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ABSTRACT 
 

In the UK, oesophagogastric cancer is often diagnosed late resulting in only a third of patients 

being suitable for definitive treatment. The 5-year survival for oesophageal and gastric cancer 

is 12% and 17% respectively. Despite the need for early detection there remains an inherent 

risk of missing cancerous lesions during endoscopy.  

 

In this research, the combined theranostic (therapy and diagnostic) potential of gold nanorods 

in gastrointestinal adenocarcinoma is scrutinised. The aims of this thesis were to assess the 

viability of applying photothermal therapy in human adenocarcinoma ex vivo tissues, 

determine their efficiency and safety within a rodent cancer model and to design a practical 

method for simultaneous imaging and therapy of cancer in vivo.  

 

Studies were conducted to establish the optimal gold nanorod concentration and irradiation 

power required for inducing hyperthermic effects in human and porcine tissues and then 

evaluate the photothermal effects on ex vivo human oesophageal and gastric adenocarcinoma.  

 

Multi-functionalised fluorescent gold nanorods were exposed to human adenocarcinoma cells 

to test in vitro targeting efficiency using immunohistochemistry and fluorescence microscopy.  

 

A theranostic approach developed from in vivo studies is described and shown to be effective 

in identifying tumours and performing image-guided photothermal therapy. Key principles 

for successful photothermal therapy are outlined. The theranostic potential offered by 

functionalised gold nanorods have a place in early and late stage cancers, and can be a 

valuable adjunct in surgery and endoscopy.  

 

Safety considerations of the application of gold nanorods and photothermal therapy are 

evaluated in vivo. Gold nanorods are appraised to be inherently safe while harbouring 

excellent translational potential as effective theranostic tools.  

 

This work has shown that nanotechnology could now be considered for human 

gastrointestinal tumours. Providing an alternative means of treatment that is effective, cheap 

and rapid can incur significant improvements in patient prognosis, cancer treatment and 

quality of life.  
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Chapter 1  Introduction 

 

In 2010, an average of 430 people died from cancer daily in the United Kingdom, which 

equates to one person every four minutes. One in two people in the UK will develop cancer 

in their lifetime (1), while in the United States, one in three women and one in two men will 

develop cancer. In some nations, cancer will surpass heart disease as the commonest cause of 

mortality by 2020 (2). The incidence of gastrointestinal (GI) cancers is increasing since the 

mid-1970s in the UK, and primarily includes oesophageal, gastric and colorectal carcinomas, 

with a western preponderance towards adenocarcinomas. Colorectal and oesophageal 

cancers are now the 4th and 8th commonest cancers worldwide respectively (3). These 

cancers are often detected rather late in their course, as their detection relies heavily on 

symptomatic reporting and non-specific screening methods (4). Although oesophageal 

cancer is treatable, it is rarely curable. The 5-year survival rates of patients who are deemed 

suitable for definitive treatment range from 5-20% for oesophageal cancer, 10-15% for 

proximal gastric cancer and 6-75% for colorectal cancer (3, 5, 6)*.  

The incidence of oesophageal adenocarcinoma has increased over three fold in the past three 

decades (7), rising from 3.8 to 23.3 cases per million. Oesophageal adenocarcinoma has 

overtaken oesophageal squamous cell carcinoma in the UK, USA and Western Europe, with 

most tumours found in the distal oesophagus. The cause for this alarming increase in 

adenocarcinomas and demographic shift is unknown. It is however known that most 

oesophageal adenocarcinomas arise from areas of columnar epithelium containing 

specialised intestinal metaplasia (8). A population-based, case-controlled study from Sweden 

found a strong causal link between symptomatic gastro-oesophageal reflux disease as a risk 

for developing oesophageal adenocarcinoma (9).  

Generally the first-line treatment of solid and established gastrointestinal tumours in the UK 

is neoadjuvant chemo(radio)therapy, followed by surgical excision and then depending on 

the grade/stage of the tumour, adjuvant chemotherapy. Single modality treatment has been 

proven to be largely ineffective. Chemotherapy has a substantial failure and intolerance rate 

                                                      

*Some text within this chapter is adapted from the author's recently published paper in 

Nanomedicine: Nanotechnology, Biology, and Medicine. doi: 10.1016/j.nano.2015.05.010.  
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due to inadequate localisation of drugs to cancer-specific tissues and systemic side effects 

(10, 11). Radiation, on the other hand, is unable to eliminate all loco-regional recurrences 

and cure localised cancers due to the inherent resistance of some cancer cells towards 

ionising radiation (12). Neither radiotherapy nor chemotherapy has shown significant 

survival benefit (13), and the results from surgery as a sole entity without the summative and 

complementary effects from chemo-radiotherapy are meagre. The need for establishing 

personalised medicine as a means of providing tailor-made targeted delivery of therapy for 

specific cancers to individual patients seems increasingly essential.  

The Nobel Prize winner Richard Feynman first proposed Nanotechnology in 1959 (14). 

“Nano” is Greek for “dwarf” and nanotechnology comprises particles that are of the order of 

1 billionth of a meter (10-9 m). The National Nanotechnology Initiative (NNI) defines 

nanotechnology at dimensions of roughly 1 to 100 nanometres (nm) (15). By this definition, 

the largest nanoparticle (NP) is approximately six to eight hundred times smaller in linear 

size than the width of a strand of hair and approximately 100 – 10,000 times smaller than a 

human cell. The past 25 years has seen an intensified interest in nanotechnology, with the 

development of a multitude of differently shaped NPs for material science and 

nanomedicine. The commonest shapes include nanorods (16-18), nanospheres (19, 20) and 

nanoshells (21, 22), but the diversity also extends to nanocubes (23, 24), nanowires (25, 26), 

nanorockets (27) and nanostars (28, 29) to name a few. In general, NPs smaller than 100 nm 

have excellent tumour targeting ability (30), being small enough to permeate out from 

porous vascular endothelial fenestrations that surround a region of tumour.  

Theranostics refers to agents that are simultaneously therapeutic and diagnostic. 

Theranostics using NPs implies a robust system which can diagnose, deliver targeted therapy 

and monitor response (31). When excited with laser energy of a wavelength that is tuned to 

the gold nanoparticle’s specific surface plasmon resonance (SPR), valence electrons on the 

surface of gold nanoparticles (GNPs) exhibit very strong oscillatory energy, which induces 

high temperatures useful for eliciting localised tissue death. When these NPs are heated 

within cancer tissue, this is then termed photothermal therapy (PTT). The heating effect of 

illumination achieved by individual gold nanorods has been measured to be as high as 5897 

K/W when irradiated with a 1064 nm continuous wave NIR laser, which coincided with the 

SPR of the nanorod (32). Studies have shown that GNPs have relatively negligible 

cytotoxicity for healthy cells, making them ideal for cancer-specific therapy.  

This photothermal reaction can be applied to destroy cells within tumours, specifically in 

places that are difficult to reach surgically or require a palliative debulking procedure. GNPs 

have acted as agents for photothermal therapy on account of their enhanced absorption of 
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visible and NIR light, several orders of magnitude more intense than conventional laser 

phototherapy agents. Visible light is absorbed by naturally occurring chromophores, 

especially haemoglobin. However NIR light is only very weakly absorbed by water and 

chromophores, and this consequently allows for greater tissue penetration (33, 34) into living 

tissues than that afforded by visible light whilst exciting considerably less background 

fluorescence (35). Within the NIR spectrum (~650–900 nm), up to 10 cm depth of 

penetration through breast tissue was achieved even at low laser power (36-38). The first use 

of GNPs in photothermal ablation was described by Hirsch et al. in SKBr3 human breast 

epithelial carcinoma cells in 2003 (17). Currently, gold nanospheres (39, 40), gold nanorods 

(18, 41, 42) and gold nanoshells (43, 44) are the chief nanostructures that have been 

demonstrated in photothermal therapeutics. These structures are especially promising given 

their ease of preparation, capacity for multi-functionalisation and tunable optical properties.  

NPs are also being used to deliver therapeutic chemicals directly to tumour sites, by 

extending their ability to also act as nano-carriers. Formulations of nanoparticles such as 

DoxilTM, AbraxaneTM, Resovist® and Feridex® are already in clinical practice (45). Despite 

this progress, there remains considerable uncertainty and variation in methods and results 

from the application of GNPs in GI cancer that have been published. It is perhaps this 

existing variation and uncertainty that has forestalled the transition of GNPs in GI cancer 

theranostics from murine in vivo studies to human clinical trials. By applying GNPs that can 

target GI adenocarcinomas, the thermal effect that would result from irradiation by a light 

source could exert an ideal therapeutic effect on the cancer tissues.  

Although there have been some human clinical trials and advances in the application of NPs 

in oral, breast, lung and prostate cancer therapy, their value in gastrointestinal (GI) cancer 

tissue remains contentious, with published studies being considerably disjointed in their 

focus, methods and materials, leading to a perplexing task of finding commonality and 

reproducibility. Although there have been some reported advances in in vitro and in vivo 

(rodent) studies, the lack of suitably comparable platforms obscures the evidence for the 

application of GNPs in GI cancer, resulting in concerns in translating nanotechnology to the 

clinical trials stage in GI oncology, despite progress in their application for other cancers.  
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  Thesis Motivation 

 

The systematic review described in Chapter 2 found a dearth of studies with effective and 

consistent theranostic results in GI cancer which also address the safety concerns that 

encompass the utilisation of photothermal therapy derived from gold nanoparticles. The 

emphasis in a majority of studies was usually either about optical imaging for cellular 

diagnosis or the thermal therapy of tumours, but rarely both. Although cytotoxicity from 

GNPs has been refuted by most in vitro studies, no firm conclusions can be drawn from 

objectively quantifiable parameters such as laser power, GNR concentration and volumes 

which could potentially be harmful in vivo. No study has shown the depth of penetration of 

the energy associated with GNP-induced thermal ablation in vivo. Consequently no study has 

ventured so far as to formulate and propose a simple, reliable and effective strategy for the 

combined theranostic approach for cancers, which, if established, would then make some 

headway in elevating this technology to a clinical trial. It is clear that in vivo studies have an 

advantage when attempting to address the challenges of providing consistency and 

reproducibility of results from both the imaging and therapeutic aspects of tumours, thus, 

this would form one of the primary focuses of this research.  

Our biophotonics group has had some success in fabrication of GNPs and their application in 

the fluorescence detection and photothermal ablation of human cervical cancer cells (HeLa 

cells) (46) hence it provided an opportunity to experiment further on ex vivo human cancer 

tissues, and perform in vivo studies. Multifunctionalised GNRs were synthesised, to 

encourage the active pursuit of cancer cells which can then be identified via fluorescence 

imaging and thence upon irradiation with NIR laser, culminate in the photothermal 

destruction of cancerous cells.  

It is envisioned that this technology could have an application in both early and late stages of 

cancer, and be an adjunct to surgery.  

 

1.1.1 Early diagnosis with optical imaging  

 

Mortality from cancer can be prevented with early disease detection. However early 

detection of upper GI cancer in the West remains disappointingly low. Late symptoms are 

often only detected when the tumour has penetrated the muscularis propria layer of the 
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oesophageal or gastric wall, with involvement of regional or remote lymph nodes or 

haematological spread to other organs. This results in only a third of cases of upper GI 

adenocarcinoma being suitable for surgical resection with curative intent (47). Western 

countries currently do not have any screening programs for upper GI malignancies, 

predominantly due to the significant costs associated with screening either with endoscopy 

or a contrast-enhanced swallow for diseases which have a relatively low incidence during 

routine endoscopy.  

The occasional patient who presents with early (T1) disease has a much better chance of 

survival. However, some early cancers are missed despite patients undergoing endoscopy, 

the principle investigation for the diagnosis of gastro-oesophageal cancer. A single centre 

study (1075 patients) in the UK over 4.5 years demonstrated a 1.8% cancer miss rate 

attributed to clinical error, with a median diagnostic delay of 7.9 months (48). For those 

delayed more than six months, their chance of being offered curative surgery reduced from 

24% to 6% (48). A Japanese study reported up to 85.2% of the missed upper GI cancers 

were at an early (T1) stage at diagnosis (49). However the Japanese are extraordinarily adept 

at picking up early cancers due to their much higher incidence of upper GI cancer (than the 

UK), a low threshold to investigate the upper GI tract and the presence of a national 

oesophago-gastric cancer screening program. Although cancer screening controversies have 

raged for a considerable time, Japan and South Korea are the only two countries which run a 

population-based screening program for gastric cancer (50, 51). 

Although endoscopists maintain a high index of suspicion and are prepared to repeat an 

endoscopy early in the event of equivocal findings and persisting symptoms, there are 

undeniably subtle mucosal lesions, such as minor mucosal elevations or depressions (49, 52), 

that can be missed during endoscopy. Other potential sources of errors include a failure to 

recognise the significance of a lesion, deciding not to perform a biopsy or taking an 

insufficient number of biopsies (53, 54). A larger (2727 patients) retrospective study of 

medical records in England over one year demonstrated an 8.3% missed gastric cancer rates 

with patients having had an endoscopy within the preceding three years (55). The authors 

argue that given the slow growth of gastric cancers, it is likely that a lesion may possibly 

have been visible at a previous endoscopy if subjected to closer scrutiny in many patients. 

This study found that cancers which were subsequently detected at an early stage were more 

likely to have been missed in the past. Previous retrospective studies have reported the 

presence of abnormalities at endoscopy at the same site where cancer was diagnosed at 

subsequent endoscopy (49, 53). There is thus is a vital clinical need to develop better and 

innovative diagnostic techniques which will aid in the detection of early cancer.  
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This brings the need to clinically optimise cancer detection during endoscopy to the fore. 

Utilising novel and innovative optical imaging modalities such as those derived from the 

inherent optical contrast properties afforded by GNRs during minimally invasive procedures 

for upper GI malignancy will reduce the 100% reliance on the eyes and experience of the 

endoscopist (who could be a trainee) and improve detection rates of early and subtle lesions 

within the GI tract and the peritoneal cavity. Contrast enhancement from suspicious lesions 

highlighted by GNRs could enable image-guided ‘optical biopsies’, thereby enhancing the 

detection of early lesions by providing high amplitude contrast signals that will alert the 

endoscopist to the presence of an abnormality within that particular region, which may 

otherwise have received perfunctory attention. This area of illumination could then be a focal 

point to guide NIR light so as to avoid collateral damage and improve therapy. Thus the 

advantage of functionalised GNRs is not only can it support the clinical need for early cancer 

detection by fluorescence imaging, it can also be then used for tumour-targeted photothermal 

therapy should the lesion be a truly early one. Delivering effective laser therapy at relatively 

lower energies is thus capable of rendering the method truly theranostic and minimally 

invasive.  

 

1.1.2 Palliative photothermal therapy 

 

In 2012, 14.1 million new cases of cancer were diagnosed globally, and 32.6 million people 

were living with cancer (within 5 years of diagnosis) worldwide, with 57% (8 million) of 

new cancer cases, 5.3 million of the cancer deaths and 48% (15.6 million) of the 5 year 

prevalent cancer cases occurring in the less developed regions (Africa, Asia and Central and 

South America) (56). More than 80% of these new cases were found to be in an advanced 

stage of disease at the point of diagnosis (57). The heavy burden of the cost of cancer care 

affecting middle- and low-income countries makes it implausible to treat our way out of 

cancer, for it is apparent that even the highest-income countries struggle to grapple with the 

enormous bills arising from effective cancer treatment.  

Increasing the surgical armamentarium in the face of such a large proportion of advanced 

cancers in an increasingly elderly population may provide an answer to reducing this rapidly 

expanding financial burden. Tumour photothermal therapy is a feasible potential application 

of GNRs as it might be able to provide symptomatic palliation in the face of inoperable 

malignant dysphagia from stenosing/occluding oesophageal tumours by tumour debulking, 

or be used in cases where residual disease (or margin involvement) is detected 
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microscopically after surgical resection. Thermal ablation such as that used for resectable 

colorectal liver metastases is seen as a viable alternative to surgery (hepatectomy) such that a 

new multicenter, open, pragmatic parallel randomised control trial will open in 2016 in the 

UK to compare disease free survival at 2 years from both treatment arms (58). 

  Thesis aims 

 

Fluorescently labelled GNRs have the potential to provide optical contrast and heat under the 

appropriate excitation light, which would correspond to their fluorescence absorption and 

SPR peaks respectively. The aim of this research is to consolidate the knowledge from 

published studies, and then conduct studies to examine the effects and safety of the 

application of GNRs in the theranostics of upper gastrointestinal (GI) adenocarcinoma. The 

primary aims of this thesis are to: 

1. Assess the viability of applying photothermal therapy in human (ex vivo) 

adenocarcinoma tissues 

2. Determine its efficiency in rodent (in vivo) cancer models 

3. Develop the application of fluorescence imaging for cancer detection in vivo.   

The framework for the objectives of the thesis is illustrated in Fig. 1-1. 

 

Fig. 1-1 Strategy for assessing the theranostic potential of GNRs in cancer. 
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  Overview of the thesis 

The work presented in this thesis is centred on the assessment of the viability, safety and 

efficiency of GNRs in the diagnosis and treatment of GI adenocarcinoma.  

Chapter 2 serves as a main introduction to the principles underlying the mechanism of GNRs 

and to consolidate the progress from in vitro and in vivo applications of GNPs in GI cancer 

theranostics. It aims to highlight and provide objective evidence and insight into the current 

controversies that enshroud their application in the GI tract by discussing published findings 

relating to their size, shape, synthesis, surface charge, active and passive targeting efficiency, 

cellular uptake, biocompatibility, drug delivery and most crucially, their toxicity. The 

secondary aim is to formulate research that is then able to address the identified deficiencies.  

Chapter 3 is focused on the whether sequential application of CW laser would be as 

photothermally effective as the initial laser application in the setting of irradiated GNRs 

within a tumour site. CW lasers are the most commonly used lasers for inducing PTT with 

GNRs in the context of tumour ablation. Reshaping or melting of GNRs after the initial laser 

application may render sequential irradiation ineffective due to an alteration in the optical 

absorption properties of irradiated GNRs. This is evaluated both in vitro and in vivo.  

Chapter 4 aims to establish the optimal gold nanorod (GNR) concentration and laser power 

for inducing hyperthermic effects in tissues and to test this photothermal effect on porcine 

tissues and ex vivo human oesophagogastric adenocarcinoma tissues. The application of 

freshly dissected human adenocarcinoma tissue for PTT is in contrast with many studies that 

use animal tissues. 

Chapter 5 involves optimising the surface properties of GNRs and experiments which test 

their suitability for specific cancer cell targeting. The properties of multifunctionalised 

GNRs are tested in vitro on human oesophageal adenocarcinoma cells. These cells are also 

used to establish tumour xenografts in mice.  

Chapter 6 records the findings from detailed in vivo studies into the theranostic potential of 

functionalised GNRs, using oesophageal adenocarcinoma tumour as the tumour model.  

Chapter 7 addresses the chief concern that still remains about the application of GNRs in 

vivo – safety. It evaluates the toxicity and biodistribution of circulating gold, while also 

estimating the depth of energy transfer from PTT.  

Chapter 8 draws a conclusion from the studies above and formulates an outlook for the 

future application of this technology. 
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Chapter 2  Application of Gold Nanoparticles for 
Gastrointestinal Cancer Theranostics: A Systematic Review 

*The aim of this systematic review is to compartmentalise and consolidate the progress of in 

vitro and in vivo applications of the most studied inorganic metallic NP – the GNP - in GI 

cancer. This highlights and provides objective evidence into some of the current 

controversies surrounding their application in the GI tract by discussing published variations 

with regards to their size, shape, synthesis, surface charge, active and passive targeting 

efficiency, cellular uptake, biocompatibility and drug delivery. GNPs have afforded new 

applications for a host of imaging platforms to enhance optical detection of these cancers and 

thus these are also reviewed. Where possible attempts are made to elucidate if there are any 

potential conclusions that can be drawn on their optimisation, efficacy and safety, and 

identify any potential issues that need addressing prior to elevating nanomedicine from the 

bench to bedside.  

2.1 Background 

Hyperthermia and Photothermal Therapy 

Upon irradiation of GNPs with NIR light, surface electrons become excited and resonate 

vigorously. When these electrons return to the ground state, they emit energy in the form of 

heat and the surrounding temperature is raised (1). The temperature rise is primarily 

dependent upon the shape and concentration of the NPs, incubation time of GNP with 

tissues, laser fluence (power per unit area) and the laser exposure time (2, 3). The 

characteristic absorption spectrum of GNPs is dependant on the shape of the particles and is 

usually chosen to be within the NIR spectrum [between 650 and 900 nm for up to 10 cm 

depth of penetration (4-6)] where there is minimal background tissue absorption and high 

optical tissue penetration (7). In the case of gold nanorods (GNRs), altering and increasing 

their aspect ratio (length/width) during chemical synthesis shifts the absorptive peak of their 

longitudinal SPR band within the visible to the NIR (8-10). Gold nanospheres have rather 

limited spectral tunability due to their resonance peak at a 520 nm in the visible, which thus 

have a more limited clinical application in GI cancer due to the absorption and scattering of 

this light by tissue and endogenous chromophores. 
                                                      

* This chapter is adapted from the author’s publication in Nanomedicine: Nanotechnology, Biology 
and Medicine, June 2015. doi: 10.1016/j.nano.2015.05.010   
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GNP heating can also release drugs directly into the site of particle accumulation by de-

coupling heat-sensitive chemical bonds to the nanoparticles that act as cargo carriers or 

vectors. Furthermore, the photothermal effect may be channelled to rapidly transport drugs 

across membranes and damage DNA and proteins as well as generate oxygen free radicals 

(11, 12). 

Within tissue, hyperthermia encourages a higher concentration of drugs to localise within a 

tumour by increasing regional blood flow. Hyperthermia also works at the cellular level by 

increasing cellular permeability and enables higher intracellular chemotherapy 

concentrations (11). Personalised medicine has given rise to ‘activated therapy’, namely 

enzyme-cleavable prodrugs (13, 14), which become active and release the parent drug after 

interacting with a specific biomarker inside the cell (15). Nanotechnology has allowed the 

progression of drug-delivery from bench to clinical application. For example, an albumin-

bound 130 nm particle such as Paclitaxel (Abraxane®, Abraxis BioScience Inc.) has been 

approved by the US Food And Drug Administration (US FDA) for metastatic breast cancer 

(16). Another FDA-approved nanoparticle-based drug in use is doxorubicin (Doxil), which 

has been validated in a phase III multiple-myeloma trial and further indicated in metastatic 

ovarian cancer and AIDS-related Kaposi’s sarcoma (17). Although there have been 

numerous drug delivery systems throughout the world, very few have made it through the 

rigours of the Medicines and Healthcare products Regulatory Agency (MHRA), the 

European Medicines Agency (EMA) or the US FDA, indicating a formidable “bottle neck” 

from translating bench to bed-side delivery (18, 19).  

PTT using NIR light absorption to elicit thermal damage (7) is an established means of 

destroying cancer tissue, since tissues heated above a certain thermal threshold undergo 

various mechanisms of cellular damage (20, 21) such as protein structural changes or 

carbonisation of tissues. The term hyperthermia is used when an organ is heated to 

temperatures between 41 and 45°C. Hyperthermia can also enhance the efficacy of 

chemotherapy and radiation-induced tumour damage (22, 23), and there are also positive 

reports of an enhancement of the photodynamic (PDT) response (24) compared to PDT 

alone (25). Hyperthermia is an attractive therapy for it retains a lower side-effect profile than 

conventional cancer treatments, with the potential of repeated application without the 

concern of compounding the toxicity levels (26). One major challenge to local and regional 

PTT is the development of a homogeneous temperature distribution throughout the tissue 

(27), as the heating delivered from lasers generally follow a Gaussian profile. Temperature-

dependent cell survival graphs have shown that each 1°C temperature rise above a 43°C 

threshold leads to doubling of cell death (12). 
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Techniques which employ temperatures above 45°C to produce irreversible cell damage are 

referred to as thermal ablation techniques (11), such as those used in radiofrequency or 

microwave ablation. This produces a specific area of cellular death bordered by regions 

experiencing less intense hyperthermia which are potentially viable. Cancer cells appear to 

be more sensitive to heat-induced damage than normal cells (28).  

Rodent studies demonstrated that tissue depths of approximately 1 cm could be irradiated 

safely with NIR light using untargeted gold nanoshells with less than 10°C increases in 

normal tissues (29). These results concur with Shah et al. demonstrating that NIR light is 

able to penetrate to depths of more than 1 cm in tissues without visible damage (30). Depth 

of penetration and selectivity of PTT are some of the key challenges encountered in 

translating this technology to patients, where tumours may be extending 5–10 cm deep 

within parenchymal structures (31). 

Enhanced Permeability and Retention Effect (EPR) and Tumour 
Targeting 

First described by Maeda and Matsumura in 1986, the enhanced permeability and retention 

(EPR) effect provides an explanation for specific accumulation of GNPs at the tumour site 

(32, 33). They explained that NPs selectively accrue within solid tumour masses as a result 

of tumour physiology. Solid tumours contain leaky blood vessels with cell junction gaps 

ranging from 100 nm to 780 nm (34), compared with pore diameters of up to 20 nm in 

normal capillaries (35-37). Studies have repeatedly demonstrated that NPs with diameters up 

to 100 nm will pass through the reticuloendothelial system (RES) and into the circulation to 

extravasate and accumulate in the tumour region (35, 38-41). However, the sizes of these 

endothelial fenestrations are known to vary with tumour type and microenvironment (42). 

Once assembled inside the tumour interstitium, NPs are retained due to locally ineffective 

lymphatic drainage. This is a passive method of organising GNPs into cancerous regions, so 

that they are optimally positioned for PTT. For tumours less than 3 cm, local hyperthermia 

using targeting derived from passive GNP accumulation may be suitable (12, 43) but the 

biggest limitation is the considerable biological heterogeneity of tumours and hence the lack 

of bio-specificity. Tumours with poor vasculature, such as pancreatic or prostate cancer, may 

not amass GNPs via the EPR effect alone (28). 

Active targeting has consequently been explored to enhance the GNP concentration within 

the tumour matrix by the attachment of a targeting moiety that is over-expressed by cancer 

cells. The GNP surface is chemically modified (functionalised) with an antibody or ligand 
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for receptor, antigen, carbohydrate or other type of targeting (41, 44). Antibodies that have 

been applied in targeting GI cancer include human epidermal growth factor receptor (EGFR) 

1, vascular endothelial growth factor (VEGF), folic acid (FA) receptors and vascular cell 

adhesion molecule-1 (VCAM-1). Two distinct targeting mechanisms may be used to aid or 

enhance tumour targeting specificity. 

Following conjugation to a specific receptor, GNPs internalise via the characteristic 

mechanism for that particular receptor; for example, GNPs targeting EGFR receptors 

become internalised within 15 minutes of receptor-ligand engagement (22) – see section 

below. The biggest limitation associated with active targeting is the fact that the GNPs are 

typically larger and experience difficulty in mass transport across bio-barriers, and also 

competitive uptake by non-target cell types or extracellularly (45). This may partly explain 

why the current GNPs in clinical use utilise passive targeting via the EPR effect rather than 

active biomolecular recognition, as well as the more complex clinical approval route for 

targeted agents (46).  

Synthesis and Surface Coating of GNPs 

In 1857 Michael Faraday pioneered the synthesis of colloidal gold; where he described a 

chemical synthesis of reducing gold chloride in a carbon disulfide solvent using phosphorous 

as a reducing agent (47). Today, there are three main methods to synthesize GNPs: physical, 

chemical and biological. The physical methods of synthesis comprise microwave irradiation 

(48), ultra-violet irradiation (49), laser ablation (50), sonochemical methods (51), 

thermolytic processes (52), photochemical and radical induced methods (53, 54). The 

biological method uses fungi or bacteria as nanofactories (55, 56). 

In the synthesis of gold nanorods, which is the most widely used GNP in the PTT of GI 

cancer, the most commonly used method comprises a chemical seed-mediated approach 

whereby spherical ‘seed’ NPs (~4 nm) are added to a growth solution containing gold salt, 

silver nitrate, ascorbic acid and cetyltrimethylammonium bromide (CTAB) leading to the 

fabrication of GNPs with a rod-like morphology (i.e. GNRs) (57, 58). This was first 

described in the 1920s (59) and is a relatively simple and reproducible method of obtaining a 

high yield of GNRs with varying aspect ratios (60). 

CTAB, a cationic surfactant coating, induces a positive charge to the surface of GNRs and in 

an aqueous medium, it prevents particle aggregation due to electrostatic repulsion (61). 

CTAB can be cytotoxic as it can cause biomembrane and peptide disintegration at 

micromolecular concentrations (62). Therefore, it is essential to replace or remove the CTAB 
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coating on GNRs in order to effectively apply GNRs in biomedical uses. While attempting to 

remove excess CTAB from newly synthesized GNRs with successive washings, 

centrifugation and removing the supernatant CTAB, CTAB-capped GNRs at a concentration 

of ~200 µg ml-1 still exhibited marked cytotoxicity (63). Thus, it is generally accepted that 

an outer protective coating on GNRs, such as PEGylation, silica or poly(acrylic) acid (PAA) 

is essential for most biological applications (61). 

In order to exploit the EPR effect, hydrophobic GNPs must escape systemic recognition by 

the immune system. Cells of the RES, particularly macrophages, are scavengers that inhibit 

effective GNP treatment by phagocytosing or opsonising NPs and thus prohibit them from 

gaining access to tumour cells (64). Nevertheless, the surface of NPs is easy to modify; and 

by coating a hydrophilic ‘stealth’ conjugate such as polyethylene glycol (PEG) onto their 

surface, clearance by the RES organs such as the kidney, liver, spleen, and lymph nodes is 

decreased (22, 41, 44), while prolonging the circulatory half-life by 10 to 100 fold (34, 65). 

“PEGylation” of GNPs also provides an external shell for ligand conjugation and prevents 

particle aggregation. A disadvantage of PEGylation is that it can potentially shield the 

targeting agent, which reduces the likelihood of biorecognition (66). 

Cellular Uptake of GNPs and Dependence on GNP Type and Shape 

NPs traversing the GI tract bypass efflux by transmembrane ABC (ATP-binding cassette) 

transporters and subsequently enter cells via endocytosis (67). The process of GNR 

internalisation was studied by Chithrani et al. using transferrin-functionalised GNRs. The 

authors concluded that receptor-mediated endocytosis was the main mechanism behind 

internalisation based on a 70% decrease in cellular uptake at low temperatures (4°C), which 

is known to cease receptor-mediated endocytosis (68).   

It is important to examine the distribution of GNPs in tumours at both tissue and cellular 

levels. As GNPs are electron-dense, transmission electron microscopy (TEM) or scanning 

electron microscopy (SEM) are both able to confirm internalisation of GNPs into GI cancer 

cells, observe aggregation as well as characterise the size and shape of the GNPs. EM can 

also display post-irradiation changes to intracellular architecture and organelles after NIR 

light absorption by intracellular GNPs. It can further be utilised to quantify non-selective 

uptake of GNPs by non-cancerous cells and the collateral spread of PTT-induced damage to 

adjacent healthy tissues. Inductively coupled plasma mass spectrometry can be used to give a 

precise quantification of the amount of administered gold which has been taken up by cells 

or tissues (62, 69).  
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There is some debate as to whether gold nanospheres, gold nanoshells or GNRs (the three 

most widely applied GNPs in the PTT of GI carcinoma) are preferable for biomedical 

targeting and delivery, as they all employ the same principle of SPR to release thermal 

energy to the surrounding tissues. Gold nanoshells (approximately 10–300 nm in diameter) 

comprise a dielectric core, usually silica, which is encompassed by a thin gold shell (29, 70). 

Huang et al. found that when targeted gold nanospheres and GNRs were compared with each 

other in terms of receptor binding to malignant oral epithelial cancer cells, many more GNRs 

appear to bind to malignant cells due to interactions between the surface of the rods and cell 

surface proteins (71). Huang also pointed out that on some occasions GNRs also 

accumulated in non-malignant cells due to non-specific interactions. von Maltzahn et al. 

further demonstrated that PEG-GNRs were superior to PEG-gold nanoshells in terms of 

intrinsic absorption and photothermal efficacy (GNRs generated more than 6 fold greater 

heat per gram of gold), as well as significantly longer circulation times in vivo (~17 hours for 

PEG-GNRs versus ~4 hours for PEG-gold nanospheres), which may be attributable to their 

polymer coating (72).  

Chen et al. evaluated GNP size-associated toxicity over time. They found that GNPs ranging 

from 8 to 37 nm produced severe sickness in mice with side effects including fatigue, 

anorexia, fur colour changes and weight loss. The majority of mice injected with these sized 

GNPs died before the end of the fourth week (73). It is important to mention that the GNPs 

used were not PEGylated, rather somewhat unconventional surface modification peptides 

(pFMDV and pH5N1) were utilised. The authors also observed that very small GNPs (5 nm) 

or larger (50 -100 nm) were in fact non-toxic. 

Desai et al. explored the relationship between GNP size and GI tract uptake and showed that 

GI cell endocytosis occurs more readily when NP sizes are below 130 nm (74). It is thus 

presumed that both active and passive targeting can be capitalised simultaneously to 

maximise the efficacy of GNP targeting, on the proviso that the combined particle-conjugate 

size remains approximately 130 nm or smaller to avoid uptake by the RES.  

NPs have a large surface area to volume ratio which allows them to be held in suspension, 

incorporate targeting moieties, allow high pro-drug encapsulation and high loading capacity 

for imaging probes, but also permits extensive surface absorption (15, 75-77). It is known 

that most chemotherapy drugs distribute non-specifically within the body, which accounts 

for much of its toxicity and side effects. However GNPs loaded with cleavable pro-drugs are 

able to specifically internalise within cancer cells. This presents an elegant solution to the 

problem of non-specific biodistribution and poor bioavailability of conventional drugs. 
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Positively charged nanoparticles (from zeta potential measurements) were believed to be 

more likely to adhere to negatively charged cell membranes (78-80) by electrostatic 

interaction. However, doubt remains as to what extent the charge of GNPs influences the rate 

of cellular uptake (81). Arvizo et al. suggested that cell membrane potential significantly 

affects the uptake of GNP, and showed that cationic GNPs were much more efficient at 

depolarising the membrane and thus being taken up by both cancer and healthy cells, 

compared with anionic or neutral GNPs (82). Lund et al. were more sceptical of this theory 

and proposed that it is more likely that NPs either enter through pre-existing cell membrane 

pores or are capable of re-configuring the plasma membrane in order to create new pores 

(81). They used very small NPs (5 nm) and proposed passive internalisation by pathways 

which do not depend on energy, endocytosis or lipid-raft-mediated methods. Alkilany et al. 

studied the cellular uptake of differently charged GNRs, and found that particle surface 

charge bore no correlation to GNR uptake (62). Zahr et al. proposed that the higher the 

surface charge of a GNP, regardless of its polarity, the more likely it is to be phagocytosed 

by macrophages and removed from the circulation (83). In practice nanoparticle surface 

charge is often minimised by the incorporation of a neutral polymer such as PEG which 

limits electrostatic interactions with other components within the circulation.  

Imaging Modalities and Diagnostics 

Imaging the location of GNPs enables the potential diagnosis of cancer as NPs can be 

targeted to cancer using both the active and passive approaches discussed above. It is also 

important to image the location of NPs to understand their biodistribution and to target the 

laser to this precise location to gain a high level of specificity for directed therapy. 

As gold nanoparticles are an excellent optical contrast agent (primarily through optical 

absorption of light attuned to their SPR wavelength band as well as their intrinsic 

luminescence under two-photon excitation) they may be imaged using imaging techniques 

which utilise this property, i.e. two-photon luminescence imaging (84-86), photoacoustic 

imaging (85, 87) narrow band imaging (88) and optical coherence tomography (OCT) (89, 

90). 

NIR fluorophores such as Cy5.5 may be conjugated to the surface of NPs for background-

free diagnostic fluorescence imaging to clearly localise aggregates of GNPs within a tissue. 

Once fluorescence is identified within a cluster of nanoparticles, NIR laser illumination may 

then be directed to that location for PTT. 
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Non-optical methods have also been used with GNPs such as positron emission tomography 

(PET) and X-ray computed tomography (CT). They have been used with X-rays as gold has 

a higher atomic number and density compared to standard radiosensitive iodine-based 

reagents (91, 92). von Maltzahn et al. have shown preliminary evidence that GNRs appear to 

exhibit approximately two times more X-ray contrast than that of standard iodine per mole 

(72). Gold nanoshells (93, 94) and nanocages (95) have also been attached with the 

radionuclide 64Cu to enable PET imaging of the NP location.  

2.2 Materials and Methods 

This systematic review was performed in accordance with guidelines from the Preferred 

Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) (96).  

Eligibility Criteria 

Original peer-reviewed articles published in English on the application of GNPs in GI tract 

cancer (including oesophageal, gastric and colorectal carcinoma, but excluding oral, hepatic 

or pancreatic cancers) were considered. Studies using NPs without any gold element were 

excluded. Where multiple studies existed from the same institution, the most recent study 

was considered.  

Information Sources and Search 

A broad literature search was conducted in May 2013 using PubMed (1946 to date), Embase 

(1974 to date) and PsycINFO (1967 to date) databases. Additional searches using the 

Cochrane Library, Ovid SP and cross-referencing with Web of Science� were used to 

broaden the search. The MeSH search terms used were “gold nano*” and “*esophag*” or 

“gastr*” or “colo*” or “rectal” or “*intestinal” and “cancer”.  

Study Selection and Data Collection Process 

Two reviewers (M.S. and D.S.E.) independently reviewed all relevant articles from the 

literature search. The full text of each article was obtained and further screened for inclusion 

if it had relevance to application of GNPs in GI tract cancer. Studies were excluded if they 

were only conference abstracts without any extension to a full supporting paper due to the 

lack of data and methods, and studies were excluded if they only were on hepatic or 

pancreatic cancer. A high level of agreement existed between both reviewers, and minor 
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queries were discussed between the reviewers until a 100% concordance was achieved on 

the final studies included in this review. 

Data Items 

The following items were extracted from the studies: GNP type, shape, average size and 

concentration used, type of cancer cell lines or animal tumour model used (or both), charge 

of GNPs, employment of targeting agents, methods of confirming intracellular accumulation 

of GNPs, laser radiation type, fluence and regime, confirmation of PTT effects and 

temperature rises, confirmation of histological evidence of cellular destruction or cell 

viability studies (for cell studies), survival studies or follow up (for animal studies), imaging 

modalities used, and any evaluation of GNP toxicity. 

2.3 Results 

Initial searches using the MeSH terms above revealed 284 articles. There were nine 

conference abstracts (without accompanying full papers), which were excluded. A further 48 

articles were identified through free text searches, the “related articles” feature and cross-

referencing. Once duplicates were removed, finally 16 studies remained and were found to 

match the inclusion criteria, thus these are discussed in this systematic review.   

GNP Type and Concentration 

GNPs that were used in the theranostics of GI tract cancer involved a combination of GNPs 

conjugated with silica (97, 98), PEG (88, 99-101), chitosan (102, 103), iron core [with a gold 

shell (104)], pure shells (105), platinum-tethered (106), CTAB-coated GNR (107), gold-

SPION hybrid NPs (108), PEG-conjugated hyaluronic acid NPs (109), PEG-Au-TNF (110) 

and poly(acrylic acid)-GNR (63). Although there are many shapes of NPs in existence, the 

three identifiable GNP shapes were rods, shells and spheres. The other identifiable 

characteristics of the studies are described in Table 2-1. 
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Study Cells/Animals Shape Ave. Size (nm) GNP Concentration 

(97) Cells + Mice Rods 46 x 18 0.625 – 12.5 μM  

(105) Mice Spheres 6-8 38.6 μg/ml 

(102) Cells + Rats Particles 30-90 OD 1 (cells) or 3 x 1011 

NP/ml 

OD 50 (animals) 

(104) Cells Particles 10  10 μg/ml 

(103) Cells Particles 15 20-100 μM, OD 0.6 

(88) Mice Shells 135 2.66 x 109 NP/ml, OD 1 

(101) Mice Rods 45 x 14  4.5 ml/kg or OD 100 
given IV to mice (2 x 1013 
GNR/ml) 

(106)  Cells Particles 30-40 ? 

(107) Cells Rods 60 x 20 ? 

(108) Mice Hybrid 
Particles 

6-18 PTT – 200 μL, 1 mg/ml 

MRI – 0.3 ml, 1 mg/ml 

(100) Mice Shells 119 150 μL (1.5 x 1011/ml) 

(109) Mice Particles 238 ? 

(110) Mice Particles 33 5-24 μg 

(99) Mice Shells 132-135 8 x 108 /g body wt. 

(63) Cells Rods 66 x 11 100 μg/ml 

(98) Mice Shells 8-10 100 ml of 2.4 x 1011 
NP/ml solution 

Key: NP = Nanoparticle, OD = Optical Density, ? = Unknown/Unclear 

Table 2-1 The included studies, with the type of study, shape, size and concentration of 
GNPs used in the study. 
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Charge of NPs 

Zhang et al. measured 15 nm chitosan-coated GNPs using zeta potentials, and found they 

bore a charge of +30.0 ± 1.18 mV at a pH of 7.4 (103). They proposed that the positive 

charge promoted particle repulsion and prevented agglomeration, while enhancing 

endocytosis when interacting with negatively charged cell membranes. Huang et al. also 

measured the zeta potential of their synthesised GNPs, but it was unclear whether the authors 

considered this to have a bearing on GNP internalisation (97). 

Passive or Active Targeting  

Twelve (75 %) of the GI cancer studies did not involve functionalisation of GNPs with a 

targeting agent, relying instead solely on the EPR effect of passive accumulation of GNPs 

intracellularly and into the tumour tissue.  

Folic acid was used as a targeting agent for MCG803 gastric cancer cells (97). Kirui et al. 

adopted immuno-targeting using humanised single-chain antibody conjugates (A33scFv) that 

target the A33 antigen expressed in 95% of primary and metastatic human colorectal cancer 

(CRC) cells, but is absent in most other normal tissues and tumour types (63, 108). 

Hyaluronic acid receptor (CD44) that is over-expressed in various cancer cells (109) has also 

been employed for targeting. 

Cancer Models Used  

The cancer models used were broadly categorised to either cellular studies (in vitro) and/or 

animal studies (in vivo) as shown in Table 2-2. 

Study Cells Animals Cell Line on Animals Inoculation Method  

(97) MCG803 human gastric 
cancer 

Nude mice MCG803 gastric cancer  Flank s/c 

(105) No BALB/c mice CT26 colon carcinoma 
tumour 

Flanks s/c 

(102) Het-1A, BAR-T and OE-19 
human oesophageal lines 

Sprague-
Dawley rats 

 Esophago-duodenal 
anastomosis 

(104) Caco-2 and HT-29 human 
colon cancer cells 

No   

(103) Gastric Cancer MGC-803 
and human gastric mucosa 
epithelial GES-1 cells 

No   
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(88)  No Swiss nu/nu 
mice 

HCT116, ATCC#CCL-
247 Human colon cancer 
cells 

Flank s/c 

(101) No Balb/c mice CT26.wt murine colon 
carcinoma (ATCC) 

Flank s/c 

(106)  HCT116, HCT15, HT29, 
RKO human colon cancer 
cells 

No   

(107) HCT-116 human colon 
cancer cells 

No   

(108)  No Balb/c nude 
mice 

a) SW1222 cells (antigen-
expressing human 
colorectal cancer cell 
line).   

b) Human colorectal  
cancer cell line (HT-29) 

Left flank s/c 

 

Right flank s/c 

(100) No BALB/c mice CT-26, ATCC murine 
colon carcinoma cells 

s/c 

(109)  No  
 
BALB/c mice 
 
 
 
BALB/c mice 
 
 
 
 
A/J Mice 

3 models: 
 
HT29 human colon 
cancer cells  
 
 
Liver-implanted with 
CT26 colon cancer cells 
 
 
 
Azoxymethane (AOM)-
induced orthotopic colon 
cancer models. 

 
 
1x107 HT 29 cells in 
100ml saline s/c into 
mice dorsa. 
 
Laparotomy & direct 
injection of 3x105 
CT26 cells into the 
left liver lobe. 
 
Intraperitoneal 
injection  

(110) No C57/BL6 mice MC-38 colon carcinoma 
cells  

s/c 

(99) No Nude Swiss 
mice 

HCT 116 human 
colorectal cancer cells 

∼2×106 cells s/c into 
right thigh. 

(63) SW 1222 (106 cells/ml) 
human colorectal cancer 
cells 

No   

(98)  No BALB/c 
AnNHsd 
Sprague–
Dawley mice 

CT26.WT murine colon 
carcinoma tumour cells 
(ATCC) 

s/c into flank 

Table 2-2 Types of in vitro and in vivo GI cancer models and methods of inducing 
cancer in rodents.  Key: s/c = subcutaneous. 
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Irradiation Regimes 

The irradiation regimes used with gold nanoparticles are shown in Table 2-3. 

Study Cells/Animals Irradiation Used Laser Power & Fluence Duration of 
radiation 

(97) Cells + Mice CW laser 808 nm 30 mW laser power 

4 W/cm2 laser fluence 

3 mins 

(105) Mice Intense Pulsed Light 
(IPL) (LumenisOne), 
a broadband (560-
1200nm), pulsed, 
high energy light 
source + US 

US: 2 W/cm2, with frequency 
1.1 MHz 

Light: 35 J/cm2  

US – 3 mins 

IPL – 9 pulses of 
5 ms pulse 
duration 

(102) Cells + Mice CW laser 818 nm – 
used both externally 
& via 
microendoscopy 

3 W/cm2 Cells & rats, 1 
min at 3 W/ cm2, 
or, 30 secs at 1 
W/cm

2
 

(103) Cells X-rays 1 Gy/min Cells exposed to 
2, 6 & 10 Gy with 
corresponding 
irradiation times 
of 2, 6 & 10 min 

(101) Mice CW laser 808 nm 3.5 W at 4.46 W/cm2 180 seconds 

(107) Cells Ti:Sapphire at 800 
nm 

1 mW (imaging), >10 mW for 
PTT with beam diam. approx. 
20 µm 

No time duration 
specified just 
states “4 passes" 

(108) Mice CW laser 808 nm 5 W/cm2, beam diam 6 mm 30 mins & 7 
rounds therapy 
over 14 days 

(100) Mice CW laser at 808 nm 4 W/cm2, spot size 5 mm 3 mins 

(99) Mice 808 nm CW laser + a 
single 10 Gy dose of 
radiation therapy 
using 125 kV X-ray 
operated at 20 mA 

0.6 W used, 75% duty cycle, 
average optical irradiance (350 
mW/cm2)  

Beam diam 10 mm 

 

20 mins 

(63) Cells CW laser 808 nm  5.1 W/cm2, beam diam 4 mm 10 mins 

(98) Mice CW laser 808 nm  4 W/cm2, beam diam 5 mm 3 mins 

Table 2-3 Irradiation regimes used in each study model. 

Key:  CW = Continuous Wave, US = Ultrasound, Gy = Gray (Joule/kg). 



 25 

Proving Endocytosis of Gold Nanoparticles 

A variety of different methods were used to identify the uptake of GNPs into cells and 

tissues. Almost all studies employed TEM imaging to visualise nanoparticles post synthesis, 

but three studies also used it to visualise NPs within cells (97, 103, 106) and one study used 

dark field microscopy (97). It was found that GNRs are virtually unchanged after 

internalisation and it is apparent that GNPs do not enter the nucleus, but agglomerate within 

intracellular vesicles (97, 103). The uptake and localisation of platinum-tethered NPs were 

also examined using inductively coupled plasma mass spectrometry, which confirmed the 

ability of GNPs to deliver platinum inside cells (106). 

Fluorescent protein labelling of a colon cancer cell line was used by Black et al. (107) while 

Kirui et al. used NIR fluorescence imaging of localised intratumoural gold-SPION hybrid 

NPs (108). In a prior study, Kirui et al. (63) also showed that human CRC SW 1222 cells 

incubated with fluorescently-labelled A33scFv-GNRs had internalised into cells using 

fluorescent-based confocal microscopy analysis. Gobin et al. excised tumours and then 

cyrosectioned them with silver staining prior to microscopic analysis (100), confirming that 

nanoshells were present throughout the tumours. Li et al. similarly demonstrated GNP 

loading in cells via histology using silver staining (102). 

A method used to identify iron-gold hybrid GNPs within cancerous tissues was using Perl’s 

Prussian blue staining (108). Other excised tumour sections were lyophilised for gold 

content evaluation using neutron activation analysis (100), which was able to verify the 

presence of nanoshells within the tumour. 

Photothermal Effect, Hyperthermia and Cancer Cell Destruction 

Photothermal effects were evaluated in all studies that involved laser application. However, 

in one study suppression of cancer cell proliferation was noted without laser illumination, 

which was attributed to the GNP composition causing local cytotoxic effects. Wu et al. noted 

that iron clusters before oxidation in their iron core-gold shell nanoparticles specifically 

inhibited the growth of human CRC cells (CaCo-2 & HT-29), leaving healthy cells 

unaffected (104). 

Ultrasound (US) irradiation alone showed an insignificant anti-tumour effect as shown by 

Sazgarnia et al. However, they showed that acoustic cavitation in the presence of GNP with 

intense pulsed light (IPL), a broadband (560-1200nm), pulsed, high energy light source, 
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could be used as a new method to improve therapeutic effects on tumours (105). The authors 

discovered that tumour inhibitory effect was significant when IPL and US and GNPs were 

used. They hypothesised that IPL irradiation on GNP enhances antitumour effects by 

establishing nucleation sites for acoustic cavitation. 

Huang et al. noted that gastric cancer cells incubated with GNR-SiO2-FA, destroyed cell 

spindle morphology, ruptured cell membranes and produced significant scarring after 3 

minutes of NIR laser (4 W/cm2) application (97). X-ray irradiation was also utilised on 

chitosan-modified GNPs (CS-GNPs), and the survival fractions of gastric cancer cells treated 

with CS-GNPs decreased when increasing the concentration of CS-GNPs and when 

compared to cells without CS-GNPs under the same X-ray radiation dose (103). Kirui et al. 

proved effective PTT of CRC cells that had been incubated with plasmon-resonant A33scFv-

GNRs and treated with NIR laser (5.1 W/cm2) for five minutes (63). 

In measuring local tissue temperatures achieved from PTT, Goodrich et al. noted that in their 

mouse study, the average maximum temperature difference for GNR-infused and laser-

treated animals was approximately 32.1 ± 9.0 °C (temperature rise) within tumour tissues as 

measured by a hypodermic needle thermocouple placed under the tumour and parallel to the 

laser fibre. With the laser-only control animals, the maximum temperatures rise within 

tissues was approximately 15.3 ± 2.8 °C. These temperature rises were noted over a 3-

minute NIR laser (3 W) irradiation period (101). Kirui et al. noted a 30°C temperature rise 

for a concentration of 0.5 mg/ml hybrid NP using a regime of seven rounds of NIR CW 

irradiation (5 W/cm2) over a fortnight (108). O’Neal et al. demonstrated after 30 seconds of 

NIR irradiation (4 W), the average temperature of laser-nanoshell treated colon cancer in 

mice was approximately 50°C and this was statistically significantly higher than the 

nanoshell-free (but NIR irradiated) controls. A complete tumour resorption was seen after 10 

days of laser-nanoshell treatment (98). 

Diagradjane et al. used H & E (haematoxylin & eosin) staining to demonstrate there were 

necrotic regions at a distance of a1.4 mm from the tumour periphery in their 

thermoradiotherapy group, which showed a distortion of regional architecture characterised 

by patchy hypoxic regions in the tumour core with no identifiable regions of blood flow (99). 

Histological Evidence of Destruction and Cell Viability Studies  

The effects of PTT on cells using GNPs should be evaluated to ensure selective cellular 

destruction of cancer cells and the viability of healthy surrounding tissues post irradiation. 

Studies used a variety of methods in this endeavour to demonstrate cytotoxicity or apoptosis, 
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chiefly using trypan blue staining (97, 107), H & E staining and microscopy (99, 101, 102, 

105), Annexin V-fluoroisothiocyanate (FITC) apoptosis detection kit I (104), ApopTag� 

apoptosis detection kit (102) and assays such as WST-1 (104), CCK-8 (97), MTT (102, 103, 

106), TUNEL (102) and clonogenic cell survival assays (103). The clonogenic cell survival 

assay is an in vitro assay based on the ability of a single cell to reproduce to form a colony 

after ionising radiation, i.e. its survivability (103). The MTT assay is a quantitative 

colorimetric method to evaluate cytotoxicity while trypan blue is an in vitro cytotoxicity 

assay that measures cell membrane integrity. 

Brown et al. evaluated the cytotoxicity of platinum-tethered GNPs (as a chemotherapy 

nanovector) against traditional PEGylated GNPs on human colon cancer cell lines using a 

tetrazolium dye-based microtitration assay (a MTT assay) and inductively coupled plasma-

mass spectrometry. Tetrazolium salt assays measure mitochondrial activity. While the 

PEGylated NPs showed no cytotoxicity, the platinum-tethered gold nanoparticles in contrast 

were found to be 5.6-fold more cytotoxic than oxaliplatin (106). Another study also 

endeavoured to determine cellular viability using 0.5% trypan blue, a dye that does not 

penetrate the cytoplasm of viable cells, which was added prior to laser treatment of CTAB-

coated GNR on a human colon cancer cell line, HCT-116 (107). After 10 minutes of 

illumination, it was noted that trypan blue had entered several cells within the laser region, 

and after 25 minutes, the entire irradiated region which had initially absorbed GNRs was 

stained with trypan blue, while other control regions remained unchanged. A subsequent 

wash of the stained cells on a slide led to the complete removal of thermally affected cells, 

suggesting major cellular damage. 

PEG-conjugated hyaluronic acid nanoparticles (P-HA-NPs) that contained the anticancer 

drug Irinotecan (IRT) was studied on 3 BALB/c mice colon cancer xenografts. It was noted 

that IRT released gradually from NPs within 12 hours and then exerted a dose-dependent 

cytotoxicity on colon cancer cells (109). Kirui et al. conducted cell viability studies using a 

MTT assay of SW 1222 cells (an antigen-expressing human CRC cell line) after incubation 

with increasing concentrations of polyacrylic acid-GNRs against CTAB-GNRs. A dose-

dependent toxicity was noted with a significantly higher cytotoxicity for cells which were 

incubated with CTAB-GNRs (63). 

Survival Studies and Tumour Regression - In vivo animal studies 

This review considered all longitudinal survival studies and tumour volume regression. 

Sazgarnia et al. (105) continued follow-up for 70 days after IPL+US+GNP treatment and 
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noted the survival fraction of these mice was the most significant compared with other 

control groups. In a different study involving mice inoculated with CT26 murine colon 

carcinoma, the mean survival time with various treatment modalities was established. For the 

"no treatment" group, mice lived for an average of 8 days, whilst mice in the “laser 

illumination only” group lingered for an average of 9.5 days, whilst the “NRs-only” group 

survived for 9.7 days. Most significantly, it was the photothermal ablation group of mice that 

survived the longest at 42.1 days (101). 44% of the GNR and laser-treated mice survived at 

day 60, together with evidence of complete tumour ablation. It was observed that the mean 

survival time of the photothermally-treated group was statistically higher than the control 

groups. O’Neal et al. observed colon tumour size and survival for 90 days following a single 

NIR irradiation treatment in mice receiving IV gold nanoshells. At 90 days post-treatment, 

100% of the gold nanoshell irradiated mice remained healthy and free of tumours. However, 

tumours in both sham and control groups continued to develop rapidly (98).  

In a study by Gobin et al., tumour size and animal survival was monitored seven weeks after 

NIR treatment in CRC induced in mice that were subjected to PEGylated gold nanoshells. 

All but two nanoshell-treated mice had complete tumour regression (100). A 14 day median 

survival was observed in the “saline + laser group”, and 10 days for the “no treatment” 

control group. After 21 days, the group with the most statistically significant survival was 

the “nanoshell  + laser” group, which continued until the end points of the study. It was 

noted that the median survival time could not be calculated for this group, as the long-term 

survival was 83%. In a drug-delivery study, Choi et al. (109) used the anticancer drug 

Irinotecan (IRT) attached to PEG-hyaluronic acid nanoparticles (P-HA-NPs) on three mice 

bearing CRC xenografts. Tumour volume and survival rates were determined after IRT-P-

HA-NPs were given intravenously every three days. The authors found that the “saline only” 

and “free IRT” groups experienced a rapid and significant increase in tumour size and 

growth. In contrast, significant tumour growth suppression was observed in the group treated 

with IRT-P-HA-NPs. 50% of mice treated with “free IRT” died after 15 days, and 

approximately 90% of mice in this group perished within 28 days, indicating IRT by itself 

results in severe systemic toxicity. Nonetheless the group treated with IRT-P-HA-NPs (using 

GNPs as a nanovector to deliver the drug into cells) exhibited a much higher survival rate 

than all control groups. 

Imaging Modalities 

Huang et al. evaluated the Hounsfield Units (HU) of GNR-SiO2 by CT. Nude mice 

implanted with gastric cancer MGC803 cells were selected as the animal model and X-ray 
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imaging was used to monitor the targeting ability of GNR-SiO2-FA into tissues (97). 

Puvanakrishnan et al. used NIR narrow band imaging in Swiss nu/nu mice inoculated 

subcutaneously with human CRC cells to image the accumulation of PEGylated gold 

nanoshells at the tumour site (88). NIR narrow band imaging was performed ex vivo on 

excised tumour tissue, and in four of five gold nanoshell-injected mice, the gold nanoshell 

regions were visible as dark areas (88). Kirui et al. implanted two colon cancer cell lines 

subcutaneously in murine models and injected intravenous targeted gold-SPION hybrid 

nanoparticles (HNPs)-A33scFv and then scanned the mice in a 7-T scanner. As a MRI agent, 

HNPs which had accumulated in subcutaneous CRC reduced the post-contrast T2 phase 

value by half (108). Gobin et al. used OCT imaging to evaluate PEGylated gold nanoshells 

in murine CRC. The results showed no enhancement in layers of normal tissue in mice 

treated with nanoshells, but there appeared to be significantly enhanced brightness in the 

region where nanoshells accumulated within a tumour, suggesting that gold nanoshells are 

able to provide substantial contrast in OCT imaging (100). 

Toxicity of Gold Nanoparticles 

Huang et al. showed using a CCK-8 assay that there was negligible cell death and 

physiological changes in MGC803 gastric cancer cells after exposure to GNR-SiO2-FA. 

Even with the highest concentration of GNR-SiO2-FA, cell viability was greater than 90%, 

indicating that their GNPs were by themselves non-cytotoxic to MGC803 cancer cells within 

the concentration range studied (97). Similarly Zhang et al. evaluated the cytotoxicity of 

chitosan-modified GNPs (CS-GNPs) to MGC803 (gastric cancer) and GES-1 (human gastric 

epithelium) cells using the MTT assay. The cell viability of MGC-803 cells and GES-1 cells 

was more than 90% even when the concentration of CS-GNPs was increased to 100 PM, and 

no decline from this high survival rate was seen even after increasing the incubation time to 

72 hours, implying very low levels of intrinsic cytotoxicity from CS-GNPs (103). 

Li et al. showed that their chitosan GNP (CS-GGS) only heated and caused PTT in the 

presence of NIR irradiation when absorbed by cancerous oesophageal cell lines (OE-19). 

They induced orthotopic oesophageal cancer in rats by performing a surgical 

oesophagoduodenal anastomosis (102). The same GNP-laser combination did not have any 

effect on benign human squamous oesophageal epithelium cells (Het-1A) or Barrett’s 

epithelium (BAR-T). However, the authors cautioned about selectivity of therapy, as they 

found some regions within oesophageal mucosa that included both cancerous and adjacent 

healthy tissues which were “burned” on exposure to NIR. They postulated that this could be 

due to infiltration of adjacent tissues by inflammatory cells such as phagocytes, and advised 
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that further evaluation of the specificity of GNP uptake in cancerous and benign tissues is 

required. 

Goodrich et al. conducted biodistribution studies in twelve mice receiving infusions of high 

concentrations PEG-GNRs (optical density of 50 or 6.5 x 1012 GNR/ml, giving 6ml/kg body 

weight). At one, seven and 28 days post-infusion, some mice were sacrificed and blood and 

major organs (namely brain, heart, lungs, kidneys, liver, spleen and lymph nodes) were 

harvested for neutron activation analysis to determine gold content. They found concordance 

with other published results about the clearance and accumulation of GNPs by the organs of 

the reticuloendothelial system. The largest accumulation was found in the liver and spleen, 

where 75% of the total injected nanoparticles was noted 24 hours post injection, with 

negligible accumulation of gold in other organs. There was a gradual clearance of GNRs 

from the liver over the 28-day study. Reassuringly there were no signs of acute toxicity from 

GNRs even at 60 days (101). 

Choi et al. used PEG-conjugated hyaluronic acid nanoparticles (P-HA-NPs) loaded with the 

anticancer drug Irinotecan (IRT) on three mice with colon cancer. Microscopic examination 

of major organs and tumours using H & E staining suggested that IRT-P-HA-NPs was 

effective at destroying tumour tissues, but only piecemeal necrosis was observed in the liver 

tissues (109). 

Paciotti et al. (110) evaluated tumour volume regression resulting from various TNF 

treatments and treatment efficacy by varying the doses of TNF given either in its native form 

or colloidal-gold bound TNF (cAu-TNF) preparations. They noticed that at a dose of 24 μg 

of pure TNF per mouse, all the mice died, yet at the same dose of colloidal-gold-TNF 

preparation, not only was there a significant tumour volume reduction, none of the mice 

became sick or perished.  

2.4 Summary of Evidence  

Gold Nanoparticle type and Concentration 

With the exception of one study that used GNPs of 238 nm (109), all the other studies used 

GNPs (of different shapes) below 135 nm in diameter/length. These sizes concur with other 

published studies looking at optimising the EPR effect, including Desai et al. who looked 

specifically at GI tract uptake (74). There have been a variety of differently shaped particles 
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being utilised in GI cancer targeting, including spheres, rods, shells and seven studies which 

only mention “nanoparticles”, which is uncategorised as the final shape is not described. 

It is difficult to categorise the concentrations of GNP solutions used, as most studies have 

not used a standardised system to report the concentrations used. There is a wide disparity in 

the Optical Densities (OD) of GNPs used in mice studies, some using concentrated solutions 

with an OD of 100 while another used an OD of 50 (102) or an OD of 1 (88). Two studies 

(98, 100) used virtually the same concentration of nanoshells in their mice studies, however 

they used vastly different volumes. They also had different sized nanoshells, which presents 

too many confounding factors to make the concentrations of various GNPs a comparable 

entity between studies. It therefore becomes impossible to elucidate an effective or optimal 

dose for cancer therapy, or to even establish a safe recommended dose. None of the studies 

ventured to quantify what dose may potentially be lethal or harmful in vivo.  

Charge of Nanoparticles 

There has really been only one proponent of maintaining a positive GNP charge (103), 

which, in itself suggests that charge is unlikely to be of any consequence. It appears that 

most GI cancer uptake studies rely primarily on the passive efflux from endothelial 

fenestrations via the EPR effect, and secondarily using biochemical targeting agents.  

EPR Effect – Passive targeting  

Most studies 12/16 (75%) did not involve GNP functionalisation with a targeting agent, 

solely utilising the EPR effect for tumour localisation. Goodrich et al. state that their 

previous experience using the concept of EPR for assessing the biodistribution of infused 

GNP to tumour found that less than 10% of the total injected dose actually reaches the 

tumour (101).  

Biological Agents – Active targeting 

Folic acid was used for targeting gastric cancer cells (97) while the A33 antigen (63, 108) 

and hyaluronic acid receptor (109) was used in targeting CRC. It remains to be proven if 

there is a definite combination of active and passive targeting that would provide ideal 

cancer targeting, but this would need to be balanced against the risks of provoking heat-

induced bleeding or perforation if applied on more advanced (T3 or T4) cancers.  
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Cancer Models Used  

There have been eleven in vivo rodent experiments, mostly with superficial tumours 

inoculated through subcutaneous injections of cancer cell lines in rodents (88, 97-102, 105, 

108-110). Other ways of inducing cancer include intraperitoneal injection of Azoxymethane 

(AOM) in A/J mice. AOM treatment is used to induce colonic tumours as it mimics the 

adenoma-to-carcinoma sequence of CRCs in humans (109). Oesophageal cancer was 

induced orthotopically by mucosa-to-mucosa anastomosis between the lower oesophagus 

with the duodenum (102). In this study, GNPs were sprayed onto the surface of suspicious 

oesophageal mucosa via microendoscopy. The authors chose to do this as they cautioned that 

there is a real risk of GNPs becoming trapped in the interstitium of benign tissues with direct 

injection of GNPs.  

The most common gastric cancer cell line used to induce cancer in murine models was MCG 

803, while a variety of different cell lines were used to induce CRC, including (in order of 

popularity) CT26.wt (ATCC), HCT 116, HT-29, MC-38, SW1222 CRC cell lines. With 

regards to cancer cell studies, there is only one oesophageal study (102), one gastric cancer 

(103) and four colon cancer ones (63, 104, 106, 107). Overall, there has been a lack of 

published studies using the same cancer model, laser regime, fluorophore and GNPs 

(including similar concentrations) to make a valid and objective appraisal about the ideal 

protocol for a particular tumour type or the extent of its reproducibility. This is perhaps one 

key element that has hindered the progression of GNPs in clinical trials for GI cancer, 

whereas trials in other cancers have gone the distance. It highlights a need for more vigorous 

and streamlined reporting on key elements.  

Irradiation Regimes  

Vital pre-requisites for successful PTT include particle accumulation and appropriate laser 

dosimetry at an appropriate balance, for too high a laser exposure will entail excessive 

heating and collateral tissue damage, while too low a laser dose may result in incomplete 

ablation (101).  

For cell studies, a mean laser fluence of 4.0 ± 1.1 W/cm2 was used, while in rodents, a mean 

of 3.5 ± 1.7 W/cm2 was applied for PTT. Most studies involving PTT used CW NIR laser, 

except one relying on acoustic cavitation induced by US (which also used intense pulsed 

light), two studies used X-rays and one a Ti:Sapphire laser. It is vital to accurately measure 

the thermal energy being delivered and the heating occurring, either with a thermal imaging 
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camera or a thermocouple. Equally crucial is the laser beam diameter and distance from the 

tip of the laser fibre to the tumour’s surface for a real appreciation of the fluences required 

for the thermo-ablative responses seen.  

Photothermal Effect, Hyperthermia and Cellular Destruction  

While CW NIR lasers have been applied in eight studies for PTT and hyperthermia in GI 

cancer cells and tissues, only three have mentioned the temperature peaks achieved. One 

study used intense pulsed light in combination with US irradiation and GNP as a novel way 

to gain the desired therapeutic effect. X-ray irradiation was also used effectively in 

conjunction with CS-GNPs for thermal destruction of gastric cancer cells. The maximal 

temperatures obtained by irradiating in vivo GI cancer tissues in the presence of GNPs 

ranged from 50-62qC, but the three studies comprise different GNPs, concentrations and 

laser power. From these GNP studies, the mean laser fluence required to heat tissues to this 

temperature range was 4.5 W/cm2.  

It remains contentious whether there is a time-dependant peak of intracellular GNP 

concentration giving rise to an optimal therapeutic window for laser application. This issue 

should be addressed in future studies, and would involve imaging fluorophore-labelled GNPs 

at various time points.  

Proving Endocytosis of Gold Nanoparticles 

There is consensus that once internalised, GNPs do not enter the nucleus, but aggregate in 

vesicles within the cell. TEM is the most commonly used imaging modality employed to 

determine the size, shape and intracellular location of GNPs. Other techniques shown to be 

applicable for imaging, proving or quantifying GNPs within GI cells and tissues include dark 

field microscopy, inductively coupled plasma mass spectrometry, fluorescence protein 

labelling and imaging, fluorescent-based confocal microscopy, silver staining, Perl’s 

Prussian blue staining (for iron-gold hybrid NPs) and neutron activation analysis.  

Histological Evidence of Destruction and Cell Viability Studies  

All studies used a variety of methods to assess cell viability after cell or tissue treatment with 

thermoradiation. The three most commonly used methods to demonstrate cytotoxicity or 

apoptosis were H & E staining and microscopy, followed by MTT assays and trypan blue 

staining.  
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Survival Studies / Follow-up  - In vivo animal studies 

Five studies presented longitudinal data from the application of GNPs and PTT. Two of 

these suggested that all murine models of CRC survived and nearly all had complete tumour 

regression after GNP and irradiation treatment (98, 100, 109). Where survival was studied, it 

is without doubt that the group of animals which received the combination of GNPs and 

laser lived the longest, and their survival was always statistically significant compared to 

other interventional arms or control groups (101, 105, 109). It is thus encouraging that when 

applied in vivo as a therapeutic modality for GI cancer, the GNP and NIR combination 

appears effective at regressing tumour and prolonging survival. This is the single most 

important therapeutic information that is consistently demonstrated in this review, and could 

potentially establish a firm foundation for clinical translation.  

Imaging Modalities 

GNPs have potential as X-ray and CT contrast agents due to their ability to induce strong X-

ray attenuation (111) and are actively being investigated as a radiosensitiser. Within GI 

cancer, GNPs have been used as contrast agents in imaging modalities as diverse as MR, 

OCT, NIR Narrow Band Imaging and CT. The images obtained can also be used to monitor 

targeting and response to treatment. Kirui et al. synthesised iron-gold hybrid nanoparticles 

(HNP) and suggested that the iron oxide portion of the HNP served as the MR imaging 

agent, whilst the gold NP portion formed the hyperthermia agent (108).  

Toxicity of Gold Nanoparticles 

Data obtained from a host of methods including CCK-8, MTT assay, inductively coupled 

plasma mass spectrometry, neutron activation analysis and microscopy showed no apparent 

cytotoxicity from GNPs on cancer or healthy cells without the use of laser irradiation. This is 

important to know as there may be non-specific binding of GNPs to non-cancerous 

cells/tissues, and the route of administering GNPs into the systemic circulation avails itself 

to this probability. In an in vivo study comparing the different routes of administering GNPs 

and their corresponding toxicities, the authors noted that the oral and intraperitoneal routes 

demonstrated the highest toxicity levels, whilst the systemic route via the tail vein seemed to 

show the least toxicity (112).  

The GNPs used in the studies have shown PEGylation is a reliable method of protecting cells 

from any potential cytotoxicity from CTAB. Goodrich et al. suggest that the largest 
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accumulation of GNPs in vivo was in the tumour followed by the liver and spleen, and the 

liver and spleen together accounted for approximately 75% of the injected GNPs on the first 

day (101), but this gradually cleared without any signs of acute toxicity throughout a 60 day 

period.  

2.5 Discussion 

The information presented here is encouraging in demonstrating that GNPs do have the 

potential to be excellent tumour targeting agents due to their ability to extravasate from leaky 

endothelial walls encompassing a GI tumour, and remain in-situ sufficiently long to absorb 

NIR light and generate heat that is then capable of destroying cancer cells. Active targeting 

to tumours can also be accomplished by conjugation with moieties that are over-expressed 

by cancer cells, namely antibodies, folic acid and peptides.   

Further chemical refinement of NPs is being developed, such that the cytotoxicity of these 

particles is becoming much less pronounced. Despite the GI studies that have been 

conducted, we appear to be far away from conducting a clinical trial, unless there is a 

concerted effort to minimise variations in synthesised GNPs and the concentrations used in 

in vivo experiments. Thus further GI theranostics research needs to focus on the challenges 

remaining in representing nanotechnology as a viable and safe adjunct to surgery. This focus 

should not solely be on proving tumour regression, but also on examining acute and long 

term in vivo toxicity, with sufficiently powered studies which assess safe and optimal GNP 

doses and laser fluence.  

This systematic review has identified a cohort of in vivo studies using GI cancer cells that 

have been implanted and grown subcutaneously in rodents, however there have only been 

two studies (102, 109) where the tumour has actually been established in an orthotopic (in-

situ) model. Thermally ablating a superficial surface tumour with an external laser beam 

would present a lower risk profile than attempting the same endeavour intracorporeally with 

endoscopically-delivered NIR irradiation, where there would be additional factors and 

challenges to consider, but is vital to adequately assess and quantify that risk. In order to 

accomplish this, more orthotopic models of cancer should be studied with different modes of 

administering GNPs (intravenous, intratumoural or spraying) and laser treatment, in order to 

address the factors involved in bringing this technology to the forefront of clinical 

application. The depth of NIR penetration that can be efficaciously applied to a GI tumour 

region also needs to be quantified, so as to be certain about its applicability when given 

through the surface of the skin or organ. It is interesting in itself that none of the studies in 
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this review provided any information about the absorption or attenuation co-efficients of 

tissues with or without GNPs, but this is a factor that limits the depth of effective NIR 

delivery and thus heating.  

It is without doubt that the NIR wavelength provides the optimal photo absorbance for 

clinical application, as it can be delivered deep into tissues by avoiding absorption or 

scattering by tissues and endogenous chromophores such as haemoglobin or bile. To take 

advantage of this clinically, it is imperative to be able to fibre-optically couple the delivery 

of NIR laser to pre-existing endoscopic and laparoscopic instruments, such that tumours that 

contain functionalised GNPs can be simultaneously identified and treated by NIR irradiation. 

Establishing this form of optical coupling and image-guided tumour therapy should be tested 

as a repeatable minimally-invasive procedure. Moving nanotechnology from the bench to the 

clinical arena will not only diminish the overall side-effects from non-specific systemic 

treatment (such as chemoradiation), it may also reduce collateral damage to healthy tissues.  

Some of the impetus for improving the quality of in vivo GNP studies should be because it is 

anticipated that some cancers would be detected early through fluorescence imaging 

acquired during endoscopic procedures. Simultaneous PTT could then be performed at the 

same sitting while under sedation, arguably avoiding the need for general anaesthesia, while 

reducing personnel requirement, hastening post-procedural recovery and facilitating earlier 

discharge. It would also dramatically reduce surgical time, for example in early upper or 

lower GI cancers, performing endoscopic mucosal resection (EMR) or endoscopic 

submucosal dissection (ESD) would take the endoscopist a couple of hours, but the 

application of targeted laser via endoscopy would take a few seconds. This augurs well with 

today’s enhanced recovery programmes, where there is a drive for more directed therapy, 

improved outcomes, reduction in soft tissue trauma, reduced complications/risks, reduced 

length of stay and cost-effectiveness. Nanotechnology also has the potential of being 

complementary to surgery, by being applicable post-operatively to tumour cavities and 

lymphatic tissues in order to reduce the risk of recurrence.  

Equally important an issue for consideration in active targeting is tumour heterogeneity. 

Cancers are unique and vary from organ to organ, involving a mixture of malignant, non-

malignant, stem and progenitor cells (113). It remains to be answered if it is possible to 

overcome this phenomenon by utilising the optical property of GNPs. It is envisaged that 

this could be performed by direct intratumoural injection of GNPs into the GI cancer, and 

then irradiating the site with NIR. This would have a particular palliative interest, primarily 

being useful in patients who are unfit for surgery or those who require tumour debulking for 

symptomatic relief, for instance from dysphagia due to tumour ingrowth from a stented 



 37 

oesophageal carcinoma, vomiting and aspiration pneumonia from gastric outlet obstruction 

or subacute bowel obstruction from a difficult-to-stent and stenosing colorectal 

adenocarcinoma. Should there be sufficient grounds for a human clinical trial, it would be 

possible to extend this application to low volume metastatic lesions in the liver or 

peritoneum, whereby GNPs could be visually or ultrasonically injected intratumourally and 

NIR laser would be delivered through fibres during concurrent laparoscopy. The procedure 

is likely to need repeating, depending on the size and location of the lesion, but it should be 

relatively quick to do and uncomplicated, and could potentially significantly diminish the 

systemic inflammatory response syndrome and the surgical risks inherent from a hemi-

hepatectomy. In addition to the benefits of utilising nanotechnology in late cancers, there 

remain unexplored yet intriguing avenues in the theranostics of early mucosal and 

submucosal tumours using a combination of optimal imaging techniques and targeted PTT, 

which are viable research platforms for the screening and early management of such lesions.  

2.6 Conclusions 

This systematic review has scrutinised the studies and collated results from the application of 

GNPs in the theranostics of upper and lower gastrointestinal cancer. The incorporation of a 

surface coating has certainly increased the biocompatibility and decreased the cytotoxicity of 

GNPs. Longitudinal survival studies of mice infused with varying volumes and OD of GNPs 

demonstrated much-needed objective confirmation that all the animals remained healthy 

during the study period, with evidence of prolonged survival in PTT studies. Although there 

appears to be an initial transient accumulation of gold chiefly in the liver and spleen after 

intravenous administration, this gradually dissipates sufficiently with no long-term sequelae 

or signs of toxicity in all in vivo studies.  

The role of GNPs in providing diagnostic information is derived from the fact that GNPs are 

inherently dynamic optical contrast agents coupled with their ability to be further 

functionalised with NIR fluorophores which lends itself to being used in a variety of imaging 

techniques such as two-photon luminescence imaging, photoacoustic imaging, narrow band 

imaging and optical coherence tomography. This feature of optical absorption contrast and 

fluorescence to detect the location of GNPs within cancerous tissue would also guide the 

targeting of the NIR laser beam for therapy.  

In terms of quantifying the efficacy of treatment on GI adenocarcinoma, all studies 

conducting photothermal therapy with gold nanoparticles showed cancer cell destruction and 

in vivo effects ranging from tumour volume regression to complete remission. The 
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hyperthermia induced by laser irradiation appeared to concentrate specifically on the tumour 

area, with sparing of surrounding healthy tissues, enabling this technology to ultimately be a 

useful adjunct to surgery and be delivered in a minimally invasive way. Before such an 

undertaking can be realised, concordance should be reached with regards to the type, size 

and concentration of GNPs, with the identification of a more robust, consistent and 

reproducible irradiation regime. Given the evidence of their safety and efficacy, achieving 

this congruity would provide the final necessary credentials to establish a much-needed 

clinical trial of gold nanoparticles in human GI cancer theranostics.  
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Methods and Materials 
 
 

CTAB-GNR synthesis 
 

Mr. Yu Zhou MRes, a chemistry doctoral student at the Department of Chemistry, Imperial 

College London, fabricated the GNRs used for experiments using the seed-mediated approach 

described by Murphy et al. (1) and his own work. Cetyltrimethylammonium bromide (CTAB) 

was used as the surfactant (1) which forms a bilayer around the GNRs. Spherical ‘seed’ 

nanoparticles (~4 nm) are added to a growth solution containing gold sliver nitrate, salt, 

ascorbic acid and CTAB to produce GNRs with varying aspect ratios (AR) (2-4). Due to the 

variability in the absorption peak wavelength when creating GNRs using this method, many 

batches were made with different concentrations of silver nitrate until the absorption peak of 

the GNRs was at the appropriate wavelength of approximately 808 nm (measured with Perkin 

Elmer Lambda 25 UV/Vis Spectrophotometer, Waltham USA), which corresponds to the 

emission wavelength of our NIR laser diode. In Chapter 4 only CTAB-GNRs were used.  

 

Chapters 3, 5, 6 and 7 used multifunctionalised GNRs. Multifunctionalised GNRs were 

fabricated when CTAB molecules on the surface of GNRs were replaced by carboxyl PEG. 

Subsequent EDC/NHS chemistry was used to functionalise GNRs with a fluorophore (Cy5.5) 

modified with an anti-EGFR antibody. Multifunctionalised GNRs were used in order to 

actively enhance tumour targeting efficiency rather than relying exclusively on the 

preferential passive accumulation of nanoparticles into tumours as a result of EPR. Although 

some authors have used purely PEGylated GNPs in tumour targeting, it is appreciated that the 

vast majority of these nanoparticles become absorbed by the reticuloendothelial system (RES) 

and < 10% of the injected GNPs actually reach the tumour site (5, 6). Functionalised GNRs 

are also more applicable for in vivo use, ensuring a higher intratumoural GNR accumulation, 

which then sets the stage for subsequent PTT.  

 

We know from El-Sayed et al. (7) who have conjugated anti-EGFR-GNRs and then used 

them with irradiation on tumour cells, that by themselves anti-EGFR-GNRs do not exhibit 

cytotoxicity and yet selectively destroyed tumour cells without damaging healthy cells. It is 

known that many tumours over-express the EGFR antigen including those of the oesophagus, 

breast, colon, lung, ovary, head and neck, prostate and pancreas (8). The stepwise process of 

fabricating the multi-functionalised PEG-GNR-Cy5.5-anti-EGFR-antibody is described 

below.  
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Materials 
 
CTAB was purchased from Calbiochem, while silver nitrate (AgNO3), gold (III) chloride 

trihydrate (HAuCl4•3H2O), sodium borohydride (NaBH4), L-ascorbic acid (AA), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide 

(NHS) and Potassium Carbonate (K2CO3) were all purchased from Sigma Aldrich. 

Heterobifunctional thiol carboxyl PEG [HS-(O-CH2-CH2)n-(CH2)2-COOH], MW = 2 kDa was 

purchased from Nanocs, while DNAse/RNAse-free distilled water and phosphate buffered 

saline (PBS) solution were obtained from Life Technologies. Purified water (18.2 MΩ•cm) 

was produced by a Millipore water purification system. PerCP/Cy5.5 anti-human EGFR 

antibody was purchased from BioLegend£ UK. 

 

Preparation of the seed solution 
 

9.75 ml of 0.1 M CTAB solution was added in a glass vial at 30qC under slow stirring. 

Meanwhile, 10 ml of 0.01 M NaBH4 solution was prepared and inserted in ice for at least ten 

minutes. 0.25 ml of HAuCl4 solution (0.01 M) was added into the CTAB solution followed by 

the addition of 0.6 ml of NaBH4 solution under vigorous stirring. During this time, the colour 

of the solution should immediately change from bright yellow to brown. After five minutes, 

the solution was left undisturbed for one hour.  

 

Growth of gold nanorods 
 
The seed solution was then used to make GNRs. Different amounts of 0.01 M AgNO3  (17 mg 

in 10 ml) in a water solution (130 μl AgNO3  to achieve a GNR aspect ratio of 3.9, 0.01 M) 

were added to 9.5 ml of CTAB solution (0.1 M) under slow stirring at 30qC. Then 0.5 ml of 

HAuCl4 solution (0.01 M), 55 μl of 0.1 M ascorbic acid (AA) solution and finally 12 μl of 

seed solution were also added to the mixture at 30qC. The colour of the solution changed 

from bright yellow to colourless after AA was added. The mixture was stirred for one minute 

and then left undisturbed in the dark for one hour. The colour change noted at approximately 

15 minutes indicated the successful synthesis of GNRs.  

 

After an hour, the solution was transferred into an eppendorf tube and centrifuged at 8500 

rpm for 15 minutes at 30qC. Then the supernatant was decanted and the pellet was 

resuspended in 10 ml of PBS (pH=7.4). The GNR solution was stored at room temperature.  
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PEGylation of GNRs 
 

Briefly, 10 ml of synthesised GNR solution was centrifuged twice at 8500 rpm for 15 minutes 

and then resuspended in 4 ml of water in order to reduce the CTAB concentration. 

Subsequently, 2 ml of K2CO3 buffer (2 mM) and 2 ml of HS-PEG-COOH solution 

(maintaining the stoichiometric ratio between GNRs and HS-PEG-COOH at 500,000:1) were 

added. The solution was sonicated for two hours to prevent aggregation and then left under 

continuous agitation overnight at room temperature in the dark. Next, the solution was 

centrifuged at 8500 rpm for 15 minutes at 30qC. The supernatant was decanted and the pellet 

precipitate was redispersed in 10 ml of PBS buffer (pH = 7.4) in an eppendorf tube covered 

with aluminum foil. Spectral and ζ-potential measurements were performed before and after 

ligand conjugation to confirm functionalisation of GNRs with thiol carboxyl PEG (COOH-

PEG-GNRs).  

 

Functionalisation of GNRs 
 

In a classical experiment, 4 ml of GNR-PEG-COOH solution was placed into a glass vial. 

Then 0.5 ml 0.4 M 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) 

and 0.5 ml 0.1 M N-hydroxysulfosuccinimide (NHS) agents were added respectively. The 

mixture was put on a rotary shaker for 20 minutes and then centrifuged at 8500 rpm for 

fifteen minutes. The supernatant was decanted and distilled DNAse/RNAse-free water was 

added to the precipitate to make up to a total volume of 4 ml before adding modified Cy5.5 

anti-human EGFR antibody (GNR:Anti-EGFR = 1:1000) (PerCP/Cy5.5 anti-human EGFR 

antibody, BioLegend£, London, UK). The solution was left on a rotary shaker for four hours 

and then centrifuged. The supernatant was decanted and the pellet was redispersed in 2 ml of 

distilled DNAse/RNAse-free water in an eppendorf tube covered with aluminium foil. 

Absorption spectra, ζ-potential measurements and fluorescence emission spectra were 

checked to verify GNR-PEG-Anti-EGFR-Cy5.5 conjugation (Fig. M1). The final solution 

was stored in the fridge at 4qC. The binding between GNR-PEG and Anti-EGFR-antibody-

Cy5.5 is covalent. The size of the GNR is approximately 50 nm. PEG-Anti-EGFR which 

coats the GNRs is about 32 nm thick, and the Cy5.5 stands proud of this layer, making the 

Cy5.5 fluorophore approximately 32 nm away from the surface of the GNRs. 
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Characterisation of GNRs 
 

The optical density and light absorption profile of GNRs was measured using a UV-Vis 

spectrophotometer (Perkin Elmer, USA), while fluorescence spectra were measured using a 

Fluorolog-3 478 fluorometer (HORIBA, Jobin Yvon, USA). Pre- and post-functionalisation 

spectra were measured. ζ-potential was calculated using a Zetasizer Nano ZS90 dynamic light 

scattering (DLS) System (Malvern Instruments Ltd., Worcestershire, UK). Although an 

indirect means of characterising the surface of GNRs, its advantage lies in characterising the 

GNRs themselves and not any free molecules within the same solution. Fabricated GNRs 

were characterised further by transmission electron microscopy (TEM JEOL JEM-2000FX, 

Tokyo Japan). The stability of colloidal GNR suspension was carefully monitored over 

several weeks via UV-Vis spectrophotometry, DLS and ζ-potential measurements.  

 

Optical density 
 

Optical density is absorbance (A) that is normalised to the optical pass length (i.e. ‘L’ in 

Beer-Lambert law). OD = A/L. ‘L’ is the length of solution the light has to pass through (cm). 

In our experiments spectroscopic measurements were done in a cuvette of 1 cm. Therefore 

OD = A /1 or OD = A. The optical density is thus identical to the absorbance.  

 

 
  

 
 
 
 

Fig. M1 The (a) absorption and (b) fluorescence spectra with (c) ζ-potential values of 
multi-functionalised GNRs. Fluorescence emission of GNR-PEG-Anti-EGFR-Cy5.5 was 

done in a water solution after purification from any unreacted Cy5.5-Anti-EGFR 
antibody. 
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The SPR of the GNRs was measured to be at 808 nm, which corresponded to an ODO = 808 of 

26.4. Extinction spectra of PEGylated GNRs in normal saline suspensions did not show a 

peak shift, broadening or attenuation over a period of a month prior to injection. Although 

this OD is lower than those reported in some other in vivo studies, it was the highest 

concentration that was possible for us to synthesise, but was nevertheless fit for purpose in 

subsequent in vivo experiments. From the spectrophotometer results, we can see that the 

process of PEGylation, which is essential to mitigate the toxicity element for in vivo GNR 

application, neither mitigated the absorption co-efficient nor induced a wavelength shift, even 

after multi-functionalisation with fluorophore and anti-EGFR antibody. This strong stability 

was fundamental in ensuring that we would be optimising the SPR of the functionalised 

GNRs with our 808 nm NIR laser. This, together with the absence of plasmon coupling, 

further demonstrated that the particles remained well dispersed and did not aggregate during 

the functionalisation process, giving credence to the ability of PEG to effectively insulate 

GNPs from non-specific binding, remain stable and not aggregate, all of which are factors 

which will be particularly crucial in vivo.  

  

The surface charge (zeta potential) of the GNRs after functionalisation was appropriately 

anionic. The change from a strongly positive to slightly negative charge meant there was 

good replacement of CTAB ligands on GNRs (9). Some studies suggest that cationic GNRs 

are more toxic when compared to neutral or anionic ones (10, 11). Murphy et al. (12, 13) 

argue that charge does not matter once GNRs are incubated in biological media, where strong 

interactions are established with proteins. These interactions would convert their ultimate 

charge to a negative one, whatever their initial charge may have been. Another study 

hypothesizes that intravenous administration of strongly negatively charged GNPs (-44 mV) 

leads to their rapid circulatory clearance and higher absorption by the reticuloendothelial 

system (RES) comprising chiefly of the liver/spleen (14). The relative inconsequence of the 

surface charge of GNRs has already been expounded in Chapter 2.  

 

We observed good stability and dispersibility of the PEG-Cy5.5-anti-EGFR-antibody gold 

nanorods in both water and organic solutions, and, as with other studies, showed excellent 

biocompatibility in vivo through the process of PEGylation.  
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Transmission electron microscopy (TEM) of tissues and EDX analysis 
 
Dr. Pakatip Ruenraroengsak PhD, a Research Associate, performed TEM analyses on tissues. 

Briefly, dissected tissue specimens were washed (x3) with 0.9% NaCl (saline) solution 

followed by another wash with sodium cacodylate buffer solution, at a pH of 7.4, before 

being fixed with 2.5% glutaraldehyde solution for two hours at 4qC. The tissue specimens 

were then washed three times with sodium cacodylate buffer solution, and stained with 1% 

osmium containing 2% potassium ferrocyanide for two hours, and washed with distilled 

deionised water (x3) and incubated overnight with 1% uranyl acetate in cacodylate buffer at 

4qC before en bloc Walton’s lead aspartate staining was performed. The samples were 

subsequently dehydrated with 25%, 50%, 70%, 90% and 100% anhydrous ethanol for 15 

minutes (x3) each, before being placed in anhydrous ice-cold acetone and left at room 

temperature for 20 minutes (x3). Durcupan ACM is used as the resin. The samples are then 

placed into 25%, 50% and finally 75% Durcupan: acetone for two hours each. Tissues were 

placed in 100% Durcupan overnight, then into fresh 100% Durcupan for two hours. The 

resulting resin block was then sectioned with a diamond knife ultramicrotome. Each section 

was 50-70 nm thick, and placed on copper grids before viewing using TEM (TEM JEM 

2100F, operated at 200 kV) and energy-dispersive X-ray spectroscopy (EDX/EDS) was used 

for further characterisation (X-Max 80 mm2, Oxford Instruments, UK).  
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Chapter 4  Application of gold nanorods for photothermal 
therapy in ex vivo human oesophagogastric 

adenocarcinoma 

 

 Introduction1 

 

As discussed in the previous chapter, gold nanoparticles are chemically fabricated and tuned 

to strongly absorb near infrared (NIR) light, enabling deep optical penetration and therapy 

within human tissues, where sufficient heating induces tumour necrosis. Although there have 

been initial human clinical trial advances in theranostic applications of nanoparticles in 

breast (1, 2), head and neck (3), lung (4) and prostate (5) cancers, their translational value in 

oesophagogastric cancer therapy remains unproven, with in vitro and rodent in vivo 

published studies varying considerably in their aims, methods and materials, leading to a 

perplexing task of finding commonality and reproducibility. There also remain unanswered 

questions about the acute and long-term toxicity from various in vivo animal studies (6, 7). 

Translation to clinical trials demands sufficiently powered and concurrent in vitro and in 

vivo studies which assess safe GNP concentrations, optimal laser fluence and efficacy.  

 

In this chapter the aim was to establish the optimal gold nanorod (GNR) concentration and 

laser power for inducing hyperthermic effects in tissues and test this photothermal effect on 

ex vivo human oesophagogastric adenocarcinoma. Suitable GNR concentration and NIR 

laser power that could elicit sufficient hyperthermia for tumour necrosis was first determined 

using porcine oesophageal tissues. Human ex vivo oesophageal and gastric adenocarcinoma 

tissues were subsequently incubated with GNR solutions and a GNR-free control solution 

with corresponding healthy tissues for comparison, and then irradiated with NIR light for ten 

minutes. Corresponding temperature rises within these tissues were evaluated.  

 

The photothermal therapy work presented herein evaluates the effect of GNRs on human 

oesophagogastric cancer and highlights areas requiring a unified focus in nanotechnology 

research involving GI cancer. The application of human tissue for PTT is in contrast with 

many studies that routinely use animal tissues. While data from in vivo studies in 

immunodeficient mice provides useful information, they are usually performed on 

                                                      
1 This chapter is adapted from the author’s publication in the Journal of Biomedical Nanotechnology, 
doi:10.1166/jbn.2016.2196. 
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synthetically induced subcutaneous tumour xenografts, it is vital to then be able to compare 

them to the results of these experiments performed in human cancer samples obtained from 

their naturally occurring sites within the upper gastrointestinal tract. To our knowledge this 

work is novel and relevant when considering the translational clinical potential of gold 

nanoparticles. Our group has already had success in the fabrication of multi-functionalised 

GNRs and their application in the fluorescent detection, targeting and photothermal ablation 

of human cervical cancer cells (HeLa cells) (8, 9). The work reported here is advancement in 

the application of PTT in human GI cancer tissue including imaging and thermal monitoring. 

 

 Materials and Methods 
 

 Gold nanorod synthesis and characterisation 

 

Gold nanorods were fabricated with cetyltrimethylammonium bromide (CTAB) using the 

methods described in Methods and Materials, establishing CTAB-GNRs used in all the 

following experiments.  

 

 Temperature change with varying gold nanorod concentrations 

 

In order to establish their heating profile, 3 ml of GNRs of varying concentrations were 

placed into a cuvette and subjected to irradiation with an 808 nm NIR laser (DenLase-810/7 

CW laser, Beijing China) using 2 W of power for 10 minutes. Temperature was recorded 

using a thermal imaging camera (FLIR Systems ThermaCAM S65 Infrared Camera, 

Wilsonville USA), acquiring at 1 Hz. An initial 1000 PL sample of GNRs was used at its 

most concentrated, which had 12 x 109 GNPs per ml, and serial dilutions with water were 

made, maintaining a total volume of 1000 PL. This method could approximate the 

concentration of GNRs required to achieve hyperthermia levels (41-45qC) compatible with 

the photothermal destruction of tumour cells (10, 11). 
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 Effects of gold nanorod concentration on healthy porcine oesophageal 
tissues and photothermal response 

 

Healthy porcine oesophageal and gastric tissue was harvested from recently terminated 

animals less than 12 hours prior to experiments. Mucosa from the oesophagus was used to 

determine the photothermal effects observed by gradually decreasing the concentration of 

GNRs in which the tissues were incubated, then irradiating with NIR laser (2 W at 808 nm 

with a beam diameter of 12 mm) for 10 minutes. The incubation time was 45 minutes at 

room temperature. 

 

The most concentrated GNR solution used for this experiment, based on absorption values 

obtained from UV-Vis spectrophotometry, was 12 x 109 GNRs per ml, and a series of 

concentrations was established using calculations based on the extinction coefficients of 

GNRs and by the addition of deionized water to make up the same final volume (Table 4-1).  

 

 

Sample  No. of particles/ml (x109) 
1 12 
2 6 
3 1.2 
4 0.6 
5 0.3 
6 0.12 
7 0.06 
8 0.012 

 
Table 4-1 Concentration of the GNR solutions in which tissues were incubated, using 

an initial total volume of 2500 PL of concentrated GNR solution. 

 

A further study was conducted to determine the influence of altering the laser power on 

healthy tissue heating in the absence of GNRs, enabling a measure of what tissue damage 

may be done by the laser alone at varying powers. Healthy porcine oesophageal mucosal 

tissues were irradiated with varying laser powers for 10 minutes, commencing at 1 W and 

ending with 7 W, the maximum power of our DenLase-810 CW laser. Three repeats were 

analysed for each laser power.  
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 Human oesophagogastric tissue experiments 

 

Human oesophageal and gastric ex vivo tissues were obtained (with patient’s consent and 

Regional Ethics Committee approval 04/Q0403/119) from oesophagectomy and gastrectomy 

cancer patients undergoing surgical resections. Both healthy and adenocarcinoma tissues 

were obtained from the same organs for comparative tests and each were incubated in a 2 ml 

solution of GNRs in a test tube under room temperature for 45 minutes. Healthy and 

cancerous tissues from the same organ were also incubated under room temperature in a test 

tube with 2 ml of RPMI, a culture medium widely used in cell culture. Tissue experiments 

were performed with CTAB-coated GNRs with the aim of testing the effect of photothermal 

therapy on tissues that had taken up GNRs.  

 

After tissues had been incubated with either a GNR or RPMI solution for approximately 45 

minutes, they were rinsed thrice with Dulbecco’s Phosphate Buffered Saline (PBS). These 

tissues were then mounted onto a transparent microscope slide and a continuous wave NIR 

(808 nm) laser was directed toward the tissue (shown in Fig. 4-1).  

 

Fig. 4-1 (a) Tissue mounted onto a slide and laser diode catheter directed towards it    
(b) thermal imaging camera mounted above the tissue being irradiated by the laser. 

 

The beam diameter was maintained at 12  ± 1 mm, and a power setting of 2 W was used. The 

laser fluence (power/unit area) used was kept constant throughout and was determined from 

results from experiments on ex vivo tissues presented in this chapter which eventually guided 

an avoidance in the use of fluences that would either char/carbonise tissues (excessively 

high) or cause a negligible effect (insufficiently low). This was learnt by scrutinising the 

effects on irradiating ex vivo tissues incubated at varying GNR concentrations whilst 

maintaining a particular laser fluence, or by varying the fluence while maintaining a constant 

GNR concentration. The NIR laser used emits at a wavelength of 808 nm with a maximal 

power of 7 W. The size of the specimen was kept relatively constant and similar to its 

a b 



 76 

healthy counterpart i.e. approximately 1 cm2 with a thickness of around 2 mm. The period of 

tissue irradiation was 10 minutes. Temperature monitoring during laser irradiation of the 

tissues was recorded by a thermal imaging camera, which was mounted directly above the 

specimen [Fig. 4-1 (b)]. 36 human oesophagogastric specimens were tested.  

 

             
Fig. 4-2 Example image captured by FLIR thermal imaging camera during tissue 

heating with a corresponding temperature response chart (y-axis), the blue box shows 
the selected background region of interest and the red box shows the selected tissue 

region of interest from which the mean temperature values are calculated. 

 

Regions of interest were selected to distinguish the temperature change occurring within the 

tissues or GNRs and the background temperature (Fig. 4-2). The mean and standard 

deviation of the pixels within the regions of interest was calculated. Then any background 

heating was subtracted from the heating occurring from within the specimen to give a 

measurement of the temperature rise within the tissues due to the laser. Plots of temperature 

rise over time were created using a Matlab program. 

 

 Results 

 Characterisation of GNRs 

 

As alluded to in Methods and Materials, Fig. 4-3(a) shows that in the main, fabricated 

CTAB-GNRs had optical density peaks at 520 nm and 808 nm, corresponding to transverse 

and longitudinal SPRs of gold nanoparticles respectively. Nanospheres contribute only to the 

smaller transverse SPR peak, while GNRs contribute mainly to the longitudinal peak, which 

by design corresponds to the emission wavelength of the NIR laser (808 nm). The 

corresponding aspect ratio (AR = length/width) was found to be 4.0 (± standard error (se) of 

0.08) by TEM measurements. The minimum number of GNRs analysed by TEM 
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measurement to determine the mean was 150. A representative TEM picture is shown in Fig. 

4-3(b).  

 

 
    

Fig. 4-3 (a) Normalised optical density profile of GNRs with aspect ratio = 4                
(b) TEM image of the GNPs produced. 

 

Stability studies were performed on the GNRs in their colloidal suspension, and Table 4-2 

shows the zeta-potential and size measurement of CTAB-GNRs by DLS. 

 

GNR 
functionalisation 

Diameter 
[nm] 

ζ-potential  
[mV] 

 
CTAB-GNRs 

 

 
44 

 
+40 

 

Table 4-2 Hydrodynamic diameter and ζ-potential values of GNRs measured by 
dynamic light scattering. 

  

 Temperature change with varying GNR concentration 

 

The temperature increase during NIR laser irradiation for different GNR concentrations 

contained within cuvettes is illustrated in Fig. 4-4. The temperature profile over time for 

every concentration is shown in Fig. 4-4(a) and the measured temperature rise for the last 

time point after 10 minutes irradiation for each concentration is shown in Fig. 4-4(b). 

a b 
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Fig. 4-4 (a) Temperature increase over time with 3 ml of varying concentrations of 
GNRs in cuvettes, where the colour indicates the temperature rise in Celsius.                                                 
(b) The temperature rise after 10 minutes of laser heating for 3 ml of various 

concentrations of GNRs with a line of best fit showing the linear relationship. The red 
circles show the mean values and the errors show the standard deviation of 3 repeats. 

 

 Effects of GNR concentration and laser fluence on healthy porcine 
oesophageal tissues and photothermal response 

 

The concentration of GNRs incubated with the tissue affects the temperature rise during NIR 

laser irradiation. The most concentrated solution had 12 x 109 GNRs per ml of solution with 

the least concentrated containing 1.2 x 107 GNRs per ml (as illustrated in Table 4-1). 

Macroscopic images of the tissue samples incubated with these varying GNR concentrations 

and then exposed to laser irradiation are illustrated in Fig. 4-5.  

 

Tissues incubated in the first two (most concentrated) GNR solutions (12 x 109 GNRs and 6 

x 109 GNRs per ml) underwent instantaneous charring/carbonisation under 2 W of NIR laser 

such that they crumpled and shrivelled. Consequently the thermal increments for these two 

samples were considerable (>60qC temperature rise). Hence a lower power laser setting (0.8 

W) was selected for Sample 2 (half the original concentration), and the temperature profile is 

seen in Fig. 4-6 (red line), which demonstrated a 40qC temperature rise after ten minutes of 

NIR laser.  

 

a b 
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Fig. 4-5 Macroscopic appearances post laser irradiation of porcine oesophageal tissues 
incubated in a series of GNR solutions ranging from the most (1) to least concentrated 

(8). 
 

Representative temperature profiles obtained from Samples 2, 4 and 8 are illustrated in Fig. 

4-6. It is apparent that a gradual reduction in the concentration of GNRs incurs a lower 

thermal effect on tissues, such that at its most dilute concentration (Sample 8), only a 7qC 

temperature rise was recorded after 10 minutes’ irradiation, which was identical to the 

temperature rise seen when the tissue was incubated with only water. More importantly there 

was a negligible thermal effect observed microscopically on the tissues incubated with an 

extremely low concentration of GNRs (i.e. Sample 8, with 1.2 x 107 GNRs/ml). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-6 Temperature rise with time for the tissue samples and conditions indicated. 
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A summary plot of the temperature rises obtained after ten minutes of heating tissues without 

GNRs with each laser power is illustrated, and it appears to also exhibit an approximately 

linear relationship (Fig. 4-7). These results henceforth guided the selection of the optimal 

GNR concentration and laser fluence in human ex vivo cancer experiments, as a therapeutic 

temperature rise is required from the nanorod treated tissue without causing damage to 

normal healthy tissue. 

 

 

 

 

 

 

 

 

 

 

Fig. 4-7 Temperature rise from porcine oesophageal tissues subjected to varying 
concentrations of laser power. The central marker is the mean value with the error bar 

showing the standard deviation of the three repeats. 

 Plasmonic photothermal therapy of human oesophagogastric tissues 

 

Staining of tissues was noted after rinsing tissues that had been incubated with GNRs, which 

persisted after thrice washing with PBS. Fig. 4-8 illustrates this marked contrast against the 

pale hue seen in tissues not exposed to GNRs. Oesophageal and gastric adenocarcinoma 

were obtained for experiments, and the temperature rises from the 2 W laser irradiation with 

corresponding healthy oesophageal and gastric tissues are shown in Fig. 4-9. 
 

 

 

 

 

 

Fig. 4-8 (a) Marked adherence of GNRs onto tissues that were incubated in a colloidal 
suspension of GNR which persisted despite thrice washing with PBS, in contrast to pale 

tissues incubated in RPMI (b). 

a b 

Test tube 

 

Human oesophageal tissue 
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Fig. 4-9 Temperature rises during irradiation with NIR laser in human ex vivo (a) 
oesophageal and (b) gastric tissues, incubated with either CTAB-GNRs or RPMI 

medium. 

 

 Discussion 

 

The ideal aspect ratio for the photothermal experiments conducted in ex vivo tissues was 

noted to be 4.0, as the longitudinal SPR peak of GNRs would then be located at 808 nm, 

which corresponds to the wavelength of the NIR laser and is a wavelength suitable for deep 

optical penetration into tissue. However, different aspect ratios could provide a similar 

photothermal effect as long as there is synchronicity between the absorption peak of GNRs 

and laser emission, although changes in optical penetration in tissue for a different laser 

wavelength would change the bulk heating dynamics. Stability studies demonstrated that 

apart from a slight shortening of GNR lengths observed only in solutions with a reduced 

amount of CTAB immediately after the first day post-synthesis (which was confirmed by 

TEM analysis), no changes were found in the particle size, zeta potential values and in the 

extinction profiles over a period of several months. The stability of the GNRs is also 

consistent with their ability to maintain a highly positive zeta-potential over time.  

 

CTAB-coated GNRs were used for ex vivo experiments. It is known that CTAB exerts 

cytotoxic effects and should be avoided for in vivo studies (12-15). However it neither 

affects nor compromises the results of photothermal therapy of ex vivo tissues; instead it 

provides GNRs with an outer structure which mimics a phospholipid double layer, favouring 

cell membrane penetration and the incorporation of GNRs into tissue. Attempts of adopting 

polyethylene glycol (PEG) functionalised GNRs for our experiments were made, but, once 

tissues were rinsed with PBS, PEGylated GNRs did not adhere to tissues as effectively as 

a b 
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CTAB-coated GNRs and were washed away. CTAB and PEGylated GNRs are contrast 

agents which share identical absorption spectra, and it is their absorption spectrum that 

determines their heating properties. As human oesophagogastric tissues have similar optical 

properties, consequently the temperature rise seen with CTAB-GNRs would be the same as 

with PEG-GNRs.  

 

Hyperthermia is the term applied when an organ or tissue is heated to temperatures between 

41-45qC, which is capable of inducing cellular damage and necrosis (10, 11). By way of 

extrapolation from the linear concentration-temperature rise relationship in Fig. 4-4(b), the 

concentration required to obtain this level of hyperthermia can be deduced as approximately 

3 x 1010 GNRs per ml. The most concentrated solution (12 x 109 GNRs per ml) provided only 

a 9.2qC temperature rise after 10 minutes of irradiation. Although this rise may be sufficient 

for PTT in vivo where tissues have a higher core temperature (37qC) than cooler ex vivo 

tissues, it should be presumed that a large proportion of systemically delivered GNRs will 

not arrive specifically at the intended tumour site. Thus it is likely that future in vivo work 

would require the synthesis of higher concentrations of GNRs for adequate tumour-site 

accumulation. Water was used for comparison, which achieved a temperature rise of 1.6qC 

after 10 minutes. 

 

A comparison of the illumination conditions and sample concentrations used in the previous 

chapter are considered. The illumination condition for Fig. 4-4 was that the laser fluence was 

2 W/cm2 for ten minutes and the fluence for Fig. 3-3 where reshaping was observed was 6 

W/cm2 over five minutes. At its maximal concentration, the temperature rise in Fig. 4-4 was 

approximately 9.5qC, while the temperature rise in Fig. 3-4 ranged from 10 to 25qC. The 

highest concentration of GNR samples shown in Fig. 4-4 was 6.6 x 10-12 M with an OD of 1 

and the concentrations of GNRs in Fig. 3-4 ranged from 1.7 to 3.5 x 10-8 M with an OD of 2. 

Thus the samples used in the reshaping experiments were much more concentrated and the 

irradiation fluences higher but it is highly plausible that reshaping could occur with only a 

10qC temperature rise in a given solution of GNRs as shown by sample J in Fig. 3-4. 

 

Testing this linear concentration-heating relationship on irradiated porcine oesophageal 

tissues showed consistency in the range of thermal effects achievable (Fig. 4-5). Tissues 

incubated in a very high concentration of GNRs experienced carbonisation upon irradiation 

with NIR, while very low GNR concentrations produced a negligible visible effect. The 

temperature increases recorded within tissues varied linearly with GNR concentration when 

exposed to NIR light (Fig. 4-6). In all samples the temperature rise shows a steep gradient in 
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the initial heating period until around 2 to 3 minutes, followed by a much shallower gradient. 

It is hypothesised that these temperature changes are due to the high optical absorption by 

the nanorods generating intense heating; the temperature gradient is then limited by a 

combination of ‘melting’ of the rods (as described in the previous chapter), the heat capacity 

of the tissue and the dissipation of heat into the surrounding environment. The temperature 

rise seen in Fig. 4-4 was for neat GNRs in a cuvette, while for Fig. 4-6 was for tissues 

incubated in GNRs and was appreciably much higher. This is likely to be because the GNRs 

are mainly on the surface of the tissue, and heating this thin layer generates more heat than 

the distributed heating throughout the depth and volume of GNRs in the cuvette. Laser 

power also affected tissue heating in a linear fashion independent of GNRs (Fig. 4-7). The 

variation in temperature rise for each power for the three repeats was large, and it is 

hypothesised that this is primarily due to variations between tissue samples such as blood 

spots. These optical absorption variations are at various spatial locations in the Gaussian 

profile of the laser beam thus causing inhomogeneous heating across each tissue sample. 

Due to the diverse range of thermal effects, it is vital to be comprehensive when pre-

selecting the appropriate GNR aspect ratio, GNR concentration and laser fluence required in 

the PTT of adenocarcinomas, which in combination are factors not readily apparent from 

various published studies. 

 

It was assumed that GNRs floating within a solution would diffuse into the incubated human 

oesophageal and gastric tissues and stick to them. The process of lavage/rinsing of all tissues 

thrice with PBS ensured that any GNRs that were merely floating on the surface of tissues 

were washed away leaving behind adherent molecules of GNRs that had either become 

endocytosed or integrated into the extracellular matrix of the tissues. The noticeable staining 

of tissues was observed after rinsing tissues that had been incubated with GNRs (Fig. 4-8) 

demonstrating substantial uptake or binding of GNRs. The amount and spatial distribution of 

GNR binding in tissues could be characterised in future studies using 3-D TEM image 

reconstruction of these tissues or by using inductively coupled plasma mass spectrometry. 

Conventional 2-D bright field imaging is unable to resolve whether GNRs directly 

translocate through the cellular membrane, or are essentially membrane-bound, or simply 

float on the surface of a TEM section (16). Laser heating experiments were conducted 

immediately after this incubation and rinsing period, minimizing, in as far as possible, the 

duration of tissue ischaemia.  
 

We found that ex vivo human oesophagogastric tissues incubated in GNRs elicited the 

highest temperature rise of between 26-29°C after just 3.5 minutes of exposure to NIR light, 

which was sustained during irradiation. Only a modest 2°C temperature rise was seen in 
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tissues incubated in RPMI, even after 10 minutes of NIR irradiation (Fig. 4-9). Although 

these significant temperature rises were not consistently specific to adenocarcinoma tissues 

incubated in GNRs in all the 36 samples that were tested, the hyperthermia levels achieved 

were consistently much higher when compared to tissues that had only been incubated in 

RPMI. It is perceivable that lower temperature increments would still be effective if 

reproducible in vivo, due to higher core temperatures of in vivo tissues when compared to 

cooler ex vivo tissues. One postulation for the higher temperature increase seen in 

adenocarcinoma is that it possesses rougher and more irregular surfaces, within which more 

GNRs become entrapped, compared to the smooth compact uniformity of healthy tissues.  

 

The lack of specificity in GNRs binding to cancerous tissue compared to healthy tissues is 

likely due to the properties inherent to ex vivo tissues themselves. Being ex vivo, the EPR 

mechanism of GNRs extravasating from vascular endothelial fenestrations and then 

accumulating around a tumour site is not possible due to the absence of a blood supply. 

Furthermore there is a degree of undetermined ischaemic insult that commences the moment 

tissues are excised from the body, which may preclude cell-GNR interaction. The GNR 

themselves were not functionalised with cancer-specific targeting agents. Thus both active 

and passive targeting methods of GNR localisation to tumour were not fully utilised, relying 

then on passive diffusion or a hypothetical osmosis of GNRs through cell membranes or 

pores emerging within devascularised tissue matrix. Specific GNR-cancer targeting modes 

would need to be exploited within the systemic circulation to take advantage of passive 

diffusion (EPR effect) and active targeting (receptor-antibody complex) of multi-

functionalised GNRs in tumour theranostics.  

 

Another feature is the tissue-GNR incubation period of 45 minutes. Most published in vivo 

experiments in rodents have generally allowed a 24 hour period after injecting GNRs prior to 

commencing laser irradiation, which permits time for GNRs to immerse into the tumour’s 

matrix or become endocytosed. A shorter incubation period could confront the additional 

issue of being subjected to the various phases of the cell cycle, whereby cells that are 

synchronisingly dividing or in the quiescent phase of the cell cycle (S, G0 or G1 phase) may 

not instantaneously take up GNRs (17). This is particularly true in some cancer cells such as 

HeLa (human cervical cancer) cells, where the total cell cycle lasts 20-24 hours long. To 

account for this phenomenon, a longer incubation period would be needed for adequate GNR 

uptake, but this would adversely impact on the quality of tissues that have been devoid of 

oxygen during this time (despite being exposed to salient nutrients from the culture 

medium). 
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With regard to heating tissues, the general temperature rise for tissues incubated in GNRs 

was noted to be at least 20qC, which was consistent and hence would be sufficient, if 

reproducible in vivo, to incur irreversible cellular, protein and DNA damage to the area 

targeted for photothermal ablation. Other factors to consider would be the location, depth of 

invasion and surface area (or width) of the tumour. Multiple consecutive treatments could be 

required to obtain satisfactory thermal ablation in large tumours; much like fractionated 

radiotherapy regimes. However unlike radiotherapy, the concept of hyperthermia favours 

repeated applications while negating issues surrounding radiosensitivity.  

 

 Conclusions 

 
We have demonstrated successful fabrication of GNRs with aspect ratios designed for 

photothermal effect as a first stage towards application for in vivo theranostics of 

oesophagogastric malignancy. Although CTAB-GNRs were used in these ex vivo 

experiments, PEGylated GNRs could be more suitable for in vivo applications due to their 

enhanced biocompatibility, which is not a concern ex vivo, and an identical photothermal 

effect would be seen due to their identical absorption spectra. 

 
Experiments on gold nanorod solutions and in tissues showed that within the range of 

parameters explored, GNR concentration causes the temperature to rise in a linear manner 

during laser irradiation. It is deduced that a high concentration of GNR solution will be 

required for in vivo studies to obtain a sufficiently hyperthermic response suitable for the 

photothermal destruction of oesophagogastric adenocarcinoma. We have shown that the 

temperature rise is proportional to laser power and there may be some influence on heating 

due to variations in normal tissue chromophores.  

 

To our knowledge this is the first time that the plasmonic photothermal effect from GNRs 

has been evaluated on human ex vivo oesophagogastric tissues. We note a substantial but 

indiscriminate heating of tissues incubated in GNRs then irradiated with NIR light. This 

temperature rise, if reproducible in vivo, would be effective for therapy of cancerous lesions 

as clinical application is possible with endoscopic coupling of laser fibres. The strong 

absorption of light by GNRs at relatively low laser energies renders the therapy method 

minimally invasive with minimal collateral damage expected in healthy tissues free from 

GNRs.  
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Chapter 5  In vitro assessments of functionalised gold 
nanorods for imaging and targeted therapy of in vivo 

gastrointestinal cancer  

 

 Introduction 

 

While the plasmon photothermal effect has been shown to potentially be an effective method 

of clinically inducing irreversible tumour photodestruction in human ex vivo oesophageal 

and gastric adenocarcinoma, it is prudent to investigate this further in an in vitro setting. This 

required the fabrication of coated GNRs which can be taken up by live cancer cells. In order 

for this to be a viable process for both in vitro and in vivo application including imaging, the 

surface of GNRs required a stealth coating such as PEG and multi-functionalisation with a 

fluorescent dye and a targeting ligand. Cumulatively this would enable appropriately 

functionalised GNRs to be biocompatible, optically detectable and cancer specific. This 

feature of multi-functionality further required GNRs to possess an aspect ratio and SPR 

absorption peak that was optimally tuned to the NIR.  

 

In this chapter the fabrication of these target-specific fluorescent GNR constructs is 

described. Exposing these nano-constructs to a combination of human adenocarcinoma and 

healthy cells tested their efficiency at tumour targeting. FLO-1 cells are human oesophageal 

adenocarcinoma cells which were chosen as a robust and verified cell line suitable for 

representing GI adenocarcinoma cells in general, within the context of PTT.   

 

Epidermal growth factor receptor (EGFR), found on the surface of cells, is commonly 

upregulated in a variety of epithelial malignancies, including oesophageal, gastric and colon 

adenocarcinomas. EGFR inhibitors such as Cetuximab are indicated in the treatment of 

metastatic colorectal cancer, metastatic non-small cell lung cancer and head and neck cancer. 

They have been explored in patients with upper GI cancers, and it is apparent that distal 

oesophageal and oesophagogastic junctional (OGJ) tumours may be more sensitive to EGFR 

blockade than distal gastric adenocarcinomas (1). In oesophageal cancer, 

immunohistochemistry (IHC) proven EGFR overexpression is very common, occurring in 

approximately 80% of patients with adenocarcinoma and squamous cell carcinoma (2). In 

the work described in this chapter, the expression of epidermal growth factor receptors 

(EGFR) on FLO-1 cells was thus tested with IHC. In addition to this, in vitro IHC and 
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fluorescence microscopy was performed to evaluate the FLO-1 cellular uptake of anti-

EGFR-antibody modified GNRs. The concept of in vitro photothermal therapy of cancer 

cells with GNRs is also reported and discussed. This chapter concludes by expounding on 

the application of FLO-1 cells in an in vivo model for establishing human oesophageal 

adenocarcinoma tumour xenografts. Hence the concept and potential for multi-functionalised 

GNRs in providing tumour theranostics is explored in vitro as a precursor to in vivo work.    

 

 Synthesis of GNRs and functionalisation with fluorophore and 
anti-EGFR antibody  

 

GNRs were fabricated using the seed-mediated method described by Murphy et al. (3) and 

work done by Mr. Yu Zhou, as described in Methods and Materials. CTAB molecules on the 

surface of GNRs were replaced by carboxyl PEG. Subsequent EDC/NHS chemistry was 

used to functionalise GNRs with a fluorophore (Cy5.5) modified with an anti-EGFR 

antibody.  

 

 Human oesophageal adenocarcinoma (FLO-1) cells 

 
FLO-1 cells have been verified as a true human oesophageal adenocarcinoma cell line and 

are recommended for research on oesophageal adenocarcinoma (4). These cells were 

obtained from Mr. Stefan Antonowicz MB ChB, MSc, MRCS a Clinical Research Fellow at 

the Department of Surgery and Cancer, Imperial College London. FLO-1 cells were 

established from a primary distal oesophageal adenocarcinoma in a 68-year-old Caucasian 

male in 1991. They are of epithelial origin and have an adherent growth mode (5). The 

subculture routine involves splitting sub-confluent cultures (70-80%) into 1:4 to 1:8, i.e. 

seeding at 1-3 x 10,000 cells/cm2 using trypsin/EDTA; 5% CO2; 37qC. The saturation 

density is approximately 105 cells/cm2.  

 

Cells were thus passaged routinely and incubated at 37°C in humidified air with 5% CO2 and 

maintained in a state of logarithmic growth. They were cultured in T175 flasks (Flask EZ 

Nunclon 175 cm2 Angled Neck Filter Sterile, VWR International Ltd., Lutterworth, UK). 

Cell culture work was performed at Chelsea and Westminster Hospital, London. The culture 

medium for FLO-1 cells is Dulbecco’s Modified Eagle’s Medium (DMEM) – 4500 mg 
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glucose/ml (Sigma-Aldrich Company Ltd. Dorset, UK) and the following was added to a 

standard 500 ml container of DMEM:  

 

x 10% Foetal Bovine Serum (Sigma-Aldrich). 

x 2 nM L-Glutamine Solution Bioxtra 200 mm (Sigma-Aldrich). 

x 100 U/ml Penicillin + 100 mg/ml Streptomycin solutions (Sigma-Aldrich).  

 TEM imaging of functionalised GNRs 

 
The aspect ratios (AR) of GNRs were determined using TEM (JEOL 2100 FEG-TEM). A 

small drop of ~8 PL of diluted aqueous GNR solution was pipetted onto a holey carbon film 

on 300 mesh copper grids (Agar Scientific, UK) and subsequently allowed to dry at room 

temperature. TEM images were routinely acquired using a JEOL 2010 high resolution TEM 

at an acceleration voltage of 200 kV. The image shown in Fig. 5-1, using bright field and 

dark field contrast, demonstrate an average GNR length of 70 nm, with an AR of 4. These 

images of our functionalised GNRs (courtesy of Experimental Techniques Centre, Brunel 

University London, using a Scanning Transmission Electron Microscope, STEM, taken at 80 

kV), also showed that there were some nanospheres within the solution, produced as by-

products, which correspond to the smaller spectral peak at 520 nm. 

 

   
Fig. 5-1 Bright field (a) and dark field (b) STEM images of functionalised GNRs 

(courtesy of ETC, Brunel University London). Scale bars = 100 nm. 

 

Scanning electron microscopy (SEM) was attempted to delineate the presence of GNRs 

within FLO-1 cells. However we were unable to clearly identify the presence of GNRs using 

a b 
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this method. It was thus decided that the best way to identify their intratumoural presence 

was to use TEM, which is more commonly used in nanoparticle characterisation and 

localisation. We subsequently performed and demonstrated this more definitely in vivo (refer 

to Section 6.6.1 in Chapter 6).  

 

 Immunohistochemistry and Epidermal Growth Factor 
Receptor (EGFR) Antigen Targeting  

 

“Immunohistochemistry is used to detect the presence or location of antigens (e.g. proteins) 

in cells of a tissue section by application of the principle that antibodies bind specifically to 

antigens in biological tissues. It is used particularly to diagnose cancerous cells, and the 

distribution/localisation of biomarkers and differently expressed proteins in different parts of 

a biological tissue” (6).  

 

EGFR is a family of transmembrane proteins with an extracellular receptor domain 

regulating an intracellular tyrosine kinase (7). EGFR (HER-1) is commonly over-expressed 

by many cancers including breast, GI and head and neck adenocarcinomas. It is important in 

signalling pathways, regulation of angiogenesis, cell proliferation and tumour metastases (8, 

9).  

 

Surface modification by attachment of an anti-EGFR antibody could increase the yield of 

GNRs within cancerous cells that overexpresses the EGF receptor. Kao et al. conjugated 

GNPs with cetuximab, an antibody-targeting EGFR, and further labelled the GNPs with In-

111, which created EGFR-targeted AuNPs. Their results suggest that anti-EGFR-antibody-

conjugated GNPs are a useful anti-tumour tool for the treatment of EGFR-overexpressed 

cancers (10). This overexpression of the EGF receptor on the surface of cancer cells, 

combined with the specificity of antibody binding, has been found to require only half the 

laser energy to destroy normal cells when both cell types were incubated in the same 

concentration of nanorod bioconjugates, which is a feature of selective PTT (11). Kwon et 

al. demonstrated that their intravenously delivered EGFR-NPs had a higher affinity for 

human breast tumours in mice at all time points in comparison to antibody-free NPs, from 

which it was concluded that the EGFR-specific-antibody-NP is more effective for cancer 

targeting in vivo (12). These tumours responded well to photothermal therapy with NIR laser 

irradiation.  
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The antibody attached to our GNR was an anti-EGFR antibody which was also conjugated to 

a fluorophore (Cy5.5), acquired from a commercial source, which was aimed at aiding 

detection via immunofluorescence. 4’, 6-diamidino-2-phenylindole (DAPI) was used as a 

counterstain to highlight the location of cell nuclei.   

 

For in vitro fluorescence microscopy, we stained our FLO-1 cell nuclei with DAPI and 

purchased fluorescent anti-EGFR antibody which was added to the cells in culture medium. 

These immunohistochemistry experiments were performed with Dr. Hailin Zhao PhD, a 

Research Associate at Chelsea and Westminster Hospital. The method is described below: 

 

FLO-1 cells were fixed in paraformaldehyde in 0.1 mol/l PBS solution. Cells were then 

incubated in 10% normal donkey serum in 0.1 mol/l PBS-Tween 20 and then incubated 

overnight with rabbit anti-EGFR (1:200, Abcam) followed by incubation with donkey anti-

rabbit secondary antibody for 1 hour. The slides were counterstained with nuclear dye DAPI 

and mounted with VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, 

CA). Cells were examined using an Olympus (Watford, UK) BX4 microscope using 20x 

objective.    

 

                  EGFR                 DAPI                   EGFR / DAPI 

 

 

 

 

                            

Fig. 5-2 Blue nuclear DAPI staining and anti-EGFR antibody fluorescent in green. The 
merged EGFR/DAPI image demonstrates binding of anti-EGFR antibody around the 

nuclei. Scale bar = 50 Pm. 
 

Results from immunohistochemistry experiments as shown in Fig. 5-2 demonstrated that our 

chosen cancer cells express the EGFR receptor as they take up free anti-EGFR antibody and 

we should therefore similarly target these cancer cells for in vivo experiments by conjugating 

GNRs with anti-EGFR-antibody. 
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 Immunohistochemistry and fluorescence microscopy of 
functionalised GNRs and cancer cells 

 

FLO-1 cells were fixed on two coverslips. 2 ml of cells with their medium was pipetted onto 

four coverslips and incubated overnight at 37°C. The next day, the medium was removed 

and 1 ml of 4% para-formaldehyde (PFA) added. After 15 minutes, PFA was removed and 

replaced by PBS such that the cells in the dish were adequately bathed.  

 
Cy5.5-PEG-anti-EGFR-antibody functionalised GNRs were then added in a ratio of 1:200 

dilution (diluted with PBS). Thus for two coverslips, 1.5 PL GNR solution is added to 298.5 

PL PBS making a total of 300 PL of PBS-GNR inside a test tube. This was mixed for a few 

seconds with a vortex stirrer. 150 PL of this PBS-GNR mixture was added onto one 

coverslip, and another 150 PL onto a second coverslip (total volume used was thus 300 PL). 

This was then left overnight to incubate with the functionalised GNRs in the dark to allow 

t16 hours for the optimal expression of an antigen. The next day, all GNRs were removed 

and all coverslips washed thrice with PBS. DAPI drops were pipetted onto a slide to stain the 

cell nucleus. The coverslips with cells were turned over to face the DAPI. After 24 hours or 

more of DAPI staining, fluorescence microscopy was performed.  

 

For in vitro fluorescence staining, cells were fixed in paraformaldehyde in 0.1 mol/l PBS 

solution. Cells were then incubated in 10% normal donkey serum in 0.1 mol/l PBS-Tween 

20 before being incubated overnight with the functionalised GNR. The slides were 

counterstained with nuclear dye DAPI and mounted with VECTASHIELD Mounting 

Medium (Vector Laboratories, Burlingame, CA). Sections were examined using an Olympus 

(Watford, UK) BX4 microscope using 20x magnification.  

 

      Cy5.5-GNR-EGFR                  DAPI                         Cy5.5-GNR-EGFR / DAPI 

Fig. 5-3 The FLO-1 nuclei with DAPI and fluorescence from the Cy5.5-GNR-anti-
EGFR-antibody in red. Merged Cy5.5-GNR-EGFR/DAPI fluorescence microscopy 

images demonstrating the binding of FLO-1 cells to antibody- and fluorophore-
conjugated GNRs. Scale bar = 50 Pm. 
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The results of immunohistochemistry and microscopy represented in Fig. 5-3 demonstrate 

that FLO-1 nuclei fluoresces blue under DAPI staining. The fluorophore Cy5.5 attached to a 

pure sample of anti-EGFR-antibody-functionalised GNRs shows that they too were 

fluorescent. The superimposed images of both Cy5.5-GNR-EGFR/DAPI showed that the 

GNRs were perinuclear and intracellular and there were no fluorescent signals coming from 

isolated, untargeted or free-floating fluorophores. The binding was efficient and suitable for 

PTT. This experiment was repeated thrice, showing good degree of binding on all occasions. 

We did not however observe this binding with Het-1A cells (a healthy squamous 

oesophageal cell line). In a separate experiment, the fluorescence properties of the 

functionalised GNRs were measured with a plate reader. The fluorescence of functionalised 

GNRs was well above the corresponding supernatant of the centrifuge solution, meaning that 

the fluorescence seen (in red) in Fig. 5-3 was unlikely to be from free fluorophores present in 

solution, but from functionalised GNRs.  

 

We also used a different human oesophageal adenocarcinoma cell line (OE-33) for 

immunohistochemistry and for in vivo application. Despite showing encouraging 

fluorescence microscopy results of uptake of functionalised GNRs, OE-33 cells proved to be 

challenging to culture in two different cell culture laboratories, and as such, FLO-1 cells 

which were noted to be more robust and reliable, and also had a good rate of GNR uptake, 

were preferentially chosen for both in vitro and in vivo studies.  

 

 NIR laser irradiation of other cells incubated with 
functionalised GNRs 

 

Dr. Clément Barrière PhD, a previous Research Associate in our group performed this in 

vitro experiment. It is included here to demonstrate that our group had previously tested the 

concept of in vitro photothermal therapy which has also been demonstrated by various other 

groups. We had no intention of reproducing the experiment in vitro with our FLO-1 cells as 

it would not add value to the information already gained from ex vivo tissue and already 

known from literature, where cellular and tissue destruction was possible with a combination 

of GNRs and laser irradiation. However the results adequately illustrate the effect of PTT on 

cells using a classic live/dead assay, thus it is mentioned here for completeness. The 

following is adapted from a paper drafted for publication but not yet submitted.  
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HeLa (human cervical cancer) or OSEC2 (normal ovarian epithelial) cells were grown in a 

48 well plate. The GNRs used were functionalised with either an aptamer (AS1411) or folic 

acid. AS1411 is an oligonucleotide which can be specifically endocytosed by cancer cells, its 

uptake being nucleolin-driven, where nucleolin is the receptor which is overexpressed on the 

membrane and in the cytoplasm of tumour cells (13). The viability and the proliferation of 

cells in the presence of functionalised GNRs were assessed. Viability tests were made on 

HeLa cells, in 48 well plates. 20,000 cells per well were plated. Experiments were repeated 

on three different wells, to reduce any random errors. The solutions were cultured for one 

day in the corresponding complete media, either complete DMEM (for HeLa cells) or 

complete RPMI (for OSEC2 cells). This was followed by 24-72 hours of incubation with a 

solution of GNRs dissolved in biological media (0.5 ml with 1011 GNRs per well). Live/dead 

assays (Calcein/Ethidium homodimer) were purchased from Invitrogen and the standard 

procedure was followed to assess the permeability of the nucleus membrane of the cells. 

Briefly, the GNRs solution was carefully removed, and each well was rinsed with 0.5 ml 

PBS. A solution of 23 mM of ethidium homodimer (dead) and 1 mM of calcein AM (live) 

was prepared in PBS. Each well was then incubated with 0.5 ml of this solution for 20 

minutes.  

 

Toxicity and cellular damage experiments were designed to assess the potential toxicity of 

the combination of GNRs with laser irradiation on HeLa cells (cell death was assessed with a 

classic live/dead assay). Cells were plated (10,000 HeLa cells per well) in a 48 well plate 

two days before the experiment in their corresponding media. This method was used to 

insure complete coverage of each well. For each sample of multi-functionalised GNRs, three 

wells were filled. Two of those were exposed to the laser while the last one was used as a 

control. After two days of incubation, the media was removed and replaced by multi-

functionalised GNRs solutions dissolved in complete DMEM (for HeLa cells) and the well 

plate was incubated for four hours. The solution for the live/dead assay was prepared just 

before the laser experiment and left in the dark. All the wells were emptied of their 

respective solution and rinsed once with PBS. The control well was used to assess whether 

the cells were still alive after this treatment. The live/dead assay was performed as soon as 

possible after the PTT experiment. Should the cells be alive, they would show up as green, 

and if dead, they should declare themselves as red.  

 

A thermal camera (FLIR S65 Thermal Imaging camera – 320×240 pixel LWIR detector – 80 

mK) was used which could indicate the emissivity over a large area and record temperature 

variation efficiently. A NIR laser diode (ThorLabs, L808P1WJ, 808 nm, 0.3 nm bandwidth, 

maximum power: 1 W) was used to heat the GNRs-cells. 
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The well plate was placed in front of the laser as per the set-up illustrated in Fig. 5-4. A 

standard experiment used 0.78 W of laser power. Images were recorded for 20 seconds to 

assess the background noise and temperature properties. Subsequently the shutter blocking 

the laser beam was removed for one minute. This procedure was repeated for all the wells 

except for controls. The live/dead assay was performed immediately after this experiment. 

An inverted microscope (Olympus IX51) was used to detect cell fluorescence with a 100 W 

mercury lamp and an Olympus DP70 colour camera while the Olympus software (DP 

controller and manager V3.1.1) was used to visualise the images. 

 

 

                                
 

Fig. 5-4 Laser set-up: The laser diode was directed on one particular well of the 48 well 
plate. Heating was recorded with a thermal imaging camera mounted above the well 

plate. 

 

 

Results 
 
No temperature increase was detected in cells which were not incubated with or exposed to 

GNRs. The influence of the laser on cells incubated with GNRs was studied using a 

live/dead assay. Fig. 5-5(b) shows that after just 10 seconds, some cells have already been 

photothermally destroyed (red staining). The area destroyed after 15 seconds in Fig. 5-5(c) 

was already slightly larger than the spot size of the laser, showing that the heat quickly 

dissipated to the periphery, where red and dead cells are stained. The central area of 

irradiation is totally devoid of any staining, as completely obliterated cells are not able to 

pick up the stain.  



 96 

 

 

         
  

                        

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-5 Live/dead assay on HeLa cells with GNRs after (a) 5; (b) 10; and (c) 15 seconds 
of exposure to NIR laser (Scale bar = 1 mm). 

 

Temperature profile data showed that all negative control cells (with/without application of 

laser light or with/without non-targeted GNRs) demonstrated good viability after the 

experiment. The results with neutral PEG (SH-PEG-CH3) showed no toxicity with the 

live/dead assay and were comparable to the negative control. It is important to note that 

when left for only four hours (the time required to perform the subsequent laser experiment), 

no toxicity was observed.  

b 

a b 

c 
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Only active targeting with folic acid or the aptamer AS1411 led to cell death. As observed 

by the thermal imaging camera, the area of dead cells increased proportionately with the 

final temperature reached. This study demonstrated the effectiveness and selectivity of 

photothermal destruction of cells incubated with appropriately functionalised GNRs which 

were then irradiated. To target cells, it was possible to functionalise GNRs with either folic 

acid or the aptamer AS1411. Both compounds are biocompatible, but it was noted that using 

an aptamer provided greater heat intensity and better specificity to tumour cells. While this 

photothermal effect is confirmed in vitro, it was thus necessary to study this phenomenon in 

vivo.  

 Establishing human oesophageal adenocarcinoma tumour 
xenografts in immunodeficient mice 

 
Although we have been successful in the application of imaging and photothermal therapy 

for tumour localisation in cells and ex vivo tissues, this has been thus far limited by the lack 

of a circulatory system, which is the route by which GNRs get to the site of the tumour in 

vivo. The previous work was essential in laying the foundations for successful GNR 

synthesis and functionalisation with fluorophores and antibodies/aptamers, and to estimate 

the concentrations of GNRs and laser fluence required to produce adequate hyperthermia.  

 
In an in vivo study, GNRs would target cancer cells by exploiting tumour physiology (EPR 

effect) and also by utilising the active antibody-antigen principles of selective targeting. 

There are semi-permeable vessels surrounding a tumour, where GNPs, due to their size, can 

diffuse through once delivered into the systemic circulation. Towards this a full 

physiological system is required including blood flow, lymph activity and, for the 

photothermal effect and subsequent healing, the full complement of the coagulation cascade. 

  

Ethical approval was sought under the Animals (Scientific Procedures) Act 1986 and was 

granted by the Secretary of State for a small animal project licence (PPL number 70/7996) 

on the 14th of August 2014. The author was the project licence holder and had a personal 

licence to carry out regulated procedures on living animals (PIL number 70/25542). Rodent 

work was conducted at The Northwick Park Institute for Medical Research (NPIMR). 

 
FLO-1 cells were grown and incubated in T175 flasks at the cell culture laboratory at the 

Department of Anaesthetics, Chelsea and Westminster Hospital, London. When cells were 

approximately 95% confluent, the culture medium was aspirated and replenished with fresh 
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medium to remove dead and detached cells. Subsequently, the entire medium was removed 

and cells washed with 20 ml of PBS. Approximately 5-6 ml of 0.05% trypsin-EDTA was 

added (Trypsin 0.05% EDTA, Life Technologies Limited, Paisley, UK) to disperse cells. 

The trypsinised cells were re-incubated at 37qC for 10 minutes prior to being transferred into 

a 50 ml sterile test tube, which was then centrifuged immediately at or below 1500 rpm for 5 

minutes. Viable cells could be counted using a hemocytometer. The supernatant was 

decanted and the cell pellet was suspended in medium such that there was approximately 100 

Pl medium added per flask of confluent cells. As a rough guide, one confluent T 175 cm2 

flask of approximately 15-20 x 106 cells was needed to grow a tumour in one mouse. 

Ultimately a 100 Pl suspension of both cells and medium was injected subcutaneously into 

each mouse. Cells were transported in a sterile test tube to NPIMR where immunodeficient 

mice were housed in an aseptic environment and handled with aseptic technique.  

 

8-9 weeks old male immunodeficient BALB/c nu/nu (comprising 92% of the total number 

used) and CB-17 SCID (severe combined immunodeficiency) mice (8%) were obtained from 

Charles River UK Ltd. (Kent, England). They underwent an acclimatisation period after 

arrival. The inoculation area was shaved (if necessary), then cleaned and sterilised with 

ethanol and/or iodine solutions. A 30-gauge needle was used to mix the cells with their 

medium and a 0.5 ml insulin syringe was used to draw the cells into the syringe. Under 

manual restraint, 15-20 x 106 cells were injected subcutaneously (s/c) at one site, usually into 

either flanks (or the back) of the mice. NIR therapy could then be started after approximately 

a fortnight when the tumours reached a minimum of 5 mm in any one dimension, measured 

regularly with digital callipers (Electronic Vernier Calliper, Sealey Group, Bury St. 

Edmunds, Suffolk, UK) as shown in Fig. 5-6. 

 

  a 

b 

Fig. 5-6 Creation of single tumour xenografts in (a) SCID 
and (b) BALB/c nude mice inoculated with subcutaneous 
injections of FLO-1 human oesophageal adenocarcinoma 

cells. 
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When proportionally compared to the height of a nude mouse (typically 6.5 cm), these 5-6 

mm tumours would, in a typically built adult human male (175 cm), conform to a tumour 

that is roughly the size of a hand (14 cm), with the depth of a fist (5 cm). They were noted to 

grow aggressively, reaching appropriate size for experimentation within approximately 10-

14 days. In our small animal project licence it was decreed that in the case of a single tumour 

attaining a mean diameter exceeding 1.2 cm, the animal would be humanely killed (abiding 

by the National Cancer Research Institute guidelines). The high growth rate of these tumours 

meant that they would often grow to their maximal dimension within 17 days after becoming 

suitable for intervention.  

 
It is expected that for a tumour to become clinically evident, a threshold of sufficiently 

actively replicating cancer cells has to be overcome before uncontrolled division and 

oncogenic propagation can lead to tumour formation. Pilot tumour growth studies using 2 -3 

mice were performed to determine which patterns of local growth were reproducible. This 

also showed any potential adverse effects associated with tumour progression and enabled 

humane endpoints to be identified (14). An insufficient number of cancerous cells will 

suppress the induction of tumour through the immune system, even in immune-compromised 

mice. The criteria for success in the process of subcutaneous cancer cell implantation was to 

have at least 80% of animals producing tumours of 5 mm minimum in two axes measured 

(measured using callipers in three directions; maximum length, width and depth) within 

eight weeks as published by E. Oikonomou et al. (15). We expected that the success rate of 

tumour induction would be in excess of 80% as the previous work quoted above suggests 

that 100% is achievable. At the end of this experiment the first go/no-go decision was made - 

if no tumours, insufficient numbers of tumours (less than 80%) or no adequately sized 

tumours are produced, the project could not progress further and further in vitro optimisation 

work would become necessary. When appropriate tumours were induced, some of the 

animals became the control arm of all ensuing experiments to ensure that the induced 

tumours were not self-limiting, that GNRs by themselves would not elicit tumour regression 

or that laser alone would not induce a thermal therapy of tumours. Tumours were also 

biopsied with core (punch) biopsy where histological confirmation of adenocarcinoma was 

evaluated.  

 

Confirmation that the tumours which developed from subcutaneous injections of FLO-1 cells 

was obtained through punch biopsies and histological evaluation. This was consistent with 

active and well-established adenocarcinoma of an alimentary tract origin (shown in Fig. 5-6). 
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Throughout the period of the animal study there was no morbidity or mortality suffered by 

the animals from any adverse reactions from either the inoculation procedure or tumour 

growth. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 5-6 Histology (100x mag.) from the gastrointestinal tumours induced in mice with 

FLO-1 cells, indicating many ciliated columnar cells with some goblet cells present. 
There are also many crypts. 

 

 Discussion 

 
The main purpose of this work was the fabrication of suitably functionalised GNRs which 

would then be able to target tumours in vivo for the purpose of imaging (diagnosis) and 

tumour ablation (therapy). Consequently these GNRs had to fulfil numerous criteria – they 

had to be coated with PEG to improve biocompatibility and reduce aggregation; they had to 

possess a SPR which was attuned to strongly absorb light at approximately 808 nm (which 

would correspond both to the therapeutic optical window of tissues being in the NIR, as well 

as match the emission of our CW diode laser); they had to be suitably concentrated (with a 

high optical density) for in vivo application and be functionalised with a fluorophore (Cy5.5) 

as well as a targeting ligand. Anti-EGFR antibody was the ligand of choice as EGFR is not 

only overexpressed in oesophageal cancers, but numerous other cancers and hence our 

results could potentially be transferable to a broader application. Validation, stability and 

characteristics of these functionalised particles were demonstrated via UV-Vis spectroscopy, 

zeta potential measurements and TEM. A mean GNR length of 70 nm and an aspect ratio of 

four was identified with TEM. 

100 Pm 
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FLO-1 cells were chosen as a verified representative for GI tract adenocarcinoma. These 

cells were shown by immunohistochemistry techniques and fluorescence microscopy to 

express an abundance of EGFR on their cell surface, which should in theory bind to the 

ligand attachment on the surface of our functionalised GNRs. This specific antibody-antigen 

mechanism of binding was subsequently confirmed in vitro by fluorescence microscopy on 

FLO-1 cells which were incubated with fluorophore- and antibody-functionalised GNRs. 

The photothermal destruction of cancer cells was illustrated by the previous work done by 

our group using live/dead assay on cancer cells incubated with functionalised GNRs and 

then irradiated for a very short duration with NIR laser. As it was crucial to then test this 

effect in vivo by establishing a live tumour model, FLO-1 tumour xenografts were 

established in immunodeficient mice in order to scrutinise the intricate interplay between 

physiology and tumour pathology in response to GNRs and photothermal therapy.  
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Chapter 7  Safety considerations in the application of 
functionalised GNRs for in vivo theranostics 

 

7.1 Introduction 

 

While is has been demonstrated that functionalised GNRs used for in vivo theranostics are 

effective, it raises the natural question of their safety. Initial publications that concentrated 

on the cytotoxicity of CTAB-GNRs generated a cauldron of controversy and propelled 

antagonists to admonish against its human application. In the last decade however the 

number of publications that attest to the inherent safety of coated GNRs in (rodent) in vivo 

studies have increased exponentially. The setting of an in vivo study in mice allowed us to 

scrutinise this aspect closely, which may, as a sole entity, be hindering the ‘leap of faith’ 

required to elevate this technology from bench to bedside.  

Some of the issues that remain to be quantified from the in vivo studies are the safe levels of 

both the GNRs themselves and the power of the laser that can be applied. In the context of 

application of GNRs for in vivo therapy, it was important to determine the minimum 

concentration of IV GNRs required to successfully ablate tumours, and the maximum 

concentration that could be applied IT to tumours before thermal damage to (healthy) tissue 

would offset any potential benefit to be gained by tumour ablation. To this regard critical 

information was gained from our literature review and the pilot study, and the subsequent 

experimental study utilised this by refining the protocol for GNR dose and laser fluence. 

Cytotoxicity of GNPs in vitro has been studied, and it has been demonstrated that they are 

safe up to 250 mM (1). However this does little to provide reassurances of the toxicity of 

GNPs in vivo, as there is a dearth of toxicity evaluation studies in animal models, which is an 

ideal means of evaluating toxicity on because of the complex physiological interplay 

between reticuloendothelial and immune systems. It would be important to know whether 

these gold nanoparticles can cause parenchymal structural or cellular damage to the main 

organs in which they tend to accumulate, especially in the RES. A quantification of the 

levels of Au within organs and the tumour itself would be useful to obtain, and towards this 

aim, a live animal model given both IV and IT GNRs would be optimal.  
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The principle underlying PTT is the ablation of tumours by GNRs through the conversion of 

SPR to thermal energy. The thermal reaction and temperatures seen are evident from the in 

vivo study described in the previous chapter. However it has not been previously quantified 

to what extent the potential transmission of energy through underlying tissues is, i.e. the 

depth of energy transfer. Although there was a constant area of thermal reaction evident on 

the skin of the subcutaneous tumour noted on the early stages post NIR irradiation, nothing 

is yet known about the state of the structures that lie beneath this area. This is important 

because although it appeared that the mice were unharmed by PTT, the extent of energy 

radiation could have subclinical effects on organs and tissues which lie adjacent to, or 

directly below the irradiated surface. A BALB/c mouse with a very thin skin layer would be 

an ideal model to study this element, as immediately underlying the subcutaneous tumour in 

the flank would be organs such as lung, spleen and liver. Histological analysis of these 

organs soon after PTT would reveal information about the effects seen from PTT. The issue 

of energy transfer depth needs to be determined before this technology can be tested in 

humans, as it is relevant to know if PTT could possibly induce a perforation of the hollow 

viscus in which it was applied, or, as in the case of the oesophagus, rupture the aorta which 

lies immediately posterior.  

Parameters such as weights, behaviour and routine blood tests were also evaluated in the 

mice study and they add to the overall picture in assessing the suitability and safety of GNRs 

as a viable treatment adjunct to the surgical armamentarium.  

This chapter is an extension of the in vivo study and is devoted to the assessment of the 

safety considerations in the application of GNRs and PTT in vivo. The main aims are to:  

1. Determine what power of laser irradiation would cause harm to healthy tissues or to 

the animal itself 

2. Determine the maximal safe dose for IT injection of GNRs for PTT, which provides 

the greatest temperature rises of the two routes of GNR administration 

3. Determine the depth of energy transfer in ambient organs and tissues from thermal 

reaction caused by PTT 

4. Evaluate the toxicity and biodistribution of circulating Au by inductively coupled 

mass spectrometry (ICP-MS) and histological assessment of the organs   

5. Perform haematological and biochemical blood analysis of mice receiving GNRs 

and PTT after 30 days 

6. Objectively provide evidence of weight changes throughout the study, and to 

evaluate psychosocial attributes and morbidities of mice receiving GNRs and PTT.  
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7.2 Determination of the maximal safe laser fluence  

 

In performing in vivo experiments, boundaries of dosage were unintentionally determined 

from mice that were inadvertently harmed. This only happened on two occasions during the 

experiments, with each providing crucial information about the maximal safe radiation dose 

and intratumoural concentration of GNRs. The parameters of laser fluence which was 

applied for PTT was guided by a result from inadvertent harm caused by NIR treatment in 

one pilot mouse which received IT GNRs. The parameters of this mouse are listed in Table 

7-1.  

Mouse 
type 

Vol. 
GNR 
(Pl) 

Conc. 
[GNR] 
nM 

OD 
(GNR) 

Laser 
Power 
(W) 

Beam 
diam. 
(mm) 

Laser time 
(min) 

Temp. 
rise (qC) 

Pilot  50 3.00 13.2 5.0 11 5 54 
 

Table 7-1 Parameters of pilot mouse which received IT GNRs and PTT at a high 
setting. 

 

Although this mouse did not exhibit any immediate post interventional signs of concern, it 

was apparent that it failed to thrive the next morning and had developed a thermal radiation 

burn (as shown in Fig. 7-1) measuring 1.6 x 1.8 cm. It was thus euthanised and histological 

examination confirmed a full thickness burn of all skin layers, including healthy tissue.  

 

  

Fig. 7-1 Full thickness thermal burn in this pilot mouse with graph demonstrating the 
temperature rise during PTT. 
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Fig. 7-2 Thermal camera images showing the heating (immediately upon the 
commencement of irradiation) with corresponding temperature rise showing extension 

into the surrounding healthy tissues (at the concluding time point). 
 

The temperature rise of 54qC was deemed critically high and it was evident from the thermal 

images (Fig. 7-2) that it had radiated laterally across leading to the inevitable destruction of 

healthy tissues. It was subsequently decided not only to reduce the laser power but also the 

duration of irradiation. For the experimental study, the maximal laser fluence used for PTT 

was therefore limited to 2.6 W/ cm2. The duration of irradiation was reduced to 3 minutes. 

Within these lower irradiation parameters, no mouse in the study experienced a thermal 

injury. The skin layer in BALB/c nude mice is extremely thin and practically transparent, 

and thus is comparable to the mucosal layer of the GI tract. A quantification of the vertical 

transmission of thermal energy through the skin is expounded in Section 7.4.  

7.3 Determination of the maximal safe concentration of IT GNRs  

 

The experimental study showed that the mean PTT temperature rise from IT-administered 

GNRs was higher than IV-administered GNRs. Thus a further consideration is the maximal 

safe dose for IT GNR administration which would not only prevent a detrimental 

temperature increase with PTT, but would need to be balanced against a dose that provided 

an appropriate photothermal effect on the tumour and be compatible with the preservation of 

adjacent healthy tissues. The answer to this was obtained from another pilot mouse which 

was given IT GNRs, and followed soon after with NIR therapy (refer to Table 7-2).  

 

Mouse 
type 

Vol. GNR 
(Pl) 

Conc. 
[GNR] 
nM 

OD 
(GNR) 

Laser 
Power 
(W) 

Beam 
diam. 
(mm) 

Laser 
time (s) 

Temp. 
rise (qC) 

Pilot  100 5.50 26.4 2.20 8 156 37 
 

Table 7-2 Parameters of pilot mouse which received a high dose of IT GNRs before 
PTT. 
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During PTT in this mouse, it became apparent that a thermal burn (Fig. 7-3) was occurring 

and the NIR irradiation was ceased prematurely (at 156 s) and the animal was euthanised 

whilst under general anaesthesia. Subsequent analysis of the temperatures achieved 

demonstrated a 37qC rise, which was initially perplexing (Fig. 7-3). This temperature rise 

was compared to another animal which achieved a similar and slightly higher temperature 

profile but with half the OD of GNRs. It was hypothesised that this pilot mouse was given 

too high a volume and concentration of GNRs (OD 26.4, volume 100 Pl) and this induced a 

concentrated burn at the core of its highest concentration (corresponding to its injection site).  

From this it was learnt that mice in the experimental study would receive half the 

concentration of GNRs (OD of 13.2) in half the volume (50 Pl), which would be distributed 

more evenly throughout the tumour. This would be done while maintaining the laser 

irradiation parameters. It can be seen from the temperature graph below that reducing the 

concentration and volume of GNRs administered IT did not reduce the overall temperature 

rise when compared to the higher dose received in the tumour of the pilot mice (OD 26.4, 

volume 100 Pl). Instead this reduction in GNR dose made thermal absorption safer, more 

homogeneous in its distribution and more tolerable to the animal. This is in contrast to an IV 

injection, whereby administering a lower OD of GNRs resulted in a proportionately much 

lower temperature rise, and failure in tumour ablation, as the lower concentration of IV 

GNRs would lead to a significantly lower percentage of GNRs accumulating at the tumour 

site due to a relatively constant uptake by the RES organs. This was previously illustrated in 

Fig. 6-50 (see Section 6.7.6 in Chapter 6).  

 

 

                                          

  

 

 

 
Fig. 7-3 Pilot mouse demonstrating thermal spot burn and its associated temperature 
rise (in red) compared to another mouse receiving half the OD and volume of GNRs. 
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7.4 Depth of Energy Transfer 

 

As the outward skin changes and temperature rises were noted most significantly in 

irradiated tumours which received IT GNRs, it was prudent to determine the depth of 

transmission of energy being delivered both to healthy and underlying tissues and examine 

the degree of damage that may inadvertently be occurring. 

  

Fig. 7-4 demonstrates the early post-irradiation clinical appearance of the tumour site, and it 

would thus be useful to assess the contemporaneous depth of energy transfer within the 

tissues. Day 3 post delivery of GNRs and irradiation was determined to be the optimal time 

to be able to quantify this histologically. Thus in one mouse which was given a routine dose 

of IT GNRs followed by PTT, a dissection was performed of the irradiated tumour site in the 

left flank, along with its underlying intercostal muscles and ribs taken en bloc for 

histological examination. Under terminal anaesthesia, a thoraco-laparotomy was performed 

in order to harvest the tumour site, a left hemi-hepatectomy and left pneumonectomy, as 

these were the organs that lay immediately underneath the irradiated site (Fig. 7-5). The 

dissection was done along with Professor Paul Sibbons, Northwick Park Institute for 

Medical Research, London, who subsequently also examined the H & E stained sections 

under light microscopy. The microscopic examination from these sites would provide 

evidence and information of the depth of energy transfer from PTT and the collateral 

dispersion of this energy. It would be clinically useful to ensure that the depth of energy is 

not unduly large or collaterally destructive, as it could cause unintentional or critical damage 

to the underlying structures.   

                                                                                                  

Tumour             Day 0  Day 2 

 

                                                                                                                                                                                            

Fig. 7-4 Typical clinical appearance of the early thermal reaction seen with PTT, with 
the corresponding temperature rise at the site of irradiation. 
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Fig. 7-5 Dissection of the irradiated site on day 2 post-PTT, exposing the underlying 

intercostals, left lung and left lobe of liver. 
 

 

From the histological assessment in Fig. 7-8, it would appear that the bone marrow 

immediately underneath the line of irradiation has been depleted, but the bones (ribs) 

immediately adjacent to this appeared normal. This illustrates the very limited lateral thermal 

spread and consequently the precision of thermal effect, whereby ribs immediately adjacent 

to the straight line of the laser’s beam were completely spared from any cortical or bone 

marrow destruction. The line of energy transmission extended further inside the thoraco-

abdominal cavity whereby the left lobe of the liver and left lung were marginally affected 

(Fig. 7-6 and Fig. 7-7). Thus when measured from the surface of the skin to the average 

depth of thermal spread seen from histologically measured depths within the liver and lung, 

the total depth of energy transfer was calculated at 5.73 mm (4.13 + 1.6 mm).  

Although there was histological evidence that thermal energy reached below the surface of 

the thin layer of the mouse’s skin to the left lung and left liver lobe parenchymal surface, this 

would not exert a clinically significant effect on the liver due to the extremely superficial 

nature of thermal effect. The liver parenchyma also has the ability to regenerate and hence 

compensate whilst the superficial thermal effect on the lung would in the worst perceivable 

scenario possibly lead to a small degree of fibrosis without any appreciable effect on 

breathing or oxygenation. In summary, the energy transmission was noted to be collimated 

along a linear line of transmission from its source and did not dissipate widely laterally from 

this line, such that only organs/structures immediately underlying its path received some 

superficial and gradually diminishing thermal effect, up to a total depth of approximately 5.7 

mm from the skin surface. This is likely to be a consequence of a peak concentration of 

GNRs within the tumour and our endeavours at keeping the laser beam focused precisely 

above the tumour site, which in turn minimised the potential for collateral thermal damage. 

    Radiation site           Underlying intercostals 

Radiation site dissected    Thoraco-laparotomy 



 178 

The tip of the laser’s fibre was also kept close to the surface of the tumour, maintaining an 

average of approximately 1.5 cm above the tumour. Images from the thermal imaging 

camera showed that although the entire tumour was heated due to the homogeneous 

distribution of GNRs, the maximal temperature activity was always seen at a single spot at 

the epicentre of the tumour where the laser was precisely focused. This was confirmed by 

reducing the ROI to examine the specific heat from the centre of the tumour (high) when 

compared to the global heat gradient across the entire tumour volume (lower).  

  

 

 

 

 
 

 
Fig. 7-6 Distance from surface of left lobe of liver affected by energy dissipation.  

 

 

 
 

 
 

 
 
 

 

 
 

Fig. 7-7 Distance affected from the surface of the left lung by energy transmission.

Affected surface of 
lung parenchyma 

Direction of laser beam  

Depth = 1.7 mm 

Depth = 1.5 mm Affected surface of 
the left lobe of liver 

Direction of laser beam 
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                      MAGNIFIED AREA 

 

 

Fig. 7-8 Depth of energy transfer from PTT and its histological extension from the 
epidermal layer to the underlying intercostal rib directly below the tumour. 

Normal bone marrow & rib immediately adjacent to irradiation area
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7.5  Toxicity and biodistribution of gold  
 

7.5.1 Methods 
 
This study was performed using inductively coupled plasma mass spectrometry (ICP-MS). 

The concentration of gold ([Au]) within organs was tested 30 days after injection of GNRs. 

The blood sample obtained was nearly the entire circulating blood volume, obtained through 

intracardiac venesection while under terminal anaesthesia. This blood sample was retained in 

a potassium-ethylenediaminetetraacetic acid (EDTA) blood bottle. Tumour sites were also 

resected, and organs such as liver, spleen, kidneys, lungs, heart and brain were harvested for 

analysis. All organs were weighed dry after washing with sterile water and drying and kept 

in cryovials in -80°C until ready to be processed.  

 

The [Au] at 30 days (end of study) was contrasted with [Au] at the tumour sites and in vital 

organs on Day 1 (for IV injections of GNR) and Day 0 (for IT injections) to see the initial 

[Au] concentration values at the time of PTT and its variation at the end of 30 days. As an 

observation, one mouse without any tumour and which was not subjected to laser, was 

instead given 1.5x the standard IV volume of GNR (150 Pl, OD 13.2) purely to study 

toxicity, biodistribution and behavioural changes/morbidity.  

 

All sample preparation work was performed by and in the MAGIC isotope research group 

clean lab facilities at the Department of Materials, Imperial College London. The samples 

were processed and analysed by Miss Rebekah Moore, a doctoral student, in conjunction 

with Dr. Adam Laycock PhD from the Department of Materials. Tissue samples were placed 

in individual microwave digestion vessels with 7 ml of concentrated (15.4 M) HNO3 and 3 

ml of 30% H2O2 (Suprapur 30% H2O2 from Merck) and left overnight at room temperature. 

Blood samples were weighed into the microwave digestion vessels. Sample solutions were 

produced using an Ethos EZ microwave digestion system, whereby the samples were 

increased up to a temperature of 210°C over one hour. Once clear sample solutions were 

obtained, they were evaporated to dryness before dissolving in 5% aqua regia. Samples were 

analysed for the gold concentration using an Agilent 7700x ICP-MS at The Natural History 

Museum, London. The 15.4 M HNO3 and 12 M HCl used in the aqua regia were purified in-

house using sub-boiling distillation with quartz stills.  
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7.5.2 ICP-MS Results 
 

The average concentration of Au [Au] obtained from various mice organs and blood at the 

end of study (day 30) was measured and contrasted with values obtained from mice 

receiving only GNRs at Day 0 (akin to control mice). Day 0 values correspond to post-GNR-

administration values and were included to give a representation of what the [Au] was at the 

point at which PTT would be instituted, however irradiation was withheld but instead the 

organs, blood and tumour sites were harvested. The tumour sites harvested had similarly not 

been exposed to radiation, and the [Au] was measured at days 0 and 17, which was the end 

point due to gradual increase in the size of tumour without PTT. The exact values are 

represented in Table 7-3 and the results are illustrated in Fig. 7-9. As the values were 

extremely small, the [Au] in the samples were shown in logarithmic scale on the graph for 

clarity.  

 

Tissues 
Average [Au] IV 

(Pg/g) 
Average [Au] IT 

(Pg/g) 
Liver 28.11 (0.791) 0.786 (0.078) 

Spleen 59.423 (6.841) 1.073 (0.845) 
Kidneys 0.801 (1.132) 0.025 (0.105) 
Lungs 0.477 0.011 
Heart 0.491 0.007 
Brain 0.015 0.001 

Tumour 2.609 (3.205) 10.083 (103.863) 
Blood 0.015 (20.573) 0.004 (0.297) 

Table 7-3 The average values of the concentration of Au ([Au]) found in 
tissues/blood at the end of study (given in Pg of Au detected per gram of organ). 

Values in brackets correspond to the [Au] at Day 0. 
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        Fig. 7-10 Proportionate increase in [Au] seen in the RES organs of three mice 
receiving varying volumes of GNRs.

Fig. 7-9 The average [Au] in tissues/blood at the end of study. X’s correspond to [Au] at Day 0/1. 
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7.5.3 Discussion 
 

Apart from tumour sites, it can readily be observed from Table 7-3 and Fig. 7-9 that 

intravenously administered GNRs result in a higher accumulation of Au in all studied organs 

when compared to IT delivery. This is likely to reflect the proportionately more volume and 

OD given via IV route, providing 100 µl of GNRs at an OD of 26.4 systemically while IT 

administrations contained 50 µl at an OD of 13.2 locally. This proportional increase in [Au] 

and distribution to the liver and spleen was similarly seen when exceptionally, 150 µl GNRs 

was given IV (Fig. 7-10). It would seem that considerably more GNRs are absorbed by the 

liver and spleen when administered systemically than when delivered locally to the tumour 

site. Organs such as the brain, lungs, heart and kidneys showed an extremely low and 

virtually negligible Au accumulation in comparison to a proportionally higher accumulation 

in the RES organs.  

 

In line with other published studies, the results from ICP-MS from this study further confirm 

that administered GNRs do not induce undue accumulation of Au within the blood stream or 

kidneys as the values of Au remain consistently low as shown in Fig. 7-9 and Fig. 7-10. This 

is demonstrated to be true even when increasing the volumes and concentration of 

administered GNRs. Even in the mouse that received the highest IV dose of GNRs (150 Pl, 

which is 1.5x more than the IV dose and 3x the IT dose), there was virtually no detectable Au 

present in blood or kidneys after 15 days (Fig. 7-10). It is clear that RES organs show Au 

dose-dependant results on ICP-MS where livers and spleens absorb proportionately larger 

quantities of Au when higher volumes of GNRs were administered. In mice that received IV 

GNRs, it would appear that the majority of the remaining circulating Au would be 

metabolised by the organs of the reticuloendothelial system, chiefly the spleen and liver. It is 

known that the spleen and liver are primary organs of GNP biodistribution and metabolism 

(2-12), and the main hub of phagocytotic activity. Fig. 7-9 suggests there is a gradual 

accumulation of Au particles within the liver and spleen from the day of administration to the 

end of study, which is counterpoised by the gradual ebb from blood and tumour sites. The 

higher [Au] seen in the spleen may also be partly due to the relatively smaller size of the 

spleen in comparison to the liver, thus accounting for more Au per gram of organ. 

 

The data of [Au] within tumours provided conclusive evidence that the functionalised GNRs 

were in fact arriving at tumour sites from systemic administration, as evidenced by ICP-MS. 
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This proved the value in fabricating multi-functionalised GNRs as they were reaching their 

target destination through a combination of active and passive processes. A comparable 

percentage of the injected Au was seen within tumours as quoted in previous publications 

[<5% (13) and 0.16-1.22% of injected doses (14)]. Concordance with Maeda & Matsumura’s 

EPR theory (15, 16) was demonstrated here in that systemically-administered GNRs do 

accumulate at the site of tumour from leaky tumour vasculature resulting from fenestrations 

within vascular endothelial walls large enough to permit GNRs to passively accumulate at the 

tumour site. The [Au] at the tumour sites also prove that GNRs are retained within the tumour 

matrix due to the poor lymphatic drainage around the site of tumour, resulting in a similar 

[Au] found at both the start and end of the study in the IV group. However there was 

considerable clearance of GNRs from the IT-injected tumour site, with a 10-fold decrease in 

[Au] at the end of study compared to the day of delivery. This is compatible to macrophagic 

activity seen under 1000x magnification under light microscopy [see Fig 6-39(b), in Section 

6.6 of Chapter 6]. This would result from the fact that despite the intention, most of the 

injected GNRs would not be directly absorbed by tumour cells; a vast majority would be 

lying freely within the interstitium and extracellular matrix, and as such a phagocytic reaction 

to ‘foreign material’ by macrophages would ensue, clearing up GNP ‘debris’ lying dormant 

within the epithelial layers. Without the application of PTT, at the end of the study there were 

approximately 4 times more GNRs persisting in IT-administered tumour sites compared to IV 

delivery.  

 

There was a proportionately larger [Au] in tumours found on Day 0 in mice receiving IT 

GNRs (30-fold higher) than mice receiving IV GNRs (103.8 vs. 3.2 Pg/g). However, as it can 

be seen in Fig. 6-30, the temperature rise during PTT (Day 0) following IT GNRs was on 

average only 4.3 r 9qC higher than IV GNRs. This temperature rise in IT GNRs could 

perhaps be limited because the absorption from GNRs within the tumour is sufficiently high 

to convert all NIR light into heat within the tumour, therefore there is no incremental benefit 

to be gained by increasing the concentration of GNRs. It is known that much higher 

temperatures can be achieved with more concentrated GNRs especially when administered IT 

and with higher laser fluences (refer to Sections 7.2 and 7.3), but this would be detrimental to 

the mouse, as such it was endeavoured to maintain temperature rises within a certain 

photothermal therapy range. In our experiments this was performed by halving the 

concentration, OD and volume of GNRs delivered IT in comparison to the IV dose.   

 

Clearance of Au from the bloodstream after 30 days is important in ensuring there are no 

long-term effects from systemic reservoirs of GNPs which may aggregate/coalesce or 
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precipitate to propagate as emboli. The values show a barely detectable quantity of Au within 

the circulation from both methods of administration at the end of the study (30 days), and it is 

worth being cognisant that virtually the entire blood volume was sampled and analysed 

through mass spectrometry by means of (terminal) intracardiac venesection.   

7.6 Histological evaluation of RES organs exposed to GNRs and 
PTT 

In view of the higher [Au] in the liver and spleen compared to other organs, RES organs were 

examined at Day 30 post GNR and PTT to establish the actual degree of hepatocyte, 

splenocyte and renal cell damage that may be appreciated microscopically from the 

accumulation of Au. The histology of the organs shown in Fig. 7-11 and Fig. 7-12 is 

representative of the changes visualised from both IT and IV GNRs 30 days after PTT.  

  

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 7-11 Histology from the liver 30 days post GNRs and PTT demonstrating no 

hepatocellular damage (100x mag.). 
 

    

Fig. 7-12 Histology from the (a) kidneys and (b) spleen 30 days post GNRs and PTT 
showing no damage to renal cells (100x mag.), a morphologically active spleen but no 

splenocyte damage (100x mag.). 
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The histology from the liver, spleen and kidneys of mice examined at the end of the 30 day 

study period demonstrated that there was no structural damage to these organs, despite there 

being clear accumulation of Au within the parenchyma of the organs identified on ICP-MS 

which persisted through to the end of the study. The spleen has been identified through ICP-

MS as the organ that retains the most Au. Although morphologically active sites were 

demonstrated histologically within the splenic parenchyma, there was no indication that there 

was any long-lasting splenocyte damage. Combined with the fact that there was no 

physiological or psychological insult to the mice during the study period, this provides further 

evidence that GNPs should be considered safe and biocompatible in vivo and the measurable 

Au which persists in organs after 30 days really is minute and clinically inconsequential. This 

would concur with other in vivo studies of PEGylated GNPs (17).  

 

An in vivo study by Zhang et al. (18) examined toxicity of 13.5 nm GNPs in mice whereby 

animal survival, weights of organs and animals, haematological and morphology of GNPs in 

blood and bone marrow cells were determined at varying concentrations of GNPs 

administered via different routes (oral, intraperitoneal and intravenous) over 14-28 days. The 

authors concluded that injecting gold nanoparticles via the tail vein (IV) demonstrated the 

least toxicity over more adverse outcomes observed with oral and intraperitoneal routes of 

GNP administration. This would augur well with our two chosen methods of safe in vivo GNP 

delivery – intravenous (IV) and intratumoural (IT).   

 

7.7 Haematological & biochemical analysis  
 

Blood tests were carried out on mice receiving PTT with both IV and IT routes of 

administration to evaluate any haematological or biochemical changes occurring as a result of 

GNRs or PTT. We were only able to perform these tests at the end of study (after 30 days 

post-treatment) as the analysis required a volume of blood which was only attainable through 

cardiac venesection. This was thus performed three minutes after terminal general anaesthesia 

(comprising intraperitoneal ketamine and xylazine). The main aims were to evaluate if there 

was any functional and intrinsic damage occurring primarily to the kidneys or liver. Blood 

from three mice in each group were evaluated, and the averaged results are tabulated (Table 

7-4 and Table 7-5). 
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Haematology test Results Comment 
Haemoglobin 14.8 g/dL Normal 

White Blood Cells (WBC) 6.73 x 103 Pl Normal 
Red Blood Cells 9.94 x 106 Pl Normal 

Haematocrit 0.469 l Normal 
Platelets 1009 x 103 Pl Normal 

WBC Differential Normal Normal 
 

Biochemistry test Results Comment 
Urea 6.8 mg/dl Normal 

Creatinine 38 mg/dl Normal 
AST 215 IU/l Normal 
ALT 68 IU/l Normal 
ALP 60 IU/l Normal 

 
Table 7-4 The average blood results in the IV GNRs + PTT group (after 30 days). 

 

 

Haematology test Results Comment 
Haemoglobin 14.6 g/dL Normal 

White Blood Cells (WBC) 7.11 x 103 Pl Normal 
Red Blood Cells 10.12 x 106 Pl Normal 

Haematocrit 0.462 l Normal 
Platelets 1043 x 103 Pl Normal 

WBC Differential Normal Normal 
 

Biochemistry test Results Comment 
Urea 5.8 mg/dl Normal 

Creatinine 37 mg/dl Normal 
AST 110 IU/l Normal 
ALT 46 IU/l Normal 
ALP 69 IU/l Normal 

 
Table 7-5 The average blood results in the IT GNRs + PTT group (after 30 days). 

 

PTT with GNRs did not incur any deviation of blood biochemistry values. It can therefore be 

inferred that the intrinsic function of the liver and kidney is preserved. There was also no 

haematological abnormality noted as a consequence of the nanorods themselves or the 

therapeutic intervention. These results, when seen together with the histological samples from 

organs, provide further objective evidence of the innocuous nature of GNRs and PTT.  
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7.8 Physical and psychosocial attributes of treated animals 

 

The mice were weighed at the start of tumour induction and weekly thereafter until the end of 

study. These weight changes can be seen from the values in Table 7-6 and are represented in 

Fig. 7-13. The median weight gain in the IT group was 3 g while it was 4.5 g in the IV group. 

More importantly, no mouse in either treatment arm lost weight from the period of 

inoculation to the end of study. No mouse demonstrated muscle atrophy or emaciation, and no 

animal experienced anorexia (loss of appetite) or appeared dehydrated at any point during the 

study.  

 

IT GNRs 
+ PTT 

IV GNRs 
+ PTT 

Min (g) 1 1 
Q1 (g) 1.25 3 

Median (g) 3 4.5 
Q3 (g) 4 5 

Max (g) 6 6 
 

Table 7-6 The minimum, median, maximal and 1st and 3rd quartiles of weight gained by 
mice in each treatment arm of the study. All measurements are in gram. 

 

      

Fig. 7-13 Box and whisker diagram of weight distribution of the mice, demonstrating an 
increase in both groups with the medians, quartiles and minimum and maximum weight 

gains. 
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Survivability of the animals was key to ensuring GNR and irradiation therapy would not be 

grossly harmful, nor would the effects from having a large tumour burden or metastasis. In 

our study no systemic side effects or morbidity were observed during the study period and 

there was no unexpected mortality. Control mice with GNRs and laser alone did not suffer 

from any ill effects, even when 1.5x the usual IV dose of GNRs was administered to a control 

mouse without any tumour. As control mice were terminated within 30 days (or when the 

tumour size was > 12 mm) and there was no mortality, it is not possible to comment on long-

term survivability of the treated mice in comparison to controls, as this was not designed to be 

a longitudinal study.  

 

Mice were routinely observed at least once daily, but on the day of PTT and on day 1 post 

PTT, each animal was monitored closely and observed at least four times. Once awake from 

general anaesthesia, it was apparent that the animals did not experience undue pain as a 

consequence of PTT, such that no animal appeared to require analgesia before, during or after 

PTT. The sites of tumour inoculation and of PTT were consistently dry and no radiation site 

infections were noted and no prophylactic or treatment antibiotics were required. 

 

All animals were monitored assiduously for changes in physical appearance, behaviour and 

social interaction. There was no observable change in the physical or psychosocial attributes 

of mice receiving GNRs alone or PTT, even when administered at the higher (1.5x or 2x the 

normal) IV dose. These findings are consistent with other reported in vivo studies, which 

agree that there is no pain, suffering, distress or lasting harm to be derived from clinically 

relevant doses of in vivo GNP administration or irradiation (17, 19-21).   

 

7.9 Summary of findings  

 

- The parameters for safe and effective laser fluence and maximal GNR concentrations 

used for in vivo PTT were learnt and adapted from initial pilot studies 

- It became apparent from pilot studies that half the concentration and volume of GNRs 

was better tolerated by mice and could produce similarly effective heat profiles for IT 

administrations 

- Energy transmission appeared to propagate in a relatively collimated manner to the 

tumour surface. This was likely to be due to the maximal GNR concentration within 

the tumour itself and the laser beam focused proximately and directly over the 

tumour, which minimised lateral energy dissipation. The depth of energy transfer was 
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approximately 5.7 mm from the surface, with a gradual attenuation in the thermal 

effect  

- Underlying structures did not appear to be unduly traumatised by this propagation 

- Biodistribution studies revealed that the volume of GNRs administered is 

proportionate to [Au] found within the RES organs 

- Blood clearance of GNRs was notably prominent, and systemic GNRs were 

predominantly metabolised by the liver and spleen, and excreted by the kidneys. 

Other organs showed negligible quantities of Au 

- Evidence of the permeation and retention of GNRs at tumour sites was demonstrated 

- Histological evaluation of the liver, spleen and kidneys showed no evidence of 

structural, parenchymal or cellular damage, despite showing the highest [Au] on mass 

spectrometry 

- Haematological and biochemical parameters within the blood did not demonstrate 

any deviation from normal values, and demonstrated preservation of intrinsic kidney 

and liver function 

- No weight loss, anorexia, pain, morbidity or change in physical or psychosocial 

attributes were seen in mice throughout the duration of the study.  

 

 

7.10  Discussion 

 

The findings from our in vivo study are highly suggestive that the initial concern of 

cytotoxicity and biocompatibility of GNPs has been addressed by the addition of PEG 

coating, at least in this short-term in vivo study. Recent studies which have incorporated some 

form of ‘stealth’ coating onto CTAB-GNPs have also not shown any in vitro or in vivo 

cytotoxicity, immunogenic response or mortality, even when administered to 

immunodeficient or transgenic mice. Although there was a small quantity of Au that persists 

within the liver and spleen after both IV and IT administration, it is perhaps the safest refuge 

for them as they do not linger within the blood stream to propagate as emboli from their 

aggregation. It has been shown that the liver, spleen and kidneys are not structurally or 

functionally affected by the presence of Au within their parenchyma. The hepatorenal 

metabolic pathway is the most likely route of GNR elimination. Although it is beyond the 

capacity of this study to conclude, it is likely that the infinitesimal quantities of GNPs 

remaining within these organs would continue to be innocuous with the passage of time.  
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Multi-functionalised GNRs do seem to be more affective at tumour targeting than relying 

solely on the physiological principles underlying the EPR effect of GNR accumulation. The 

quantity of Au identified within tumour tissue from systemic administration of GNRs is a 

strong testament to this, as it has been effective for photothermal therapy. There was a 

comparable percentage of GNRs arriving at the tumour site from the IV-injected dose as with 

other published studies.  

 

Having previously demonstrated the photothermal effect on porcine and human ex vivo 

tissues, it was important to establish the effects of applying PTT onto live tissue, and the 

adaptations that could be made to enhance its safety and efficiency. Towards this aim, an 

extensive literature review and the in vivo pilot studies were crucial in understanding the right 

combinations of GNR concentrations and laser power that are applicable in vivo. This led to 

refinements in the doses used in the study for both control and PTT groups, in particular to 

avoid collateral damage to healthy tissues during PTT. Furthermore it was imperative to 

resolve the spread of energy from this technology, in due consideration of its adoption as a 

viable application in humans. The relatively vertical spread of energy from the surface, with 

most of the heating effect observed within the tumour, resulted in only a slight collateral 

extension of the energy. This is not expected to have any clinical bearing on humans. 

 

The translational potential of GNRs would inevitably also be dependant on the results from 

blood tests, along with the fundamental physical and psychosocial aspects that were studied. 

With this regard, having provided a blemish-free safety profile of all the individual 

components, it strongly suggests that when viewed as a whole, the application of GNRs as a 

theranostic tool is both safe and effective for cancer detection and therapy.   
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Chapter 8  Summary, future work and conclusion 

 

From the outset, this work crossed the threshold of becoming a truly multidisciplinary team 

project with the chemistry involved in the fabrication of functionalised GNRs, the physics 

involved with the application of fluorescence imaging and NIR laser energy to coincide with 

the surface plasmon resonance of GNRs, the molecular biology involved with 

immunohistochemistry and electron microscopy, the animal science and tumour biology 

aspects, geochemical analysis using mass spectrometry, combined with a foray into the 

clinical aspects of medicine which constantly strived to ensure that the theranostic aspect of 

the project’s aims, methods and findings would be able to develop a technology that would 

ultimately be beneficial and translatable to humans. It also involved collecting and analysing 

a variety of samples ranging from aqueous samples of GNRs to ex vivo human tissues, in 

vitro cancer cells, and finally in vivo mice tissues. 

GNRs have attracted much interest in biomedical application due to their ability to be 

synthesised in bulk, high optical absorption in the NIR and their ability to be functionalised 

to target peptides and receptors which are over-expressed on the surface of malignant cells. 

Their size and functionality permits the application of nanoparticles for surgical imaging and 

targeted therapy.  

Current hyperthermic techniques such as radiofrequency ablation, microwave therapy and 

hyperthermic intraperitoneal perfusion for inducing heat within tumours are rather limited in 

their applicability to selectively deliver heat towards cancer tissues (1), in many cases 

causing damage to healthy surrounding tissues, as well as significant discomfort. 

Furthermore, commercially available instruments for these conventional hyperthermic 

treatment options are often limited to shallow depth penetration (less than 3 cm) (1). Precise 

treatment can be achieved through focused (fibre-optic) delivery of incident radiation (2, 3). 

The clinical practicality of NIR light resides in its minimal attenuation by water, 

haemoglobin and endogenous chromophores, such that it can penetrate soft tissues at depths 

up to 10 cm (4). It has also been shown that blood flow to tumour is essentially obliterated 

three hours after NIR therapy (5). Our NIR light delivery system involves a small, cheap and 

portable dental CW diode laser.  

The functionalised PEG-GNR-Cy5.5-anti-EGFR-antibody complex appears to offer great 

potential in conjunction with NIR irradiation at ablating human oesophageal adenocarcinoma 

tumours in vivo. Within the tumour sizes in this study, therapy seemed to be effective with 
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just a single application of GNRs and a short irradiation period with relatively low energy. 

Although anti-EGFR antibody was used as a targeting agent on the surface of GNRs in our 

in vivo model, it is perfectly feasible to substitute this with another peptide/ligand for 

application in other cancers. The heterogeneity of expression of molecular markers make the 

specificity of targeting challenging, which is one reason for opting for the more generically 

abundant over-expression of EGF receptors, which can be then applied in a variety of other 

similar antigen expressing tumours.  

The GNRs and carefully researched irradiation regime was well tolerated by mice and there 

was no unexpected mortality due to either component. This is possibly due to the process of 

PEGylation which has made GNPs biocompatible. The quantity of Au identified within 

tumour tissue from systemic administration of GNRs is a strong testament to the use of 

multifunctionalised GNRs, which have been effective in targeted photothermal therapy. 

Toxicity studies have shown exceedingly low concentrations of Au, particularly in organs 

associated with their metabolism and excretion. The rapid excretion of Au resulted in a 

virtually negligible circulating concentration of Au at the end of the study, and when 

examined histologically, did not result in any lasting effect on major organs.  

The aims of this work as listed at the beginning were: 

1. The assessment of the viability of applying photothermal therapy in human (ex vivo) 

adenocarcinoma tissues 

2. Determine its efficiency in rodent (in vivo) cancer  

3. Develop the application of fluorescence imaging for cancer detection in vivo 

In Chapter 3, in vitro assessments of GNR showed them to change shape due to heat 

generated by CW irradiation. They also experienced a blue shift and a diminution in their 

absorption spectral peaks thus rendering any subsequent CW irradiation at the identical 

previous wavelength largely ineffective. Aggregation was also shown as an additional 

phenomenon post-irradiation ex vivo. GNRs did not demonstrate the extent of heating and 

spectral blue shift with PA laser as when compared to the changes observed with CW laser. 

Aggregation and reshaping of GNRs was also demonstrated to occur in vivo by examining 

irradiated tumour sites with TEM. This has an implication for CW lasers which are the most 

commonly used light sources for tumour PTT as sequential therapy performed by irradiating 

the same batch of previously irradiated GNRs is unlikely to provide any additional 

photothermal effect.  

Chapter 4 involved experiments with aqueous solutions of GNRs, porcine and ex vivo human 

tissues. A linear relationship was found between the concentration of aqueous GNRs and the 
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temperatures generated by their irradiation. Healthy porcine tissues incubated with the most 

concentrated solution of GNRs experienced instantaneous charring/carbonisation under 2 W 

of NIR irradiation with a similar and prominent dose-effect seen on tissues irradiated with 

varying concentrations of GNRs. Ex vivo human oesophago-gastric cancer tissues incubated 

with CTAB-GNRs elicited a maximal temperature rise of at least 20°C after just 3.5 minutes 

of NIR light exposure, while tissues not exposed to any GNRs only achieved a modest 2°C 

rise. This is the first time that the plasmonic photothermal effect from GNRs has been 

evaluated on human ex vivo oesophagogastric tissues.  

Chapter 5 dealt with the formation of stable and functionalised PEGylated GNRs that were 

conjugated with both a fluorophore and anti-EGFR-antibody. FLO-1 human oesophageal 

adenocarcinoma cells demonstrated an overexpression of the EGF receptor by a good uptake 

of free anti-EGFR antibody. Incubation of FLO-1 cancer cells with the functionalised GNRs 

showed a high degree of binding when compared to healthy Het-1A oesophageal cells. The 

concept of photothermal therapy using cancer cells was introduced along with the formation 

of tumour xenografts by a subcutaneous inoculation of FLO-1 cells in immunocompromised 

mice.   

Chapter 6 fulfilled in vivo objectives by performing an in-depth analysis into the tumour 

theranostic potential of GNRs. The main findings of the in vivo study are summarised below: 

1. Fluorescence spectroscopy obtained high amplitude signal peaks specifically over 

visually confirmed tumour sites in mice which had received GNRs via both IT and 

IV routes. These matched the fluorescence emission of the functionalised GNRs, 

indicating the specific accumulation of GNRs in the region of cancer 

2. Fluorescence imaging was able to provide good contrast between healthy and 

cancerous regions, by detecting IV administered fluorescent GNRs accumulating at 

the site of tumour. These fluorescence areas corresponded well to the external 

margins of even subtle tumours, which will be clinically useful in cases of diagnostic 

uncertainty and image-guided biopsies  

3. The degree of intensity feedback from fluorescent areas was quantifiable with line 

profiling across the fluorescent area 

4. Fluorescence imaging was able to delineate the tumour margins, and possibly even 

of its less visible peripheral borders 

5. It is likely that the free Cy5.5-anti-EGFR-antibody component in an aqueous 

solution of functionalised Cy5.5-GNRs-anti-EGFR-antibody is responsible for the 

early fluorescence seen because of its small size and through its rapid binding to 

tumours which over-express the EGFR antigen 
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6. Fluorescence signals decay over time, but the tumour site was usually still well 

illuminated 24 hours post IV injection  

7. IT GNRs demonstrated a darkened area under fluorescence imaging due to a 

quenching effect, which was useful in ensuring the tumour area was adequately 

infiltrated with GNRs prior to PTT 

8. It was suggested that GNRs were metabolised and excreted primarily through the 

hepato-renal pathway 

9. In the experimental study, control mice subjected to GNRs or laser alone showed 

these modalities were by themselves incapable of inhibiting tumour proliferation 

10. In the IT GNRs and PTT group, all ten mice in the study demonstrated complete 

tumour ablations at the end of the study, which were confirmed histologically 

11. In the IV GNRs and PTT group, all ten mice in the study demonstrated complete 

tumour ablations at the end of the study, which were confirmed histologically 

12. No metastatic lesions were identified at the end of study, which reinforces the 

strength in eliminating the primary tumour timely and completely 

13. Mean temperature increases of 42.3 ± 9.4qC was seen from PTT in the IT GNRs 

group and 38 ± 9qC in the IV GNRs group. A return to baseline temperature was 

seen within two minutes of laser energy cessation. However thermal imaging only 

detects surface heating, is unable to provide live thermal information and was found 

to have a poor correlation with the elimination of tumour 

14. All irradiated sites demonstrated neo-epithelialisation which occurred through the 

process of neo-collagenesis with histological disappearance of proliferating cells  

15. Endocytosis of functionalised GNRs into tumour cells was confirmed by TEM 

analysis and EDX characterization of Au 

 

Pilot mice studies were instrumental in formulating seven key principles which are likely to 

enhance photothermal tumour ablation success rates.  

 

1. Multidirectional injection of GNRs for IT administration 

It was imperative that equal volumes of GNRs was injected homogeneously into the entire 

tumour volume, by directing the needle of the syringe into all four quadrants and finally into 

the base of the tumour. This principle effectively and significantly reduced post-ablation 

cancer recurrence from the peripheral zone of irradiation. This was discovered after noticing 

that injections of GNRs solely into the epicentre (core) of the tumour did not dissipate GNRs 

evenly to all the edges of the tumour thereby inducing tumour persistence/recurrence.  
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2. Ensuring the beam size is larger than the largest dimension of tumour 

It was crucial to maintain a laser beam diameter of at least 1 mm larger than the longest 

single dimension of the tumour, to ensure adequate tumour coverage and incorporate a 

margin of safety. The beam diameter was defined as 1/e as it had a Gaussian shape with no 

sharp edges. This was important in ensuring that any marginal cancer cells that were present 

in the periphery of the central (visible) tumour were also thermally ablated, so as to 

effectively minimise the likelihood of tumour recurrence.  

 

3.  Size consideration of large tumours  

Larger tumours require proportionally more GNRs for successful photothermal therapy with 

adequate laser fluence as there was a gradual diminution in energy delivered to the 

peripheral (extremity) zone. However, safety consideration of the maximal laser power was 

essential in order to prevent collateral tissue damage, irrespective of the size of the tumour. 

As such, a gradated PTT approach should be considered for large tumours.  

 

4. Administer a fresh and pure sample of fully functionalised GNRs 

 A fresh and pure sample of functionalised GNRs affords better fluorescence and thermal 

effects, leading to more reliable and consistent results. This was discovered after noticing 

diminished fluorescence signals and photothermal efficiency from using functionalised 

GNRs in vivo that were older than three weeks. Fresh samples of functionalised GNRs were 

found to yield consistently good theranostic results.  

 

5. Allow 24 hours after IV administration of functionalised GNRs 

Although the optimal time for detecting fluorescence signals and commencing PTT for 

tumours remains to be determined after IV administration of GNRs, immediate PTT after IV 

delivery of GNRs was associated with a poorer outcome. A 24-hour lapse after delivery of 

GNRs for PTT saw complete tumour ablations in all mice within the IV group of the study. 

This allowed sufficient time for passive GNR accumulation at the tumour site via the 

complex physiological interplay between EPR and the active biochemical antigen-antibody 

interaction between GNRs and cell membrane receptors.  

 



 198 

6. Determine the appropriate OD (and volume) of GNRs to administer 

An appropriate volume and OD of GNRs was crucial for targeted therapy when 

administering GNRs for PTT. This principle was discovered from pilot studies where 

insufficient OD of GNRs would lead to tumour reccurence and too large a volume of GNRs 

would lead to inappropriate hyperthermia levels. Achieving a fair balance between 

concentration and volume of GNRs with irradiation parameters was paramount to successful 

photothermal therapy. A systematic review of literature and the in vivo pilot studies were 

crucial in determining the optimal parameters for both GNRs and laser.  

 

7. Observe for 30 days and evaluate pathology 

This allowed adequate time to ensure that tumours do not re-surface once the skin had 

completely healed, both macroscopically and microscopically. This was significant as the 

initial visual thermal effect on the tumour site and the temperature rise following 

photothermal therapy was often similar in almost all irradiated mice but not always 

consistent with the final result. Performing histological assessments of tumour ablation sites 

and a thorough post-mortem evaluation at day 30 was the gold standard approach adopted in 

the in vivo studies to confirm successful tumour eradication.  

 

Chapter 7 endeavoured to address the safety issues that persist about the application of 

GNRs and PTT in vivo. The main findings were:  

 

1. The parameters for safe and effective laser fluence and maximal GNR 

concentrations applicable for PTT in vivo were established from initial pilot studies 

2. Half the concentration and volume of GNRs was better tolerated by mice and could 

produce similarly effective heat profiles with IT administrations of GNRs 

3. Energy transfer from the laser’s irradiation appears to propagate in a relatively 

straight line from the tumour surface with minimal lateral extension. The depth of 

energy transfer was approximately 5.7 mm from the surface, with a gradually 

diminishing thermal effect. Underlying structures appear not to be unduly 

traumatised by the propagation of this energy 

4. Biodistribution studies revealed that the volume of GNRs administered is 

proportional to [Au] found within RES organs (spleen, liver) 
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5. Blood clearance of GNRs was notably prominent, and systemic GNRs were 

predominantly metabolised by the liver and spleen, and excreted by the kidneys. 

Other organs showed negligible quantities of Au 

6. Evidence of the enhanced permeability and retention of GNRs at tumour sites was 

observed 

7. Histological evaluation of the liver, spleen and kidneys showed no evidence of 

structural, parenchymal or cellular damage, despite showing the highest levels of 

[Au] on mass spectrometry 

8. Haematological and biochemical parameters within blood did not demonstrate any 

deviation from normal values, and showed preservation of intrinsic kidney and liver 

function. 

9. No weight loss, anorexia, pain, morbidity or change in physical or psychosocial 

attributes were seen in mice throughout the duration of the study. 

 

 Clinical applications  
 

8.1.1 Early Cancers 
 

From this study, a combined theranostic application of GNRs was demonstrated and shown 

to be feasible and effective for clinical translation via endoscopic delivery. The theranostic 

potential offered by functionalised GNRs can be seen to have an application in both the early 

and late stages of cancer. It is envisaged as an adjunct to both surgery and 

endoscopy/laparoscopy. For the diagnosis of occult or subtle tumours, fluorescent imaging 

could potentially avoid early mucosal or submucosal cancers being missed during 

endoscopy. The feedback signals from fluorescence imaging could alert the endoscopist of 

an abnormal region which requires closer examination and allow the endoscopist to perform 

image-guided biopsies for histological confirmation. Large areas such as the entire mucosal 

surface of the stomach or peritoneal cavity could be visualised while under fluorescence 

imaging during endoscopy, which could potentially lead to more optically guided and 

targeted biopsies. There could also be implications for tumour treatment in clinical 

applications such as early GI cancers (T1-T2) that are either not amenable for surgical 

intervention or have failed attempts at endoscopic mucosal resection (EMR) or endoscopic 

submucosal dissection (ESD). When coupled endoscopically for intracorporeal use, NIR 

fibre optics can easily be introduced into the working channel of any commercially available 

flexible endoscope or through a 5 mm laparoscopic port during minimally invasive surgery.  
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8.1.2 Advanced cancers  
 

Curative strategies for primary tumours located in poorly accessible regions and with poorly 

defined boundaries remain both a diagnostic and therapeutic challenge. Palliative treatment 

for cancers which are symptomatic from their size or advanced stage could be a further 

potential application for GNRs. IT injection followed by PTT could be done for tumour 

debulking, and this could be used in oesophageal, colonic or hepatic tumours. Other potential 

applications would be in isolated lung or peritoneal metastatic lesions, tumour ingrowth into 

intraluminal stents, intraluminal polypoid lesions and malignant melanoma.  

 

8.1.3 Adjunct to surgery 
 

It is envisioned that PTT could be directed to tumour cavities post-operatively, or be applied 

in margin positive or partial resections. It is further possible that PTT could be useful when 

applied at regional lymphatic tissues in order to reduce the risk of recurrence. 

 

 

 Key challenges remaining and future work 
 

1.   Ability to detect and treat the sentinel lymph node 

Apart from fluorophore labelling, it is also possible that GNRs can be conjugated to 

radionuclide polymers (a low-activity radioactive substance) and thus become useful in the 

identification of the sentinel lymph node (SLN) which drains the primary tumour. Should 

detection of the SLN be positive, it is plausible then to treat that regional echelon of lymph 

nodes photothermally. In Section 6.7.3 “Size consideration of large tumours”, sentinel lymph 

node involvement was shown in a large tumour that remained incompletely ablated in a pilot 

mouse. Upon higher magnification, it was possible to see that the functionalised GNRs had 

infiltrated into the lymphatic tracts. As this was only demonstrated once, more studies would 

need to be conducted to determine if this was a chance occurrence, but it is possible that 

GNRs could be retained within the lymphatics surrounding tumours, and in particular, the 

SLN. Should this be a persistent feature, detecting the SLN with fluorescence imaging or 

gamma probes (for GNRs conjugated with radionuclide), determining its nodal status and 

then delivering concomitant PTT to regional lymph nodes remains a potential future 

challenge.  
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2.   Drug Delivery 

One of the features of nanoparticles is their ability to be used for drug delivery at targeted 

sites, and ‘activated therapy’ involves administering enzyme-cleavable prodrugs whereby the 

active moiety of the prodrug is released or becomes activated within the target cancer cell. 

The commonly used examples already in existence are Paclitaxel (Abraxane®, Abraxis 

BioScience Inc.) in metastatic breast cancer, and Doxorubicin (Doxil), which has been 

validated in a phase III multiple-myeloma trial and further indicated in metastatic ovarian 

cancer and AIDS-related Kaposi’s sarcoma (6). While the functionalised GNRs used in this 

work were not conjugated to any drug, it may be possible to do so. The drug of choice could 

be a chemotherapy prodrug which would enhance the tumour effect while reducing systemic 

side-effects through its target-specific delivery. Collaboration with the pharmaceutical 

industry will be required to functionalise this prodrug to GNRs along with the appropriate 

receptor antibodies. The combined effect of drug delivery to tumour cells could be 

synergistic with PTT. It would merit some research into ensuring that long length linkers are 

attached to the prodrug such that it stands proud of the bare GNR surface (and does not 

shield the GNR, which may then preclude the desired effect from PTT).   

3. Ensuring translatable results for in situ tumours 

While the in vivo study used a subcutaneous tumour xenograft model, it would be useful to 

know if the results seen with fluorescence imaging and PTT are also effective for in situ 

tumours. For example, the depth of energy radiation has been determined for subcutaneous 

tumours but it would be important to also establish this depth for in situ oesophago-gastric 

tumours, such as to ensure that there would be contrast enhancement from luminal tumours 

and assess any complications arising from PTT. Care must be taken to avoid full thickness 

damage to the GI tract wall. An orthotopic tumour model would be ideal for this assessment, 

using for example immunosuppressed rabbits induced with gastric cancer, as the tumour 

model may allow an assessment of gastric wall integrity and offer a more robust 

intermediary assessment when intending to elevate the results from this study to the arena of 

a clinical trial.    

4. Longitudinal studies 

While it is known that there were no 30 day effects seen histologically within hepatocytes 

and splenocytes, and mice did not experience any apparent physical, physiological or 

psychosocial deterioration, it would be noteworthy to ensure this could be sustained over a 

longer period, and to repeat the biodistribution profiling at this juncture. This could also be 
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performed in control rodents which are given slightly more GNRs than what is clinically 

required for fluorescence or PTT.  

5. Determination of optimal time for fluorescence imaging and PTT 

In this study it was found that fluorescence imaging provided contrast enhancement to 

distinguish healthy from cancerous regions. The intensity of feedback signals from tumours 

was quantifiable with line profiling across the fluorescent areas. It was presumed that the 

early fluorescence seen from tumour sites was due to free Cy5.5-anti-EGFR-antibody 

component in an aqueous solution of functionalised Cy5.5-GNRs-anti-EGFR-antibody. It 

was further noted that fluorescence feedback signals decayed over time, but the tumour site 

remained well-illuminated 24 hours post IV injection, which was arbitrarily set as the time 

point when PTT was commenced. However the study fell short of determining the optimal 

time for imaging and therapy, which would involve a more extensive scrutiny into this 

specific component. This would involve regularly screening and measuring the fluorescence 

intensity signals, as well as performing PTT at similar time points. A large dataset would be 

required to definitively establish these parameters. An alternative would be to perform 

biopsies of tumours at various time points and establish the [Au] within the tissues.  

            6. Development of a flexible endoscope for fluorescence imaging 

Although there are commercially available endoscopes which can detect indocyanine green 

(ICG) as a fluorescent dye, it would be useful to have a flexible endoscope which can detect 

more fluorophores than just ICG. This would enable imaging of a wider variety of dyes 

which can be conjugated to GNRs, such as Cy5.5 used in this study. For this to occur, the 

flexible endoscope has to ideally be able to be connected to suitable light sources which 

permit filters to be incorporated between the light source and the scope. The endoscope 

would also ideally have two working ports for image-guided biopsies and for PTT. 

In conclusion the cancer theranostic potential of GNRs delivered by endoscopy has been 

described in detail for the first time by the results from this work. The use of this technology 

for surgical imaging and targeted treatment with its highly effective and reproducible results 

could significantly reduce the incidences of missed lesions, and also maximise tumour cell 

death while minimising damage to healthy tissues. Being shown to be a safe adjunct to 

surgery, when coupled with pre-existing minimally invasive procedures, the clinical 

application of photothermal therapy would enable rapid recovery and a shorter hospital stay. 

As such the theranostic potential of GNRs holds the capacity of not only saving but 

improving the quality of lives in a highly cost effective manner.  
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