinct from that of endogenous biomolecules to 

give high enough signal to noise contrast ratio. From Figure 1.1, it can be seen that the 

peak extinction of NP-CAs should lie in the so-called optical window in the near 

infrared (NIR) region [4].  

 

Figure 1.1: Plot of effective attenuation coefficient versus wavelength shows the 

extinction of important endogenous chromophores is lowest in the first (pink) and 

second (blue) near infrared optical windows. Published with permission from [4] 

Surface modification of NP-CA is a requirement regardless of the NP composition, as 

it not only provides biocompatibility but also for bioconjugation of target specific 

moieties and also to avoid non-specific binding for longer circulation in blood. By the 

means of covalent or electrostatic binding, there are several of biomolecular entities 

that can be incorporated onto NP-CA surfaces including, nucleic acids, peptides, 

enzymes, polymers and phospholipids [3]. Importance has also to be given in selecting 

the binding method or biomolecule to be conjugated for both the NP and the 

conjugating moiety must retain its optical and chemical properties respectively, and 

thorough opto-chemical characterisation is a necessity. 

Nanoparticles, noble metal NPs in particular, are proven to be a versatile nanoprobe 

for various clinical applications including CA for diagnostic assays [5, 6], are agent 

for therapeutic techniques, and are drug and gene delivery vehicles [1, 7]. Noble metal 

NPs, especially gold, display precise optical tunability dependant on their geometry, 

size and composition. These metal NPs can be easily biofunctionalised with 
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biomarkers like antibodies, nucleic acids and peptides, for target specificity, and 

stabilised with biopolymers like poly-ethylene glycol (PEG) to prolong their 

circulation time in blood.  

 

1.1.2 Gold nanoparticles for cancer imaging and therapy 

Gold nanoparticles (GNP) have been safely used to treat rheumatoid arthritis for 50 years 

and have exhibited much better biocompatibility due to the chemical inertness, with the 

size above 5 nm [8, 9]. GNP have attracted special attention as nanoprobes for 

bioimaging due to their tunable optical properties, ease of synthesis, facile surface 

modification and bioconjugation of tumour markers, and its relative tolerance in 

biosystems [10, 11].  

GNP’s strong tunable extinction lend themselves superior optical properties. Its 

scattering contribution to extinction enhances Raman scattering where the incident 

photons inelastically gets scattered by excitation of the recipient atom or molecule 

[12]. GNP elicits photothermal capability where the incident light energy through 

strong absorption is non-radiatively converted to heat [13]. GNP’s photothermal 

capability also enhances photoacoustic signal generation where the heat generated 

creates pressure (or acoustic) waves in the surrounding medium [14]. These optical 

properties of GNP enable it to be used as a CA for multiple modalities simultaneously.  

GNP’s utility as a drug carrier/delivery vehicle has also been studied for various 

anticancer molecules like cytokine TNF-α [7], chemotherapeutic agent Methotrexate 

and enzyme horseradish peroxidase [1]. Thus GNP can deliver photosensitiser (PS) 

drugs to the target tumour, where the drug induces the generation of oxygen radicals 

which are toxic to cells thereby destroying the tumour, a technique called 

Photodynamic Therapy (PDT) [15]. PSs adheres onto GNP by adsorption or covalent 

binding thereby turning hydrophilic and gathers appropriate size for passive targeting 

of tumours by the enhanced permeability and retention (EPR) effect [16]. To enhance 

accumulation, the surface of GNP can be functionalized by conjugating a tumour 

specific receptor. GNPs are usually shielded with synthetic polymers like polyethylene 

glycol (PEG) or serum proteins like bovine serum albumin (BSA) for increased 

circulation half-life in the body [17]. GNP with aforementioned properties can perform 
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as ideal platforms for conferring PDT on the tumour with minimal or no damage to 

the normal tissue, since the abnormal physiology of the tumours like leaky vasculature, 

abnormal stromal composition, etc., enables GNP to deliver PS directly to the tumours. 

Considering all the aforementioned properties, GNP was thus considered as the core 

for the fabrication of multimodal nanoprobe in this project. 

 

1.2 OPTICAL PROPERTIES OF GOLD NANOPARTICLES  

1.2.1 Surface plasmon resonance of gold nanoparticles 

The optical response of bulk metal structures is characterised by their dielectric 

constant,  as a function of frequency (). The dielectric function of metals is 

complex and is given by  

√𝜀 = 𝑛 + 𝑖𝑘      (1.1) 

where the real part n is the normal refractive index and the imaginary part k is the 

extinction coefficient [18-20]. The values of n and k are not generally measured 

directly from optical experiments, instead are obtained from the reflectivity and the 

absorption coefficient. The real part of the dielectric function is negative and large in 

magnitude, while the imaginary part is related to the absorption of the medium [18, 

21]. When nanoscale metallic structures are excited by light at certain frequencies, the 

incident electric field induces waves of free electron oscillations confined to the 

nanostructure’s surface; a phenomenon called localised surface plasmon (LSP) 

resonance (Figure 1.2) [18, 22]. LSPs are non-propagating as they are confined within 

the nanoparticle and thus differ from surface plasmon polaritons whose surface 

charges propagate along the metal-dielectric interface. 

 

 

Figure 1.2: Schematic of the response of the free electrons charge cloud 

(plasmon oscillation) to resonant excitation. Reprinted with permission from [22] 
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The electromagnetic field distribution of the nanoparticle when it interacts with 

incident electromagnetic field can be obtained using quasi-static approximation when 

it is assumed that the nanoparticle is a homogeneous sphere and size is much smaller 

than the excitation wavelength (radius r << ). The phase of the surface plasmon 

oscillations is predominantly dipolar and is approximately constant over the 

nanoparticle’s volume [18, 23]. Therefore, the dipole moment is given by, 

 𝑝 = 4 π𝜀0𝜀𝑚𝑟3(
ε( λ) − 𝜀𝑚

ε( λ)+ 2𝜀𝑚
)𝐸    (1.2) 

where E is the electric field, m is the dielectric constant of the medium andis 

expressed as a function of 2c/The collective response of nanoparticles’ 

electron oscillations to the incident light is determined by their polarisability and is 

related to p by

𝑝 =  𝜀0𝜀𝑚𝛼𝐸     (1.3) 

Substituting  from equation 1.3 into equation 1.2, we can express  as, 

𝛼 = 4𝜋𝑟3(
𝜀(𝜆)− 𝜀𝑚

𝜀(𝜆)+ 2𝜀𝑚
)    

Equation 1.4 can be expanded for arbitrary shaped nanoparticles as, 

𝛼 = (1 + 𝑘)𝜀𝑉(
𝜀−𝜀𝑚

𝜀+𝑘𝜀𝑚
)   

where k is the shape factor of the nanoparticles’ geometry, V is the nanoparticle’s 

volume and m is the medium’s dielectric constant (related to refractive index 𝑛(𝜆) =

 √𝜀(𝜆)). The polarisability of the nanoparticle is dependent on k which describes the 

geometry of the nanoparticles’ surface [23-25]. While k = 2 for spherical 

nanoparticles, it can be much higher for nanoparticle shapes with complex surface 

curvatures. When  satisfies the condition () = -m in equation 1.2, then p tends to 

infinity. But, at the wavelength where only the real part of the dielectric function 

satisfies the condition Re()] = -m, the dipole moment is limited only by how small 

the imaginary part (Im()]) is, and will show up as a large optical response of the 

system. This response is called the dipolar localised surface plasmon resonance 

(LSPR) and is solely induced by the geometry of the particle [18, 25]. When we impart 

this condition into equation 1.5, the LSPR frequency at which Re()] = -km, the 
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polarisability  becomes maximum, showing strong resonance between the incident 

field and the free electron oscillations. From equation 1.5, and considering the 

resonance condition, it should be noted that with higher shape factor (as in anisotropic 

nanostructures), the LSPR red-shifts [18, 24]. 

Thus, the real part of the dielectric function governs the frequency of the plasmon 

oscillation, the imaginary part determines the broadening of the resonance by 

governing the absorptive dissipation of the resonance due to the dephasing and 

damping of the free electron oscillations [26]. For designing metals with lower 

plasmon frequencies, and thus at longer wavelengths, we must have a larger m; in 

other words, LSPR will be red-shifted in media with a larger m  [18, 24, 26]. 

The classical electromagnetic theory can be considered to understand the physical 

nature of surface plasmon resonance [26]. When a metallic nanoparticle with 

conduction electrons moving freely inside the particle is excited by incident light, the 

electric field of the light forces the conduction electrons to the nanoparticle’s surface. 

This accumulation of electrons to the surface induces negative charge on one side and 

positive charge on the opposite side, creating an electric dipole. To attain equilibrium, 

this dipole generates an electric field opposite to that of the incident field forcing the 

electrons to return to the original position. When the electric field is removed, the 

electrons displaced from the equilibrium will oscillate with a specific frequency called 

the plasmonic frequency. The larger the electron displacement, the larger the electric 

dipole and thus higher energy needed to restore equilibrium [26, 27]. 

In this dipole approximation for smaller NPs, the SPR depends only on the dielectric 

constants of the metallic NP and the surrounding medium, and shows no dependence 

on the size of the NP. But as the size of NP increases, higher order multipole 

absorption begins to contribute to the total extinction by red-shifting with increased 

size [28-30]. For spherical GNPs beyond the size of 100 nm (in diameter), the plasmon 

absorption band continues to red-shift but significantly broadens due to the overlap of 

higher order multipoles. The scattering cross-section increases with NP size and also 

dampens the resonance absorption. Thus it is important to vary the geometry of the 

GNP to achieve tunable SPR bands with narrow linewidth. GNPs with wide array of 

shapes and sizes have been reported to date for optimal plasmon resonance. 



CHAPTER 1 REVIEW OF GOLD NANOPARTICLES FOR TUMOUR IMAGING AND THERAPY 

 

7 
 

1.2.2 Various shapes and structures of gold nanoparticles 

Since SPR of conventional spherical GNPs exist in the visible region of 

electromagnetic radiation, researchers embarked on synthesising anisotropic 

nanostructures with SPR in the near infrared (NIR) region where light attenuation by 

blood and tissue is at its minimum. Gold nanorods (GNR) are the most widely studies 

gold nanostructure for a variety of biomedical applications [31, 32]. GNR are 

anisotropic nanoparticles whose SPR can be tuned just by varying the aspect ratio 

(width v length). GNR offer distinct optical properties resulting from two plasmon 

bands, corresponding to the LSPR across the diameter, called the transverse band, and 

along its length, called the longitudinal band. GNRs with aspect ratios of 1:1 to 1:10 

were first synthesised by the surfactant-based electrochemical method [33] but later 

by a simple wet chemical seeded method where gold ions were reduced on seeds in 

the presence of a surfactant [34, 35]. The aspect ratio of GNRs can be adjusted by 

varying the ratio of gold precursor to the gold seeds. Utilising the large extinction co-

efficient of the longitudinal SPR band, GNRs have been used as nanoprobes for 

various bioimaging modalities like two-photon luminescence imaging (TPL), optical 

coherence tomography and fluorescence imaging [1]. The longitudinal SP band is very 

sensitive to the shape with increasing aspect ratio red-shifting the plasmon band. 

Aggregation of GNRs generates random coupling of the plasmon oscillations and is 

the important factor for localised field enhancement and has a direct effect on the 

longitudinal SP peak. However, GNRs with higher aspect ratios that exhibit 

longitudinal SPR peak in the longer wavelength region have been synthesised, its in 

vivo contrast ability has been reported only in the optical window of 600 – 900 nm 

(Fig. 1.1), possibly because of the tendency of nanorods at longer wavelengths to blue-

shift when aggregated within cells [36]. 

Gold nanoshells with SPR peak in the NIR region were synthesised by using silica or 

polymer beads as core and coating with gold shells of variable thickness [36, 37]. Gold 

shell thickness can be controlled by varying the amount of gold deposited on the silica 

core and by the diameter of silica core itself. The SPR peak red-shifted as the diameter 

of gold shell gets smaller with reduction of shell thickness from 20 to 5 nm, red-

shifting the SPR peak from ≈ 700 - 1000 nm. Gold nanocages (GNC) were first 

synthesised by Xia and co-workers that had the SPR tunability upto 800 nm [38, 39]. 

GNCs were characterised by hollow interior enclosed by single crystal outer structure. 
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GNCs were synthesised by a complex galvanic replacement reaction where silver is 

used as a template on which the gold precursor is reduced to form Au atoms due to the 

difference in their electrochemical potential.  

3Ag(s) + AuCl4
−(aq) → Au (s) + 3Ag+(aq) + 4Cl−(aq)  (1.6) 

Ag nanocubes were first synthesised by reducing silver precursor in the presence of a 

capping agent followed by oxidative etching to produce single crystal Ag nanocubes. 

These Ag nanocubes were then titrated with gold precursor at very high temperatures 

to ensure optimal growth of thin layered gold on the surface of Ag crystals. Increasing 

the ratio of gold precursor added to the Ag crystals red-shifts the LSPR peak to the 

NIR region [38, 39]. Gold nanoshell’s extinction is dominated by scattering whereas 

GNC’s extinction is dominated by absorption (has better absorption cross-section). 

Figure 1.3 shows the tunability of plasmon resonance with various anisotropic gold 

nanostructures. 

 

Figure 1.3: Plasmon resonance based extinction of different anisotropic gold 

nanostructures; nanorods (aspect ratio of 1:3) (a), gold shell over silica core (silica 

core of 60 nm diameter and gold shell of 10 nm) (b), nanostar (32 nm radius) (c) and 

Ag nanocage (with 50 nm edge length and 5 nm thickness) (d). Reprinted with 

permission from  [13] 
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Multibranched GNPs, which are varyingly called ‘branched’, ‘star-shaped’, ‘sea 

urchin-like’, were reported to be synthesised recently with broad LSPR tunability [29]. 

These branched structures bearing anisotropic 3D nanocrystals exhibited interesting 

optical properties that can be fine-tuned by adjusting the geometry in terms of aspect 

ratio of the branches (Fig. 1.4). When in resonance with the incident light, nanostars 

(GNS) exhibited intense surface plasmon absorption at the tips of the branches. Similar 

to GNR, these GNS also exhibited transverse and longitudinal plasmon bands that are 

located in the visible and the NIR region respectively. These GNSs are not highly 

monodisperse in terms of number of branches and branch dimensions like the axial 

diameter or tip sharpness, but still possessed well defined LSPR peaks in the collective 

absorption spectrum. The origin of this well-defined plasmon bands from such an 

asymmetric geometry was substantiated by using high resolution electron micrographs 

of individual GNSs in correlation with single particle spectroscopy [29].  

 

Figure 1.4: Different size and shape of gold nanostars. Reprinted with permission 

from [27] 

The scattering spectrum of single GNS had multiple peaks originating from multiple 

tips and as the polarisation of the incident light changes various peaks grows and 

diminish showing that each peak to be polarised at a different angle. This shows that 

the collective extinction spectrum with broad SPR band is the sum of several sharp 
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peaks arising from various tips, as would be expected from a heterogeneous sample. 

This correlation between the multiple tips and the collective spectra was corroborated 

by Finite difference time domain (FDTD) analysis, a mathematical method that solves 

Maxwell’s equations repeatedly as a function of time on a spatial grid. The spectral 

extinction obtained from FDTD simulations showed good agreement with 

experimental spectra and also the near-field enhancements showed that the observed 

resonances are localised on the tips of the nanostars acting as ‘hot spots’ [29, 40]. Gold 

nanorods and similar metal nanoparticles owe the majority of their local field 

enhancement to the presence of ‘hot spots’ near interparticle gaps. But nanostars 

possess inherent hot spots at the tips, due to the ‘lightning rod’ effect, rather than 

depending on the inter-particle sites [29].  

 

1.3 TUMOUR IMAGING AND THERAPY 

1.3.1 Gold nanoparticles in tumour imaging 

Rapid strides have been achieved in recent times on improving the sensitivity and 

specificity of imaging modalities in detecting abnormalities within tumours. Surface-

enhanced Raman scattering (SERS) has emerged as a versatile technique that can 

enhance the intensity of the vibrational spectra of a molecule by several orders of 

magnitude when it is in the close proximity of nano-roughened metal surfaces such as 

gold/silver or when it is adsorbed on to these metallic nanoparticles [12]. These 

enhanced vibration spectra are often referred as the ‘fingerprint’ of the molecular 

species. Therefore, this technique is widely adopted for the identification of molecular 

information in complex biological matrices. Optical coherence tomography (OCT) is 

another non-invasive low-coherence interferometric imaging technique. Using near-

infrared (NIR) laser excitation, contrast agents can be utilized to backscatter light that 

can be used for imaging tissues [41, 42]. Anisotropic gold nanoparticles that have 

higher scattering cross-section and backscattering maximum in NIR region are optimal 

for OCT imaging. Photoacoustic Imaging (PAI) is another non-invasive biomedical 

modality that effectively combines optical contrast with increased in-depth resolution 

of ultrasound imaging. PAI has the advantages of being non-ionising, as low doses of 

ionising radiation is in itself a risk factor for cancer [43, 44]. Unlike conventional 

optical imaging techniques that have the depth of imaging in millimetre range, PAI 
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has been reported to achieve 5-6 cm when operating with visible – NIR region of the 

electromagnetic spectrum. Exogenous agents, like gold nanoparticles, improve the 

contrast of the photoacoustic signal and can be used in a wide wavelength range 

covering visible – NIR region [44, 45].  

 

1.3.1.1 Surface Enhanced Raman Spectroscopy (SERS) 

Raman imaging based on SERS tags has attracted growing interest because it has 

shown many advantages over other optical bioimaging techniques like fluorescence 

(including the multiplexing capability) due to the narrow width of Raman bands, better 

photostability of the Raman active molecules than fluorescent dyes, higher spatial 

resolution due to the confinement of the intensified electric field around the surface of 

the nanoparticles, and high signal-to-noise ratio in complex biological system at single 

wavelength excitation in NIR region [12, 46]. SERS is based on the amplification of 

the Raman signal where the scattering cross-section of Raman analytes is greatly 

enhanced when in resonance with the nanoparticle’s LSPR frequency. The dominant 

mechanism for SERS is the electromagnetic enhancement mechanism according to 

which the SERS enhancement E is given by, 

E = |E()|2 + |E(′)|2    (1.7) 

where E() is the local electric field enhancement at the incident frequency and E(′) 

is the corresponding factor at Stokes-shifted frequency [18, 47-49]. The enhancement 

E is generally averaged over the surface area of the nanoparticles where the analyte 

molecules can adsorb that result in the observed SERS enhancement. Since plasmon 

width is often large compared with Stokes shift, E is often approximated by assuming 

E() and E(′) are the same and hence the SERS approximation E = |E()|4 [18, 49]. 

Electromagnetic enhancement is directly related to the nanoparticle’s electron 

oscillation induced by the surface plasmon excitation. These oscillations induce a 

strong electromagnetic field that transfers the energy onto the molecules in the vicinity 

in the form of dipole-dipole interactions. Thus, the analyte molecule is induced into a 

new vibrational state and transfers this new energy back into the nanoparticle or 

released into the system directly by the molecule at a different frequency [47, 48, 50].  
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Spherical GNPs are one of the well-studied SERS substrates although their SERS 

enhancement is only moderate. Aggregation of spherical nanoparticles also produces 

nanogap between particles where the LSPR greatly increase, these sites also known as 

the “hot spot”, resulting in significant enhancement in SERS intensity. The Raman 

enhancement factor (EF) was found to have increased with the aggregation size. 

Aggregation of particles can be easily achieved but controlling the particle aggregation 

is much difficult [12, 51]. A few research groups successfully addressed this issue by 

enveloping the spherical GNP with protein-A [52, 53] and a polymer polyacrylamide.   

GNR based SERS was recently reported to have been used for imaging ovarian cancer 

tissue, with the goal of identifying tumour margin and monitoring the removal of 

tumour during resection [54]. By using 785 nm laser excitation, SERS mapping was 

constructed using least square analysis by comparing the SERS intensity at 

characteristic 1202 cm-1 peak of IR792 dye before and after injection of nanotags into 

tumour tissue. SERS images were constructed by matching the collected SERS 

spectrum at each point to that of the reference spectrum of the GNR, with well-

matched points resulting in brighter pixels. When the tumour is gradually resected, the 

SERS signal decreased accordingly, with the number of positive pixels reduced from 

65.7% before resection to 6.2 % after resection, thus enabling the discrimination of 

tumour margins [54].  

To make use of the advantages of both gold and silver nanoparticles, Ag/Au core-shell 

nanostructures have recently gained prominence which are found to be stable, 

biocompatible and exhibit excellent LSPR properties. Guo et al. (2012) recently 

reported the Raman enhancing property of Ag/Au core-shell nanostructures in SERS 

bioimaging [55]. By coating the methylene blue as a Raman marker (RM) on silver 

NP  and then covering with a protective layer of gold, such SERS tags could not only 

be able to detect Raman enhancement of methylene blue by silver NP, but also the 

Raman enhancement of biomolecules in the immediate vicinity of GNP’s surface [55, 

56]. With 785 nm excitation, two different SERS images were constructed by mapping 

the Raman peak of methylene blue at 1602 cm-1 and Raman peak of proteins at        

1254 cm-1. These SERS images not only can localize the nanostructures within cells, 

but also enable sensitive and locally confined probing of cellular structures. One merit 

of hiding the RM between layers of metallic NPs is that the outer shell prevents 

desorption and degradation of the RM, thereby stabilising the SERS signal. Similar to 
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the aforementioned study, Gandra et al. (2013) synthesised plasmonic core-shell 

nanostructure with dual layer of gold with the RM sandwiched in between. Apart from 

protecting the RM, -1,4-benzenedithiol (BDT), this nanostructure called Raman-

intense gold nanostructures with hidden tags (BRIGHT) also displayed in-built ‘hot 

spots’ (with constructive EM interference from 2 layers of gold) [57].  

Multi-branched star shaped GNPs (nanostars) have an important advantage over other 

gold nanostructures in that their multiple sharp branches act as individual hot spots for 

enhanced electric field due to the lightning rod effect without the need for aggregation. 

Such plasmonically active gold nanostars synthesised by Schutz, et al. (as seen in Fig. 

1.5) was successfully used as SERS tag after conjugating with the derivatives of 

DTNB (5,5′-dithiobis(2-nitrobenzoic acid)) [58]. The colloidal nanostars were 

stabilised by self-assembled monolayer (SAM) of ethylene glycol conjugated DTNB 

derivatives. SERS spectra were obtained using 633 nm laser excitation; the resulting 

Raman scattering was found to be in resonance with the broad surface plasmonic band 

of the nanostars which is around 670 nm.  

 

Figure 1.5: Transmission electron microscopy (TEM) images of 60 nm gold 

nanostars (A), a single gold nanostar (B) and one of its tips (C) at larger 

magnification, (D) White light image of a prostate tissue specimen with an overlaid 

SERS false colour image based on the intensity of the 1340 cm-1 Raman marker band 

of the SERS label. (E) Five representative SERS spectra from different locations in 

(D), indicated by white crosses in the SERS false colour image (from top to bottom). 

Reprinted with permission from [55]. 
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SERS tags were then bio-functionalised with the anti-p63 antibody for targeting the 

tumour suppressing p63 antibody in prostate tissue. SERS image was constructed by 

marking the RM’s Raman band at 1340 cm-1. As shown in Figure 1.5, SERS pseudo-

colour image displayed positive pixels (signal from anti-p63 tagged SERS label) in 

the basal epithelium of the benign prostate tissue, thereby locating the abundance of 

p63 antibody; individual SERS spectra from different regions confirmed the same. H 

Yuan, et al. (2012) and Z. Luo, et al. (2011) also reported separate SERS studies using 

multibranched GNP using different synthetic strategies [59, 60]. 

 

1.3.1.2 Photoacoustic Imaging (PAI) 

In 1880, Alexander Graham Bell observed that absorption of electromagnetic 

waveforms by a medium generated acoustic signals, later called the photoacoustic 

(PA) effect [61]. When high intensity modulated light (such as light from pulsed 

lasers) is used to irradiate tissue, the light energy is absorbed by endogenous 

biomolecules or exogenous agents and relaxation by non-radiative process generates 

heat. The heat causes the surrounding tissue to undergo thermal expansion, generating 

pressure waves which can be detected by a conventional ultrasound transducer. The 

maximum pressure generated by the absorber is given by, 

𝑃𝑜 =  Γ𝜇𝑎𝐹,    (1.8) 

where Γis the tissue’s Gruneisen parameter, a is the absorber’s absorption co-

efficient and F is the fluence of the light incident on the absorber [62]. 

Photoacoustic imaging (PAI) combines the advantages of the depth resolution from 

ultrasound imaging and the sensitivity from optical imaging [43, 44]. To generate high 

frequency sound waves, and thus better photoacoustic signal, the laser pulse should be 

shorter than the thermal relaxation of the optical absorber and stress relaxation time of 

the structure of interest and the wavelength of the laser should be in resonance with 

the absorption maximum of the optical absorber. The spatial resolution of PAI depends 

on the ultrasound beam detected by the transducer, with higher central frequency and 

bandwidth of the transducer providing better spatial resolution. Optical contrast with 

endogenous chromophores (like haemoglobin, melanin, etc.) can be used to image 

blood vessels and detect anomalies (such as melanoma).  The exogenous contrast 
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agents provide enhanced optical contrast and can be used with a wide wavelength 

range [44, 63].  

PAI contrast has been demonstrated with various agents including organic dyes, 

copper nanoparticles, iron-oxide nanoparticles, carbon nanotubes, gold nanoparticles, 

etc. [64-66]. These contrast agents showed PAI potential but also possessed issues that 

would impede their ability for human use. Organic dyes are very small (<2 nm) in size 

which would be rapidly cleared from systemic circulation [64] and also causes staining 

of skin which leads to irritation [67]. Although copper based nanoparticles like copper 

neodecanoate nanoparticles were synthesised in a stable manner and provide good PA 

contrast, copper is a proven neurotoxic agent. Single-walled carbon nanotubes have 

good absorption in the NIR but its safety for human use is still debatable [64, 67]. GNP 

possess superior optical absorption cross-section due to the strong SPR absorption in 

NIR and the SPR wavelength can be precisely tuned by adjusting the shape and size 

of the nanoparticles. GNP are favoured as PA contrast agent due to its 

biocompatibility, easy synthesis and surface modification, efficient bioconjugation 

and precise optical tunability [68, 69]. 

Gold nanoshells were the first of the SPR based nanoparticles to be used as 

photoacoustic (PA) contrast agent [39]. Although nanoshells exhibited PAI contrast, 

the optical absorption enhancement was minimal [36]. Gold nanocages (GNC) were 

first synthesised by Xia and co-workers (2009) [38] that had the SPR tunability upto 

800 nm. Gold nanoshell’s extinction is dominated by scattering whereas GNC’s 

extinction is dominated by absorption (has better absorption cross-section). Since PAI 

is an absorption based technique, GNC are a more suitable contrast agent than 

nanoshells [39]. GNC has been used for contrast imaging of the sentinel lymph node 

(SLN) with high PA spatial resolution at imaging depth of 33 mm [38]. SP excitation 

of GNCs used in the PAI studies were in the range of 760-820 nm. Enhancement of 

PA contrast with GNC was achieved by only conjugating with target specific receptors 

which resulted in 300% PA signal enhancement compared with non-targeted GNC.  

Gold nanobeacons (GNB) were synthesised by Pan, et al. (2010) by entrapping 

numerous spherical gold nanoparticles (2-4 nm) within a phospholipid envelope. 

GNBs of various size of spherical nanoparticles were synthesised as contrast agent for 

PAI, but it was found that smaller the size of the spherical nanoparticles better the PA 
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signal was, irrespective of the overall size of the phospholipid envelope [67]. In an in 

vivo PAI study imaging SLN, at 767 nm excitation, the ratio of peak-to-peak PA signal 

amplitude acquired from SLN and surrounding blood vessel was found to be 9:1, 

revealing good contrast with pre- and post-administration of the GNB [36, 67].  

GNR with a longitudinal SPR peak of 780 nm have been synthesised and evaluated 

for the feasibility of PA detection of nanorod-loaded cells [70]. Cross-sectional PA 

images acquired at 780 nm wavelength showed sensitive detection of nanorod-loaded 

cells which were embedded in tissue-mimicking phantoms. PAI contrast ability of 

GNR with SPR peak at 700 and 900 nm has been reported where gelatin phantoms 

with inclusion of GNR incubated cells were imaged at a depth of 2.5 cm using 

multispectral PA system. After the intake by cells, 700 nm SPR peak red-shifted to 

750 nm and the 900 nm peak blue-shifted to 850 nm, because of the plasmon coupling 

effect due to aggregation within the cells [70]. Another study used silica coated GNR 

with SPR peak of 735 nm as contrast agent for intra-vascular PAI. Phantom inclusions 

with GNR displayed higher amplitude PA signal compared to lipid rich inclusions at 

various temperatures [45]. There are more than a handful of studies reported to have 

synthesised GNR, with longitudinal SPR peak lying in the NIR region covering the 

first optical window (680 – 900 nm), and used as contrast agent for PAI [45, 70, 71]. 

 

Figure 1.6: Accumulation of GNS in liver from bloodstream: (a) PA images obtained 

at various timepoints post-injection of GNS. GNS contrast in bloodstream (white 

arrows) decreased with time but increased in liver (red arrows), compared to PA 

images post-injection of PBS as control (b). Normalised PA signal ratio (c) of liver 

to blood derived from (a) and (b). Reprinted with permission from  [72]. 
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Li, et al. (2014), recently reported for the first time the in vivo transport kinetics of 

nanoparticles into mouse organs from the blood stream using PAI with GNS as the 

exogenous contrast agent. GNS were visible in the blood stream within 7 minutes after 

intravenous administration through tail vein and the PA signal gradually decreased in 

blood stream while increasing in liver and spleen. The PA signal from complex organs 

like the liver and spleen were greatly enhanced with liver to blood ratios reaching up 

to 8.5 times that of control with no GNS administration. The exogenous contrast from 

GNS greatly enhanced the PAI signal from blood vessels compared to that of 

endogenous contrast from haemoglobin [72]. 

GNS has been used as a PAI contrast agent to image lymph nodes and lymph vessels 

as the tumour in any organ first drains into lymphatic system before metastasising to 

other organs. Kim, et al. (2011), administered GNS with SPR at 767 nm and PAI 

showed GNS accumulation in sentinel lymph node, located 1.5 mm below skin, within 

1.5 hours. With the detection limit at 1 ppm, the study reported the in vitro and in vivo 

signal-to-background ratio of 10 and 3 respectively [73].  

 

1.3.1.3 Photothermal Optical Coherence Tomography (PT-OCT) 

Optical coherence tomography (OCT) is a scattering based technique where low 

coherence light is used as the source and the collected signal is the back-scattered light 

from sample based on the coherence matching between the incident and the reflected 

beams [74]. Many studies reported the use of GNPs, with the SP absorption resonant 

with the OCT source, as contrast enhancing agents due to their ability to produce 

strong backscattered signal detectable in highly scattering tissues [14]. Though OCT 

can be used for tissue imaging (up to 2 mm), resolutions have still remained low due 

to intense optical scattering arising from biological tissues. PT-OCT is a functional 

extension of OCT where the photothermal efficiency (light to heat conversion) of 

GNPs has been utilised. Localised heat generation by GNPs leads to thermoelastic 

expansion of the sample and results in change in local refractive index. This shift in 

refractive index can be optically imaged with the phase information in an OCT 

interferogram [74-76].  

Though many studies reported various gold nanostructures as contrast agents for in 

vitro and ex vivo PT-OCT studies, only recently. GNRs have been used as contrast 
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agent for in vivo PT-OCT which demonstrated high sensitivity to GNR contrast in the 

picomolar (pM) concentration range [76]. Along with the laser power, the 

concentration of the contrast agent has a linear relationship with the PT-OCT signal 

which shows the potential for in vivo molecular imaging. With nanostars possessing 

higher photothermal efficiency due to the presence of multiple inherent ‘hot spots’, it 

should act as a better contrast agent for PT-OCT by eliciting higher phase difference 

due to the local refractive index changes. 

 

1.3.2 Techniques and modalities in cancer therapy 

1.3.2.1 Photodynamic Therapy  

The first clinical application of photodynamic therapy (PDT) was described by von 

Tappeiner, who defined PDT as “the dynamic interaction between light, a 

photosensitizing agent, and oxygen resulting in tissue damage” [77]. Photodynamic 

therapy (PDT) is the administration of a nontoxic drug, called photosensitiser (PS), to 

a patient bearing a lesion, followed by the illumination of the lesion with non-thermal 

laser light, which in the presence of oxygen leads to the generation of cytotoxic species 

and consequently to cell death and tissue destruction. PS are a class of compounds that 

when exposed to resonant light, absorbs the energy from the light through the 

excitation of the ground state electrons with opposite spin in the lower energy 

molecular orbital, called singlet state, to higher energy molecular orbital with same 

spin, called excited singlet state. This excited state of electrons is short-lived and relax 

to ground state by losing energy through fluorescence by emitting light or through heat 

by internal conversion. The excited state PS can also undergo a process called 

intersystem crossing whereby the spin of the electrons inverts to form a relatively long 

lived excited state with electrons of parallel spin, called excited triplet state. From here 

the excited PS can relax to ground state by losing energy through light emission, called 

phosphorescence. But there are two other reactions by which excited triplet state PS 

react to immediate environment that is relevant to Photodynamic process. Firstly, 

called a Type I reaction, the excited triplet state PS reacts with surrounding organic 

substrate to produce radical ions through electron transfer; these ions further react with 

oxygen to produce highly toxic reactive oxygen species. In a Type II reaction, the 

excited triplet state PS can directly transfer energy to molecular oxygen, which has 

triplet configuration when in ground state (3O2), and produce highly reactive excited 
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state singlet oxygen (1O2).The physical process of the PS activation resulting in cell 

death is explained in Figure 1.7.  

 

Figure 1.7: Photophysics and photochemistry of Photodynamic and Photothermal 

processes. Modified from [14, 78] 

Some of the cytotoxic reactive oxygen species generated are singlet oxygen (1O2), 

peroxide, hydroxyl radical, peroxynitrite, etc. The mechanism of cell death induced 

by PDT can be three-way [15, 77]: (i) 1O2 generated by direct photon transfer from PS 

can directly kill tumour cells by the induction of apoptosis and/or necrosis; (ii) 

generation of other free radicals along with 1O2, damaging the tumour vasculature 

resulting in thrombosis and haemorrhage, thereby inducing hypoxia and starvation of 

other much needed growth factors; (iii) the inflammatory response due to the 

vasculature destruction along with the cytokines and stress response proteins like heat 

shock proteins generated by direct cell death, leads to the invasion of leukocytes, 

conferring adaptive immunity which recognizes and kill tumours even at isolated 

locations [15, 79]. The outcome of PDT is dependent on the relative contribution of 

these three mechanisms, which in turn is dependent on the treatment regimens 
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followed, like type and concentration of PS, intracellular localization, light dose and 

oxygen availability [77, 80].  

PDT as a clinical treatment modality has been approved in countries including the 

USA, EU, Canada, Russia and Japan, for treatment of lesions of varied nature [81]. 

PDT with a liposomal PS verteporfin has received worldwide approval and become 

the standard of care for neovascularisation involved in age-related macular 

degeneration (AMD). While various PS have been approved for a variety of cancers, 

the EU has approved the use of meta-tetrahydroxy phenyl chlorine (mTHPC) as PS 

for early and recurrent head and neck carcinomas [81, 82]. Photofrin and mTHPC are 

two PS mainly used for treatment of oral cavity and oropharynx [81]. In a study 

reported by Copper, et al. (2007), where mTHPC mediated PDT was used in the 

treatment of oropharynx, the tumours were grouped based on the staging. The 

treatment was successful only for 67% of tumours, where the cure rate is 85% for stage 

I and drastically decreased to 38% for stage II and III [83]. Photofrin is another PS 

found to be successful in the treatment of oropharynx and larynx, but the poor tumour 

selectivity and the extended period of light sensitivity, up to six weeks after 

administration, not only reduce the specificity, but may also diminish the quality of 

life [83, 84].  

Hypericin is a naturally occurring plant-based perylene-quinone dye that has been 

successfully tested as an effective PS in in-vitro studies [85-87] due to its properties 

of low dark toxicity and higher quantum efficiency of ROS generation. Reports 

suggest that 593 nm laser light invoked tumouricidal effect with only 5-10 seconds of 

exposure and near complete cytotoxicity after 120 seconds of exposure [88, 89]. 

Chlorin e-6 (Ce6) is another plant based second generation porphyrin-based PS which 

has properties of fast clearance, low dark toxicity, deeper light penetration, 

comparable to Hypericin [90-94]. Also a few studies reported that, by adding the 

hydrophilic polymer polyvinylpyrrolidone (PVP) seems to improve the efficacy of the 

drug by improving tumor-to-normal tissue contrast ratio [95, 96].  

Most PSs are hydrophobic in nature which makes systemic administration problematic 

and, in turn, affects their delivery to and uptake by tumour cells [97, 98]. Thus, PS 

tend to aggregate which reduces the quantum efficiency of ROS generation. This 

shortcoming has led to the development of third-generation PS that are now equipped 
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with nanocarrier systems to enhance their targeted delivery for efficient PDT and 

photodynamic diagnosis (PDD) [69]. These nanocarriers, which loads PS by 

physisorption or covalent binding, offer benefits of hydrophilicity and appropriate size 

for passive targeting of tumour by the enhanced permeability and retention (EPR) 

effect [69, 99]. Various types of nanocarriers are available and their use in PDT has 

been extensively reviewed [69]. 

The main advantage of PDT over conventional cancer treatments like surgery, 

radiation therapy and chemotherapy, is its specificity to target tumours with good 

preservation of surrounding normal tissue, no drug (PS) resistance, minimal side 

effects and reduced toxicity that allows for repeated treatments, if necessary. PDT also 

has its limits in that, PDT can only be used for superficial tumours as light cannot 

travel far through tissues to reach deep lying tumours, leaves temporary sensitiveness 

to light in patients and cannot be used for cancers that have spread to multiple 

locations. 

 

1.3.2.2 Photothermal Therapy 

At SPR frequency, nanostars convert the strongly absorbed radiation into heat by 

electron-phonon and phonon-phonon processes. The photoexcited plasmons loses 

energy through electron – electron scattering, thermalizing the nanoparticle’s surface 

in the process (Figure 1.7). Then the energy is lost to the lattice phonons thereby 

cooling the surface to equilibrium followed by lattice phonon – phonon coupling 

resulting in heat dissipation into the surrounding medium [14, 100]. GNP thus serve 

as heating antennae that lead to elevated temperature of the surrounding medium and 

induce hyperthermia or irreversible thermal damage to the targeted tissue, thereby 

offering an alternative cancer treatment called photothermal therapy (PTT).  

Photothermal effect is purely absorption based and the light to heat conversion 

depends on the fraction of photons being absorbed by the GNP. Photothermal 

efficiency can be calculated by, 

Φ𝐻𝑒𝑎𝑡 =  
𝜎𝑎𝑏𝑠

𝜎𝑒𝑥𝑡
⁄     (1.9) 
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According to the above equation, the photothermal efficiency of GNP are higher when 

𝜎𝑎𝑏𝑠
𝜎𝑒𝑥𝑡

⁄  is equal to or close to 1. Simulations using discrete dipole approximation 

(DDA) analysis, have been shown that GNR having SPR at ≈ 800 nm had absorption 

efficiency of 98%, which has been experimentally corroborated to have photothermal 

efficiency close to 100% [13]. Absorption efficiency of GNRs gradually reduces with 

increasing diameter beyond 20 nm, whereas, with constant diameter (of ≈ 15 nm), 

increasing length of the nanorods have no effect on their photothermal efficiency. As 

mentioned earlier, gold nanoshells are predominant scatterers with low absorption 

coefficient and thus have low photothermal efficiency. Gold nanostars (GNS) are 

emerging as a promising PTT agent with large light-to-heat conversion efficiency. 

Simulations have shown that GNS with SPR at ≈ 800 nm displayed better 

photothermal conversion compared to GNRs exhibiting SPR at similar wavelengths. 

This might be due to the presence of multiple 3D branches which acts as antennas with 

the tips acting as hot spots with intense near-field enhancement [13].  

Kah, et al. (2008) and Jang, et al. (2011) reported separately the combinatorial 

treatment efficacy of photosensitisers and GNP for use in PDT and PTT respectively 

[101, 102]. In the study by Kho, et al. (2011), hypericin and nano-formulation were 

incubated at different time-points separately. Compared to PDT and PTT alone, which 

reduced the cell viability to 30.9% and 44% respectively, a combined PDT and PTT 

regime under single irradiation further reduced the cell viability to 17.5% [46]. Though 

this combinatorial treatment regime resulted in better efficacy in terms of reducing the 

cell viability, than individual PDT or PTT, one is not sure about the quantum 

contribution of photosensitiser or nano-formulation, as they were not linked or 

simultaneously incubated with cells. These results along with a few more studies on 

photothermal capability of GNPs [10, 103, 104], and second generation 

photosensitisers, together with studied potential of ligands on imparting tumour 

specificity, shows the promise of combined PDT and PTT treatment in clinical 

settings. 

 

 



CHAPTER 1 REVIEW OF GOLD NANOPARTICLES FOR TUMOUR IMAGING AND THERAPY 

 

23 
 

1.3.3 Gold nanoparticles based multi-modal nanoprobes in biomedical 

imaging 

By conjugating GNP with fluorophores or magnetic particles, gold nanoprobes can 

also be used simultaneously with other modalities like fluorescence microscopy, 

magnetic resonance imaging and computed tomography. 

Ciu, et al. (2011) synthesised such a dual-modality nanoprobe containing spherical 

GNP as core and coated MGITC (malachite green isothiocynate) as Raman reporter 

and stabilised with silica shell that is conjugated with a fluorophore, FITC (fluorescein 

isothiocyanate). The Raman signal decreased in intensity with increasing shell 

thickness which may be because of the reduced light transmission; fluorescence signal 

increased with increasing thickness, which the researchers claimed to be from the 

increased amount of FITC molecules. The confocal laser scanning microscope 

(CLSM) images showed the internalisation of the nanoprobes in cytoplasm of the 

HeLa cells (cervical cancer), whereas SERS spectroscopy then revealed stable Raman 

signal of MGITC, from spots that showed intense fluorescence signal, with no obvious 

interference from FITC [105]. 

Iron oxide nanoparticles (Fe3O4) have been used as contrast agent for MRI and in 

microwave induced thermo-acoustics due to their strong absorption of microwaves. 

Along with GNP’s biocompatibility and plasmon properties, when Fe3O4 

nanoparticles are conjugated with GNP the complementary strengths of different 

modalities can be taken advantage of for various biomedical applications. Zhou et al. 

synthesised such hybrid nanoprobe, Fe3O4 core with GNP shell (Fe3O4@Au NP) that 

had stable structure and controlled size distribution [106]. When excited with 515 nm 

laser, the Raman signal of 4,4’-dipyridyl was enhanced by GNP in Fe3O4@Au NP, 

though the SERS intensity is less compared to 4,4’-dipyridyl coated onto bare GNP. 

The T2-weighted MR images of Fe3O4@Au NP were comparatively lesser in intensity 

and the relaxivity value was weaker compared to Fe3O4 NP, due to the weaker 

magnetic property because of the presence of gold nanoshell. But the Fe3O4@Au NP 

had comparable contrasting property as other Fe3O4@Au nanoconstructs and has 

longer circulation time, and thus longer imaging period, than clinically used 

gadolinium complexes. Though it can be seen that the SERS capability of GNP and 

the magnetic property of Fe3O4 NP was hampered to a small extent by the GNP shell 
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enveloping the Fe3O4 core, the structural stability, circulation time in tumour 

neovasculature and enough detectable signals of Fe3O4@Au NP has shown promise 

as nanoprobe for multi-modality bioimaging [106]. 

Since photothermal conversion is the phenomenon behind both photothermal therapy 

and photoacoustic imaging, GNPs can be employed as nanoprobes for both the 

modalities simultaneously. Recently, Kim, et al. (2013) used PAI for monitoring PTT 

induced by irradiating 808 nm continuous wave laser on GNR (SPR at 735 nm) 

inclusions on coronary artery. Upon exciting at laser power of 200 mW for 45 seconds, 

the PA signal intensity increased by ≈ 59 % for temperature increase of ≈ 7 °C. Since 

the electronic phenomenon of absorbed light energy relaxing non-radiatively to heat 

is common for photothermal and photoacoustic process, the direct correlation of 

temperature with photoacoustic signal can be estimated by the equation, 

∆T = a.
∆P

P
= a.

ΔΓ

Γ
 ,    (1.10) 

where a is the volume expansion constant of the tissue, ∆P is the change in pressure 

corresponding to change in temperature ∆T and ΔΓ is the change in Grüneisen 

coefficient. A thermal map showing the temperature distribution after PTT can be 

constructed based on this relation and also can be quantified [107]. 

 

Figure 1.8: Combined ultrasound and photoacoustic images, and photoacoustic-

based thermal images are shown in (a-c) and (d-f), respectively. The white arrow 

represents the direction of laser irradiation (808 nm, 1 W). (d) Photothermal therapy 

of 5 minutes result in maximum temperature rise of about 19°C in the tumour. 

Reprinted with permission from [82]. 
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GNS were also used to induce PTT in vivo, as its high absorption cross-section 

enhances the photo-activated transfer to heat energy. Cyclic arginine-glycine-aspartic 

acid (RGD) peptide was conjugated to gold nanostars, with SPR peak ≈ 790 nm, for 

targeting over-expressed integrin in tumour vasculature [108]. When irradiated with 

laser power density of 1 W/cm2, the temperature of the GNS administered tumour 

increased by > 20 % within 10 minutes. This acute increase in temperature destroyed 

the tumour neovasculature which was evidenced by PAI. PA signal of tumour injected 

with GNS decreased 10 times after PTT, which indicates anti-angiogenesis effect of 

PTT. Fluorescence imaging confirmed this marked reduction in tumour blood vessels 

with anti-CD31 staining. This indirect way of using PAI for monitoring of PTT is 

equally efficient as aforementioned direct temperature correlated PAI monitoring. 

 

1.4 THESIS OVERVIEW 

The aim of this thesis is to develop a novel multimodal gold nanoconstruct for optical 

diagnostic imaging and therapy of cancer. The specific objectives that were 

undertaken in order to achieve this aim can be summarised as follows,  

 Synthesis of multibranched gold nanoparticles with tunable surface plasmon 

resonance (SPR) wavelength in the “optical window of soft tissues” for 

minimal light attenuation by endogenous biomolecules like haemoglobin, 

water and lipids 

 Optical characterisation of the gold nanoparticles for better understanding of 

the origin of the SPR in order to manipulate the SPR for optimal detection and 

treatment efficiency 

 Fabrication of multimodal nanoconstructs that acts as a single node to be used 

with multiple modalities for optical detection and treatment of cancer 

 Application of such a multimodal nanoprobe for in vivo imaging and therapy 

for cancer 

The specific studies conducted to achieve the aforementioned aims and objectives will 

be detailed in the following chapters: 

Chapter 2 details the synthesis of multibranched star-shaped gold nanoparticles 

(Nanostars) and tunability of its SPR by adjusting various synthesis parameters. This 
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chapter also describes a novel methodology for the fabrication of multimodal 

nanoconstruct, called Nanosensitiser (NS). Briefly, a Raman reporter was coated onto 

the nanostars followed by the conjugation of photosensitisers and stabilisation using a 

serum protein. The therapeutic and diagnostic (theranostic) efficacy was investigated 

initially using fluorescence and Raman spectroscopy detection of NS in solution and 

in vitro. The therapeutic efficacy of the NS was then investigated by assessing the PDT 

capability of PS in the NS and PTT capability of the gold nanostar core of the NS. 

Chapter 3, explored the optimisation of the gold nanostar to elicit SPR in the longer 

NIR wavelengths. Using a bimetallic configuration, structure and shape of the 

nanostars were modified to achieve additional SPR, tunable in the region of 1050 – 

1200 nm, along with the SPR of the previously synthesised nanostars in far-red (Dual 

Plasmonic Gold Nanostars). A numerical analysis technique was utilised to 

computationally analyse the interaction of electromagnetic radiation with a 

complicated structure like that of nanostars. The origin and ways to manipulate SPR 

of the nanostars were successfully analysed.  

Chapter 4 describes the in vivo application of the dual modal capability of the dual 

plasmonic gold nanostars by monitoring the PTT effect induced by the nanostars using 

PAI. This chapter also details the surface modification and PTT investigation of 

nanostars in solution prior to the in vivo study. 

Chapter 5 presents the concluding remarks based on the experimental findings and 

provides the scope for future research toward the continuation of the works presented 

here. 
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CHAPTER 2 RESULTS – GOLD NANOPROBE FABRICATION AND 

CHARACTERISATION FOR MULTIMODAL IMAGING AND THERAPY 

OF CANCER 

2.1 INTRODUCTION 

The optical properties of metal nanoparticles, such as gold nanoparticles, are 

determined by physical parameters like size, shape, structure, composition, and the 

dielectric property of the metal and the surrounding medium [1]. Though scope of 

change in optical properties is different for individual parameters, computational and 

experimental studies have shown that structure and shape of gold nanocrystals play 

the most important role in determining the wavelength and intensity of the SPR bands 

[2]. Among the wide variety of wet-chemistry based synthetic techniques of branched 

nanocrystals, two techniques are well studied: (i) the seeded growth strategy where 

the preformed seeds act as nucleation point on which further metal precursor 

molecules can be reduced for subsequent growth, and (ii) the one-pot strategy where 

seeds are formed in-situ and metal atoms are directly added for subsequent growth [1, 

3]. 

Various anisotropic structures of gold nanoparticles with superior optical properties 

have been reported that includes nanowires, nanorods, nanocubes and nanoplates [3, 

4]. Multibranched star-shaped nanoparticles bearing anisotropic 3D nanocrystals 

(nanostars) exhibit interesting optical properties that can be fine-tuned by adjusting 

the geometry in terms of aspect ratio of the branches [5, 6]. Stabilisation of nanostars 

prevents desorption of Raman reporter from its surface and solvent derived 

aggregation of the nanoconstruct. Various biopolymers have been reported as 

stabilisers, but PEG and BSA have been recently exploited for their enhanced 

biocompatibility [7, 8]. PEG covering has been shown to stabilise gold nanoparticles 

and shield the Raman reporter due to the specific adherence on gold nanoparticle’s 

surface that spontaneously forms a monolayer on gold [9]. BSA, in its denatured form, 

was found to be more advantageous in that its thiol binding capacity was found to be 

much stronger and maintained the non-aggregated isolated state of the nanostructures 

even after multiple washes. In the study by Yuan et al (2012), nanoparticle tracking 

analyses (NTA) confirmed this and also showed that PEG stabilised nanoconstructs 

tend to form small clusters after multiple washes [8]. 
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In this chapter, one-pot synthesis of gold nanostars using 4-(2-Hydroxyethyl) 

piperazine-1-ethanesulfonic acid (HEPES) as a reducing agent was reported. Then the 

multimodal nanoprobe, which we refer to as Nanosensitisers (NS), was constructed. 

This NS comprises a gold nanoparticle core that when conjugated with a Raman 

reporter and PS, enhances both the SERS signal of the reporter, and the fluorescence 

and delivery of the PS. The NS was then characterised for structural and optical 

stability provided by the BSA envelope. The NS’s efficacy for multimodal optical 

imaging of cancer including SERS and fluorescence imaging, and therapy of cancer 

including PDT and PTT was successfully investigated. The development of such a 

multimodal nanosensitiser in this current work will offer a useful tool for non-

invasive, high-accuracy, single-node detection and therapy of cancer. 

 

2.2 MATERIALS AND METHODS 

All the chemicals used in this study were purchased from Sigma Aldrich (Ireland) and 

deionised water was used as a solvent. All glassware used was washed with aquaregia 

(mixture of 3:1 ratio of hydrochloric and nitric acid, respectively) and rinsed with 

Millipore (Ireland) ultrapure water. 

Nanoparticle synthesis: 

One-pot synthesis of 3-dimensional multibranched gold nanocrystals was utilised 

based on the green chemistry approach [6, 10, 11], where the common biochemical 

buffer HEPES was used as a weak reducing and shape directing agent. pH of the 

aqueous HEPES solution was initially adjusted to 7.4 by adding 1M sodium hydroxide 

(NaOH) dropwise. HEPES solution (40 mM) was then mixed with aqueous 

tetrachloroauric acid (HAuCl4) at room temperature so that the final concentration of 

HAuCl4 was 200 µM. The colour of the reaction solution turned greenish-blue within 

60 minutes signalling the formation of branched nanocrystals. Reaction parameters 

including the concentration ratio of gold precursor to reducing agent (R[HEPES]/[HAuCl4]), 

pH and temperature were varied to obtain multibranched gold nanoparticles with 

desired surface plasmon absorption wavelength.  
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Nanoprobe fabrication: 

Nanoparticles were recovered from the reaction solution (1mL) by centrifugation at 

5600 relative centrifugal force (RCF) for 10 minutes and re-dispersed in 1 mL of 

water. For 1 mL of nanostars, 166.6 L of Raman reporter, diethylthiatricarbocyanine 

iodide (DTTCI) dissolved in dimethyl sulphoxide (DMSO), was added drop-wise 

under vigorous stirring. Bovine serum albumin (BSA) was chemically denatured by 

adding sodium borohydride (NaBH4) in aqueous condition at 70–75 °C. Unreacted 

sodium borohydride was removed by spontaneous decomposition [12]. 25 L of 0.05 

mM hypericin dissolved in DMSO was added to 1 mL of 0.05 mM denatured BSA 

(dBSA) and left overnight for incubation [13]. The unbound hypericin was removed 

from dBSA:Hyp complex solution by centrifugation at 5600 RCF for 10 minutes using  

Microsep™ 10000 MWCO OMEGA membrane (Pall Life Sciences). 1 mL of DTTCI 

tagged nanostars were then centrifuged (5600 RCF for 10 minutes) and re-dispersed 

in 1 mL of dBSA:Hyp solution and left overnight at room temperature. The reaction 

solution was then centrifuged at 5600 RCF for 10 minutes and re-dispersed in 

deionised water to complete the fabrication of the Nanosensitiser (NS1).  

 

Figure 2.1: Schematic representation of the fabrication of Nanosensitiser (NS). 

Nanostars were synthesised using HEPES as a weak reducing and stabilising agent; 

monolayer of Raman reporter (DTTCI) was then coated onto the nanostars; 

chemically denatured BSA was conjugated with the photosensitiser (PS) and this 

dBSA_PS conjugate was added to the DTTCI coated nanostar solution to complete 

the construction of multimodal NS. 
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Another Nanosensitiser, NS2, was constructed using the aforementioned methodology 

with chlorin e6 (Ce6) replacing hypericin as the PS. The schematic of nanoprobe 

fabrication for both probes can be seen in Figure 2.1.  

Nanoparticle/Nanoprobe characterisation: 

Absorption and fluorescence measurements were performed using the Shimadzu UV-

2600 and RF-5301 spectrophotometers (Japan), respectively. The size and 

morphology of nanoparticles were examined using the Hitachi H7000 transmission 

electron microscope (TEM) (Japan) with accelerating voltage of 75 kV. 10 L of 

colloidal nanostars were loaded onto a formvar-coated TEM grid and after a minute, 

the solution was wicked off the grid using the wedge of a filter paper from underneath 

the grid. This way, the nanoparticles adhered onto the formvar-grid were retained. The 

grid was left to dry for 2 hours and the nanostars were then characterised under Hitachi 

H7000 TEM. The NS were negatively stained with 0.5 % uranyl acetate (UA), a 

standard negative stain for biological samples, to observe the dBSA coating around 

nanostars [14]. 10 L of NS was applied on a formvar-coated TEM grid for a minute 

and then wicked from underneath the grid by filter paper. Then 0.5 % UA was 

immediately applied on the grid for 10 seconds and wicked off the grid using filter 

paper. The grid was left to dry for 2 hours and the negative stained NS were then 

characterised under TEM.  

Surface enhanced Raman scattering (SERS) measurements were carried out with 

Renishaw Raman spectrometer with Invia microscope (United Kingdom). The 

excitation source was a 785 nm diode laser with samples focused using 20x objective. 

The elemental gold concentration was quantified using Varian SpectrAA 200 atomic 

absorption spectrophotometer (AAS) (Ireland) and the zeta potential of the nanostars 

was measured using Malvern Zetasizer Nano ZS system (United Kingdom) at the 

Nanolab Research Centre at Dublin Institute of Technology.  
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Figure 2.2: Laser setup for the SOSG analysis: 1. 543 nm laser, 2. Polariser, 3. Vis. 

light filter, 4. 45° Mirror, 5. 20x Objective, 6. Sample stage and 7. Beam Profiler. 

Inset showing the laser excitation of the NS. 

Singlet oxygen generation by PS in the nanoprobe was examined at an excitation of 

543 nm with a helium-neon (HeNe) fibre optic laser coupled to a collimator. The 1O2 

generation was demonstrated by the increase in fluorescence intensity of singlet 

oxygen sensor green (SOSG) at 532 nm wavelength (2.0 W/cm2) in the presence of 

1O2 [15]. The laser setup for the SOSG experiment can be seen in Figure 2.2, where a 

543 nm laser was used for hypericin-SOSG measurement (similar setup with 675 nm 

laser for Ce6-SOSG measurement). Temperature increase in solution induced by gold 

nanostars was measured with a digital temperature probe using a 675 nm laser 

excitation. 

In-vitro studies: 

A human oral cancer cell line (SCC9) was purchased from American Type Culture 

Collection. Cells were seeded at a concentration of 5 x 103 cells/mL and were cultured 
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under standard conditions (5% CO2, 95% O2, 37˚C) in Dulbecco's modified Eagle's 

medium (DMEM)/nutrient mixture F-12 Hams, phenol free (Sigma, D6434) 

supplemented with foetal bovine serum (10%; Sigma-Aldrich), L-glutamine (2.5 mM; 

Sigma-Aldrich), penicillin (100 U/ml; Sigma-Aldrich), streptomycin (100 μg/ml; 

Sigma-Aldrich). Confocal fluorescence microscopy (CFM) was performed using an 

Andor Revolution Confocal Microscope (United Kingdom) with motorised inverted 

microscope with a 40x oil immersion objective. Images were acquired using the Andor 

IQ software provided with the microscope. Darkfield microscopy (DFM) was carried 

out with a light microscope fitted with the Cytoviva advanced darkfield illumination 

system (Cytoviva Inc., USA) that is attached to a Nikon Eclipse 400 upright optical 

microscope.  

For both CFM and DFM, cells were cultured in 8-well plates and fixed with 200 L 

of 4% paraformaldehyde for 15 minutes after incubation with NS. Cells were then 

permeabilised with 0.1% Triton X-100 for 5 minutes. After rinsing the cells twice with 

phosphate buffered saline (PBS), 1:200 Phalloidin green (to stain actin) and 1:2000 

Hoescht (to stain nucleus), both in PBS, were added to the cells and left to stand for 

20 minutes. After rinsing thrice with PBS, Fluoromount™ mounting medium (10 L) 

was added to each well. The chamber separating the wells were then removed and 

sealed with a Quartz cover slip for imaging.  

For in vitro SERS imaging, cells were cultured on calcium fluoride (CaF2) windows 

(Crystran Ltd.) and incubated with 1 μM NS for 3 hours. Following incubation, cells 

were washed with PBS and fixed using 4% paraformaldehyde for 20 minutes. In vitro 

SERS measurements were carried out with a Witec Alpha 500 Raman upright 

microscope (Germany) using a 785 nm laser and 40x objective. Cells on the CaF2 

window were then placed on the mirror (Thorlabs) and immersed in water. The 

differential interference contrast images were obtained using a 60x water immersion 

objective (Olympus). Large area scans for the specified area were acquired using 0.5 

seconds integration time. SERS images were acquired and analysed using Witec 

Project software.

For PDT and PTT studies, cells were seeded at a concentration of 5x103 cells per well 

in a 96-well plate and treated for 3 hours with 0 - 10 μM of NS1 or gold nanostars (n 
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= 12 each, where ‘n’ is a well of cells). Medium was replaced with fresh medium and 

cells were irradiated at a fluence of 1 J/cm2. Following incubation in the dark for 18 

hours, viability of the irradiated cells was assessed using the MTT 3-(4,5-

dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium bromide) assay as per manufacturer’s 

instructions (Sigma Aldrich). 24 hours after the treatment, 10 L of stock MTT 

solution was added to the wells and incubated for 3 hours at 37˚C. Medium was 

aspirated out and 200 L of acidified isopropanol was added to each well and shaken 

for 15 minutes. The absorbance was then measured using a plate reader at a 

wavelength of 570 nm.  

 

2.3 RESULTS 

2.3.1 Synthesis of multibranched gold nanoparticles 

After unsuccessful attempts in synthesising a bimetallic configuration including gold 

and silver (see Appendix A1), a simple one-pot strategy was used to synthesise 

nanostars using HEPES as the reducing and shape directing agent, and by varying the 

reaction synthesis parameters. When the HEPES and gold precursor concentration 

ratio (R[HEPES]/[Au]) was varied from 10 - 100, flower shaped nanoparticles were formed 

(Figure 2.3 (A)). The average size of these nanoflowers were inversely proportional 

to the HEPES concentration, with maximum average diameter of 88±12 nm obtained 

for 10 mM HEPES. When HEPES concentration was increased further and that of 

HAuCl4 decreased (R[HEPES]/[Au] of 200), resulting multibranched gold nanoparticles 

were star-shaped (Figure 2.3 (B)). These star shaped gold nanoparticles (nanostars) 

had SPR absorption in the NIR range which is preferred for optical imaging, compared 

to green range for flower shaped nanocrystals.  
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Figure 2.3: (A) TEM image of flower shaped nanoparticles synthesised when ratio of 

the reducing agent to precursor (R[HEPES]/[Au]) was varied from 10 - 100 (Inset 

showing a single nanoflower); (B) TEM image of multibranched nanoparticles 

synthesised when R[HEPES]/[Au] was 200 (Inset showing a single nanostar); Scale 

bar represents 100 nm. 

As-synthesised nanostars can be tuned to achieve longitudinal surface plasmon 

resonance (SPR) absorption between 600 – 700 nm, which would closely match the 

absorption of photosensitisers hypericin and Ce6. Parameters like concentration ratio 

of gold precursor to reducing agent (R[HEPES]/[HAuCl4]), pH and temperature were varied 

to analyse the nanostars formation. R[HEPES]/[HAuCl4] was initially varied from 10 – 100, 

which resulted in the SPR peak at around 575 nm. For the entire range, except for the 

change in intensities, the wavelength of the SPR peak did not vary, with three 

representative spectra given in Figure 2.4 (B). Increasing the ratio to 200 exhibited the 

desired multibranched star-shape and SPR absorption peak, as shown in Figure 2.4 

(A) and (B) respectively. The absorption maxima got gradually red shifted with 

increased pH to around 9, but the pH of 7.4 was selected for further analysis as it is 

also close to the physiological pH (Figure 2.4 (C) and (D)). The reduction reaction 

was carried out at various temperatures, and the nanostars synthesised at temperatures 

close to room temperature exhibited absorption band that is most red shifted and also 

narrower which points to high monodispersity (Figure 2.4 (E) and (F)). 
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Figure 2.4: HRTEM image of an as-synthesised gold nanostar (A), Absorption 

spectra of nanostars synthesised with different concentration ratio of gold precursor 

to reducing agent (B); UV-Vis spectra of nanostars synthesised at various pH and 

plot of peak wavelength against pH value (C and D respectively); UV-Vis spectra of 

nanostars synthesised at various reaction temperatures and plot of peak wavelength 

against temperature (E and F respectively). 
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2.3.2 Characterisation of nanostars 

The size of the as-synthesised nanostars ranged between 30 – 45 nm, as the TEM 

image in Figure 2.5 (A) shows, with the number of tips ranging from 1 – 7 and 

predominantly 4 (histogram as in Figure 2.5 (B).  

 

Figure 2.5: TEM image of nanostars synthesised with R[HEPES]/[HAuCl4] of 200 and 

HRTEM images of nanostars with different number of branches, as inset (A); 

distribution of nanostars based on number of tips counted from 5 different TEM grid 

frames from 2 different as-synthesised batches (B). 

 

The time course measurements with UV-Visible spectrometer revealed the reaction 

progress and the growth of nanostars from nucleation at ≈ 10 min to anisotropic growth 

at ≈ 60 min (Figure 2.6 (A) and (B)), at which stage the nanostars were recovered from 

reaction solution. The change in colour of the reaction solution from colourless to 

greenish-blue in 60 minutes can be seen from Figure 2.6 (C). Thus recovered nanostars 

at pH of 7.4 had the zeta potential of -40.0 mV (see Appendix A2), which resulted in 

higher dispersion stability in solution [16]. 
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Figure 2.6: UV-Vis spectral analysis of time based growth progress of nanostars, 

with the absorption band at far red wavelength and narrower at 60 minutes into the 

reaction (A); Growth dynamics of the nanostars displaying the SPR peak at 520 nm 

during the nucleation stage and gradually red-shifted with anisotropic growth with 

increasing time and attained maximum shift at 60 minutes (B); Colour of the reaction 

solution changing from colourless to greenish-blue in 60 minutes showing the 

formation of nanostars (C). 

 

 

Figure 2.7: Enhancement of SERS spectra of different concentrations of DTTCI (1 – 

6 M) by gold nanostars (A) and a plot displaying intensity enhancement of 4 

signature Raman bands of DTTCi by gold nanostars (B). 
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As-synthesised gold nanostars enhanced the Raman signal of the well-studied Raman 

reporter, DTTCI (3,3’-diethyltrithiacarbocyanine iodide) considerably. As can be seen 

from Figure 2.7 (A), keeping the concentration of the nanostars constant, increasing 

concentration of DTTCI from 1 – 6 M displayed increased SERS signal. The 

comparison of the relative enhancement of four signature Raman bands (marked 

arrows in Figure 2.7 (A)), that are attributed to the C-C vibrations of the DTTCI 

molecules [17], reached their maxima at 5 µM concentration displaying optimum 

SERS signal.   

 

2.3.3 Fabrication of multimodal nanoprobes - Nanosensitiser 

To prevent fluorescence quenching of PS by nanostars [18, 19] and to stabilise the 

nanoconstruct, dBSA was first conjugated with hypericin and then the dBSA – 

hypericin complex was further conjugated with the DTTCI tagged nanostars. The 

concentration ratio of hypericin to be conjugated with dBSA was determined first. By 

keeping the dBSA concentration constant, various molar ratios of dBSA and hypericin 

(dBSA:hypericin) from 1:2 (higher concentration of hypericin) to 8:1 (lower 

concentration of hypericin) were examined. The concentration ratio of 4:1 was found 

to be optimal (Figure 2.8), as any further increase in hypericin concentration led to 

fluorescence self-quenching. Similar results were obtained for the optimal 

concentration ratio of dBSA and Ce6.  

Quantification of Au (III) in nanostars and in NS was analysed using AAS and was 

found to be 19 ppm and 4 ppm respectively. The lesser yield with NS might be the 

result of colloidal nanostars being washed multiple times after every step in the 

fabrication process of the NS and loss of some nanostars was unavoidable. Using UV-

Vis standard curve analysis and the aforementioned quantification of gold in the NS, 

the number of PS molecules conjugated with each nanostar was calculated to be 6250 

(see Appendix A3).  
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Figure 2.8: Fluorescence spectra of different concentration ratio of dBSA:Hypericin 

complex (A) and  scatter plot displaying maximum intensity of absorption bands 

with the concentration ratio of 4:1. 

Both the NS1 and NS2 were characterised for their structural stability and retention of 

optical properties of the individual components. Transmission electron microscopy 

imaging of the negatively stained NS clearly showed the stabilizing envelope of dBSA 

around nanostars (Figure 2.9 (A)). Unstained nanosensitiser sample was also imaged 

(Figure 2.9 (B)) as a control to confirm that the coating around nanostars is indeed that 

of dBSA.  

The fluorescence retention of both hypericin and Ce6 after the fabrication of NS was 

examined, with both NS1 and NS2 displaying similar spectra as hypericin and Ce6 

conjugated with dBSA respectively (Figure 2.9 (C) and (D)), with little decrease in 

intensity which might be due to the unbinding of PS molecules during the purification 

process. Then the SERS capability of nanostars before and after the NS fabrication 

was examined. As can be seen in Figure 2.9 (E), the nanostars which makes the core 

of the NS displayed similar SERS enhancement of DTTCI as did the colloidal 

nanostars. NS’s structural stability over a period of time was also investigated by 

measuring the fluorescence of PS and the SERS by nanostar.  
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Figure 2.9: NS characterisation. TEM image of NS (A) with the marking showing 

the negatively stained dBSA envelope and that of unstained control (B) (scale bar: 

100nm); Comparison of fluorescence spectra of hypericin-dBSA with NS1 (C) and 

Ce6-dBSA with NS2 (D); retention of SERS enhancement of DTTCi by gold 

nanostars before and after fabrication of NS (E). 

 

As can be seen from Figure 2.10, the fluorescence intensity gradually decreased with 

repeated excitation and lost more than 50% of fluorescence by day 20. This is due to 

the photobleaching process any chromophore undergoes with repeated exposure to 

light [20, 21]. But on the other hand, the SERS by nanostars in the NS was very stable 

and diminished in intensity only less than 20% after 30 days demonstrating the 

superior photostability of Raman active molecules compared to the fluorescent dyes 

[22, 23]. 
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Figure 2.10: Spectra (A) and the spectral plot (B) of fluorescence; SERS spectra (C) 

and the spectral plot of the intensities of the four signature Raman bands (D) 

showing the photostability of NS over a period of 20 and 30 days respectively 

Singlet oxygen (1O2) generation capability of both the NS was then investigated with 

laser irradiation at resonant wavelengths: 543 nm for hypericin (and NS1) and 675 nm 

for Ce6 (and NS2). Equimolar concentration of pure hypericin with SOSG was first 

investigated which showed gradual increase of fluorescence signal upto 60 minutes 

when irradiated at 543 nm (Figure 2.11 (A); a similar pattern was demonstrated with 

NS1 (Figure 2.11 (C)), that demonstrated hypericin’s efficacy of increased generation 

of 1O2 with increasing irradiation time when in pure solution and also post-fabrication 

of NS. 1O2 generation capability of NS2 was then demonstrated which exhibited 

proportional increase in SOSG fluorescence signal with time similar to pure Ce6 

(Figure 2.12 (C) and (A) respectively), when irradiated with 675 nm laser (2.0 W/cm2). 

Both hypericin and Ce6, when in pure solution and in NS, displayed photobleaching 
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with their fluorescence intensity being decreased with increasing time (Figure 2.11 (B 

and D) and 2.12 (B and D) respectively).  

 

Figure 2.11: SOSG fluorescence signal at 532 nm increasing with increased laser 

exposure of pure hypericin solution (A) and with hypericin in NS1 solution (C); 

Photobleaching of hypericin (at its emission λ ≈ 595 nm) in pure solution (B) and in 

NS1 (D) with increased laser exposure. Excitation with 543 nm laser at 2.0 W/cm2. 

NS’s photothermal capability to increase the temperature in a time-bound manner was 

then investigated. After irradiating with 675 nm laser at 2.0 W/cm2, the temperature 

of the solution rose rapidly from the initial temperature of 20°C to around 50°C within 

20 minutes and then plateaued (Figure 2.13). Under the same experimental conditions, 

pure hypericin, Ce6 and dBSA solutions were also irradiated and negligible increase 

in temperature was noticed, confirming the sharp rise in temperature was purely due 

to the photothermal effect from nanostars.  
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Figure 2.12: SOSG fluorescence signal at 532 nm increasing with increased laser 

exposure of pure Ce6 solution (A) and in NS2 (C); Photobleaching of Ce6 (at its 

emission λ ≈ 665 nm) in pure solution (B) and in NS2 (D) with increased laser 

exposure. Excitation with 675 nm laser at 2.0 W/cm2. 

 

Figure 2.13: Temperature curves of equal concentration of pure nanostars and 

nanostars in NS, pure hypericin, Ce6 and denatured BSA, all irradiated with 675 nm 

laser at 2.0 W/cm2. 
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2.3.4 In vitro cell viability and uptake analysis of NS 

In vitro studies were then performed to examine the uptake of NS and retention of 

hypericin’s fluorescence when within the NS construct upon uptake by the cells. 

Confocal fluorescence microscopy (CFM) images showed that NS with hypericin 

concentration of 5 µM can be detected in cytoplasm of the cells and not within the 

nucleus (Figure 2.14 (A)). Similar uptake can be seen with the positive control of 

nanostars with same concentration of hypericin but conjugated with PEG instead of 

dBSA (Figure 2.14 (B)). But significant amount of hypericin’s signal was also found 

in the extra-cellular space unlike NS with dBSA envelope. The uptake of another 

nanoconstruct with spherical nanoparticles as the core, instead of nanostars, was also 

investigated (Figure 2.14 (C)). This nanoconstruct displayed similar uptake as NS but 

hypericin’s signal can be noticed from within nucleus unlike the perinuclear signal 

from NS. These CFM images demonstrated that the dBSA stabilisation elicits better 

uptake and does not affect the hypericin’s fluorescence within the cells.  

 

Figure 2.14: Confocal fluorescence microscopy images of NS with hypericin 

concentration of 5 µM coated with dBSA (A), NS with hypericin concentration of 5 

µM coated with PEG (B) and NS with spherical GNP (C). Green fluorescence from 

phalloidin green staining actin and blue fluorescence from nuclear stain Hoechst 

33342. Dark-field microscopy image of NS (D). Scale bar of 10 microns. 
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The uptake of NS within cells and its distribution in the cytoplasm can also be 

examined using dark-field microscopy (DFM), which makes use of the back-scattering 

from the gold nanostars that forms the core of the NS. As can be seen from Figure 

2.14 (D), only nanostars effectively back-scatters light against the dark background 

and forms the image. Similar to the CFM images, the DFM image showing the 

scattering from nanostars in NS is evident only in the cytoplasm of the cells and not 

within the nucleus (Figure 2.14 (D)).  

 

Figure 2.15: Large area in the bright-field image of cells incubated with NS (A) was 

marked. Raman spectrum of the cells was acquired using 633 nm laser excitation (B) 

and SERS spectrum was acquired using 785 nm excitation (C). The 950 – 1014 cm-1 

band was marked to construct the Raman image of the cells (D) and similarly 820 - 

860 cm-1 band of DTTCI was marked to construct the SERS image (E). From the 

overlaid image (F), the NS can be seen localised in the cytoplasm. SERS spectra was 

acquired using low laser power of 0.5 mW with the integration time of 0.5 seconds. 
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In vitro SERS imaging of NS was made possible by measuring the signature SERS 

spectrum of the Raman reporter, DTTCI, coated onto the nanostars. Large area scan 

was performed in the area marked in the bright-field image of the cells incubated with 

NS (Figure 2.15 (A)).  

 

Figure 2.16: In vitro SERS and fluorescence imaging of NS within SK-BR-3 cells. 

The bright-field image of the cells (A) and the corresponding SERS image (B) and 

fluorescence image (C). SERS image was constructed using the signal intensity of 

the 1460 cm-1 band from the SERS spectrum of DTTCI using 785 nm laser 

excitation. Fluorescence image was acquired using the fluorescence signal from 

hypericin when excited at 532 nm. 
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Raman intensity map of the cells was constructed using the 950 – 1014 cm-1 band 

(Figure. 2.15 (B)) from the Raman spectrum of the cells acquired using 633 nm 

excitation. This band is characteristic of the cytoplasm [24, 25] as can be seen from 

the constructed Raman image (Figure. 2.15 (D)). The enhanced SERS intensity of the 

820 - 860 cm-1 band of DTTCI by nanostars (Figure. 2.15 (C)) acquired using 785 nm 

laser excitation was used to construct the SERS image (Figure. 2.15 (E)). From the 

Raman image of cells overlaid with the SERS image from NS (Figure. 2.15 (F)), the 

NS can be seen localised in the cytoplasm (represented by red and blue respectively). 

To examine the dual modal capability of NS, capable of eliciting strong SERS and 

fluorescence signals, SERS and CFM imaging were performed for same group of cells.  

Figure 2.16 (A) and (B) shows the bright-field and Raman image respectively. The NS 

uptake and intra-cellular localisation were clearly visible from the SERS mapping 

image. CFM image was also acquired from the same group of cells utilising the 

fluorescence signal from hypericin in NS incubated cells using 532 nm excitation 

(Figure 2.16 (C)). The fluorescence image is closely correlated with the SERS image 

demonstrating a clear overlap between the Raman and fluorescent signal from NS 

within the cells. 

 

Figure 2.17: Percentage cell viability after PDT (A) and PTT (B) treatments with 

various concentrations (0-10 M) of hypericin in NS for PDT and gold nanostars in 

NS for PTT (n = 12 each). 
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Figures 2.17 (A) and (B) shows the percentage cell viability compared to untreated 

control following PDT and PTT treatment with NS containing 0 – 10 µM hypericin 

and gold nanostars respectively. A significant PDT effect can be seen using as little as 

0.01 µM concentration of hypericin (Figure 2.17 (A)), and a significant PTT effect is 

evident using 2 µM of gold nanostars (Figure 2.17 (B)).  

 

2.4 DISCUSSIONS 

Since the energy difference between lattice structures of metal nanocrystals does not 

allow uniform growth structure during the nucleation and growth process, the one-pot 

strategy was used to obtain 3-dimensional multibranched gold nanostars. Traditional 

reducing (trisodium citrate dehydrate and sodium borohydride (NaBH4)) and capping 

agents (cetyltrimethylammonium bromide (CTAB) and polyvinylpyrrolidone (PVP)) 

for reduction of gold ions and growth of branched structures were initially attempted 

unsuccessfully. It was found after extensive literature search that Good’s buffers were 

used in a “green chemistry” approach for synthesising branched gold nanoparticles [6, 

11, 26]. HEPES (4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid), a widely used 

buffering agent, was used as a weak reducing [10, 11] and shape-directing agent [6]. 

The functional group in HEPES is the piperazine ring which oxidises under reaction 

conditions and generates free radicals that reduce gold ions (Au3+ to Au0) leading to 

synthesis of gold nanocrystals [10, 11]. Of the reaction conditions, the concentration 

ratio of HEPES with respect to gold precursor (HAuCl4) played an important role in 

the formation of multibranched structure. Reduced concentration ratio of HEPES and 

HAuCl4 (R[HEPES]/[Au]) lead to the synthesis of near-spherical nanoparticles 

(nanoflowers). When the R[HEPES]/[Au] was increased to 200, 3-dimensional 

multibranched nanoparticles (nanostars) was synthesised with an average of 4 

branches.  

Nanoflowers did not possess significant nanoprotrusions and thus resulted in SPR 

wavelength that closely resembled spherical nanoparticles (at 520 nm). As a result, the 

R[HEPES]/[HAuCl4] was drastically increased to synthesise nanostructures with multiple 

branches protruding from the surface. When the R[HEPES]/[HAuCl4] was increased to 200, 

the SPR peak red-shifted to around 670 nm (see Figure 2.4 (B)). HEPES is a weak 
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reducing agent compared to traditional reducing agents like NaBH4, meaning that it 

reduces gold ions slowly resulting in the slower supersaturation condition of the 

reaction solution. In a nucleation and growth process, faster reduction rate will result 

in higher supersaturation of the solution resulting only in spherical gold nanoparticles 

[6, 27, 28]. This slow reduction rate can be evidenced in Figure 2.7, where with 

increasing time the SPR peak wavelength gradually red-shifted and the maximum shift 

was attained at 1 hour timepoint. This red-shifting of the SPR peak is corroborated by 

the anisotropic growth of the nanocrystals (Figure 2.6 (B)), where at the nucleation 

stage (upto 20 minutes), the SPR peak remained at around 520 nm (corresponding to 

spherical shape). In the anisotropic growth stage beyond 20 minutes, the 

nanoprotrusions (branches in this case) started to form, which resulted in the 

appearance of new SPR peak at 620 nm that gradually red-shifted with increasing time. 

At the 1 hour time point, the maximum red-shift was attained indicating the formation 

of anisotropic multibranched nanostars. Beyond this time point, the nanocrystals only 

grew in size owing to “Ostwald ripening” process, where the smaller particles due to 

their lower surface energy redissolve and enable larger nanoparticles to grow further 

[27]. This red-shifting of the SPR peak was also noticeable when pH of the reaction 

solution was increased to around 9 (see Figure 2.4 (C) and (D)). Beyond which the 

SPR peak started to blue-shift, which can be attributed to the faster reduction rate of 

the gold atoms at higher pH values which results in achieving supersaturation 

condition faster. 

With the DTTCI coated nanostars displaying enhanced Raman signals from the 

signature bands (Figure 2.7), conjugation of PS and stabilisation of the nanoconstruct 

was investigated. As detailed in Section 2.1, BSA demonstrated significant advantage 

over PEG as a stabilising agent. The stabilizing property of BSA stems from the 

exposed thiol groups which can be attained by chemical denaturation of BSA which 

converts the multiple disulphide (S-S) bonds to functional thiol groups (-SH). These 

exposed –SH groups in denatured BSA (dBSA) have been widely reported to have 

high affinity towards gold nanoparticle’s surface [8, 28].  

Gold nanoparticles display high fluorescence quenching when fluorophores are 

present near the nanoparticle’s surface. This is due to the resonance energy transfer 

(RET) mechanism that decreases the radiative lifetime of the fluorophores [29, 30]. 
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dBSA, when conjugated with the PS, acted as a ‘spacer’ to separate PS molecules from 

the gold nanoparticle’s surface by a significant distance thus preventing the 

fluorescence quenching of the PS by the gold nanostar. This methodology of 

conjugating PS with dBSA to prevent fluorescence quenching by metal nanoparticles 

was corroborated by an earlier study where the group [13] investigated the conjugation 

site of hypericin within serum albumins and reported that hypericin binds within the 

deeply localized IIA sub-domain of BSA. This study also investigated SERS of 

hypericin when conjugated with BSA-hypericin complex. A strong reduction in 

intensity of hypericin’s Raman bands when in complex with BSA was observed using 

SERS spectroscopy which is indicative of its greater distance from nanoparticle’s 

surface, resulting from its conjugation with BSA [13]. Thus, conjugating PS with 

dBSA provided the dual purpose of stabilizing nanostars and also localizing PS in 

deep pockets within BSA, enabling PS to retain its fluorescence. Denatured BSA 

(dBSA) thus provided good structural stability to the NS, as can be seen from the TEM 

images (Figure 2.9 (A)). Individual components of the NS also retained their optical 

properties with the PS displaying fluorescence and nanostar displaying SERS 

capability similar to pre-fabrication of the NS (Figure 2.9 (C - E)).    

Since production of singlet oxygen is a necessary step in the photodynamic process, 

singlet oxygen generation capability and thus the photodynamic efficacy of the NS in 

solution for therapeutic purpose was investigated. From the SOSG analysis, it was 

found that both hypericin and Ce6 demonstrated significant singlet oxygen generation 

capability when in pure solution and also within the NS (Figure 2.11). Though the 

fluorescence signal of both hypericin and Ce6, when in pure solution and in NS, 

decreased [20, 21] after persistent irradiation (upto 60 min) due to photobleaching, 

(Figure 2.11 (B and D) and 2.12 (B and D) respectively), the capability of 1O2 

generation stayed relatively high which demonstrates the NS’s potential as a viable 

PDT agent. Unlike typical nanoconstructs used for drug delivery, NSs are not required 

to release the PS upon a chemical or physical stimuli [31, 32], for it to be 

therapeutically effective. As can be seen from the SOSG analysis, PSs within NS 

construct are capable enough to exert PDT activity by generating significant amount 

of 1O2.  
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Though both hypericin based NS1 and Ce6 based NS2 showed similar 1O2 generation 

capability, the SPR absorption of nanostars matches with the absorption wavelength 

of Ce6 thereby enabling single excitation, at 675 nm, for both PDT and PTT effect 

(Figure 2.11 – 2.13). This single laser excitation of NS2 does not take away any 

advantage of hypericin based nanoconstruct as the dual excitation of NS1 in solution 

still showed equivalent PDT and PTT capability. With NS exerting combinatorial PDT 

and PTT capability, the therapeutic efficacy can be managed by adjusting only the 

irradiation time [33]. 

Photosensitisers are light absorbing compounds that emits fluorescence when 

activated by light at resonant wavelengths [34, 35]. This fluorescence based 

photodynamic diagnosis (PDD) has been used for tissue visualisation and tumour 

detection [36, 37]. Fluorescence imaging of cells (squamous cell carcinoma) incubated 

with NS was thus performed to detect the PS conjugated within the NS construct. 

Though the uptake study performed with hypericin is reported here, a thorough in vitro 

analyses of both hypericin and Ce6 was reported in a separate study by our research 

group [38]. The fluorescence of hypericin in the NS was mainly detected in the 

cytoplasm with insignificant signal detected inside the nucleus (Figure 2.14 (A)). 

There was no signal from hypericin detected outside the cells unlike from the cells 

incubated with nanoconstruct that had PEG stabilisation instead of dBSA. This 

demonstrated that conjugation of hypericin with dBSA within the NS construct 

displayed better delivery of the PS into the cells compared to conjugation with PEG. 

This was in agreement with the TEM investigation performed with NS containing both 

hypericin and Ce6 [38]. From the colocalisation study it was also corroborated that the 

NS localised in the cytoplasmic region within mitochondria, endoplasmic reticulum, 

Golgi apparatus and lysosomes.  

SERS allows for ultra-sensitive detection of Raman markers that is 10 – 14 orders of 

magnitude higher than Raman spectroscopy [39]. The enhancement in Raman signal 

intensity of DTTCI bands by gold nanostars thus allowed for SERS imaging of NS in 

vitro. As can be seen in Figure 2.16 (B), the acquired SERS images were well 

correlated with the fluorescence image of the same group of cells acquired using the 

fluorescence intensity of hypericin in NS (Figure 2.16 (C)). This correlation 

demonstrated the uptake and localisation of NS within SK-BR-3 cells. The uptake of 
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NS by the cells was quantified using the mean fluorescence intensity acquired using 

CFM [38]. By conjugating the NS with cancer specific biomarkers, the fluorescence 

signal from NS can be used for detection and quantification of the cancer marker, and 

SERS imaging can be used as an accurate sensing tool due to the much narrower band 

of the SERS signal. Thus the dual modal SERS and fluorescence imaging capability 

of NS was demonstrated successfully in vitro. 

The delivery and localisation of PS depend on its charge and hydrophilicity [40, 41]. 

Hypericin being a negatively charged and highly lipophilic PS enters the cells by 

diffusion and localises in cellular membranes [38, 42]. Whereas, Ce6 is highly water 

soluble and possess negative charge from its COO- side chains. And since the surface 

charge of the cell membrane is also negative, successful Ce6 delivery was reported by 

conjugating with gold nanorods that increased the zeta potential of the conjugate and 

enabled optimal uptake into cells by endocytosis [29]. Thus the uptake of the NS 

depends on the chemical properties of the PS, with hypericin based NS1 demonstrating 

better uptake compared to Ce6 based NS2 [38]. This increased uptake of NS into cells 

lead to increased PDT and PTT efficacy with cell viability reduced to around 50% 

(Figure 2.17). This was in agreement with similar hypericin based PDT studies [38, 

43, 44] and PTT studies using gold nanoshells and nanorods [33, 45].  

 

2.5 SUMMARY 

This chapter detailed the synthesis and characterisation of multibranched star shaped 

gold nanoparticles (nanostars) and explored a novel fabrication methodology to 

construct nanostars based multimodal nanoprobe. After investigating the effect of 

varying multiple synthesis parameters like pH, temperature and concentration ratios 

of precursors, gold nanostars were synthesised at room temperature and at 

physiological pH with optical tunability to achieve SPR between 600 – 700 nm 

depending upon the conjugated analytes.  

With the nanocore (nanostars) successfully synthesised, a novel methodology of 

fabricating the multimodal nanoprobe (called Nanosensitiser) was undertaken. PS, a 

class of fluorescent compounds that can generate ROS when excited by resonant light, 

was conjugated with the nanocore. Hypericin and Ce6 were chosen to be used as 
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photodynamic agents because of their enhanced generation of ROS, faster clearance 

and overlapping excitation wavelengths with the SPR of nanostars. BSA in its 

denatured form was used as the stabilising agent for its better adherence to the GNP 

surface via the open-ended thiol (-SH) groups. Denaturised BSA (dBSA) were first 

conjugated with the PS and used as an envelope covering the DTTCI coated nanostars. 

dBSA not only acted as a stabilising agent but also acted as a spacer by deeply binding 

the PS within its IIA sub-domain thereby providing enough space for the PS to avoid 

the fluorescence quenching by the GNP surface. Thus two NS were fabricated, NS1 

with hypericin and NS2 with Ce6, and successfully characterised for the retention of 

the optical properties of the individual components (SERS of DTTCI by nanostars and 

fluorescence from hypericin and Ce6). Due to its high surface area and roughness, 

nanostars displayed potential for high drug loading capability for PS delivery by 

conjugating 6250 PS molecules per nanostar.  

The therapeutic properties of NS were then investigated by testing the PDT property 

of the PS and the PTT property of nanostars. The photodynamic property was 

demonstrated by the singlet oxygen (one of the toxic reactive oxygen species) 

generation capability of the PS in the NS by using the SOSG. When irradiated at the 

resonant wavelength (543 nm for hypericin and 675 nm for Ce6) at 2 W/cm2, NS in 

aqueous solution generated singlet oxygen (1O2) which was sensed by the increase in 

intensity of SOSG at 532 nm. The photothermal capability of the NS was demonstrated 

by the increase in temperature by 25 °C of the NS solution in 10 minutes (675 nm laser 

irradiation at 2 W/cm2) by the light-to-heat conversion ability of the gold nanostars in 

NS. The NS were found to be structurally stable and retained close to 50% of its 

fluorescence and 80% of its SERS capability for 20 days. The uptake of NS into cancer 

cells and its distribution in cytoplasm was demonstrated in vitro using confocal 

fluorescence and dark-field microscopy. Significant PDT and PTT effect (1 J/cm2) 

was demonstrated using 0.01 M of PS and 2 M of gold nanostars.

The potential capability of NS to be used as an imaging probe for SERS and 

fluorescence imaging, and as a therapeutic probe for PDT and PTT were demonstrated.  

Gold nanostar’s high absorption cross-section can also be exploited for enhanced 

optical contrast with photoacoustic imaging (PAI) and photothermal-optical coherence 

tomography (PT-OCT). Investigation of optical properties and the preliminary in vitro 
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analyses shown here demonstrate a real promise for NS as a single node multimodal 

theranostic tool. 
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CHAPTER 3 RESULTS – SYNTHESIS AND OPTICAL MODELLING OF 

NOVEL DUAL PLASMONIC GOLD NANOSTARS 

3.1 INTRODUCTION 

When excited at resonant wavelength, the incident field of light induces surface 

plasmon oscillation, which in turn results in a strong electric field confined to the 

surface of the nanoparticle (E). This induced field is greatly enhanced compared to the 

incident field intensity (Eo) due to the resonance condition. Considering the dipolar 

nature of resonance, the field intensity on the surface of the nanoparticle is given by, 

E =  
(1+k)εm

ε+kεm
Eo    (3.1) 

At resonant frequency, called surface plasmon resonant frequency, when Re()] = -

km, a near-field enhancement at the surface (|E|2) of the nanoparticle is expected [1]. 

This near-field intensity increases proportional to the increasing complexity of the 

nanoparticle’s geometry (higher k). As the function of imaginary part Im()], the 

near-field is dampened by the absorptive processes, such as electron-phonon coupling 

and surface electron scattering. The near-field can also couple with the incident field, 

resulting in the scattering of light in the far-field. This absorption, re-absorption and 

scattering by the nanoparticle is strongly enhanced at the LSPR frequency, and thus 

measurement of the extinction in the far-field proves to be a good indicator of the 

plasmon oscillation behaviour and associated near-field properties [1, 2]. 

The increase in the size of the nanoparticles has varying effects on plasmon resonances 

and can be summarised as follows: i) LSPR frequencies decrease (wavelength red-

shift) with increasing size, ii) LSPR resonance dampens strongly, and so the near-field 

intensity decreases dramatically, and iii) appearance of new resonances that do not 

couple to light uniformly as in smaller sized particles. The consensus on the optical 

response of metallic nanoparticles, in terms of LSPR, is determined by the relative 

dimension of the particle with respect to the wavelength of the incident radiation [3-

5]. Particles would exist in a uniform field when its dimension is much smaller than 

the wavelength of light. Thus, the conduction electrons experience similar phase 

effects and oscillate in only one direction, creating a dipole. When the size of the 

particles increases and becomes comparable to the incident wavelength, the particle 



CHAPTER 3 RESULTS – SYNTHESIS AND OPTICAL MODELLING OF NOVEL DUAL PLASMONIC GOLD 

NANOSTARS 

 

69 
 

will not experience uniform electric field and the incident light cannot polarise on the 

particle homogeneously (see Figure 3.1). As a consequence, the dipole is not the only 

mode of resonance anymore, the conduction electrons at different locations in the 

nanoparticle can oscillate with varying phases, resulting in excitation of higher order 

multipolar modes such as quadrupole, octapole, etc [1, 4, 6]. 

 

Figure 3.1: Illustration of incident electric field and charge distribution on smaller 

nanostar’s (top) and DPGNS’ surface (bottom) 

The intense plasmonic near-field resulting from the resonant excitation greatly 

enhances the electronic transitions of optical absorbers and scatterers, called analytes, 

placed in the vicinity of the nanoparticle’s surface. Surface Enhanced Raman 

Scattering (SERS) is one such plasmonic near-field enhanced process where the 

scattering cross-section of analytes is greatly enhanced when in resonance with the 

nanoparticle’s LSPR frequency [1]. Since the cross-section of Raman scattering is 

known to be proportional to the square of field intensity, which in itself is the square 

of incident field (|E|2), the Raman scattering is amplified several orders in magnitude 

due to the huge enhancement of the field intensity (|E|4) in the nanoparticle’s vicinity. 

This is the so-called |E|4 approximation for the SERS enhancement [1, 3, 7]. One of 

the mechanisms for this enhancement process is the electromagnetic (EM) 

enhancement that involves intense localised surface plasmon electric fields in or 

between the nanoparticle’s crevices and interstices, called hot-spots [3]. These 

nanostructures act like an antennae; exciting molecules in their vicinity, absorbing the 

energy out of the near fields emitted by those molecules and subsequently radiated 
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into the far-field [7]. The number of these hot-spots is the primary parameter to 

consider when designing nanostructures as SERS nanoprobes.  

An alternate way to enhance the localised plasmonic EM field is to increase the 

complexity of the nanoparticle’s surface. Such multibranched nanoparticles 

(nanostars) were synthesised with the tips of the branches acting as hot spots (detailed 

in the previous chapter). Gold nanorods and similar metal nanoparticles owe the 

majority of their local SERS enhancement to the presence of ‘hot spots’ near inter-

particle gaps [8, 9]. One such study by Fang, et al. (2008), showed that the major part 

of the enhancement was recorded from the negligible amount of Raman reporter 

adsorbed onto the hottest sites [10]. Gold nanostars, with their multibranched 

structure, can elicit significant enhancement at the tips without any induced 

aggregation due to the ‘lightning rod’ effect [8, 11]. Optimisation of the optical 

property of nanostars was undertaken, in terms of extending the surface plasmon 

absorption towards the near infra-red (NIR) region so that the resonance condition 

with the NIR Raman reporters would be satisfied. Along with SERS, nanostars with 

SPR in the NIR region can also be utilised as contrast agents for bioimaging modalities 

using longer wavelength light like photoacoustic imaging (PAI) [12, 13] and optical 

coherence tomography (OCT) [14, 15]. To achieve that, bimetallic configuration was 

considered that consists of gold and silver. As reported in this chapter, by adjusting 

the precursor concentration of gold and silver with respect to the reducing agent and 

adjusting reaction conditions and physical shaking, dual plasmonic gold nanostars 

(DPGNS) with more numbers of branches and longer, sharper tips were thus 

synthesised and optically characterised using computational simulations. 

 

3.2 MATERIALS AND METHODS 

All the chemicals used in this study were purchased from Sigma Aldrich (Ireland) 

unless specified. All of the water used in this study was obtained from Milli-Q 

ultrapure-water purification system by Merck Millipore limited (Ireland). All 

glasswares used were washed with aquaregia (mixture of 3:1 ratio of concentrated 

hydrochloric and nitric acid, respectively) and rinsed with deionised water. 

 



CHAPTER 3 RESULTS – SYNTHESIS AND OPTICAL MODELLING OF NOVEL DUAL PLASMONIC GOLD 

NANOSTARS 

 

71 
 

DPGNS synthesis and characterisation: 

The synthesis protocol reported by Cheng, et al (2012) [16] was modified and further 

extended to simultaneously control the branch length and tip sharpness which relates 

to the plasmon absorption in the NIR. An aqueous reaction solution was prepared by 

thoroughly mixing 400 L of 10 mM of hydrogen tetrachloroaurate (HAuCl4) and 40 

L of 10 mM silver nitrate (AgNO3) in 20 mL deionised water. The concentration 

ratio of HAuCl4:AgNO3 was always maintained at 10:1. Then 80 L of 100 mM 

reducing agent, ascorbic acid (AA), was added quickly under vigorous shaking. The 

colour of the reaction solution changed from colourless to reddish blue in 30 seconds, 

indicating the formation of DPGNS.  

The nanoparticles were purified by centrifugation at 5600 RCF for 10 minutes and re-

dispersed in 20 mL of deionised water. Tuning of the absorption peaks of the DPGNS 

was achieved by varying the concentration ratio of HAuCl4 and AA in the total 

reaction solution. For structural stabilisation, the DPGNS were PEGylated by 

incubating purified DPGNS with equal volume of poly ethylene glycol with –methoxy 

and -thiol tails (mPEG2000-SH) (Jenkem Technology, USA). For 1 mL of DPGNS 

solution, 1 mL of 100 M mPEG2000-SH was added under vigorous shaking and left 

to stand for 2 hours. Then the solution is centrifuged at 5600 RCF for 10 mins to 

remove excess mPEG2000-SH and re-suspended in 1 mL of water. UV-Vis absorption 

measurements were performed using a Shimadzu UV-2600 spectrometer (Japan). The 

nanoparticle’s size and morphology was examined using a Hitachi H7000 

transmission electron microscope (TEM) (Japan) with accelerating voltage set at 75 

kV. Surface enhanced Raman scattering (SERS) measurements were carried out using 

a Renishaw Raman spectrometer with Invia microscope (Renishaw Plc., United 

Kingdom). The excitation source used was a 514 nm Argon ion laser and 785 nm diode 

laser with samples focused using 20x objective. The Raman spectra were extracted 

using the Wire 2.0 software provided along with Renishaw Microscope. 

Computational simulations: 

To understand and analyse the physical properties of nanoparticles and their 

interaction with a light wave, analytical and numerical methods can be employed. The 

Mie theory has been used to understand and analyse the near-field and far-field 
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properties of spherical nanoparticles. Unfortunately, Mie’s theory allows for analysing 

only spherical and ellipsoidal particles [5, 17]. However, numerical techniques (such 

as finite-difference time-domain (FDTD) and finite element analysis (FEM)) are able 

to compute physical properties of nanoparticles of various shapes and structures, 

including substrate and multiple material layer effects with good agreement between 

theory and experiments [18-20]. 

The FDTD method has recently become the state-of-the-art method for solving 

Maxwell's equations in complex geometries [19-21]. FDTD calculates 

electromagnetic fields as a function of frequency or wavelength by performing Fourier 

transforms to obtain complex-valued fields and derived quantities (such as normalised 

transmission), and far field projections as a function of frequency or wavelength. 

FDTD Solutions software (Lumerical Solutions Inc., Canada) was used for computing 

near-field and far-field properties of nanostars. DPGNS structure was modelled using 

dimensions measured from TEM images with water as the medium to replicate the 

synthesised DPGNS in aqueous solutions. Perfectly Matched Layers (PML) were used 

as boundaries to absorb and prevent reflections from incident field. The incident 

source used was a total field scattered field (TFSF) source, which is ideal for particles 

in homogenous medium, so as to mimic DPGNS dispersed homogeneously in aqueous 

solvent. This TFSF source allows for the simulation region to be separated into two 

distinct regions: the first region containing the total field (which is the sum of the 

incident and scattered field), and the second region containing only the scattered field 

which allows to measure the far-field properties accurately. The complex dielectric 

constants were obtained using the Johnson and Christy model [22]. Multiple three-

dimensional power flow monitors were used to calculate the absorption and scattering 

cross-sections, near-field intensities and surface charge density analyses. Nanostars 

were modelled using multiple cone-shaped objects available in the FDTD’s object 

library to form a stellated structure that resembled DPGNS’ TEM images, using the 

CAD environment of the FDTD software. The base width and length of the branches 

was designed to be 25 nm and 75 nm respectively, with the apex angle of 15°. SERS 

enhancement factor (EF) calculation was performed using an analytical script that 

calculated the EF (E/Eo)
4 from the electric field intensity images (|E|2). Various 

parameters used for different simulations were listed in Table 3.1. 
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Simulation Type Simulation Object Type Simulation Object 

Extinction 

Properties 

Physical structure Stellated multi-cone 

Material Au – Johnson & Christy 

Boundary conditions Perfectly Matched Layers 

Radiation 

source 

Type Total Field Scattered Field  

Wavelength 400 – 1200 nm 

Polarisation 90°  

Measurement monitors Absorption cross-section 

Scattering cross-section 

Electric field 

enhancement 

Physical structure Stellated multi-cone 

Material Au – Johnson & Christy 

Boundary conditions Perfectly Matched Layers 

Radiation 

source 

Type Total Field Scattered Field 

Wavelength 400 - 1200 nm 

Polarisation 0 – 90°  

Measurement monitors 
Time domain monitor 

Frequency domain power and 

field monitor – 1064 nm  

Charge density 

Physical structure Stellated multi-cone 

Material Au – Johnson & Christy 

Boundary conditions Perfectly Matched Layers 

Radiation 

source 

Type Total Field Scattered Field 

Wavelength 400 - 1200 nm 

Polarisation 0 – 90°  

Measurement monitors 

Time domain monitor 

Frequency 

domain power 

and field 

monitor 

1100, 810 and 

685 nm 

analysing for 

dipole, 

quadrupole and 

octapole 

respectively 

Divergence 

current 

analysis group 

1100, 810 and 

685 nm 

analysing for 

dipole, 

quadrupole and 

octapole 

respectively 

 

Table 3.1: Simulation parameters used for FDTD optical simulation of DPGNS 
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3.3 RESULTS 

3.3.1 Synthesis and characterisation of dual plasmonic gold nanostars  

(DPGNS) 

NIR gold nanostars was synthesised using a seedless one-pot protocol with silver ions 

acting as a shape-directing agent and ascorbic acid (AA) to reduce the gold precursor 

hydrogen tetrachloroaurate (HAuCl4). The colour of the solution turned reddish blue, 

indicating the formation of nanostars soon after the reducing agent was added to the 

aqueous mixture of HAuCl4 and AgNO3 and shaken vigorously. A typical TEM image 

of the as-synthesised DPGNS clearly showed the multi-branched structure of the 

nanostars with long spiky branches and sharp tips (Figure 3.2 (A)). The size of the 

highly monodispersed DPGNS mostly ranged from 120 - 150 nm (from tip to tip on 

the opposite sides), with the length of the branches ranging from 35 – 40 nm. Typical 

absorption spectrum of these NIR DPGNS is shown in Figure 3.2 (B). 

 

Figure 3.2: (A) TEM image of NIR DPGNS and inset showing high magnification 

image of single nanostar (scale bar – 100 nm); (B) Absorption spectra of previously 

synthesised nanostars and NIR DPGNS 

The absorption spectrum of the as-synthesised DPGNS had two distinct SPR peaks; 

one in the visible region of the spectrum, called 1 herein, and another in the NIR 

region, called 2 herein, and thus the name dual plasmonic gold nanostars (DPGNS). 

The intensity and position of both absorption peaks was found to be chemically 

controlled by adjusting synthesis parameters.  
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Figure 3.3: TEM image of NIR DPGNS (A) and previously synthesised nanostars 

(B), with insets showing high magnification image of single nanostar, clearly 

displaying much longer branches and sharper tips of DPGNS (scale bar – 100 nm).  

This way, the DPGNS’s absorption property can be tuned based on the need of the 

study parameters. The as-synthesised DPGNS possessed longer branches and sharper 

tips compared to the nanostars synthesised earlier and this structural difference is clear 

from the TEM images in Figure 3.3. 

Generation of 2 was carefully controlled by adjusting the concentration ratio of 

HAuCl4 and AA. Figure 3.4 (A) shows the absorption spectra of samples with varying 

concentration ratios of HAuCl4 and AA. It can be seen that the lowest AA 

concentration did not produce anisotropic configuration at all, as the absorption 

spectrum displayed only blue-shifted 1. Increased AA concentration did generate 

anisotropic multibranched morphology, with the concentration of 1.5 and 2 times that 

of HAuCl4 displaying  at around 1100 and 1050 nm respectively. Further increase 

in AA concentration not only led to the blue shift, but also a gradual disappearance of 

2, with a concentration ratio of 1:3 resulting in only 1. The intensity of 1 can also 

be adjusted by varying the concentration ratio of HAuCl4 to the total reaction volume 

(called Dilution Factor (DF)) and keeping the concentration of AA constant at 80 M 

(Figure 3.4 (B)). Increasing DF (decreasing concentration of HAuCl4 in the reaction 

volume) from 1:30 to 1:60 resulted in gradual decrease in intensity of 1 and 
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completely disappeared beyond the DF of 1:60. Varying the DF did not affect 2 

significantly apart from minimal decrease in intensity with increasing DF.  

 

 

Figure 3.4: (A) Absorption spectra of various concentration ratios of gold precursor 

(HAuCl4) and reducing agent (AA); (B) Absorption spectra of various concentration 

ratios of gold precursor (HAuCl4) to total reaction volume  

 

3.3.2 Finite Difference Time Domain Simulations 

The near and far-field properties of DPGNS were examined using FDTD simulations. 

The correlation of the geometry of the tips to the LSPR has been qualitatively 

examined using FDTD. LSPR peaks red-shifts not only with increasing lengths of the 

branches, but also with increasing sharpness of the tips. As seen in Figure 3.5 (A), 

when the lengths of the branches increased from 12 – 30 nm, LSPR peaks gradually 

red-shifted and the intensity increased [23]. The dipole interaction between the tips 

was also investigated. A larger separation angle of tips resulted not only in a blue-shift 

of the LSPR, but also a lowering of the intensity.   
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Figure 3.5: (A) Simulated extinction spectra of a nanostar’s tip showing red-shift 

with increasing length, from 12 nm (black line) to 30 nm (purple) and decreasing 

angle from 45 - 27°; (B) Simulated extinction spectra of tips separated by angle 

showing a decrease in intensity and blue-shift of the LSPR; (C) Simulation model 

with length of the branch marked L, apex angle of the tip marked ‘q’ and separation 

of the branches marked ‘’. 

 

To understand the origin of 1 and 2 of the DPGNS, a single tip corresponding to one 

branch of the nanostar was simulated. This was done to analyse the plasmon resonance 

associated with single tip and possible plasmon coupling with other tips of the nanostar 

(Figure 3.6 (A)).  
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Figure 3.6: Simulated extinction spectra of single (panel A), double (panel B) and 

multiple branches (panel C) of nanostar with the incident field direction and 

polarisation, given as insert in (A), being the same for (B and C) 

To accurately simulate the nanostar’s extinction properties, the dimensions of the 

branches were obtained from the high magnification TEM images of the DPGNS. 

During the simulation, the incident light source was set to be along the z-axis and the 

polarisation was varied from 90° in plane (parallel to the axis of the branch) to 0° out 

of plane (perpendicular to the axis of the branch) polarisation angles.  

When exposed to in-plane polarisation (as seen in Figure 3.6 (A)), single branch of the 

nanostar showed plasmon absorption peaks at 625 and 1025 nm (corresponding to 1 

and 2 respectively). When excited with out of plane polarisation, single branch 

structure did not display any LSPR peak in the NIR, but instead had a blue-shifted 1 

at 520 nm (see Appendix A4). When placed adjacent to each other (as seen in figure 
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3.6 (B)), the branches behaved like a nanobipyramid [24], with the plasmon coupling 

of both the tips resulting in red-shift of both 1 and 2 to 685 and 1100 nm. When more 

branches of same dimensions were added so as to resemble a nanostar (as seen in 

Figure 3.6 (C)), there wasn’t any significant change in LSPR wavelength or intensity. 

All the aforementioned simulations were performed with same excitation angle and 

polarisation. 

 

Figure 3.7: Absorption and scattering spectra and corresponding electric field 

enhancement images of nanostar excited by light at different polarisations - 90° (A), 

60° (B), 30° (C) and 0° (D). 

When a nanostar with multiple branches is considered as a single nanostructure, its 

response to incident light can be classified based on the incident polarisation. Various 

polarisation angles excited plasmons of different tips at varying degrees, as 
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demonstrated in the electric field enhancements (|E|2) at the tips and corresponding 

extinction spectra in Figure 3.7. The extinction spectra are characterised by two 

distinct peaks around 810 and 1100 nm and weaker features at around 610 and 685 

nm. It can be seen from the field enhancement images that the excitation of the surface 

plasmons on the vertical tips are the source of 1 and that of horizontal tips are the 

source of 2.  

Panel (A) in Figure 3.7 shows that with a polarisation angle of 90° the extinction is 

dominated by 810 nm plasmon resonance. Since this polarisation angle is in plane with 

the vertical tips, the corresponding electric field enhancement (EFE) image clearly 

shows the existence of large surface charges on the vertical tips. At a polarisation angle 

of 60°, along with the 810 nm plasmon resonance, we can also see comparatively 

smaller resonance at 1100 nm. Its corresponding EFE image shows that the plasmons 

on horizontal tips were also excited and showed localised field enhancements, 

although lesser in intensity compared to the vertical tips. It can be seen in Figure 3.7 

(C) that the polarisation angle of 30° evokes an optical response from the nanostar that 

is the reverse when excited at 60°; the existence of larger surface charges on the 

horizontal tips compared to smaller enhancement on the vertical tips. Corresponding 

extinction shows a new resonance at 685 nm, along with a larger resonance at 1100 

nm and a smaller resonance at 810 nm. The resonance at 810 nm completely 

disappears at a polarisation angle of 0°, with bands peaking only at 685 and 1100 nm 

(1 and 2 respectively). Its corresponding EFE image shows intense local field 

enhancement only on the horizontal tips, similar to Figure 3.6 (C). The smaller peak 

at 600 nm and larger peak at 810 nm can be considered as 1 and 2 of the vertical tips 

as their intensities gradually reduced from 90° to 60° polarisation and had completely 

disappeared at 0° polarisation where the plasmon resonance from horizontal tips is 

dominant. This demonstrates the polarisation dependence of the optical response of 

the plasmonic nanostar and the correlation between the individual plasmon modes and 

the corresponding near-field distribution.  

To analyse the aggregation effect of DPGNS, two nanostars were placed adjacent to 

each other in the FDTD’s CAD (computer aided design) interface at varying distances 

between each other. Figure 3.8 (A) shows the orientation of two DPGNS with 0 nm 

distance between their horizontal tips, simulating the particle agglomeration that 
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occurs in solution. Their corresponding extinction (seen in Figure 3.8 (B)) was similar 

to individual DPGNS (Figure 3.6 (C)) with 1 at 675 nm and 2 at 1100 nm. No 

difference in the intensity or wavelength shift of either 1 or 2 were observed for 

interparticle distances analysed from 0 – 10 nm. The electric field intensity image and 

the line image corresponding to the field intensity slice are shown in Figure 3.8 (C) 

and (D) respectively.  

 

Figure 3.8: (A) Orientation of two DPGNS placed adjacent to each other in FDTD’s 

CAD interface and the corresponding far-field property (B); EFE image (C) and the 

line image (D) corresponding to the slice in (C) showing no plasmon coupling. 

It can be seen that the field intensity peaks (at 45 and 100 nm, representing the field 

enhancement of the two adjacent horizontal tips) were not merged, indicating that 

there is no interaction or coupling of dipoles of the DPGNS when close to each other 

in solution. The three resonance peaks of DPGNS at 1100, 810 and 685 nm that exists 

at different intensities, in response to different polarisations, can be attributed to 

dipole, quadrupole and octapole modes respectively. The charge density distribution 

calculated at each of those resonant wavelengths were given in Figure 3.9, which 
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shows distinct areas of charge separation which demonstrates plasmon resonance 

characteristics of dipole (2), quadrupole (4) and octapole (8) modes. 

 

Figure 3.9: Charge density distributions on nanostar’s surface displaying multipolar 

plasmon resonance modes at resonant wavelengths: dipole at 1100 nm (A), 

quadrupole at 810 nm (B) and octapole at 685 nm (C). 

The SERS capability of DPGNS was then investigated. One key factor in explaining 

the SERS capability of any nanostructure is the SERS EF. For the theoretical 

calculation of SERS EF, a linear simulation was run in FDTD using electric field 

profile monitors to measure the field intensity with an analytical script specific for 

calculating the EF = (E/E0)
4. The EF images of the DPGNS at three different 

wavelengths corresponding to the aforementioned multipole modes discussed earlier 

are shown in Figure 3.10. 

It is well known that the intensity of higher-order modes is lower than lower-order 

modes [6]. This means that the electric field enhancement is also lower in intensity for 

higher-order modes. This proves to be the case with DPGNS (as shown in Figure 3.10) 

with dipole mode excited at 1100 nm showing the highest EF (|E|4), followed by 

quadrupole mode excited at 810 nm and octapole mode excited at 685 nm. Because of 

the inhomogeneous number of branches on DPGNS and the huge difficulty in 

sustaining higher order plasmon modes, with no experimental results of the octapole 

mode [20]. 
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Figure 3.10: SERS enhancement factor (EF) of the DPGNS with dipole mode (A) 

showing the maximum EF, followed by quadrupole (B) and octapole mode (C), 

excited at 1100, 810 and 685 nm respectively. 

As discussed earlier (Section 3.1), the longer the branches and sharper the tips, the 

more red-shift of the LSPR, leading to a more intense localised field intensity at the 

tips. The localised electric field intensity of the DPGNS should be more intense than 

similar nanostructures with shorter branch lengths and tips with higher apex angles 

[11, 25]. To confirm this, SERS spectra of DTTCI (Raman reporter detailed in Section 

2.2) coated onto DPGNS and previously synthesised nanostars (see Figure 3.3) were 

compared.  

 

Fig. 3.11: Averaged SERS spectra (n = 3) of 5 M DTTCI enhanced by DPGNS and 

Nanostar (detailed in Section 2.2) 
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As can be seen in Figure 3.11, the DPGNS showed more than twice the Raman 

enhancement of DTTCI compared to nanostars, proving that by carefully designing 

nanostructures with higher number of inherent hot spots, intense Raman signal 

enhancement can be achieved.  

Considering the monolayer coverage of the analyte molecules and similar 

experimental conditions, the experimental SERS EF can be defined as, 

SERS EF =  
ISERS

CSERS
⁄

IRS
CRS

⁄
    (3.2) 

In equation 3.2, IRS and CRS are the Raman signal intensity and concentration of 

analyte molecules under non-SERS condition (in the absence of gold nanosubstrate) 

respectively, and ISERS and CSERS are the Raman intensity and molar concentration of 

the analyte molecules involved in SERS process (in the presence of gold 

nanosubstrate) respectively. Since the experimental parameters (including reporter 

concentration, gold concentration in nanostars, laser power, acquisition time and depth 

of focus) are all kept constant, the relative intensity of the signature Raman peak of 

DTTCI at 1128 cm-1 was used to calculate SERS EF. The experimental EFs of 

nanostars and DPGNS at two different laser wavelength are summarised in Table 3.2. 

 SERS EF 

Nanostructures 514 nm (x 105) 785 nm (x 107) 

Nanostar 0.9 0.059 

DPGNS 1.8 2 

Table 3.2: Experimental averaged (n = 3) SERS EF of nanostars and DPGNS at 514 

nm and 785 nm excitation wavelengths. 

The SERS EF of DPGNS is understandably higher than nanostars, and also is 

comparable to computed theoretical EF (Figure 3.10). The EF of DPGNS at the 

excitation wavelength of 785 nm is the highest measured for similar anisotropic gold 

nanostructures with inherent hot-spots [7, 8].  
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3.4 DISCUSSIONS 

Multi-branched dual plasmonic gold nanostars (DPGNS) with SP absorption in the 

NIR were synthesised using a simple one pot strategy. DPGNS synthesised using this 

protocol displayed two spectrally well resolved resonance absorption bands (see 

Figure 3.2) unlike other multi-branched gold nanoparticles synthesised using seed-

mediated nucleation and growth protocol that displayed broad-band absorption in the 

range of 600 – 900 nm [24, 26]. The morphology of anisotropic DPGNS depends on 

the presence of foreign ions (silver ions in this case) on the surface of gold particles at 

the initial growth stage. These ions act as active sites for further growth resulting in 

complex multi-branched structure, without which the nanoparticles end up with highly 

faceted growth [27]. Once AA was added to the reaction solution containing both gold 

and silver precursors, gold ions were first reduced due to their higher reduction 

potential than silver. Silver ions were then deposited onto the gold particles by a 

mechanism called under-potential deposition, where at a nanoscale level a monolayer 

of metal can be deposited onto another metal at potential lesser than that needed for 

bulk material [16, 28]. With increased AA concentrations in the reaction solution, 

more gold ions are reduced much more quickly than silver ions, thereby limiting the 

amount of silver deposition on the initially formed gold nanoparticles. The higher the 

AA concentration, the lesser the amount of silver ions deposition, resulting in a faceted 

structure which displays SPR absorption at lower wavelengths (see Figure 3.4). Thus, 

the presence and wavelength of the SPR absorption peaks can be carefully controlled 

by varying the concentration of AA in the reaction solution. 

Moreover, the shifting of the SPR peak can be directly correlated with the morphology 

of the DPGNS, as has been showed for various other anisotropic gold nanostructures 

[29-32]. Plasmon bands are sensitive to the length of the protuberances (branches in 

this case) and the sharpness of the tips, as they act as ‘hot spots’ where the 

electromagnetic enhancement would be at its maximum (due to the ‘lightning rod’ 

effect). Though the nanocrystals are not uniform in size and structure, the plasmon 

bands are comparatively narrow. This has been previously shown by optical modelling 

using discrete dipole approximation (DDA) [19] and boundary element method 

(BEM) [33] that the plasmon resonance is highly sensitive to the in-plane dipole 

excitation at the sharp tips and the optical properties of nanoparticles are less sensitive 
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to the size and structural distribution. Although the number of branches in DPGNS 

could not be controlled, the diversity in the number of branches can only broaden the 

SPR band, but will not have any effect on the LSPR property of the DPGNS [20]. The 

presence of SPR band at NIR (2) can be attributed to the presence of longer and 

sharper tips that enhance the localised plasmonic electric field, resulting in much more 

intense hot spots [23] than previously synthesised nanostars (see Figure 3.3). When 

lengths of the nanoprotrusion is increased the density of the free electron oscillations 

increases accordingly [23, 34]. Also, the apex angle of the tip plays an important role 

in resonance shift, as decreasing the tip angle (sharper tips) red-shifts the LSPR. The 

longer branch and sharper angle of the tip of the nanostar corresponds to a higher shape 

factor (k), and from equation 3.2 it can be seen that the dipolar polarisability linearly 

depends on the k, thus results in a remarkable wavelength shift (see Figure 3.5).  

When exposed to in-plane polarisation, single tip of the DPGNS displayed superior 

SPR properties, in terms of plasmon resonance in the NIR (at 1025 nm). This was 

similar to high aspect ratio nanorods and nanodisks [25]. When two branches were 

placed adjacent to each other (as seen in figure 3.6 (B)), the dimer displayed 1 and 2 

that were red-shifted by 60 and 75 nm respectively. In this case, the excitation results 

in oscillation of conduction electrons between the two symmetric halves of the 

nanostructure with the field intensity localised at the tips as a result of the spatial 

confinement of electrons to the smallest region of the nanostructure (tips of the 

branches in this case). When multiple branches in all three directions were simulated 

to resemble a nanostar (as seen in Figure 3.6 (C)), the excitation with polarisation in-

plane with the horizontal tips did not impart any changes to both 1 and 2. The 

nanostar was excited with such a polarisation to compare the extinction with that of 

the two branches placed adjacently (as in Figure 3.6 (B)). This was done to observe 

any interference (positive or negative) in LSPR by the branches protruding in 

directions perpendicular to the dimer. But both 1 and 2 remain unperturbed. This 

implies that only the branches that are aligned in direction with the incident electric 

field’s direction of polarisation will elicit localised field enhancement at its tips [19, 

34, 35]. This is evidenced by the fact that excitation with out-of-plane polarisation 

resulted only in an absorption peak at around 520 nm and no resonance peak in the 

NIR region. This peak arises from the spherical base of the cone-like structure used to 
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model branches of the DPGNS. Unlike other star-shaped gold nanostructures that were 

reported to have multiple branches growing out a spherical core [8, 11, 19, 25, 34], 

DPGNS can be argued to not possess a spherical core of significant size. This is 

because none of the reaction parameters, shown in Figure 3.2 and 3.4, resulted in 

LSPR peak at around 520 nm, a characteristic of spherical gold nanoparticles. Also, 

as explained earlier in this section, DPGNS was synthesised using the one-pot strategy 

with silver acting as a shape directing agent on gold nucleus. But the other reported 

studies used a seed-mediated strategy for nanostar synthesis, where spherical gold 

nanoparticles were first synthesised and used as seeds for further growth of branches 

[8, 11, 19, 25, 34]. 

The polarisation dependence of the LSPR can be clearly seen in Figure 3.7. The results 

in Figure 3.7 can be summarised as follows: the horizontal tips were the origin for 

resonance peaks at 685 and 1100 nm and the resonance peaks at 600 and 810 arises 

from vertical tips. As the polarisation angle was changed from 90° - 0°, the intensities 

of 685 and 1100 nm peaks gradually increased, while the intensities of 600 and 810 

nm peaks gradually decreased. The corresponding electric field intensity images 

confirmed this pattern with the localised field intensities of horizontal tips gradually 

increased and localised field intensities of the vertical tips gradually decreased, when 

the incident polarisation angle was changed from 90 - 0°. This polarisation dependence 

of the LSPR have been showed with other anisotropic nanostructures like 

nanocrescents [25, 31], nanoprisms [20] and nanostars with distinct core-branch 

structure [11, 19, 36]. This shows that each peaks in the DPGNS are polarised at 

different angles and the spectral peaks are the result of plasmon resonances at multiple 

tips with distinct resonance wavelengths. Thus, using polarised light, it is possible to 

specifically excite any of the resonance peaks of the nanostar. Since colloidal DPGNS 

is a heterogenous sample (varying number and orientation of tips), the wavelength 

position and relative intensity of the resonance peaks suggests that 2 is the sum of 

600, 685 and 810 nm peaks [11]. DPGNS in aqueous solutions are not macroscopically 

oriented within the solvent and we can observe only the average over all possible 

orientations with both 1 and 2 appearing in the spectrum [4, 11]. 

It can also be seen that the extinction is dominated by absorption. This can be 

explained by considering the classical definition of surface plasmon (as discussed in 
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section 3.1), in which the charge accumulation following light incidence not only 

creates a restoring field inside, but also outside of the nanoparticle. In metallic 

nanoparticles, the conduction electrons density and mobility are large thereby creating 

larger charge accumulation on the surface and creating a region with an intense field 

larger than the size of the nanoparticle (Figure 3.12). This intense electric field, 

opposite to that of incident electric field, leads to destructive interference and thus 

incident light extinction beyond the nanoparticle volume [4].  

 

Figure 3.12: Optical response of the plasmonic nanoparticles: Illustration of the 

creation of nanoparticle’s electric field opposite to that of the incident field and 

much larger in volume than the nanoparticle itself. Reprinted with permission from 

[4]. 

Outside of this region, this interference creates a net field with various propagating 

directions, inducing scattering of the incident light. With DPGNS, the presence of a 

large intensified electric field directly on its tips (Figure 3.7) suggests that absorption 

of the incident light is the dominant process for light extinction. This high absorption 

cross-section of DPGNS makes it an efficient antennae for exciting the analytes on its 

vicinity and absorbing the energy from the near-field emitted by those analyte 

molecules and radiate into the far-field [7]. 

To investigate the possibility of plasmon coupling between the DPGNS in solution, 

two adjacently placed DPGNS structures were simulated (Figure 3.8 (A)). Unlike the 

dimers of other nanostructures [25, 31], no red-shifting of the either 1 or 2 was 
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noticed (Figure 3.8) with DPGNS for interparticle distances from 0 – 10 nm. This 

might be counterintuitive considering that the plasmon coupling of adjacent 

nanostructures has been proven in nanodisks, nanoshells, etc. But, this plasmon 

coupling occurs when the dipole of a nanostructure is in symmetry with the 

neighbouring dipole. Most of the studies reporting a higher electric field enhancement 

through plasmon coupling used an array of nanostructures carefully positioned 

adjacent to each other transversally or longitudinally (side-by-side or lengthwise 

respectively) [1, 2, 25, 37]. Thus, for the incident light polarisation along the inter-

particle axis, the interaction between the dipoles is positive, which leads to the red-

shift in their LSPR in the dimers. DPGNS in solution are aligned randomly, meaning 

most of the dipoles on the tips would be asymmetrical to each other and thus the 

interaction will be repulsive [1]. This further reiterates that DPGNS possess inherent 

hotspots with enhanced field intensities compared to nanorods, nanoshells and 

nanodisks that depend on the inter-particle sites for field intensity enhancement [1, 8, 

25]. 

The presence of multiple resonance peaks when excited with incident light of different 

polarisation angles can be analysed using the multipolar resonance concept (Section 

3.1). This can be further evidenced by previously synthesised nanostars (detailed in 

Chapter 2) that are only 35 – 45 nm in size, exhibiting a single resonance band 

compared to the DPGNS that are 120 – 150 nm in size displaying multiple SPR bands 

(see Figures 3.4, 3.7 and 3.9).  

Light extinction by the nanoparticle depends on the near-field plasmonic absorption 

that determines the localised electric field strength and on the far-field scattering due 

to the radiative effects. And so, the intensity of the local field enhancement is 

proportional to the extinction cross-section (Cext = Cabs + Cscat). The scattering 

contribution generally increases with the increase in size of the nanoparticle, 

especially when the size of the particle is a finite fraction of the incident radiation [4, 

19]. Since the extinction of the DPGNS is dominated by absorption, the plasmonic 

absorption effect seems to be the driving factor behind the field enhancement seen in 

Figures 3.6 and 3.7. It has been shown that confining the electric field to smaller 

volumes increases the field strength to a level where even single molecules can be 

detected using SERS [38]. Nanostars (especially DPGNS) provide this large 



CHAPTER 3 RESULTS – SYNTHESIS AND OPTICAL MODELLING OF NOVEL DUAL PLASMONIC GOLD 

NANOSTARS 

 

90 
 

enhancement of the Raman signal so that SERS can be used in many sensing 

applications. Though the SERS enhancement by the nanostars was inferior compared 

to DPGNS (see Figure 3.11), it was still better than other anisotropic nanostructures 

like nanorods and nanospheres. Samanta et al., (2014) [26] compared the SERS 

enhancement factor of nanostars, synthesised using a seed-mediated nucleation and 

growth protocol with broad LSPR band in the range of 600 - 900 nm, and similar sized 

nanorods and nanospheres. Using similar experimental parameters, their study 

reported nanostars to exhibit highest SERS EF followed by nanorods and nanospheres. 

Studies have shown that it is critical to have the incident laser frequency overlapping 

the frequency with maximum plasmon resonance energy [8, 39]. SERS enhancement 

factor (EF) have been shown to increase dramatically when the laser frequency and 

LSPR frequency approach the near infra-red region.  It can be seen from Table 3.2, 

that the EF values of both nanostars and DPGNS are higher at 785 nm excitation than 

at 514 nm. Though the LSPR of nanostar and 1 of DPGNS lies close to each other, 

the resonance peak (770 nm) of the Raman reporter lies closely to the excitation laser 

wavelength (785 nm) inducing the resonance Raman condition [38, 40], and thus 

higher Raman enhancement compared to laser excitation wavelength of 514 nm.   

It is also interesting to note that even though both the nanostars had LSPR close to 785 

nm, DPGNS displayed EF that is dramatically higher than the nanostar at 785 nm 

excitation (see Table 3.2). This can be explained by the fact that the lightning rod 

effect would be more pronounced with increasing length of the branches and sharpness 

of the tips [41, 42]. As shown in Figure 3.5, this increase in length and sharpness does 

not only cause red-shift, but also increases the intensity of the LSPR. This effect is the 

result of increased spatial confinement of the electrons on the sharpest tips or crevices 

within the nanostructure, increasing the energy of the plasmon resonance and thus 

intensifying the local electric field enhancement.  

Though the option is not available with the current in-house Raman measurement 

setup, SERS EF of DPGNS at the excitation wavelength of 1064 nm (closely matching 

2 of DPGNS) would theoretically be higher than the EF obtained with 785 nm 

excitation. This is because the NIR excitation at a longer wavelength should induce 

local electric field enhancement at higher intensities and thus larger SERS cross-
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sections [39, 43]. This has been experimentally shown by Greeneltch, et al., (2010) 

who used silver immobilised nanorods assembly (AgINRA) as SERS substrates, the 

LSPR of which can be tuned from visible to NIR by increasing the dielectric sphere 

diameter. The size of the AgINRA substrates used for this comparative study ranged 

between 320 – 790 nm to tune the LSPR from 450 – 1100 nm. This study compared 

633, 785 and 1064 nm laser excitations, and used AgINRA substrates that had LSPR 

close to or overlapping the excitation laser. The calculated EF for 1064 nm laser 

excitation (with LSPR at 1100 nm) was the highest at 1.0 X 108, compared to 785 nm 

(4.9 X 107) and 633 nm (1.3 x 107) excitation [39]. But the increased size of the 

nanoparticle (790 nm in diameter) was found to be an impediment to be used for any 

in vitro or in vivo applications. Another reported nanostructure to be used as SERS 

substrate for 1064 nm laser excitation is hollow gold nanotags (HGN) [43] with 

maximum LSPR of around 800 nm. Though it’s smaller in size (< 100 nm), its LSPR 

is not in resonance with the excitation source. Since EF is a fundamental property of 

the plasmonic absorption of the substrate, the SERS nanostructures should possess 

LSPR in resonance with the excitation source, so as to provide maximum EF. Thus, 

DPGNS as SERS substrate with its LSPR (2) matching that of 1064 nm laser 

excitation has huge potential for NIR SERS sensing. 

 

3.5 SUMMARY 

Controlled synthesis of DPGNS with longer branches and sharper tips compared to 

previously synthesised nanostars (detailed in Chapter 3) was demonstrated. DPGNS 

displayed SPR at two distinct wavelengths, one in the far-red region ≈ 700 nm and 

another in the NIR region ≈ 1050 – 1200 nm. The results indicated that the wavelength 

shifts and intensities of the LSPR can be carefully controlled by adjusting the 

concentrations of gold precursor and reducing agent added to the reaction solution. 

The DPGNS growth dynamics were hypothesised as involving two steps; the 

preferential reduction of gold ions followed by the deposition of silver ions onto the 

gold thereby enabling branched nanostructure formation from silver seeds.  

FDTD simulations were performed to explore the possibility of specific induction of 

plasmon resonance modes of the DPGNS by controlling the incident polarisation. 
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These plasmon resonance modes can be excited at distinct wavelengths and were 

spectrally well resolved. FDTD analysis of the surface charge distribution 

investigation showed the multipolar nature of the LSPR bands with dipole resonance 

being the dominant mode in the NIR region followed by quadrupole and octapole, in 

the far-red and red region of the spectrum respectively. Manipulation of the localised 

electric field distribution by light polarisation enhanced DPGNS’s SERS capability. 

DPGNS displayed higher SERS EF of 2 x 107 (with 785 nm excitation) compared to 

nanostars with smaller branches and less sharper tips. Thus DPGNS demonstrated the 

potential to elicit the highest SERS EF ever reported for colloidal gold nanoparticles 

with further longer wavelength excitations at and beyond 1064 nm.
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CHAPTER 4 RESULTS – DPGNS AS CONTRAST AGENT FOR 

PHOTOACOUSTIC IMAGING AND PHOTOTHERMAL THERAPY 

 

4.1 INTRODUCTION 

4.1.1 Photothermal efficiency of GNP for PAI 

The extinction spectrum of gold nanoparticles (GNP) is the result of collective 

oscillation of electrons (plasmons) in response to the incident electromagnetic field. 

The plasmon oscillation suffers from damping in the femtosecond timescale. This 

ultrafast damping determines the width of the extinction spectrum of the nanoparticles. 

There are two phenomena that cause this ultrafast damping of the GNP plasmons. The 

first phenomenon is the radiative damping by photon emission, where the dipole 

energy is lost due to re-radiation through coherent scattering. This radiative damping 

is proportional to the size of the particle. The second phenomenon is the non-radiative 

damping of the surface plasmons, leading to the absorbed incident electromagnetic 

field being efficiently converted to heat. This is called Landau damping and it is the 

simplest mechanism that defines the optothermal property of GNP [1-4]. In this 

damping mechanism, plasmons lose energy non-radiatively caused by the decay into 

electron-hole pairs. Electron-holes are created when the electrons in the conduction 

band get excited by external excitation, leaving behind holes in the valence band. 

Landau damping leads to excitation of either intraband electron-hole pairs (inside sp-

band) or energetically higher interband electron-hole pairs (d-band into the sp-band) 

[5]. The excited electron – electron-hole pairs have large excess energy as compared 

to the thermal distribution of conduction band electrons (Fermi-sea). In a process 

called electron-electron coupling, the excited electron – electron-hole pairs thermalize 

the fermi sea resulting in rapid increase in surface temperature of GNP at a sub-

picosecond timescale. This rapid heating is followed by the energy transfer from 

electrons to lattice phonons, resulting in the cooling of GNP to equilibrium. By phonon 

– phonon coupling, the lattice cools down in few hundred picoseconds, resulting in 

dissipation of the heat into the immediate surrounding environment of the GNP [5, 6]. 

A schematic of this entire process of photothermal (PT) conversion from light to heat 

by gold nanostars is provided in Figure 1.7. 
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The ability of plasmonic gold nanostructures to act as contrast agents for PAI is 

primarily based on the aforementioned non-radiative relaxation of the plasmons, 

which results in light to heat conversion which consequently enhances the acoustic 

response. Gold nanorods, and similar metal nanoparticles, owe the majority of their 

photothermal efficiency (light to heat conversion) to the presence of ‘hot spots’ near 

interparticle sites due to plasmon coupling [7-9]. This is achieved by controlled 

aggregation of nanoparticles in solution either by using high nanoparticle 

concentrations or using specific aggregation agents such as polymers and hydrophobic 

small molecules [10]. DPGNS, due to the presence of multiple branches with sharp 

tips, possess high number of inherent ‘hot spots’, without the need for aggregation, 

and thus elicit better photothermal efficiency [11, 12]. 

4.1.2 Silica coating of GNP for enhanced PAI 

Though the origin of the photoacoustic (PA) signal is the light to heat conversion by 

nanoparticles, the dissipation of heat into the medium surrounding the nanoparticles 

is an important process for the PA signal to be detected. The PA amplitude is then 

dependent on the temperature gradient in the medium generated by the heat dissipation 

from nanoparticles. Adding a layer of a material with high thermal conductance onto 

the nanoparticle leads to faster heat transfer and thus a stronger PA signal [13-15]. 

While the thermal conductance of pure gold – water interface was experimentally 

found to be 170 MWm-2K-1, the thermal conductance of silica – water far exceeds that 

with 1000 MWm-2K-1 [15]. Hu et al. (2003), reported faster heat transfer from gold-

silica core-shell nanoparticles in water compared to bare gold nanoshells [16]. Chen 

et al. (2012), later reported that silica coated gold GNR amplified PA signal amplitude 

compared to bare GNR. This study also reported a decreased PA signal from thicker 

silica shells as the influence of bulk silica is stronger, leading to a reduced temperature 

profile. But this dampened PA signal amplitude from thicker silica shell was found to 

be higher than the PA signal from bare GNR [13, 15]. The enhancement in the PA 

signal thus arises from faster heat transfer into the medium enabled by silica coating 

rather than changes in the absorption co-efficients of the gold nanoparticles. It has 

been reported that a silica shell thickness of up to 20 nm on GNR amplified the 

photoacoustic signal response without significantly modifying the optical properties 

of GNR [15].  
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The influence of silica shell in faster heat transfer can be better understood by 

considering the blackbody radiation in terms of absorption by GNP. When gold 

nanoparticles are irradiated by laser wavelength overlapping its SPR, the excited 

plasmons relax non-radiatively and emit infrared (IR) radiation. The amount of 

radiation emitted by a blackbody at any wavelength or temperature is defined by 

Planck’s law, 

𝑊𝜆𝑏 =  
2𝜋ℎ𝑐2

𝜆5 (exp(
ℎ𝑐

𝜆𝑘𝑇
)−1)

   (4.1) 

where Wλb is the blackbody emittance (radiant power) at a wavelength , h is the 

Planck’s constant = 6.626 x 10-34 J.s, c is the velocity of light  = 3 x 108 ms-1, k is the 

Boltzmann’s constant = 1.4 x 10-23 Joule K-1 and T is the absolute temperature of a 

blackbody [17, 18]. For any wavelength and temperature, the thermal radiation emitted 

by a real object is determined by the emissivity of the object’s surface. Emissivity of 

any real object is thus defined by the ratio of the real object’s emitted radiation to that 

from a blackbody, which is a perfect emitter; 

𝜖𝜆 =  
𝑊𝜆𝑂

𝑊𝜆𝑏
    (4.2) 

The optical property of all real objects is the sum of its absorption, transmission and 

reflectivity at any wavelength [18]. Since gold is opaque in nature, and thus has zero 

transmission, the absorptance and reflectivity of GNP at a certain wavelength is,   

𝛼𝜆 + 𝜌𝜆 = 1    (4.3) 

Kirchoff’s law of thermal radiation states that for any body of an arbitrary material, 

the emissive power and absorptance are equal (λ = λ) at any specific wavelength or 

temperature, and thus equation 4.3 can be modified as, 

𝜖𝜆 +  𝜌𝜆 = 1    (4.4) 

Since gold is highly reflective, the equation above shows that gold’s emissivity is 

really low and depending on the surface roughness varies between 0.03 – 0.06 [17, 

18]. Even though the GNP absorbs electromagnetic radiation strongly near its SPR 

and efficiently converts into heat, its low emissivity results in reduced IR radiation 

from the generated heat [17, 18]. Thus, the coating of the GNP using a material with 
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higher emissivity such as silica shell (emissivity of 0.9) enhances the emitted IR 

radiation intensity and increases heat transfer from gold to the surrounding medium. 

As demonstrated in Section 3.3, DPGNS with their multibranched structure can elicit 

significant field enhancement at the tip of the branches due to the ‘lightning rod’ effect. 

At resonant frequency, nanostars effectively convert the strongly absorbed radiation 

by the surface plasmons at the tips into heat by electron-phonon and phonon-phonon 

processes. This results in enhanced photothermal efficiency and elicit better PA signal 

than previously reported gold nanostructures [19, 20]. By virtue of SPR at longer 

wavelengths, DPGNS was demonstrated here to display in vivo PAI contrast capability 

with a 1064 nm source. Silica coating for the enhancement of PA signal of the DPGNS 

by increasing the thermal transfer from DPGNS to water was also demonstrated. Since 

the underlying mechanism for both PAI and PT treatment (PTT) is the photothermal 

conversion efficiency, DPGNS was used as a dual-modal nanoprobe for the in vivo 

PAI monitoring of PTT using 1064 nm laser excitation, which has not yet been 

reported for any gold nanoparticle based nanoprobe. 

 

4.2 MATERIALS AND METHODS 

All the chemicals used in this study were purchased from Sigma Aldrich (Ireland). All 

of the water used in this study was obtained from Milli-Q ultrapure-water purification 

system by Merck Millipore limited (Ireland). All glasswares used were washed with 

aquaregia (mixture of 3:1 ratio of concentrated hydrochloric and nitric acid, 

respectively) and rinsed with deionised water. 

Preparation of Silica-coated DPGNS: 

DPGNS (synthesis methodology as detailed in Section 3.2) were further coated with 

silica to yield better PA signal. PEGylated DPGNS were coated with silica using a 

modified Stober method [15, 21-23] as follows: 1.2 mL of PEGylated DPGNS was 

added to 1.8 mL of isopropanol under vigorous shaking. 2M ammonia in isopropanol 

solution was then added dropwise under vigorous shaking till the pH of the reaction 

solution reaches 11. Finally, 400 mL of tetraethyl orthosilicate (TEOS) in isopropanol 

solution was added under gentle stirring and the reaction solution was allowed to stand 
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for 2 hours. This reaction condition gave 10 – 15 nm silica thickness and a stepwise 

increase in TEOS concentration resulted in thicker shells. The UV-Vis absorption 

measurements were performed with Shimadzu UV-2600 (Japan) and the silica coating 

was examined using a Hitachi H7000 transmission electron microscope (Japan) with 

accelerating voltage of 75 kV.  

Photoacoustic Imaging of phantoms: 

PA scans of DPGNS were acquired by using phantoms that mimic the tissue and were 

prepared by mixing the desired concentration of DPGNS and silica coated DPGNS (as 

explained in previous section) with 2% agarose in water and 1% intralipid, which acts 

as scattering medium. The agarose solution was heated at high temperature for 

complete solubilisation and left in 55°C while mixing with intralipid and DPGNS. 

Then the mixture was plated in 1 x 2.5 cm (depth x diameter) wells and left at 4°C to 

set. Photoacoustic imaging (PAI) was performed with VEVO LAZR Photoacoustic 

Imaging system from VisualSonics Inc. (Canada). The NIR excitation source used was 

a Q-switched neodymium-doped yttrium aluminium garnet (Nd:YAG) laser at 1064 

nm and an optical parametric oscillator (OPO) operating in the range of 680 – 970 nm. 

A 256 element, linear array transducer, with a 21 MHz central detection frequency 

(henceforth referred to as the PA probe), was used in acquiring all images. The PA 

probe is coupled to the laser via a fiber optic cable, and focuses laser light into the 

tissue via two rectangular light bars, located on either side of the transducer, at a 

distance of 7 mm. The system allows for real-time, co-registered PA and US images. 

The PA probe was coupled to the tissue with US gel for all scans, and care was taken 

to ensure that each tumour was at a distance of 7 mm in order to ensure maximum PA 

signal. Once received, the PA signals were amplified, digitised and fed to a computer 

where they were reconstructed using a delay-and-sum beamforming algorithm to form 

PA images. All the scans were acquired with a step size of 1 nm and with the pulse 

duration of 5 ns. The laser spot size used was 1 mm x 24 mm with the fluence irradiated 

from the transducer being < 20 mJ/cm2 at surface. US images are acquired by exciting 

focussed beams transmitted along a line. The acoustic signal detected by the transducer 

elements are combined, in a process called beamforming, to form a single line of data 

corresponding to the excitation line. This process is repeated to acquire data from all 

the 256 channels and combined to form an US frame. PA scans were acquired by 
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exciting the whole field of view using 5 laser pulses to form one frame (5 fps). To 

access the PA amplitude data from each individual channel, the radio frequency data 

from each image was exported from the VEVO LAZR system and re-beamformed in 

MATLAB (Mathworks, USA) [24]. Laser energy for both OPO and 1064 nm laser 

was measured before every imaging session. When comparing the PA amplitude for 

different laser excitations, the PA amplitude data was corrected for the irradiated 

energy from the specific laser. 

DPGNS Thermographic analysis:  

The photothermal conversion efficiency of the DPGNS was investigated by measuring 

the temperature increase of DPGNS in solution after exposure to NIR laser. A diode-

pumped solid state (DPSS) IR laser, manufactured by Dragon Lasers (China), that 

produced continuous wave (CW) laser light at 1064 nm was used to excite the DPGNS 

dispersed in an aqueous solution in UV-transparent plastic cuvettes. The laser beam 

focussed on a spot with a diameter of 1.25 mm with laser power varied from 12 - 48 

mW using an ND-filter and a linear polariser to obtain the laser fluence of 1, 2, and 4 

W/cm2.  

 

Figure 4.1: Experimental set-up for Thermographic analysis of DPGNS with 

individual components labelled. 
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The change in temperature was monitored using a FLIR A325 infrared thermal camera 

(FLIR Systems, Inc., USA) with a spectral range of 7.5 – 13 m. The infrared camera 

is interfaced with the computer and the thermal images were analysed using FLIR 

ResearchIR software (FLIR Systems, Inc., USA). The temperature increase (T-jumps) 

measurements were made after correcting for the emissivity values of gold, water and 

polystyrene. A hand-held temperature probe was also used to verify the T-jumps along 

with the thermal camera. The laser set-up for the thermographic analysis can be seen 

in Figure 4.1. 

Preclinical model: 

All preclinical research was approved and licensed by the local Animal Care Research 

Ethics Committee (ACREC) and nationally by the Human Products Regulatory 

Authority (HPRA) under project authorisation AE19125-P016.  Female athymic nude 

mice, 7-8 weeks old, were purchased from Charles River, UK, and housed in 

individually ventilated cages receiving irradiated bedding, diet, enrichment and 

autoclaved water. All animal procedures were performed under inhalation anaesthesia 

using 5% isofluorane for induction and 1 - 2% for maintenance, followed by a recovery 

period on a heated surface under observation. Animals were euthanised at the end of 

the study by CO2 inhalation. 

In vivo Photoacoustic Imaging of DPGNS: 

 

MDA-MB-231 tumour bearing mice were prepared by subcutaneously injecting a 200 

L suspension of 1 X 107 cells in a 50:50 mix of RPMI:Matrigel into each flank on 

the back of adult athymic nude mice. MDA-MB-231 cells were acquired from the lab 

of Dr. Roisin Dwyer, Department of Surgery, NUI Galway. When tumours reached 

100 mm3, 50 L of 400 g/mL DPGNS loaded into a syringe with a 27G needle 

attached was injected intratumorally. To couple the photoacoustic waves, ultrasound 

gel was applied onto the skin covering the tumour envelope. The specifications for 

acquiring PA scans were same as mentioned for phantom studies.  
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Figure 4.2: Q-switched Nd:YAG laser at 1064 nm and OPO operating in the range of 

680 – 970 nm were used for excitation through the transducer, which also detected 

the ultrasound signal which was further amplified, digitised and then fed to the 

computer to construct the PA images. 

 

Baseline PA images were collected before tumour laser treatment and post laser 

treatment at day 3, 7, 14 and 21. VevoLab software (VisualSonics Inc., Canada) was 

used to analyse the ultrasound (US), photoacoustic (PA) and the combined US/PA 

scans. The transducer was placed at same distance from the tumour for all scans and 

the centre of the tumour was aligned with the centre of the PA probe so as to provide 

same illumination intensity for all tumours. For better comparison between tumours, 

the PA probe was moved around till maximum PA signal intensity was found. 

In vivo PAI monitoring of Photothermal treatment: 

MDA-MB-231 tumour xenografts were separated into 4 groups (n = 7) when the 

tumour size reached 100 mm3.  N number was calculated using G*Power 3.1.9.2 

(Universität Düsseldorf, Germany) statistical programme (2 tails, error probability 

0.05, power 0.95) and based on a review of the literature [25, 26]. For the treatment 

group, 50 L of 400g/mL DPGNS, loaded into a syringe with a 27G needle attached, 
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was injected intratumorally and irradiated post-DPGNS administration using the 1064 

nm CW DPSS laser at power density of 0.5 W/cm2 for 10 minutes.  

 

 

Figure 4.3: Photothermal treatment setup coupled with the Photoacoustic imaging 

equipment with individual components labelled. 

The photothermal treatment setup was made to fit within the PA enclosure using a 

fiber optic cable and the thermal images were acquired using a FLIR A325 infrared 

thermal camera (Figure 4.3). 

Other groups used in the study included tumours with phosphate buffered saline (PBS) 

administration followed by laser treatment (n = 7), tumours with DPGNS 

administration only (no laser treatment) (n = 7) and untreated control tumours (n = 7) 

(Figure 4.4). Tumour volume measurements and PA images were acquired on day 3, 

7, 14 and 21 for all tumours. PA images were acquired using both the OPO (680 – 970 

nm) and 1064 nm excitation source. Tumour volume measurements were also verified 
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against the manual measurements at the aforementioned time points using a calliper 

(length x width x depth). 



Figure 4.4: Different group of tumours used in the study: Tumours were 

xenografted on both right and left flanks of the animals and the tumours were 

separated into 4 different groups: Group 1 - Tumours administered with DPGNS 

followed by irradiation of 1064 nm laser, Group 2 – Tumours administered with 

PBS followed by irradiation of 1064 nm laser, Group 3 – Tumours administered 

with DPGNS and no laser irradiation and Group 4 – Untreated control tumours. 

At Day 21, animals were sacrificed by CO2 inhalation and the tumours were excised. 

The tumours were fixed in 4% paraformaldehyde for three hours and stored at 4℃ 

overnight in PBS. Tumour samples were then transferred to 30% sucrose solution and 

stored at 4℃ overnight and embedded in paraffin blocks. Paraffin embedded tissue 

(PET) tumour samples were sectioned using a Reichert-Jung Ultracut E microtome 

(Leica Microsystems, Ireland) and placed on glass slides. Histological analysis was 

performed by haematoxylin and eosin (H & E) staining to analyse the tumour cellular 

tissue damage. Briefly, the sections were deparaffinised by immersion in xylene for 2 

mins, hydrated by 100% ethanol, 95% ethanol, 70% ethanol and in distilled water for 

two minutes each. Slides were then dipped in haematoxylin stain for 1 minute and 

rinsed with warm running tap water for 15 minutes. Slides were then dipped for 30 

seconds each in distilled water followed by 95% ethanol. Tumour sections were then 
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counterstained by dipping in eosin solution for 1 minute. Sections were then 

dehydrated by dipping in 95% ethanol followed by 100% ethanol and cleared in xylene 

for 2 minutes each. Slides were then mounted with a resinous mounting medium. H&E 

stained images were then acquired using an upright laboratory microscope (Leica 

Microsystems, Ireland). 

Statistical analysis: 

All statistical analysis was performed using GraphPad PRISM (GraphPad Software 

Inc., USA). The PA amplitude data was acquired from the raw pre-beam-formed 

image from the PA system and reconstructed using the inbuilt delay-and-sum 

beamforming algorithm in MATLAB. Pearson’s R2 correlation was then used to 

analyse the relation between the PA amplitude and the concentration of DPGNS. One 

way analysis of variance (ANOVA) was used to compare the PA amplitude from 700 

and 1064 nm laser excitations. The percent tumour tissue area was measured using 

ImageJ (National Institutes of Health (NIH), USA). The cellular area was calculated 

as percentage of pixels covering all cellular tissue (alive and dead) that was positive 

for H&E staining in the 40X magnified images. Mean percent tumour tissue area was 

compared between groups using a one way ANOVA. Student Newman-Keuls 

Multiple Comparisons post-hoc test was used for all post-hoc analysis.  

 

4.3 RESULTS 

4.3.1 PA phantom imaging of DPGNS 

The capability of DPGNS as a contrast agent for PAI was investigated initially using 

phantoms with inclusions of different concentration of DPGNS. For the purpose of 

PAI with Nd:YAG laser excitation at 1064 nm, DPGNS synthesised with the 

HAuCl4:AA ratio of 1:2 was chosen as their longitudinal SPR peak matches that of 

laser excitation wavelength. Figure 4.5 (A) shows the ultrasound B-scan and 

photoacoustic (PA) signal from the phantom with no DPGNS (control) and phantoms 

with increasing DPGNS concentrations from left to right (0 – 50 M), all excited with 

1064 nm laser matching the  of DPGNS. Figure 4.5 (B) shows a similar pattern with 

phantoms excited at 700 nm, which is in resonance with the 1. The correlation 

between the PA signal amplitude and the DPGNS concentration was quantitatively 
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demonstrated in Figure 4.5 (C). A region of interest (ROI) covering the individual 

phantom inclusion was chosen for PA signal amplitude calculation (detailed in Figure 

4.13). The mean and standard deviation of the PA amplitude was measured and plotted 

against the concentration of DPGNS. Linear correlations were observed between the 

PA signal, from both 700 and 1064 nm excitations, and the DPGNS concentrations 

(R2 value of 0.923, p < 0.001).  

 

Figure 4.5: Ultrasound B-scan and PA scan of phantoms excited with (A) 700 nm 

OPO and (B) 1064 nm laser, containing increasing concentration of DPGNS left to 

right; (C) Plot showing linear correlation between DPGNS concentration and the PA 

amplitude (R2 value of 0.923, p < 0.001). 

ICG (indocyanine green), a tricarbocyanine dye, with the peak absorption around 800 

nm has been reported as a contrast agent for photoacoustic angiography of animal 

brains [27, 28]. However, its absorption peak still falls in the region of the spectrum 

where the tissue autofluorescence produces substantial background noise and limited 

penetration depth [29]. PAI of ICG and DPGNS, as in Figure 4.6, shows comparatively 

negligible and no signal from ICG when irradiated at 700 nm (A) and 1064 nm (B) 

respectively, but displayed maximal PA signal when excitation wavelength was in 
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resonance with its absorption maximum of 800 nm (C). On the other hand, DPGNS 

exhibited significant PA signal in the longer wavelength of 1064 nm displaying great 

potential as contrast agent for in vivo PAI.  

 

Figure 4.6: Comparative analysis of the ultrasound and PA signal of ICG and 

DPGNS at different laser excitation wavelengths of 700 nm (A), 1064 nm (B) and 

800 nm (C). 

Based on the positive PA signal from phantom studies, the utility of DPGNS as a 

contrast agent in animal imaging was then investigated. 10 μL of the highest 

concentration DPGNS (50 M) used for phantom studies was injected intramuscularly 

into the thigh of a terminally euthanised mouse. As can be seen from Figure 4.7, 

DPGNS provided bright contrast after injection (marked area), with the ultrasound B-

scan showing a cavity formed from DPGNS colloidal solution in the corresponding 

area.  
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Figure 4.7: B-scan and PA scan of the upper thigh muscle of a mouse before (A) and 

after (B) intra-muscular injection of DPGNS (marked area) with the depth of around 

6 mm from skin surface. Both the scans were acquired with 1064 nm laser excitation. 

 

4.3.2 DPGNS modification for Photothermal effect and PAI 

Silica coating of the DPGNS was achieved by incubating DPGNS with TEOS in 

isopropanol solution. TEM image of the silica coated DPGNS (Figure 4.8 (B)) shows 

the silica shell thickness of 10 nm clearly compared to bare DPGNS. Similar thickness 

of silica coating was previously reported with the concentration of TEOS used [15, 

21].  
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Figure 4.8: Silica coating of DPGNS displaying 10 nm thickness (B) compared to 

bare DPGNS (A), with scale bar indicating 100 nm. 

The ability of DPGNS to generate heat under laser illumination is evidenced in Figure 

4.9, which shows the thermal images of aqueous solution of DPGNS (A) and silica 

coated DPGNS (B) at laser power 0.5 – 2 W/cm2. Temperature of the DPGNS solution 

increased with increasing laser power and reached up to 45 °C under 10 minutes (C).  

Figure 4.9: Thermal images of silica coated DPGNS (A) and DPGNS solution (B) in 

cuvettes at laser power 0.5 – 2 W/cm2; Temperature curve (C) displaying significant 

increase in temperature by DPGNS and silica coated DPGNS, and in water. 
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Silica coated DPGNS demonstrated marginal increase in heat generation (by 2 – 3 °C) 

compared to DPGNS (4.9 (C)). As expected, silica shell did enhance the PA signal of 

DPGNS (Figure 4.10). Aqueous solution of DPGNS and silica coated DPGNS were 

loaded into capillary tubes and were embedded in agarose phantom. The B-scan (line 

scan in the z-axis) of combined ultrasound and photoacoustic images showed that 

silica coating did enhance the PA signal compared to bare DPGNS with both 700 and 

1064 nm laser excitation (4.10 (A and B) respectively), as can be seen from the false 

colour intensity of the PA signal.  

 

Figure 4.10: Combined ultrasound B-scan and photoacoustic (US/PA) images of 

DPGNS (left) and silica coated DPGNS (right) loaded in capillary tubes (circled 

area) and excited at 700 nm (A) and 1064 nm (B) 

The laser power threshold of DPGNS was also investigated to understand the effect of 

incident laser power on the absorption property of DPGNS. Using the laser setup 

detailed in Section 4.2, aqueous solutions of silica coated DPGNS were exposed to 

laser power ranging 1 – 4 W/cm2.  As can be seen from Figure 4.11, a 10 nm silica 

shell imparted a 30 nm red-shift of the LSPR of DPGNS, with increased shell thickness 

causing no further significant shift. When irradiated with at 1064 nm, a laser power of 

1 W/cm2 resulted in minimal decrease in the intensity of DPGNS absorption. 

Increasing the laser power resulted in decreased intensity, but the spectral shape 

remained the same.  
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Figure 4.11: Absorption spectra of silica coated DPGNS after exposure with laser 

power 1 – 4 W/cm2. 

 

4.3.3 In vivo PA monitoring of Photothermal Treatment 

Since the ability of DPGNS as a contrast agent for PAI and enhancement of the PA 

signal by silica coating has been successfully proven in phantom studies (Section 

4.3.1), in vivo PA contrast by DPGNS and monitoring of photothermal (PT) effect of 

DPGNS in tumours by PAI was investigated. Anaesthetised adult athymic mice were 

subcutaneously injected with MDA-MB-213 tumour cells on both the left and right 

flanks. Baseline PA images were acquired once the tumours were grown to a volume 

of 100 mm3 (day -1). The DPGNS colloidal solutions were intratumorally 

administered into tumours in the treatment group (see Section 4.3). PA scans with both 

the OPO (680 – 970 nm) and the Nd:YAG 1064 nm laser were then acquired (day 0). 

As seen in Figure 4.12, DPGNS displayed brighter PA contrast when excited with 

1064 nm laser (C) compared to 700 nm (B), demonstrating the increased PA signal 

amplitude at longer wavelengths. The PA amplitude plot shows a similar result, with 

the 1064 nm scan eliciting more than twice the average PA amplitude than at 700 nm 

(D). The minimal PA signal seen for the untreated tumour is from the thick tumour 

envelope and the skin of the animal (A). 
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Figure 4.12: Photoacoustic images of untreated tumour (A), tumours administered 

with DPGNS and PA scans acquired with 700 nm (B) and 1064 nm (C); Plot 

showing the PA amplitudes (D) of the images in (A - C). One-way ANOVA found a 

significant difference in mean photoacoustic amplitude based on laser wavelength 

(F(2,8) = 3101, p < 0.001). Student Newman-Keuls Multiple Comparison post-hoc 

test found an increase in laser wavelength to cause a significant wavelength-

dependent increase in photoacoustic amplitude (p < 0.001).  Data is expressed as 

means and standard deviations. ***p < 0.001 vs control, ^^^p < 0.001 vs 1064 nm 

wavelength. 

As can be seen in Figure 4.13, the PA pressure amplitude values were acquired by 

marking the region of interest in the grayscale pre-beam-formed data. The 

corresponding PA amplitude values of tumour administered with DPGNS and excited 

with 1064 nm laser (A) and 700 nm OPO (B), and control tumour administered with 

PBS (C) was shown in the histogram plot (Figure 4.12 (D)). 
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Figure 4.13: PA amplitude data of scans of tumour administered with DPGNS and 

obtained with a 1064 nm laser (A), 700 nm OPO (B) and control tumour (no DPGNS 

administered) with 1064 nm laser. The PA scans from the PAI system (first panel) 

was acquired from a raw pre-beam-formed image from the PA system and 

reconstructed using the delay-and-sum beamforming algorithm in MATLAB (second 

panel) and the PA amplitude was measured (third panel) for the given transducer 

along the marked red line. 

Thermal imaging with an infrared thermal camera was used to monitor the 

photothermal efficacy of DPGNS in vivo. Photothermal treatment was administered 

using a 1064 nm CW laser at 0.5 W/cm2 for 10 minutes (day 0). Other groups (n = 7 

per group) included untreated tumours (control group), tumours administered with 

DPGNS but without laser irradiation and tumours administered with PBS and 

subjected to 1064 nm laser. Following the laser irradiation, the temperature rose 
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rapidly by 8 - 9 °C in tumours treated with DPGNS followed by laser irradiation and 

only by 1 °C in tumours administered with saline (Figure 4.14). This 9 °C temperature 

increase from the baseline temperature of 35 °C in the tumour resulted in the thermal 

treatment entering into the hyperthermia range (41 – 48 °C), the clinically relevant 

therapeutic temperature range [6, 7]. This temperature increase should result in protein 

denaturation leading to irreversible aggregation that can have destructive effects on 

the cell dynamics and mortality rate. No significant temperature increase was observed 

in other parts of the animal. 

 

Figure 4.14: Picture showing tumour growth on both sides of the back of the animal 

(just above the hind limbs) (A); infrared images of temperature increase by 8 – 9 °C 

in tumour (marked area) administered with DPGNS (B) and 1 °C increase in tumours 

administered with saline (C), area marked on the neck of the animals that shows no 

temperature increase 

Photoacoustic imaging (PAI) was employed to evaluate the photothermal effect 

caused by the irradiation of DPGNS. PA scans with both laser sources were acquired 

beginning 3 days after PTT (Day 3) followed by day 7, 14 and 21. Tumour volumes 

were measured using the 3D ultrasound (US) scans for all tumours before and after 

the laser treatment at the aforementioned time points. The average tumour size for 

each treatment group as measured by PAI was calculated.  Relative change in tumour 

size was calculated in relation to the average baseline (V/Vo) for each treatment group 

(PAI measurement before laser treatment). A Repeated Measures Two-way Analysis 

of Variance (ANOVA) found no significant difference in mean relative change in 

tumour size based on treatment group (F(3, 24) = 0.397, p > 0.05) or measurement day 
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(F(3, 72) = 1.581, p > 0.05).  There was also no significant interaction between 

measurement day and treatment group (F(9, 72) = 0.655, p > 0.05).  
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Figure 4.15: Tumour growth curve of four different groups of MDA-MB-231 tumour 

bearing mice used in this study: treatment group with DPGNS administered and 

irradiated with 1064 nm laser, tumours administered with DPGNS but without laser 

irradiation and tumours administered with PBS and subjected to 1064 nm laser and 

untreated tumours (control group). Tumour volumes were calculated as relative 

change from average baseline tumour size before laser treatment (day -1). No 

significant difference in mean relative change in tumour size was found based on 

treatment group (F(3, 24) = 0.397, p > 0.05) or measurement day (F(3, 72) = 1.581, 

p > 0.05). Error bars represent the standard deviation (n = 7). 

The tumour growth curves, calculated as relative change in tumour volumes, in Figure 

4.15 show a delay in tumour growth for the treatment group (administered with 

DPGNS followed by laser treatment). This treatment group was found to have a 

relative tumour volume decline at post-treatment Day 3, followed by a gradual 

increase until post-treatment Day 21. This suggests that the tumours regressed soon 

after the PT treatment, but tumour growth recovery occurred after Day 3. As can be 
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seen from Figure 4.15, no effect of laser alone or DPGNS administration alone resulted 

in decreasing tumour volume.  

The PA spectral scan was obtained with the OPO source in the wavelength range 680 

– 970 nm. DPGNS show a distinct peak around 700 nm, matching that of the 1 of the 

DPGNS (Figure 4.16 (A)).  



Figure 4.16: Photoacoustic spectra of DPGNS within tumour with the 680 – 970 nm 

OPO source (A); (B - D) US/PA combined images of a tumour administered with 

DPGNS at post-treatment Days 3, 7 and 14 respectively. 

Images (B, C and D) in Figure 4.16 depict the OPO PA scans of the same tumour 

administered with DPGNS for Days 3, 7 and 14, respectively. It can be seen that the 

PA signal from DPGNS decreased at Day 7 compared to Day 3, and completely 

vanished by Day 14.  

The PA signal amplitude from DPGNS when excited at 1064 nm for tumours that 

underwent PT treatment and the tumours that did not receive PT treatment was then 

compared (Figure 4.17). The PA images of a representative tumour administered with 

DPGNS that received PT laser treatment (A) display gradual decrease in PA signal 

within tumour from Day 3 to Day 21. Similar trend was observed from a representative 
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tumour administered only with DPGNS and did not receive laser treatment (B), but 

with higher PA amplitude only at Day 3 and 7 (C). Though DPGNS were not 

administered at Day -1, the PA signal from within the tumour must be an artefact as 

shown by the minimal PA signal amplitude (C). The PA signal amplitude at Day 14 

with 1064 nm laser excitation is significantly higher than the control at Day -1 (#p = 

0.066) and might be from the deep lying DPGNS adding evidence for the deep tissue 

imaging capability of PAI at longer wavelengths. 

 

 

Figure 4.17: PA images of (A) tumour administered with DPGNS followed by 1064 

nm laser irradiation and (B) tumour administered with only DPGNS; (C) PA 

amplitude plot for (A) and (B) (n = 3). Post-hoc analysis of measurement days using 

a dependent samples t-test found a significant difference in PA amplitude for all 

measurements days post DPGNS administration compared to the control (Day -1) for 

both the laser treated and the untreated group (p < 0.05).  Data is presented as means 

and standard error of mean.  **p < 0.01 vs Day -1, ***p < 0.001 vs Day -1, #p = 

0.066 vs Day -1, ^p < 0.05 vs Day -1, ^^^p < 0.001 vs Day -1. 
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Tumours were excised from the animals after imaging on post-treatment Day 21.  

Haematoxylin and eosin staining of the tumour slices weas performed. Representative 

images for all four groups at 2 different magnifications can be seen in Figure 4.18. 

Cell damage is obvious for the treatment group with apoptotic cells that were shrunk 

in size compared to cells in other groups and increased lack of contact with the 

surrounding cells [25, 30, 31], but still was not significant enough to cause complete 

tumour destruction. Tumour sections from the remaining groups showed characteristic 

MDA-MB-231 morphology throughout showing no signs of destructive intervention.  

 

Figure 4.18: H & E staining of sections of tumours excised from animals at Day 21 

showing apoptotic cell death for the (A) treatment group (NS + 1064 nm Laser), but 

no significant cell death for tumour administered with (B) DPGNS and no laser 

irradiation, (C) administration of PBS followed by 1064 nm laser irradiation, and (D) 

untreated control tumour. 

Tumour cellular tissue was quantified using ImageJ software. The percentage of H&E 

positive staining was quantified which is indicative of the cellular tissue. There was 

no distinction made between live and dead cellular tissue, only H&E positive cellular 

tissue was considered for quantification. There was a significant decrease in the 

percent area covered by cellular tissue in the treatment group (39.8%) compared to all 
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the control groups (Untreated control – 75.3%, PBS + Laser – 82.1 %, DPGNS alone 

– 77.2%) (Figure 4.19 (A)). Statistical analysis using one way ANOVA found the 

mean tumour cellular tissue area percentage to be significantly different between the 

treatment groups (F(3,7) = 21.75, p < 0.01). The Student Newman-Keuls Multiple 

Comparisons post-hoc test found that the tumours that underwent PTT had 

significantly less tumour tissue area percentage compared to all other groups (Figure 

4.19 (A)). The decrease in cellular tissue is likely due to tumour cell death. The 

morphological features found in H&E staining, such as the fragmentation of the 

nucleus and blebbing of the cells, indicate the apoptotic mode of cell death (marked 

areas in Figure 4.19 (B)). 

 

Figure 4.19: Tumour cellular tissue quantification: (A) One-way ANOVA found 

mean percent tumor tissue area (%) to be significantly different between treatment 

groups (F(3,7) = 21.75, p < 0.01).  Student Newman-Keuls Multiple Comparisons 

post-hoc test found DPGNS+Laser treatment group to have significantly less percent 

tumour tissue area compared to all other groups. Data is expressed as means and 

standard deviations. **p < 0.01 vs control, ^^p < 0.01 DPGNS+Laser; (B) Apoptotic 

cells with fragmented nucleus (marked by arrows) from a representative H&E 

stained image of a section from tumour that underwent PTT. 
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4.4 DISCUSSIONS 

Since DPGNS possess two distinct SPR bands, the PAI contrast ability at both the SPR 

peaks was initially investigated (Figure 4.5). The PA signal increases linearly with 

increased DPGNS concentration, at both the SPR wavelengths (700 and 1064 nm). 

This property was reported for other PA/PT nanoparticle agents, as increased 

concentration of photoabsorber will result in increased heat generation and 

subsequently more intense PA signal [25, 32, 33]. Since the PA signal amplitude is 

proportional to the concentration of the photoabsorber [34], this linear correlation was 

expected given the fluence of the laser irradiation was constant. At any concentration, 

the PA signal from 1064 nm excitation was equal to or higher than the signal from 700 

nm.  It can also be noticed from Figure 4.5, that exciting at wavelengths in resonance 

with both the SPR peaks (1 and 2) resulted in visibly similar PA intensity scans as a 

result of similar intensity of both the SPR absorption peaks (see Figure 3.2 (B)). ICG 

is one of the few available NIR dyes that is commonly used as a PAI contrast agent 

[27, 28, 35] but also possess limitations for bioimaging including poor photostability 

and hydrophobicity resulting in poor chemical stability. When compared with ICG, 

DPGNS exhibited significantly higher PA signal in the longer wavelength of 1064 nm 

(Figure 4.6). 

PA signal generation from DPGNS was also demonstrated within the muscle tissue of 

a mouse (Figure 4.7). Since water lets the acoustic waves pass through unimpeded, the 

US scan displays a dark cavity where the corresponding PA scan displays bright 

contrast. This demonstrates that the PA signal is generated by DPGNS in administered 

solution, with only the high frequency components of the pressure waves due to the 

heat dissipation from DPGNS is detected [26, 36]. Another nanoparticle that can be 

used within this second NIR window is single walled carbon nanotubes (SWNT), 

which has been reported to exhibit good contrast for PAI [28]. But the 

nonbiodegradable nature of SWNT was reported to cause chronic toxicity in lungs 

[29]. Though SWNT has optical absorption over a wide wavelength range, the optical 

tunability of plasmonic nanogold, like DPGNS, can be achieved by adjusting their size 

and shape in a controlled manner to modulate the biodistribution and 

pharmacokinetics. 
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Since the PA signal strongly depends on the heat transfer from the plasmonic 

nanoparticles to the surrounding environment, and the gold – water interface 

exhibiting thermal resistance [15, 23], silica was chemically coated onto the DPGNS 

to enhance the PA signal amplitude with the configuration DPGNS (PEG) – silica – 

water [15, 21]. As explained in section 4.1 (using equations 4.1 – 4.4), though the 

silica shell does not alter the absorption co-efficient of DPGNS, it enhances the 

emitted IR radiation as a consequence of heat generated from DPGNS [15, 17]. This 

can be evidenced from Figure 4.9 (C), where marginally higher temperature was 

measured in silica coated DPGNS solution compared to bare DPGNS.  

The aqueous solution of DPGNS was ideally suited for PA signal analysis, as the 

thermal expansion of water at atmospheric pressure diminishes vastly at 3.98 °C. Only 

the pressure, and subsequently the acoustic waves generated by the DPGNS will be 

detected by the transducer [13]. Since the parameters needed for PA signal generation 

(such as the Gruneisen parameter of the medium, fluence of the incident laser, heat 

profile of the nanoparticle photoabsorber) were all kept constant, the PA signal 

amplitude increase can only be caused by the interfacial heat resistance changes 

caused by the silica coating (Figure 4.10). Introducing a silica shell thus leads to a 

minimal interfacial thermal resistance between gold and silica, and SiO2 and water, 

resulting in a sharper temperature profile and increased photoacoustic signal. 

The dielectric constant of the surrounding medium has a direct influence on the SPR 

of any nanostructure. This dependency was detailed in Section 3.1, with the resonance 

condition Re()] = -km and an increased  of the medium red-shifting the plasmon 

resonance peak [22, 37]. This dependency is evidenced in Figure 4.11, where silica 

coating imparted a red-shift of 30 nm to both the SPR peaks of DPGNS. It should be 

noted from the resonance condition (equation 1.5) that higher shape factor k results in 

red-shift of the LSPR. With anisotropic nanostructures bearing higher values for k, the 

red-shift in LSPR of such nanostructures are much more prominent [14]. 

When irradiated at higher laser power, the intensity of both 1 and 2 of DPGNS 

decreased drastically but maintained its spectral shape. This might be due to a higher 

laser power causing the tips of the DPGNS to lose its sharpness (decreasing the apex 

angles of the tips). This phenomenon was detailed in Section 3.3 (Figure 3.5). When 

the laser power is significantly increased, the nanoparticle lattice temperature can be 
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raised beyond its melting temperature. This lattice temperature increase leads to shape 

and size changes in sub-picosecond timescales, even before the heat generated can be 

transferred to the surrounding medium by phonon-phonon coupling [1, 38-40]. Similar 

shape changes were observed with GNR, that underwent rod to sphere transformation, 

and with gold nanospheres, that underwent sphere to nanodot transformation [1, 38, 

39, 41]. Even though DPGNS might have undergone shape transformation, the laser 

power used was much higher than the 0.5 W/cm2 used in the in vivo studies. 

DPGNS possesses a higher absorption coefficient when in resonance with incident 

light at longer wavelengths (see Section 3.1 and 4.1). Thus the subsequent 

photothermal conversion and photoacoustic signal generation will be higher at longer 

wavelengths. In vivo monitoring of PTT using PAI was investigated with 1064 nm 

laser excitation. The light dose used in this study is less than various reported in-vivo 

photothermal studies on mice [25, 26, 33]. Also, this energy level is much lower than 

the safe level of laser irradiation of tissue in the 700-1100 nm wavelength range, as 

specified by the American National Standards Institute (ANSI) maximum permissible 

exposure (MPE) of the skin [42]. As per the literature search, no investigation of the 

systemic effects on animals after photothermal therapy has been reported, even though 

hematoxylin and eosin staining has been performed after laser irradiation to confirm 

the cell death in the tumour of the treated groups [25]. It must also be noted that, the 

size of DPGNS ranging from 120 – 150 nm enables them to efficiently activate the 

complement system and are rapidly cleared from the blood by the reticuloendothelial 

system [25, 43, 44].  

The intratumoral administration of DPGNS followed by laser irradiation at 1064 nm 

increased the tumour temperature by ≈ 9℃ (Figure 4.14) and thus induced localised 

hyperthermia. This shrunk the tumour volume, as shown by the PA scans three days 

after the PT treatment (Figure 4.15). But the subsequent tumour regrowth resulted in 

gradual increase of tumour volume. This can be explained by thermo-resistance which 

occurs when the cellular temperature reaches around 41°C, causing protein 

denaturation and cell inactivation. Beyond the inactivation time (which can last for 

several hours), the cells that survive develop temporary resistance to that amount of 

heat and begin to multiply again [7]. This thermo-tolerance is due to the increased 

expression of heat shock proteins (HSP) which refolds the denatured proteins and 
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prevents further denaturation and consequent unfolding of proteins [45, 46]. This 

resistance can be overcome by a slightly higher temperature induction for longer 

periods of time, resulting in severe hyperthermia that causes long term cell 

inactivation. When the temperature and exposure time is increased, the exposed cells 

are unable to respond to the heat stress efficiently and thus undergo major programmed 

cell death through either apoptosis and/or necrosis based on the quantum of heat 

generation [47]. The cytotoxicity of hyperthermia is further enhanced in cells 

undergoing mitosis thus enabling cancer cells to be more thermosensitive [45]. Since 

the light dose used in this study is less than the ANSI MPE for irradiation at 1064 nm 

(1 W/cm2) [42], it can be increased by using higher laser power (0.6 – 1 W/cm2) and/or 

multiple treatment sessions with the currently used 0.5 W/cm2 for better PT treatment 

effects. 

Along with a distinct peak at 700 nm, PA spectral scan of DPGNS displayed a band 

approaching a peak beyond the OPO range (Figure 4.16). This band might be either 

the 2 band of the DPGNS (peaking at 1050 nm) or the absorption from water (peaking 

at 950 nm). Since the 1064 nm excitation source is a standalone laser source, the option 

of acquiring a spectral scan is not possible, and so the PA spectral peak from the 

absorption at 2 of the DPGNS could not be acquired. It can also be seen from Figure 

4.16 (B - D) that the DPGNS signal amplitude within the tumour decreased with time 

(Day 3-14). This demonstrates that the DPGNS gradually diffused out of the tumour 

over time and are completely eliminated by Day 14. The intense PA signal from 

DPGNS, even on Day 3, shows that the DPGNS nanostructure did not destabilise after 

the PT treatment. This justifies the methodology to impart higher laser power or 

multiple treatment sessions for enhanced PT effect.  

Similar trend in PA signal can be seen with 1064 nm laser excitations (Figure 4.17 

(B)), but some PA signal was still visible at Day 14 and 21. The PA signal at Day 14, 

with 1064 nm laser excitation, might be from the deep lying DPGNS adding evidence 

for the deep tissue imaging capability of PAI at longer wavelengths. The DPGNS 

elimination period from tumours is similar to reports for other PA/PT agents [15, 25, 

33]. It can be noticed from Figure 4.17 (C), that the PA signal emanated from DPGNS 

exposed to 1064 nm laser displayed similar amplitude (at Day 3) as DPGNS which 

were not exposed to 1064 nm laser. This demonstrates the superior photostability of 
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DPGNS and that further laser exposure will result in similar PT conversion efficiency 

of DPGNS as the initial laser exposure. This fact adds more reason for the suggested 

increase of laser power or multiple laser treatment sessions for enhanced PTT efficacy.   

For the treatment group, the tumours were administered with DPGNS followed by 

1064 nm laser irradiation. Although the actual tumour size did not significantly 

decrease at the end of the study (Day 21), there was a clear decrease in cellular tissue 

according to histological analysis. Since the laser treatment was able to induce 

apoptotic cell death (Figure 4.18 and 4.19 (B)) that can be seen as far as post-treatment 

Day 21 (versus signs of cellular recovery), which suggests that a single laser treatment 

session with DPGNS was sufficient to cause continuous cell death. It may be that 

tumour cell death would continue even past Day 21 after only one laser treatment, but 

it is proposed that future studies investigate the effects of repeated laser treatment on 

tumours administered with DPGNS.  With multiple laser treatments, cell death may 

become even more pronounced and lead to a decrease in actual tumour volume. The 

quantified tumour cellular tissue and further statistical analysis showed significant 

decrease in the percent cellular area (39.8%) for the PT treatment group compared to 

all other control groups demonstrating that the PT effect of DPGNS did result in 

significant tumour cell death. This destruction at cellular level along with the 

photostability displayed by DPGNS even after the PTT session (from significant PA 

amplitude within tumours at Day 3) warrants higher laser power or multiple treatment 

sessions with the currently used 0.5 W/cm2 for enhanced photothermal destruction of 

tumours using DPGNS. 

 

4.5 SUMMARY 

The PA contrasting ability of DPGNS was successfully demonstrated in agarose 

phantoms with increasing concentration of DPGNS displaying linear increase in PA 

signal amplitude. DPGNS possess unique structural characteristics that impart 

superior optical properties, resulting in high photothermal capabilities. DPGNS’s 

photothermal conversion efficiency has been successfully demonstrated in solution 

with temperature increase of ≈ 25 ℃. Silica coating of DPGNS, by virtue of enhanced 

IR radiation emission, marginally increased the temperature rise by 2 ℃. Silica coating 
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of DPGNS was shown to act as a heat conducting layer and impart better heat transfer 

capabilities, subsequently intensifying the PA signal by DPGNS. Since photothermal 

conversion is the optical process responsible for eliciting PA contrast and for PTT, a 

novel theranostic substrate based on silica coated DPGNS was developed to be used 

at 1064 nm excitation, a longer wavelength than the conventional clinical range. The 

photothermal capability of DPGNS was demonstrated in vivo, with localised 

temperature rise by 9℃ in tumour when irradiated with 1064 nm CW laser. This 

induced localised hyperthermia which shrunk the tumour volume considerably, when 

measured at Day – 3 time point. But subsequent tumour regrowth resulted in gradual 

increase in tumour volume beyond Day 3. This tumour regrowth after PTT was 

suggestive of thermo-resistance by cancer cells as a result of mild hyperthermia. The 

quantified tumour cellular tissue displayed significant decrease in the percent cellular 

area (39.8%) for the PT treatment group demonstrating the photothermal capability of 

DPGNS. Either higher laser power or multiple treatment sessions with the currently 

used 0.5 W/cm2 was suggested for inducing severe hyperthermia for permanent 

tumour destruction. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

 

5.1 CONCLUSIONS 

Nanotechnology as an area of interdisciplinary scientific research has developed 

rapidly and contributed vastly in biomedical imaging. An overwhelming variety of 

nanostructures synthesised using various metals with enhancement in different optical 

properties has also been reported in the past few decades. The work reported in this 

thesis, describes investigating GNP, one of the most widely used biocompatible NP, 

as the core to fabricate multimodal nanoprobes for optical diagnostic imaging and 

therapy.  

Chapter 2 described a novel methodology for the synthesis and fabrication of 

anisotropic gold nanostar based nanoprobes (Nanosensitisers) for multimodal 

detection and therapy for cancer. Multibranched gold nanostars were synthesised 

based on a green chemistry approach using HEPES as a reducing and shape directing 

agent. After coating with a monolayer of the NIR Raman dye DTTCI, nanostars 

significantly enhanced the SERS signal of DTTCI’s signature Raman bands. 

Conjugation of photosensitisers (PS) with denatured BSA before being fabricated into 

the nanoconstruct offered the dual purpose of preventing the fluorescence quenching 

of the PS by the gold nanostars, along with stabilising the structure. Physio-chemical 

and optical properties of the individual components of the NS were also successfully 

investigated post-fabrication. Synthesised NS displayed SERS capability by its gold 

nanostar core and fluorescence capability by the PS and can be used in SERS 

microscopy and photodynamic diagnosis (PDD) respectively for the detection of 

cancer. Due to its high surface area and roughness, nanostars displayed potential for 

high drug loading capability for PS delivery, and thus conferring therapeutic potential 

of NS through the photodynamic capability of PS and photothermal capability of the 

multibranched gold nanostars. This nanoconstruct not only exhibited the 

aforementioned theranostic capabilities, but further modalities including Photothermal 

Optical Coherence Tomography (PT-OCT) and Photoacoustic Imaging (PAI) could 

also be exploited owing to the gold nanostar’s property of high absorption cross-

section providing enhanced optical contrast. Preliminary in vitro analyses shown here 

demonstrated a real promise for NS as a single node multimodal theranostic tool.  
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The shape and structure of the nanostars were further optimised to elicit surface 

plasmon resonance absorption in the farther NIR region that falls within the second 

optical window (1000 – 1400 nm), where the absorption co-efficient of water and the 

scattering from the tissue and vasculature is far less compared to the first optical 

window (700 – 980 nm). 

Chapter 3 detailed the synthesis and characterisation of multibranched star shaped 

gold nanoparticles with longer branches and sharper tips than the previously 

synthesised nanostars (detailed in Chapter 2). These new nanostars displayed plasmon 

resonance at two distinct tunable wavelengths (1 and 2), and hence called dual 

plasmonic gold nanostars (DPGNS). 1 of the DPGNS lies in the range of 650 – 700 

nm, similar to the SPR of the previously synthesised nanostars. But the superiority of 

DPGNS over nanostars lies in the presence of 2 in the range of 1050 – 1200 nm. This 

longer wavelength absorption imparted by the presence of longer branches and sharper 

tips were demonstrated by finite difference time domain (FDTD) analytical 

simulations. The specific excitation and the rate of induction of individual plasmon 

modes was demonstrated by controlling the polarisation of the incident light. The 

origin of the plasmon modes were also explained in terms of activation of the higher 

order modes with dipole resonance mode dominating at longer NIR wavelength and 

quadrupole and octapole mode being excited at shorter visible and far-red 

wavelengths. The enhancement of localised electric field at the longer and sharper tips 

resulted in enhanced SERS with enhancement factor (EF) reaching 2 x 107 when 

excited at 785 nm, orders of magnitude higher than previously synthesised nanostars, 

and the potential capability to elicit further enhanced SERS EF when excited using 

NIR laser wavelength (1064 nm) matching that of 2. 

 In Chapter 4, the longer wavelength contrasting capability of DPGNS was 

investigated with PAI using the NIR light source at 1064 nm. Phantom studies 

displayed linear increase in PA signal with increasing DPGNS concentrations. Silica 

coating of DPGNS (shell thickness of 10 nm) was demonstrated to enhance the 

photothermal effect of DPGNS by 2 - 3 °C because of its higher emissivity and 

enhanced emission of IR radiation. Silica shell also imparts faster heat transfer from 

DPGNS to the surrounding medium through its minimal interfacial heat resistance, 

and consequently enhanced the PA signal. 
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With photothermal capability of DPGNS at NIR wavelength successfully tested, the 

PAI monitoring of PTT in vivo was then investigated. MDA-MB-231 breast cancer 

cells were xenografted to induce tumour on the flanks of mice and the tumours in 

treatment group were administered with DPGNS and irradiated with 1064 nm laser 

(0.5 W/cm2 for 10 mins). Temperature increase in the treatment group after laser 

irradiation was monitored using infrared thermal camera and found to be 8 – 9 °C 

whereas the temperature increase was only 1 – 2 °C in tumours injected with saline. 

The tumour growth curve indicated decrease in tumour volume at the Day 3 time point 

but started to increase in volume gradually soon after. There was also no significant 

difference found in tumour growth between the groups. It was concluded that the 

reason for this tumour re-growth might be due to thermo-resistance developed by 

tumours as a response to temperature increase to ≈ 41 °C. This can be overcome by 

either increasing the light dose from the 0.5 W/cm2 used in this study to 0.6 – 1 W/cm2 

or by increasing the temperature for longer duration by having multiple treatment 

sessions to induce long-term hyperthermia that is detrimental to tumours. Even though 

the tumour volume was found to be increasing beyond Day 3, the tumour cellular 

tissue area quantification performed with tissues excised at Day 21 demonstrated 

significant cell destruction for tumours in the treatment group. This destruction at 

cellular level along with the photostability displayed by DPGNS to elicit bright PA 

signal up to day 7 after the laser treatment warrants increasing the laser power used 

for PTT or multiple treatment sessions for complete tumour destruction.  

The optimal shape, size and mechanism of different SPR based nanoparticles as 

contrast agent for PAI has to be studied and compared yet, but SPR at longer 

wavelength should be of primary importance as the clinical relevancy of any modality 

should be dictated by deep tissue imaging with higher sensitivity. 

 

5.2 FUTURE WORK 

Future direction of multimodal nanoprobes based bioimaging should primarily 

concentrate on optimising the aforementioned steps in the nanoprobe fabrication, as 

there is no consensus yet on a gold standard process. As multi-modal approach for 

therapy and diagnosis (theranostics) is considered the way forward, research has to be 

focussed on comparative analysis of various nanoprobe constructs that elicit optimised 
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signal when multiple modalities are tested simultaneously. For example, comparative 

analysis of SERS enhancement should be analysed from spherical GNP aggregation 

and hot spots from individual anisotropic GNP, keeping in mind the optimal multi-

modal signal generation (fluorescence or magnetic property) from the nanoconstruct. 

Although the concept of multimodal nanophotosensitisers as a clinical tool is in its 

initial stages, the exploitation of innovative nanocarriers and methodologies for 

fabrication shows promise and may attract the attention of the clinical community. 

In vivo PAI monitoring of Photothermal capability by DPGNS at 1064 nm was 

demonstrated as a proof-of-concept. The tumour cellular tissue area quantification 

showed significant cell destruction within tumours that underwent DPGNS 

administration followed by 1064 nm laser irradiation, demonstrating the PTT efficacy 

of DPGNS. Thus by devising a methodology with higher laser power and/or multiple 

treatment sessions, the PTT efficacy of the DPGNS can be enhanced [1-4]. As 

demonstrated in Chapter 3, DPGNS can be used as the core to construct multimodal 

theranostic platform by conjugating PS. This way, both PDT and PTT can be induced 

and monitored using PAI [5]. 

The photothermal capability of DPGNS can also be utilised with Optical Coherence 

Tomography (OCT) based on photothermal modulation (Photothermal – OCT). OCT 

is an interferometric technique that uses the amplitude of the interference signal and 

the phase modulation of the back-scattered light from either endogenous or exogenous 

contrast to form high resolution 3-dimensional images [6]. Exogenous contrast was 

obtained by exciting the photothermal contrast agent at its resonance wavelength by 

inducing a localised temperature gradient which would alter the optical path length in 

the sample. By modulating the photothermal laser at frequency close to the SPR of the 

contrast agent and by detecting the change in the optical path length at that frequency, 

the contrast agent can be localised within the sample. Since the change in optical path 

length is detected by the phase-change in the interference signal, phase sensitive-OCT 

can detect nanometer-scale displacements of the contrast agent [6-9]. By using 

DPGNS as an exogenous contrast agent, phase-sensitive low coherence 

interferometric PT-OCT can be employed in the NIR region (1064 nm) for deep tissue 

imaging. There have been reports of PT-OCT using gold nanorods, nanoshells and 

single walled carbon nanotubes as the contrast agent but the photothermal laser used 



CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

 

135 
 

in all those studies were 800 nm or below, thus demonstrating the novelty of DPGNS 

contrast based PT-OCT. 
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APPENDIX 

 

A1: Multishell Au-Ag-Au bimetallic nanoparticle 

Along with multibranched GNPs, another structural design for nanoparticle core was 

considered - multishell bimetallic nanoparticles consisting of gold and silver. Despite 

silver nanoparticles having higher scattering cross-section resulting in large 

enhancement of Raman signal, it has been proven to be highly toxic towards biological 

samples because of its surface oxidising property, whereas GNPs provide comparative 

moderate Raman enhancements but are highly biocompatible. It is worth considering 

a strategy where advantages of both gold and silver nanoparticles can be utilized and 

the synthesis of bimetallic multishell nanostructure was thus taken up. 

Spherical GNPs were initially synthesised by reducing the gold precursor, gold 

tetrachloroaurate (HAuCl4), with sodium borohydride (NaBH4) and using tri-sodium 

citrate as capping agent. For coating GNPs with silver, silver nitrate was reduced to 

silver ions on GNP’s surface; ascorbic acid was used as reducing agent and tri-sodium 

citrate as stabilizing agent. The average diameter of the silver coated GNPs was 

expected to be in the range of 12-20 nm. 

 

Figure A1a: Core-shell gold-silver bimetallic nanoparticles with uniform sized gold 

core but wide distribution of overall size (A); gold core is clearly visible as dense spot 

and greyish silver coating (B) 
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The gold cores can be seen as dense spheres in the centre covered by a greyish silver 

coating (Figure A1a). To confirm the silver coating, samples were acquired with time 

intervals after reducing silver nitrate on GNPs, and absorption spectra was obtained to 

check the absorption signal from the silver (Figure A1b). 

 

Figure A1b: Confirmation of silver coating of gold core by following absorption 

maxima of silver (410 nm) after each millilitre of silver nitrate reduced on gold 

nanoparticles 

After varying relative parameters and methodology, the size distribution could not be 

narrowed down and consequently outer coating of gold could not be performed. 

Further prior-art search revealed that instead of growing nanoparticles in aqueous 

solutions, organic phase synthesis could be carried out with much better control over 

all parameters and conditions; but the temperature has to be precisely monitored with 

a high-range temperature controller. 
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A2: Zeta potential of Gold Nanostars 

 

Zeta potential describes the electrostatic interaction of the nanoparticles with its 

surrounding medium (solvent dispersion). Nanoparticles dispersed in solutions are 

electrically charged at the surface due to its ionic characteristics. The immediate 

surface of each nanoparticle in solution is surrounded by ions with opposite charge 

that binds strongly with the surface and another layer of diffusely charged ions whose 

electrostatic binding strength decreases with increasing distance from the 

nanoparticle’s surface. The electric potential at the boundary between the strongly 

bound ions and the loosely bound ions, so-called shear plane, is known as Zeta 

potential. This is different from surface potential in that the potential decays with 

distance from nanoparticle’s surface. Positive or negative zeta potential higher than > 

30 mV leads to monodispersity of nanoparticles in solution. Thus nanostars (and 

DPGNS) with its - 40 mV has high monodispersity in aqueous colloidal solutions. 
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A3: PS loading capacity of nanostars 

The number of PS molecules conjugated with each nanostar was calculated by first 

measuring the number of nanostars in reaction solution. This was achieved by 

calculating number of atoms per individual nanostar and total number of gold atoms 

in the reaction solution. Considering the structure of a nanostar as a stellated 

polyhedron, which is essentially two intersected polyhedron. For the structure similar 

to the TEM images, a stellated octahedron with eight polyhedral structure growing out 

of it was considered. So the volume of the nanostar structure would be the volume of 

8 x tetrahedron + 1 octahedron, which is, 

8 𝑥 (
√2

12
 𝑎3) +  √2 𝑎3    (1) 

with a being the edge length of the polyhedron which is essentially the length of the 

nanostar branch. By using ImageJ, the length of the branch was measured to be ≈ 10 

nm. Thus by substituting the value of a in equation 1, the volume of the nanostar was 

V = 1901 nm3. The mass of a gold atom is given by, 

𝑀 =  𝜌 𝑥 𝑉     (2) 

With ρ being the density of gold (19.3 g/mL) and using the volume found from 

equation 1, the mass of the gold atom can be calculated as, 

M (10-3g) = ρ (g/mL) x V (nm3)   (3) 

M (10-3g) = 19.32 g/cc x 1901 x 10-21g (1 mL = 1 cc and   

1 nm3 = 10-21 cm3) 

M = 3.7 x 10-17 g 

The number of moles was then calculated which is mass over molecular mass; 

𝑀𝑜𝑙𝑒𝑠 =
𝑀

𝑀𝑊
=  

3.7 𝑥 10−17𝑔

196.96 
𝑔

𝑚𝑜𝑙𝑒𝑠⁄
= 0.02 𝑥 10−17 𝑚𝑜𝑙𝑒𝑠 

 

Number of atoms per Nanostar was then calculated, = Number of moles x Avogadro 

number = 1.1 x 105 atoms/Nanostar 
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𝑁𝑜. 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑥 𝑁𝐴 = 0.02 𝑥 10−17 𝑥 6.023 𝑥 1023 = 1.1 𝑥 105 𝑎𝑡𝑜𝑚𝑠/𝑁𝑎𝑛𝑜𝑠𝑡𝑎𝑟 

Since the total number of atoms in solution was found to be 43.3 mg/L from AAS, the 

number of moles is given by, 

43.3 
𝑚𝑔

𝐿⁄ =  
0.043 

𝑔
𝐿⁄

196.96 
𝑔

𝑚𝑜𝑙𝑒𝑠⁄
= 0.218 𝑥 10−3 𝑚𝑜𝑙𝑒𝑠 

And the number of gold atoms in total solution was then, 

𝐴𝑢 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.218 𝑥10−3 𝑥 6.023 𝑥 1023 = 1.3 𝑥 1020 

And thus, number of nanostars in solution, 

1.3 𝑥 1020

1.1 𝑥 105
= 1.2 𝑥 105 𝑁𝑎𝑛𝑜𝑠𝑡𝑎𝑟𝑠 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

By UV-Vis standard curve analysis, the concentration of PS in NS was found to be 

12.5 μM (12.5 x 10-6 moles/L). Since 1 mole = 6.023 x 1023 molecules, 

12.5 𝑥 10−6 𝑚𝑜𝑙𝑒𝑠 = 12. .5 𝑥 10−6 𝑥 6.023 𝑥 1023 = 75 𝑥 1017 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

Since the total number of nanostars I solution was found to be 1.2 x 105, the PS 

molecules per individual nanostar was calculated to be, 

𝑃𝑆 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑁𝑎𝑛𝑜𝑠𝑡𝑎𝑟⁄ =  

7.5 𝑥 1017

1.2 𝑥 1015
= 6250 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝑎𝑛𝑜𝑠𝑡𝑎𝑟⁄  
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A4: FDTD simulation of the out-of-plane polarisation of individual DPGNS branch, 

dimer and multiple branched nanostar all displayed only a blue-shifted 1 at around 

500 nm and 2 has completely disappeared. 

 

 

 


