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Impact 

 

Pancreatic cancer is a devastating malignancy with an extremely poor 

prognosis, with 5-year survival rate of around 8% for all stages of the disease. 

Hence, the identification of effective systemic anti-cancer drugs against 

pancreatic cancer will have transformative implications. In fact, the efficacy of 

Gem, the chemotherapeutic agent presently used for pancreatic tumors, is 

very limited due to insufficient accumulation and activation in the tumor cells. 

This study has demonstrated the ability of GNPs to deliver chemotherapeutic 

agents and to simultaneously exert red-light induced hyperthermia. 

Interestingly, the designed nanoformulation increased the therapeutic index of 

Gem, which could potentially lead to improved pharmacokinetics of Gem, 

reducing its non-specific side effects and enabling higher dose drug delivery 

to the site of action. Furthermore, targeting the Gem-loaded GNShells locally 

with light irradiation can produce sufficient heat in order to enhance the 

cellular uptake and bioactivity of the nanoformulation. In the longer term, 

synergistic photothermal therapy and chemotherapy could provide minimally 

invasive cancer therapy modalities for patients with pancreatic cancer and 

improve their quality of life by considerable decrease of systemic cytotoxicity 

without compromising the therapeutic efficacy.  
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visibility of our work in diverse audiences comprising both academics and 

industrial delegates in internationally recognised scientific meetings such as 

the European University Consortium for Pharmaceutical Sciences, Paris, 

France; Liposome Advances: Progress in Drug and Vaccine Delivery’ 

conference, London, UK; Micro- and Nanotechnologies for Medicine: 

Emerging Frontiers and Applications, in Massachusetts Institute of 

Technology Harvard-MIT Health Sciences & Technology, Cambridge, 

Massachusetts, USA; 4th Symposium on Innovative Polymers for Controlled 
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Delivery (SIPCD 2016), Suzhou, China; International Conference and 

Exhibition on Nanomedicine and Drug Delivery, Osaka, Japan 2017.  

 

Overall, the proposed multi-functional nanosystem provides future directions 

for improving the therapeutic outcomes and shows that combinational chemo- 

and photothermal therapy has promising potential in future cancer 

therapeutics and hence I anticipate that our findings will be inspirational to a 

wide range of researchers from pure formulation scientists to oncologists, 

biomedical engineers and nanoscience experts. 
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Abstract 
 

Pancreatic cancer is one of the most deadly of all types of cancer, with a 

yearly incident that equals its mortality. Gemcitabine (Gem) is currently the 

first-line chemotherapeutic drug used to treat pancreatic cancer. The major 

deficiencies of Gem therapy are poor cell membrane permeability, short 

plasma half-life and toxic side effects. In order to improve the pharmacokinetic 

characteristics and overcome the obstacles to achieve effective drug delivery, 

a nanoparticulate drug delivery system can be utilised; gold nanoparticles 

(GNPs) have been investigated as carriers for drug delivery due to their 

appealing physicochemical and optical properties.  

 

This research project concerns the development of a new generation of GNPs 

for cancer treatment by co-delivering anti-cancer drugs in combination with 

laser-induced photothermal effects confined at the diseased areas.  

 

Gold nanoshells (GNShells) were synthesised with the capability to carry and 

deliver Gem and exert phototherapeutic properties. Protein repellent thiol 

capped poly (ethylene glycol) methyl ether methacrylate polymers were 

synthesised by RAFT polymerisation and used as efficient particle stabilising 

ligands. Significant stability enhancement was achieved allowing for the co-

functionalisation of GNShells with Gem for applications in in vitro assays 

against pancreatic cancer cells. GNShells mediated strong photothermal 

effect owing to their strong surface plasmon absorption in the red/NIR region. 

This property was exploited to enhance the toxicity of Gem using laser light as 

the external stimulus.  

 

The concerted antitumor activity of Gem with the photothermal effect of the 

GNShells upon irradiation with a continuous wave laser, increase the cellular 

uptake and efficacy of Gem-loaded GNShells against MiaPaCa-2 cells. 

Therefore, the proposed nanoformulation might provide an active strategy for 

synergistic chemo-photothermal combined therapy. 
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Chapter 1                                                                                              

Introduction 

 
 
Over the last decade, laser-induced tissue hyperthermia mediated by gold 

nanoparticles has shown an immense potential to enhance the efficiency of 

cancer treatment. This research includes the elucidation of the unique 

plasmonic radiative and non-radiative properties of gold nanoparticles, their 

use in nanomedicine as carriers for enhancing the delivery ofgemcitabine 

against pancreatic cancer cells and also as photothermal agents for the 

selective killing of cancer cells under irradiation by NIR laser light. This is 

followed by the overview of the work of active groups in the field of 

phototherapy of cancer with different shapes of gold nanoparticles (nanorods, 

nanoshells, nanostars, nanospheres, etc.); in particular, gold nanoshells are 

advantageous over other particle shapes owing to their unique optical 

properties.  

 

1.1 Pancreatic cancer 
 

Pancreatic cancer is one the most aggressive human malignancies, with an 

extremely dismal prognosis due to absence of symptoms and lack of reliable 

screening tests for early diagnosis. The incidence of pancreatic cancer is 

almost equal with the mortality rate, with less than 5% five-year survival 

(Affram et al., 2015). Pancreatic cancer comprises both endocrine and 

exocrine type, according to the origin of the tumors. Ductal adenocarcinoma is 

an exocrine and the most common type of the pancreatic cancer (more than 

90%) and originates in the cell lining of the pancreatic duct. On the contrary, 

pancreatic endocrine tumors, also called as neuroendocrine tumors, are rare 

and start in the islet cells of the pancreas (Figure 1.1) (Patra et al., 2010).  
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Figure 1.1. Illustration of pancreatic cancer (Shroff et al. 2011). The pancreas is a 6 

inches long glandular organ that is located across the back of the abdomen, behind 

the stomach (Drake et al., 2005). The vast majority of the pancreatic cancers are 

ductal adenocarcinoma (exocrine tumors) that originates from the epithelium lining 

pancreatic ducts (Patra et al., 2010). Due to fibrotic and hypovascular 

microenvironment of pancreatic cancer, efficient drug delivery to the tumor site 

remains a major challenge (Li et al., 2010).  

 

Among solid tumors, pancreatic tumors are highly chemo-resistant to 

cytotoxic anti-cancer agents due to their desmoplastic reaction (DR). A dense 

desmoplastic reaction surrounding malignant epithelial cells is composed of 

extracellular matrix (ECM) proteins, fibroblasts, stellate cells, endothelial cells, 

immune cells, and neurons. This unique microenvironment along with 

frequent genetic alterations and insufficient drug delivery can cause 

pancreatic tumor growth, invasion, and resistance to therapy (Li et al., 2010). 

Considering the number of obstacles for effective and penetrating treatment, 

novel strategies are desperately needed for the treatment of this deadly 

disease. 
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1.2 Gemcitabine 
 
Gemcitabine (Gem) is currently the leading therapeutic for pancreatic cancer 

therapy, which was first synthesised by Hertel et al. (Hertel et al., 1988). It is 

normally sold as its hydrochloride salt. Gem has a short plasma half-life (<20 

min) due to the rapid conversion to the inactive metabolite (2',2'-

difluorouridine, dFdU) by plasma deaminase deoxynucleotide which severely 

limits its efficacy. Also, the hypovascular and poorly perfused nature of 

pancreatic tumors cause inadequate delivery of the drug to cancer cells 

(Cavalcante and Monteiro, 2014). Therefore, drug delivery strategies are 

needed to improve the chemotherapeutic action of Gem.  

 

1.2.1 Uptake and metabolism 

Gemcitabine (dFdC, 2',2'-difluorodeoxycytidine) is a deoxycytidine analogue 

with anti-tumor activity against many solid tumors including pancreatic cancer 

(Figure 1.2). It augments its own cytotoxicity by self-potentiation mechanisms 

that are attributed to the inhibition of ribonucleotide reductase (RR) and 

deoxycytidine monophosphate deaminase (dCMP deaminase) by Gem 

diphosphate and triphosphate, respectively (Figure 1.3) (Heinemann et al., 

1992). The uptake of Gem into the cell is accomplished through the human 

nucleoside transporters (hNTs). Once inside the cell, Gem undergoes through 

successive intracellular phosphorylation in order to exert its action. Gem is 

first phosphorylated into its monophosphate form (2',2'-difluorodeoxycytidine 

monophosphate, dFdCMP) by deoxycytidine kinase (dCK) in the rate limiting 

step, then phosphorylated to Gem diphosphate (2',2'-difluorodeoxycytidine 

diphosphate, dFdCDP) and Gem triphosphate (2',2'-difluorodeoxycytidine 

triphosphate, dFdCTP) by pyrimidine nucleoside monophosphate (NMP) and 

diphosphate kinase (NDP), respectively. 
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Figure 1.2. Chemical structure of Gem. 

 

dFdCDP inhibits ribonucleotide reductase (RR) and this reduces the pool of 

competing deoxycytidine (dCTP) necessary for DNA replication. dFdCTP 

(cytotoxic form of dFdC) is an active metabolite that promotes cell apoptosis 

by being incorporated into the DNA strand and terminating DNA 

polymerisation. Also, dFdCTP inhibits deoxycytidine monophosphate 

deaminase (dCMP deaminase), which transforms dFdCMP into 2',2'-

difluorouridine monophosphate (dFdUMP) and causes Gem inactivation (Mini 

et al., 2006; Gesto et al., 2012; Andersson et al., 2009; Binenbaum et al., 

2015). All these steps benefit the cytotoxicity effect of Gem. 
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NTs            →   nucleoside transporters                         

dFdC           →   2',2'-difluorodeoxycytidine 

dFdCMP     →   2',2'-difluorodeoxycytidine monophosphate      

dFdCDP      →  2',2'-difluorodeoxycytidine diphosphate  

dFdCTP      →  2',2'-difluorodeoxycytidine triphosphate           

dFdUMP     →  2',2'-difluorouridine monophosphate 

dFdU           →   2',2'-difluorouridine 

dCMP deaminase  →  Deoxycytidine monophosphate 
deaminase 

 
Figure 1.3. The cellular metabolism of Gem. 
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1.3 Cancer Nanomedicine 
 
 
Nanotechnology is a multidisciplinary research field that involves optimal 

engineering of functional materials at the nanoscale (1-100 nm) (Ferrari, 

2005). Short drug circulation times, non-specific drug delivery, drug toxicity 

and tumor resistance are the challenges associated with current existing 

cancer treatments. Therefore, applying nanotechnology in medicine 

(Nanomedicine) to overcome these impediments is under development over 

the past two decades (Pedrosa et al, 2015). Nanomedicine is being applied to 

cancer therapy by developing innovative nanovectors, such as nanoparticles, 

which show significant improvement in cancer detection, diagnosis, imaging, 

and non-invasive therapy by altering the pharmacokinetic properties of 

chemotherapeutic agents (Khare et al., 2014). 

 

1.4 Gold Nanoparticles   
 

Gold nanoparticles (GNPs) are currently possessing broad potential utilisation 

in cancer therapy, including drug delivery, bio-imaging and bio-diagnostics 

(Cai et al., 2008). GNPs have unique physicochemical properties that brought 

them to the forefront of cancer research (Patra et al., 2010; Huang and El-

Sayed, 2010; Shukla et al., 2010; Fan et al., 2008; Murphy et al., 2008; Link 

and El-Sayed, 2000), such as:  

• Accessible synthesis of GNPs in different sizes and shapes (spheres, 

rods, shells, stars, etc.).  

• GNPs compositions with tunable optical properties and bigger surface 

to mass ratio. 

• GNPs with the ability to bind, absorb and carry compounds such as 

drugs, biomolecules, surfactants, polymers, etc. (surface modification). 

• Exceptional stability against oxidation along with their non-cytotoxic, 

non-immunogenic and biocompatible nature. 
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Tunable optical properties of GNPs in the visible and near-infrared regions in 

particular distinguish them from other nanoplatforms (polymeric and magnetic 

nanoparticles, or semiconductor quatum dots); their optical properties arise 

from the surface plasmon resonance (SPR), a unique optical phenomenon 

that enhances the radiative (light scattering) and non-radiative (conversion of 

absorbed light into heat) properties of GNPs due to the existence of strong 

electromagnetic field on the NPs’ surface. Therefore, these metal NPs can act 

as a powerful theranostic tool with applications in electronics, sensing, 

imaging, and photothermal therapy (Huang and El-Sayed, 2010; Link and El-

Sayed, 2000; Jain et al., 2008; Huang et al., 2007). 

 

1.5 Surface plasmon resonance (SPR) 
 

In 1957, Michael Faraday published the first systematic study on the 

dependence of colloidal GNPs color variation to their size alteration (Faraday, 

1957). In 1908, Gustav Mie reported the fundamental theory for the prediction 

of optical properties of spherical GNPs in non-absorbent media, using 

Maxwell’s electromagnetic equations. Mie computed the elastic scattering of 

light from the surface of spherical GNPs (30-100 nm) and detected the 

scattered light with a commercial microscope under dark-field illumination 

conditions (Mie, 1908; Grodzinski et al., 2006; Wriedt, 2012). The scattering of 

electromagnetic waves by spherical particles as described by Mie, was later 

interpreted in terms of surface plasmon resonance. The interaction of 

oscillating electromagnetic field of light at specific wavelengths with metal 

nanoparticles (e.g. GNPs) causes the collective coherent oscillation of the 

conduction band electrons on the metal surface with respect to the positive 

metallic lattice. This dipole oscillation is resonant along the direction of 

electromagnetic field of light and reaches its amplitude at a specific frequency, 

called surface plasmon resonance (SPR) (Figure 1.4).  
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Figure 1.4. Scheme of the collective oscillation of conduction 

electrons on the surface of GNPs interacting with resonant 

electromagnetic radiation of an appropriate wavelength 

(Camacho, 2015). 

 

The plasmon band intensity and frequency depends on the nanoparticle’s size 

(redshift with larger size), the shape (shells, rods, spheres, stars, etc.), the 

aggregation state (inter-particle distance lower than the GNP size) and the 

environment (i.e. the dielectric properties of the solvent) and can be tuned 

from visible to near infrared region (NIR) by altering each of these factors 

(Huang and El-Sayed, 2010; Jain et al., 2008; Huang et al, 2007; Boisselier 

and Astruc, 2009). 

 

Illumination of metallic nanostructures (e.g. GNPs) at room temperature, using 

visible light or NIR laser with a photon energy equal to the metal’s work 

function, excites surface plasmons on the nanoparticle surface (Brongersma 

et al., 2015). Plasmons can damp their accumulated energy on a 

femtosecond (fs) timescale (electromagnetic decay) either radiatively through 

re-emitted photons or non-radiatively by converting the energy into heat 

through a cascade of photo-physical processes (Figure 1.5). Radiative and 

nonradiative properties of SPR can be selected or combined depending on 

the specific biomedical application of metal nanoparticles (Clavero, 2014). 
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Figure 1.5. Localised surface plasmons can decay radiatively via re-emitted photons 

or non-radiatively via excitation of hot electrons. In metal nanoparticles, non-radiative 

decay can occur through intraband/or interband excitation of electrons above the 

Fermi level (Clavero, 2014). 

  

1.6 Tunable radiative properties     

As mentioned above, collective oscillation of free electrons on metal surfaces 

that resonate with the frequency of incident light (i.e. SPR) can undergo 

relaxation radiatively by emitting photons in the form of scattered light (elastic 

/or inelastic electron scattering) (Huang and El-Sayed, 2011; Clavero, 2014). 

SPR radiative decay strongly depends on the optical characteristics of the 

material (i.e. nanoparticle size, shape, composition, dielectric constant and 

surrounding medium) (Kim et al., 2016; Schatz, 1984; Jackson and Halas, 

2004). According to Mie theory, the frequency of the plasmon band varies 

from spherical to various shapes and structures of non-spherical 

nanoparticles (e.g. rods, stars, shells etc.) For instance, spherical GNPs 

exhibit plasmon band around ~530 nm (Link and El-Sayed, 1999) whereas for 

gold nanoshells (GNShells), the plasmon band absorption shifts to the near-IR 

region by decreasing in the shell thickness-to core radius ratio (Prashant and 

El-Sayed, 2007). Due to the anisotropic shape of gold nanorods (GNRs), 

there are transverse and longitudinal SPRs that correspond to electron 
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oscillations perpendicular and parallel to the rod length direction, respectively. 

Their longitudinal surface plasmon wavelengths are tunable from visible to 

infrared regions by increasing their aspect ratio (Eustis and El-Sayed, 2006). 

The plasmon resonance absorption and scattering coefficient (extinction 

coefficient) of GNPs is up to 1011 M-1 cm -1 i.e. several orders of magnitude 

larger than the absorbing organic dye molecules or fluorescence molecules. 

This high extinction coefficient along with GNPs photo-stability can enhance 

the Raman signal of molecules on the particles surface, light scattering and 

fluorescence of metal itself, and therefore, render GNPs useful in cellular 

imaging, spectroscopy and optical labelling of (cancer) biomarkers (Link and 

El-Sayed, 2000; Huang et al., 2007; Huang et al., 2006; Eustis and El-Sayed, 

2006; Sordillo et al., 2014). 

 

1.6.1 Cancer imaging 

GNPs are excited by light at the wavelength that matches their surface 

plasmon frequency and because of their high scattering efficiency, can be 

seen as bright spots under the dark-field microscopy (Huang et al., 2006, 

Chang et al., 2012). An increase in SPR scattering-to-extinction ratio of GNPs 

by red shifting the plasmon band to NIR region minimises the light extinction 

by tissue media and enhances the optical imaging (Sordillo et al., 2014; 

Taruttis et al., 2010). GNShells and gold nanorods (GNRs) (with suitable 

aspect ratios) can absorb and scatter light strongly in the NIR region 

(650−900 nm), therefore, they have been successfully employed to detect and 

image cancer cells in vitro (Taruttis et al., 2010; Loo et al., 2004; 2005a; 

2005b; Sokolov et al., 2003; Zhou et al., 2010; Li et al., 2008; Manfait et al., 

1991). As an example, El-sayed and co-workers diagnosed two oral 

squamous carcinoma cell lines, HSC 313 and HOC 3 by using GNRs 

conjugated to anti-epidermal growth factor receptor (anti-EGFR) monoclonal 

antibodies. Accumulation of anti-EGFR gold nanorods to the surface of the 

carcinoma cell lines results in observation of intense resonance scattering 

from GNRs in the dark field, using a laboratory microscope (Figure 1.6 and 

Figure 1.7) (El-Sayed et al., 2005).  
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Figure 1.6. Light scattering images of HOC 

cancerous cells (left column), and HSC 

cancerous cells (right column) without gold 

nanoparticles. The dim greenish light 

represents the autofluorescence and 

scattered light from the cell organelles (El-

Sayed et al., 2005).  

 

Figure 1.7. HOC cancerous cells (left 

column), and HSC cancerous cells (right 

column) after incubation with anti-EGFR 

antibody conjugated GNPs. The colored 

image of nanoparticles on a dark background 

results from the intense surface-plasmon-

enhanced scattering of GNRs under white light 

excitation (El-Sayed et al., 2005). 
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Loo et al. also used anti-HER2-conjugated GNShells to detect and image 

HER2-positive SKBr3 breast adenocarcinoma cells using dark-field 

microscopy in vitro. Bound NShells on the membrane of cancer cells, strongly 

scattered signals that enable the detection of abnormal cancer cells in 

contrast to weak auto-scattering from normal tissue (Figure 1.8) (Loo et al., 

2005a). 

Figure 1.8. The anti-HER2 (specific) or anti-immunoglobulin G (anti-IgG) (non-

specific) antibodies were attached to a polyethyleneglycol (PEG) linker through a 

hydroxysuccinimide group (NHS). The antibody–PEG linker complex was then 

attached to GNShells surfaces through Au–S bonds. According to the reported 

darkfield microscopy images, optical contrast is greatly enhanced by anti-HER2-

labeled nanoshells attached to the surface of HER2-positive cancer cells (A-D) 

compared with SKBr3 cells targeted by either anti- IgG-labeled nanoshells (B-E) or 

cells not exposed to nanoshell conjugates (C-F). Images (A-C) are cross-sectional 

slices of cells taken at the mid-focal plane at 40X magnification and images (D-F) 

taken at a lower magnification 10X (Loo et al., 2005a).  

 

1.6.2 Spectroscopic cancer detection 

In addition to the elastic Rayleigh scattering of light, GNPs can enhance the 

inelastic Raman scattering (by up to 105-106 times) from the adsorbed 

molecules on their surface, that is, surface-enhanced Raman scattering 

(SERS) (Schatz, 1984; Jackson and Halas, 2004). Highly enhanced local 

electric field on GNPs surface generates, owing to the resonance between 

strong confinements of the photon oscillation with the surface plasmon 
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oscillations upon exposure of GNPs to an appropriate frequency of 

electromagnetic light. This intense local optical frequency field along with the 

electronic coupling between absorbed molecules and GNPs surface enhance 

the Raman signals. Electronic coupling occurs as a result of molecular 

polarisation change via metal-molecule charge-transfer interaction (Schatz, 

1984; Nikoobakht and El-Sayed, 2003; Jackson and Halas, 2004; Huang et 

al., 2007; Boisselier and Astruc, 2009). A number of research groups have 

applied SERS by highly polarisable GNPs such as GNShells to detect cancer 

cells (Nabiev et al., 1991; Manfait et al., 1992; 1993;  Kneipp et al., 2002; 

Nikoobakht and El-Sayed, 2003; Bishnoi et al., 2006; Tang et al., 2007). As 

an example, in 2006, Halas and co-workers designed a SERS sensor based 

GNShells with a plasmon band in the NIR region and provided SERS 

enhancement, using a NIR laser source (785 nm). They successfully detected 

the acidic cancer environment by conjugating a pH sensitive SERS 

responding molecule (para-mercaptobenzoic acid) to the surface of GNShells. 

Protonation of the pH sensitive adsorbate in acidic media caused monitoring 

changes in the Raman spectrum at 1393 cm-1 that represents the carboxyl 

group (COO-) band (Figure 1.9) (Bishnoi et al., 2006). 
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Figure 1.9. SERS spectra of para-mercaptobenzoic acid (pMBA) 

on nanoshells at various pH values ranging from pH 4.0 to pH 9.0 

in steps of 0.50 pH units (Bishnoi et al., 2006).  

 

In 2007, Huang et al. utilised the difference in the SERS of anti-EGFR 

conjugated GNRs to distinguish EGFR overexpressed HSC oral cancer cells 

from HaCat normal cells. The molecules on the surface plasmon field of 

GNRs comprised CTAB capping molecules, PSS bridge molecules, anti-

EGFR anti-bodies, and EGFR receptors which along with the other molecules 

on the cellular surface of cancer cells were found to give highly enhanced, 

sharp and polarised SERS, whereas, normal cells showed weak or no SERS 

because they did not specifically bind to the anti-EGFR conjugated GNRs 

(Figure 1.10) (Huang et al., 2007).  
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Figure 1.10. Molecular diagnosis of cancer cells using Raman spectra of anti-EGFR 

conjugated gold nanorods incubated with the (A) HaCat normal cells and (B) HSC 

oral cancer cells. Assembly of anti-EGFR conjugated GNRs on the surface of HSC 

cancer cells and surface plasmon-molecule coupling resulted in stronger, sharper 

and well-resolved Raman spectra compared to that of HaCat normal cells (Huang et 

al., 2007).  

1.7 Tuning SPR to NIR region 
 

Light can penetrate through the turbid tissue media and attenuate due to the 

effect of absorption and scattering by biomolecules, such as hemoglobin, 

lipids, water or the intracellular matrix. Reduction of the extinction coefficient 

of the electromagnetic spectrum at the NIR region allows deep optical tissue 

penetration with minimal absorption and auto-fluorescence through high 

scattering tissue media. At the visible region of the spectrum (400-650 nm), 

light is almost completely absorbed by oxy- and deoxy-hemoglobin whereas, 

at the first NIR optical tissue window with wavelengths from 650 to 950 nm, 

light is readily absorbed by any living tissue. At wavelengths longer than 950 

nm, major light absorption occurs by water and lipids. Practically, the depth of 

NIR light penetration is about two centimeters and is partly related to the 

strength of the light source and also depends on the tissue type. NIR lasers 

are used as a non-invasive optical tool for imaging and light mediated cancer 

therapy since they exert deeper penetration compared to visible lasers (Figure 

1.11) (Whitesides, 2003; Joshi and Wang, 2010; Weissleder, 2011; Mitsunaga 

et al., 2011; Lim et al., 2013; Sordillo et al., 2014). 
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Figure 1.11. Scheme of the in vivo NIR window and the extinction 

coefficient values of water (>900 nm), oxy- and deoxy-hemoglobin 

(<650 nm) are plotted ranging from visible to NIR wavelengths 

(Joshi and Wang, 2010).  
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1.8 Non-radiative properties  
 

In addition to enhanced and tunable radiative properties, plasmonic GNPs can 

convert the absorbed light into heat via a series of non-radiative processes to 

form a hot metallic lattice. The GNP plasmon non-radiative decay mechanism 

has been extensively studied by the El-Sayed group (Link and El-Sayed, 

1999; 2000; 2003; El-Sayed, 2001; Link et al., 1999; 2000a; 2000b; 2001; 

2002; 2003). 

 

After photon absorption and SPR excitation, coherently excited electrons are 

damped non-radiatively through the creation of hot electrons via electron-

electron relaxation. This rapid quantum mechanical process occurs on a 

timescale ranging from one to hundred femtoseconds. Plasmonic hot 

electrons with several thousands Kelvin degrees redistribute their energy to 

the phonon by reaching thermal equilibrium with the lattice via electron-

phonon relaxation on the order of hundred femtosecond to several 

picoseconds. Upon electron-phonon relaxation process, the lattice 

temperature is elevated by few tens of degrees even with laser excitation 

powers as low as hundred nanojoules. Finally, phonon-phonon relaxation 

results in dissipation of the initially absorbed photon energy (lattice cooling). 

Thermal energy transfers from the lattice to the surrounding medium occurs 

on a timescale ranging from hundred picoseconds to one nanosecond 

depending on the material, particle size and the thermal conduction properties 

of the immediate environment of the nanoparticles. Such a rapid energy 

conversion and dissipation can be used for photothermal cancer therapy. 

Heat dissipation may result in GNPs melting or reshaping within about thirty 

picoseconds, or it can cause nanoparticle ablation in hundreds of 

femtoseconds but in order to cure cancer, lattice cooling via phonon-phonon 

relaxation at the lower rate (hundred picoseconds to one nanosecond) must 

be the dominant process (Figure 1.12) (Link and El-Sayed, 1999; 2000; 2003; 

El-Sayed, 2001; Link et al., 1999; 2000a; 2000b; 2001; 2002; 2003; Clavero, 

2014, Brongersma et al., 2015; Kim et al., 2016). 
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Figure 1.12. Schematic diagram of non-radiative decay of SPR through Landau 

damping following illumination of metal nanoparticles with a laser. Redistribution of 

electron charge density, enhancement of the electric filed and consequently SPR 

upon interaction between electromagnetic wave and conduction electrons of metal 

nanoparticles result in the generation of highly energetic hot carriers [electron-hole 

pair (e--h+)] via Landau damping (1-100 fs) which is a pure quantum mechanical 

process where single electron-hole pair excitation is created through plasmon 

relaxation. The hot carriers decay very fast and transfer their accumulated energy 

into the metallic nano-lattice upon electron-phonon relaxation (100 fs - 1 ps) in order 

to achieve equilibrium and subsequent lattice temperature elevation. Dissipation of 

thermal energy takes place via phonon-phonon relaxation at a comparatively slower 

rate (100 ps-few ns) (Brongersma et al., 2015). 

  

1.9 Hyperthermia in cancer therapy 
 

Surgical resection, radiotherapy and chemotherapy are the current available 

conventional treatments of solid-organ malignancies. Surgery is highly 

effective for eradication of non-hematological primary tumors located within 

non-vital tissue regions but it is limited to metastases, and tumors that are 

embedded within vital regions and hence cannot eliminate cancer cells 

completely (Leung et al., 2012). Chemotherapy is the most non-invasive 

approach that uses one or more anti-cancer (anti-neoplastic) drugs to slow or 

stop the growth of cells that are dividing rapidly, especially cancer cells. 

Systematically administered chemotherapeutic agents circulate in the body 
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and effect cancer cells via interfering with their cell division in various possible 

ways. Depending on the type of drugs, the amount and the length of cancer 

treatment, chemotherapy suffers from dramatic side effects due to drug 

toxicity to normal cells that have a high replacement rate (e.g. hair follicles, 

bone marrow, intestinal lining, etc.) and development of drug resistance by 

malignant cancer cells (Jaracz et al., 2005). Radiation (also called 

radiotherapy) comprises invisible high-energy rays (X-rays, gamma rays) or 

beams of subatomic particles (electrons) to kill or shrink tumor cells. 

Radiotherapy is usually applied with other treatments, for instance it may be 

used both before and after surgery to reduce the size of the tumor or destroy 

any remaining cancer cells, respectively. This aggressive therapy damages 

healthy cells by causing inflammation of tissues and organs in and around the 

treatment site (Botchway et al., 2015). Other common secondary effects of 

chemo and radiotherapy are pain, nausea and vomiting, diarrhea or 

constipation, tiredness, fertility loss, hair loss, anaemia and depression 

(Jaracz et al., 2005; Botchway et al., 2015). 

 

In the past few decades, hyperthermia (also called thermal therapy or 

thermotherapy) is considered as an adjuvant technique for current established 

treatment modalities and artificial way to elevate the body tissue temperature. 

In oncology, the term ‘mild or moderate hyperthermia’ refers to various 

techniques used to raise the temperature to about 41°C - 42°C, through the 

application of external sources of energy for a certain period of time in order 

to increase the susceptibility of cancer cells to chemotherapy and 

radiotherapy (Wust et al., 2002). Based on the fact that tumor cells are more 

sensitive to temperature increment than normal tissue cells, hyperthermia 

utilises heat energy to induce thermal-based effects that suppress the growth 

of solid neoplasms (Chicheł et al., 2007). Generation of heat can be achieved 

by several methods, but recently electromagnetic radiation (EM) dominated 

the field of cancer therapy. Thermal techniques using EM energy include, 

radiofrequency therapy, microwave thermotherapy, high intensity focused 

ultrasound thermotherapy, magnetic thermal ablation and laser-induced 

photothermal therapy (Chicheł et al., 2007). All these therapeutic techniques 

are relatively simple to perform and therefore have the potential to improve 
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recovery times and reduce the complication rates and hospital stays. 

However, despite their benefits, they are non-specific and suffer from some 

limitations such as inability to distinguish malignant cells from surrounding 

normal tissue, which cause undesired tissue injury, unwanted burn and pain 

(Hauck et al., 2008; Wust et al., 2002). 

Over the last decade, the implementation of nanomedicine-based cancer 

therapy holds the promise to overcome the limitations associated with 

conventional cancer treatments (Day et al., 2009). Laser-induced 

phototherapy (laser-induced hyperthermia) is a highly specific, minimally 

invasive therapeutic strategy that employs photothermal agents (e.g. organic 

dyes and metal nanoplatforms) to generate heat sufficient for causing 

irreversible damage to cancer cells upon laser irradiation (most often in NIR 

region) while not affecting the surrounding healthy tissue (Cherukuri and 

Curley, 2010). This strategy induces localised heating, has a precise 

spatiotemporal selectivity, has a great capacity to treat tumors entrenched in 

vital regions and may also be combined with current available treatments 

such as chemotherapy (Huang and El-Sayed, 2011; Zou et al., 2016; Bao et 

al., 2016). 

 

Gold nanoparticles (GNPs) have been investigated as a promising candidate 

in nanometal-assisted photothermal cancer therapy. Taking advantage of their 

optical attributes, GNPs are exploited for the eradication of malignant cells by 

efficiently absorbing light, tuned to their SPR frequency (Huang and El-Sayed, 

2010). 

 

1.10 Gold nanoparticle-mediated hyperthermia in cancer therapy 
 

As mentioned before, the photophysical origin of the enhanced plasmonic 

photothermal therapy efficacy of the metallic GNPs is the collective and 

coherent oscillations of free and mobile conduction band electrons at the 

nanoparticles surface coupled to an incident resonant light, termed as surface 

plasmon resonance (SPR) (Mie, 1908; Link and El-Sayed, 1999). Illumination 

of GNPs and SPR formation at certain resonance frequency generates 
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considerable local optical field enhancement due to strong scattering and 

absorption of incident photons (Shibua et al., 2013). The photon energy 

absorbed by GNPs is transduced to thermal energy, which travels through the 

nano-gold by lattice vibration and subsequently dissipated into the 

surrounding environment. The photothermal heating elevates the temperature 

only in the area around the GNPs without over-heating the surrounding 

healthy tissue, thereby minimising collateral damage and scarring. The 

selective localised photothermal heating of targeted malignant cells as the 

result of non-radiative relaxation of photoexcited nanoparticles corroborates 

the role of gold nanostructure as an exceptional photosensitiser in 

photothermal cancer therapy (Day et al., 2009; Huang and El-Sayed, 2011; 

Iancu, 2013). In contrast to conventional organic dyes (e.g. indocyanine 

green, naphthalocyanine and porphyrin) that have potential performance 

drawbacks such as poor photostability (photo-bleaching and permanent 

degradation), low absorption coefficient requiring high irradiation energy /or 

need of energy-absorbing molecules in high quantities (that can be toxic), 

GNPs are emerging as promising agents for photothermolysis of cancer cells 

due to the following characteristics:  

 

• They are chemically stable and non-toxic in the biological environment. 

• They show less susceptibility to chemical and thermal denaturation due 

to their rigid metallic structure. 

• They have a strong absorption cross-section (several orders-of-

magnitude greater when compared to organic dyes) requiring only 

minimal irradiation energy. 

• They have high photothermal conversion efficiency.  

• Furthermore, geometry and dimensions of GNPs can be controlled and 

their SPR can be systematically tuned to desired resonant frequency, 

therefore, they have the potential to exploit the enhanced permeability 

and retention effect for tumor targeting. 

 

 

 



 
 

 50 

However, it should be noted that appropriate temperature increment, 

intratumoral homogenous distribution of GNPs, gold nanostructure’s 

concentration, laser power density, duration of laser exposure, optimisation of 

extinction cross section of nano-golds, penetration depth of laser radiation in 

tumor region, laser type, as well as, types of tissue and thermoregulation 

ability of living organism are the major considerations of utilising plasmonic 

gold nanoparticle-based photothermal cancer therapy in the laboratory and 

the clinical setting (Prashant et al., 2008; Huang and El-Sayed, 2010; 2011; 

Chatterjee et al., 2011; Bao et al., 2016). 

 

The photothermal therapy of lymphocytes in vitro using GNPs coupled with a 

nanosecond visible pulsed laser was first reported, in 2003, by Pitsillides et al. 

Human T lymphocyte cells labeled with 30 nm spherical gold nanoparticles 

(GNPs) by first incubating with anti-CD8 mouse IgG and then with GNPs 

conjugated to anti-mouse IgG antibody. The illumination of labeled T cells with 

nanosecond laser pulses (Q-Switched Nd:YAG laser, 565 nm, 20 ns duration) 

induced cellular death at 100 laser pulses at a fluence of 5 J cm-2 which is 

above the threshold for laser-induced cavitation bubble formation. The cellular 

lethality was not observed in unlabeled cells treated under the same laser 

conditions (Pitsillides et al., 2003).  

 

Following the first work on application of GNPs in plasmonic photothermal 

therapy, the number of scientific reports focusing on the idea of using gold as 

a potential photothermal agent have been significantly increased (Figure 

1.13). The GNPs that have been studied extensively for this purpose are 

mostly nanorods, nanoshells and nanocages. 
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Figure 1.13. Number of SciFinder Scholar references per year after the first 

publication on gold naoparticle-mediated photothermal therapy in 2003 containing 

the search terms, gold*, photothermal*, and cancer* as of December 2017.  

 

As mentioned above, visible or NIR light can locally excite GNPs of various 

shapes and sizes. The tissue-depth penetration of visible light is weak; 

absorption of visible light by primary absorbers in tissue (water, hemoglobin, 

oxyhemoglobin, and melanin) causes complexity in distinguishing between 

abnormal and normal cells that may lead to photothermal tissue damage (Day 

et al., 2009). In contrast, NIR radiation (approximately between 650 and 900 

nm) is capable of large penetration depth even at low laser intensities 

(depending on tissue types) with minimal optical attenuation by biological 

tissue (Joshi and Wang, 2010). Therefore, for conducting in vivo photothermal 

treatments, NIR-absorbing nano-scaled gold was pioneered by Halas and co-

workers (silica-gold core-shell nanoparticels) (Hirsch et al., 2006), 

Zasadzinski’s group (hollow gold nanoshells) (Prevo et al., 2008), Murphy’s 

group (research in rod-shaped GNPs) (Jana et al., 2001), El-Sayed groups 

(research in rod-shaped GNPs) (Nikoobakht and El-Sayed, 2003) and Xia’s 

research group (research in gold nanocages) (Chen et al., 2005). Due to their 

strong NIR absorption efficiency (extinction coefficient is about 10−9 M−1 cm−1), 

once NIR-laser-activated GNPs bind to or accumulate at the tumor site, laser 
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illumination with the corresponding resonance triggers photothermal 

destruction of the cells without unwanted damage and death of the intervening 

healthy tissues (Yao et al., 2016). 

 

In 2003, West, Halas and co-workers reported the first studies on NIR 

photothermal therapy of cancer both in vitro and in vivo using GNShells 

(Hirsch et al., 2003). The silica core GNShells synthesised with SPR peak 

tuned to the NIR region and stabilised with thiolated poly(ethylene glycol). 

Human breast epithelial carcinoma SK-BR-3 cells incubated with PEGylated 

GNShells for 1 h and then exposed to NIR light (diode laser, 820 nm, 35 W  

cm-2) for 7 min. The results showed that GNShells-treated SK-BR-3 cells 

underwent localised, irreversible photothermal ablation within the laser spot 

as determined by calcein AM viability staining; exposing the cells to either 

GNShells or NIR laser individually did not compromise the cellular viability 

(Figure 1.14).  

 

 
Figure 1.14. In vitro NIR photothermal cancer therapy 

using GNShells. Human breast epithelial carcinoma SK-

BR-3 cells underwent phothermal induced morbidity 

following exposure to continuous-wave NIR light (diode 

laser, 820 nm, 35 W cm-2, 7 min), as indicated by the 

loss of Calcein AM staining (a) while cells treated with 

laser only remained intact (b) (Hirsch et al., 2003).  

 

To demonstrate the potential of the therapy in vivo, PEGylated GNShells were 

injected interstitially into the tumor volume that was inoculated 

subcutaneously into the hind legs of female nonobese diabetic CB17-Prkd c 

SCID/J mice. About 30 min after injection, breast cancer xenografted tumours 

were exposed to similar laser at intensity of 4 Wcm-2 for 4 min. In vivo 
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magnetic resonance temperature imaging (MRTI) analysis revealed an 

average temperature rise of 44.6 ± 60 °C in irradiated GNShell-treated tumor 

compared to 9.1 ± 2.5 °C in GNShell-free control tumor (Table 1.1) (Hirsch et 

al., 2003). The GNPs-mediated photothermal therapy increased temperatures 

well above the damage threshold necessary to induce irreversible tissue 

damage and did so by using laser dosage 10 to 25 times less than the dose 

required for Indocyanine green dye (Chen et al., 1996). 

 

 

Table 1.1. The average temperature elevation in GNShell-

treated and GNShell-free control tumors upon NIR laser 

therapy (diode laser, 820 nm, 4 W cm-2, 4 min). Variation in 

the average temperature elevation obtained from each study 

could be due to heterogeneous distribution of the nanoshells 

within the tumor (particularly, distant from skin surface), the 

angle of incidence, and source-to-skin distance of the laser 

fiber, as well as the placement of the MR plane for 

observation (Hirsch et al., 2003). 

 

In subsequent studies reported by the same research group (O’Neal et al., 

2004), PEG-passivated NIR-absorbing GNShells were intravenously injected 

into the blood stream of BALB/cAnNHsd mice and allowed to circulate for 6 h. 

The CT26.WT murine colon tumour was then illuminated with a diode laser 

(808 nm, 4 W cm-2, 3 min). The GNShells-treated tumors exhibited complete 

tumor eradication by day 10 without regrowth for over 90 days. Conversely, all 

GNShell-free control tumors continued to grow rapidly and all control mice 

euthanised by day 19.  

 

The GNR-mediated photothermal cancer therapy was first developed by El-

Sayed and co-workers (Huang et al., 2006). GNRs were synthesised with an 

aspect ratio of 3.9 and the longitudinal plasmon band tuned to the incident 
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laser wavelength (800 nm) and functionalised with anti-epidermal growth 

factor receptor (anti-EGFR) monoclonal antibodies that facilitated binding of 

the GNRs to the cancer cells. The EGFR-positive human oral malignant cells 

(HSC-3 and HOC-313) and non-malignant cells (HaCat) were incubated with 

the same concentration of anti-EGFR antibody-conjugated GNRs for 30 min 

and subsequently irradiated with Ti:Sapphire continuous-wave laser at 

different energies (40 mW-160 mW) for 4 min. Cell viability was detected by 

trypan blue staining. Interestingly, the threshold energy for photothermal 

destruction of human oral malignant cells was found to be 10 W cm-2, which 

was about half the energy required for killing the non-malignant cells (20 W 

cm-2). Hence, rod-shaped nanoparticles were introduced as efficient 

photothermal sensitisers for cancer therapy (Figure 1.15).   

 

 

 
Figure 1.15. Selective in vitro NIR photothermal cancer therapy using GNRs. The 

cancer cells required half the energy to be photothermally damaged as compared 

with normal cells. Exposure to the NIR laser at 800 nm (80 mW=10 W cm-2, 4 min.) 

caused irreversible photodestruction of the human oral malignant cells (HSC and 

HOC) while normal cells (HaCat) remained unaffected and only underwent 

photothermal injury at higher laser energy (160 mW = 20 W cm-2) (Huang et al., 

2006).  

 

Two years later, the same researchers published on the regression of 

xenograft tumors from squamous cell carcinoma in female nu/nu mice by NIR 

photothermal therapy (Dickerson et al., 2008). The GNRs were conjugated to 
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a thiolated poly(ethylene glycol) (mPEG-SH, 5000 MW) and injected into mice 

either by direct administration within the tumor interstitium  (15 μL, ODλ800 = 

40) or by intravenous delivery and accumulation at the tumor site through 

passive targeting (100 μL, ODλ800 = 120). After exposure to a continuous-

wave NIR diode laser with intensity of 1-2 W cm-2 for 10 min, dramatic 

decrease in tumor growth was reported for both administration routes, with 

minimal damage inflicted in surrounding tissue which indicated the specificity 

of the hyperthermic effect on tumor growth due to the ability of GNRs to 

efficiently absorb and convert NIR light into heat through a non-radiative 

mechanism. Thermal transition measurements revealed that temperature 

increased by over 20°C (Figure 1.16). 

 

 

Figure 1.16. In vivo NIR photothermal cancer therapy 

using GNRs. NIR illumination of the GNR-treated 

tumours (diode laser, 1-2 W cm-2, 10 min) resulted in 

the significant inhibition of average tumour growth over 

a period of 13 days, with resorption of >57% of the 

intratumorally injected tumors and 25% of the 

intravenously treated tumors (Dickerson et al., 2008).  

Synergistic administration of photothermal therapy and chemotherapy to 

cancer cells is now considered as a new and exciting possibility for 

nanomedicinal applications. NIR laser-induced photothermal therapy with 

GNPs can promote chemotherapy by enhanced drug delivery and controlled 
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drug release through temperature increase in the tumor regions that 

consequently accelerates the endocytic internalisation of GNPs into the tumor 

cells and mediates NIR light-triggered drug release. Growing evidence 

supports the efficacy of NIR-induced chemo-photothermal therapy as a potent 

anti-tumor strategy (Issels, 2008). 

 

 

Figure 1.17. 24 hrs viability of human breast 

cancer cells (MCF-7) treated with different 

concentration of free DOX, Fe3O4@CaP capped 

GNCs with or without 5 min NIR irradiation (1 W 

cm-2, 808 nm) and GNCs–DOX with or without 5 

min NIR irradiation (1 W cm-2, 808 nm). The 

cytotoxicity of GNCs–DOX under NIR irradiation 

was even higher than the sum of chemotherapy 

by AuNCs–DOX and photothermal therapy by 

DOX-free AuNCs. (Shi et al., 2012).  

 

As an example, in 2012, Shi et al. encapsulated the chemotherapeutic agent 

doxorubicin (DOX) into carboxylate-functionalised gold nanocages (GNCs) 

followed by capping the GNCs porous walls with pH responsive calcium 

phosphate-coated iron oxide nanoparticles (Fe3O4@CaP). The DOX release 

was triggered as the result of dissolution of the calcium phosphate cap in 

acidic endocytic compartments. The surge release of DOX (up to 48%) after 

irradiation of Fe3O4@CaP capped DOX-loaded AuNCs with NIR laser (808 

nm, 1 W cm-2, 5 min) illustrated the augmenting effect of laser irradiation on 

drug release (Figure 1.17) (Shi et al., 2012). 
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Hauck et al. investigated the synergism between chemotherapeutics and 

moderate hyperthermia against human myeloid leukemia cells OCI/AML3. 

The synthesised GNRs were coated with a layer of negatively charged PSS 

(poly(4-styrenesulfonic acid)) followed by a layer of positively charged 

poly(diallyldimethylammonium chloride) (PDADMAC). OCI/AML3 cells were 

incubated with PDADMAC-coated GNRs for 12 h. To probe the synergistic 

cytotoxicity in combination with hyperthermia, cisplatin was added to the 

culture immediately prior to irradiation. Cells were illuminated with a fiber-

coupled 810 nm laser at constant power density of 1 W cm-2 for 30 min, which 

represented a mean equilibrium temperature of ≈ 42 °C. Flow cytometry 

results indicated that the fraction of surviving OCI/AML3 cells after 

combinational treatment was significantly lower compared to the projected 

additive value derived by the multiplication of the surviving fraction of cancer 

cells from each independent treatments (Figure 1.18). The combined chemo-

photothermal therapy lowered the effective cisplatin dose and consequently 

alleviated the dose-dependent renal side effects of cisplatin (Hauck et al., 

2008). 

 

 

Figure 1.18. The synergistic effect of cisplatin with 

moderate hyperthermia against human myeloid 

leukemia cells (OCI/AML3). The surviving fraction of 

combinational therapy-treated OCI/AML3 cells was 

78% lower than chemotherapy treatment alone, 84% 

lower than hyperthermia alone, and 73% lower than 

the projected additive model (Hauck et al., 2008).  
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Lee et al. studied the NIR laser–induced photothermal therapy using DOX-

loaded gold nanoshells (DOX@PEG-GNShells). The release of Dox from 

DOX@PEG-GNShells and the intratumoral temperature alteration during 

photothermal heating were monitored by fluorescence optical imaging and 

photoacoustic imaging, respectively. In vitro studies showed the maximum 

fluorescence intensity of DOX after irradiation of DOX@PEG-GNShells for 3 

min (0.15 W mm-2).  In subsequent in vivo experiments, both intratumoral and 

intravenous administration of DOX@PEG-GNShells followed by NIR laser 

treatment (0.15 W mm-2, 1 min) performed on 4T1 breast tumour–bearing 

nude mice. The fluorescence optical imaging showed stronger fluorescence 

signals in laser–treated tumors 24 hr after treatment compared to the 

untreated tumors (Figure 1.19). The photoacoustic imaging (acquisition 

wavelength = 800 nm) computed the temperature-induced changes during 

photothermal therapy by monitoring the elevated intratumoral temperature up 

to 50°C. Hence, the in vitro and in vivo experimental evidence confirmed the 

efficacy of GNShell-mediated laser-induced thermal therapy (Lee et al., 2013). 
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Figure 1.19. The Fluorescence intensity of released DOX from DOX@PEG-

GNShells under different injection and laser treatment conditions using a 

fluorescence optical imaging system. (A) In vivo intratumoral injection of 

DOX@PEG-HAuNS (1.32 ×1012 particles mL-1) followed by DOX release and 

treatment with 3 W (0.15 W mm-2) surface laser for 1 min. (B) In vivo DOX release 

following intravenous injection of DOX@PEG-GNShells (3.3×1012 particles mL-1) and 

treatment with 6 W (1.9 W mm-2) surface laser for 1 min. (C) Comparison of in vivo 

DOX release after intravenous injection of DOX@PEG-GNShells (3.3×1012 particles 

mL-1) and treatment with a 3 W (0.15 W mm-2) surface laser probe or with a 6W 

(0.12 W mm-2) interstitial laser probe. The NIR laser irradiation of the 4T1 breast 

tumor promoted the drug release from DOX@PEG-GNShells as the laser–treated 

tumors showed stronger fluorescence signals than the untreated controls (Lee et al., 

2013).  
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Numerous in vitro and in vivo studies conducted using different platforms of 

GNPs in photothermal cancer treatment among which, GNRs and GNShells 

are exploited the most due to their attractive optical properties of their 

plasmon resonance band at the visible or NIR regime. 

 

Bhatia and co-workers showed that NIR-absorbing GNRs exhibited longer 

circulation half-life in vivo (t1/2, ~17 hours) compared to gold nanoshells (t1/2, 

~4 h) with the plasmon band adjusted at the same wavelength (Von Maltzahn 

et al., 2009). It was also found that, due to higher absorption coefficients, 

GNRs are able to elicit photothermal effect by employing three times lower 

laser intensity in comparison to GNShells (Jain et al., 2006). 

 

Despite the aforementioned advantages, GNRs bear some drawbacks such 

as:  

 

1. The cytotoxicity of GNRs is related to the surfactant used in their synthesis; 

hexadecyltrimethylammonium bromide (CTAB) is highly toxic and is adsorbed 

strongly on the surface of GNPs. Replacing it with other ligands is quite 

challenging and can lead to particle aggregation. This cationic surfactant is 

also known to disrupt biomembranes and denature proteins (Niidome et al., 

2006; Day et al., 2009). 

 

2. Upon illumination of GNRs by NIR laser, the tunable longitudinal band is 

blue shifted largely to the visible region. Therefore, they gradually lose their 

strong NIR radiation absorbing properties (Bao et al., 2016). 

 

3. A relatively low specific surface area results in GNRs low-payload-carrying 

capabilities. This is attributed to the aggregation of the NRs in the cell culture 

media (Bao et al., 2016). In contrast, hollow GNshells have high drug loading 

capacity because of their high surface area-to-volume ratio. In addition, they 

have been proven to be safe for biological applications (Hirsch et al., 2003). 
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1.11. Enhanced Permeability and Retention (EPR) effect 
 

In contrast to normal vessels that are aligned by a tightly sealed endothelium 

supported by a basement membrane and pericytes, the vasculature of solid 

tumors is leaky and typically comprises chaotic networks of tortuous 

endothelium with defective pericytes and fragmented basement membrane, 

which result in the formation of endothelial fenestrations (400-800 nm). 

Furthermore, the extracellular fluid is constantly drained to the lymphatic 

vessels at a mean flow velocity of around 0.1-2 μm s-1 in normal tissues, 

whereas in tumors, the absence or non-functional performance of lymphatic 

vessels contributes to insufficient drainage of extravasated solutes and 

colloids from the interstitial fluid (Danhier et al. 2010; Bertrand et al., 2014; 

Hare et al., 2017). Based on the anatomical and pathophysiological 

differences between normal tissues and solid tumors (Figure 1.20), 

macromolecules/nanoparticles penetrate through the fenestrated endothelium 

and accumulate in the tumors interstitial space due to ill-defined vasculature 

and suppressed lymphatic filtration that block their clearance from the tumor; 

conversely, they will not be distributed extensively in normal tissue since 

interendothelial junctions (with a size range of 6-7 nm) in normal vessels 

provides resistance to the delivery of nanocarries. This passive phenomenon 

referred to as “Enhanced Permeability and Retention (EPR) effect” was first 

reported by Matsumura and Maeda in 1986 (Matsumura and Maeda, 1986) 

and was described in more detail by Maeda et al. (Maeda, 2001; Maeda et al., 

2006; 2009) as EPR based chemotherapy and has emerged as an important 

strategy to improve the delivery of therapeutic agents to tumors. It has been 

demonstrated that active targeting can only occur after passive accumulation 

in tumors (Bae, 2009). Passive accumulation within the leaky tumor 

vasculature occurs when the size of the nano-scale drugs exceeds the limit of 

renal excretion threshold i.e. if they are not small enough (<5.5 nm) to be 

excreted by the kidney or not large enough (>500 nm) to be rapidly 

recognised and trapped by the reticuloendothelial system (RES). Such 

nanosized agents tend to circulate for longer times, and after intravenous 

administration they penetrate preferentially into the tumors interstitium through 

the leaky tumor vasculature and then accumulate within tumors due to the 
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EPR effect. The concentration of nanoparticles drugs in the tumor region is in 

the magnitude of 7-10-fold higher compared to equivalent doses of the same 

drugs in the low molecular weight form (due to their instability and short half-

life) (Maeda, 2001; Fang et al., 2011).  

 

It is important to note that the surface of long-circulating nanocarriers can be 

engineered with biocompatible polymeric layers, which will be discussed in 

more detail in the forthcoming chapters. 

 

 

Figure 1.20. Representative comparison between normal and malignant tissues. a) 

Normal tissue comprises linear blood vessels with closely aligned epithelium that are 

covered by basement membrane and pericytes. Lymph vessels are also present. 

Collagen fibres, fibroblasts and macrophages are in the extracellular matrix. b) 

Tumor tissues lack functional lymphangiogenesis and contain irregular blood vessels 

that are composed of discontinuous epithelium and bigger fenestration pores than 

normal vasculature. Also, The extracellular matrix in tumor tissue contains more 

collagen fibres, fibroblasts and macrophages than in normal tissue. (Danhier et al., 

2010).  

 

Although the EPR effect is the basis of nanotechnology platforms to deliver 

nano-sized therapeutic agents to tumors, thereby enhancing their anti-cancer 

effects, other factors such as the type, size, shape, charge, surface 

characteristics and overall biocompatibility influence the therapeutic potency; 

in addition, anatomical characteristics that affect the therapeutic outcome 

include: 

 

 Tumor: type, size, proliferation rate, necrosis, intra-tumoural volume, 
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and anatomical location. 

 Vasculature: density, volume, permeability, distribution relative to 

stromal and tumour cells, and blood flow. 

 Stroma: architecture, density, composition, and matrix rigidity. 

 Macrophages: number and function. 

  Lymphatics: density, function, and location within and around the 

tumour. 

 Interstitial fluid pressure: local effects and cross-tumour pressure 

gradients. (Hare et al., 2017). 

 Patient’s characteristics including gender, age, and body compositions. 

(Natfji et al., 2017) 

 

Natfiji and coworkers systematically analysed clinical data to identify the key 

parameters affecting the extent of the EPR effect. They collected data from 24 

studies in order to investigate the impact of tumor type on the magnitude of 

the EPR effect (either quantitative or qualitative). It was shown that 

pancreatic, colon, breast, and stomach cancers have the highest levels of 

accumulation of nanomedicines, respectively (Figure 1.21).  

 

Furthermore, Natfiji and coworkers analysed the influence of tumor perfusion 

(according to type, size, stage, and location) on the magnitudes of EPR by 

making reference to two relevant clinical studies for pancreatic cancer 

(d'Assignies et al., 2009; Komar et al., 2009). The results revealed that blood 

perfusion in most of the cases were higher in pancreatic tumors compared to 

normal tissue (Table 1.2). 
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Figure 1.21. Nanomedicines accumulation in different tumors demonstrated as 

normalised average tumor/normal (T/N) tissue content ratios. The number in 

parentheses indicates the total number of patients included in the study, and the 

number above parentheses represents the number of clinical studies of an individual 

tumor. * Indicates that in one study, the nanomedicine was not detected because the 

concentration was lower than the limit of detection. In those studies, the presence of 

nanomedicine in normal tissues was arbitrarily set at the limit of detection (i.e. the 

lowest concentration of nanomedicine that could be detected). The red line denotes 

T/N ratio of 1 (i.e., columns above the red lines had a degree of preferential 

accumulation in the tumor). Six tumor types displayed the highest levels of 

normalised T/N ratios of nanomedicine accumulation in comparison with other 

tumors. These were (i) pancreatic adenocarcinoma, (ii) colon, colorectal, and rectal 

cancers, (iii) breast cancers, (iv) stomach cancer, (v) brain cancer and brain 

metastases, and (vi) ovarian cancer. Adapted from (Natfji et al., 2017).  
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Table 1.2. Available clinical data about the variations of tumor perfusion according to 

tumor type, size, stage, and location. 

 

a Data presented as mean ± SD.  
d Data calculated for tumors with identified stage. The size of tumors was considered 
as medium if tumors were on stage IIB or with low-grade neuroendocrine tumor, as 
large if tumors were on stage III, and as very large if tumors were on stage IV or with 
high-grade neuroendocrine tumor. Adapted from (Natfji et al., 2017). 
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Summary 
 

Pancreatic cancer is one of the most deadly types of cancer, with a yearly 

incident that equals its mortality. Radical resection is still the only curative 

option, but only less that 10% of all pancreatic cancer patients can undergo 

curative resection and the high incidence of life threatening complications 

such as damage of the liver is imminent. Since this aggressive human 

malignance usually develops without any symptoms, about 80% of pancreatic 

cancers are diagnosed at locally advanced and/or metastatic stage (the stage 

where radical resection is not possible) thus, chemotherapy remains the main 

treatment for most pancreatic cancer patients (Affram et al., 2015; Dia et al., 

2017). Gem is currently the first-line chemotherapeutic drug used to treat 

pancreatic cancer. 

 

 Chemically, Gem (2',2'-difluoro-2'- deoxycytidine) is a pyrimidine analog of 

deoxycytidine, from which it differs by two fluorine atoms in position 2 of the 

deoxyribose. Gem prodrug is required cellular uptake and intracellular 

phosphorylation and converted to the mainly active metabolite gemcitabine 

triphosphate (dFdCTP) after energy dependent uptake of the parent 

compound into cells via nucleoside transporters since it is too hydrophilic to 

passively cross the plasma membrane. The active metabolite, dFdCTP, is 

incorporated into DNA as a false nucleoside, eventually leading to inhibition of 

DNA polymerases, and induces cells to undergo apoptosis. Although the 

molecular events mentioned above eventually contribute to the effectiveness 

of Gem in fighting tumor cells, however the drug possesses certain demerits. 

The major deficiencies of Gem therapy are: poor cell membrane permeability, 

short plasma half-life and toxic side effects. Following intravenous 

administration, Gem is quickly metabolised into the inactive and more soluble 

metabolites, 2', 2'-difluorodeoxyuridine (dFdU) via deoxycytidine deaminase 

and is then cleared by the kidneys. Rapidly excretion of dFdU out of the body 

causing a very short biological half-life (7-18 min) that subsequently results in 

necessity of administration of high doses of Gem (1000 mg/ m2) in order to 

assure an adequate pharmacological effect, leading to undesirable side 

effects such as hepatotoxicity, nephrotoxicity, myelosuppression, mild and 
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transient neutropenia, thrombocytopenia, anemia and toxicities in well-

perfused organs including liver, long and kidney, which prohibit more frequent 

administration of Gem than once-weekly dosing in cancer patients. Moreover, 

drug resistance associated with deficiencies in the expression of nucleoside 

transporters (e.g. hENT1) confers lower Gem toxicity in tumor cells by 

blocking the cellular transport of Gem (Celano et al., 2004; Gabizon et al., 

2006; Lanz et al., 2007; Dasanu, 2008; Toyama et al., 2013; Wang et al., 

2014; Affram et al., 2015; Dai et al., 2017).  

 

Effective drug delivery in pancreatic cancer treatment remains a major 

challenge due to the growth of dense, collagen-rich, extracellular matrix and 

stroma with high interstitial pressure around pancreatic tumors, known as the 

desmoplastic reaction, which accentuates hindrance of drug delivery by 

creating a unique microenvironment that paradoxically promotes both tumor 

growth and metastatic spreading and at the same time forms a barrier to 

chemotherapy penetration (Koay et al., 2014). 

 

In order to and improve the pharmacokinetic characteristics and overcome the 

obstacles for effective drug delivery, a nanoparticles-mediated drug delivery 

system can be utilised. Nano-sized carriers (1) prolong the circulation of Gem 

molecules in the blood stream by protecting them from metabolic inactivation 

and accumulating them at the site of action via the EPR effect; (2) penetrate 

the cell membrane in a transporter-independent pathway; (3) decrease 

severity of toxic side effects by avoiding accumulation of drug in healthy 

tissues due to size limitation; and (4) they are non-toxic and release their 

payload in a controllable and sustained manner (Wang et al., 2014; Dai et al., 

2017).  

 

GNPs have been investigated as carriers for drug delivery. This is due to their 

distinctive shape, size and surface-dependent properties. Furthermore, their 

intriguing radiative and non-radiative properties, chemical stability, 

biocompatibility, non-toxicity and high delivery efficiency render GNPs as 

promising candidates for various biological applications including drug 

delivery.  
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Besides their drug delivery application potential, GNPs also exhibit a 

prominent phothothermal therapeutic effect by inducing cancer cell damage 

and even death with minimal damage of the surrounding normal cells, through 

the conversion of optical energy to cytotoxic thermal energy upon laser 

irradiation. Photo-chemothermal thaerapy based on drug-loaded GNPs has 

been shown to be an effective cancer treatment option since the localised 

heating effect can increase the vascular permeability and in turn elevate the 

levels of nanoformulation accumulation and eventually the drug release inside 

solid tumor, and therefore improve the therapeutic outcome and potentially 

decrease toxic effects  (Huang and El-Sayed, 2010; 2011; Liu et al., 2017). 

 

In the present work, multifunctional GNPs-based nanoformulations are 

developed for the treatment of pancreatic cancer cells via a combination of 

chemotherapy and photothermal ablation. 
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Aim 

 

In order to appropriately assess the kinetics of Gem uptake, the complicating 

factor of its rapid intracellular metabolism needs to be controlled. GNP-based 

drug delivery system holds great potential to overcome some of the barriers to 

efficient targeting of cells in cancer treatment. The drug-loaded GNP 

formulations transport to the nucleus resulting in the release higher doses of 

drug for prolonged period of time and expression of certain genes that control 

cell proliferation. Also, the therapeutic effects produce by laser-induced 

phototehrmal therapy mediated by GNPs as one of the most effective heat 

conversion agents give the benefits of combining GNP-mediated 

phototehrmal therapy with other treatment strategies for multimodal cancer 

treatment to improved patient outcomes. 

This research is focused on the development of a nanomedicine-mediated 

drug delivery strategy by designing a system for combined chemo- and 

photothermal therapy. It includes:  

 

a) The synthesis of well-defined thiol-terminated poly (ethylene glycol) 

methacrylate homopolymers via Reversible Addition-Fragmentation 

Chain Transfer (RAFT) polymerisation in order to coat the surface of 

GNPs to reduce protein adsorption and provide biocompatibility. 

 

b) Synthesis and characterisation of thiol-functionalised gold nanoshells 

as nano-carriers for Gem delivery to increase cytotoxic activity and 

drug delivery efficiency of Gem. 

 

c) Develop a combinational chemo- phototherapeutic protocol to treat 

pancreatic cancer cells and explore the possible synergism effects of 

drug cytotoxicity and photothermal treatment by laser irradiation. 
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Chapter 2                                                                                                 

Reversible Addition-Fragmentation Chain Transfer (RAFT) 

polymerisation of poly (ethylene glycol) methyl ether methacrylate(Mn = 

300 g mol-1, PEGMA) monomer 

 

The well-defined hydrophilic polymers with anti-fouling properties were 

synthesised and used as a hydrophilic coating of the nanoformulations in 

order to diminish their non-specific association with proteins, cells or 

microorganisms in physiological fluids and tissues and also to enhance their 

colloidal stability. Among all the hydrophilic synthetic polymers designed for 

the aforementioned application, poly(ethylene glycol)(PEG) appears to be the 

best candidate as it is non-toxic, non-immunogenetic, non-antigenetic, 

biocompatible and FDA approved for biomedical applications (Jokerst et al., 

2011). Indeed, PEG can be present on the side chain of a methacrylate 

backbone (PEGylated methacrylate) to yield a more sophisticated and 

processable material. Herein, poly (ethylene glycol) methyl ether methacrylate 

(Mn = 300 g mol-1, PEGMA) used as the monomer for the synthesis of well-

defined thiol-terminated homopolymer chains via RAFT polymerisation. 

 

2.1. Introduction 
 

2.1.1. Reversible Addition-Fragmentation Chain Transfer (RAFT) 

polymerisation 

 

Free radical polymerisation is the most common synthetic method for the 

commercial production of high-molecular weight polymers due to: 

 

• Its high tolerance against a wide range of monomers and functional 

groups. 

• Its compatibility with a variety of reaction conditions and, 

• Its simplicity. 

 

However, occurrence of bimolecular termination reactions, viz. recombination 
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and disproportionation of free radicals limits the control that can be asserted 

over molecular-weight distribution, co-polymer composition, and 

macromolecular architecture (Moad et al., 2008a; 2008b; 2013). 

 

In comparison, living / controlled radical polymerisation (CRP) techniques 

allow for the synthesis of polymers with well-defined structure, precise 

molecular weight and low polydispersity since the side reactions such as 

irreversible chain transfer and chain termination are virtually eliminated; 

“living” polymer chains continue their growth at the same rate by the provision 

of additional monomers to the system.  

 

CRP permits reversible termination of propagating free radicals based on the 

establishment of a rapid dynamic equilibration between a minor amount of 

active propagating chains and a large majority of dormant chains. CRP is 

suitable for synthesising polymers with exquisitely controlled molecular weight 

and chain length distribution compared to that of free radical polymerisation. 

Three of the most investigated CRP techniques are: 

 

• Nitroxide Mediated Living Free Radical Polymerisations (NMP), 

• Atom Transfer Radical Polymerisations (ATRP), and  

• Reversible Addition-Fragmentation Chain Transfer (RAFT) 

polymerisation. 

 

The NMP was developed at the Commonwealth Scientific and Industrial 

Research Organisation (CSIRO) of Australia in the early 1980s and has been 

exploited extensively for the synthesis of styrenic and acrylic polymers. 

However, NMP is only applicable to a restricted range of monomers (Hawker 

et al., 2001; Studer and Schulte, 2005; Nesvadba, 2006). ATRP is 

substantially more versatile and proved to be applicable to much broader 

range of monomers than NMP. Nevertheless, it requires high concentration of 

transition-metal catalyst (e.g. copper I/II), which is retained in the final product 

and has to be removed from the polymer (Kamigaito et al., 2001; 

Matyjaszewski and Xia, 2001; Jakubowski et al., 2006). 
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The RAFT polymerisation process is certainly the most robust and versatile 

method of the controlled radical systems. The radical addition-fragmentation 

process using thiocarbonylthio compounds was first demonstrated at CSIRO 

in 1998 by Moad and co-workers (Chiefari et al., 1998). The most significant 

advantage of RAFT process is the compatibility of this technique with a wide 

range of monomers, such as (meth-)acrylates, (meth-)acrylamides, 

acrylonitrile, styrene and its derivatives, butadiene, vinyl acetate and N-

vinylpyrrolidone. In addition, suitability for a broad range of functional groups 

and reaction conditions, and high tolerance to various organic and aqueous 

solvents enable RAFT to be used for the synthesis of various types of highly 

controlled polymers with predetermined molecular weight, narrow 

polydispersity and novel architectures (Moad et al., 2008a). 

 

In principle, RAFT polymerisation is a degenerative chain transfer process 

that is mediated by thiocarbonylthio compounds, which are also, referred to as 

RAFT agents or more generally, chain transfer agents (CTA) (e.g. 

dithioesters, trithiocarbonates, dithiocarbamates and xanthates).  

 

An efficient RAFT process depends on the appropriate choice of CTA for the 

specific monomer and reaction conditions. The RAFT agents are unsaturated 

organic compounds that possess thiocarbonylthio moiety (S=C−S), R-group 

and Z-group (Figure 2.1) (Moad et al., 2005), where, 

 

• The C=S double bond is reactive towards radical addition and imparts 

the living behaviour of free radical polymerisation.  

• Z-group is the activating agent that controls the reactivity of the double 

bond towards radical addition and fragmentation and modifies the 

stability of the intermediate radicals. 

• R-group is the free radical homolytic leaving group which is responsible 

for re-initiating the polymerisation. 
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Figure 2.1. The general structure of the RAFT agent. 

 

 

The mechanism of RAFT polymerisation consists of: initiation (I), pre-

equilibrium (II), reinitiation (III), addition–fragmentation equilibrium (main 

equilibrium) (IV), and bimolecular termination reactions (V) (Figure 2.2). 

 

The reaction is initiated by the thermal decomposition of RAFT initiators such 

as azobis(isobutyronitrile) (AIBN) and 4,4'-azobis(4-cyanovaleric acid) 

(ACVA). The free radical initiators react with the monomer molecules and 

generate active propagating chains (I). The addition of the propagating radical 

(Pn•) to the RAFT chain transfer agent (RSC(Z)=S) and fragmentation of the 

intermediate radical produces a polymeric RAFT agent (PnSC(Z)=S)  and a 

new radical (R•) (II). The homolytic leaving group radical (R•) reacts with 

another monomer species and reinitiates the polymerisation by forming a new 

propagating radical (Pm•) (III).  

 

The highly active propagating radicals can chain transfer to dormant 

dicarbonylthio compounds that are stable and unable to propagate or 

terminate. This constant interchange between a small population of 

propagating radicals with much larger population of the dormant species 

should be fast relative to propagation rate.  

 

S S R

Z

Z = aryl or alkyl (dithioester), 

NR2 (dithiocarbamate), OR (xanthate), 

SR (trithiocarbonate). R = alkyl or H.
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In the main equilibrium of the RAFT process, rapid central addition-

fragmentation equilibrium between propagating radical polymer chains (Pn•, 

Pm•) and the corresponding dormant thiocarbonylthio-bound chains provides 

uniform chain growth, resulting in polymers with narrow molecular weight 

distribution (IV).  

 

Ideally, the equilibrium should be shifted towards the dormant products in 

order to keep the radical concentration extremely low, thereby suppressing 

the irreversible termination reactions, such as combination or 

disproportionation (V) (Moad et al., 2008a; 2008b; 2013). 

 

 

Figure 2.2. Mechanism of Reversible Addition-Fragmentation Chain Transfer (RAFT) 

process. 

 

Furthermore, polymeric products may be colored depending on the absorption 

spectrum of the particular thiocarbonylthio chromophore. The removal or 

transformation of the thiocarbonyl end group from RAFT polymers therefore 

can mitigate or eliminate these disadvantages and enhance the stability and 

functionality of the polymer (Chong et al., 2007). Various methods for the end 

group removal or transformation are: reaction with nucleophiles (aminolysis) 

(Shen et al., 2010), thermal elimination (thermolysis) (Chong et al., 2006), 

radical-induced reactions (reduction or elimination) (Chong and Thang, 2007) 

and hydrolysis (Aqil et al., 2008) (Figure 2.3). 

S S

Z

R S S

Z

RPn

S S

Z

Pn

Initiation I. I. P1  .

(II)

(I)

+ + R.
.

S S

Z

PmPn(IV) + +.

(III) R. P.
m

Monomer

Pm
.

S S

Z

Pm Pn
.

M M

Monomer

Pn
. S S

Z

Pn

P.
m+1

Monomer
P.

m

Pm
. Pn

.+ Pn+m(V)



 
 

 75 

 

Figure 2.3. Processes for end group removal/transformation ([H] 

= H Atom Donor). Among all, the nucleophilic aminolysis is an 

efficient method for the production of thiolated polymers (Chong 

et al, 2007).  

The nucleophilic aminolysis of thiocarbonylthio-terminated RAFT polymers, 

which results in the production of highly reactive polymer thiols, is one of the 

most effective approaches among all the above-mentioned methods of RAFT 

polymer end group modification. Shen et al. demonstrated a fast and effective 

conversion of CTA end-capped polymers to thiol end-capped polymers via the 

nucleophilic aminolysis method using hydrazine (Shen et al., 2010) (Figure 

2.4). Hydrazine is a strong nucleophile with a small steric hindrance compared 

to common primary amines (e.g. butylamine and hexylamine) used for 

nucleophilic aminolysis (Minegishi and Mayr, 2003). It consists of two 

equivalent amine groups, which enhance the collision chances with CTAs 

during aminolysis. In addition, it is capable of cleaving disulfides (Maiti et al., 

1988). 

 

Figure 2.4. The nucleophilic aminolysis of thiocarbonylthio-terminated RAFT polymer 

with hydrazine for the generation of thio-terminated polymer (Wu et al., 2014).  
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2.2. Materials  
 

2,2′-azobis (2-methylpropionitrile) (AIBN), 4-cyano-4-[(dodecylsulfanyl 

thiocarbonyl) sulfanyl] pentanoic acid (CTA/RAFT agent), 1,4-

dioxacyclohexane, dimethylformamide (DMF), hexane, and methanol, poly 

(ethylene glycol) methyl ether methacrylate (Mn = 300 g mol-1) (PEGMA), 

sodium tetrafluoroborate. All the chemicals and solvents were purchased from 

Sigma-Aldrich and used without further purification. Distilled water (dH2O) was 

used for all of the experiments. 

 

2.3. Methods 
 

This section of the research report describes the experimental details on the 

synthesis and characterisation of thiol-terminated poly (ethylene glycol) 

methyl ether methacrylate polymers. The targeted degrees of polymerisation 

were 10, 50 and 100.  

 

2.3.1. Synthesis of poly (ethylene glycol) methacrylate polymer by RAFT 

polymerisation 

 
Typically, poly(ethylene glycol) methyl ether methacrylate (Mn = 300 g mol-1) 

(PEGMA) monomer (1 g, 3.333 mmol), 4-Cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA/RAFT agent, Mw = 

403.67 g mol-1), 2,2′-Azobis(2-methylpropionitrile) (AIBN) (initiator, Mw = 

164.21 g mol-1) and dioxane solvent (10 mL) were introduced into a single-

neck round-bottom flask (25 mL). The reaction mixture was sealed with a 

rubber septum and purged with argon for 30 min and then placed in a 

preheated oil bath at 70 °C for 17 h under magnetic stirring. The reaction was 

stopped by exposure to air at room temperarture and the polymer was 

precipitated in excess hexane (100 mL) in order to dissolve the unreacted 

monomers. Then, the precipitated polymer was dissolved in acetone, dried 

under reduced pressure and collected as a yellowish viscous liquid. 
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The three different degrees of polymerisation (DP = 10, 50 and 100) of a 

PEGMA homopolymer were determined using equation 2.1. and 2.2 :  

 

Equation 2.1. 

 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 (𝐷𝑃) =  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑇𝐴 ⁄  

 

Equation 2.2. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 =  𝑀𝑎𝑠𝑠 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠⁄  

 

The degree of polymerisation (DP) is defined as the average number of 

monomer molecules per polymer chain (Moad et al., 2007).  

 

2.3.2. Aminolysis of RAFT-synthesised polymer  

 

The removal of the thiocarbonyl end group from the P(PEGMA) was 

conducted under ambient temperature, following the protocol described by 

Shen et al. (Shen et al., 2010).  

 

The P(PEGMA) was dissolved in methanol at a concentration of 0.004 M in a 

single-neck round-bottom flask (25 mL). Hydrazine (Mw = 50.06 g mol-1) was 

added to the solution and the reaction mixture was allowed to stir at room 

temperature until the appearance of clear solution. The resulted mixture was 

dialysed for two days against distilled water using dialysis tubing with MWCO 

of 1 kDa. The thiolated polymer was dried using rotary evaporator (Buchi) and 

collected as a colorless viscous liquid. 
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2.3.3. Polymer characterisation  

 

The physical-chemical properties of the synthesised polymers were evaluated 

by performing the following characterisation techniques: 

 

• Nuclear Magnetic Resonance spectroscopy (NMR) 

• Gel permeation chromatography (GPC) 

• Ultraviolet–visible spectroscopy (UV-Vis) 

 

2.3.4.1. Nuclear Magnetic Resonance (NMR) 
 

Nuclear Magnetic Resonance (NMR) is a nuclei specific spectroscopy 

method, which uses intense magnetic fields to perform analytical experiments 

on the nuclei of atoms and elucidates the chemical structure of an analyte. 

The NMR technique is based on the resonance of the electromagnetic 

radiation in the radio frequency region (4-900 MHz) by the nuclei of the atoms. 

Upon strong external magnetic field (B0) application, atomic nuclei (1H, 13C, 

31P, 15N, 19F, etc.) undergo spin state energy separations, and populate the 

nuclear spin states with either lower energy level (aligned with B0) or higher 

energy level (aligned against B0). As the nuclei magnetic moments relax back 

to equilibrium with the applied magnetic field, the transition frequencies 

(resonance frequencies) are recorded and monitored by NMR spectroscopy. 

The NMR spectrum is a plot of signal intensity versus resonance frequency 

(also known as chemical shift, δ) with unit of parts per million (ppm) in 

reference to a standard molecule tetramethylsilane (TMS) having the 

chemical formula Si(CH3)4. The chemical shift of TMS singlet is assigned as 

δ 0, and all other chemical shifts are determined relative to the standard 

(Becker, 1999). 1H NMR spectra were recorded on a Bruker NMR 

spectrometer (Ultrashield 400 MHz). 1H NMR was performed to characterise 

the chemical composition of the synthesised polymers. The 1H NMR samples 

were prepared by dissolving 5 mg of the synthesised polymer in 0.6 mL of 

dimethyl sulfoxide-d6 (DMSO-d6). 
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2.3.4.2. Gel permeation chromatography (GPC) 
 

The average molecular weights (Mn) and weight-average molecular weights 

(Mw), and dispersity ĐM of the synthesised polymers were measured by using 

a Viscotek Gel Permeation Chromatography (GPC) system equipped with a 

solvent pump (Viscotek VE 1121), a degasser (Viscotek VE 7510), two 

Styragel columns (MGHHR-M E0057 and MGHHR-M E0058) and a refractive 

index detector (Viscotek VE 3580). Dimethylformamide (DMF) containing 

sodium tetrafluoroborate (5 mM) was used as the mobile phase at 70 °C at a 

flow rate of 1 mL min−1. Linear poly(methyl methacrylate) polymers with 

narrow molecular weight distributions were used as standards to calibrate the 

apparatus (conventional calibration). The GPC aliquots were prepared by 

dissolving 5 mg of the synthesised polymer in 1 mL of DMF. 

Similar to other types of the liquid chromatography, gel permeation 

chromatography (GPC), also referred to as size exclusion chromatography 

(SEC), comprises solid stationary and liquid mobile phase. The prepared GPC 

sample is injected into the mobile phase and pumped through the GPC 

column. The separation mechanism in the stationary phase of a column is 

based on the hydrodynamic size of each polymer molecule with the larger 

molecules eluting first. The column gels contain porous beads with controlled 

porosity and particle size that are tightly packed together. The small analytes 

spend more time permeating across the porous matrix of the column; 

therefore their retention time increases. Conversely, larger molecules have 

shorter retention time, as they are unable to permeate through all of the 

pores. Detectors (i.e. refractive index, UV-Vis, light scattering and viscometer) 

monitor and record the separation process. The GPC software collects and 

collates the data and calculates the relative molecular weight values of the 

analytes by reference to their retention time using the method of conventional 

calibration (Moore, 1964; Skoog, 2006). 
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2.3.4.3. Ultraviolet–visible spectroscopy 
 
UV-Visible spectroscopy was conducted to confirm the disappearance of the 

thiocarbonyl end group absorption band after aminolysis of the synthesised 

polymers. The absorption spectra were obtained in a plastic cuvette at 25 °C 

by an Agilent Cary series UV-Vis spectrophotometer in the wavelength range 

between 400-800 nm. The samples were prepared by dissolving 5 mg of the 

synthesised polymer in 1 mL of methanol. 

 

In UV-Vis spectroscopy, the amount of the light with different wavelength 

passing through the sample, so called as transmittance (T), is calculated 

using equation 2.3: 

 

Equation 2.3 

T = I/I0  

 

Where, I0 and I are the incident and transmitted light intensities, respectively.  

 

The absorbance of the sample (A) is measured from the determined 

percentage transmittance (T%  = T × 100) (Equation 2.4): 

 

Equation 2.4 

A = log10 T% -1 
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The Beer-Lambert law suggests that the amount of radiation absorbed at a 

specific wavelength is directly proportional to the concentration of the solution 

(Equation 2.5) (Ricci et al. 1994): 

 

Equation 2.5. 

 
A = log10 (I0/I) = εCL 

 
 
Where, A is the absorbance (optical density) in arbitrary unit 

ε is the molar absorptivity or the molar extinction coefficient  

(constant for each type of molecule at each wavelength), L mol-1 cm-1  

C is the concentration of nanoparticles, mol L-1 

L is the path length, cm 

 

An absorption spectrum is the plot of the absorbance versus the wavelength 

of the incident light.  
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2.4. Results and Discussion 
 

Results of this chapter were obtained after series of laboratory experiments 

and data analysis. Each individual section corresponds to the sections given 

in materials and methods. 

 

Anti-fouling water soluble homopolymers of poly(ethylene glycol) methyl ether 

methacrylate (P(PEGMA)) with three different target degree of polymerisation 

(DP) of 10, 50 and 100 were synthesised via RAFT polymerisation. The 

reaction conditions are summarised in Table 2.1 and the synthetic route of the 

polymer is given in Figure 2.5. 

 

Table 2.1. Reaction conditions for the RAFT polymerisation of PEGMA. 

 

Monomer 

 

Degree of 

polymerisation 

(DP) 

 

CTA 

 

AIBN 

 

Organic 

solvent 

mmol mg 
× 10-3 

mmol 
mg 

× 10-3 

mmol 
mg mL 

3.33 1000 

 
10 

 
333.00 

 
134.42 

 
33.30 

 
 

5.50 
 

10 
 

50 
 

 
66.60 

 
26.88 

 
6.66 

 
1.10 

 
100 

 
33.00 

 
13.32 

 
3.33 

 
 

0.55 
 

 

Note: The amount of CTA and AIBN were calculated using Equation 2.1 and 2.2. 
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Figure 2.5. Schematic for the synthesis of P(PEGMA) RAFT polymerisation. 

 
The reactions were quenched after 17 h and the synthesised P(PEGMA) were 

purified in hexane and dried under reduced pressure. The products obtained 

(Figure 2.6) were transparent viscous liquids with different hues of yellow due 

to the presence of the RAFT agent end-capping; the respective targeted 

degree of polymerisation (DP) of 10, 50 and 100 are referred to as 

P(PEGMA)10, P(PEGMA)50, and P(PEGMA)100. 

 

 

Figure 2.6. Digital photographs of samples of  

P(PEGMA)100 (a), P(PEGMA)50 (b) and P(PEGMA)10 

(c).  

 

The percent yield of the RAFT polymerisation reaction is the ratio between the 

actual mass of the products and mass of the reactants expressed in 

percentage rates. The percent yield was determined using equation 2.6: 

 

Equation 2.6. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠𝑒𝑑 𝑃(𝑃𝐸𝐺𝑀𝐴)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 (𝑚𝑜𝑛𝑜𝑚𝑒𝑟 + 𝑅𝐴𝐹𝑇 𝑎𝑔𝑒𝑛𝑡)
 ×  100 
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The percent yields were calculated for P(PEGMA)10 , P(PEGMA)50 and 

P(PEGMA)100 using equation 2.6. 

 

  P(PEGMA300)10  → [(930.5 mg) / (1000 mg + 134.42 mg)] x 100    =  % 82 

P(PEGMA300)50  → [(921.5 mg) / (1000 mg +  26.76 mg)]  x 100    =  % 90 

P(PEGMA300)100→ [(835.5 mg) / (1000 mg +  13.42 mg)]  x 100    =  % 82 

 

The products were obtained with good yield that was calculated to be 82%, 

90%, and 82% for P(PEGMA)10 , P(PEGMA)50 and P(PEGMA)100, 

respectively.  
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a 

 

b 

 

c 

 

Figure 2.7. 1H NMR (400 MHz, d6-DMSO) spectrums of P(PEGMA)10 (a), 

P(PEGMA)50 (b) and P(PEGMA)100 (c). 
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1H NMR spectra of P(PEGMA)10 , P(PEGMA)50 and P(PEGMA)100 are 

presented in Figure 2.7. 

 

The broad 1H NMR resonance signals in upfield at approximately δ = 0.75 

ppm and δ = 1.10 ppm (c) are attributed to the methyl protons (-CH3) of the 

polymer backbone. The appearance of a broader signal with low intensity (d) 

at about δ = 1.11 ppm to 1.95 ppm is ascribed to the methylene group (-CH2) 

of the polymer backbone. The chemical shifts at approximately δ = 3.40 ppm 

to 3.65 ppm (f) and δ = 4 ppm (e) correspond to methylene groups in the 

polymer chains. The methyl groups of each pendant PEGMA chain  (g) had 

chemical shift at 3.25 ppm. Due to bonding to the electronegative oxygen 

atom, the assigned methylene (e and f) and methyl (g) groups are deshielded 

to the higher resonance frequency (downfield shift). The 1H NMR spectrum of 

the resultant polymer did not clearly show the proton resonance signals 

corresponding to the RAFT agent since the RAFT end groups of the polymer 

backbone 1H-NMR signals (a, b, h, j and i) overlapped with peaks assigned to 

the methyl and methylene protons of the polymer backbone at approximately 

δ = 0.75 - 1.95 ppm. 

 

The monomer conversion (%) calculated by comparing the integral area of the 

remaining unreacted monomers at δ = 5.7 ppm and δ = 6.1 ppm to the 

terminal methyl of the polymer at δ = 3.25 ppm after 17 h of polymerisation, 

using the equation 2.7: 

 

Equation 2.7. 

𝐻𝑁𝑀𝑅 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
1𝐻𝑝

1𝐻𝑝 +  1𝐻𝑚
 ×  1000

1  

 

Where, 1Hp and 1Hm represents the integral per proton values of the obtained 

polymer and the unreacted monomers, respectively.  
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Figure 2.8 is shown the decrease in intensity of the vinylic =CH2 proton 

resonance signal in the range of δ = 5.5 ppm - 6.3 ppm after polymerisation 

(before purification), which is verified the monomer conversion for 

P(PEGMA)100.  

  

 

Figure 2.8. Disappearance of chemical shift of the vinylic protons (two distinct 

resonance peak due to spin-spin splitting) at δ = 5.7 ppm and 6.1 ppm is confirmed 

the monomer consumption after RAFT polymerisation of P(PEGMA)100.  

 

1HNMR monomer conversion (%) was calculated to be 92%, 87% and 94% 

for P(PEGMA)10 , P(PEGMA)50 and P(PEGMA)100, respectively
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The number-average molecular weight (Mn), weight-average molecular weight 

(Mw) and molar mass dispersity (Mw/ Mn, represented as ĐM) of the polymers 

were analysed by gel permeation chromatography (GPC) using the 

conventional calibration method with poly(methyl methacrylate) (PMMA) 

standards. The GPC traces of the polymers P(PEGMA)10, P(PEGMA)50 and 

P(PEGMA)100 are shown in Figure 2.9. The GPC chromatogram displayed 

uni-modal and symmetric peaks with a clear shift to lower elution volumes as 

a function of the DP.  

The Mn of the P(PEGMA) was found to be 5 200 g mol-1 , 15 300 g mol-1 and 

29 300 g mol-1 for P(PEGMA)10, P(PEGMA)50 and P(PEGMA)100, 

respectively. The Mn values obtained by GPC were in good agreement with 

the theoritical Mn  calculated from 1HNMR monomer conversion (Table 2.2). 

Theoritical Mn calculation from 1HNMR monomer conversion is presented in 

Appendix 1. 

In all cases, the ĐM values were equal or lower than 1.30, indicating a narrow 

molecular weight distribution and well-controlled polymerisation (Table 2.2). 

The underlying principle of separation on the basis of polymer hydrodynamic 

volume, utilising polymer standards (PMMA) with the same molecular weight 

but different hydrodynamic volumes from that of resultants was making the 

method susceptible to errors. 
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Figure 2.9. RI traces as recorded by GPC showing molecular 

weight distribution of the P(PEGMA)10 (green), P(PEGMA)50 (red) 

and P(PEGMA)100 (blue).  

 

 

Table 2.2. Theoretical Mn, and Mn and ĐM of P(PEGMA)10, P(PEGMA)50 and 

P(PEGMA)100 determined by GPC analysis. 

 

DP 
Theoritical Mn 

(g mol-1) 

Mn  

(g mol-1) 
ĐM 

10 3 200 5 200 1.30 

50 13 600 15 300 1.30 

100 28 600 29 300 1.20 

 

Then, the polymers underwent aminolysis reaction with hydrazine in methanol 

(Table 2.3) in order to produce thiol-termini for subsequent attachment with 

GNPs (Shen et al., 2010) (Figure 2.10). The details of the nucleophilic 

aminolysis of the thiocarbonylthio-terminated RAFT polymers have been 

described in section 2.1. 
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Table 2.3. Reaction conditions for the aminolysis of P(PEGMA). 

Synthesised polymer Hydrazine Methanol 

(mL) 
polymers 

mg 
 

× 10-5 mmol μL 

P(PEGMA)10 500 100 47 25.00 

P(PEGMA)50 500 33 16 8.25 

P(PEGMA)100 500 17 8.3 4.25 

 

 

 

Figure 2.10. The nucleophilic aminolysis of thiocarbonylthio-terminated P(PEGMA) 

with hadrazine to generate of thio-terminated polymers (SH-P(PEGMA)).  

 

The resulted mixture was dialysed for two days against dH2O using dialysis 

tubing with MWCO of 1 kDa. The polymers were dried under reduced 

pressure and collected as a transparent viscous liquid (Figure 2.11). The yield 

percent was calculated to be 90%, 85%, and 72% for SH-P(PEGMA)10 , SH-

P(PEGMA)50 and SH-P(PEGMA)100), respectively. 

 

 
Figure 2.11. Digital photographs of SH-

P(PEGMA)10 (a), SH-P(PEGMA)50 (b) and SH-

P(PEGMA)100 (c). 

 

 

S

S

S

O O

O

O

OH

n

m

m =10, 50, 100
n = 5-6

CN

Poly (ethylene glycol) methyl 
ether methacrylate polymer

P(PEGMA)

HS

O O

O

O

OH

n

m

m =10, 50, 100
n = 5-6

CN

NH2NH2

RT

Thiol-terminated poly 
(ethylene glycol) methyl ether 

methacrylate polymer
SH-P(PEGMA)

10

30 min



 
 

 91 

Figure 2.12 displays the UV-Vis spectra of P(PEGMA)10, P(PEGMA)50 and 

P(PEGMA)100 before and after aminolysis. The P(PEGMA) showed an 

absorption band at 440 nm, which is indicated the presence of 

trithiocarbonate end groups (Shen et al., 2010). The complete disappearance 

of the absorption band after aminolysis is indicated the quantitative cleavage 

of the RAFT end groups and the formation of the thiol-terminated polymers 

(SH-P(PEGMA)10 , SH-P(PEGMA)50 and SH-P(PEGMA)100). 

 

 

Figure 2.12. Comparison of the absorption spectrum of P(PEGMA)10, 

P(PEGMA)50 and P(PEGMA)100 before and after aminolysis. 

 

The 1H-NMR spectrum of the resultant thiol-terminated polymer showed no 

significant chemical shift or peak area change related to the cleavage of 

thiocarbonylthio group due to the overlap of peaks in the 1H-NMR signals 

assigned to the cleaved thiocarbonylthio group and methyl and methylene 

protons of the polymer backbone (Figure 2.13). 
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a 

 

b 

 

c 

 

Figure 2.13. 1H NMR (400 MHz, d6-DMSO) spectrum of SH-P(PEGMA)10 (a), SH-

P(PEGMA)50 (b) and SH-P(PEGMA)100 (c). 
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Compared to the originally synthesised P(PEGMA), the GPC traces of SH-

P(PEGMA) displayed a clear shift towards higher retention times with 

symmetric distribution, implying a reduction of the molecular weight of the 

polymer P(PEGMA) due to the partial loss of the CTA. The Mn of the SH-

P(PEGMA) was found to be 4 200 g mol-1 , 14 900 g mol-1 and 28 300 g mol-1  

for SH-P(PEGMA)10, SH-P(PEGMA)50 and SH-P(PEGMA)100, respectively. 

The Mn values obtained by GPC were in good agreement with the theoritical 

Mn  calculated from 1HNMR monomer conversion (Table 2.4). 

Table 2.4. Theoretical Mn, and Mn and ĐM of SH-P(PEGMA)10, SH-P(PEGMA)50 

and SH-P(PEGMA)100 determined by GPC analysis. 

DP 
Theoritical Mn 

(g mol-1) 

Mn  

(g mol-1) 
ĐM 

10 3 000 4 200 1.30 

50 13 400 14 900 1.20 

100 28 000 28 300 1.30 

 

Furthermore, the unimodal (one peak) symmetric distribution showed that the 

use of hydrazine prevented the formation of a disulphide bridge between two 

chains under the experimental conditions (Figure 2.14).  
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Figure 2.14. GPC traces of P(PEGMA)10, P(PEGMA)50 and P(PEGMA)100 and 

their corresponding thiol-capped functionalised polymers SH-P(PEGMA)10, SH-

P(PEGMA)50 and SH-P(PEGMA)100. 
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2.5. Conclusion 
 

The results support the successful synthesis of the P(PEGMA) polymer with 

the targeted degree of polymerisation of 10 (P(PEGMA)10), 50 

(P(PEGMA)50) and 100 (P(PEGMA)100) by  RAFT polymerisation. The 

synthesised polymers were further aminolysed to form thiol-capped polymers 

for binding to GNPs with high affinity by forming covalent Au-S bonds. The 

chemical composition of the polymers was successfully characterised by 1H 

NMR and it was confirmed that the polymer products had well defined 

structure and predictable molecular weights according to the results obtained 

by GPC. Finally, characterisation of the thiol-capped products by GPC, and 

UV/Vis confirmed the successful synthesis of the thiol-rich polymers for further 

conjugation to GNPs. 

 

The formulation properties of the as synthesised thiol-end P(PEGMA) with 

GNPs were compared with commercially available thiol-terminated 

methoxypoly (ethylene glycol) (PEG, Mn = 6000 g mol-1, SH-PEG6000) in the 

following chapter. 
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Chapter 3                                                                                               

Formulation and characterisation of Gem-loaded GNShells for treatment 

of the pancreatic cancer 

 

Drug toxicities can be mitigated through NP formulation, while simultaneously 

increasing tumor accumulation through the EPR effect. GNShells are 

spherical nanoparticles consisting of an ultrathin metallic layer and possess 

highly favourable optical and chemical properties for biomedical and 

therapeutic applications. Herein, GNShells (max = 640 nm) were synthesised 

by a galvanic replacement reaction and coated with commercially available 

thiol-terminated methoxy poly (ethylene glycol) (PEG, Mn = 6000 g mol-1, 

PEG6000) or RAFT synthesised thiol-terminated polymers of poly(ethylene 

glycol) methyl ether methacrylate with targeted degree of polymerisation of 10 

(SH-P(PEGMA)10), 50 (SH-P(PEGMA)50) and 100 (SH-P(PEGMA)100) to 

reduce protein binding (opsonisation), increase hydrophilicity and stability, 

and extend the circulation half-life of the formulation. Further, drug loading 

was conventionally performed to protect Gem against rapid plasmatic 

metabolisation and also maintain the drug cytotoxicity at lower doses. 

Characteristics, such as size, shape, surface properties and drug loading, can 

affect therapeutic efficacy, biodistribution, pharmacokinetics and toxicity of the 

nano-formulations and hence full characterisation of the proposed system was 

performed. The successful surface functionalisation of the GNShells was 

investigated by means of ultraviolet-visible (UV-vis) spectroscopy, Raman 

spectroscopy, transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS), thermogravimetric analysis (TGA), as well as dynamic 

light scattering (DLS), and zeta (ξ) potential measurements. The effect of 

polymer chain length and surface density on drug loading efficacy, drug 

release and cytotoxicity of nanoformulation was also investigated via High-

performance liquid chromatography (HPLC) and cell viability assay.  

 

 



 
 

 97 

3.1. Introduction 
 

3.1.1. GNShells mediated photothermal cancer therapy 

 
Ultrathin hollow GNShells belong to a novel class of GNPs with distinctive 

optical properties (You et al., 2010). They possess an adjustable plasmon 

absorption band that can be tuned to the red/NIR region where light has a 

negligible interaction with physiological media (water, blood and tissue) (Joshi 

and Wang, 2010).  With such plasmonic properties, GNShells display efficient 

conversion of light into thermal energy upon exposure to moderately low 

laser-generated light thus they can be utilised as an intense laser light-

absorber for photothermal cancer treatment (Chicheł et al., 2007). 

 

Following the first report on using GNShells for laser-induced thermal therapy 

by the Halas research group (Hirsch et al., 2003), GNShells have attracted 

the attention of researchers as evidenced by the increasing number of 

publications (Figure 3.1). 

 

 

Figure 3.1.  Number of SciFinder Scholar references per year after the first 

publication on GNShells-mediated photothermal therapy in 2003 containing the 

search terms, gold nanoshell*, photothermal*, and cancer* as of December 2017. 
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In contrast to Indocyanine green which has an absorption cross section of ≈ 

1.66 × 10-20 m2, GNShells exploited favorably high optical absorption cross 

section of 3.8 × 10-14 m2, which is over 106 times greater than that of the 

conventional dye (Hirsch et al., 2003). Like the other types of GNPs, the rigid 

metallic structure of GNShells protects them against photobleaching, which is 

a major disadvantage of organic dyes. In addition, the pure and biologically 

inert gold composition of hollow GNShells facilitates their surface 

functionalisation with a wide variety of polymers, anti-cancer agents and 

biomolecules, which GNShells can deliver their diagnostic /or therapeutic 

payloads to targeted sites (Hirsch et al., 2003; O’Neal et al., 2004). 

Furthermore, there is no available evidence on the long-term (in years) 

cytotoxicity profile of GNShells (without conjugated drugs or laser radiation). 

However, growing evidence from numerous experimental animal studies 

indicates that GNShells are non-toxic and safe since no clinical sign of 

systemic toxicity or incidence of side effects have been reported months after 

treatments (Hirsch et al., 2003; O’Neal et al., 2004; Stern et al., 2008). To 

date, among all GNPs, only nanoshell-mediated photothermal therapy has 

progressed from laboratory into clinic. In 2008, Nanospectra Bioscience 

commenced the first human clinical trial to test the GNShells photothermal 

therapy, commercially named as AuroLase® Therapy. The company, 

exclusively licensed from Rice University, works on NIR-resonant GNShells 

for the thermal destruction of solid tumors. Nanospectra has conducted pilot 

study under open Investigational Device Exemption (IDE) approved by the 

U.S. Food and Drug Administration (FDA) for the treatment of refractory head 

and neck as well as lung cancer (Table 3.1). There are scientific publications 

regarding AuroLase® Therapy for photothermal ablation, imaging and other 

commercial applications (Hirsch et al., 2003; O’Neal et al., 2004; Stern et al., 

2008; Schwartz et al., 2009; Day et al., 2010).  
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Table 3.1. Clinical study details as provided by Nanospectra Biosciences, Inc. (Clinicaltrials.gov. NCT00848042; NCT01679470; 

NCT02680535). 

Clinical trials Intervention Brief summary Resutls of 

clinical trials  

 

 

Pilot study of AuroLase® 

Therapy in refractory and/or 

recurrent tumors of the head 

and neck. 

(NanospectraBiosciences, 

Inc., NCT00848042)  

 

 

 

▪ Device: AuroLase® Therapy  

▪ Enrollment: 11 

▪ Study start date:          

 April 2008 

Study completion date:    

August 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

This pilot study was an open-label, multi-

center, single-dose AuroLaseTM Therapy for 

three treatment groups of five patients with 

refractory and/or recurrent head and neck 

tumors, who observed for six (6) months 

following treatment. The single dose of 

AuroShell™ particles infused into the blood 

stream of the patients followed by one or 

more interstitial illuminations with an 808 nm 

laser. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary end-

point was not 

met. 
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A pilot study of AuroLase® 

Therapy in subjects with 

primary and/or metastatic 

lung tumors. 

(NanospectraBiosciences, 

Inc., NCT01679470) 

 

 

▪ Device: AuroLase® Therapy 

▪ Enrollment: 1 

▪ Study start date:                 October 

2012 

Study completion date:       

June 2014 

  
 

 

This was an open-label, single-center, single-

dose efficacy pilot study of AuroLase® 

Therapy in the treatment of primary and/or 

metastatic lung tumors. In this study patients 

were given a systemic IV infusion of 

AuroShell™ particles followed by escalating 

dose of laser radiation delivered by optical 

fiber via bronchoscopy. 

 

 

 

 

 

Results have not 

yet been 

published 

 

A study of MRI/US fusion 

imaging and biopsy in 

combination with 

nanoparticle directed focal 

therapy for ablation of 

prostate tissue. 

(NanospectraBiosciences, 

Inc., NCT02680535) 

 

 

 

▪ Device: AuroLase® Therapy   

▪ Enrollment: 45 

▪ Study start date:       

 February 2016 

Estimated study completion date:  

December 2018 

 

 

This pilot study is an open-label, multi-center, 

single-dose AuroLase® Therapy for the focal 

ablation of neoplastic prostate tissue via 

nanoparticle directed irradiation. The 

AuroShell™ particles are infused 

intravenously 12 to 36 h prior to ultrasound-

guided laser illumination using a FDA cleared 

laser and an interstitial optical fiber. 

 

 

 

 

Results have not 

yet been 

published 
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3.1.2. Synthesis of GNShells 

 

In 2002, Xia and co-workers developed the template galvanic replacement 

reaction to produce hollow metallic nanostructures with tunable size and 

absorbance profiles (Sun et al., 2002). 

 

The method proposed by Xia et al. is superior to the method of fabrication of 

silica core/gold shell nanoparticles (Hirsch et al., 2003) and also to the 

methods that comprise the use of galvanic replacement reaction (e.g. 

sacrificial galvanic replacement of cobalt nanoparticles by Schwartzberg et 

al.). Xia’s method is safer, simpler, highly reproducible, stable and produces 

small particles (≈ 20-60 nm) and is a true one-pot synthesis method. 

However, it does not produce extremely monodisperse hollow nanoparticles. 

The synthesis of silica–gold core-shell nanoparticles pioneered by Halas 

research group (Hirsch et al., 2003) is a time consuming and laborious 

process and the synthesised nanoshells are large in size (at least 100 nm). 

Besides, there are concerns about the biological effects of silica or its 

degradation products (Hirsch et al., 2006). 

 

In addition, the toxicity of cobalt and the air-sensitivity of the reaction are the 

two main drawbacks of the Schwartzberg technique (Schwartzberg et al., 

2006). 

 

The galvanic replacement of the silver core with gold using small silver 

nanoparticles as sacrificial templates and gold ions as the galvanic 

replacement reagent is discussed in the following paragraphs.  

 

3.1.3. Sacrificial silver sol 

 

The monodisperse solid silver nanospheres can be synthesised via the 

Turkevich’s seed-mediated growth mechanism. This method takes place in 

two stages: seed formation and growth (Kimling et al., 2006; Wuithschick et 

al., 2015). 
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At the seed stage, spherical seed nanoparticles are synthesised by reducing 

the silver salts (Ag+NO-
3) with sodium citrate along with the addition of sodium 

borohydride (NaBH4), which is a strong reducing agent and accelerates the 

chemical reaction (Figure 3.2). Sodium citrate functions as both stabilising 

and mild reducing agent. The silver seed that is formed via this process at 

room temperature serves as a template for the growth mechanism (Kimling et 

al., 2006; Wuithschick et al., 2015). 

  

 

Figure 3.2. Synthesis of silver seed nanoparticles by the chemical reduction 

method involves the reduction of silver nitarte with sodium citrate and a strong 

reducing agent such as sodium borohydride. 

 

The growth mechanism takes place via further reduction of silver nitrate with 

hydroxylamine hydrochloride (NH2OH.HCl) in the presence of the existing 

silver seed (the nuclei). In contrast to the nucleation agent (NaBH4), 

NH2OH.HCl is a gentle reducing agent that causes diffusion of silver ions on 

the nanoseed’s surface without inducing the secondary nucleation of new 

silver nanoparticles (Figure 3.3) (Jana et al., 2001; Cao et al., 2006). 
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Figure 3.3. The growth mechanism of silver nanoparticles. The reducution of silver 

ions by hydroxylamine hydrochloride onto the present silver nuclei leads to the 

production of uniform silver nanoparticles. Hydroxylamine hydrochloride acts as a 

growth agent that accelerates the rate of silver ion reduction on the surface of the 

nano-seeds. 

 

3.1.4. Galvanic replacement reaction  

 

The galvanic replacement reaction is an electrochemical process in which, the 

oxidation or corrosion of one metal (referred to as the sacrificial template) in 

solution phase is accompanied by the reduction of another metal ion. The 

difference in reduction potentials of the two metal species is the driving force 

behind the galvanic replacement reactions, whereby the reduction potential of 

the sacrificial template is lower than the deposited outer shell metal (Cobley 

and Xia, 2010; Xia et al., 2013). 

 

Since the standard reduction potential of the AuCl-4/Au redox pair (0.99 V vs. 

the standard hydrogen electrode (SHE)) is higher than that of the Ag+/Ag 

redox pair (0.80 V vs. SHE), the galvanic replacement initiates immediately 

after addition of HAuCl4 solution into the suspension of Ag nanoparticles (Sun 

et al., 2003). 

 

The nanosilver templates (3 Ag0) are oxidised and act as electron suppliers (3 

Ag0+ 3 e-), reducing the ionic gold (AuCl-4) into the pure nanogold (Au0). The 

gold atoms nucleate and grow into small clusters and are deposited epitaxially 

on the surface of a silver nanoparticle (on the facets with the highest surface 

energy) (Prevo et al., 2008). This eventually results in the formation of hollow 

gold-silver alloyed nanoshells, as a homogeneous silver-gold alloy is 
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thermodynamically more stable than a mixture of segregated pure gold and 

silver. Further oxidisation and subsequent dissolution of the silver core upon 

further addition of gold salt solution (AuCl-4) causes galvanostatic dealloying of 

the bimetallic nanostructures and formation of thin crystalline GNShells (Sun 

and Xia, 2003). 

 

Since the elemental gold should be mainly confined to the vicinity of the 

template surface, the morphology of the GNShells are similar to that of silver 

templates (Figure 3.4) (Sun et al., 2003). 

 

 

 

Figure 3.4. Schematic illustration of galvanic replacement reaction 

between gold solution and silver template. The hollow gold 

nanostructure is generated due to the dissolution of the oxidised silver 

atoms in the solution phase and deposition of the reduced gold salts 

on the surface of the sacrificial silver nanoparticles during the galvanic 

replacement reaction (Sun et al., 2003).  

 

The galvanic replacement reaction between silver and gold occurs at around 

100 °C because the generated silver chloride (Ag+ Cl-) loses its solubility and 

forms a white solid precipitation in cold water (≈ 20 °C). The silver chloride 

solubility increases by ≈ 6700 times at higher temperature (60 °C) when the 

concentration of silver nanoparticles (in terms of pure silver, Ag0) is controlled 

below 1.1 × 10-3 M (Sun et al., 2002; 2003). 

 

3Ag(s)    +   AuCl-4 (aq) Au(s)   +   3Ag+
(aq)  +  4Cl-(aq)
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According to Mie theory, the optical properties of GNShells depend strongly 

on their size and shell thickness. The surface plasmon resonance absorbance 

maximum of GNShells can be tuned across the red/NIR region by changing 

the ratio of the core diameter and the shell thickness. This can be controlled 

by adding sufficient amount of gold salt solution (AuCl-4) during the galvanic 

replacement reaction and/or by adding sufficient quantities of silver nitrate 

during the preparation of the silver sol (Prevo et al., 2008). 

 

3.1.5. Surface functionalisation of gold nanoparticles 

 

When bare nanoparticles are introduced into the body and exposed to the 

biological media, with a broad range of pH and ionic strength, they 

immediately undergo non-specific interaction with plasma proteins 

(opsonisation). The adsorption of proteins on the surface of the nanoparticles, 

which is positively correlated with particles size and charge (independent of 

whether it is negative or positive), enhances the susceptibility of the protein-

coated nanomaterials for uptake by phagocytic cells (such as monocytes, 

dendritic cells and macrophages) thus accelerate their clearance from the 

blood stream (Cedervall et al., 2007; Lynch and Dawson, 2008; Aggarwal et 

al., 2009). 

 

The clearance of nanoparticles by the mononuclear phagocytic system (MPS) 

is a size dependent phenomenon. For instance, particles smaller than 20 nm 

are rapidly cleared by the renal excretion, while colloids of sizes 200-400 nm 

undergo rapid hepatic clearance (Moghimi et al., 2001; Moghimi, 2003). 

Sonovane et al. showed the bioaccumulation of citrate-capped GNPs (15-200 

nm) in the liver, spleen, lung and kidney (Sonavane et al., 2008). 

 

In order to shield the nanoparticles from opsonisation, avoid phagocytosis and 

rapid clearance and consequently increase the blood circulation half-life, 

surface modification of nanoparticles with poly(ethylene glycol) (PEG) has 

been widely used in industrial and medical applications. Due to the inertness, 

non-toxicity, hydrophilicity and chemical stability of PEG, PEGylation of 
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nanomaterials (PEG coating) diminishes their immunogenicity and enhances 

their stability, biocompatibility, biodistribution and surface hydrophilicity both in 

vitro and in vivo. PEG-modification of nanoparticles provides a steric barrier 

against aggregation (steric repulsion between the PEG chains) since the 

PEGylated nanoparticles are electrostatically neutral and cannot penetrate 

into the hydrated PEG layer of surrounding molecules (Figure 3.5) (Sperling 

and Parak, 2010; Adabi et al., 2016).  

 

Gold nanoparticles designed for biomedical applications are often passivated 

with thiol-terminated polymers such as PEG and its derivatives (e.g. PEGMA). 

PEG based polymers or any other ligand molecules (e.g. polymers, drugs, 

peptides, etc.) can be covalently grafted to the surface of GNPs if they contain 

free thiol (-S), amine (-NH2) or carboxylate functional group (-COOH) (Liu et 

al., 2015; Radenkovic et al., 2017). 

 

 
 

Figure 3.5. PEGylation of nanoparticles. The unmodified NPs are rapidly tagged 

with proteins corona, and are thereby cleared from the blood stream by the MPS 

(also known as RES) and bioaccumulate in organs such as the liver, spleen, etc. 

Functionalisation of nanoparticles with PEG polymer (PEGylation) increases their 

circulation time by resisting opsonisation and rapid blood clearance (Adabi et al., 

2016).  
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However, surface functionalisation of the GNPs with thiol-functionalised 

ligands is the dominant strategy due to the strong Au-S bond between the soft 

Au acid and the weak thiolated base with a much higher bond dissociation 

energy compared to that of Au-N and Au-O bond (Figure 3.6) (Iancu, 2013). 

The strong binding of the ligand molecules to the nanoparticles surface 

enhances the particles stability in biological systems.  

 

 

Figure 3.6. . Bond dissociation energies for Au-S, Au-N and Au-O in Kcal mol-1 

(Iancu, 2013). 

 
 
In this research, Au-S and Au-N interaction were employed to conjugate the 

thiolated PEG or P(PEGMA) and Gem to the GNShells surface, respectively. 

The SH-PEGMA was synthesised by RAFT polymerisation and the CTA-end 

group was cleaved via aminolysis, as described in chapter 2. 
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3.2. Materials 

 

Ammonium acetate (≥99.0%), dimethyl sulfoxide (DMSO), dulbecco’s 

modified eagle’s medium - high glucose (DMEM), dulbecco’s phosphate 

buffered saline (DPBS), fetal bovine serum (FBS), glacial acetic acid, gold (III) 

chloride trihydrate (≥99.0%), hydroxylamine hydrochloride (≥98%), L-

glutamine, methanol, phosphate buffered saline (pH 7.4), poly(ethylene 

glycol) methyl ether thiol (average Mn = 6000, SH-PEG6000), phosphate 

buffered saline (PBS) tablets, penicillin-streptomycin, silver nitrate (≥99.0%), 

sodium borohydride (99.99%), sodium-1-octane-sulphonate (≥99.0%), sodium 

acetate buffer solution (pH 5.2±0.1), thiazolyl blue tetrazolium bromide (98%), 

trisodium citrate dehydrate were all purchased from Sigma-Aldrich and used 

without further purification. Gemcitabine.HCl (Gem.HCl) was purchased from 

Sequoia Research Products Ltd. All solvents were of high-performance liquid 

chromatography grade and used without further purification. Distilled water 

(dH2O) was used for all of the experiments. Silicon wafer (single side 

polished), <100>, P-type, with boron as dopant, diam. × thickness 3 in. × 

0.5 mm was purchased from Aldrich. The human epithelia MiaPaCa-2 cell line 

was purchased from the American Type Culture Collection (ATCC). 

 

3.3. Methods 

 

3.3.1. Synthesis of hollow GNShells by galvanic replacement reaction 

Hollow spherical GNShells were synthesised through the sacrificial oxidation 

of nanosilver templates by gold salt solution, following the protocol described 

by Prevo et al. (Prevo et al., 2008) with several modifications to prepare the 

nanoparticles in a larger scale. For the silver sols synthesis, 100 mL millipore 

water was added to a 250 mL round bottom flask. To this water, 0.2 mM silver 

nitrate and 0.5 mM sodium citrate were added while stirring. After about 5 

minutes, 0.6 mL of freshly prepared ice-cold solution of 100 mM sodium 

borohydride was injected quickly into the above mixture with vigorous stirring. 

The resulting silver colloids (yellow colour) were allowed to stir for a minimum 
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of 2 h. The prepared silver seed particles were then grown to larger diameters 

by adding 1 mL of 200 mM hydroxylamine hydrochloride solution. The 

colloidal suspension was subsequently stirred for 5 min. After further addition 

of 1.5 mL of 16.6 mM silver nitrate, the silver nanocolloids were allowed to 

age overnight under magnetic stirring. The slightly turbid greenish-brown 

colored silver template was subjected to a galvanic replacement reaction with 

0.25 mM tetrachloroauric acid at 60 °C. Dropwise addition of 0.25 mM gold 

solution (1 mL) into the hot colloids of silver nanoparticles (60 °C) resulted in 

the complete disappearance of the silver plasmon band at 400 nm and 

appearance of broad absorption maximum at about 640 nm. The colour of the 

synthesised GNShells was dark blue. 

3.3.2. Surface functionalisation of GNShells 

 

The resulting GNShell suspension (1 mL) was centrifuged (Sigma 3-16 KL) at 

8000 rpm for 20 min. The GNShell pellet was resuspended in 1 mL of dH2O 

and saturated with excess thiolated polymers (1 mL) as shown in Table 3.2. 

 

Table 3.2. The thiolated PEG/PEGMA polymers used for PEGylation of GNShells. 

 
Polymers 

 
Mn (g mol-1) 

 
mg mL-1 

 
SH-PEG6000 

 
6000 

 
1 

 
SH-P(PEGMA)10 

 
4 200 

 
0.65 

 
SH-P(PEGMA)50 

 
14 900 

 
0.2 

 
SH-P(PEGMA)100 

 
28 300 

 
0.1 

 

The GNShells (1 mL) were mixed with each thiolated polymer (1:1 v/v) under 

magnetic stirring for 4 h at room temperature followed by centrifuging the 

PEGylated samples (8000 rpm, 20 min) using centrifugal Filter (Amicon Ultra-

4 mL – with a membrane NMWL of 30 kDa) in order to remove the unbound 

polymers. Subsequently, the PEGylated GNShell pellets were re-suspended 
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in 1 mL of Gem solution (0.1 mg mL-1) to prepare Gem-loaded GNShells and 

the mixture was allowed to stir at room temperature for 1 h. The purification of 

each sample was carried out by performing another centrifugation cycle (8000 

rpm, 20 min) using centrifugal filter (Thermo Scientific™ Pierce concentrators 

(PES), 3k MWCO, 0.5 mL). The resulting pellets were resuspended in dH2O 

(0.5 mL) for characterisation and/or in PBS buffer (0.5 mL) for conducting in 

vitro cytotoxicity assays.   

 

After synthesis and surface functionalisation of the GNShells, their physical-

chemical properties and cytotoxicity behavior were evaluated by performing 

the following characterisation techniques: 

 

• Ultraviolet–Visible spectroscopy (UV-Vis) 

• Transmission electron microscopy (TEM) 

• Dynamic light scattering (DLS)  

•  Zeta (ζ) potential  

• Thermogravimetric analysis (TGA) 

• Raman spectroscopy 

• High performance liquid chromatography (HPLC) 

• X-ray photoelectron spectroscopy (XPS) 

• In vitro cytotoxicity assay (MTT assay) 

 

3.3.3. Ultraviolet–visible spectroscopy 

UV-Visible spectroscopy was conducted to monitor the formation of the silver 

nanoparticles, the galvanic reaction, the alloying process (silver-gold 

nanoparticles) and the formation of GNShells.  The optical absorption 

measurements of PEGylated GNShells and Gem-loaded GNShells were also 

assessed with UV-Visible spectroscopy. The absorption spectra were 

obtained in plastic cuvettes at 25 °C by an Agilent Cary series UV-Vis 

spectrophotometer in the wavelength range between 400-800 nm. The 

samples were diluted in dH2O (1:1 v/v).  
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3.3.4. Transmission electron microscopy (TEM) 

 
The size and morphology of the GNShells were characterised by TEM on a 

FEI/PHILIPS CM120 BioTwin operating at 120 KV. After one cycle of 

centrifugation of GNShells, an aliquot of concentrated nanoparticle 

suspension was placed on a carbon coated copper grid. The excess of 

sample was drained gently by filter paper and allowed to dry out in open air 

for a few minutes. The grid was transferred to the sample holder and placed in 

the middle of the main microscope vacuum chamber to be introduced into the 

electron beam.  

 

In TEM, the incident electrons are scattered by GNPs due to their high 

electron density (significantly higher than the amorphous carbon). However, 

the transmitted electron beams are refocused and magnified by a series of 

magnetic lenses and hit the fluorescent plate at the base of the instrument. 

The enlarged image is displayed on screen in varied darkness according to 

the GNPs thickness (spherical GNPs are distinctly darker than hollow 

spherical GNShells) (Williams and Carter, 2009). The size distribution of 

GNShells was measured quantitatively from TEM images using Image J 

software version 1.51 (available at https://imagej.nih.gov/ij/). 

 

3.3.5. Dynamic light scattering (DLS) and Zeta Potential 

DLS is a technique used for determining the hydrodynamic size of 

nanoparticles in liquid phase. Interaction of a monochromatic laser beam with 

nanoparticles in colloidal solutions gives rise to a Doppler shift in the 

frequency of the scattered photons due to particles erratic Brownian motion. 

The method of DLS is based on a time-resolved measurement of the 

scattered light intensity fluctuation, which is subsequently converted into an 

effective diffusion coefficient, D, using autocorrelation function.  

 

https://imagej.nih.gov/ij/
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The hydrodynamic radius (Dh), that is inversely proportional to the diffusion 

coefficient, is calculated by the Stokes-Einstein equation (Equation 3.1) 

(Berne and Pecora, 2000): 

Equation 3.1. 

𝐷ℎ =  𝐾𝑇 (6𝛱𝜂𝐷⁄ ) 

Where, K = Boltzmann’s constant, T = Kelvin temperature, and η = the solvent 

viscosity.  

DLS measurements were carried using a Zetasizer Nano ZS, Malvern 

Instruments Ltd., UK. equipped with a HeNe 633 nm laser. The scattered 

laser beams were measured at the angle of 175° and the data were recorded 

by Malvern Zetasizer software 7.11. The samples were diluted in dH2O (1:1 

v/v) and the measurements were conducted in plastic cuvettes at 25° C.  

The nanoparticles surface charge (also called zeta potential) was obtained 

using a Zetasizer Nano ZS, Malvern Instruments Ltd., UK. The samples were 

diluted in dH2O (1:1 v/v) and the measurements were conducted in disposable 

folded capillary zeta cells (Malvern) and performed 3 times, with 100 runs 

each time. 

 

Zeta (ζ) potential, also known as electrokinetic potential, is measured in 

millivolts (mV) and defined as the electrical potential difference between the 

shear plane and the dispersion medium and can be calculated via 

experimental data from the electrophoretic mobility of the particles in an 

electrical field, using the Smulochowski equation (Equation 3.2) 

(Smoluchowski, 1903). 

 

Equation 3.2. 

𝜇 =  𝜁𝜀 𝜂⁄  

Where, μ is the electrophoretic mobility, ε is the electric permittivity of the 

liquid, η is the viscosity and ζ is the zeta potential. 
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3.3.6. Thermogravimetric analysis (TGA) 

TGA (TA instruments) was used to perform thermogravimetric analysis under 

nitrogen gas. The concentrated colloids of the PEGylated GNShells were 

prepared by centrifuging 8 mL of PEGylated samples (8000 rpm, 20 min) 

using centrifugal filter (Amicon Ultra-4 mL – with a membrane NMWL of 30 

kDa). The obtained concentrated PEGylated GNShells were placed in a 

platinum crucible and dried at room temperature prior to analysis. The 

temperature of sample was raised from 40 °C to 700 °C at a heating rate of 

10 °C min-1 under an inert atmosphere of nitrogen (25 mL min-1). The amount 

of the polymer attachment to the surface of gold nanoparticles was found from 

the percentage mass loss over the temperature range of 300 °C – 450 °C, 

which was attributed to the decomposition of surface-bound polymer.  

Thermogravimetric analysis or thermal gravimetric analysis is an analytical 

technique in which the mass of a substance is recorded as a function of 

temperature or time as the sample specimen is subjected to a controlled 

temperature program in a controlled atmosphere. It is used to perform 

compositional analysis of multi-component materials, or to determine thermal 

stabilities, decomposition kinetics, moisture and volatiles content of the 

examined materials. The thermogravimetric curve is recorded using a 

programmed precision balance called thermobalance. A typical 

thermobalance consists of a sample holder, a purge gas system, a 

microbalance, a furnace, a temperature programmer and a recorder. The 

thermogravimetric curve or thermogram represents the results by a plot of 

weight change against temperature or time with the mass change in 

percentage (weight%) on the y-axis and temperature (T) or time (t) on the x-

axis (Figure 3.7). 
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Figure 3.7. A typical thermogravimetric curve. 

 

 
The plateau parts of the thermogram (A-B and C-D) are the regions of no 

mass change. The procedural decomposition temperature (B) represents the 

lowest temperature at which the onset of weight change occurs and the final 

temperature (C) shows the temperature at which the mass change reaches 

the maximum. The B-C portion of the TG curve indicates the mass change. 

Instrumental factors (i.e. the furnace atmosphere and heating rate) and 

sample characteristics (samples weight, particle size and compactness) are 

the two main factors that may affect the TG curve (Hatakeyama and Quinn, 

1999).  
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3.3.7. Grafting density calculation 

 

The grafting density (σ) in terms of polymer chains per square nanometer of 

the surface of the nanoparticles (chain nm-2) was calculated from TGA 

analysis using Equation 3.3: 

 

Equation 3.3. 

 

𝜎 =  
[

𝑊40−800

100 − 𝑊40−800
] ×  100 −  𝑊𝑔𝑜𝑙𝑑

𝑀 ×  𝑆 ×  100
 ×  106 (𝜇𝑚𝑜𝑙 𝑚−2) 

 

Where, W40-800              Weight loss (%) of polymer on GNPs after grafting 

 Wgold   Weight loss (%) for GNPs before grafting 

 M Number-average molecular weight of the polymer 

 S Specific surface area of a GNP 

 

The radius of the GNShells required for the calculation of the surface area 

was obtained from the TEM images (Babu and Dhamodharan, 2009). The 

synthesised GNShells were nearly monodispersed and had a spherical shape 

(as confirmed by TEM), therefore, specific surface area of the GNShells was 

determined from the geometrical relationship between the surface area and 

mass using the Brunauer–Emmette– Teller (BET) equation (Equation 3.4):  

 

Equation 3.4. 

𝐷𝐵𝐸𝑇 = 6000 (𝜌 ×  𝑆𝐵𝐸𝑇⁄ ) 

 

Where, DBET is the average diameter of a GNShell, ρ is the theoretical density 

of gold (19.28 g cm-3) and SBET is the specific surface area of a GNShells 

(Farhadi et al., 2013; Ahmad et al., 2014; Xu et al., 2014).  

 

The determined σ was expressed as number of moles of the grafted polymer 

molecules per square meter of gold surface. By multiplying the obtained 

grafting density (μmol m-2) by Avogadro's number (6.02 x 1023 chain mol-2) 
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and converting the meters to nanometers, the number of polymer chains per 

square nanometer of the nanoparticle surface (chain nm-2) could be 

calculated.  

The number of polymer chains per a nanoparticle was obtained by multiplying 

the grafting density (chain nm-2) with the GNShells surface area (4πr2). 

 

3.3.8. Estimation of the conformation of thiol-end polymers on the 

surface of GNShells 

 
The conformation of the grafted polymer chains can be divided into two 

regimes: ‘brush’ and ‘mushroom’ (Unsworth et al., 2005). This can be 

estimated based on the Flory dimensions (RF) of the grafted polymer and the 

distance between grafting points (D) (Rahme et al., 2013). 

 

The Flory radius for the different PEG used in this study is calculated using 

equation 3.5: 

 

Equation 3.5. 

𝑅𝐹 = 𝛼𝑛3/5 

 

Where, α is the length of one monomer in Angstroms (α = 3.5 A° for PEG) 

and n is the number of monomer units in the polymer. 

 

By assuming that polymers are homogenously and randomly distributed 

around the whole surface of GNShells, the value of D (effective distance 

between two grafting point) was estimated according to the distance of the 

empty space on the GNPs between two grafted sites (Equation 3.6). Since the 

thiol-end polymers are attached to the GNShells through thiol-gold linkage, D 

can be obtained by calculating the square root of the nanoparticle surface 

area divided by the number of polymer ligands (Rahme et al., 2013; Zan et al., 

2015). 
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Equation 3.6. 

𝐷 =  √ 
𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑐ℎ𝑎𝑖𝑛𝑠
 

 

 
When D > RF, the grafted polymer chains adopt a ‘mushroom’ conformation 

which normally occurs to low grafting density. In contrast, for increased 

grafting densities (D < RF), the polymers acquire a ‘brush’ type conformation.  

 

3.3.9. Raman Spectroscopy 

 
Raman spectroscopy is a non-destructive means of probing molecular 

vibrations optically through inelastic scattering (Figure 3.8). The Raman 

scattering involves in the interaction between photon and molecular vibration, 

and since each molecule has unique vibrational energy states, Raman-

scattered photons can be exploited for specific molecules/or molecular bond 

detection.  

 

The surface-enhanced Raman spectroscopy (SERS) is an efficient technique 

used to enhance the Raman scattering intensity by employing rough transition 

metal surfaces (e.g. GNPs). Irradiation of GNPs on their surface resonance 

band causes electromagnetic field enhancement near the GNPs surface that 

in turn increases the intensity of the Raman-shifted photon frequency 

(scattered light from the analyte that is chemically bonded to the SERS-active 

GNPs) (Li et al., 2014). 

 

The Raman spectrum of the PEGylated GNShells was obtained to determine 

the binding interaction between thiol-end polymers and the nanoparticles (Au-

S bond). The PEGylated GNShell colloids were dried onto glass substrates 

and the films were characterised in a microRaman spectrometer (inVia 

Raman Microscope, Renishaw). For vibrational excitation, a diode laser (785 

nm, Renishaw) with a maximum laser power of 300 mW was applied. Raman 

spectra in the range 150 – 950 cm−1 were collected using acquisition time of 

60 s and 100% laser power per sample. The Raman spectrometer consists of 
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a Renishaw spectrograph system based on the use of Kayser™ notch filters 

with a sensitive CCD detector coupled to a microscope for point-by-point 

analyses. Generally, the Raman spectrum is generated by plotting the 

intensity of the scattered light (y-axis) versus the Raman shift, which is the 

frequency shift of the Raman signals relative to the excitation source. Raman 

shift is expressed in wavenumber (cm-1).  

 

 

Figure 3.8. Energy level diagram related to elastic (Reyleigh) and 

inelastic (Raman scattering) scattering of light. In Reyleigh scattering, 

photons are scattered with the same frequency as the incident radiation 

whereas in Raman scattering, scattered photons have frequency above 

(anti-Stokes) or below (Stokes) that of the incident photons. This energy 

difference is equal to the molecular vibrational energy of the scattering 

molecule. SERS enhances the Raman scattering intensity by employing 

transition metal substrates such as GNPs (Li et al., 2014).  

 

3.3.10. X-ray photoelectron spectroscopy 

 
X-ray photoelectron spectroscopy (XPS) was conducted in order to determine 

the presence (or absence) of covalent bonding of the Gem nitrogen to nano-

gold. XPS, also known as electron spectroscopy for chemical analysis 
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(ESCA), is a sensitive quantitative spectroscopic technique for analysing the 

surface chemistry of a material. X-ray spectra are generated by irradiating a 

solid surface with a beam of X-rays such as typical Al-Kα or Mg Kα sources, 

while simultaneously measuring the kinetic energy and number of electrons 

that are emitted from atoms on the surface of the material. The kinetic energy 

(KE) of the emitted electrons depends upon the photon energy (hv) and the 

binding energy (BE) of the electron (i.e. the energy required to remove the 

electron from the surface). The binding energy (determined from the 

measured kinetic energy recorded, KE = hv – BE) and the intensities of the 

photoelectron peaks enable the identification and quantification of elements 

that are near a material’s surface (Korin et al., 2017).  

 

X-ray photoelectron spectra (XPS) were collected on a Thermo K-alpha 

instrument utilising a 72 W monochromated Al-Kα X-ray source (with photon 

energy of 1486.6 eV). The depth profiles were completed using an Ar+ ion 

gun at 3000 kV. Samples were prepared by drop coating of nanoformulations 

on a clean silicon wafer, and the drops were allowed to air dry. The nano-

formulations coated silicon wafers mounted onto the XPS specimen holder 

with vacuum compatible, double-sided adhesive carbon tape before the 

measurement (Figure 3.9). Clean gloves and tweezers were used to avoid 

contaminating the wafer. Binding energies were referenced against the Au 4f 

7/2 at 83.58 eV and the spectra were analysed using CasaXPS version 

2.3.16. 
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Figure 3.9. Sample preparation for XPS. The silicon wafer 

was cut to the desired size and used as substrate for drop-

casting the colloids.  

 

3.3.11. High performance liquid chromatography (HPLC) analysis for the 

quantification of the drug loading efficiency  

 
HPLC is a technique used to separate, identify and quantify each component 

of an analyte. The basic components of an HPLC system include: mobile 

phase reservoir, pump, injector, column and detector. The pump pressurises 

the mobile phase (comprising organic solvents and their mixtures) through the 

column and regulates the flow rate. The injector introduces sample into the 

continuously flowing mobile phase stream and conveys the sample into the 

column filled with silica gel. Based on the degree of the molecular polarity, 

each component of the sample interacts differently with silica at different 

lengths of the separation column as flows through it and exhibits different 

retention time. The UV detector measures the absorbance of the components 

at predetermined wavelength and monitors the chromatogram on a computer 

screen (Lough and Wainer, 1995). 

 

The HPLC method for the quantification of Gem was developed using an 

Agilent Technologies 1200 Series HPLC system. The data was acquired and 

analysed using ChemStation for LC software, also by Agilent Technologies, 
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UK. The chromatographic separation was achieved using a Phenomenex 

Synergi™ 4 μm Polar-RP 80 Å, LC Column 250 x 4.6 mm.  

 

The surface-functionalised GNShells (GNShells + thiol-end polymer + Gem) 

were centrifuged at 8000 rpm for 20 min at 25 °C using a centrifugal 

concentrator (Thermo Scientific™ Pierce concentrators (PES), 3k MWCO, 0.5 

mL). The obtained 500 μL supernatant was diluted up to 800 μL with HPLC 

grade water followed by addition of 200 μL methanol to adjust the total 

volume at 1 mL.  

 

The prepared HPLC samples were isocratically eluted with a mobile phase of 

buffer and acetonitrile (95:5 v/v). The aqueous buffer was prepared by 

dissolving 3.86 g of ammonium acetate (0.05 M) and 1 g of sodium-1-octane-

sulphate in 1 L of HPLC grade water and adjusted to pH 4 with glacial acetic 

acid.  

 

The mobile phase was pumped through the column at a flow rate of 1 mL min-

1. The UV detector was set at 270 nm and the injection volume was 20 μL.  

 

The Gem standard solutions used for quantification were prepared by suitably 

diluting 75 μg mL-1 working standard of the drug in a mixture of 80:20 

water:methanol. The duration of each run was 20 min and the Gem peak 

appeared at around 8.5 min. The measurements were performed in triplicate 

and the Gem loading efficiency (LE) was obtained using Equation 3.7 (Feng 

et al., 2014):  

 

Equation 3.7. 

𝐿𝐸 (%) =  
𝐺𝑒𝑚𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙  −  𝐺𝑒𝑚𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝐺𝑒𝑚𝑂𝑟𝑖𝑔𝑖𝑎𝑛𝑙
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3.3.12. HPLC Method validation 

The HPLC method was validated for: linearity, limit of detection (LOD), limit of 

quantitation (LOQ), intermediate precision, and percent recovery (Contreras-

Sanz et al., 2012; Singh et al., 2015). 

Determination of the linear range is one of the main concerns in validation of 

HPLC analysis methods. The linearity was assessed by calibration of nine-

point standard curves in HPLC grade water, sodium acetate buffer solution 

(pH 5.2±0.1), phosphate buffered saline (pH 7.4) and cell culture medium for 

Gem, from 75 μg mL-1 down to 1 μg mL-1 (regression analysis). 

LOD and LOQ are calculated based on the standard deviation of the response 

(σ) and the slope of the calibration curve (S), using Equations 3.8 and 3.9: 

 

Equation 3.8. 

𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 (𝐿𝑂𝐷) =  3.3 (𝜎 𝑆)⁄  

Equation 3.9. 

𝐿𝑖𝑚𝑖𝑡 𝑜𝑓 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝐿𝑂𝑄) =  10 (𝜎 𝑆)⁄  

 

                         

The standard deviation of the response (σ) is a measure of the amount of 

error in the prediction of y-value for an individual x in the regression and it can 

be determined by using STEYX function in Microsoft Excel. 

[STEYX(known_y's, known_x's)]. 
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Intermediate precision was assessed by determining the relative standard 

deviation (RSD) of the triplicate analytes, using Equation 3.10: 

Equation 3.10. 

𝑅𝑆𝐷 (%) =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑣𝑎𝑙𝑢𝑒𝑠

𝑀𝑒𝑎𝑛𝑠 𝑜𝑓 𝑡𝑟𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑣𝑎𝑙𝑢𝑒𝑠
 ×  100 

The percent recovery is the ratio of the actual drug concentration in the 

formulation (C) to the theoretical concentration (Ctheory), expressed as a 

percentage, using Equation 3.11: 

 

Equation 3.11. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (𝐶 𝐶𝑡ℎ𝑒𝑜𝑟𝑦⁄ )  ×  100 

 

3.3.13. In vitro release study 

 
In vitro release testing is an important analytical tool that is used to investigate 

the amount of drug release from the nanoformulation at physiological 

conditions. 10 mL of each Gem-loaded GNShells samples (GNShells + thiol-

end polymer + Gem) were centrifuged (8000 rpm, 20 min) using centrifugal 

filter (Amicon Ultra-15 mL – with a membrane NMWL of 3 kDa). The obtained 

concentrated nanoformulation was resuspended in 10 mL release medium at 

different physiological pH level: sodium acetate buffer solution (pH 5.2±0.1), 

phosphate buffered saline (pH 7.4). The temperature and stirring of the 

system were maintained at 37 °C and at 100 rpm, respectively. 500 μL of 

sample was withdrawn at predetermined time points for 48 h (n = 3) After 

each sample collection, the same amount of fresh media was added back to 

the release medium. The collected samples were centrifuged; using 

centrifugal filter (Thermo Scientific™ Pierce concentrators (PES), 3k MWCO, 

0.5 mL) for 20 min at 8000 rpm and then, the samples supernatant were 

subjected to HPLC analysis. The results were presented in terms of 

cumulative release as a function of time (mean ± SD). The cumulative 

percentage drug released versus time was calculated using Equation 3.12: 
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Equation 3.12. 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
𝐶𝑡

𝐶∞
 ×  100 

 

Where, Ct  is the mass of drug released at time t and C∞ refers to the initial 

loaded mass.  

 

3.3.14. In vitro drug delivery study 

 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay 

is a rapid colorimetric assay that is widely used for measuring the cytotoxic 

potential of drugs (Mosmann, 1983). It is based on the reduction of the yellow 

tetrazolium salts to the purple formazan in viable cells due to their 

mitochondrial activity. The net positive charge on MTT dyes facilitates their 

cellular uptake via the plasma membrane potential, enable them to readily 

enter cells and reduce to insoluble formazan crystals by NAD(P)H-dependent 

cellular oxidoreductase enzymes. Thus, there is a linear relationship between 

cell viability, mitochondrial activity and reduction of salt to formazan 

(Mosmann, 1983; Berridge, et al. 2005; Van Meerloo, et al. 2011).  

 

The human epithelia cell line MiaPaCa-2 was used in in vitro experiment. The 

MiaPaCa-2 cell line (American Type Culture Collection) is a human 

Caucasian pancreatic carcinoma cell line. The cells are large with abundant 

cytoplasm, exhibit a high degree of aneuploidy, have a tendency to grow on 

the top of other cells, eventually growing free in suspension (ATCC). The cells 

were incubated in DMEM supplemented with 10% fetal bovine serum, 1% 

penicillin-streptomycin and 1% L-glutamine. MiaPaCa-2 cells were seeded in 

a 96-well plate at a density of 1x104 cells per well and incubated in humidified 

atmosphere with 5% CO2 for 24 h before the assay. The culture medium 

containing different concentrations of drug ranging from 0.001 to 100 μmol L-1 

was added to the adherent cells while control cells remained untreated 

(Figure 3.10).  
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Figure 3.10. MTT assay plate setup. 

 

After incubation for 48 and 72 h with different concentrations of drug, the 

medium was replaced by 100 μL of fresh medium and 25 μL of MTT stock 

solution (5 mg mL-1 in PBS) and incubated for an additional 4 h. 

Subsequently, the medium was gently removed and the water insoluble 

formazan crystals were dissolved in 200 μL of DMSO. The plates were 

shaken for 2 min at room temperature before measuring the optical density 

(OD) at 570 nm on a SpectraMax® M2/M2e Multimode Microplate Reader, 

with SoftMax® Pro Software. The obtained data was analysed with the help of 

Prism software to acquire half maximal effective concentration (EC50) value. 

The same procedure was repeated for treating the cells with formulation 

(GNShells + thiol-end polymer + Gem) at concentration of 0.001-100 μmol L-1 

Gem equivalent doses. All the MTT experiments were performed in triplicate 

and the variation in the readings were shown as error bars (± SD).   
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3.4. Results and discussion  

 
Results of this chapter were obtained after series of laboratory experiments 

and data analysis. Each individual section corresponds to the sections given 

in materials and methods. 

 

The hollow spherical GNShells were synthesised based on the galvanic 

replacement reaction method with gold ions as precursors and silver 

nanoparticles as sacrificial templates. The SPR of the GNShells was tuned to 

red/NIR wavelengths by controlling the dimension of interior cavity and shell 

thickness. Figure 3.11 showed the extinction spectra of the GNShells with 

surface plasmon resonance maximum value at 640 nm, which is situated in 

the red/NIR optical window where photons penetrate deeper into living tissue. 

The disappearance of the absorption peak at about 400 nm confirmed the 

oxidation of silver atoms during the transmetallation reaction and deposition of 

the gold in the form of a shell around the silver core. The details of nanoshells 

preparation have been described in section 3.2. 
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Figure 3.11. The absorbance spectrums of the silver colloids (gray) and the silver-

gold alloy bimetallic nanoparticles (dark green) and the originally synthesised gold 

nanoshells (blue). 

The morphology of the synthesised GNShells was evaluated by TEM as 

shown in Figure 3.12. The obtained image showed that hollow nanoparticles 

were mostly spherical and fairly uniform in size. The size distribution of 100 

GNShells was measured by image J software and the plotted histogram of 

diameter range distribution is presented in Figure 3.13. The frequency 

distribution curve of the GNShells showed Gaussian size distribution. The 

most frequent GNShells size (mode) that appeared in the data set was 54 nm 

and the average effective diameter was measured to be 53.5 ± 1.72 nm. 

The hydrodynamic diameter (Dh) of crude GNShells was measured by DLS 

and the mean Dh was found to be 60.44 ± 2.16 nm (polydispersity index, PDI 

0.204 ± 0.01) as shown in Figure 3.14. 
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Since DLS measures the Dh indirectly based on determination of frequency of 

particles movement, the DLS result showed the larger z-average for colloidal 

GNShells compared to TEM result. 

The Dh of the GNShells includes not just the particle itself, but the ionic and 

solvent layers associated with it in colloids under the particular measurement 

conditions. In addition, DLS is a dynamic measurement, extremely sensitive to 

the dispersion/aggregation behaviour of the particles in solution. In contrast, in 

TEM measurements of GNShells, without staining, almost all of the signal will 

come from the metallic core of the NPs, ignoring any organic capping layer 

(Eton et al., 2017). 
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Figure 3.12. TEM image of representative batch of GNShells produced by the 

galvanic replacement reaction. 

  

 

Figure 3.13. The particle size distribution histogram derived from TEM images 

of the synthesised GNShells.  
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Figure 3.14. DLS spectra on hydrodynamic size distribution of representative batch 

of GNShells reports hydrodynamic radius as an intensity distribution.  

 

The surface charge as well as electrostatic stability of the synthesised 

GNShells was measured through zeta (ζ) potential analysis.  ζ-potential can 

affect the stability of dosage forms and their release rate in the blood stream 

and also can influence their absorption into the body membranes. A negative 

ζ-potential generally results in rather low phagocytosis activity (Honary and 

Zahir, 2013). The ζ-potential value of the crude GNShells was determined to 

be -37.5 mV due to the presence of sodium citrate on the surface of 

GNShells. 

 

The non-specific adsorption of biomolecules on the surface of the originally 

synthesised GNPs significantly increases their uptake by the MPS 

immediately after intravenous administration. The functionalisation of 

nanoparticles with PEG and its derivatives, often referred to as PEGylation, 

increases the particles stability and circulation half-life. PEGylation also 

provides a hydrated steric barrier on the nanoparticles surface that reduces 

protein opsonisation and subsequent phagocytosis (Cedervall et al., 2007; 

Sperling and Parak, 2010). Since brush-type polymers based on PEGMA are 

highly water-soluble, biocompatible and anti-fouling, they have been widely 

used in surface-modification of nanoparticles, polymer–biomolecule 

conjugation, drug delivery and bioimaging (Mantovani et al., 2005; 
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Magnusson et al., 2008; Zhang et al., 2014; Yang et al. 2015; Lega et al., 

2015). 

 

In this research, the hollow spherical GNShells were functionalised with thiol-

end polymers. PEGylation of GNShells was performed by following the 

procedure in section 3.3.2. Briefly, surface of bare GNShells were covered 

with thiol-end polymers (SH-P(PEGMA)) with the DP of 10, 50 and 100 and 

number-average molecular weight (Mn) of 4 200 g mol-1, 14 900 g mol-1 and 

28 300 g mol-1, respectively. Therefore, the PEGylated products were referred 

to as GNShells+SH-P(PEGMA)10, GNShells+SH-P(PEGMA)50 and 

GNShells+SH-P(PEGMA)100, respectively. The performance of thiol-end 

polymer grafted GNShells were compared with commercially available SH-

PEG6000 coated samples, which are referred to as GNShells+SH-PEG6000. 

 

Gold (I) with its [Xe] 4f145d10 electronic configuration is a soft metal ion and 

therefore according to Pearson acid base concept (HSAB concept) has a 

preference for soft donor ligands such as sulfur. The thiol group is the most 

commonly selected anchor group for adsorption onto the surface of the gold 

nanoparticles because of the strong chemical bond, with high bond enthalpy 

of 418 KJ mol-1, between gold and sulfur that makes this interaction desirable 

as a robust attachment mechanism (Damge et al., 2008). 

 

As explained in section 1.6.2 GNPs are important materials for their surface-

enhanced Raman scattering/spectroscopy (SERS) effect. The intensified 

Raman scattering signals from the grafted thiol-end polymers are due to the 

strong electromagnetic near-field enhancement of GNPs stimulated with laser 

light illumination that allows gold nanoparticles to act as metallic substrates for 

SERS.  
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Figure 3.15. Raman spectrum of GNShells+SH-P(PEGMA)10 (gray), GNShells+SH-

P(PEGMA)50 (orange) and GNShells+SH-P(PEGMA)100) (yellow) and 

GNShells+SH-PEG6000 (blue).  

 

Figure 3.15 shows the Raman peaks between 267–285 cm-1 that correspond 

to the vibrational modes of SH-PEG/PEGMA molecules adsorbed on the 

GNShells surface. The results confirmed the covalent attachment of the SH-

PEG/PEGMA molecules to the GNShells core after replacing the citrate as the 

stabiliser because of the strong binding affinity of the sulfur atom. 

 

The stretching modes of Au-S are typically reported to be between 200 – 240 

cm-1. However, this mode may shift towards higher wavenumber (300 – 310 

cm-1) when the sulfur atom attach to the longer polymer chains (Liao and 

Hafner, 2005; Zhang and Lin, 2014; Liu et al., 2015).  
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All Raman spectra of the PEGylated GNShells were taken from the coffee ring 

area, where PEGylayed GNShells were closely packed, to ensure the precise 

SERS detection of the grafted PEG polymers. The intensity of Raman-active 

vibrations contributing to each thiol-end polymer-grafted GNShells depends 

on the local concentration of the components responsible for that vibrational 

mode. 

 

Note: The coffee-ring phenomenon occurred when GNShells in the droplets of 

colloidal suspension transferred to the rim and left a ring-shaped image after 

evaporation on glass slide. 
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Monitoring the changes in the surface plasmon absorption bands after 

PEGylation of GNShells with SH-P(PEGMA)10, SH-P(PEGMA)50, SH-

P(PEGMA)100 and SH-PEG6000 along with their photographic images 

displays in Figures 3.16 and 3.17, respectively.  

 

 

Figure 3.16. Optical absorption spectra of crude GNShells (Dark blue), 

GNShells+SH-PEG6000 (light blue), GNShells+SH-P(PEGMA)10 (gray), 

GNShells+SH-P(PEGMA)50 (orange) and GNShells+SH-P(PEGMA)100) (yellow). 

 

     

Figure 3.17. GNShells+SH-PEG6000 (light blue), GNShells+SH-P(PEGMA)10 

(gray), GNShells+SH-P(PEGMA)50 (orange) and GNShells+SH-P(PEGMA)100) 

(yellow) and crude GNShells (Dark blue). 
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The colloidal dispersion of the surface functionalised GNShells showed 

absorption bands in the red/NIR spectral range. The slight red-shifting 

accompanied by peak broadening and a decrease in the intensity was 

observed in the absorption peak of all four batches of thiol-polymer grafted 

GNShells.  

 

As discussed in section 1.5, the SPR band wavelength and intensity depends 

on the factors affecting the local density of electronic states on the GNPs 

surface such as particle size, shape, structure and dielectric constant of the 

surrounding medium. El-Sayed and co-workers studied the dependency of the 

ratio of the scattering to absorption cross-section to the diameter of gold 

nanoparticles using full Mie theory (Mie, 1908). They confirmed that the 

relative contribution of SPR absorption and scattering could be tuned by 

changing the particle size and the ratio of the photon scattering to absorption 

linearly increase with size particles enlargement (Lee and El-Sayed, 2005; 

Jain et al., 2006). Therefore, the obtained data implies that PEGylation, 

reduced the inter-particle distance between the neighboring particles and 

induce particle aggregate assemblies which in turn shift the SPR band to 

lower energies, corresponding to longer wavelengths of spectrum for the 

larger gold core. These red-shifting and SPR damping are the consequence 

of increase of the relative contribution of surface plasmon scattering to the 

total light extinction for larger size particles and is in good agreement with Mie 

theory. The band broadening is due to coupling of the plasmon resonance 

from multiple GNShells and contribution of higher order electron oscillation 

(Huang and El-Sayed, 2010). Changing of the local refractive index around 

the GNShells as the result of  PEGylation could be another reason of the SPR 

spectral extinction peak shift (Huang and El-Sayed, 2010). 
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TGA was perfomed to evaluate the amount of grafted polymers required to 

reach surface saturation of the gold site (molecules nm-2). Figure 3.18 shows 

the collected TGA data for the as-synthesised GNShells, GNShells+SH-

P(PEGMA)10, GNShells+SH-P(PEGMA)50, GNShells+SH-P(PEGMA)100) 

and GNShells+SH-PEG6000. As expected, no weight loss step was observed 

in the TGA trace of the originally synthesised hollow spherical GNShells 

indicative of their purity and absence of organic material.  

 

For all PEGylated samples, about 2 % weight loss around 100 °C was due to 

the loss of adsorbed water. Up to 5% weight loss before 300 °C could be 

assigned to the presence of grafted polymers minor impurities. The major 

weight reduction occurring between 300 °C and 450 °C was attributed to the 

thermal degradation of SH-PEG/SH-PEGMA polymers.  

 

The mass loss (%) from the TGA thermograms was found to be 80% for SH-

PEG6000, and 65.50%, 43.70% and 36.70% for the SH-P(PEGMA)10, SH-

P(PEGMA)50 and SH-P(PEGMA)100, respectively. 

 

The grafting density (chain nm-2) was calculated from the weight loss (%) 

derived from TGA analysis along with the corresponding Mn data obtained 

from GPC measurements (Table 3.3). A maximum density of 68.80, 46.70, 

5.37 and 2.10 chain nm-2 were reported for SH-PEG6000, SH-P(PEGMA)10, 

SH-P(PEGMA)50 and SH-P(PEGMA)100, respectively. The calculated 

grafting densities (chain nm-2) correspond to 619 200 SH-PEG6000, 420 300 

SH-P(PEGMA)10, 48 330 SH-P(PEGMA)50 and 18 900 P(PEGMA)100 

molecules per nanoparticle. 
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Figure 3.18. Thermogravimetric analysis of crude GNShells (dark blue), GNShells+SH-P(PEGMA)100) (yellow), 

GNShells+SH-P(PEGMA)50 (orange), GNShells+SH-P(PEGMA)10 (gray) and GNShells+SH-PEG6000 (light 

blue). 
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Table 3.3. Calculated specific surface area (m2 g-1), grafting density (μmol m-2, chain nm-2) and number of polymer chain per GNShell. 

 

Gold nanoparticles 

Calculated 
specific 

surface area 
(m2 g-1) 

 

Weight loss 
(%) 

Grafting 

density 

(μmol m-2) 

Grafting density 

(chain nm-2) 

 

Number of 
polymer chains 

per each 
nanoparticle 

GNShell 
 

5.83 

0.00 0.00 0.00 0.00 

GNShell+SH-PEG6000 
 

80.00 114.30 68.80 619 200 

GNShell+SH-P(PEGMA)10 
 

65.50 77.55 46.70 420 300 

GNShell+SH-P(PEGMA)50 
 

43.70 8.93 5.37 48 330 

GNShell+SH-P(PEGMA)100 
 

36.70 3.5 2.10 18 900 
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The obtained grafting density as a function of polymer Mn revealed a 

correlation between grafting density and Mn of the SH-PEG/SH-PEGMA 

polymers, which is in good agreement with previous studies presented in 

Table 3.4 (Xia et al., 2011; Benoit et al., 2012).  

 

Table 3.4. The influence of surface-grafted polymer molecular weight on grafting 

density. 

Surface-grafted polymer Mw (gmol-1) Grafting density References 

Thiol-functionalised methyl-

poly(ethylene glycol) 

(mPEG-SH) 

2 000 2.3 Chain/nm2 
 

Benoit et al., 

2012 20 000 0.8 Chain/nm2 

 

 

Thiol-PEG-Amine 

(HS-PEG-NH2) 

3 000 8 860 chain/GNPs  

 

Xia et al., 

2011 

5 000 4 760 chain/GNPs 

 

20 000 

 

1 010 chain/GNPs 

 

 

The grafting density (chain nm-2) decreased with increasing molecular weight 

for SH-PEG6000 and PEGMA-based polymers (Figure 3.19). Therefore, 

denser packing (619 200 molecules/nanoparticle) was achieved for SH-

PEG6000 compared to SH-P(PEGMA)100 (18 900 molecules/nanoparticle). 

 

 

 
Figure 3.19. The grafting density (chain/nm2) decreases with 

increasing molecular weight/chain length of the corresponding 

polymer (Benoit et al., 2012). 
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Depending on the surface density and molecular mass of the SH-

PEG/PEGMA grafted onto the GNShells surface, there are two possible 

regimes that SH-PEG/PEGMA chains can acquire, “mushroom” and “brush”. 

The controlling factor is the distance between two polymer chains on the 

GNShells surface (D) relative to their Flory dimensions (Rf). The Flory radius 

(Rf) described as Rf = αn3/5 where n is the number of monomers per polymer 

chain and α is the length of one monomer in Angstroms (α = 3.5 A° for PEG). 

The effective distance between two grafting points (D) can be simply obtained 

by calculating the square root of the NP surface area divided by the number of 

PEG/PEGMA ligands (D= NP surface area/number of polymers). 

 

 If the distance between the attached points of polymer to a surface is larger 

than its Flory dimensions, the mushroom conformation is acquired indicative 

of low density polymer coverage, and therefore the polymer chains are not 

fully extending away from nanoparticle surface, resulting in a thin coverage 

layer. In contrast, brush conformation is known to occur for high surface 

densities; when D decreases compared to Rf, the polymer chains are 

arranged in a brush conformation, with the long and thin chains of SH-

PEG/PEGMA polymers extending from the nanoparticle surface, resulting in a 

thick layer (Figure 3.20) (Jokerst et al., 2011). 

 

 

Figure 3.20. Gold spherical nanoparticle with two types of PEG 

modifications. PEG orientations on the nanoparticle surface include 

(A) low-density mushroom configurations and (B) high-density brush-

type arrangements (Jokerst et al., 2011).  

 

The values of Rf and D were estimated in Table 3.5. The Flory radius of the 

grafted polymers increased as a function of the number of monomers (n) and 
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the distance between grafted sites, D, also increased at lower grafting density 

(chain nm-2). In this study, none of the D values was found to be greater than 

Rf, therefore upon the basis of Rf and D, all four thio-end polymers were in 

brush conformation (Figure 3.21).  

 

Table 3.5. Calculated values of the distance between two polymer chains (D) and 

their Flory dimensions (Rf) for estimating the molecular conformation of the grafted 

thiol-end polymers. 

 
 

Gold nanoparticle 

Distance 
between the 
two grafted 

polymer 
chains (D) 

Flory 
radius 

(Rf) 
 
 

 
 

Conformation 

 
GNShells+SH-PEG6000 

 
0.120 

 
6.67  

 
 

Brush 
(Rf>D) 

 

 
GNShells+SH-P(PEGMA)10 

 
0.146 

 
8.52 

 
GNShells+SH-P(PEGMA)50 

 
0.431 

 
18.30 

 
GNShells+SH-P(PEGMA)100 

 
0.690 

 
26.72 

 

  

Figure 3.21. Schematic of the grafted thiol-end polymers (from left to right); 

SH-PEG600, SH-P(PEGMA)10, SH-P(PEGMA)50 and SH-P(PEGMA)100 in 

brush conformation. Despite the variation in length of the polymers and their 

grafting densities, the Flory dimensions (Rf) were obtained to be larger than 

the distance between grafting points (D) for all the four batch of the polymer 

chains on the GNShells surface (Rf>D).  

 

It is important to mention the well understood fact that stretching-entropy and 

excluded-volume interactions influence the chain density in the brush regime, 
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in both cases as a result of the lateral confinement. Thus by varying the chain 

density, chain conformations ranging from unperturbed random coils to fully 

extended forms can, in principle, be obtained (see figure 3.21) (Unsworth et 

al., 2005). Overall, the data suggests that the grafting protocol was very 

efficient for coating the GNSsells with high fidelity for all the polymers tested.  

 

The DLS experiment was used to determine the hydrodynamic diameter (Dh) 

of the GNShells after PEGylation. The obtained data is shown in Table 3.6. 

 

Table 3.6. Hydrodynamic size (Dh) of the GNShells after PEGylation with thiol-

terminated polymers. 

Dh (nm) 

GNShells+SH-

PEG6000 

GNShells+SH-

P(PEGMA)10 

GNShells+SH-

P(PEGMA)50 

GNShells+SH-

P(PEGMA)100 

 

70.63 ± 1.91 

 

64.94 ± 2.42 

 

67.87 ± 2.20 

 

70.58 ± 1.46 

 

The increase in hydrodynamic size (Dh) of the PEGylated shells could be 

related to the formation of larger particles (due to surface coating) that affect 

the Brownian motion and light scattering over time (Lee and El-Sayed, 2005). 

 

The reported hydrodynamic sizes for originally synthesised GNShells was 

60.44 ± 2.16 nm and linearly increased from 64.94±2.42 nm for SH-

P(PEGMA)10 to 67.87 ± 2.20 nm and 70.58 ± 1.46 nm for SH-P(PEGMA)50 

and SH-P(PEGMA)100 grafted GNShells evidencing that PEGMA polymer 

with the higher molecular weight/longer chain length provides a thicker brush 

shell around the nanoparticles. However, the hydrodynamic sizes of 

PEG6000-grafted GNShells was reported to be 70.63±1.91 nm, which is 

about the same value as that of GNShells+SH-P(PEGMA)100.  

 

The thickness of the grafted polymer layers on the GNShells surface 

correlates with their reported grafting densities (chain nm-2) and conformation 

i.e. the grafted polymers adopt the extended chain conformation as a function 
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of grafting densities (chain nm-2). In the case of the SH-P(PEGMA)10 and 

PEG6000 polymers, low  molecular weight and high grafting density indicated 

the adaptation of extended chain structures and dense brush regimes, 

whereas, the polymers SH-P(PEGMA)50 and SH-P(PEGMA)100 with higher 

molecular weights and lower grafting density values adopted a close-packed 

layers of unperturbed coils that are referred to as ‘dilute brush regime’ (see 

Figure 3.22). 

 

 

 

Figure 3.22. Illustration of a polymeric solid in  stretched and relaxed states. 

From left to right: SH-PEG6000, SH-P(PEGMA)10, SH-P(PEGMA)50 and SH-

P(PEGMA)100 in brush conformation. Increased conformational entropy of the 

PEGMA molecules with polymer chain length leads to an increase of their 

footprint at the GNShells surface.  

 

The aforementioned comparison showed the influence of the polymer 

conformation on the hydrodynamic size of the nanoparticles, and also 

confirmed the well-controlled GNShells PEGylation as the saturation of 

anchoring sites on the gold surface and the coverage steric hindrance 

between the tethered chains prevented further chemisorption. Potentially, a 

low surface concentration of the grafted polymers could cause the collapsed 

PEG/PEGMA conformation, which in turn could result in the formation of large 

aggregates.  

 

The colloidal stability of the PEGyalted GNShells in aqueous dispersion over 

time was investigated by monitoring the Dh of the nanoformulation after 

PEGylation for 14 days (Figure 3.23 and 3.24). Data are presented as the 

mean ± standard deviation of three separate samples. 
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Figure 3.23. Colloidal stability of the PEGyalted GNShells throughout 14 days by 

monitoring the hydrodynamic size. The data represented as the mean of three 

experiments and the variations in the readings were shown as error bars (±SD).  

 

 
Figure 3.24. PDI of the PEGyalted GNShells throughout 14 days that further 

confirms their colloidal stability in time. The data represented as the mean of 

three experiments and the variations in the readings were shown as error bars 

(±SD). 
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No significant changes in Dh and PDI was observed by DLS over two weeks 

of storage at 4 °C, indicating the PEGylated GNShells remain well dispersed 

in water and maintain a narrow size distribution. Tables of numerical data and 

size distribution graphs are also presented in Appendix 2, 3 and 4. 

 

The ζ-potential values represent the charge state at the slipping plane around 

moving particles. The ζ-potential value for the uncoated citrate stabilised 

GNShells was -37.5 mV and increased to -21.6 mV, -34 mV, -30.5 mV and -

26.3 mV for SH-PEG6000, SH-P(PEGMA)10, SH-P(PEGMA)50 and SH-

P(PEGMA)100 grafted GNShells, respectively.  

 

The batch of GNShells coated with mPEG6000-SH had lower ζ value 

compared to that of synthesised thiolated PEGMA polymers with a carboxylic 

acid functional group on each polymer chain end. Higher molecular weight 

polymers yielded higher levels of neutralisation. Although the electrostatic 

repulsion between charged nanoparticles decreases as a function of 

neutralisation degree, PEGylated nanoparticles maintain their colloidal 

stability due to steric repulsion that increases along with increasing the PEG 

chain length (Jokerst et al., 2011). Furthermore, with the longer PEG polymer 

chain grafted to their surface, GNPs have a higher capacity to resist the 

adsorption of plasma proteins (Dobrovolskaia et al., 2014). Monitoring the 

zeta potential values of the nanoparticles after PEGylation provided further 

evidence of colloidal stability of polymer-coated GNShells (Figure 3.25). 

Tables with numerical data are included in Appendix 5. 
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Figure 3.25. ζ-potential values (mV) of GNShells coated with thiol-terminated SH-

PEG6000 (blue), SH-P(PEGMA)10 (gray), SH-P(PEGMA)50 (orange) and SH-

P(PEGMA)100  (yellow) over the period of 14 days. The data represented as the 

mean of three experiments and the variations in the readings were shown as error 

bars (±SD).  

 

As mentioned previously Gem exhibits anti-proliferative activity against 

adenocarcinomas of the pancreas. However, once introduced to the blood 

stream, Gem undergoes deamination by cytidine deaminase and is converted 

to an inactive uracil derivative with very short plasma half-life (8-17 min.) 

(Brusa et al., 2007). The conjugation of Gem molecules to the gold 

nanoparticles surface via covalent bonding (Au-N), protects Gem’s metabolite 

4-(N)-amine group against enzymatic degradation and improves its metabolic 

stability and consequently the cytotoxic activity (Cavalcante and Monteiro, 

2014). The cellular metabolism of Gem has been explained in detail in section 

1.2.  
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Gem has an exocyclic amino group located at the 4th position, with the ability 

to establish high affinity interaction with gold via chemisorption. In terms of the 

Hard Soft Acid Base (HSAB) theory, GNPs do not effectively coordinate to a 

donor nitrogen atom. However, the nature of bonding interaction between gold 

and Gem can be attributed to the electron delocalisation from the lone pair on 

the nitrogen atom to the empty orbitals of the gold atom, which promote this 

binding reaction (Koo et al., 2015; Radenkovic et al., 2017) 

XPS studies confirmed the attachment of Gem molecules on the metallic 

surface (Table 3.7). XPS involves the energy analysis of photoelectrons 

emitted from a surface due to the impact of characteristic X-rays, under 

vacuum conditions.  

The nitrogen 1s peak with binding energy at  399.5 eV represented as un-

ionised, non-protonated nitrogen, which demonstrates that the nitrogen atom 

was successfully incorporated into the GNPs surface via covalent bonding.  

The typical Au 4f core-level XPS spectrum with the spin-orbital coupling 

observed at  83.6 eV (Au 4f 7/2) and  87.4 eV (Au 4f 5/2) corresponds to 

metallic Au (0). There was no sign of oxidised Au (III) peak, which is usually 

appears at a binding energy of around 92 eV, indicating that all of the gold 

salts used in GNShells synthesis are reduced and are in the form of metallic 

gold. 

The obtained results were in agreement with previous studies on adsorption 

of proteins/amino acids or nucleotides on gold surfaces (Demers et al., 2002; 

Bhattacharya et al., 2004; Patra et al., 2008; Ashwell et al., 2011; Xin et al., 

2013; Koo et al., 2015; Vilian et al., 2015; Won et al., 2016; Radenkovic et al., 

2017). 
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Table 3.7. X-ray photoelectron spectra of gold (a) and nitrogen (b) obtained from 

GNShells-Gem conjugates. 

 a b 

GNShells+ 
SH-PEG6000 

+Gem 

  

GNShells+ 
SH-

P(PEGMA)10 
+Gem 

  

GNShells+ 
SH-

P(PEGMA)50 
+Gem 

  

GNShells+ 
SH-

P(PEGMA)100 
+Gem 
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XPS composition-depth profile measurements shown in Table 3.8 were 

carried out to examine the atomic distribution of nitrogen on the NPs surface 

after loading of Gem on PEGylated GNShells. The results showed the 

decrease in N and increase in Au atomic percent profile upon etching closer 

to the surface of GNShells (14 etch cycles and each etch level was 5 s). This 

implies that although Gem travels along the polymer boundaries to the 

GNShells surface to form a covalent bond but larger amount of Gem 

molecules trapped within the polymer coating or interact with the coated-

polymer electrostatically. 

 

Table 3.8. XPS composition-depth profiles (atomic percent against etch time (s)) of 

GNShells+SH-PEG6000+Gem (a), GNShells+SH-P(PEGMA)10+Gem (b), 

GNShells+SH-P(PEGMA)50+Gem (c), GNShells+SH-P(PEGMA)100+Gem (d). 

 
a 

 

b 

 

c 

 

d 
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The extinction spectra of each of the Gem-loaded GNShells samples were 

collected and the surface plasmon resonance (SPR) band position and width 

were reported (Figure 3.26). The peak positions did not change significantly, 

indicating there is little or no agglomeration of nanoparticles after drug loading 

(Figure 3.27). However, a decrease in intensity of the SPR bands implied the 

loss of nanoparticles possibly due to sticking to the filter after centrifugation. 

Moreover, Gem loading did not alter the hydrodynamic size of the 

nanoparticles (Appendix 6, 7 and 8). However, there was an increase in 

average ζ-potential from -21.6 mV, -34.0 mV, -30.5 mV and -26.3 mV to -15.8 

mV, -29.6 mV, -26.3 mV and -20.3 mV for SH-PEG6000, SH-P(PEGMA)10, 

SH-P(PEGMA)50 and SH-P(PEGMA)100 grafted GNShells after Gem loading 

that could be attributed to the cationic nature (amino groups) of the Gem 

molecules that were present on the surface of the functionalised GNShells 

(Appendix 9). 

 

Figure 3.26. Optical absorption spectra of crude GNShells (Dark blue), 

GNShells+SH-P(PEGMA)10+Gem (gray), GNShells+SH-P(PEGMA)50+Gem 

(orange), GNShells+SH-P(PEGMA)100+Gem (yellow) and GNShells+SH-

PEG6000+Gem (light blue). 
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Figure 3.27. GNShells+SH-PEG6000+Gem (light blue). 

GNShells+SH-P(PEGMA)10+Gem (gray), GNShells+SH-

P(PEGMA)50+Gem (orange) and GNShells+SH-

P(PEGMA)100+Gem (yellow). 

 

The data obtained from measuring the changes of Dh, PDI and ζ-potential of 

the nano-formulations over two weeks after drug addition, indicated the 

colloidal stability of the functionalised GNShells in aqueous dispersion over 

time (Figure 3.28, 3.29 and 3.30) (Appendix 6-9). 

 

 

Figure 3.28. Colloidal stability of the Gem-loaded GNShells throughout 14 days by 

monitoring the hydrodynamic size of the nanoformulations. The data represented as 

the mean of three experiments and the variations in the readings were shown as 

error bars (±SD). 
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Figure 3.29. PDI of the Gem-loaded GNShells throughout 14 days indicating the 

stability of the overall distribution. The data represented as the mean of three 

experiments and the variations in the readings were shown as error bars (±SD).  

 

 

Figure 3.30. ζ-potential (mV) values of GNShells+SH-PEG6000+Gem (blue), 

GNShells+SH-P(PEGMA)10+Gem (gray), GNShells+SH-P(PEGMA)50+Gem 

(orange) and GNShells+SH-P(PEGMA)100+Gem (yellow) over 14 days. The data 

represented as the mean of three experiments and the variations in the readings 

were shown as error bars (±SD).  
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The percentage amount of free Gem in the supernatant solution after 

ultracentrifugation of Gem-conjugated GNShells (SH-PEG/SH-

PEGMA+GNShells+Gem) was measured by the developed HPLC method.  

 

A simple, fast, reliable, and reproducible method for quantifying Gem.HCl was 

developed by performing reversed-phase HPLC. In this study, a buffer 

containing alkylsulfonate (sodium-1-octane-sulphate) was used in order to 

properly retain the analytes. The polar embedded C18 with TMS endcapping 

was used as a stationary phase (phenomenex Synergi™ 4 μm Polar-RP 80 Å, 

LC Column 250 x 4.6 mm).  

 

The concentration of Gem was determined by using UV detection at 270 nm. 

The total analysis time was 20 min per sample. Figure 3.31 displays the ideal 

HPLC chromatogram of Gem with a sharp symmetrical shape on a flat 

baseline.  

 

 

 

Figure 3.31. HPLC chromatogram of Gem. 
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Calibration curves were obtained by using linear regression analysis of nine-point concentration curves (Appendix 10). The 

regression parameters including slope, intercept, and correlation coefficient (R2) are shown in Table 3.9. Excellent correlation 

coefficients were found (R2 > 0.9989 in all cases) and linearity was checked for the range of concentrations from 75 μg mL-1 down 

to LOD and LOQ of the respective analytes. The relative standard deviation (%RSD) and recovery (%) was found to be satisfactory. 

Selective chromatograms of Gem in different media are presented in Appendix 11.   

 

Table 3.9. Analytical data for Gem detection. Data are the mean of three separate experiments (n=3). 

 

Analyte 

 

Retention 

time 

(min) 

 

Regression parameters 

(y=slopex+intercept) 

 

R2 

 
Limit of 

Detection 
(LOD) 

(μM) 

 
Limit of 

Quantitation 
(LOQ) 

(μM) 

 

Relative standard 

deviation 

(% RSD) 

 

Recovery 

(%) 

Gem in H2O 

8.5 

y = 40.3x - 21.68 
0.99894 

 
3.00 9.11 0.11 - 1.49 96 - 105 

Gem in PBS y = 39.116x - 7.78 0.99947 2.13 
6.48 

 
0.07 – 2.33 

97 - 106 

 

Gem in Na.Ac. buffer y = 42.053x + 11.64 0.99973 1.52 
4.62 

 
0.15 – 0.73 

97 - 102 

 

Gem in Medium y = 39.854x + 10.31 0.9996 1.85 
5.61 

 
0.08 – 1.63 

98 - 103 
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Table 3.10 shows the percentage amount of Gem attached to the GNShells 

surface calculated from HPLC data analysis. The results show 59% of Gem 

loading efficiency (%) for PEG6000-grafted GNShells, which was about 5-6% 

lower than that of SH-P(PEGMA) coated GNShells i.e. 65% drug loading (%) 

for GNShell+SH-P(PEGMA)10+Gem, 64% and 65%  for GNShell+SH-

P(PEGMA)50+Gem and GNShell+SH-P(PEGMA)100+Gem, respectively. As 

the prepared nano-shells were homogeneous in size, this small loading 

efficiency (%) variation could be related to the structural difference between 

the commercial PEG and synthesised PEGMA-based polymers. Although the 

bulky and relatively rigid structure of the thiol-terminated PEGMA polymer 

chains can reduce the drug access to the binding sites i.e. limits the 

conjugation of Gem molecules to GNShells surface by utilising Au-N bonding 

affinity, the Gem molecules can be trapped in inter-polymer complexes which 

are formed by the grafted PEGMA brushes. This is in accordance with the 

reported XPS composition-depth profiles (atomic percent against etch time 

(s)) of Gem-loaded GNShells. 

Table 3.10. The percentage amount of Gem bound to the GNShells surface as 

calculated from HPLC data analysis. 

 

Gold nanoparticle 

 

Initial amount of drug in 

1 ml of GNShells 

solution 

(μg/ml) 

 

Loading 

efficiency 

(%) 

GNShell+SH-

PEG6000+GEM 

100 

59 

GNShell+SH-

P(PEGMA)10+Gem 
65 

GNShell+SH-

P(PEGMA)50+Gem 
64 

GNShell+SH-

P(PEGMA)100+Gem 
65 
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Figure 3.32. In vitro cumulative drug release profiles of Gem-loaded nanoshells 

dispered in PBS (pH 7.4) and acetate buffer (pH 5.2) over the first 6 h (top) and 48 h 

(bottom). The data represented as the mean of three experiments and the variations 

in the readings were shown as error bars (±SD). 
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It is worth mentioning that increasing the initial drug/GNShells ratio did not 

improve the loading efficiency (%), which indicates some sort of saturation 

binding that was reached for the concentrations studied. Therefore, with the 

obtained optimal loading efficiency, further characterisation was performed. 

 

The drug release behavior of Gem-loaded nanoshells at 37°C was 

investigated in phosphate buffer saline (pH 7.4) to mimic the physiological 

environment and also performed in acetate buffer saline (pH 5.2) to mimic the 

acidic late endosome intracellularly. Cumulative percent Gem release was 

plotted against time (Figure 3.32).  

 

The drug release profile of GNShell+SH-PEG/SH-PEGMA+Gem under each 

pH conditions showed two stages: a relatively rapid release of Gem within 6 h 

followed by a constant release of lower rate. The initial rapid release, known 

as “burst effect”, occurs probably due to the physically adsorbed drug on the 

outer shell of the polymer layer (Hervault et al., 2016).  

 

The slower drug release after 6 h could be due to the diffusion barrier created 

by the PEG/PEGMA coating. The PEG chains interact with one another so 

that a complex could form amongst the grafted chains. As the polymer chain 

length increases and the more inter-polymer complexes are formed, the 

release rate of the drug is decreased and that is the reason why Gem 

molecules showed slower release from GNshells coated with SH-P(PEGMA) 

polymers than from the SH-PEG coated ones. Furthermore, the complexation 

effects of the grafted polymer conformations provided an additional diffusion 

barrier for a more tortuous path for drug release (Lee et al., 2015). GNShell+ 

SH-P(PEGMA)100+Gem showed the slower release rate compared to all 

other nanoformulations.  

 

The percentage of cumulative release in PBS at pH 7.4 was found to be 41% 

at 6 h and 61% at 48 h from GNShell+SH-PEG6000+Gem. Moreover, in PBS 

(pH 7.4) at 6 h, 38%, 36% and 33% of Gem was released from GNShell+SH-

P(PEGMA)10+Gem, GNShell+SH-P(PEGMA)50+Gem and GNShell+ SH-

P(PEGMA)100+Gem, respectively. While the release at 48 h was reported to 
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be 58% for GNShell+SH-P(PEGMA)10+Gem, 55% for GNShell+SH-

P(PEGMA)50+Gem and 51% for GNShell+SH-P(PEGMA)100+Gem. 

 

At 6 h, 45%, 41%, 40% and 41% Gem was released in acetate buffer saline 

(pH 5.2) from GNShell+SH-PEG6000+Gem, GNShell+ SH-

P(PEGMA)10+Gem, GNShell+ SH-P(PEGMA)50+Gem and GNShell+ SH-

P(PEGMA)100+Gem, respectively. While at 48 h the measured percentage of 

cumulative release values were 68% for GNShell+SH-PEG6000+Gem, 60% 

for GNShell+SH-P(PEGMA)10+Gem, 62% for GNShell+SH-

P(PEGMA)50+Gem and 59% for GNShell+SH-P(PEGMA)100+Gem. 

 

In acidic media (pH 5.2), more Gem release was obtained compared with 

physiological pH (pH 7.4) but the reported differences were not statistically 

significant. Nevertheless, the slightly enhanced release (4%-8%) could be due 

to the protonation of the Gem under acidic condition, which improves its water 

solubility (Dai et al., 2017). 

 

The behavior of Gem-conjugated GNPs and its drug delivery efficacy in vitro 

were examined by performing MTT assay, which was compared with plain 

Gem. The MTT assay is designed to monitor the MiaPaCa-2 cells viability 

(metabolic activity) based on the conversion of tetrazolium salt into formazan 

crystal by mitochondrial activity of viable cells (Meerloo et al., 2011). Any 

change in the number of viable cells that is linearly related to their 

mitochondrial activity was obtained by measuring the absorbance of the 

formazan product using spectrophotometer. EC50 (the half-maximal effective 

concentration of drug) was determined from the dose-response curves 

obtained by the MTT assay after treatment of MiaPaCa-2 cell with different 

concentration of Gem alone and Gem-loaded PEGylated GNShells at different 

time points (48 h and 72 h). The results are presented in Table 3.11 with their 

corresponding charts and graphs in Figure 3.33 and Appendix 12, 

respectively. 

 

 

 



 
 

 159 

The results showed excellent viability of MiaPaCa-2 cells even after 72 h of 

incubation with PEGylated GNShells, which demonstrated that nano-shells 

were not toxic, and hence confirmed their suitability and safety for biological 

applications (data not shown). The obtained results showed that free Gem 

and all four samples of Gem-loaded PEGylated GNShells did not inhibit above 

50% of cell growth (EC50 wasn’t achieved) after 48 h of post-treatment. 

However, free Gem and all the PEG/PEGMA-coated nanoshells+Gem 

showed cytotoxic effect on MiaPaCa-2 cells after 72 h incubation with 

detected EC50 of 0.72 μM, 9.20 μM, 4.20 μM, 3.36 μM and 1.76 μM for free 

Gem, GNShells+SH-PEG6000+Gem, GNShells+SH-P(PEGMA)10+Gem, 

GNShells+ SH-P(PEGMA)50+Gem and GNShells+ SH-P(PEGMA)100+Gem, 

respectively. 

 

Table 3.11. The cytotoxicity of anti-cancer drug Gem and the cytotoxicity of Gem-

loaded PEGylated GNShells against MiaPaCa-2 pancreatic cell line. All the MTT 

experiments were performed in triplicate and the variation in EC50 are shown as 

meanSD. 

 

Cell line 

 

Treated with 

Incubation 

time (h) 

EC50 

(μM ) 

 

MiaPaCa-2 

(1x104 

cells/well) 

Gem 

72 

0.720.18 

GNShells+SH-PEG6000+Gem 9.200.27 

GNShells+SH-P(PEGMA)10+Gem 4.201.40 

GNShells+SH-P(PEGMA)50+Gem 3.360.68 

GNShells+SH-P(PEGMA)100+Gem 1.760.31 

 

As shown in table 3.11, SH-P(PEGMA)-coated GNShells exhibited higher 

cytotoxic activity than the GNShells coated with SH-PEG6000.  

 

Enhanced cellular uptake and efficient penetration of nanocarriers inside 

tumor cells is paramount to successful anti-cancer therapy. The cellular 

uptake kinetics can be regulated by controlling the surface chemistry of NPs 

(Massignani et al., 2009) and is highly depending on the coated-polymer 
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architecture (Deshpande et al., 2004). The lower cytotoxic efficiency of 

GNShells+SH-PEG600+Gem might be possibly because of the long SH-

PEG6000 chains (136 PEG units) with high grafting density (68.80 chain nm-

2), which might cause decrease in PEG chain hydration and mobility and 

hence affect NPs interactive potential with the cell membrane (Massignani et 

al., 2009; Salatin and Yari Khosroushahi, 2017). 

 

Since the synthesised GNShells were uniform in size and there was no 

significant difference between Gem-loading efficiency (%) of PEGylated 

GNShells (GNShells-SH-P(PEGMA)n, n= 10, 50, 100), higher cytotoxic 

activity of SH-P(PEGMA)100-coated GNShells among PEGMA-based 

nanoformulations could be related to the lower grafting density (2.10 chain 

nm-2), higher Rf and dilute brush conformation of SH-P(PEGMA)100 that 

improved cellular internalisation and efficiency of GNShells+ SH-

P(PEGMA)100+Gem. 

 

The Fundamental understanding of the role played by grafted PEGMA 

polymers in cellular uptake of NPs is beyond the scope of this research and 

need to be further quantified. 

 

Although the EC50 values of the Gem-loaded GNShells were found to be 

higher than that of the free Gem but due to the fact that the non-restricted 

cytotoxicity of chemotherapeutics limits the full use of their therapeutic 

potential, Gem-loaded GNShells extend the systemic circulation half-life of 

conjugated Gem, which in turn increase the concentration of drug at the site 

of action and provides strategies for more specific therapy.  

 

As radiative and non-radiative properties of GNPs endow these 

nanocomposites with photothermal effects, combinational photo-

chemotherapy could potentially augoment the cytotoxicity of cancer 

chemotherapeutic agents such as Gem, at elevated temperatures since GNPs 

can deliver both drug and heat simultaneously to the tumorigenic region in a 

highly confined manner.  
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a

 

b

 

Figure 3.33. The bar charts represents cell viability (MTT assay) of MiaPaCa-2 cell 

line (1x104 cells/well) after 48 h (a) and 72 h (b) incubation with Gem alone and 

Gem-loaded PEGylated GNShells. The data represented as the mean of three 

experiments and the variations in the readings were shown as error bars (±SD). 
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3.5. Conclusion 

 
Hollow spherical GNShells were synthesised using the galvanic replacement 

reaction. The GNShells were successfully functionalised with commercially 

available thiol-PEG (6,000 g mol-1), and RAFT synthesised thiol-terminated 

PEGMA polymers with different Mn and were subsequently loaded with Gem. 

The covalent attachment of the SH-PEG/PEGMA and Gem molecules on the 

GNShells surface was confirmed by Raman and XPS, respectively. The data 

obtained from TEM/DLS and ζ-potential of the nanoformulations indicated the 

colloidal stability of the bi-functionalised GNShells in aqueous dispersions 

over two weeks. The number of grafted polymers per each nanoparticle and 

their brush conformation along with the amount of the conjugated Gem (μM 

ml-1) was successfully determined by TGA and HPLC, respectively. The drug 

release experiments found no statistically significant difference (p<0.05) 

between the Gem release in pH 7.4 and pH 5.2 at the end of 48 h. The In vitro 

cytotoxicity assay showed that, compared with the commercial SH-PEG6000, 

prepared gold nano-carriers enhanced cytotoxicity of Gem upon PEGylating 

with synthesised thiol-end RAFT-polymers, among which, SH-P(PEGMA)100 

polymers, showed better cellular uptake efficiency and improved drug 

delivery, attributing to their lower grafting density and dilute brush 

conformation. 

 

The next chapter describes the in vitro experimental results from combined 

photo- chemical treatment of cancer cells to improve the therapeutic efficiency 

of Gem.  
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Chapter 4                                                                                           

Increasing the cytotoxic potency of Gem with laser-induced 

hyperthermia mediated by GNShells+SH-P(PEGMA)100+Gem 

 

This chapter is focused on the combination of chemo- and phototherapy in 

order to enhance the therapeutic outcome of the designed nanoformulation by 

augmenting the accumulation of Gem into tumor cells along and to 

simultaneously lower the effective dose that could potentially alleviate the side 

effects of Gem (Figure 4.1). In this chapter, Gem-loaded PEGylated GNShells 

(GNShells+SH-P(PEGMA)100+Gem) were used for multimodal cancer 

therapy due to its ability of delivering the cytotoxic drug and inducing heat 

simultaneously in a spatiotemporally confined manner. The effect of 

photothermal therapy on the drug release profile and the cellular uptake of 

functionalised GNShells was investigated. In vitro synergistic chemothermal 

therapy effects of the designed nanoformulation at different concentrations 

and laser power densities were also studied.  
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Figure 4.1. The colloidally stable GNShells+SH-P(PEGMA)100+Gem have been 

developed in order to enhance the therapeutic efficacy of Gem in combination with 

phototherapy, resulting in synergism of the two modalities. 

 

A more detailed analysis regarding the effects of hyperthermia and its 

contribution to to the efficacy of chemotherapy, as well as its effects on 

cellular structures and physiology alteration, and the mechanisms of cell 

killing (apoptosis/necrosis) are described. 
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4.1. Introduction 
 

4.1.1. Hyperthermia in combination with chemotherapy 

 

There is no inherent difference among tumor cells, tumor vascular endothelial 

cells and normal cells regarding to their susceptibility to heat-induced 

cytotoxicity in vitro. However, tumor cells show thermo-sensitivity against mild 

hyperthermia (40 °C – 42 °C) in vivo (Hildebrandt et al., 2002; Indran et al., 

2011). The susceptibility of cancer cells in response to heat is due to the 

inimical conditions of the tumor microenvironment. The chaotic vasculature 

causes insufficient blood flow across the solid tumor, which consequently 

stresses cancer cells by hypoxia, acidotic and nutrient-deprived milieu and 

renders them more “thermo-sensitive” compared to normal cells (Figure 4.2) 

(Chicheł et al., 2007). 

 

 
 

Figure 4.2. Heating the normal tissue results in intrinsic heat 

dissipation due to augmented blood flow. In contrast, intratumoral 

temperature increases over heating due to lack of organised 

vasculature structure (Chicheł et al., 2007).  

At temperatures above 42 °C, heat has a direct cytotoxic effect on tumor cells 

together with morphological changes such as endothelial swelling, shifting of 

the plasma fluid into the interstitium, micro-thrombosis due to activation of 

hemostasis, and change of the blood viscosity. All of these hyperthermia-

induced changes can promote reduction of intratumoral blood flow and 

acidosis and cause irreversible damage to cancer cells (Hildebrandt et al., 
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2002). Intense heating (>45 °C) termed as ‘thermo-ablation’ gives rise to 

sudden cellular death through necrotic mediated coagulation of cellular 

proteins. In contrast, moderate hyperthermia (≤42 °C) is used to optimise the 

temperature homogeneity in the tumor region, which is challenging due to the 

physical and physiological characteristics such as the electric tissue 

boundaries, the local perfusion variation and perfusion regulation (Wust et al., 

2002; Elsherbini et al., 2011). Moderate hyperthermia improves tumor blood 

flow and therefore oxygen and nutrient contents in the target area and hence 

it constitutes an effective therapy in combination with other conventional 

modalities, especially chemotherapy (Wust et al., 2002; Chicheł et al. 2007; 

Elsherbini et al., 2011). Improvement of blood flow, fluid flux balance or pH 

adjustment and vascular permeability through moderate hyperthermia, 

enhances the cytotoxicity of many antineoplastic agents (chemo-sensitisation) 

(Indran et al., 2011, DeWitt et al., 2014). The type and concentration of drug, 

time interval between drug and heat application can affect the degree of 

chemo-sensitisation (Indran et al., 2011). For instance, the drug-heat 

interaction of most alkylating agents (e.g. cyclophosphamide and ifosfamide), 

platinum and nitrosoureas compoundsenhances linearly their potency by 

elevating the temperature from 37 °C to 40 °C whereas, doxorubicin or 

bleomycin have a temperature threshold for synergistic interaction with heat at 

or near 42.5 °C. Conversely, most anti-metabolites (e.g. 5-fluorodeoxyuridin 

and methotrexate) as well as vinca alkaloids and taxanes show independent 

contribution to hyperthermia. Also, there are thermo-sensitisers that exert their 

cytotoxic action only at elevated temperatures (e.g. the local anesthetic drug 

lidocaine) (Bull, 1984; Engelhardt, 1987; Dahl, 1988). It has been recognised 

that the mechanisms of the thermal enhancement are generally supported by 

increased rate constants of alkylation, increases in intracellular drug uptake 

and inhibition of repair drug-induced lethal or sublethal damage (Zhao et al., 

2011). Research in drug-heat sequence demonstrated that thermal chemo-

sensitisation is maximised by synchronous drug-heat application and is 

diminished at longer intervals (Rudin and Thompson, 1997). For example, 

ifosfamide should be applied several hours before hyperthermia because it 

undergoes extensive hepatic metabolism, however, in combination with 

regional hyperthermia, promising results have been achieved within shorter 
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intervals (Issels et al., 1990; Wiedemann et al., 1993; Urano et al., 1999). In 

an exceptional case like the anti-metabolite Gem, a time interval of ~ 24 h 

between drug-heat application is necessary to achieve a synergistic effect in 

vitro and in vivo (Haveman et al., 1995; Van Bree et al., 1999). 

 

 It is worthwhile to note that the thermal energy dose required for the induction 

of cell death depends on the type of cancer cells, cell cycle phases, the 

amount of energy required for cellular protein denaturation (140 Kcal mol-1), 

the duration of heating and the tumor microenvironment (Nikfarjam et al., 

2005). In the case of combination with chemotherapy, the thermal dose also 

depends on the type of the anti-cancer drugs (Hildebrandt et al., 2002; Indran 

et al., 2011).  

 

When mammalian cells are exposed to heat shock above a threshold 

temperature with an interval shorter than 48 - 72 h, they develop 

‘thermotolerance’ that is partially due to the expression of heat shock proteins 

(HSPs) and other post transitional adaptation processes (e.g. cell cycle arrest 

in the G2-phase and change in cell metabolism). Therefore, most fractionated 

hyperthermia regimens allow at least 72 h between sessions in order to 

minimise the clinical impact of thermotolerance (Overgaard, J. and Horsman, 

1997; Sneed et al., 2004; Jones et al., 2004).  

 

In general, hyperthermia with milder temperatures in combination with 

cytotoxic agents increases malignant cell destruction by enhancing the 

pharmacokinetics of the drugs while minimising the side effects in healthy 

tissue.  

 

4.1.2. Cellular effect of hyperthermia 

 

Hyperthermia (HT) induces non-lethal (in the temperature range between 39 

°C – 42 °C) or lethal (>42 °C) changes in tissue physiology (Kanwal and Zaidi, 

2013). The fundamental molecular event initiated by hyperthermia is protein 
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damage (cytosolic, nucleosolic and membrane proteins) (Spiro et al., 1982; 

Michels et al., 1997). Protein denaturation and aggregation cause structural 

and functional alterations of cellular components which results in protein 

synthesis inactivation, metabolic changes, membrane permeability 

modification, DNA synthesis impairment, DNA repair inhibition and 

modification of gene expression and signal transduction (Sonna et al., 2002; 

Richter et al., 2010). 

 

Mild heat stress affects the cellular membrane fluidity and stability by 

obstructing the function of transmembrane transport proteins and cell surface 

receptors, and changes in the ratio of membrane protein to membrane lipids 

(Hildebrandt et al., 2002; Richter et al., 2010). Heat causes morphological 

changes of the membrane by transforming the tightly packed gel phase of the 

lipid bilayer into the less stiff liquid-crystalline phase (Kanwal and Zaidi, 2013) 

which leads to a decrease in viscosity and increase in permeability of the 

plasma membrane.  

 

Enhanced membrane permeability can alter the membrane potential,  change 

the ion homeostasis by elevating the activity of the intracellular ATP-

dependent sodium-potassium pump (Ruifork et al., 1987), activate the calcium 

ion dependent apoptotic pathway by over expressing the receptor inositol 

triphosphate that regulates the release of Ca2+ (Mikkelsen et al., 1991; 

Cividalli et al., 1999) and improve drug delivery by increasing the size of the 

endothelial gap in capillary vasculature (Gerner et al., 1980; Lecavalier and 

Mackillop, 1985; Bates and Mackillop, 1986).  

 

Mild HT has been demonstrated to induce disassembly of the cytoskeleton by 

converting the actin filaments into stress fibers, which can affect the correct 

localisation of the cellular organelles and disturb the intracellular transport 

process (Richter et al., 2010).  

 

Heat stress can also be the source of the fragmentation of the endoplasmic 

reticulum (ER) and the reduction of the number of mitochondria that results in 

excessive accumulation of misfolded proteins and dramatic reduction of ATP 



 
 

 169 

levels, respectively (Ahmed et al., 2008). In addition, aggregation and 

accumulation of ribosomal proteins, non-translating mRNA, initial components 

and other proteins involved in the process of translation, form large RNA-

protein structures called stress granules in cytosol (Richter et al., 2010). 

 

Despite the fact that HT induces protein damage in virtually all cellular 

compartments, the nuclear environment shows even more sensitivity towards 

the heat shock (Roti Roti and Laszlo, 1988; Kampinga et al., 1989; Lepock et 

al., 1993; 2001; Michels et al., 1995; 1997; Lepock, 2004). DNA fragmentation 

and formation of double-strand breaks, inhibition of transcription and DNA 

replication, and prevention of DNA repair mechanism (by denaturation of DNA 

polymerases or alteration of the chromatin structure) induce by HT and result 

in enhancement of the nuclear protein concentration, which leads to loss of 

cellular clonogenic or proliferative capacity via cell cycle arrest (permanent G1 

arrest) or via apoptosis and/or necrosis (depending on the cell type, 

temperature and duration of the heat exposure) (Samali et al., 1999; 

Sugahara et al., 2008; Bettaieb and Averill-Bates, 2008).  

 

As an example, upon exposure to 41 °C, CHO (chinese hamster ovary) cells 

undergo G1-arrest and become thermotolerant whilst, HeLa cells undergo M 

phase death after completion of DNA-synthesis (S phase) (Mackey et al. 

1992; Mackey and Roti Roti, 1992; Higashikubo et al., 1993; Kampinga, 1993; 

Roti Roti et al., 1998). Several studies reported that cells are more sensitive to 

heat during mitosis (Yuguchi et al. 2002) and especially during the S phase of 

the cell cycle as the significant proportion of oncogenic transformation of cell 

occurs in the S phase (Kampinga and Dikomey, 2001; Hunt et al., 2004; 

2007).  

 

As mentioned previously, environmental stress such as HT affects protein 

biosynthesis, folding, translocation and assembly into the native conformation 

(stable state), hence HT can disturb protein homeostasis by fluxing non-native 

proteins, which if left unprotected, are going through misfolding and 

aggregation. One of the known cytoprotective mechanisms in response to 

heat is the proliferation of heat shock proteins (HSPs). Immediately after HT, 
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tumor cells sense the stress and upregulate the transcription of genes that 

encode a class of stress-inducible proteins called heat shock proteins (HSP). 

Expression of HSPs is induced by transient activation of stress-responsive 

transcription factors known as heat shock factors-1 (HSF-1).  HSF-1 binds to 

the promoter regions of various heat shock genes and provokes the synthesis 

of HSPs. The HSPs belong to the super family of proteins called molecular 

chaperones; under thermal condition they bind with high affinity to the non-

native or (partially) unfolded proteins unselectively and prevent irreversible 

intracellular aggregation and repair protein damage (refolding proteins to their 

native structure) in order to re-establish protein homeostasis (Hildebrandt et 

al., 2002; Kampinga, 2006; Richter et al., 2010). The HSPs are divided into 

subgroups with different molecular mass and partially varying biological 

functions (e.g. HSP 27, HSP 60, HSP 70, HSP90, HSP100, etc.) (Parsell and 

Lindquist, 1993; Favatier et al., 1997; Krebs and Feder, 1997). The chaperone 

activity of HSPs is transiently elevated during HT but is gradually depleted 

again after removal of heat. However, upon prolonged heating, HSPs 

increase cellular resistance to a subsequent stress by the development of 

thermotolerance (Landry et al., 1982a ; 1982b; Hildebrandt et al., 2002). 

Thermotolerance may occur upon continuous exposure (e.g. 3 to 24 h) of 

cultured cancer cells to non-lethal fever range temperature (39 °C – 41.5 °C) 

(Przybytkowski et al., 1986; Ostberg et al., 2002), which results from the 

accumulation of HSPs 27, 32, 60, 70, 90 and 110 (Przybytkowski et al., 1986; 

Bettaieb and Averill-Bates, 2008). Increase in expression of HSPs 70 and 110 

in mouse tissue have been reported as the result of exposing the MALB/c 

mice to the fever range whole body HT (39.5 °C – 40 °C) for 6 h (Ostberg et 

al., 2002). On the contrary, lethal temperature (42 °C – 45 °C) can generate 

thermotolerance in cancer cells after about 10 to 30 min of heat exposure 

(Landry et al., 1982a; 1982b; Subjeck et al., 1982; Samali and Cotter, 1996).  
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Figure 4.3. HT elevates the temperature in tumor site about 3 – 7 °C more than that 

of adjutant normal cells due to the great thermo-sensitivity of malignant cells. Mild HT 

improves blood flow, which in turn increases tissue oxygenation and makes cancer 

cells more chemo-sensitive. However, intense or prolonged thermal stress is thought 

to induce cell death (apoptosis or necrosis) by causing intracellular damages. 

Therefore, it is important to adjust an ideal temperature for the purpose of using HT in 

combination with chemotherapy (Issels, 2008).  

Its important to note that HSPs promote the thermo-sensitive cells’ recovery 

by development of thermotolerance in a time- and temperature-dependent 

manner via inhibiting mitochondrial or death receptor-mediated apoptosis 

pathways but over prolonged heating or high temperature application, cell 

death (apoptosis/necrosis) can not be prevented by HSPs-expression (Figure 

4.3) (Issels, 2008).   

 

4.1.3. Hyperthermia induced apoptosis 

Apoptosis (also known as programmed cell death) is a highly regulated, 

energy dependent ordered cascade of enzymatic events and plays a crucial 

role in many biological processes such as embryonic development, regulation 

of cell numbers and tissue homeostasis (Kwak, 2013). The ability of cancer 

cells to avoid apoptosis and continue to proliferate is one of the hallmarks of 

cancer and the major focus of cancer therapy development (Hanahan and 

Weinberg, 2000). Many types of cancer treatments cause damage to cancer 

cells that result in apoptotic cell death. Stimulation of apoptosis in malignant 
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cells can therefore promote the susceptibility to anti-cancer treatments such 

as hyperthermia (Landry et al., 1986; Kanwal and Zaidi, 2013). Two distinct 

molecular cascades known as intrinsic and extrinsic cellular pathways support 

the implementation of the apoptosis pathway (Figure 4.4). 

 

Figure 4.4. Extrinsic and intrinsic pathways of apoptosis. The intrinsic apoptotic 

pathway (also called as mitochondria-mediated apoptotic cascade) is activated in 

response to a variety of cellular stresses. The overexpression of pro-apoptotic proteins 

causes outer mitochondrial membrane permeabilisation and cytochrome c release. 

The cytosolic cytochrome c binds to the apoptotic caspase activating factor (Apaf1) 

and recruits procaspase-9 to form the apoptosome. Active caspase-9 then initiates 

apoptosis by cleaving and thereby activating executioner caspases (-3, -6, -7). The 

extrinsic apoptosis pathway is initiated by the binding of a ligand to a death receptor, 

which in turn leads to recruitment, dimerisation, and activation of caspase-8 with the 

help of the adapter proteins (FADD/TRADD). Once caspase-8 is activated, the 

execution phase of apoptosis is triggered either directly by cleaving and thereby 

activating executioner caspases (-3, -6, -7), or indirectly by activating the 

mitochondria-mediated apoptotic cascade through cleavage of BID (McIlwain et al., 

2013).  

 

Although it has been shown that HT enhances the susceptibility of cancer 

cells towards apoptosis, molecular pathways that meditate HT-induced 

apoptosis are still a matter of controversy (Rong and Mack, 2000; Falk and 

Issels, 2001). HT alone or in combination with chemotherapy provokes 

elevated expression of tumor suppressor genes (e.g. P53), pro-apoptotic 
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factors (e.g. cytochrome c, ROS, Ca+2) and heat shock proteins (HSPs), 

thereby, overcomes the suppression of apoptosis during carcinogenesis. 

 

The HSPs encompass an anti-apoptotic role by the development of 

thermotolerance, however, if the thermal stress is sever, they are associated 

with the occurrence of programmed cell death in order to inhibit perpetuation 

of mutated DNA (Khan and Brown, 2002). For instance, it has been reported 

that HSP70 interferes with caspase activation by inhibiting the production and 

action of pro-apoptotic proteins such as Bax, cytochrome c release and direct 

blocking of apoptosome formation. However, under excessive stress, 

overexpression of HSP70, induces apoptotic cell death (Filippovich et al., 

1994; Liossis et al., 1994). 

 

Oxygen-free radicals, also known as reactive oxygen species (ROS) are 

highly reactive chemical species that are generated as by-products during 

aerobic respiration (Trachootham et al., 2009). The excessive formation of 

ROS or perturbation of the antioxidant defense mechanism can disrupt redox 

homeostasis, leading to oxidative stress that plays a pivotal role in apoptosis 

(Kannan and Jain, 2000; Li et al., 2003; Turrens, 2003; Valko et al., 2006; 

Trachootham et al., 2009). Increased level of endogenous ROS is prevalent in 

malignant cells due to oncogenic signaling, aberrant metabolism, mutant P53 

and malfunction of mitochondria (Irani et al., 1997; Brandon et al., 2006; Horn 

and Vousden, 2007; Rodrigues et al., 2008). Further exogenous ROS insults 

such as HT can induce further oxidative stress that promote the vulnerability 

of cancer cells to ROS damage, leading to apoptosis (depends on the 

magnitude and duration of thermal stress) (Lu et al., 2008; Trachootham et 

al., 2009). As an example, synergistic effects of mild HT (41 °C for 20 min) 

and a non-toxic dose of diketone macrosphelide (MS5) can activate a ROS-

dependent apoptotic program in U937 cells (Ahmed et al., 2007).  

 

It has also been reported that, heat-shock- induced oxidative stress 

upregulates the activation of stress-activated protein kinases, JNK (c-Jun N-

terminal kinase). JNK phosphorylates and regulates the activity of 

transcription factors such as c-Jun and P53, and non-transcription factors, 
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such as members of the Bcl-2 family Bim. Pro-apoptotic activity of Bim 

facilitates MOMP and promotes mitochondria- and caspase-dependent 

apoptosis (Hirano et al., 2005). 

 

HT can induce endoplasmic reticulum (ER)-triggered apoptosis in numerous 

malignant cells by augmentation of calcium levels in mitochondria, depletion 

of mitochondrial membrane potential (Δψm), overproduction of ROS and 

activation of intrinsic pro-apoptotic signals that can trigger apoptosis (Hou et 

al., 2014). ER is involved in lipid and protein synthesis, protein post-

translational modification and protein folding (Foufelle and Fromenty, 2016). 

When cancer cells are subjected to apoptotic stimuli such as HT, 

accumulation of unfolded or misfolded proteins in ER impact ER homeostasis 

and induce ER stress (Tsai et al., 2013). ER stress elicits an elaborate 

signaling network called the ‘unfolded protein response’ (UPR), which is a 

protective and adaptive response with the aim to alleviate ER stress and 

maintain proper ER homeostasis. However, under severe/or prolonged stress 

conditions, the ER promotes apoptotic signaling cascades (Toltl et al., 2011; 

Shellman et al., 2008). 

 

Furthermore, mild HT is also reported to trigger the extrinsic apoptotic 

pathway by activating the cell surface death receptors, which are 

overexpressed on the surface of the cancer cells (Gonzalvez and Ashkenazi, 

2010). Death receptors transmit apoptotic signals that initiate by specific 

ligands such as Fas ligand, TNF alpha and TRAIL to the downstream 

caspases and induce apoptosis either directly through the activation of 

caspase-8 or indirectly via activation of BH3 only protein Bid (Tran et al., 

2003).  

 

Apart from the classic extrinsic and intrinsic pathways, HT can induce 

programmed cell death through ER-mediated apoptosis. It has been 

determined that accumulation of Ca2+ in ER as a result of HT-induced ER 

stress in melanoma and non-melanoma skin cancer cells, triggers the 

proteolytic activity of Ca2+-sensitive caspase-12 (located on the cytoplasmic 

side of the ER) that eventually activates caspase 3/7 and causes apoptotic 
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DNA fragmentation (Shellman et al., 2008). Mechanism of apoptosis induced 

by hyperthermia (HT) is shown in Figure 4.5. 

 

 

Figure 4.5. Mechanism of apoptosis induced by hyperthermia (HT). HT 

provokes membrane potential modification, protein unfolding and 

aggregation, mitochondrial malfunction, ROS production, lipid 

peroxidation (LPO) and ER stress regulation. Each of these cellular 

responses to heat can act as a mediator of apoptosis (Kanwal, A. and 

Zaidi, 2013). 

  

HT induces both apoptosis and necrosis mediated cell death in cancer cells in 

a time and temperature dependent manner. Non-inflammatory and 

inflammatory outcomes of these two distinct pathways, which will be 

explained in more detail, raise interest in designing strategies for cellular 

protection against necrosis. 

During apoptosis, cells undergo controlled suicide program where dismantling 
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intracellular components, elude the immune response and damage the 

surrounding tissue (Indran et al., 2011).  

 

The morphological characteristics of this tidy method of cell elimination 

include: cell shrinkage, increase in cellular density, chromatin condensation 

(by shifting to the margin of the nucleus), DNA fragmentation (by 

endonuclease activity) followed by nucleus fragmentation, maintenance of 

organelle integrity, plasma membrane blebbing, and formation of vacuoles 

containing cytoplasm and intact organelles called apoptotic bodies, followed 

by modification of plasma membrane phospholipid content (e.g. loss of 

asymmetric distribution of phosphatidylserines in the plasma membrane), to 

mark apoptotic bodies for engulfing and ingestion by phagocytes without 

causing an inflammatory reaction (Figure 4.6). (Vermes and Haanen, 1994; 

Tait and Green, 2010; Indran et al., 2011; McIlwain et al., 2013).  

 

In contrast to the programmed cell death, pathological necrosis is an 

unexpected, accidental and energy independent mode of cell death in 

response to toxic insult or extreme trauma. Necrotic cells are characterised by 

the cell swelling, formation of cytoplasmic vacuoles, distended endoplasmic 

reticulum, formation of cytoplasmic blebs, condensed, swollen or ruptured 

mitochondria, disaggregation and detachment of ribosomes, disrupted 

organelle membranes, swollen and ruptured lysosomes, and eventually loss 

of cell membrane integrity (Elmore, 2007). Disruption of the plasma 

membrane results in releasing the cytoplasmic contents and pro-inflammatory 

molecules (e.g. cytokines) into the interstitial environment, which can cause 

inflammatory reactions and stress (Figure 4.6) (Edinger and Thompson, 

2004). 

 

A broad range of cytokines support tumor growth and dissemination, 

attenuate apoptosis and facilitate invasion and metastasis (Negus and 

Balkwill, 1996; Dranoff, 2004; O'Hayre et al., 2008). These polypeptide 

immunomodulating agents are involved in autocrine, paracrine and endocrine 

signaling, and include interleukins, tumor necrosis factors, interferons, colony 

stimulating factors, peptide growth factors and chemokines.  
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Figure 4.6. Morphological changes of a cell during apoptosis and 

necrosis (Andreas Gewies, 2003).  

Increase in the release of pro-inflammatory proteins (chemokines in particular) 

triggers angiogenesis and tumor progression. Cytokines may also cause 

chemo-attraction of host immune cells (e.g. leukocytes), activation of other 

pro-tumorigenic enzymes and cytokines, foster proliferation and survival of 

cancer cells by activating ERK and PI3K pathways; they also influence the 

migration of cancer cells by regulating the production of extracellular matrix-

degrading proteinases that facilitates migration of tumor cells from their 

primary site to metastasis sites (Negus and Balkwill, 1996; Dranoff, 2004; 

O'Hayre et al. 2008).  

All the degradative processes that occur after necrosis mark it as an 

inappropriate mechanism and a passive uncontrolled type of cell death in 

cancer therapy compared to apoptosis with essentially no inflammatory 

reaction (Elmore, 2007). 

 

The following sections represent the methods, results and discussion of the 

combination of photho- and chemotherapy of GNShells+SH-

P(PEGMA)100+Gem at different concentrations and irradiation times (640 

nm, 0.9 W cm-2) in comparison with either therapies alone. 
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4.2. Materials 

 
Glutaraldehyde solution - grade I, 50% in H2O, specially purified for use as an 

electron microscopy fixative, osmium tetroxide solution (2% in water), poly-L-

lysine solution bioreagent (0.01%), paraformaldehyde powder (95%) and 

sodium cacodylate trihydrate BioXtra were purchased from Sigma-Aldrich. 

Apoptosis and necrosis quantitation kit plus was purcheased from Biotium. 

Laser photothermal treatment was carried out with a continuous-wave red 

laser coupled with an optical fiber (640 nm, MRL-MD-640-1W).  

 

4.3. Methods 
 
All the experiments were performed in triplicate and the variation in the 

readings were shown as error bars (±SD). The data were analysed by 

performing a t-test in Microsoft Excel. P<0.05 was considered statistically 

significant (*p<0.01-0.05, **p<0.001-0.01, ***p<0.0001-0.001). 

 

4.3.1. Photothermal effects of GNShells 

 
The laser-induced temperature elevation of GNShells, GNShells+SH-

P(PEGMA)100 and GNShells+SH-P(PEGMA)100+Gem was investigated by 

irradiating 1 mL of each colloidal suspension (OD = 1) in quartz cells (surface 

area = 1 cm2) with a continuous-wave fiber coupled diode laser with a center 

wavelength of 640 nm and output power of 0.9 W cm-2 (540J 600s cm-2) for 

10 min. Water, PBS (pH 7.4), sodium acetate buffer solution (pH 5.2) and cell 

culture medium were used as control groups. The temperature was monitored 

every 1 min over 20 min, including 10 min cooling time period, by a digital 

thermometer (digitron-TM-22) with a thermocouple probe submerged in the 

colloidal suspensions in the quartz cuvettes. 
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4.3.2. Evaluation of photothermal conversion efficiency () of 

GNShells+SH-P(PEGMA)100+Gem 

 

The photothermal conversion efficiency () of GNShells+SH-

P(PEGMA)100+Gem from incident laser energy to thermal energy was 

determined according to Equation 4.1: 

 

Equation 4.1. 

 

𝜂 =  
ℎ𝑠 ( 𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏) − 𝑄0

𝐼 (1 − 10−𝐴640)
  

 

Where, h is the heat transfer coefficient, s is the surface area of the quartz 

cuvette, Tmax is the maximum steady temperature, Tamb is ambient 

temperature of the surroundings, Q0 expresses the heat dissipation from the 

light absorbed by the quartz sample cell- that was determined independently 

by using a quartz cuvette filled with 1 mL of dH2O- I is the incident laser power 

(0.9 W cm-2), and A640 is the absorbance of the GNShells+SH-

P(PEGMA)100+Gem at 640 nm.  

 

The value of hs is derived according to Equation 4.2: 

 

Equation 4.2. 

 

ℎ𝑠 =  
𝑚𝐷𝐶𝐷

𝜏𝑠
 

Where, s is the sample system time constant, mD (g) and CD (J g-1) are the 

mass and heat capacity of the deionised water used as a solvent, 

respectively.  
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The value of s was determined during the cooling stage using equation 4.3: 

 

Equation 4.3. 

𝑡 =  −𝜏𝑠 ln(𝜃) 

 

Therefore, time constant for heat transfer from the system is determined by 

applying the linear time data from the cooling period vs. negative natural 

logarithm of driving force temperature. A dimensionless driving force 

temperature, , is introduced using the maximum system temperature (Tmax), 

as: 

 

Equation 4.4. 

𝜃 =  
𝑇 − 𝑇𝑎𝑚𝑏

𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏
 

 

4.3.3. Investigation of photothermal effect on drug release profiles  

 
Pellets obtained from centrifugation of 10 mL GNShells+SH-

P(PEGMA)100+Gem, were resuspended in 10 mL of release medium at 

different physiological pH levels: sodium acetate buffer solution (pH 5.2±0.1), 

and PBS (pH 7.4). All the release studies were carried out at 37 °C and 

stirring of was maintained at 100 rpm. The in vitro release behavior of Gem 

from GNShells+SH-P(PEGMA)100+Gem with and without laser irradiation 

was monitored. One hour after starting the procedure, stirring samples (10 

mL) in glass vials (surface area = 4 cm-2) were irradiated with red laser (640 

nm, 0.9 W cm-2) for 20 min. 0.5 mL of each sample was withdrawn at fixed 

time intervals and the same amount of fresh media was added back to the 

release medium. The collected samples were centrifuged using centrifugal 

filter (Thermo Scientific™ Pierce concentrators (PES), 3k MWCO, 0.5 mL) for 

20 min at 8000 rpm and then, the samples supernantant were collected.  By 

comparing to the concentration of the pure Gem (0 h, equivalent to 100% 

Gem release) in each buffer, the concentration of released Gem (from the 

collected supernatants) was quantified by HPLCanalysis. The results were 
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presented in terms of cumulative release as a function of time. The cumulative 

percentage drug released versus time was calculated using Equation 4.5: 

 

Equation 4.5. 

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =  
𝐶𝑡

𝐶∞
 

 

Where, Ct  is the mass of drug released at time t and C∞ refers to the initial 

loaded mass.  

 

4.3.4. Cell viability evaluation of in vitro chemotherapy, phothothermal, 

and chemothermal treatments 

 
MiaPaCa-2 cells were incubated in Dulbecco’s modified eagle’s medium-high 

glucose supplemented with 10% fetal bovine serum, 1% penicillin-

streptomycin and 1% L-glutamine. The cells were then seeded in a 96-well 

plate at a density of 1x104 cells per well and incubated at 37°C in humidified 

atmosphere with 5% CO2 for 24 h before addition of free Gem, GNShells+SH-

P(PEGMA)100 and GNShells+SH-P(PEGMA)100+Gem. Three batches of 

culture medium containing free Gem and GNShells+SH-P(PEGMA)100 and 

GNShells+SH-P(PEGMA)100+Gem at different concentrations (or equivalent 

concentrations) of Gem, ranging from 0.001 to 100 μmol L-1 were added to the 

adherent cells while control cells remained untreated. After incubation for 24 

hours, treated/untreated cells were irradiated with red laser (640 nm, 0.9 W 

cm-2) at various exposure times (1, 5 and 10 min). For chemotherapy 

treatment alone, the cells were not exposed to laser light (Table 4.1).  
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Table 4.1. Experimental design of in vitro chemotherapy, phothothermal, and 

chemothermal treatments. 

 

Drug/nanoformulations 

 

 

Dose of drug/ nanoformulations 

 

 

Laser 

exposure 

time 

 

Free Gem. 
 

ranging from 0.001 to 100 μmol L-1 1 min. 

5 min. 

10 min. 

 

GNShells+SH-

P(PEGMA)100+Gem. 

 

GNShells+SH-P(PEGMA)100 

 

GNShells+SH-P(PEGMA)100+Gem 

equivalent doses 

 

Note: For irradiating cell culture experiments, the treated cells in 96-well plates 

exposed to red laser (640 nm, 0.9 W cm-2) for 1 min (54J 60s cm-2), 5 min (270J 

300s cm-2) and 10 min (540J 600s cm-2). 

 

 

After laser exposure, the cells were maintained at 37° C under 5% CO2 for 

additional 24 h and 48 h. Finally, the MTT assay was utilised to study the 

cytotoxicity of drug/nanoformulation after predetermined times (Figure 4.7). 

The obtained data was analysed with the help of Prism software to acquire 

the half maximal effective concentration (EC50) value.  

 

 
Figure 4.7. Experimental design. Illustration of the experimental design, with each 

treatment replicated in triplicate independent experiments. 
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4.3.5. Investigation of the behavior of MiaPaca-2 cells after 

chemothermal combinational therapy to determine the prevalence of 

synergistic, antagonistic, or additive interactions. 

 
MiaPaCa-2 cells were seeded onto 6-well plates (surface area of each well = 

9.5 cm-2) at a density of 1x106 cells per well and incubated at 37°C in 

humidified atmosphere with 5% CO2. On the next day, the medium was 

replaced with fresh medium containing 100 μmol L-1 of free Gem, 

GNShells+SH-P(PEGMA)100+Gem (Gem equivalent dose) and 

GNShells+SH-P(PEGMA)100 (GNShells+SH-P(PEGMA)100+Gem equivalent 

dose). After 24 h of incubation, the cells were irradiated with red laser (640 

nm) at a power level of 0.9 W cm-2 for 60 min (3240J 3600s cm-2). After 

further 48 h of incubation, the cells were harvested with trypsin and the 

populations of survived cells after each treatment were counted. The 

population of cells after treatment with GNShells+SH-P(PEGMA)100+Gem 

+laser was compared with the number of cells after an additive interaction (P 

Additive) in order to determine the type of interaction between the applied 

nanoformulation and the photothermal treatment (synergistic, antagonistic, or 

additive). 

 

P Additive was calculated using Equation 4.6 (Hauck et al., 2008): 

 

Equation 4.6. 

𝑃𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 = (𝑓𝑐ℎ𝑒𝑚𝑜𝑡ℎ𝑒𝑟𝑎𝑝𝑦  ×  𝑓𝑝ℎ𝑜𝑡𝑜𝑡ℎ𝑒𝑟𝑎𝑝𝑦) 𝑃0 

 

Where, P additive represents the number of cells after an additive interaction, 

fchemotherapy is the fraction of survived cells after treatment with Gem + laser 

exposure, fphototherapy is the fraction of survived cells after treatment with 

GNShells+SH-P(PEGMA)100+ laser exposure, and P0 represents the starting 

population of cells.  
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4.3.6. Evaluation of cellular uptake of GNShells+SH-P(PEGMA)100. 

 
MiaPaca-2 cells were seeded in 6-well plates at a density of 1x105 cells per 

well (surface area of each well = 9.5 cm-2) and incubated at 37°C in 

humidified atmosphere with 5% CO2 until they reached 70–80% confluency. 

The medium was replaced with fresh medium containing 100 μL of 

GNShells+SH-P(PEGMA)100 (~1 × 109 particles per mL) followed by 

irradiating the cells with red laser (640 nm) at a power level of 0.9 W cm-2 for 

60 min (3240J 3600s cm-2).  while control cells remained untreated (without 

phothothermal treatment). After 18 h of incubation, the cells were rinsed three 

times with PBS and the cell pellets were collected by trypsinisation and 

centrifugation. The cell pellets were fixed in 0.1 M cacodylate buffer (pH 7.3) 

containing 2.5% glutaraldehyde for 2 h at 4°C, and post-fixed with 1% osmium 

tetroxide in 0.1 M cacodylate buffer (pH 7.3) for 1 h at 4°C. The cells were 

then dehydrated in a graded series of ethanol solutions (30% for 15 min, 50% 

for 15 min, 70% for 15 min, 90% for 15 min, and 100% for 15 min twice) and 

embedded in Epon resin. Ultrathin sections of embedded cells were cut and 

transferred on to copper grid, stained with lead citrate, and observed in a 

Philips BioTwin CM120 (FEI) transmission electron microscope, operating at 

120 kV. 

4.3.7. Clonogenic cell survival assay 

 
The clonogenic cell survival assay enables an assessment of the differences 

in the capacity of cells to produce progeny (i.e. a single cell to form a colony 

of 50 or more cells) between control untreated cells and cells that have 

undergone various treatment such as exposure to cytotoxic agents, laser light 

irradiation, etc. Therefore, the clonogenic assay investigates the survival of 

treated cells by monitoring the effect of anti-cancer therapeutics on the colony 

forming ability in different cell line. 1x105 MiaPaCa-2 cells were seeded in 6-

well plates (using 2 mL of culture medium). Once the cells reached 70–80% 

confluency, each well (surface area of each well = 9.5 cm-2) was treated with 

the different concentration of Gem (ranging from 0.001 to 100 μmol L-1), 

GNShells+SH-P(PEGMA)100+Gem (Gem equivalent doses) and 

GNShells+SH-P(PEGMA)100 (GNShells+SH-P(PEGMA)100+Gem equivalent 
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doses). One well was remained untreated as a control. After 24 h, the treated 

and untreated wells were irradiated with red laser (640 nm) at a power level of 

0.9 W cm-2 for 60 min (3240J 3600s cm-2). For chemotherapy alone, the cells 

were not exposed to laser light. The cells were harvested by trypsinisation, 

counted and subsequently specific number of cells (100 cells) from each well 

was seeded in a new 6-well plate (using 2 mL of culture medium) in triplicate. 

After 14 days, the colonies were washed with PBS and then fixed using 

methanol and acetic acid in ratio 3:1. The colonies were stained with 0.5% 

crystal violet solution (diluted with methanol) for 5 min. The stained plates 

were rinsed in the tray full of distilled water and left in the fume hood overnight 

to dry. Colonies appeared as clusters of violet stained cells and could be 

visualised with naked eye. The number of air-dried colonies for the average of 

three colony counts for each plate was recorded. A cluster of 50 or more cells 

were counted as one colony. After counting colonies, plating efficiency (PE) 

was calculated by dividing the number of colonies counted by the number of 

cells plated and then multiplying by 100 (Equation 4.7): 

 

Equation 4.7. 

  

𝑃𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑃𝐸) =  
𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑
 ×  100 

 

 

PE was determined to investigate the percentage of the single cells seeded in 

the plates that form a colony. PE of the control was considered as 100%. By 

determining PE, Survival fraction of the single cells seeded in the plates also 

calculated by dividing the PE of the treated cells by the PE of the control and 

then multiplying by 100 (Equation 4.8):  

 

Equation 4.8. 

 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 (𝑆𝐹) =  
𝑃𝐸 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑃𝐸 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ×  100 
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The survival fraction was calculated to determine the fraction of surviving cells 

after the exposure to the different concentration of drug and laser exposure 

(Munshi et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 187 

4.4. Results and discussion 

 
Results of this chapter were obtained after series of laboratory experiments 

and data analysis. Each individual section corresponds to the sections given 

in materials and methods. 

 

Photothermal therapy (PTT) has been increasingly recognised in the area of 

cancer therapy owing to its specific spatiotemporal selectivity, precise delivery 

of energy and minimal invasiveness. The high photothermal conversion 

efficiency of gold-based nanostructures makes them suitable candidates for 

PTT. When colloidal GNP suspensions are irradiated at the resonance 

frequency, the oscillating electrons transfer their kinetic energy into the 

particle lattice through electron-phonon interactions, followed by phonon-

phonon interactions with the surrounding medium. Phonon-phonon coupling 

dissipates heat across a particle-medium interface at a rate dependent on the 

medium, the particle size, and the laser source as the nanoparticle returns to 

its initial temperature (Roper et al., 2007; Jiang et al., 2013).  

 

The sufficient amount of heat generated locally by the laser-irradiated GNPs 

can increase the cell membrane permeability or induce destruction of cancer 

cells via apoptosis, necroptosis and/or necrosis. Drug-loaded GNPs can be 

used as photothermally activated drug-delivery vehicles in order to combine 

their drug delivery and PTT properties via a photo-chemotherapy approach 

(Rau et al., 2016). 

 

Currently, only PEGylated GNShells are used in clinical trials as photothermal 

agents (Clinicaltrials.gov. NCT00848042; NCT01679470; NCT02680535). 

Clinical studies with Auroshell particles (table 3.1) have shown some promise 

in photothermal ablation of solid tumors.  

 

In this study, photothermally activated therapeutic nanoparticle formulation 

was prepared with the synthesis of polymer coated GNShells through the use 

of a galvanic replacement reaction followed by the installation of thiol capped 

polymers and loading with Gem.  
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Although the surface plasmon resonance absorption peak of GNPs is size 

and geometry dependent, the clinical parameter for the efficiency of GNPs-

mediated laser-activated hyperthermia is the amount of energy delivered by 

the laser per time and area. The heat generated by plasmonic GNPs is 

influenced by the concentration of nano-scale gold, wavelength of the laser 

and the type of the laser. 

 

In general, a pulsed lasers deliver more energy then a continuous wave laser 

in a very short time  (Rau et al., 2016). However, in this study, a continuous 

wave (CW) red laser (640 nm, MRL-MD-640-1W) was employed. Since 

GNShells+SH-P(PEGMA)100+Gem showed an absorption peak at 640 nm, 

their photothermal conversion properties was investigated by red laser 

illumination at 640 nm with a power density of 0.9 W cm-2.  

 

CW irradiation of colloidal gold nanoformulation at low power (0.9 W cm-2) 

allows even heating with reproducible efficiencies at temperatures within 

physiological limits, whereas high-power nano-, pico-, and femtosecond 

pulses produce large particle to matrix temperature gradients that cause 

vaporisation and concomitant cavitation and nanoparticle fragmentation, 

which are incompatible with biological or steady-state application (Roper et 

al., 2007).  

 

The energy conversion efficiency () represents an intrinsic property of GNPs 

and it is proportional to the absorption/extinction ratio of colloidal nano-sized 

gold (Jiang et al., 2013). Unfortunately, there is no consensus on the gold-

based materials (e.g., particles concentration, temperature elevation profile, 

etc.) or laser parameter (e.g., laser energy, intensity, duration, etc.) to 

optimise the efficiency of laser-induced phothothermal effects of GNPs to 

initiate cell death. However, some generalisation can be extracted from the 

available data in the literature. Table 4.2 represents the photothermal 

efficiency of GNShells as reported in the literature. 
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Table 4.2. Photothermal conversion efficiency, , of GNShells reported in the 

literature. 

 

 

Nano-

material 

 

Irradiation 

λ (nm) 

 

Incident 

power 

(W) 

 

 (%) 

 

Reference 

GNShells 

800 2 13 
Hessel et al., 2011 

 

808 2 25 
Pattani et al., 2012 

 

808 1 18 
Huang et al., 2013 

 

810 2 39 Ayala-Orozco et al., 2014 

 

Under red laser illumination (λ = 640 nm, 0.9 W cm-2, 10 min), colloidal 

suspensions of GNShells, GNShells+SH-P(PEGMA)100 and GNShells+SH-

P(PEGMA)100+Gem (all the nanoparticles were dispersed in 1 mL of dH2O) 

were heated up to about 21 °C, 22 °C and 20 °C, respectively  (Figure 4.8). 

These data indicated that surface functionalisation of GNShells did not impair 

their phothothermal performance. The temperature increase of control groups 

(dH2O, PBS, sodium acetate buffer and cell culture medium) was significantly 

lower, about 10 °C to 11 °C. 
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Figure 4.8. Temperature elevation of dH2O, PBS, sodium acetate buffer, cell 

culture medium, GNShells, GNShells+SH-P(PEGMA)100 and GNShells+SH-

P(PEGMA)100+Gem induced by CW red laser irradiation (0.9 W cm-2, 640 nm, 10 

min) followed by monitoring the cooling effect after the laser was turned off (n = 3).  

 

The phothothermal conversion () performance of GNShells+SH-

P(PEGMA)100+Gem (~1.8 × 1011) was calculated using the equation 

proposed by Roper  (Roper et al., 2007) as following (Equation 4.1): 

 

𝜂 =  
ℎ𝑠 ( 𝑇𝑚𝑎𝑥 − 𝑇𝑎𝑚𝑏) − 𝑄0

𝐼 (1 − 10−𝐴640)
  

 

Where Tmax is the maximum steady-state temperature (Tmax) of GNShells+SH-

P(PEGMA)100+Gem colloids and Tamb is the ambient temperature (25 °C). 

The temperature change (Tmax - Tamb) of the colloidal suspension was 20 °C 

(Figure 84). The laser power (I) was 0.9 W. The absorbance of GNShells+SH-

P(PEGMA)100+Gem at 640 nm (A640) is 1.25. Q0 is the heat associated with 

light absorption by the quartz sample cell containing pure water without the 

nanoparticles and it was measured independently to be 70 mW. The time 

constant  (s) for heat transfer from the system is determined to be s = 350 s 
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by applying the linear time data from the cooling period vs negative natural 

logarithm of the dimensionless driving force temperature, θ = (T - Tamb) / (Tmax 

- Tamb). The slope of regression line is represented in the sample system time 

constant (s) (Figure 4.9). In addition, the mD is 1 g and the CD is 4.2 J g-1. 

Therefore, hs is deduced to be 0.012 W/°C (hS = mDCD / s).  

 

a

 

b

 

Figure 4.9. The temperature profile (n = 3) generated by dH2O and GNShells+SH-

P(PEGMA)100+Gem being excited at 640 nm with a CW red laser with a power 

density of 0.9 W cm-2 (a). Plot of the negative natural logarithm of driving force 

temperature (θ) as a function of time after the laser was turned off (b). 

  

By substituting all the values in Roper’s equation, the 640 nm laser  of 

GNShells+SH-P(PEGMA)100+Gem can be calculated to be 20 %. The  

value is in accordance with the finding from literature (Huang et al., 2013). 

 

The in vitro drug release behavior of GNShells+SH-P(PEGMA)100+Gem with 

and without laser irradiation (CW red laser, 640 nm, 0.9 W cm-2, 20 min) was 

studied in buffers at different pH at 37 °C using a zero order kinetic model 

(cumulative % drug release vs time). The schematic diagram of Gem release 

from GNShells+SH-P(PEGMA)100+Gem with and without laser irradiation is 

shown in Figure 4.10. In the absence of laser irradiation at 37 °C, the Gem 

release from the nanocarriers was 51.52% at pH 7.4 and 59.23% at pH 5.2 

after 48 h. The small difference in the release amounts between different pH, 

was attributed to the increased hydrophilicity and higher solubility of Gem at 

lower pH due to protonation of -NH2 groups on Gem and COO- groups on the 

surface of GNShells, which reduced the electrostatic interactions between 
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Gem and GNShells. 1 h After laser irradiation of GNShells+SH-

P(PEGMA)100+Gem (begun after  1 h of the release experiment) at 0.9 W 

cm-2 output power for 20 min, the amount of Gem released was 39.43% at pH 

7.4 and 46.61% at pH 5.2. The total release of Gem from the irradiated 

nanoformulation was 65.96% at pH 7.4 and 74.28% at pH 5.2 after 48 h. 

Therefore, upon one-time irradiation (for 20 minutes), the cumulative release 

amount of Gem over the whole experiment was observed to be significantly 

higher (15 %) than that without laser irradiation for any pH because the local 

temperature elevation (laser-converted heat) via absorption of red light by 

GNShells+SH-P(PEGMA)100+Gem promoted the  dissociative interactions 

between Gem and nano-gold (Au-N covalent bond and COO- N+ electrostatic 

attraction) and accelerated the rate of release.  

 

The maximal release of Gem was observed when the nano-carriers were 

exposed to both acidic pH and temperature stimuli. Therefore, these data 

suggested that; 1) the photothermal effect of GNShells can be utilised to 

partially trigger Gem release from GNShells+SH-P(PEGMA)100+Gem and 2) 

Gem is expected to be released more in acidic environment.   
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a 
 
 

 
b 
 

 

Figure 4.10. In vitro cumulative drug release profiles of GNShells+SH-

P(PEGMA)100+Gem dispered in PBS (pH 7.4) and sodium acetate buffer (pH 5.2) 

over 6 h (a) and 48 h (b). The data represented as the mean of three experiments 

and the variations in the readings were shown as error bars (±SD). 
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Studies showed that hyperthermia could augment Gem-induced apoptosis, 

and the effectiveness of combined hyperthermia and Gem is schedule-

dependent (Haveman et al., 1995; Van Bree et al., 1999; Vertrees et al., 

2005; Adachi et al., 2009; Raoof et al. 2014; Asayesh et al., 2016). Gem is a 

chemotherapeutic drug that is known to have synergy with heat. The optimal 

timing for cytotoxicity enhancement of Gem was observed when hyperthermia 

was applied after an interval of 24 h following exposure to Gem (Asayesh et 

al., 2016). However, further studies are required regarding optimal scheduling. 

Several mechanisms of interaction have been proposed for hyperthermia 

enhanced cytotoxicity of chemotherapeutic agents: hyperthermia is thought to 

inhibit the repair of drug induced DNA damage, to increase drug-induced DNA 

damage, to induce primary protein damage and to beneficially influence the 

pharmacokinetics of drugs (Dahl 1994; Van Bree et al., 1999). In this study 

MiaPaCa-2 cells were treated with Gem and Gem loaded nanoformulations 

for 24 h and then exposed to laser irradiation. 

 

  

Figure 4.11. The red laser system setup (640 nm, MRL-MD-640-1W) for laser-

induced hyperthermia in vitro. 

 

The laser system was assembled in order to deliver hyperthermia to cells 24 h 

after incubation of MiaPaCa-2 cells with free Gem / GNShells+SH-

P(PEGMA)100 / GNShells+SH-P(PEGMA)100+Gem (Figure 4.11). The 

system comprised a laser  (640 nm, MRL-MD-640-1W), a fiber holder and 96 

well plate/microplate heater (isotempTM-Fisher scientific). During the 

experiment the laser fiber was fixed to a holder so that the laser beam was 

directed perpendicularly to the 6/96-well plates, which was placed on the 
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heated stage. The heated stage was positioned directly below the laser and 

the temperature was adjusted at 37 °C prior to laser application. 

 

The yields of photothermal transformation by GNPs are related to the amount 

of taken up by cells and laser intensity. Although the optical-thermal effect is 

more prominent with higher energy laser irradiation, but can lead to increase 

non-specific cell death. Since most cells can uptake nono-sized particles 

through non-specific endocytosis, therefore GNPs-induced phothothermal 

effect should also induce unavoidable cell damage in surrounding tissues 

when used for laser-activated hyperthermia in cancer treatment. (Rau et al., 

2016). 1 W cm-2 is the threshold at which cellular damage begins (Hauck et 

al., 2008), and since a significant population of live cells still exist at this 

power density, it was decided to combine irradiation at 0.9 W cm-2 with Gem 

treatment in search for synergism between chemotherapy and phototherapy. 

The mechanism of the synergistic effect is supposed to be reflected as an 

enhanced cytotoxicity of GNShells+SH-P(PEGMA)100+Gem at elevated 

temperature and increasing heat sensitivity of cells exposed to this 

nanoformulation. 

 

The solo photo-chemotherapeutic cytotoxicity of Gem (ranging from 0.001 to 

100 μmol L-1) and the solo photo-hyperthermic cytotoxicity of GNShells+SH-

P(PEGMA)100 (Gem equivalent doses) were evaluated by performing 

traditional MTT tetrazolium assay for cell viability. The possibility of utilising 

GNShells+SH-P(PEGMA)100+Gem (Gem equivalent doses) for photo-

chemothermal synergistic therapy was also assessed (Figures 4.12, 4.13, 

4.14). 
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a

 
b

 
Figure 4.12. Cell viability of Gem and Gem plus laser (λ = 640 nm, 0.9 W cm-2, 1-5-

10 min) for MiaPaCa-2 cells as a function of Gem concentration after 48 h (a) and 72 

h (b) incubation, respectively. The data represented as the mean of three 

experiments and the variations in the readings were shown as error bars (±SD). 
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The free Gem exhibited concentration-dependent cytotoxicity to MiaPaCa-2 

cells after 48 h and 72 h incubation (Figure 4.12) (Appendix 13). However, 

there was no significant difference in cell viability between the free Gem group 

and Gem under red laser irradiation groups (λ = 640 nm, 0.9 W cm-2, 1-5-10 

min) at equal Gem concentration (Table 4.3). The obtained results indicated 

that the laser had no cytotoxicity to MiaPaCa-2 cells nor could it enhance the 

effectiveness of chemotherapy treatment alone.  

 

Table 4.3. The EC50 (μM) of Gem against MiaPaCa-2 cells before and after 

irradiation (λ = 640 nm, 0.9 W cm-2, 1-5-10 min). All the MTT experiments were 

performed in triplicate and the variation in EC50 are shown as meanSD. 

 

Cell line 

 

Treated with 

Incubatio

n time 

(h) 

EC50 

(μM) 

Miapaca-2 

(1x104 

cells/well) 

Gem. 

(No irradiation) 

 

72 

 

0.720.04 

Gem 

(1 min irradiation) 
0.660.05 

Gem 

(5 min irradiation) 
0.680.01 

Gem 

(10 min irradiation) 
0.740.14 

 
 

The photothermal effect of GNShells+SH-P(PEGMA)100 (Gem equivalent 

doses) on MiaPaCa-2 cells upon laser irradiation (λ = 640 nm, 0.9 W cm-2, 1-

5-10 min) was evaluated at 48 h and 72 h of incubation (Figure 4.13) 

(Appendix 13). 

 

The data showed that with or without laser, PEGylated GNShells exhibited no 

obvious effect on cell viability as tested with a series of equivalent 

concentrations of Gem ranging from 0.001 μM to 1 μM after 48 h and 72 h 

incubation.  
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Similarly, the viability of cells incubated with GNShells+SH-P(PEGMA)100 for 

48 h and 72 h at higher concentrations (10 μmol L-1 and 100 μmol L-1 Gem 

equivalent doses) were more than 85% even after exposure to red laser for 1 

min, which indicated that the PEGyalted GNShells had negligible toxicity and 

superior safety. However, since the increase in the temperature of the cell 

culture medium is proportional to the GNPs concentration, the amounts of 

absorbed fraction of incident light energy and the duration of energy 

absorption, hence by increasing laser exposure time, the GNShells+SH-

P(PEGMA)100 sample exhibited a concentration-dependent decrease in cell 

viability.  

These results showed that when GNShells+SH-P(PEGMA)100 were 

irradiated withthe laser up to 10 min, they could produce cytotoxic heat at 

higher gold concentrations (10 μmol L-1 and 100 μmol L-1 Gem equivalent 

doses).  
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a 

 

b

 
 

Figure 4.13. Cell viability of GNShells+SH-P(PEGMA)100 and  GNShells+SH-

P(PEGMA)100 plus laser irradiation (λ = 640 nm, 0.9 W cm-2, 1-5-10 min) for 

MiaPaCa- 2 cells as a function of Gem concentration after 48h (a) and 72 h (b) 

incubation, respectively. Error bars were based on standard deviations of three 

samples at each data point. Asterisks denoted statistical significance from control 

(*p<0.01-0.05). 
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The elevated temperature between 41 °C to 45 °C induces sublethal effects, 

such as expression of apoptosis genes, caspase activation, mitochondrial 

damage, etc. while temperature above 50 °C induces irreversible tissue 

damage (Shibu et al., 2013). Moreover, it has been demonstrated that 

hyperthermia-induced cellular toxicity occurs after maintenance at a 

temperature over 50 °C for 6 min (Habash et al., 2006) and within 1 h at 42 °C 

(Dewey and Diederich, 2009). 

 

In this study, when MiaPaCa-2 cells were exposed to laser light 24 h post 

treatment with GNShells+SH-P(PEGMA)100, the concentration-dependent 

temperature elevation from  42 °C to  54 °C was reported in 10 min. 

Although the focus temperature of laser irradiation exceeded the damage 

threshold (>50 °C) after 10 min at highest concentration of GNShells+SH-

P(PEGMA)100 and induced thermal cytotocity (*p<0.01-0.05),  still the 

therapeutic efficacy of photothermal therapy alone was not sufficient to induce 

irreversible cellular injury to a higher extent. Encouraged by the in vitro 

photothermal conversion performance of GNShells+SH-P(PEGMA)100 and 

since hyperthermia can enhance the chemotherapeutic efficacy of 

chemotherapy, multi-functional photo-chemothermal therapeutic effects of  

GNShells+SH-P(PEGMA)100+Gem was further studied.  

 

The cytotoxic activity of GNShells+SH-P(PEGMA)100+Gem by determining 

the cell viability using the MTT assay, was reported in chapter 3. The 

GNShells+SH-P(PEGMA)100+Gem showed lower cytotoxicity against 

MiaPaCa-2 cells in comparison with free Gem at 72 h of incubation.  The EC50 

value of GNShells+SH-P(PEGMA)100+Gem was reported to be 1.76 μM 

which was higher than that of free Gem (EC50 = 0.72 μM).  

 

After investigating the potential of chemo-phototherapy combination using 

laser irradiation, the results showed that GNShells+SH-P(PEGMA)100+Gem 

under laser irradiation achieved impressive antitumor effect against MiaPaCa-

2 cells compared with the experiments with single chemotherapy treatment.  
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As shown in Figure 4.14, with and without laser irradiation, the viability of 

MiaPaCa-2 cells decreased with the increasing GNShells+SH-

P(PEGMA)100+Gem concentration. Significant decrease in cell viability at 72 

h post chemotherapy treatment (compared to 48 h of incubation) showed the 

optimum Gem effect and confirmed that the activity of Gem was not adversely 

influenced during the formulation step; also, the cytotoxicity of the main active 

component from GNShells+SH-P(PEGMA)100+Gem was Gem.  

 

According to the data presented in Figure 4.14 (b) when the laser irradiation 

time was prolonged from 1 to 5 to 10 min, the cell viability decreased 

significantly compared to the control group at all tested concentrations. 

Therefore, the curative effect of the photothermal therapy was related with the 

duration of laser irradiation. After 10 min irradiation with red laser, the cell 

killing efficacy of GNShells+SH-P(PEGMA)100+Gem was statistically 

improved for 0.001 μmol L-1 and 100 μmol L-1 Gem equivalent concentrations. 

In addition, the EC50 value of GNShells+SH-P(PEGMA)100+Gem decreased 

from 1.76 μM without laser irradiation to 0.54 μM with 10 min laser irradiation, 

which is significantly lower than that of irradiated free Gem group (EC50 = 0.74 

μM). The results are presented in Table 4.4 with their corresponding graphs in 

Appendix 13. 

 

Based on the fact that laser irradiation did not cause any acute damage to 

GNShells+SH-P(PEGMA)100 incubated cells, these results showed that 

laser-induced hyperthermia mediated by GNShells increased the potency of 

GNShells+SH-P(PEGMA)100+Gem against MiaPaCa-2 cells and also 

increased the heat sensitivity of MiaPaCa-2 cells exposed to the 

nanoformulation. However, for 10 μmol L-1 and 100 μmol L-1 Gem equivalent 

doses, the combined effect of heat-induced ablation of cancer cells also 

enhanced the therapeutic effect of GNShells+SH-P(PEGMA)100+Gem in 

addition to the synergistic effect of photo-chemothermal therapy at elevated 

temperatures. 
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a  

 
b 

 
 

Figure 4.14. Cell viability of GNShells+SH-P(PEGMA)100+Gem and  GNShells+SH-

P(PEGMA)100+Gem plus laser irradiation (λ = 640 nm, 0.9 W cm-2, 1-5-10 min) for 

MiaPaCa-2 cells as a function of Gem concentration after 48h (a) and 72 h (b) 

incubation, respectively. Error bars were based on standard deviations of three 

parallel samples at each data point. Asterisks denoted statistical significance from 

control (*p<0.01-0.05, **p<0.001-0.01, ***p<0.0001-0.001). 
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Table 4.4. The EC50 (μM) of GNShells+SH-P(PEGMA)100+Gem against MiaPaCa-2 

cells before and after irradiation (λ = 640 nm, 0.9 W cm-2, 1-5-10 min). All the MTT 

experiments were performed in triplicate and the variation in EC50 are shown as 

meanSD. 

 

Cell line 

 

Treated with 

Incubatio

n time 

(h) 

EC50 

(μM) 

Miapaca-2 

(1x104 

cells/well) 

Free Gem 

(10 min. irradiation) 

 

72 

 

0.740.14 

GNShells+SH-P(PEGMA)100+Gem 

(No irradiation) 
1.760.31 

GNShells+SH-P(PEGMA)100+Gem 

(1 min. irradiation) 
1.630.21 

GNShells+SH-P(PEGMA)100+Gem 

(5 min. irradiation) 
1.200.27 

GNShells+SH-P(PEGMA)100+Gem 

(10 min. irradiation) 
0.540.17 

 
 
The synergistic effect of photo-chemothermal therapy was calculated 

according to the additive therapeutic interaction of independent treatments 

(chemotherapy and phototherapy) as an evaluation index. The final population 

of MiaPaCa- 2 cells after additive interaction (so called as projected additive, 

Padditive) was calculated by multiplying the fractions of surviving cells after each 

independent treatment (), that is, Padditive = (chemotherapy  phototherapy)  P0, 

where P0 is the starting population. 

  

The effect of either chemotherapy or phototherapy treatments was determined 

by counting the number of cells after laser exposure (λ = 640 nm, 0.9 W cm-2, 

60 min). Figure 4.15 shows the cell viability of three different treatment 

groups: Gem (100 μmol L-1) + laser, GNShells+SH-P(PEGMA)100+Gem 

(Gem equivalent dose) + laser and GNShells+SH-P(PEGMA)100 

(GNShells+SH-P(PEGMA)100+Gem equivalent dose) + laser. Padditive is the 

cell viability expected if there was no interplay between chemotherapy and 

phototherapy and was found to be significantly higher compared with the 

surviving cells exposed to the combinational photo-chemothermal therapy 
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(*p<0.01-0.05). The results confirmed that GNShells+SH-

P(PEGMA)100+Gem possessed a marked synergistic effect for the combined 

photo-chomothermal therapy and thus achieved a high therapeutic efficacy.  

 

 
Figure 4.15. Cell count at 72 h incubation of MiaPaCa-2 cells with free Gem plus 

laser, GNShells+SH-P(PEGMA)100 plus laser, GNShells+SH-P(PEGMA)100+Gem 

plus laser (λ = 640 nm, 0.9 W cm-2, 60 min) as a function of Gem concentration (100 

μmol L-1). The calculated projected additive was used as an evaluation index. Error 

bars were based on standard deviations of three samples at each data point. 

Asterisks denoted statistical significance level (*p<0.01-0.05). 

 
It is important to mention that it has not reported to the literature that the 

enhancement of the therapeutic efficacy of a designed nanoformulation is 

either due to the synergy of action between chemotherapeutic and 

photothermal agents or the enhancement of the cellular damage produced by 

each agent alone. Also, the extent that heat-related changes can alter or 

interact with the damage from the chemotherapeutic agents?  

 

Despite the popularity of the subject, it has not been well understood and 

more research is required in order to fully elucidate the mechanism of action 

in full detail. 
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However, the mechanism of interaction of hyperthermia and chemotherapy 

agents is primarily a function of the agents themselves and the three most 

important reported mechanisms behind the synergistic effect of photo-

chemothermal treatment are (Sugimachi et al., 1994; Issels et al., 2010a; 

2010b; Rao et al., 2010; May and Li, 2013; Angele et al., 2014): 

 

1. Inhibition of DNA repair of the chemically induced lethal or sublethal 

damages, and acceleration of the cytotoxic chemical reaction. 

 

2. Improvement of intercellular uptake and accumulation of the anti-

cancer drugs in tumor cells due to increased cell membrane 

permeability. 

 

3. Interaction of the two modalities at a common target level (not well-

understood yet). 

 

TEM was used to monitor the GNShells+SH-P(PEGMA)100 dispersion and 

dose internalisation in MiaPaCa- 2 cells. In addition, preparation of TEM 

samples by chemical-fixation and resin embedding enable the investigation of 

the in vitro cellular responses to the photothermal effects of GNShells+SH-

P(PEGMA)100 on cellular uptake and their correlation to the amount of 

internalised particles, intracellular position and number of NPs within a cell, 

identification of any degradation of the NPs within intracellular compartments 

and the impact of GNShells+SH-P(PEGMA)100 on cell morphology and 

viability. 

 

TEM images of MiaPaCa-2 cells after 18 h of incubation with 100 μL of 

GNShells+SH-P(PEGMA)100 is shown in Figure 4.16. The results 

demonstrated by TEM showed that with or without laser irradiation (λ = 640 

nm, 0.9 W cm-2, 60 min): 

 

• The exposure to GNPs did not alter morphology of MiaPaCa-2 cells  

• GNPs were traced into cytoplasmic compartments and since they were 

mostly found in vesicles, it has been assumed that they were engulfed 

into cellular vesicles by energy dependent endocytic pathways, which 

is one of the possible uptake mechanisms for GNPs. 
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• There was no sign of GNPs aggregation in the cell compartments.  

  

  

 
 

 
 

 
 

Figure 4.16. TEM images of MiaPaCa-2 cells after 18 h of incubation with 

GNShells+SH-P(PEGMA)100 (a-b) without laser irradiation, (c-g) with laser 

irradiation (λ = 640 nm, 0.9 W cm-2, 60 min). The arrows show the GNShells+SH-

P(PEGMA)100 inside the cells. 
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TEM images presented in Figure 4.16 showed that MiaPaCa-2 cells without 

photothermal treatment internalised into the cytoplasmic vesicles composed 

of very few (a) or no GNShells+SH-P(PEGMA)100 (b). 

 

In contrast, irradiation of MiaPaCa-2 cells with red laser light resulted in 

accumulation of larger number of nanoparticles within larger vesicles, with 

diameters of 1–2 μm (Figure 4.16 c-g). These results indicated that after 

photothermal application, the cellular uptake of the nanoparticles increased, 

which could potentially affect the overall treatment efficiency, as was 

demonstrated by the in vitro cytotoxicity results.  

 

Alexander group showed that the polymer-conjugated GNPs were located into 

MCF7 cells treated at 40 °C  (12000 AuNP/cell) with more than 80-fold greater 

up-take compared to cells treated at 34 °C with the same particles (140 

AuN/cell) (Salmaso et al., 2009). To the best of my knowledge, this is the first 

demonstration of the laser-induced HT effect on cellular internalisation of 

GNPs . 

Furthermore, a clonogenic assay was conducted to evaluate the longer-term 

cytotoxicity potential of free Gem, GNShells+SH-P(PEGMA)100 and 

GNShells+SH-P(PEGMA)100+Gem with and without laser irradiation by 

monitoring the proliferative ability of the survived cells 14 days post treatment. 

Formation of colonies is indicative that cells have retained their capacity to 

reproduce a large colony or a clone. Digital photographs of the colonies and 

the calculated survival fractions (%) of the treated MiapaCa-2 cells are 

presented in Table 4.5 and Figure 4.17, respectively. 
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After counting the number of colonies (n = 3), the SF (%) of MiaPaCa-2 cells 

was calculated for a series of different concentrations of all the three treated 

groups with and without laser irradiation. The results showed that the SF (%) 

decreased as the concentration of the drugs increased in Gem and 

GNShells+SH-P(PEGMA)100+Gem treated groups with and without laser 

irradiation. 

The statistical improvement of cytotoxicity of Gem with laser-induced 

hyperthermia (*p<0.01-0.05, **p<0.001-0.01) clearly showed the thermal 

potentiation of Gem against MiaPaCa-2 cells. 

 

As shown in Figure 4.17, GNShells+SH-P(PEGMA)100 did not exert cytotoxic 

effects on MiaPaCa-2 cells at any concentrations, which again highlighted the 

cytotoxic action of Gem in the therapeutic performance of GNShells+SH-

P(PEGMA)100+Gem. In addition, hyperthermia induced by irradiation of cells 

treated with GNShells+SH-P(PEGMA)100 at concentrations of 1 μmol L-1 to 

0.001 μmol L-1 (Gem equivalent) did not affect the cellular viability. 

 

However, the SF (%) decreased significantly (**p<0.001-0.01 and 

***p<0.0001-0.001) for MiaPaCa-2 cells treated with photothermal agent 

GNShells+SH-P(PEGMA)100 at higher concentrations (10 μmol L-1 and 100 

μmol L-1 Gem equivalent doses), which showed the concentration-dependent 

thermal effect of GNShells+SH-P(PEGMA)100 under laser irradiation.  

 

After irradiating the cells treated with GNShells+SH-P(PEGMA)100+Gem for 

60 min, the number of colonies and the SF (%) in all the concentrations 

decreased significantly (*p<0.01-0.05, **p<0.001-0.01 and ***p<0.0001-0.001) 

indicating that combinational photo-chemothermal treatment significantly 

compromised the metabolic activity and the reproductive integrity of the cells 

in the long-term, 14 days post-treatment. 

 

The SF (%) of cells treated with both chemo and photothermal treatments was 

significantly lower than that of cells treated with either treatment administered 

alone (*p<0.01-0.05, **p<0.001-0.01 and ***p<0.0001-0.001). 
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However, the SF (%) of GNShells+SH-P(PEGMA)100+Gem treated cells was 

very close to the values for the free drugs at lower concentrations (0.1 μmol L-

1 to 0.001 μmol L-1 Gem equivalent).  

 

In summary, the presented in vitro results provide strong evidence to support 

GNShells+SH-P(PEGMA)100+Gem as an effective therapeutic multifunctional 

platform with a promising potential for photo-chemothermal therapy. The 

results confirmed that combination of chemo- and phototherapy augmented 

the therapeutic outcomes of GNShells+SH-P(PEGMA)100+Gem by 

enhancing the accumulation, release and cytotoxicity efficacy of Gem along 

with lowering the effective dose and side effects of this potent anti-cancer 

drug.
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Table 4.5. Digital photographs of the clonogenic assay of MiaPaCa-2 cells performed with the incubation of cells with free Gem, GNShells+SH-

P(PEGMA)100 and GNShells+SH-P(PEGMA)100+Gem with and without laser irradiation (λ = 640 nm, 0.9 W cm-2, 60 min) as a function of 

Gem concentration. 

 
 

 
Gem 

 
 
 

Gem+laser 
 
 

 
GNShells+SH-P(PEGMA)100 

 
 

 
GNShells+SH-P(PEGMA)100+laser 

 

 
 

GNShells+SH-P(PEGMA)100+Gem 
 
 
 

GNShells+SH-P(PEGMA)100+Gem+laser 
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Figure 4.17. The percentage survival fraction of MiaPaCa-2 cells post-treatment with 

free Gem, GNShells+SH-P(PEGMA)100 and GNShells+SH-P(PEGMA)100+Gem 

with and without laser irradiation (λ = 640 nm, 0.9 W cm-2, 60 min) as a function of 

Gem concentration after 14 days. Error bars were based on standard deviations of 

three different samples at each data point. Asterisks denote statistical significance 

level (*p<0.01-0.05, **p<0.001-0.01 and ***p<0.0001-0.001). 
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4.5. Conclusion 

 
In this chapter, GNShells+SH-P(PEGMA)100+Gem as a multifunctional 

nanoformulation for multimodal therapeutic was demonstrated in vitro. 

Through the synergistic chemical and photothermal effect under the activation 

of a single wavelength laser (λ = 640 nm, 0.9 W cm-2), GNShells+SH-

P(PEGMA)100+Gem showed significantly higher cell-killing ability than the 

chemotherapeutic efficiency of Gem and the photothermal therapeutic 

efficiency of GNShells+SH-P(PEGMA)100 at the equivalent drug 

concentration.  

 

Combination of the two therapeutic modes resulted in reduction of cellular 

viability of a model pancreatic cancer cell line by efficient photothermal effects 

of GNShells, thermal-chemopotentiation of Gem, acceleration of drug release 

and cellular internalisation enhancement.  

 

This combinational approach could be used to develope a new delivery 

system based on gold nanostructured platforms for precision cancer 

medicine. 
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Chapter 5                                                                                                            

General conclusion 

 

Nanotechnology drug delivery applications occur through the use of designed 

nanoformulations in order to increase the drug concentration at site of action 

by overcoming the barriers such as unstability of therapeutic agents in the 

blood stream. Gem is a pyrimidine analogue that has long been considered as 

a well-established treatment for unresectable and metastatic pancreatic 

cancers. However, Gem molecules undergoe rapid and extensive inactivation 

in plasma and lose their antiproliferative action. This work was aimed to 

design and develop a nanoformulation for stable and effective drug delivery of 

the anti-cancer drug Gem.  

Since GNPs have the ability to participate in noncovalent and covalent 

bonding, they undergo surface functionalisation with polymers and small 

moleculues and beside; they also have the capability to be used in 

photothermal therapy. Therefore, GNPs-based chemotherapeutics was used 

in order to enhance the potency of a therapeutic agent after its conjugation to 

polymer-stabilised GNPs.  

 

One of the major objectives of this study was to promote the therapeutic 

efficacy of the designed nanosystem by incorporating both laser-induced 

hyperthermia mediated by GNShells and Gem and to demonstrate the 

potentially superior efficacy of this combination in treating pancreatic cancer 

compared to either photothermal agents or chemotherapeutic agent as 

standalone therapies.  

 

This study elicited the synthesis and formulation of suitably nanosized 

samples: GNShells+SH-P(PEGMA)10+Gem, GNShells+SH-

P(PEGMA)50+Gem and  GNShells+SH-P(PEGMA)100+Gem, with excellent 

physicochemical parameters such as acceptable PDI, zeta potential, colloidal 

stability, loading efficiency, drug release profile, etc., which was obtained by 

sequential optimisation of the formulation parameters. The cytotoxic 

performance of the system was established by conducting in vitro assays, 
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which confirmed that GNShells+SH-P(PEGMA)10+Gem, GNShells+SH-

P(PEGMA)50+Gem and  GNShells+SH-P(PEGMA)100+Gem effectively killed 

the cancer cells in a time- and concentration-dependent manner. However, 

this study has provided valuable insight into the effects of type and length of 

the coated polymers for the application of GNShells in the delivery of Gem 

that should be considered when designing polymer structures as well as 

reproducible formulation conditions. The data showed that GNShells coated 

with the synthesised SH-PEGMA with longer chain length (lower grafting 

density and dilute brush conformation) were taken up by the MiaPaCa-2 cells 

with greater efficiency compared to all other nanoformulations. 

 

Furthermore, results showed that GNShells+SH-P(PEGMA)100+Gem of ~ 

70 nm are perfect photothermal agents when irradiated with a red laser. 

(photoconversion efficiency of 20% was attained). Chemptherapy was 

potentiated when used in combination with Photothermal therapy. The 

epxerimental data showed pronounced therapeutic action of this 

nanomedicinal approach than that of free drug upon red laser irradiation. 

Overall, GNShells+SH-P(PEGMA)100+Gem showed promising potential as a 

new laser based treatment modality for pancreatic cancer and overcome the 

serious challenges faced by monothearpy for exmaple by reducing the 

systemic dose of Gem and improve its therapeutic index with laser radiation of 

low-power density.  
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Chapter 6                                                                                                  

Future work 

 

The quantitative evaluation of the cellular uptake of GNShells+SH-

P(PEGMA)100 with and without laser irradiation can be determined by the 

inductively coupled plasma-mass spectroscopy (ICP-Mass). This method will 

allow the exact quantification of the cellular uptake of the formulations in order 

to confirm the qualitative findings of TEM microscopy.   

 
 
To evaluate the exact mode of cell death mechanism of GNShells+SH-

P(PEGMA)100 and GNShells+SH-P(PEGMA)100+Gem under 640 nm laser 

irradiation, the evaluation of apoptosis/necrosis ratio of treated MiaPaca-2 

cells can be studied by determining the cell number and cell morphology 

using confocal microscopy. The necrotic cells will be stained with red 

fluorescence ethidium homodimer III (excitation/emission: 528/617 nm), while 

apoptotic cells will be stained with annexin V conjugated to green 

fluorescence CFTM 488A (excitation/emission: 490/515 nm). The fractions of 

apoptotic or necrotic cells are determined using five random microscopic 

images with at least 1x103 cells per group using Zen2009.  

 

Motivated by the promising in vitro results, human tumor xenograft in a nude 

mouse model can be used to assess the effects of anti-tumor efficacy and 

augmentation of inhibitory potential of GNShells+SH-P(PEGMA)100+Gem in 

combination with photothermal therapy.. To investigate the optimal chemo 

and photothemal therapy dosing schedule, laser treatment can be conducted 

24 h after intravenous injection of GNShells+SH-P(PEGMA)100+Gem via the 

tail vein. The tumor volume can be measured using a caliper and calculated 

as length × width)2/2.  (Li et al, 2014; Cao et al., 2017). 
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Chapter 7                                                                                                                                                                                         

Appendix 

 

A.1. Theoritical Mn calculation from 1HNMR monomer conversion. 

 
Monomer 

conversion 
(%) 

 
 

Expected DP 

 
Units of 

monomers 

 
Mn of 

monomers 
(g mol-1) 

 
Calculated Mn  

+CTA 
(Mn = 403 g mol-1) 

 
Atomic weight of 

cleaved CTA 
(g mol-1) 

 
Mn of polemers 

 after aminolysis 
(g mol-1) 

92 10 9.2  
300 

3 200  
246 

3 000 

87 50 44 13 600 13 400 

94 100 94 28 600 28 000 
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A.2. Colloidal stability of the PEGylated GNShells throughout 14 days by monitoring 

the hydrodynamic size of the nanoformulations. 

 

Days 
GNShells+SH

-PEG6000 
GNShells+SH-
P(PEGMA)10 

GNShells+SH-
P(PEGMA)50 

GNShells+SH-
P(PEGMA)100 

0 70.63±1.91 64.94±1.42 67.87 ± 1.20 70.58 ± 0.46 

2 69.22±0.14 65.73±1.05 67.09 ± 1.17 71.25 ± 0.86 

4 70.37±0.07 65.09±1.23 65.94 ± 1.77 71.90 ± 1.48 

6 69.61±0.91 64.94±0.00 66.25 ± 1.22 73.01 ± 1.41 

8 69.42±0.28 64.88±0.59 66.16 ± 1.38 71.30 ± 1.15 

10 68.93±0.69 65.28±1.37 66.49 ±1.18 71.78 ± 1.07 

12 69.93±1.91 65.27±0.82 67.43 ± 1.34 72.18 ± 0.66 

14 70.1±0.94 65.99±1.48 66.30 ± 0.08 71.82 ± 0.72 

 

A.3. PDI of the PEGylated GNShells throughout 14 days. 

 

PDI 
GNShells+SH

-PEG6000 
GNShells+SH-
P(PEGMA)10 

GNShells+SH-
P(PEGMA)50 

GNShells+SH-
P(PEGMA)100 

0 0.206 ± 0.01 0.232  ± 0.01 0.226  ± 0.02 0.204  ± 0.02 

2 0.191 ± 0.01 0.232  ± 0.03 0.21  ± 0.02 0.21  ± 0.03 

4 0.218 ± 0.04 0.226  ± 0.02 0.21  ± 0.03 0.214  ± 0.02 

6 0.213 ± 0.01 0.251  ± 0.02 0.237  ± 0.01 0.209  ± 0.02 

8 0.225  ± 0.01 0.23  ± 0.02 0.231  ± 0.01 0.214  ± 0.01 

10 0.23  ± 0.01 0.233  ± 0.02 0.229  ± 0.01 0.223  ± 0.03 

12 0.232  ± 0.00 0.233  ± 0.02 0.228  ± 0.01 0.227  ± 0.03 

14 0.237  ± 0.01 0.232  ± 0.01 0.218  ± 0.01 0.214  ± 0.01 
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A.4. Representative DLS graphs of the PEGyalted GNShells throughout 14 days. 

Days GNShells+SH-PEG6000 GNShells+SH-P(PEGMA)10 GNShells+SH-P(PEGMA)50 GNShells+SH-P(PEGMA)100 

0 
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4 

    

6 
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 220 

 

A.5. ζ-potential values of GNShells coated with thiol-terminated polymers over the 

period of 14 days. 

 

Days 
GNShells+SH-

PEG6000 
GNShells+SH-
P(PEGMA)10 

GNShells+SH-
P(PEGMA)50 

GNShells+SH-
P(PEGMA)100 

0 -21.6 -34 -30.5 -26.3 

2 -20.7 -35.6 -29.6 -25.2 

4 -21.5 -36.4 -29.9 -24.9 

6 -19.2 -37.2 -33.1 -26.5 

8 -19.1 -34.8 -24.2 -24.8 

10 -18.2 -34.7 -29.2 -25.1 

12 -18.1 -35.8 -26.5 -26.3 

14 -20.1 -35.7 -27.3 -26.7 
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A.6. Colloidal stability of the Gem-loaded GNShells throughout 14 days by monitoring 

the hydrodynamic size of the nanoformulations.  

Days 
GNShells+SH-

PEG6000+ 
Gem 

GNShells+SH-
P(PEGMA)10+ 

Gem 

GNShells+SH-
P(PEGMA)50+ 

Gem 

GNShells+SH-
P(PEGMA)100+

Gem 

0 69.98 ± 0.28 65.56 ± 0.05 66.72 ± 0.83 70.81 ± 1.03 

2 69.53 ± 0.51 67.34 ± 0.68 66.44 ± 0.80 71.14 ± 1.23 

4 68.69 ± 1.44 66.17 ± 0.86 65.06 ± 1.14 71.45 ± 0.85 

6 70.79 ± 1.28 66.00 ± 0.06 66.42 ± 0.59 73.15 ±1.08 

8 69.35 ± 1.65 64.80 ± 1.22 66.75 ± 1.15 71.10 ± 1.52 

10 69.53 ± 1.06 64.81 ± 0.84 66.99 ± 0.55 72.08 ± 0.24 

12 69.64 ± 1.28 64.89 ± 1.45 67.62 ± 0.97 71.77 ± 0.71 

14 69.74 ± 1.31 66.00 ± 1.85 67.93 ± 0.45 73.07 ± 1.09 

 

A.7.  PDI of the Gem-loaded GNShells throughout 14 days to indicate the width of the 

overall distribution.  

Days 
GNShells+SH-

PEG6000+ 
Gem 

GNShells+SH-
P(PEGMA)10+ 

Gem 

GNShells+SH-
P(PEGMA)50+ 

Gem 

GNShells+SH-
P(PEGMA)100+

Gem 

0 0.203 ± 0.01 0.212 ± 0.00 0.201 ± 0.01 0.22 ± 0.00 

2 0.184  ± 0.01 0.221 ± 0.01 0.219 ± 0.01 0.206 ± 0.00 

4 0.244 ± 0.01 0.229 ± 0.02 0.199 ± 0.00 0.204± 0.02 

6 0.196 ± 0.03 0.213 ± 0.00 0.221 ± 0.00 0.224 ± 0.01 

8 0.227 ± 0.03 0.228 ± 0.01 0.225 ± 0.01 0.235 ± 0.01 

10 0.217 ± 0.03 0.223 ± 0.02 0.22 ± 0.00 0.241 ± 0.00 

12 0.216 ± 0.02 0.247 ± 0.00 0.209 ± 0.01 0.216 ± 0.03 

14 0.205 ± 0.01 0.205 ± 0.01 0.217 ± 0.01 0.214 ± 0.03 
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A.8. Representative DLS graphs of the Gem-loaded GNShells throughout 14 days. 

Days GNShells+SH-PEG6000+Gem 
 

GNShells+SH-P(PEGMA)10+ 
Gem 
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A.9. ζ-potential values of Gem-loaded GNShells over the period of 14 days. 

 

Days 
GNShells+SH-

PEG6000+ 
Gem 

GNShells+SH-
P(PEGMA)10+ 

Gem 

GNShells+SH-
P(PEGMA)50+ 

Gem 

GNShells+SH-
P(PEGMA)100+

Gem 

0 -15.8 -29.6 -26.3 -20.36 

2 -16.23 -26 -23.7 -19.74 

4 -15.14 -26.8 -24.8 -20.6 

6 -15.86 -32.1 -26.7 -20.4 

8 -12.8 -29.5 -24.4 -18.9 

10 -15.28 -34.4 -23.6 -19.4 

12 -15.31 -31.4 -22.2 -19.5 

14 -16.11 -30.6 -22.1 -18.92 
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A.10. HPLC calibration curves and linear regression analysis by plotting peak area 

versus nominal concentrations of Gem in different media. 
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A.11. Selective chromatograms of Gem in different media. 

 
Concentration 

(μg) 

Gem in dH2O Gem in PBS 

(pH 7.4) 

Gem in Na. acetate buffer 

(pH 5.2) 

Gem in medium 
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A.12. Cytotoxicity profiles of GNShells+SH-PEG6000+Gem GNShells+SH-

P(PEGMA)10+Gem GNShells+SH-P(PEGMA)50+Gem and GNShells+SH-

P(PEGMA)100+Gem for MiaPaCa-2 cells as a function of Gem concentration after 

48h (a) and 72 h (b) incubation, measured by MTT cytotoxicity assay. 
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A.13. Cytotoxicity profiles of Gem, GNShells+SH-P(PEGMA)100 and GNShells+SH-

P(PEGMA)100+Gem with and without laser irradiation (λ = 640 nm, 0.9 W cm-2, 1-5-

10 min) for MiaPaCa-2 cells as a function of Gem concentration after 48h (a) and 72 

h (b) incubation, measured by MTT cytotoxicity assay. 
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