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Abstract 

The IGF-1 axis was an area of significant interest in cancer therapy following promising preclinical 

studies but led to disappointing clinical trials. Further scrutinization of this pathway is, therefore, war-

ranted. The IGF-1 axis has been demonstrated to inhibit autophagy via the Akt/PI3K pathway and in-

duce autophagy via the ERK pathway. Autophagy has been associated with chemotherapy resistance 

in tumour cells. My work in this thesis involved investigating the expression of an isoform of IGF-1 

referred to as IGF1-Ec or Mechanogrowth Factor (MGF) in colorectal cancer tissues and polyps with 

immunohistochemistry. Further work was done with fluorescent nanoparticles which have exciting 

potential to improve the diagnostic yield of investigations including colonoscopy, improve immuno-

histochemistry assessment of tissue biopsies and help in surgery with intraoperative delineation of 

tumours. In addition, I investigated the relationship between autophagy and apoptosis with a view 

towards developing a model for further work in investigating the effect of MGF in autophagy. 

Semi-quantitative immunohistochemistry for MGF on colonic tissues including normal, polyp and can-

cer tissues demonstrated a significantly higher expression of MGF in colonic polyps (with higher ex-

pression with worsening dysplasia, p=0.001) and cancer compared to normal colon tissues (p<0.001). 

Semiconductor CdTe quantum dots and gold nanoparticles were synthesised and conjugated to the 

MGF peptide and antibody. Gold nanoparticles were successfully characterised with immunodots and 

applied to the HT29 and SW620 colorectal cancer cell lines and to tissues including normal, colon can-

cer and polyp tissues reflecting the results from conventional immunohistochemistry.  

Autophagy inducers were administered to the cell lines HT29 and SW620 and inhibited with the use 

of Bafilomycin and 3-MA. Immunohistochemistry for LC3B was used to confirm the induction of au-

tophagy, and cell viability studies were used to demonstrate significantly increased cell viability with 

autophagy induction and significant reduction of cell viability with inhibition of autophagy (p<0.01 at 

24 hours). This model can be subjected to the application of MGF and assess its effects on cell viability.  

MGF is overexpressed in colonic polyps and cancer with low levels of expression in normal colon tis-

sues offering an opportunity for the use of fluorescent gold nanoparticles to augment polyp and can-

cer detection in colonoscopy and intraoperative tumour delineation.  
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Impact statement 

Colorectal cancer is the third most prevalent cancer diagnosed worldwide with an early diagnosis 

associated with better outcomes and patients presenting with features such as involvement of 

draining lymph nodes demonstrating higher rates of cancer recurrence. Chemotherapy can reduce the 

risk of recurrence, but its efficacy is limited by toxicity due to interactions with healthy tissues. This 

emphasises the importance of ‘targets’ expressed at significantly higher levels in tumour tissues 

compared to healthy tissues thereby enabling drug delivery agents to accumulate chemotherapy 

drugs in tumours. In addition, the efficacy of chemotherapy can be affected by the expression of 

factors such as KRAS, emphasising the importance of accurate quantitative immunohistochemistry 

techniques to guide treatments. Chemotherapy agents have also been demonstrated to induce 

autophagy in colorectal cancer tissues, which acts as a protective mechanism for cancer cells at the 

later stages of cancer pathogenesis and a cause for resistance to chemotherapy.  

My work has identified the overexpression of Mechanogrowth factor (MGF) expression in primary 

colorectal cancer tissues and polyps compared to normal colon tissues, thereby offering a target for 

drug delivery and imaging agents in colorectal cancer. MGF is expressed at low levels in healthy tissues 

in the body, and therefore, this would reduce the systemic distribution of targeting drug delivery 

agents. Further research work in this area would include the application of fluorescent gold 

nanoparticles conjugated to MGF antibody in xenograft models of colorectal cancer in vivo and 

investigating the efficacy of drug delivery and systemic toxicity. The advantage of fluorescent gold 

nanoparticles is that it provides a dual capability of tumour imaging and drug delivery alongside its 

low inherent toxicity. This can be further applied to prostate cancer and osteosarcomas, which have 

been reported in the literature to overexpress MGF. There is also a potential for application of MGF 

antibodies conjugated to gold nanoparticles in reducing missed lesion rates in colonoscopy, which has 

recently been estimated as high as 25%. The benefit of intravenously or locally administering this 

nanoparticle and performing colonoscopy with appropriate excitation energy will help identify these 

lesions with fluorescence.  

Finally, improving understanding of autophagy and apoptosis is essential to help further improve the 

efficacy of chemotherapy agents. IGF-1 has been demonstrated to induce autophagy via the ERK 

pathway and inhibit autophagy via the Akt/PI3K pathway. My work demonstrating the successful 

induction of autophagy and inhibition in colorectal cancer cell lines provides the groundwork for 

investigating this with the administration of the isoforms of IGF-1.  
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1 CHAPTER 1: Introduction into molecular pathways in colorectal 

cancer, biomarkers and the Mechanogrowth factor 
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1.1 Colorectal cancer  

1.1.1 Introduction/demographics 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males, and the 

second in females worldwide with an estimated 1.36 million new cancer cases and 694,000 

deaths in 2012 (“Fact Sheets by Cancer,” 2016). In the UK, bowel cancer accounts for the third 

commonest cancer diagnosis (13% of all new cases), third commonest in males and in women 

with a slight male preponderance of 12:10 (“Bowel cancer statistics,” 2015). The five-year 

survival rate for colorectal cancer is 54.2% in males and 55.6% in females (“Cancer survival in 

England - Office for National Statistics,” 2016). The incidence of colorectal cancer is highest in 

the western world in countries such as the United States, United Kingdom, Australia and New 

Zealand and is almost 30 fold lower in countries such as India, South America and Africa 

(Turner, 2009). In absolute numbers, colorectal cancer affects approximately 40 per 100,000 

people in the United States, Australia and Europe compared to 5 per 100,000 people in Africa 

and parts of Asia (Haggar and Boushey, 2009; “Second Expert Report | World Cancer Research 

Fund International,” 2016). 

1.1.2 Pathology 

1.1.2.1 Adenoma-carcinoma sequence 

Few discrete pathways have been described with regards to the genetic events leading to 

colorectal malignancies. The model of the ‘adenoma-carcinoma’ sequence describes the 

development of invasive cancer from colorectal polyps through a progressive accumulation of 

genetic and epigenetic mutations (Figure 1.1). This ‘adenoma-carcinoma’ sequence has been 

reported to account for approximately 80% of sporadic colorectal cancers. This is supported 

by findings of higher risk of cancer in larger adenomatous polyps, the observation of benign 
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polyps developing into cancers, the increased prevalence of adenomas in patients with 

colorectal carcinomas and the reduced incidence of carcinomas in patients who undergo 

resection of polyps compared to patients who did not have their polyps excised (Fry and 

Maron, 2012).   The initial description of the ‘adenoma-carcinoma’ sequence by Fearon and 

Volgenstein in 1990 was based on four mutations causing progression from normal colonic 

mucosa to invasive cancer (Fry and Maron, 2012.). It is now recognised that the molecular 

pathogenesis of colorectal cancer is far more complicated, with over 50 genes implicated. 

Three molecular pathways have been described in colorectal cancer, and these are not 

mutually exclusive in tumours involving different genes and likely to impact on the efficacy of 

different chemotherapy regimens. Therefore, a clear understanding of these pathways is 

essential to improve treatments for colorectal cancer. These pathways are chromosomal 

instability (CIN), microsatellite instability (MSI) and CpG island methylator phenotype (CIMP). 

These pathways inactivate tumour suppressor genes and promote the activity of proto-

oncogenes, thereby leading to uncontrolled cell division leading to carcinogenesis. 

 

 

 

Figure 1.1: Adenoma-Carcinoma sequence in colorectal carcinogenesis (Walther et al., 2009) 
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1.1.2.2 Chromosomal instability (CIN) 

CIN has been demonstrated to be the most frequent cause of genomic instability and accounts 

for 65% – 70% of colorectal cancer cases (Al-Sohaily et al., 2012). This pathway is characterised 

by karyotypic variability of chromosomes, which arises from either gains or losses of 

chromosomes (partial or whole). CIN positive tumours have been identified to occur more 

distally in the colon and rectum (Pino and Chung, 2010). The allele loss of 18q referred to as 

the loss of heterozygosity (LOH), is found in as high as 70% of colorectal cancers and is strongly 

associated with CIN. It hosts genes such as Deleted in Colorectal Cancer (DCC), SMAD4 and 

SMAD2 and has been associated with a poorer prognosis in colorectal cancer (Pino and Chung, 

2010; Reimers et al., 2013).  CIN positive tumours have been demonstrated to be 

independently negatively prognostic, and Mouradov et al. reported assessing samples directly 

for CIN rather than the markers such as the LOH had a stronger association with prognosis, 

and its use may be useful in the decision making for adjunct treatments for stage II/III 

colorectal cancer (Mouradov et al., 2013).  

1.1.2.3 Microsatellite instability pathway (MSI) 

Microsatellites are lengths of DNA containing a tandem repeat of a pattern of nucleotides 

found throughout the genome. These sections of DNA are monitored by mismatch repair 

genes (MMR) responsible for correcting base-base DNA replication errors. Inactivation of 

these repair genes can lead to elongation or shortening of the microsatellites, thereby 

resulting in microsatellite instability  (Kanthan et al., 2012; Worthley and Leggett, 2010). 

Inherited mutations of MMR genes have been identified to be the cause of Lynch syndrome, 

while somatic mutations have been implicated in approximately 15% of cases of sporadic 

colorectal cancer (Kanthan et al., 2012; Worthley and Leggett, 2010). MSI testing involves a 
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panel of five microsatellite loci and has been graded as MSI-high (instability in at least two 

markers), MSI-low (instability in one marker) and microsatellite stable (MSS) in the absence of 

instability. MSI-high tumours are commoner in older females with a predisposition for right 

colonic tumours proximal to the splenic flexure with increased lymphocytic infiltration, 

mucinous histology and poor differentiation(Boland and Goel, 2010; Iacopetta et al., 2010; 

Jass, 2004). These tumours have been demonstrated to have better overall survival compared 

to MSS tumours though there have been reports that MSI-high tumours have resistance to 

chemotherapy agents such as 5-fluorouracil (5-FU) and cisplatin (Aebi et al., 1996; 

Guastadisegni et al., 2010). The incidence of K-ras and p53 mutations are lower in MSI-high 

tumours but a long list of genes involved include those involved in DNA repair (RAD50, MSH3, 

MSH6, MLH3), apoptosis (BAX, BCL-10, caspase 5), signal transduction (TGFβRII, IGFIIR) and 

cell cycle genes (PTEN) (Iacopetta et al., 2010). TGFβRII mutations have been observed in 

approximately 90% of colorectal cancer arising from MSI (Parsons et al., 1995).  

1.1.2.4 CpG Island Methylator Phenotype (CIMP) and serrated neoplastic pathway 

The CpG island Methylator phenotype involves widespread hypermethylation of numerous 

promotor CpG island loci, which are usually protected from methylation in normal cells (Rhee 

et al., 2017).  CIMP has been demonstrated to be an important molecular pathway in 

colorectal cancer by silencing tumour suppressor genes such as p16, p14, MGMT and hMLH1 

(Goel et al., 2007; Worthley and Leggett, 2010). This process increases with age and in patients 

with chronic inflammation and has been identified to be the second most frequent cause of 

sporadic CRC with 35-40% of CRC positive for CIMP (Boland and Goel, 2010). CIMP-high 

tumours are now considered to predominantly develop via the serrated neoplastic pathway 

(Rhee et al., 2017). The serrated neoplastic pathway has been identified to be a separate 

pathway for progression of colonic polyps to cancers and involves characteristic serrated 
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polyps. The serrated polyps include typical hyperplastic polyps, sessile serrated adenomas and 

dysplastic serrated polyps which are characterised by infoldings in the epithelial surface 

thereby providing the ‘serrated’ appearance (Kanthan et al., 2012; Snover, 2011). It is 

estimated that 20% of CRC develop from this pathway, and is identified predominantly in 

females with an average age of 61 years (Kanthan et al., 2012).  

1.1.3 Management of colorectal cancer 

1.1.3.1 Diagnostic investigations to confirm the cancer 

The diagnosis of colorectal cancer is made predominantly using endoscopic examinations with 

a colonoscope (“Overview | Colorectal cancer,” n.d.). Colonoscopy is the gold standard 

investigation for bowel cancer as it can directly visualise the tumour and obtain biopsies to 

provide histological confirmation of the underlying malignancy. The main alternative to 

colonoscopy is CT colonoscopy which is a relatively non-invasive investigation with an 89% 

sensitivity and 75% specificity for detection of adenomas >6mm and cancers (Plumb et al., 

2014). CT colonoscopy does not provide histological confirmation of identified lesions, and 

therefore, patients identified to have abnormalities on CT imaging often require colonoscopy 

to confirm the diagnosis visually and for biopsies. Tattooing of the bowel is now standard 

practice when a colonic tumour is identified to aid future localisation of the tumour. This 

procedure involves the submucosal injection of a tattoo, commonly Spot®/india ink, 

approximately 2 cm distal to the tumour. Identification of the tattoo is vital for the operating 

surgeon to identify the site of the tumour during the operation, particularly in minimally 

invasive surgery where palpating the tumour is not possible, and therefore ensure that the 

bowel removed includes the tumour. The importance of this has been illustrated by recent 

studies demonstrating approximately 20% - 33% of cancers being incorrectly recorded by the 

endoscopist with regards to the location of the tumour due to the lack of reliable intraluminal 
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landmarks during colonoscopy (Blum-Guzman and Wanderley de Melo, 2017; Yap et al., 

2016). Complications from placement of tattoos has been reported to be very low (0.22% 

(Nizam et al., 1996)) including intramural injections (injections too deep into the bowel wall) 

resulting in spillage of the tattoo intraperitoneally resulting in focal peritonitis, haematomas 

with localized abscesses, adhesions and very rarely tumour inoculation (Trakarnsanga and 

Akaraviputh, 2011). Additionally, incorrect placement of the tattoo proximal to the tumour 

as opposed to distal to the tumour can cause confusion between the operating surgeon and 

the endoscopist and therefore lead to bowel resections without the tumour. Tattooing rectal 

tumours are not performed due to concerns of deeper infiltration affecting the surgical 

planes, and therefore this requires the use of other techniques such as endoscopy during the 

operation to accurately localize the rectal tumour which increases operating time.  Therefore, 

despite the advantages of tattoing the bowel, there remains scope for improvement for 

techniques of ‘marking’ the site of tumours prior to surgery. 

Colonoscopy additionally plays a vital role in the detection and removal of colorectal polyps, 

thereby preventing the progression of these lesions to cancers. However, there is increasing 

recognition of missed lesions during colonoscopy, which develop into cancers. The rate of 

missed lesions, particularly small and flat adenomas, has been estimated to be as high as 10 

- 25% (Libânio and Azevedo, 2016; Zhao et al., 2019). Further adjuncts to colonoscopy, to 

improve detection rates of lesions, include the use of a ‘cap’ at the end of the endoscope to 

help visualization around the folds of the bowel and techniques such as narrow-band imaging 

and chromoendoscopy which utilizes spraying dyes such as Indigocarmine green onto the 

colonic mucosa help by improving detection rates of these polyps (Brown et al., 2016).   
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1.1.3.2 Current staging systems in colorectal cancer and its limitations 

The management options for colorectal cancer include curative surgery, palliative surgery (if 

the tumour cannot be removed entirely), chemotherapy and radiotherapy. The stage of the 

tumour determines the choice of treatment modality offered and this is currently based on 

the Tumour, Node and Metastasis (TNM) classification of the Union for International Cancer 

Control (UICC) (Greene and Sobin, 2008). The TNM classification (Table 1.1 includes the 

traditional Dukes staging system) has undergone many revisions, and it has a few limitations. 

Currently, surgery is the predominant modality offering cure for colorectal cancer and the role 

of adjuvant, and neo-adjuvant therapies with chemoradiotherapy are dictated by the TNM 

stage. However, given our growing understanding of the complexity of colorectal cancer, 

treatments based on a comparatively simple clinical staging system such as the TNM system 

has been recognised to either over-treat or under-treat certain patient groups. Stage II colon 

cancer, in particular, remains an area of uncertainty. The use of adjuvant chemotherapy (i.e. 

after surgical excision) to reduce the risk of a recurrent tumour is predominantly reserved for 

patients identified to have lymph node metastases, supported by substantial evidence in the 

literature for reduction of recurrence rates (“Colorectal cancer,” 2011). The role of 

chemotherapy in stage II colon cancer, where the tumour has breached the wall of the bowel 

but not spread to the lymph nodes remains unclear. The incidence of recurrent disease in 

these patients has been demonstrated to be approximately 20%-25% within five years with 

outcomes for these patients similar to those with stage III disease where lymph nodes are 

involved (Chen and Bilchik, 2006; Davies et al., 2008). The use of chemotherapy in all patients 

with stage II colorectal cancer has not been demonstrated to be beneficial, and therefore 

arises the need to identify the subgroup of patients with stage II cancer who would benefit 

from chemotherapy thereby avoiding over or undertreating patients with adjuvant therapies 
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and their associated side effects and complications. This emphasises the importance of 

biomarkers to help identify patients who would benefit from different adjuvant therapies. 

 

Stage T  N M 

0 Tis  N0  M0 

I T1  N0 N0 

T2  N0 M0 

IIA T3  N0 M0 

IIB T4a N0 M0 

IIC T4b  N0 M0 

IIIA T1-T2 N1  M0 

T1 N2a M0 

IIIB T3-T4a N1 M0 

T2-T3 N2a M0 

T1-T2 N2b  M0 

IIIC T4a N2a M0 

T3-T4a N2b M0 

T4b N1-N2 M0 

IVA Any T Any N M1a  

IVB Any T Any N M1b  

IVC Any T Any N M1c 

Table 1.1: TNM 8th edition staging system for colorectal cancer (Bertero et al., 2018) 

Tx (Tumour cannot be assessed) T0 (no evidence of the primary tumour) Tis (Carcinoma in situ) T1 (tumour 
invades submucosa) T2 (tumour invades muscularis propria) T3 (tumour invades subserosa or into non-
peritonealised pericolic or perirectal tissues) T4 (Tumour directly invades other organs or structures and/or 
perforates the visceral peritoneum) T4a (Tumour penetrates to the surface of the visceral peritoneum) T4b 
(tumour directly invades other organs or structures) NX (regional nodes cannot be assessed) N0 (no lymph node 
involvement) N1 (metastasis in 1-3 regional lymph nodes) N1a (metastasis in one regional lymph node), N1b 
(metastasis in 2-3 regional lymph nodes) N1c (tumour deposit in subserosa or in non-peritonealised pericolic or 
perirectal soft tissue without regional lymph node metastasis) N2 (metastasis in 4 or more regional lymph nodes) 
N2a (metastasis in 4-6 regional lymph nodes) N2b (metastasis in 7 or more regional lymph nodes). M0 (no distant 
metastasis) M1 (distant metastasis) M1a (metastasis confined to one organ without peritoneal metastases) M1b 
(metastasis in more than one organ) M1c (Metastasis to the peritoneum with or without organ involvement)  

 

1.2 Biomarkers 

A biomarker is a characteristic that is objectively measured and evaluated as an indicator of 

normal biological processes, pathogenic processes or pharmacologic responses to a 

therapeutic intervention (Biomarkers Definitions Working Group., 2001). Biomarkers are 

classified as prognostic, predictive and surrogate endpoint markers. 



10 
 

• Prognostic biomarkers predict the natural course of the disease process, regardless of 

treatments. Therefore, these are utilised to aid the decision process for 

appropriateness of potentially toxic treatments compared to conservative 

management. Examples of these markers include HER2/neu in breast cancer (Ludwig 

and Weinstein, 2005).  

• Predictive biomarkers predict the effectiveness of specific treatments for the 

individual patient. The presence of the marker will guide the use of medications, and 

the absence of the marker will avoid the potentially toxic effects of the therapy. 

Examples of these markers in clinical practice include the oestrogen receptor status in 

breast cancer, which predicts the response to hormonal therapy and HER2/neu 

expression in breast cancer for trastuzumab (Shi et al., 2012). 

• Surrogate endpoints replace primary clinical outcomes such as 5-year survival in the 

evaluation of the efficacy of treatments. 

The use of biomarkers in colorectal cancer in clinical practice is currently limited. Biomarkers 

currently in clinical use in the NHS are listed in Table 1.2. There is an abundance of research 

in genomics and proteomics research to identify suitable biomarkers.  

 

1.2.1 Biomarkers in current clinical practice  

1.2.1.1 Faecal occult bloods (FoB) 

Faecal occult blood tests have become established as screening tests for bowel cancer. The 

NHS bowel cancer screening program invites men and women between the ages of 60 – 69 

to provide stool samples for testing every two years. Beyond this age group, screening tests 

are provided on the patient’s request (Choices, 2015). The test is sensitive but not specific for 
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colorectal cancer, and therefore, any positive result will require luminal investigations of the 

patient with endoscopy or radiology.  

The initial test used for FoB was the guaiac test, which detected the pseudo peroxidase 

activity of haemoglobin. This was limited by its lack of specificity for human haemoglobin 

(thereby affected by certain food substances and medications), and low clinical sensitivity and 

specificity for colorectal cancer (Allison et al., 2007; Duffy et al., 2014). The guaiac test is now 

being replaced by the faecal immunochemical test (FiT) which detects the globin component 

of haemoglobin. The FiT is more sensitive and specific than the guaiac test and can be 

performed at an automated level, thereby making it more suitable for large population 

screening (Allison et al., 2007; Duffy et al., 2014).  

1.2.1.2 Carcinoembryonic antigen (CEA) 

CEA is a serum glycoprotein with a molecular weight of 180kd, and functions as an 

intercellular adhesion molecule which promotes aggregation of human carcinoma cells and 

can be raised in smokers with no underlying colorectal pathology (Bolocan et al., 2012). CEA 

has been demonstrated to be an adverse prognostic marker in colorectal cancer with elevated 

CEA levels demonstrated to be negatively prognostic in colorectal cancer, especially in stage 

II colorectal cancer (Duffy et al., 2014; Huh et al., 2010; Park et al., 2009; Peng et al., 2013; 

Sun et al., 2009; Thirunavukarasu et al., 2011). However, studies have not demonstrated any 

benefit in the use of CEA to select patients for adjuvant therapies in stage II colorectal cancer 

(Duffy et al., 2014). CEA is now in routine clinical use as a surveillance marker for recurrent 

cancer following surgery for colorectal cancer. CEA measurements have been demonstrated 

to be the most sensitive investigation for the detection of early recurrent disease compared 

to radiological and endoscopic investigations (Duffy et al., 2014; Tsikitis et al., 2009). The 
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European Group on Tumour Markers (EGTM) recommends baseline measurement of CEA, 

followed by 2-3 monthly postoperative measurements for at least three years, and after that 

six-monthly for five years (Duffy et al., 2014). 

1.2.1.3 K-RAS 

K-Ras is located on chromosome 12p12 and belongs to the ras family of oncogenes. The 

oncogene encodes a 21-kD protein involved in the G-protein signal transduction pathway 

(Molnar et al., 2003). K-Ras mutations have been identified to be present in greater than 50% 

of colorectal adenomas and carcinomas with codon 12 of the oncogene most commonly 

affected (Duffy et al., 2014). Mutations of the oncogene have not been demonstrated to be 

independently prognostic, and almost 97% of genetic events within KRAS are caused by DNA 

base-pair substitutions within codon 12 and 13 (Bendardaf et al., 2004). 

KRAS mutations have been demonstrated to be negative predictive biomarkers for the 

efficacy of anti-EGFR (Epidermal growth factor) monoclonal antibodies in advanced colorectal 

cancer. Cetuximab and panitumumab are immunoglobulin antibodies directed against EGFR 

and have been demonstrated to improve survival in patients with metastatic colorectal cancer 

as single agents or combination chemotherapy (Van Cutsem et al., 2010). Mutations of the K-

RAS oncogene in codons 12 and 13 have been demonstrated to be significant predictive 

biomarkers for resistance to these anti-EGFR therapies. The use of anti-EGFR therapies as 

single or combination therapies, in early clinical studies, for all patients with metastatic 

colorectal cancer demonstrated benefit in only 10 – 15% of patients (Dahabreh et al., 2011). 

Retrospective analysis of phase II and III randomised control trials which investigated the 

efficacy of anti-EGFR therapies in metastatic colorectal cancer demonstrated that these 

therapies had no benefit in patients with K-RAS mutations (Bokemeyer et al., 2009; Karapetis 
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et al., 2008). Following these studies, the European Society for Medical Oncology in 2010 and 

the American Society of Clinical Oncology in 2009 recommended that anti-EGFR therapies be 

restricted to patients with wild type KRAS tumours (codons 12 and 13) (Allegra et al., 2009; 

Van Cutsem et al., 2010). It is important to note that the efficacy of anti-EGFR therapies in 

wild type KRAS tumours is 15-20% alone, and up to 35-40% when treated with combination 

therapies and this lack of response in patients has been attributed to further mutations in 

genes such as BRAF, PIK3CA and PTEN (Di Nicolantonio et al., 2008; Er et al., 2014; Linardou 

et al., 2011). There has been some recent conflicting evidence with regards to the efficacy of 

Cetuximab in codon 13 K-Ras mutations with studies demonstrating an increase in overall 

survival, and progression-free survival (Er et al., 2014; Mao et al., 2013). This remains an area 

which requires further research to elucidate the true predictive nature of K-RAS mutations 

for the efficacy of anti-EGFR therapies.  

1.2.1.4 Microsatellite instability 

The detection for microsatellite instability and DNA mismatch repair has been recommended 

for clinical use to prescreen patients with colorectal cancer for Lynch syndrome which has 

been attributed to approximately 3% of colorectal cancers (Duffy et al., 2014).  Lynch 

syndrome, previously referred to as hereditary non-polyposis coli, is an autosomal inherited 

disorder which is associated with the risk of developing different cancers including colon, 

rectum, endometrium, stomach and small bowel (Duffy et al., 2014; Hewish et al., 2010).  

Lynch syndrome is associated with mutations of the mismatch repair (MMR) genes, which 

leads to microsatellite instability. Criteria such as the Amsterdam and Bethesda criteria have 

been developed as guides for patients who should be screened for Lynch syndrome targeting 

patients who are diagnosed at a young age with colorectal cancer, with a strong family history 

or affected by LS related tumours (Duffy et al., 2014). However, recent expert groups have 
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suggested that screening should extend to patients under the age of 70 due to concerns that 

this condition remains underdiagnosed, and recent NICE guidance recommends testing for 

MSI in all new cases of colorectal cancer (“Molecular testing strategies for Lynch syndrome in 

people with colorectal cancer | Guidance and guidelines | NICE,” n.d.; Moreira et al., 2012). 

The presence of MSI or defective MMR has been demonstrated to be a positive prognostic 

biomarker in colorectal cancer especially in patients with stage II and III colon cancer (Duffy 

et al., 2014; Roth et al., 2012; Sargent et al., 2010). A role for MSI/MMR as a predictive 

biomarker in adjuvant 5-FU therapy in patients with stage II colon cancer was suggested in a 

systemic review from 2009 which demonstrated MSI high tumours to be negatively associated 

with efficacy (Des Guetz et al., 2009).  

 

 

 

 

 

 



15 
 

 

 

Table 1.2: Biomarkers in current practice for colorectal cancer 

 

Biomarker Clinical use Evidence 

CEA Postoperative surveillance for recurrent cancer. 
Recommended to be measured every 2-3 months for at least 
3 years, thereafter, every 6 months for 5 years (Duffy et al., 
2014).  

A meta-analysis of randomised controlled studies demonstrated a significant impact on overall mortality. 
Asymptomatic recurrences identified earlier, and therefore more amenable to surgical resection — no 
difference in cancer-related mortality (Tjandra and Chan, 2007).  

FoB Screening test for colorectal cancer 
Faecal immunochemical testing (FIT) is superior to guaiac 
faecal occult blood test (GT) 

Cochrane review of 4 RCTs demonstrated a 16% reduction in risk of CRC mortality (Hewitson et al., 2008).  
A prospective cohort study of 139 patients reported the sensitivity for detecting colorectal cancer for FIT 
to be 81.8% (95% confidence interval 47.8% - 96.8%) and GT to be 64.3% (95% confidence interval 35.6% 
- 86%) (Allison et al., 2007).  

KRAS Predictive biomarker for the effectiveness of anti-EGFR 
antibodies in metastatic colorectal cancer in KRAS wild-type 
tumours (specifically codon 12) (Duffy et al., 2014)  

A meta-analysis of eight RCTs demonstrated significant improvement in PFS and OS in KRAS wild-type 
patients, and a detrimental outcome on patients with KRAS mutations when treated with anti-EGFR 
therapy (Loupakis et al., 2012). 

BRAF Predictive biomarker in anti-EGFR therapy for metastatic 
CRC, in patients with wild-type KRAS tumours 

A meta-analysis of 21 trials demonstrated BRAF mutations to be a predictive biomarker for anti-EGFR 
therapy in patients with metastatic CRC. There was an improved overall survival and progression-free 
survival in BRAF wild type tumours, and this was improved further in KRAS wild type tumours (Yuan et 
al., 2013).  

MSI/MMR Screening test for Lynch syndrome The use of the Amsterdam and Bethesda criteria was initially used to identify individuals who would 
benefit from screening for Lynch syndrome (Umar et al., 2004; Vasen et al., 1999). Universal testing of 
all patients with CRC is now being recommended due to cost-effectiveness (Duffy et al., 2014; Ladabaum 
et al., 2011). 
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1.2.2 Biomarkers in research   

1.2.2.1 Oncotype Dx test 

The Oncotype DX colon cancer recurrence score assay was developed using tumour gene 

expression data from patients with stage II and III colon cancer in four large independent 

studies (Yothers et al., 2013). This score involves assessing for 12 genes (seven cancer-related 

genes and five reference genes) in paraffin-embedded primary colon tumour tissues and 

produces a Recurrence score. Validation studies have confirmed the ability of the Recurrence 

score to predict recurrence in stage II and III colon cancer (Gray et al., 2011; Yothers et al., 

2013). Currently, the test is available commercially, though not in routine practice in the UK.  

1.2.2.2 Apoptosis related biomarkers 

The epithelial lining of colorectal tissues is an area of very high cell turnover rate, and normal 

tissues are maintained by a balance between proliferation and apoptosis (programmed cell 

death) (Alcaide et al., 2013). The downregulation of apoptosis leads to uncontrolled cell 

proliferation and tumour development, and at least 26 different biomarkers of the complex 

apoptotic pathway have been investigated for effects on prognosis, but currently, no 

individual marker has been identified to provide clinically useful prognostic information 

(Zeestraten et al., 2013).  

1.2.2.3 Vascular Endothelial Growth Factor (VEGF) 

VEGF and its receptor play an essential role in angiogenesis, which is vital in tumour growth. 

This growth factor has mainly been identified to be significant in advanced cancer, and anti-

VEGF monoclonal antibodies such as Bevacizumab are currently in routine clinical practice for 

metastatic colorectal cancer. The use of Bevacizumab, in combination with chemotherapy 

agents, has been demonstrated to be the optimal regime by phase III clinical trials (Hurwitz 
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et al., 2004; Saltz et al., 2008). However, the role of VEGF as a prognostic factor in colorectal 

cancer is unclear with conflicting evidence in the literature (Beştaş et al., 2014; Doger et al., 

2006; Khorana et al., 2003).  

1.2.2.4 p53 mutation 

Mutation of the tumour suppressor gene p53 is the most frequent mutation found in cancers 

earning its reference as the ‘guardian of the genome’ (Lane, 1992; Petitjean et al., 2007; 

Suppiah and Greenman, 2013). The detection of serum anti-p53 autoantibody has been 

demonstrated to be associated with p53 mutations and is easier to perform compared to DNA 

sequencing (Suppiah and Greenman, 2013). Measuring anti-p53 auto-antibody as a screening 

marker for colorectal cancer has been identified to be of limited use due to its low sensitivity 

(15%) despite its high specificity and positive predictive value (95% – 100%) (Broll et al., 2001; 

Lane, 1992; Suppiah and Greenman, 2013). Shiota et al (Shiota et al., 2000) reported p53 

mutations to be an independently prognostic factor for colorectal cancer on multivariate 

analysis, though these findings have been disputed in other studies which have not been able 

to demonstrate the prognostic role of p53 on multivariate analysis (Chang et al., 2005; 

Suppiah et al., 2008; Suppiah and Greenman, 2013).  

1.2.2.5 Ki67 

The Ki67 antigen is a proliferation marker expressed in all cell cycle phases, except during the 

G0 phase. High expression of Ki67 has been demonstrated to be prognostic in breast cancer, 

malignant lymphoma, astrocytoma and renal cell carcinoma (Bui et al., 2004; Kirla et al., n.d.; 

Reimers et al., 2013). However, in colorectal cancer the evidence is not conclusive as some 

studies looking at Ki67 in colorectal cancer reported over-expression of the Ki-67 antigen to 

be a positive predictor of survival on multivariate analysis (Ivanecz et al., 2014; Salminen et 
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al., 2005; Weber et al., 2001), while other studies dispute this finding (Kimura et al., 2000; 

Reimers et al., 2013).  

1.2.2.6 PIK3CA (Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha) 

mutations 

PIK3CA gene encodes the p110 alpha catalytic subunit of phosphatidylinositol 3-kinase (PI3K) 

which is an important cell membrane component and second messenger involved in cell 

signalling (Vivanco and Sawyers, 2002).  PI3K has been identified to play a role in regulating, 

proliferation, apoptosis and cell survival. Mutations of the PIK3CA gene has been identified in 

10-30% of all colorectal cancers with over 80% of mutations been identified in 2 specific areas: 

exon 9 and exon 20 (George and Kopetz, 2011; Samuels et al., 2004). Mutations confined to 

exon 20 appear to be relevant towards prognosis in colorectal cancer, and PI3KCA mutations 

have been identified to be negative prognostic in patients specifically with wild type KRAS 

mutations (Cathomas, 2014; Ogino et al., 2009). PI3KCA has also been identified to be a 

potential predictive biomarker for anti-EGFR therapy with mutations causing resistance to 

this treatment (Cathomas, 2014; Sartore-Bianchi et al., 2009).     

1.2.3 Conclusions 

Our growing understanding of the complexity of colorectal cancer and its underlying 

pathways has provided opportunities to identify the heterogeneity of the underlying process 

resulting in patients responding differently to the same treatments.  The need for 

individualised treatments for patients is now accepted, and the identification of biomarkers 

appears to be the key to this objective particularly in stage II colorectal cancer, where the use 

of chemotherapy remains under scrutiny. A single ‘magic bullet’ may not exist for cancers, 

but a series of ‘magic bullets’ guided by biomarkers may hold the key for better outcomes.  
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Biomarker Role Evidence 

CEA Preoperative prognostic marker Retrospective reviews of CEA levels preoperatively and survival of patients demonstrated raised CEA levels to be 
independently negatively prognostic. Variation in cut-off limits for abnormal CEA levels in different studies, but negative 
prognostic impact identified regardless (Thirunavukarasu et al., 2011). Independently prognostic in stage II colorectal cancer 
(Huh et al., 2010).  

MSI Prognostic marker 
Predictive marker for 5-FU 
chemotherapy 

A meta-analysis of 31 studies demonstrated a favourable prognosis with reference to overall survival and disease-free 
progression (Guastadisegni et al., 2010). A significant benefit of 5-FU therapy in patients with MSS tumours, though further 
studies were recommended (Guastadisegni et al., 2010). A further meta-analysis of 8 studies in 2009 did not demonstrate 
any benefit of metastatic chemotherapy based on MSI status (Des Guetz et al., 2009). Further research required. 

KRAS Prognostic marker Conflicting outcomes with studies suggesting prognostic value (Hutchins et al., 2011), with others(Roth et al., 2010) 
suggesting no prognostic value of KRAS. 

BRAF Prognostic marker BRAF mutation is associated with a poor prognosis and overall survival independent of treatment with anti-EGFR therapies 
(Bokemeyer et al., 2012).  

Oncotype DX 
colon cancer  

The continuous Recurrence Score based 
on the Oncotype Dx colon cancer test is a 
prognostic marker for recurrence 
following surgery in stage II colon cancer 

Retrospective analysis of stage II colon cancer patients who underwent surgery in 2 studies have confirmed the Recurrence 
score predicts the risk of recurrence in stage II and III colon cancer (Gray et al., 2011; Yothers et al., 2013). 

TP553 Prognostic marker Conflicting outcomes in the literature. Shiota et al. (Shiota et al., 2000) identified p53 to be an independent prognostic factor 
on COX regression analysis following 89 patients with reduced overall survival in patients with p53 mutations. Suppiah et al. 
(Suppiah et al., 2008) and Chang et al. (Chang et al., 2005) identified p53 was not an independent prognostic factor for 
colorectal cancer on multi-variate analyses.   

Apoptosis 
related 
biomarkers 

Prognostic markers A recent review of the literature by Zeestraten et al. (Zeestraten et al., 2013) identified 26 markers for apoptosis, but none 
of which were individually identified to be prognostic markers. A combined profile of markers was recommended.  

Ki67 Prognostic marker Conflicting evidence. Most studies report Ki67 index to be a positive prognostic marker (Ivanecz et al., 2014; Salminen et al., 
2005; Weber et al., 2001), though some studies have not identified this (Kimura et al., 2000; Reimers et al., 2013). 

PIK3CA Prognostic marker 
Predictive marker 

Little prognostic effect (negative) demonstrated in patients with wild type KRAS tumours, and negative predictive marker 
for the efficacy of anti-EGFR therapy in patients with metastatic colorectal cancer (Cathomas, 2014; Ogino et al., 2009; 
Sartore-Bianchi et al., 2009). 

Table 1.3: Biomarkers in colorectal cancer under research 
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1.3 The Mechanogrowth factor: an isoform of Insulin-like growth factor-1 

1.3.1 Introduction 

Insulin-like growth factor 1Ec, initially identified in skeletal muscle and therefore earned the title 

‘Mechanogrowth Factor’, is an isoform of Insulin-like growth factor -1 (IGF-1). IGF-1 is a 

circulating autocrine and paracrine factor regulating pre and post-natal growth in most tissues 

(Brisson and Barton, 2012). IGF-1 affects a variety of bioactivities including induction of growth, 

differentiation of target cells, cell survival and maintenance of cell function (Hakuno and 

Takahashi, 2018). Its vital role has been illustrated in studies demonstrating IGF-1 knockout mice 

rarely surviving beyond birth, and the mice surviving birth demonstrating significant growth 

retardation, infertility and bone development (Baker et al., 1993; Liu et al., 1993). IGF-1 is 

predominantly synthesized in the liver, regulated by the growth hormone and is also synthesized 

locally in tissues (Wrigley et al., 2017).  

The actions of IGF-1 are mediated through the IGF-1 receptor (IGF-1R), a tyrosine kinase receptor, 

which undergoes autophosphorylation on binding with IGF-1 leading to a cascade of complex 

pathways downstream (briefly summarized in Figure 1.2). These include the activation of the PI 

3-kinase cascade and the MAP Kinase cascade. The PI3K/AKT/mTOR pathway is an essential 

intracellular pathway regulating survival, cell growth, proliferation, metabolism and inhibition of 

apoptosis (Noorolyai et al., 2019). Mutations in this pathway have been implicated in multiple 

solid tumours including breast, prostate, hepatocellular carcinoma, colorectal carcinoma and 

haematological malignancies (Mayer and Arteaga, 2016). Currently, drugs targeting this pathway 

for cancer therapy are undergoing clinical trials in phase 2 and 3 trials (Mayer and Arteaga, 2016). 

The MAP kinases include ERK 1/2, p38 kinase and  c-Jun amino (N)-terminal kinases (JNK)  
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regulate gene expression, mitosis, metabolism, motility, survival, apoptosis and differentiation 

(Cargnello and Roux, 2011).  Dysregulation of the RAS/RAF/MAPK/ERK pathway kinase and the 

ERK 1/2 have been implicated in many human cancers including breast cancer, prostate cancer, 

colorectal cancer and lung cancer (Rezatabar et al., 2019). 

IGF-1 axis involvement in tumorigenesis, cancer growth and invasion has been demonstrated in 

vitro and in vivo (Bowers et al., 2015). Numerous studies from as early as the 1980s have 

demonstrated aberrant IGF-1 signalling in colon cancer, prostatic cancer, pancreatic cancer, 

osteosarcoma, melanoma and childhood malignancies (Denduluri et al., 2015; Beckwith and Yee, 

2015; Sachdev and Yee, 2007). This led to the development of multiple agents targeting the IGF-

1 axis, including receptor targeting agents and drugs, reducing ligand bioactivity (Beckwith and 

Yee, 2015; Bowers et al., 2015). However, despite promising preclinical trials with xenograft in 

vivo models and early phase clinical trials, the results were not replicated in later phase clinical 

human trials leading to multiple pharmaceutical companies discontinuing these agents from 

further research (Beckwith and Yee, 2015; Bowers et al., 2015). The failure to reflect these results 

in large scale clinical trials is likely related to the complexity of the IGF-1 signalling axis and its 

interplay with other growth factor pathways. Clearly, further scrutinization of this pathway is 

required, and amongst this is the growing research into the different isoforms of IGF-1 and its 

implications for tumorigenesis and cancer progression. The current evidence for the role of IGF-

1Ec isoform in cancer is described below.   

The IGF-1 gene accommodates more than 90kb of genomic DNA containing six exons (Matheny 

et al., 2010). Alternative splicing of the exons generates multiple mRNA sequences which encode 

different isoforms of IGF-1 (Figure 1.3) (Matheny et al., 2010). Post translational cleavage of the 
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IGF-1 precursor protein produces different isoforms containing a signal peptide, a mature IGF-1 

peptide and a different E domain at the COOH terminus (Dai et al., 2010). The mature IGF-1 

peptide is preserved for all isoforms of IGF-1, while the E-domain introduces the highest 

variability to the IGF-1 transcripts (Oberbauer, 2013). Exons 1 and 2 act as alternative leader 

exons at the 5’ end of the mRNA. Transcripts containing exon 1 are defined as Class 1 transcripts, 

while transcripts containing exon 2 are referred to as Class 2 transcripts. Exons 3 and 4 are 

common to all splice variants coding the mature IGF-1 peptide which contains the B, C, A and D 

domains of the IGF-1 peptide. Splicing of exon 4 and 6 produces IGF-1Ea which has a 35 amino 

acid E-peptide, while the splicing of exon 4 and exon 5 generates IGF-1Eb which has a 77 amino 

acid E peptide(Vassilakos et al., 2014). The IGF-1Ec E peptide contains 40 amino acids and arises 

from the splicing of exons 4,5 and 6(Vassilakos et al., 2014). (Figure 1.3) 

The role and significance of the different isoforms are unclear and under research. Class 1 

isoforms have been regarded to be associated with the autocrine/paracrine form of IGF-1 used 

by most tissues and expressed mainly in extrahepatic tissues, while Class 2 transcripts with its 

endocrine form with expression mainly in the liver and kidney (Adamo et al., 1991; Matheny et 

al., 2010; Philippou et al., 2007). The mature IGF-1 peptide is thought to play a predominant role 

in the biological activity of IGF-1, however different biological actions have been demonstrated 

for the isoforms and the E peptides with a differential expression profile shown in various 

conditions and pathologies in humans including cancers (Philippou et al., 2014; Vassilakos et al., 

2014). The IGF-1Ea isoform is the most widely expressed isoform accounting for more than 90% 

of IGF-1 expression in the liver, while the expression of IGF-1Ec is approximately 10% of IGF-1Ea 

in the liver (Oberbauer, 2013; Philippou et al., 2014).  
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The IGF-1Ec isoform was referred to as the Mechanogrowth factor by Yang et al. (Yang et al., 

1996) after they demonstrated the rapid increase in levels of this isoform of IGF-1 in muscles 

subjected to mechanical stress. IGF-1Ec has been demonstrated to act as a local tissue repair 

factor in skeletal and cardiac muscle, bone and neurons. Compared to IGF-1Ea, IGF-1Ec lacks 

glycosylation sites thereby being less stable in interstitial fluid and is therefore presumed to act 

via autocrine/paracrine modalities (Dai et al., 2010; Yang et al., 1996). Though the pro-IGF-1Ec 

isoform has been demonstrated in cells and tissues, the independent actions of the E peptides 

were initially based on the use of a synthetic peptide analogous to the E peptide. Recently, direct 

evidence for the presence of E peptides was reported in human and rat tissues. In 2017, 

Vassilakos et al. (Vassilakos et al., 2017) reported, with the use of immunoblotting, the expression 

of the Ec peptide in human skeletal muscle and liver tissues and the Eb peptide in rat heart, liver, 

lung, muscle and kidney tissues. Interestingly, the Ec peptide was the only form of the IGF-1Ec 

expressed in the rat muscle and kidney with the absence of the expression of the proIGF-1Ec 

peptide. The expression of the Ec peptide was demonstrated to be noticeably higher 48 hours 

after muscle exercise in the human tissues(Vassilakos et al., 2017).  
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 Figure 1.2: Brief overview of the IGF-1 signalling axis from the IGF-1R with downstream signalling 

 

 

Figure 1.3: IGF-1 gene and its splice variants. IGF-1Ea is generated by the splicing of exons 4 and exons 6, IGF-1Eb 
result from splicing of exons 4 and exons 5 and IGF-1Ec (MGF) generated by exons 4, exons 5 and exons 6.  Class 1 
transcripts are generated from exons 1 while class II transcripts from exons 2.  
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1.3.2 The physiological role of MGF and involvement in human diseases 

1.3.2.1 Skeletal muscle 

A bulk of the initial research into MGF has been in skeletal muscles. MGF and IGF-1Ea have both 

been demonstrated to be expressed in resting skeletal muscle tissues (Dai et al., 2010). MGF 

expression was identified to be several orders of magnitude lower than IGF-1Ea, and 

approximately one order of magnitude lower in females compared to males (Cheema et al., 2005; 

Dai et al., 2010; Greig et al., 2006). Autocrine secretion of IGF1 occurs in response to muscle 

injury, and exercise and MGF has been hypothesized to play a role in muscle repair (Zanou and 

Gailly, 2013). Expression of MGF rises rapidly after exercise for several days, and thereafter its 

levels decrease as splicing of IGF1 switches to the expression of IGF-1Ea, which increases over 

the pre-injury levels. However, even at its peak, MGF levels have not been demonstrated to be 

near the levels of IGF-1Ea (Matheny et al., 2010). The actions of MGF in the setting of muscle 

repair appears to be through the activation of satellite cells which proliferate to provide 

myogenic precursor cells for muscle repair, and it inhibits the differentiation of the precursor 

cells (Hill et al., 2003; Yang and Goldspink, 2002). IGF-1Ea is then responsible for the myoblast 

differentiation reflecting its rise while MGF levels decline after a few days (Yang and Goldspink, 

2002). In addition, MGF has been demonstrated to increase the activity of superoxide dismutase, 

which reduces free radicals and thereby limiting muscle damage (Dobrowolny et al., 2005; Zanou 

and Gailly, 2013).  

1.3.2.2 Brain 

There is evidence to suggest that MGF plays a neuroprotective role. While normal brain tissues 

have not been identified to express MGF, areas of brain ischaemia have demonstrated MGF 
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expression as early as three hours after transient global ischaemia and specifically in the neurons 

resistant to ischaemic insults (Carro et al., 2003; Dai et al., 2010; Dluzniewska et al., 2005). 

Intravascular injection of the C-terminal peptide of MGF in a gerbil model of brain ischaemia 

demonstrated significant neuroprotection compared to the full-length IGF 1 peptide, and further 

in-vitro studies have demonstrated that this appears to act independently of the IGF-1 receptor 

(Dluzniewska et al., 2005; Górecki et al., 2007). Tang et al. (Tang et al., 2017) demonstrated ,with 

the use of transgenic mice overexpressing MGF, an increase in the neural progenitor cells and 

neurogenesis with a potential role for MGF to prevent age-related neuronal loss.  

1.3.2.3 Bone and cartilage 

MGF expression has been demonstrated to be upregulated in osteoblast cell lines in response to 

mechanical overload, whilst not being present when mechanical stress is not administered (Tang 

et al., 2006). The C-terminal peptide of MGF has been demonstrated invivo to promote bone 

defect healing and osteoblastic proliferation (Deng et al., 2011).  Invivo models have 

demonstrated evidence that MGF administration local to damaged cartilage with TGF-β3 in silk 

fibroin scaffolds promotes cartilage regeneration in rabbit models with osteochondral defects 

and delays osteoarthritic degeneration (Z. Luo et al., 2015; Song et al., 2017).  

1.3.2.4 Heart 

MGF appears to be expressed in cardiac tissues in response to ischaemic damage (Dai et al., 2010; 

Stavropoulou et al., 2009). This has been demonstrated in animal models where induced 

ischaemic damage to the myocardium was associated with a significantly higher expression of 

MGF compared to IGF-1Ea at 4 and 8 weeks post-infarction (Dai et al., 2010; Stavropoulou et al., 

2009). The delivery of a synthetic peptide corresponding to the E peptide of IGF1Ec via systemic 
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and intra-coronary methods have both demonstrated preservation of cardiac function, and 

prevention of pathological remodelling in animal models (Carpenter et al., 2008; Mavrommatis 

et al., 2013; Peña et al., 2015).  

1.3.2.5 Inflammatory bowel disease 

IGF1 has been demonstrated to be associated with the smooth muscle hypertrophy of intestinal 

muscle in Crohn's disease with resulting stricture formation (Li et al., 2015). The expression of 

IGF1 in Crohn’s disease is regulated by TGF-β1, TNF-α and IL-6, which are products of 

inflammation. MGF expression has been demonstrated to be significantly increased in bowel 

affected by Crohn's disease compared to healthy bowel, and it appears to be via a TGF-β1 

pathway (Li et al., 2015).  

1.3.2.6 Endometriosis 

IGF-1 has been demonstrated to inhibit apoptosis and promote the proliferation of endometrial 

cells in-vitro, with increased levels of IGF-1 demonstrated in the peritoneal fluid of women 

affected by endometriosis compared to  controls (Kim et al., 2000; Koutsilieris et al., 2001). MGF 

has been demonstrated to be expressed by ectopic endometrial cells, while no expression of IGF-

1 isoforms identified in eutopic endometrium (Dimitrios S Milingos et al., 2011). In addition, MGF 

has been demonstrated to have a mitogenic effect on the growth of endometrial cell lines, and 

therefore the potential role of MGF in endometriosis pathogenesis has been postulated 

(Dimitrios S Milingos et al., 2011).  
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1.3.3 Possible mechanisms of action for MGF 

Currently, there is no clear consensus for the mechanisms of action of the IGF-1Ec isoform. This 

may be due to studies using different synthetic peptides resembling the E domain of IGF-1Ec, the 

age of the cell cultures used, the choice of different inhibitors for the IGF-1 axis and cell media 

(Vassilakos et al., 2014). Table 1.4 outlines a brief overview of the different pathways postulated 

to be involved in the actions of IGF-1Ec. Most studies have demonstrated IGF1-Ec to promote 

proliferation and migration of different cell lines via an IGF-1 receptor-independent 

pathway(Armakolas et al., 2015; Ates et al., 2007; Dluzniewska et al., 2005; Mavrommatis et al., 

2013; Mills et al., 2007; Quesada et al., 2009; Yang and Goldspink, 2002; Yi et al., 2017, p. 12). 

Some of these studies further identified that IGF-1Ec effects were independent of the insulin 

receptor (INSR) and IGF-1R/INSR hybrid receptors which are the other vital receptors in the IGF-

1 pathway (Armakolas et al., 2010a; Philippou et al., 2014). This would suggest that the Ec peptide 

acts via an alternative receptor which has not yet been characterized. However, this has been 

disputed by studies reporting IGF1-Ec activity to be dependent on the IGF1R (Brisson and Barton, 

2012; Yi et al., 2017). Brisson et al. (Brisson and Barton, 2012) demonstrated that blocking IGF-

1R resulted in no activity by the E peptides, and in the absence of mature IGF-1 peptide, the E 

peptides failed to increase receptor activation independently (Brisson and Barton, 2013). The 

suggestion from this group was that the E peptides modulate the activity of IGF-1 but may not 

act independently of the mature IGF-1 peptide, postulating that both the mature IGF-1 peptide 

and the E peptides interact and converge on the IGF1-R pathway  (Brisson and Barton, 2013). A 

majority of studies (Deng et al., 2012; Sha et al., 2017a; Xin et al., 2012; B. Zhang et al., 2016, 

2014) have demonstrated ERK 1/2 phosphorylation to be the most frequent pathway affected by 
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IGF-1Ec, though Fornaro et al. (Fornaro et al., 2014) specifically found no evidence of ERK 1/2 

phosphorylation on human and mouse myoblast cell lines, though intriguingly they were also 

unable to demonstrate any evidence of increased cell proliferation in these cell lines which have 

been demonstrated in other studies. A few studies have demonstrated the involvement of the 

PI3K/Akt pathway, though this has been contradicted by other studies as outlined in Table 1.4. It 

is likely that standardization of the methodology used to investigate the pathways involved, 

including the synthetic peptides utilized will be required before a broad consensus can be 

reached regarding the mechanism of action of IGF-1Ec.  

1.3.4 Current evidence for MGF in cancer 

There are increasing numbers of research groups investigating the role of IGF-1 isoforms in 

different human cancers (Table 1.5). Christopoulos et al. (Christopoulos et al., 2015) performed 

real-time PCR quantification of mRNA for the IGF-1 isoforms extracted from different human 

cancer and non-cancer cell lines. Class I transcripts was the predominantly expressed variants of 

all isoforms except for the colon cancer cell line DLD1 which expressed class I and class II variants 

equally. The endometrial cell line, KLE, was identified to have the highest levels of expression of 

IGF-1Ec, while the breast cancer cell line MCF7 had the lowest level of expression of IGF-1Ec 

(Christopoulos et al., 2015). The results published for the colon cancer cell line, DLD1, were 

conflicting as the overall expression of IGF-1Ec was identified to be much lower than the other 

isoforms, though the results for Class I IGF-1Ec was higher than IGF-1Ea and IGF-1Eb, and Class II 

IGF-1Ec was marginally lower than IGF-1Ea and higher than IGF-1Eb. No explanation for this 

finding was offered in this paper. Durzyńska et al (Durzyńska and Barton, 2014a) published 

interesting data for the expression of mRNA transcripts of IGF-1 isoforms using quantitative real-
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time PCR (qRT-PCR) and the peptide expression of the isoforms using immunoblotting for four 

cell lines including HeLa (cervical adenocarcinoma), U20S (osteosarcoma), HepG2 (Hepatocellular 

adenocarcinoma) and K562 (human myelogenous leukemia). There was a complete discordance 

between the mRNA and peptide expression for the isoforms. IGF-1Ea, in its transcript form, was 

expressed significantly higher in the K652 cell line compared to other cell lines, while IGF-1Ea 

peptide was highest in the HeLa cells in which its transcript expression was significantly lower. 

Similarly, IGF-1Eb expression in HepG2 and K562 cells were reversed with regards to transcript 

and peptide levels. IGF-1Ec peptide expression was not achieved due to very low expression in 

all the cell lines utilized. This study reflected the likely crucial role for post translational processing 

of mRNA affecting peptide production and confirms the limitations of using transcript levels as a 

surrogate measure of gene expression. Control of translation has a physiological role in cells to 

enable the cell to adapt swiftly to stress conditions by controlling protein synthesis from an 

existing pool of mRNAs (Vaklavas et al., 2017). Dysregulation of translation has been confirmed 

to be a critical nexus for cancer cells to enable cancer cells to overcome the array of stress 

conditions including that of the tumor microenvironment, immune recognition and anti-tumour 

therapies (Vaklavas et al., 2017).    

The potential role of IGF-1Ec in prostate cancer has predominantly been demonstrated by the 

Department of Experimental Physiology at the University of Athens (Armakolas et al., 2015, 

2010a; Philippou et al., 2013; Savvani et al., 2013). Their published work spanning over a few 

years initially reported higher IGF-1Ec peptide expression, using immunohistochemistry, in 

prostate cancer tissues compared to normal prostate tissue (Savvani et al., 2013). Subsequent 

work with semi-quantitative PCR demonstrated increased expression of IGF-1Ec in prostate 
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cancer and intra-epithelial neoplasia (very early stage/insitu cancer) compared to normal 

prostate tissues and demonstrated Ec peptide’s mitogenic effects act through a pathway 

independent of IGF-1R and insulin receptor (Armakolas et al., 2015, 2010a). In 2015, Armakolas 

et al. (Armakolas et al., 2015) focused on the actions of the Ec peptide in prostate cancer. They 

demonstrated a correlation with the level of expression of IGF-1Ec peptide with the stage of 

prostate cancer and reported that the exogenous administration of synthetic Ec peptide 

increased PC-3 cellular proliferation via the ERK1/2 pathway but not the Akt pathway (Armakolas 

et al., 2015). In addition, this study demonstrated the endogenous production of Ec peptide in 

the PC-3 cell line driving proliferation through an autocrine/paracrine mode of action and 

inducing the Epithelial-Mesenchymal Transition phenomenon (a recognized  path for cancer 

progression) via an IGF-1R independent pathway (Armakolas et al., 2015). In 2018,  Armakolas et 

al. (Armakolas et al., 2018) reported interesting data by focusing on the immune response in 

tumorigenesis of prostate cancer. Activation of the immune response by incubating prostate 

cancer cell lines (PC3 and DU145) with SCID mouse blood cells and human white blood cells in 

separate experiments, demonstrated significantly increased IGF-1Ec expression. They 

demonstrated IL-6, secreted by the immune response cells, activated the JAK/STAT signaling 

pathway leading to increased secretion to the Ec peptide. The Ec peptide was then identified to 

induce the migration and invasion of human mesenchymal stem cells which are likely to be 

involved in the tumour repair process. 

Mourmouras et al. (Mourmouras et al., 2018) investigated the expression of the RNA transcripts 

of all IGF-1 isoforms in bladder cancer in comparison to adjacent normal uroepithelium using 

semi-quantitative real-time PCR. IGF-1Ea and IGF-1Eb were identified to be marginally increased 
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in expression in bladder cancer tissues compared to normal tissues though the results did not 

reach statistical significance. IGF-1Ec mRNA transcripts, interestingly, were expressed at a 

significantly decreased level in bladder cancer tissues compared to normal tissues and the study 

suggested a positive correlation for this with histological and clinical characteristics suggestive of 

advanced disease. Other cancers investigated for IGF-1Ec expression include osteosarcoma, 

neuroendocrine tumours, hepatocellular tumours and colon cancer. These studies are 

summarised in Table 1.5. 

IGF-1Ec expression in osteosarcomas was confirmed in vitro with the cell lines MG-63 and Mhos 

(Philippou et al., 2011; Shang et al., 2015). Quantitative PCR, western blotting and 

immunohistochemistry confirmed the over-expression of mRNA IGF-1Ec transcripts in the 

malignant cell lines (MG-63) compared to ‘less’ malignant cell lines (Mhos), and exogenous 

administration of a synthetic peptide Ec peptide demonstrated significantly increased the 

proliferation index compared to controls with increased migration distances and invasion 

(through an 8µm pore of polycarbonate membrane) in a dose-dependent manner (Shang et al., 

2015). Work on hepatocellular tumours suggested that the RNA expression of all IGF-1 isoforms 

including IGF-1Ec was lower in tumours compared to control tissues, though the levels were 

higher in the normal liver tissue adjacent to the tumour compared to the tumour and control 

tissues.  Alexandraki et al. (Alexandraki et al., 2017) reported IGF-1Ec peptide expression in 

neuroendocrine tumours was more prevalent in metastatic tumours with higher proliferation 

indices compared to primary neuroendocrine tumours with lower proliferation indices. 

Koczorowksa et al. (Koczorowska et al., 2011) performed real-time PCR to quantify the expression 

of the RNA transcripts of IGF-1 isoforms in pre-cancerous, cancerous and normal cervical tissues. 
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The three isoforms were universally significantly higher in the pre-cancerous tissues compared 

to the cancerous and control tissues, with IGF-1Ea accounting for over 85% of expression and 

IGF-1Ec accounting for approximately 1%. The proportion of IGF-1Eb (with regards to 

contribution to total IGF-1) in cervical cancer tissues was higher compared to normal and 

precancerous tissues, therefore raising the suggestion that IGF-1Eb may play a role in cancer 

progression and potentially a prognostic marker.  

Kasprzak et al. (Kasprzak et al., 2013, 2012) published two reports in 2012 and 2013 on the 

expression of mRNA IGF-1 isoforms in colorectal cancers. The first paper involved 13 tissue pairs 

of colorectal cancer and normal adjacent colon tissue. Immunocytochemical studies 

demonstrated cellular expression of IGF-1 in 69% of patients, while control tissues did not 

demonstrate any significant expression. In tumour tissues, expression of the IGF-1Ea isoform 

mRNA was the most prevalent followed by IGF-1Eb and then IGF-1Ec with significantly higher 

levels of class II transcripts compared to class I transcripts. This latter finding of significantly 

higher class II transcripts was also identified in normal/control tissues. The overall expression of 

IGF-1 mRNAs was significantly lower in the colorectal cancer tissues compared to control tissues; 

however the expression of IGF-1Ea was significantly higher in the cancer tissues compared to 

control. IGF-1Eb was significantly lower in colorectal cancer tissues, and no significant differences 

were identified for IGF-1Ec compared to normal colon tissues. The second report by Kasprzak et 

al. (Kasprzak et al., 2013) investigated tissue samples from 28 patients which included paired 

tumour and normal colorectal tissues. The immunocytochemical analysis (for IGF-1 and not the 

isoforms) of these tissues demonstrated IGF-1 protein expression in 50% of colorectal cancer 

tissues and 39% of control tissues with cytoplasmic expression. The intensity of the stain was of 



34 
 

moderate density with no quantitative differences between the control tissues and cancer 

tissues, and the Ki-67 index was higher in the colorectal cancer tissues. Significantly higher IGF-

1Ea and IGF-1Eb mRNA transcripts were identified compared to IGF-1Ec mRNA in both normal 

and tumour tissues. Comparison of colorectal cancer tissues and control tissues demonstrated 

significantly higher IGF-1Ea mRNA levels and significantly lower IGF-1Eb mRNA levels in cancer 

tissues. IGF-1Ec mRNA levels were low for both cancer and control tissues and significantly lower 

in cancer tissues 

1.3.5 The rationale for further investigation of MGF in colorectal cancer 

MGF was initially identified to play an essential role in tissue repair and regeneration. There is 

now growing evidence that it may be involved in cancer progression, notably confirmed in 

prostate and osteosarcomas. Its role in colorectal cancer remains unclear and therefore warrants 

further investigation, particularly at the post-translational level.   
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Table 1.4: Pathways elucidated for IGF-1Ec 

 

Pathway  Cell lines  

ERK1/2 dependent  Human vascular EC line (Deng et al., 2012), rat tenocyte(B. Zhang et al., 2016, 2014), 
osteoblasts (Xin et al., 2012), anterior cruciate ligament (ACL) fibroblast(Sha et al., 2017a), 
mesenchymal cells (Wu et al., 2013), breast cancer(Christopoulos et al., 2017) 

PI3K dependent Mesenchymal stem cells(Tong et al., 2015) 

ERK1/2 and PI3K pathways Bone marrow-derived stem cells(Sha et al., 2017b), ACL fibroblasts (Sha et al., 2019) 

ERK1/2 and independent of the PI3K pathway  Prostate cancer(Armakolas et al., 2010a), Neuroblastoma(Quesada et al., 2009), 
Myocardium(Stavropoulou et al., 2009) 

Hippo pathway effector Yap Growth plate chondrocytes(Jing et al., 2018) 

Stromal cell-derived factor 1α /CXCr4 axis ACL fibroblasts(Sha et al., 2019), Mesenchymal stem cells(Q. Luo et al., 2015) 

ERK5-MEF2C Crohns disease intestinal muscle cells (Li et al., 2015) 

Haemoxygenase pathway (HO-1) and 
independent of the PI3K pathway 

Neuroblastoma (Quesada et al., 2009) 

No effect on ERK1/2 or PI3K pathways Human and mouse myoblast cells(Fornaro et al., 2014) 

IGFR1 independent Prostate cancer(Armakolas et al., 2010a), Myoblast(Ates et al., 2007; Mavrommatis et al., 
2013; Mills et al., 2007; Yang and Goldspink, 2002; Yi et al., 2017,), Hippocampus(Dluzniewska 
et al., 2005), Neuroblastoma(Quesada et al., 2009), Endometrium(Dimitrios S. Milingos et al., 
2011), Myocardium(Stavropoulou et al., 2009), Osteosarcoma(Philippou et al., 2011) 

IGFR1 dependent Myoblast(Brisson and Barton, 2012; Yi et al., 2017, p. 12) 
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Author Cancer  Study type and design Study findings 

Armakolas et al. 
(Armakolas et al., 
2010a) (2010) 

Prostate 
cancer 

IGF-1Ec expression was assessed with 
immunohistochemistry and real-time PCR for 10 
tissues with prostate cancer, and cell lines PC-3, 
LNCaP, and HPrEC. 

IGF-1Ec RNA expression was demonstrated in the cancerous cell lines PC-3 
and LNCaP cell lines and not in the normal prostate epithelial cell line HPrEC. 
Higher IGF-1Ec peptide expression was demonstrated in prostate cancer and 
intra-epithelial neoplasia tissues compared to normal prostate tissues. 
Further studies using exogenous administration of a synthetic Ec peptide 
stimulated prostate cancer cell line growth and acted via an IGF-1R and Insulin 
receptor-independent pathway involving ERK1/2 phosphorylation without 
Akt phosphorylation.   

Koczorowska et al. 
(Koczorowska et al., 
2011)  (2010) 

Cervical cancer IGF-1 splice variants expression (mRNA) 
assessed using real-time PCR in 109 pre-
cancerous and cancerous cervical tissue 
samples in HPV infected patients 

IGF-1Ea RNA transcript was identified to the predominant isoform in all 
tissues (85 – 92%), and IGF-1Ec was the lowest expressed at 1% in all tissues 
(control and diseased). All isoforms were significantly raised in high and low 
grade squamous intraepithelial neoplasia compared to control and compared 
to cancer tissue predominantly in class I transcripts. The proportion of IGF-
1Eb RNA transcripts was higher in cervical cancer tissues, suggesting a role in 
cancer progression.  

Philippou et al. 
(Philippou et al., 
2011) (2011) 

Bone, 
Osteosarcoma 

In vitro study using cell lines MG-63. IGF-1EC 
mRNA expression characterized by using real-
time PCR, reverse transcription PCR and 
western blot analysis. Effect of 
Dihydrotestosterone (DHT) on IGF splice 
variants assessed. 

IGF-1Ea and IGF-1Ec RNA transcripts demonstrated to be expressed by the 
MG-63 cell line. IGF-1Eb not expressed. The expression of IGF-1Ea and IGF-
1Ec transcripts increased significantly in response to DHT, suggesting 
hormonal regulation. In addition, exogenous administration of a synthetic Ec 
peptide stimulated the growth of cells with IGF-1R and INSR silenced cells 
which were not demonstrated by the exogenous administration of IGF-1 and 
insulin.  

Kasprzak et al. 
(Kasprzak et al., 
2012) 
(2012) 

Colorectal 
cancer 

IGF-1 splice variant RNA expression assessed 
using quantitative real-time PCR from tissues of 
13 patients. Immunocytochemical studies were 
done for IGF-1 and not for the isoforms.  

Class II transcripts were significantly higher than class I in both tumour and 
normal colonic tissues. In tumour tissues, IGF-1Ea RNA transcripts were the 
highest expressed, followed by IGF-1Eb and IGF-1Ec. In normal tissues, IGF-
1Eb was the highest expressed, followed by IGF-1Ea and IGF-1Ec. Significantly 
lower expression of IGF-1 isoform RNA transcripts overall in colorectal cancer 
tissues compared to normal colonic tissue. The expression of IGF-1Ea and IGF-
1Eb was significantly higher in colorectal cancer tissues compared to IGF-1Ec. 
No correlation was identified between IGF-1 RNA expression and tumour 
location, macroscopic and microscopic type of the tumour or grading.  
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Author Cancer  Study type and design Study findings 

Kasprzak et al. 
(Kasprzak et al., 
2013) 
(2013) 

Colorectal 
cancer 

IGF-1 splice variants RNA expression assessed 
using quantitative real-time PCR and 
immunocytochemistry for IGF-1 (not isoforms) 
on tissues from 28 patients 

Immunohistochemistry demonstrated cytoplasmic expression of IGF-1 in 50% 
of tumour tissues and 39% of normal colon tissues. In normal and tumour 
tissues, no significant differences in mRNA expression with regards to class I 
and class II transcripts was demonstrated, and significantly higher IGF-1Ea 
and IGF-1Eb transcripts compared to the IGF-1Ec identified. A higher amount 
of Class II mRNA for IGF-1 compared to Class I mRNA was demonstrated. The 
total mRNA levels of all IGF-1 isoforms was significantly lower in the colorectal 
cancer tissues compared to normal tissues. IGF-1Ea was the predominant 
isoform identified in colorectal cancer tissues and at significantly higher levels 
compared to normal colon tissues. IGF-1Eb was significantly higher in normal 
tissues compared to cancer tissues. IGF-1Ec was expressed at low levels in the 
different tissue types and was significantly lower in tumour tissue compared 
to normal tissues.  

Zinevich et al. 
(Zinevich et al., 
2013)      (2013)  

Liver tumours IGF-1 mRNA expression and isoform mRNA 
expression studied in mice liver. Paper not 
accessed, and in Russian 

IGF-1 mRNA expression in all liver neoplasms (dysplasia, nodular hyperplasia, 
adenoma, carcinoma) was reduced. The mRNA levels of IGF-1EC and IGF-1Ea 
was lower in hepatocellular carcinoma, but higher in the normal liver tissue 
adjacent to the tumour compared to the control group 

Savvani et al. 
(Savvani et al., 
2013) (2013) 

Prostate 
cancer 

Immunohistochemistry for IGF-1Ec was 
performed for 83 tissues with prostate cancer 

The normal prostate epithelium was negative/mild expression for IGF-1Ec 
peptide. Prostate cancer tissues demonstrated mild to strong cytoplasmic 
expression, with higher expression in locally advanced prostate cancer 
compared to localized cancer.  
There was a mild positive correlation with the Gleason score (grading score 
for prostate cancer) 

Durzynska et al. 
(Durzyńska and 
Barton, 2014a) 
(2014) 

Different cell 
lines 

IGF-1 splice variant expression (mRNA) assessed 
using real-time PCR in cell lines – HelA (cervical 
adenocarcinoma transformed with HPV18), 
U20S (osteosarcoma), HepG2 (hepatocellular 
carcinoma), K562 (myelogenous leukemia), 
Immunoblotting using cell lysates, cytoplasmic 
and nuclear fractions were used to determine 
the level of distribution of IGF-1 peptides 

There was a discordance between RNA and peptide levels. RT-PCT 
demonstrated IGF-1Ea, and IGF-1Ec mRNA transcripts were significantly 
higher in the K562 cell line compared to all other cell lines, and IGF-1Eb mRNA 
transcripts were highest in HepG2 and K562. IGF-1Ea peptide levels were 
highest in the HeLa cell line, while IGF-1Eb peptide was expressed highest in 
the K562 cell line.  
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Author Cancer  Study type and design Study findings 

Shang et al. (Shang 
et al., 2015) 
(2014) 

Bone, 
osteosarcoma 

In vitro study utilizing cell lines Mhos and MG-
63. Quantitative PCR and Western blot analysis 
used to detect IGF-1Ec mRNA transcripts.  
Exogenous IGF-1Ec (synthetic Ec peptide) 
administered to stimulate the cell lines 

IGF-1Ec mRNA transcripts demonstrated to be over-expressed in the 
malignant osteosarcoma cell lines, and not expressed in the least malignant 
cell lines. Exogenous administration of IGF-1Ec promoted proliferation, 
migration and invasion of the osteosarcoma cell lines.  

Christopoulos et al. 
(Christopoulos et 
al., 2015) 
(2015) 

Different 
human cancer 
cell lines 

Quantitative real-time PCR for mRNA of IGF-1 
isoforms in different cancer cell lines 

Wide variation in expression of the different IGF-1 isoforms. Class I transcripts 
was identified to be the predominant variant expressed for all isoforms for 
most cell lines. MCF7 (oestrogen positive breast adenocarcinoma) 
demonstrated the lowest expression of all IGF-1 isoforms, particularly IGF-
1Ec. IGF-1Ec was found at maximum levels in KLE and LnCap cell lines. The 
expression of IGF-1Eb was not identified in both breast cancer cell lines. The 
colon cancer cell line expressed equal amounts of Class I and II variants of all 
isoforms.  

Armakolas et al. 
(Armakolas et al., 
2015) (2015) 

Prostate 
cancer 

IGF-1Ec expression in 78 prostate cancer tissues 
was analyzed with immunohistochemistry. 
Further experiments performed to elucidate 
pathway of action and association with the 
epithelial mesenchymal transition (EMT) 

Mean IHC IGF-1Ec peptide expression was significantly lower in stage II and 
lower (localized cancer) tissues compared to stage III and IV. Endogenous 
produced E peptide (Pec) of the IGF-1Ec induced cellular proliferation in the 
PC-3 cell line, via the ERK1/2 pathway (and not involving Akt phosphorylation) 
in an autocrine/paracrine action and induced EMT via IGF-1R independent 
pathway. Orthotopic injection of the PEc cells in mice was associated with 
increased metastatic rate.  

Alexandraki et al. 
(Alexandraki et al., 
2017) 
(2017) 

Neuroendocrin
e tumours 

IGF-1Ec peptide expression in 47 
neuroendocrine tumours was assessed, and 
proliferation index Ki-67 MIBI evaluated. 

IGF-1Ec staining was more significantly expressed in metastatic tissues 
(70.6%) compared to primary neuroendocrine tumours (36.7%) with a 
positive correlation with Ki-67 index.  Multiple logistic regression 
demonstrated age and recurrence to be the best predictors of IGF-1Ec 
expression.  

Christopoulos et al. 
(Christopoulos et 
al., 2017) 
(2017) 

Breast cancer Exogenous administration of IGF-1Ec to MCF-7 
and MDA-MB-231, proliferation and migratory 
capacity assessed using MTT, trypan blue and 
wound healing/scratch assays 

IGF-1Ec administration resulted in the proliferation of the MCF-7 cell line but 
not the MDA-MB-231 cell line. MCF-7 engineered cells to over-express IGF-
1EC demonstrated increased proliferation rate and migration capacity with 
increased ERK1/2 phosphorylation.  

Mourmouras et al. 
(Mourmouras et al., 
2018) 
(2018) 

Bladder cancer Semiquantitative real-time PCR used to identify 
the expression of all IGF-1 mRNA isoforms in 
bladder cancer and adjacent normal urothelium 

Significantly reduced expression of IGF-1Ec RNA transcripts demonstrated in 
bladder cancer tissues compared to the normal uroepithelial tissues with 
positive correlation for advanced disease. 
A trend in IGF-1Ea and IGF-1Eb transcripts being marginally increased in 
bladder cancer was noted without reaching statistical significance.  

Table 1.5: Summary of studies investigating IGF-1Ec in different cancers 
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Figure 1.4: Graph reproduced from Christopoulous et al. (Christopoulos et al., 2015) demonstrating results from qRT-PCR for IGF-1 isoforms in different normal 
and cancer human cell lines 
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1.4 Insulin-like growth factor 1 and its isoforms affecting autophagy in colorectal 

cancer 

1.4.1 Introduction 

Autophagy refers to a selection of tightly regulated catabolic processes, involving recycling of 

cellular macromolecules and organelles, with the delivery of cytoplasmic material to lysosomes 

for degradation (Lin and Baehrecke, 2015). It is generally accepted that this is an evolutionarily 

conserved physiological process which assures cellular homeostasis and acts as a survival 

mechanism to recycle energy and nutrition under specific conditions such as starvation and 

hypoxia (Burada et al., 2015; Kaur and Debnath, 2015). It involves a bulk process of degrading 

long-lived proteins and organelles, including endoplasmic reticulum, mitochondria, ribosomes 

and peroxisomes and promotes the recycling and salvage of cellular nutrients(Kaur and Debnath, 

2015). Basal autophagy has been demonstrated to play a vital role in the degradation of damaged 

organelles preventing the accumulation of misfolded and damaged proteins(Kaur and Debnath, 

2015). Three types of autophagy have been described, including macroautophagy, 

microautophagy and chaperone-mediated autophagy (Maiuri et al., 2007). Macroautophagy 

involves autophagosomes which are double membraned vesicles which enclose the cytoplasmic 

material (damaged organelles and unused proteins) and fuses with lysosomes to become 

autolysosomes in which the lysosome enzymes degrade the cytoplasmic material (Lin and 

Baehrecke, 2015). Microautophagy involves direct lysosomal engulfment of the cytoplasmic 

material for degradation, and chaperone-mediated autophagy involves translocation of soluble 

cytoplasmic proteins via a chaperone-dependent selection across the lysosome membrane 

(Burada et al., 2015). The genes which regulate this complex process are referred to as the 
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autophagy-related (Atg) genes, initially identified in yeast, and currently, over 30 genes have 

been implicated (Lin and Baehrecke, 2015). A brief overview of the pathway is outlined in Figure 

1.5. Autophagy from this point on will refer to macroautophagy. 

 

 

Figure 1.5: Adopted from Kaur et al. (Kaur and Debnath, 2015)  Overview of the macroautophagy pathway. The five 
steps are illustrated. (1) Induction following stress mediated by a complex containing ULK1 protein (2) Nucleation 
during which phagophore formation is initiated involving predominantly a protein complex with VPS34 (3) 
Elongation of the phagophore with the ubiquitin like systems including ATG12-ATG12 leading to autophagosome 
formation (4) Autophagosome fusing with lysosome (5) Degradation of the content of the auophagosome leading 
to the release of the primary components in the cytosol for recycling 

 

Apoptosis, autophagic cell death and necrosis are three recognised types of programmed cell 

death during normal development(Lin and Baehrecke, 2015; Schweichel and Merker, 1973). Ab-

normal regulation of apoptosis has been linked to many human diseases, including cancers, while 

the role of autophagy is less clear (Lin and Baehrecke, 2015). Apoptosis is currently the most 

understood pathway, and it can be triggered by cell damage, occur during normal development 

and morphologically demonstrates chromatin condensation, nuclear fragmentation and mem-

brane blebbing leading to engulfment by phagocytes without invoking a systemic immune re-

sponse (Swart et al., 2016; Wu et al., 2014). Apoptosis can be triggered by external stimuli such 
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as the tumour necrosis factor α or intrinsic stimuli via mitochondrial signalling without receptor-

mediated stimuli(Swart et al., 2016).  Both pathways lead to the activation of caspases which 

leads to mitochondrial outer membrane permeabilisation (MOMP), activation of effector caspa-

ses including caspase 3, caspase 6 and caspase 7 and the release to apoptotic proteins such as 

cytochrome C, smac and omi causing cell death(Swart et al., 2016). Autophagic cell death refers 

to lysosomal degradation without the involvement of phagocytes. Necrosis occurs without lyso-

somal involvement and is associated with organellar swelling, rupture of the plasma membrane 

and induces of an inflammatory response(Swart et al., 2016). A programmed form of necrosis, 

referred to as necroptosis, has been described to be elicited in a ‘programmed’ manner in re-

sponse to physical trauma, neurodegeneration and cell death due to ischaemia and infection (Ni-

koletopoulou et al., 2013).  

The molecular pathways involved in these three different types of cell death are incredibly 

complex and associated with considerable overlap with growing evidence demonstrating 

‘crosstalk’ between the pathways in different physiological and pathological situations. 

Autophagic cell death is characterised by the presence of abundant autophagosomes and the 

lack of phagocyte participation (Lin and Baehrecke, 2015). This is associated with extensive 

organelle destruction within the cell, thereby leading it to a state where it cannot function and 

death of the cell. It, however, remains to be an area of controversy as to whether the autophagy 

indeed causes cell death, or has been identified as a survival mechanism in a dying cell.  

It is not surprising that defects in the autophagy pathway have been associated with a variety of 

human diseases. A recent review reported defective autophagy to be associated with diseases 

affecting multiorgan systems including asthma, systemic lupus erythematosus, Crohns disease, 
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ulcerative colitis, vici syndrome, Parkinson disease,  Paget disease of bone, amyotrophic lateral 

sclerosis, hereditary spastic paraparesis and cancers including breast, ovarian, prostate and 

colorectal cancers (Jiang and Mizushima, 2014).  

1.4.2 Autophagy in colorectal cancer 

Autophagy appears to have contradictory dual roles in cancer pathology. In the early stages, it is 

presumed to have a tumour suppressor role when it protects the cell from transformation to 

malignancy by removing damaged organelles, thereby reducing DNA damage, reactive oxygen 

species and mitochondrial abnormalities. However, it has also been identified to be protective to 

established tumour cells by providing access to nutrients, inhibiting cell death and thereby 

increasing drug resistance (Burada et al., 2015). Autophagy has also been demonstrated to 

support metastasis by increasing the survival of detached metastatic cells in the absence of an 

extracellular matrix, and shifting the cells to a dormant state until appropriate conditions occur  

(Burada et al., 2015). The expression of the different genes and proteins in the autophagic 

pathway have been reported to be involved in affecting the prognosis of colorectal cancer. 

Expression of the LC3B gene and its peptides have been demonstrated to be over-expressed in 

colorectal cancer tissues and cells with increased aggressiveness of the tumour (Burada et al., 

2015; Chen et al., 2013; H. Zheng et al., 2012). Li J et al. (Li et al., 2010) demonstrated the 

induction of autophagy in colorectal cancers when treated with 5-fluorouracil, which is a 

standard adjuvant chemotherapy agent in clinical practice. Autophagy was confirmed with 

immunohistochemistry for LC3B, and the use of 3-Methyladenine, a widely used autophagy 

inhibitor, along with 5-fu demonstrated increased apoptosis in-vitro and significantly increased 

tumour growth suppression in xenograft models. The expression of the BECN1 gene encoding the 
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beclin-1 protein, which plays a vital role in autophagy as a component of the autophagy class III 

PI3K complex, has been investigated in colorectal cancer as well (Burada et al., 2015). 

Overexpression of BECN1 has been demonstrated in colorectal cancer tissues compared to 

normal tissues, especially in advanced stages (Burada et al., 2015; Park et al., 2013; Yang et al., 

2015). Yang et al. (Yang et al., 2015) demonstrated beclin-1 expression in colorectal cancer tissues 

to be independently a positive prognostic factor with higher levels associated with increased 

overall survival and disease-free survival. Park et al. (Park et al., 2013) demonstrated BECN1 

expression to be an independent negative prognostic factor in patients with stage II and III 

colorectal cancer who had received 5-fluorouracil chemotherapy thus suggesting the role of 

autophagy in promoting drug resistance. Choi et al. (Choi et al., 2014) reported the colorectal 

cancer tissues with low expression of BECN-1, LC3B and Atg5 are associated with poorer 

prognosis. However, Han et al. (Y. Han et al., 2014) performed a meta-analysis of six studies which 

investigated beclin-1 expression in colorectal cancer tissues and concluded that high levels of 

beclin-1 were associated with a poorer prognosis and increased likelihood of developing distant 

metastases contradicting the other studies.  

Other genes in the autophagy pathway investigated include ATG5 and ATG10, which have 

demonstrated conflicting results. ATG5 expression has been demonstrated to be down-regulated 

in colorectal cancer, and its expression associated with lymphovascular invasion (Cho et al., 2012, 

p.). ATG10 expression was demonstrated to be upregulated in colorectal cancer tissues, and its 

expression associated with tumour lymph node metastases and invasion with reduced survival 

(Choi et al., 2013). Apart from the potential use of these markers as prognostic biomarkers, there 

is some evidence to suggest that the chemotherapy agents used in colorectal cancer, 5-
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fluorouracil and cetuximab, induce autophagy (Duffy et al., 2015; Li et al., 2010). Combination 

therapy with autophagy inhibitors and chemotherapy agents in-vitro and in-vivo has 

demonstrated significantly reduced tumour growth compared to the chemotherapy agents alone 

(Carew et al., 2010; Li et al., 2010, 2009a).  

The current literature on autophagy reflects the complexity of this pathway and the conflicting 

results regarding prognosis and different genes in the process of colorectal cancer. It is important 

to note that these genes and their relevant expressed peptides are likely to have other roles in 

the cell metabolism apart from autophagy and therefore confound any conclusions we can reach 

about the impact of autophagy in colorectal cancer prognosis.  

1.5 Autophagy and apoptosis: complex inter-relationship 

Autophagy and apoptosis appear to be intricately linked to each other, ensuring cellular 

homeostasis. The crosstalk between these processes is yet to be clearly defined, owing to the 

complexity of both pathways. In general, apoptosis and autophagy appear to be mutually 

inhibitory processes where autophagy precedes apoptosis when a cell is subjected to stresses 

initially and tends to be anti-apoptotic. As the stresses progress and increase in intensity, 

apoptosis tends to be induced, and the apoptotic cascade activation degrades the essential 

autophagic proteins, thereby inhibiting autophagy. Though this would be a convenient means of 

understanding the two pathways, there are situations where apoptosis can lead to cell death 

directly without apoptosis, and situations where autophagy can trigger apoptosis and necrotic 

pathways (Mariño et al., 2014).  
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Autophagy has been demonstrated to inhibit apoptosis through mitophagy, i.e.  removal of 

mitochondria since damaged mitochondria are more prone towards causing MOMP and the 

subsequent activation of apoptosis (Mariño et al., 2014; Pattingre et al., 2005). Reduction in 

cytosolic pro-apoptotic proteins by autophagic processes such as caspase 8 has been identified 

to be another mechanism by which autophagy inhibits the apoptotic process (Hou et al., 2010). 

Apoptosis has been demonstrated to inhibit autophagy through the action of caspases which can 

lead to degradation of essential proteins in the autophagic pathway such as ATG3, Beclin 1 and 

AMBRA 1(activating molecule in BECN1-regulated autophagy 1)(Mariño et al., 2014; Wirawan et 

al., 2010). Furthermore, these degraded protein fragments have also been demonstrated to 

acquire pro-apoptotic functions as demonstrated by the carboxy-terminal of degraded beclin 1 

identified to localise in mitochondria in vitro and stimulate the release of cytochrome C (Wirawan 

et al., 2010). Autophagy has also been demonstrated to mediate cell death either directly by the 

process referred to as autophagic cell death, or by triggering apoptotic and necrotic pathways. 

Though these pathways and the stimuli have not been clearly elucidated yet, autophagosome 

formation has been demonstrated to activate caspase 8 leading to apoptosis, and autophagy has 

also been demonstrated to deplete the inhibitors of the apoptotic pathway thereby stimulating 

apoptosis (Mariño et al., 2014; Nezis et al., 2010; Young et al., 2012). 

Pathways triggered by intrinsic cell stresses have molecules which have been identified to 

regulate both autophagy and apoptosis. The tumour suppressor p53 is activated by DNA damage, 

ischaemic-reperfusion damage and nutrient stress and been demonstrated to suppress 

autophagy in the cytoplasm by its interactions with FIP200 (Mariño et al., 2014; Tasdemir et al., 

2008). In the presence of DNA damage, p53 has been demonstrated to translocate to the nucleus 
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after phosphorylation by kinases, and the reduction in the cytosolic pool of p53 leads to the 

induction of autophagy in the cell (Tasdemir et al., 2008). p53 has also been demonstrated to 

translocate to the mitochondrial matrix and depending on the intensity of binding to cylcophin 

D, it can promote autophagic removal of the dysfunctional mitochondria or trigger MOMP 

leading to apoptosis (Galluzzi et al., 2012). In the nucleus, p53 has been demonstrated to bind to 

promoters of multiple genes which regulate both autophagy (AMPK, ATG5) and apoptosis 

(PUMA, BAX, BIM) and trigger either pathway (Mariño et al., 2014; Vousden and Lane, 2007). The 

family of BH3 only proteins has been reported to regulate and activate both pathways (Mariño 

et al., 2014). Apoptosis induction has been demonstrated via direct interactions and activation 

of the BCL-2 family, and autophagy induction identified to be caused by interactions of BH3 

proteins (BCL-2 antagonist of cell death (BAD), BID, NOXA) with Beclin 1 and releasing it from its 

inhibitory interactions with BCL-2 or BCL-X (Davids and Letai, 2012; Pattingre et al., 2005). Ser/Thr 

kinases such as DAPK (Death associated protein kinase) and JNK (Jun N-terminal kinase) have 

been demonstrated to modulate both autophagy and apoptosis depending on the level of stress 

on the cell (Mariño et al., 2014). Oncogenes such as MYC and RAS have also been demonstrated 

to induce either pathway as a response to cellular stress (Mariño et al., 2014).  

1.5.1 Insulin-like growth factor and its isoforms in relation to autophagy 

The IGF-1 axis has been identified to have a role in regulating autophagy in colorectal cancer 

(Sipos et al., 2017). mTOR is a major negative regulator of autophagy, and this is activated by 

class I phosphoinositide 3-kinase (PI3K) and AKT/PKB (Tan et al., 2017). Table 1.6 outlines some 

of the recent studies demonstrating the involvement of different aspects of the IGF1 signalling 

axis in controlling autophagy, particularly in times of cellular stress. Most studies (H.-Y. Han et 
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al., 2014; Liu et al., 2017a; Troncoso et al., 2012; Wang and Gu, 2018; Wang et al., 2014; Yang et 

al., 2018) demonstrate the suppression of the PI3K/Akt/mTOR pathway is associated with the 

induction of autophagy, and a couple of studies(Hernández-Breijo et al., 2013; Zeng et al., 2018) 

have suggested that activation of the ERK pathway is associated with autophagy induction. This 

suggests that different arms of the downstream signalling pathway of IGF1 have opposing roles 

in autophagy induction and suppression.  

Wang et al. (Wang and Gu, 2018) analysed the autophagy inhibitory effect of IGF-1 treatment on 

the human colon cancer cell line HCT. They used the HCT-8 cell line and the 5-fluorouracil 

resistant cell line HCT-8R5-FU. The rationale for this was the known role of autophagy 

contributing to drug resistance to 5-FU in colon cancer (Wang and Gu, 2018). Treatment with IGF-

1 downregulated the mRNA expression levels of the autophagy-associated genes unc-51 like 

autophagy activating 3-kinase 1 (ULK1), beclin-1 (Becn1) and phosphatidylinositol 3-kinase 

catalytic subunit type 3 (Vps34) while treatment with IGF-1 and an Akt inhibitor (MK-2206) 

significantly increased the mRNA expression levels of these genes. Apoptosis assays 

demonstrated treatment with 5-FU was associated with significantly reduced apoptosis in the 

HCT-8R5-FU cell line compared to the HCT-8 cell line while co-culture with IGF-1 in the resistant 

HCT-8R5-FU cells demonstrated increased apoptosis and these effects were negated by the 

addition of the Akt inhibitor. This study therefore demonstrated the inhibitory effect of IGF-1 on 

autophagy acting via the Akt pathway and its potential significance in improving efficacy of 

chemotherapy agents.  

Ascenzi et al. (Ascenzi et al., 2019) investigated the effects of the isoforms of IGF-1 in mice on 

autophagy in skeletal muscle due to the presumed association between autophagy and 
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sarcopenia (muscle loss) with age. The two isoforms, IGF-1Ea and IGF-1Eb (analogous to IGF-

1Ec/MGF in humans) were investigated with the use of transgenic mice lines for each isoform 

and compared to wild type mice at young (6 months) and old ages (26 months). Interestingly, 

both IGF-1Ea and IGF-1Eb was associated with significantly upregulated autophagy markers in 

the aged transgenic mice compared to the aged wild type mice with preserved integrity of the 

neuromuscular junctions and muscle weight with significantly increased running distance.  

The role of the different IGF-1 isoforms and autophagy and cancer has not been investigated. I 

describe the use of a MAPkinase inhibitor to stimulate autophagy in colorectal cancer cell lines 

and confirm the relationship between autophagy and apoptosis. This should set a model for work 

with investigating the relationship between the IGF-1 isoforms, including IGF-1Ec in autophagy in 

colorectal cancer for potential therapeutic roles in improving the efficacy of chemotherapy 

agents.  
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Authors Study Findings 

Liu et al. (2017) (Liu et al., 
2017b) 

Mouse embryonic fibroblasts in 
hypoxic conditions 
IGF-1 Receptor disruption and 
over-expressing cells compared 

Suppression of PI3k/Akt/mTOR signalling 
pathway promotes autophagy and cell survival 
in hypoxic conditions 

Yang et al. (2018) (Yang 
et al., 2018) 

Bone marrow mesenchymal 
stem cells in hypoxic conditions 

IGF-1 knockdown reduced Akt/mTOR signalling 
and increased the level of autophagy in bone 
marrow mesenchymal stem cells in hypoxic 
conditions. 

Troncoso et al. 
(2012)(Troncoso et al., 
2012) 

Neonatal rat cardiomyocytes 
subjected to nutritional stress 

IGF-1 reduced autophagy by activation of the 
Akt/mTOR signalling pathway. 

Hernández-Breijo et al. 
(2013) (Hernández-Breijo 
et al., 2013) 

Azathioprine treatment of 
hepatoblastoma and 
hepatocellular carcinoma cell 
lines 

Treatment of HepG2 cells with azathioprine 
stimulated the ERK/p70S6K pathway with 
subsequent activation of autophagy. 
Prolonged treatment is proposed to have 
caused resistance to IGF-1, leading to induction 
of autophagy.  

Zeng et al. (2018) 
(Zeng et al., 2018) 

Application of everolimus 
(mTOR inhibitor) on renal cell 
carcinoma cells 

Everolimus strongly induced autophagy of the 
cell line in a dose and time-dependent manner. 
This was demonstrated to be related to the 
activation of ERK, leading to resistance of the 
cancer cell line to the treatment. 

Han et al. (2014) 
(H.-Y. Han et al., 2014) 

Sulfasalazine applied to oral 
squamous cell carcinoma cells  

Sulfasalazine was identified to induce 
autophagic cell death with inhibition of the Akt 
pathway and activation of the ERK pathway 

Wang et al. (2014) 
(Wang et al., 2014) 

N-methyl-D-aspartate (NMDA) 
was used to induce autophagy in 
hippocampal neuronal cells and 
effects of IGF-1 treatment 
assessed 

IGF-1 treatment was found to decrease 
autophagy with upregulation of p-AKT and p-
mTOR with these effects blocked by the 
inclusion of a PI3K inhibitor.  

Wang et al. (2018) 
(Wang and Gu, 2018) 

Human colorectal carcinoma 
cells (HCT cell line) treated with 
IGF-1 

IGF-1 treatment activated the protein kinase B 
and induced apoptosis while inhibiting 
autophagy. This was reversed by the application 
of an Akt inhibitor.  

Table 1.6: Studies investigating IGF-1 and its pathways in autophagy 
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2 Chapter 2: Introduction to nanomedicine and review of quantum 

dots and gold nanoparticle applications in medicine 
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2.1 Introduction 

Cancer is a leading cause of morbidity and mortality worldwide. In 2012, approximately 14.1 

million cases of cancer were diagnosed worldwide and accounted for 8.2 million deaths (“Fact 

Sheets by Cancer,” 2016). Early diagnosis offers the best outcomes for patients affected with 

cancer, and this requires inexpensive, sensitive and specific diagnostic tests which can be used 

as screening tools. Late presentation in cancer often presents with local and distant spread of 

cancer and is a leading cause of cancer mortality. In this situation of advanced cancer, curative 

surgery is less likely to be an option, and the use of other treatment modalities such as 

chemotherapy and radiotherapy plays an essential role. Chemotherapy agents are cytotoxic in 

nature, and therefore the use and dosages are limited by the accompanying side effect profiles 

resulting from nonspecific interactions with healthy tissues.  

Nanomedicine is defined by the European Science Foundation as the science and technology of 

diagnosing, treating and preventing disease and traumatic injury, of relieving pain and of 

preserving and improving human health using molecular tools and molecular knowledge of the 

human body(“Nanomedicine : European Science Foundation,” 2019). It involves the use of 

materials in size ranges from one nanometer to hundreds of nanometers (“Nanomedicine : 

European Science Foundation,” 2019). These particles exhibit unique and desirable features and 

are under extensive research for use as diagnostic, therapeutic and drug delivery purposes. 

Nanoparticles in current clinical practice include liposomes (including liposomal doxorubicin 

(Doxil®) and liposomal daunorubicin (DaunoXome®) which are being used to improve tumour 

specific delivery of chemotherapy drugs, thereby reducing the side effect profile of these drugs 

and magnetic nanoparticles as diagnostic agents. This chapter describes the basic features 
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common to all nanoparticles and the use of active targeting to improve their performance.  

Quantum dots and gold nanoparaticles will be further reviewed in more detail with reference to 

synthesis, conjugation, functionalisation and current active research in this field.  

2.2 Nanoparticle biodistribution  

The biodistribution of nanoparticles has been demonstrated to be affected by size, shape, surface 

characteristics and protein corona effects (Auría-Soro et al., 2019).  Factors reducing the 

circulating times of nanoparticles include renal excretion, splenic and hepatic uptake, and 

breakdown by the reticuloendothelial system(RES) (Petros and DeSimone, 2010). Renal excretion 

significantly affects nanoparticle circulation times and occurs if the nanoparticle dimensions are 

less than the fenestration gaps of the endothelial linings in the kidneys, estimated to be between 

20 – 30 nm in animal models (Gaumet et al., 2008). Splenic filtration and breakdown of 

nanoparticles is a further significant factor which can affect bioavailability. Nanoparticles 

measuring less than 200 nm have been demonstrated to be small enough to avoid the filtration 

process at the level of the inter-endothelial slits in the walls of the splenic venous sinusoids 

(Moghimi et al., 2001). Larger fenestration gaps up to 150 nm have been measured in liver and 

bone marrow tissues, and nanoparticles smaller than these dimensions have reduced circulation 

times due to uptake by these organs (Gaumet et al., 2008). The ideal size of nanoparticles for 

clinical use has been estimated to be 100 nm - 200 nm (Gaumet et al., 2008).  

Recent evidence suggests that the shape of the nanoparticle may more significantly affect the 

circulating times compared to size. Champion et al. (Champion and Mitragotri, 2006) 

demonstrated the shape rather than the size of polystyrene molecules to independently and 
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more significantly affect the risk of phagocytosis by macrophages. This was supported by a 

further study which demonstrated significantly increased circulation times of filamentous 

micelles compared to spherical micelles despite dimensions of the molecules in micrometres 

(Champion et al., 2007).  The optimal parameters for shape have yet to be determined.  

Opsonisation is a process which involves adsorption of proteins on the surface of foreign particles 

in the bloodstream and encourages the breakdown of the foreign body by the RES. Current 

strategies to reduce uptake by the RES involve rendering the nanoparticle surface more 

hydrophilic and neutralising the charge (Petros and DeSimone, 2010). This has been successfully 

achieved with the use of polyethylene glycol (PEG), which has been demonstrated to prevent the 

opsonisation process transiently and significantly increases circulation times (Petros and 

DeSimone, 2010).  

The protein corona refers to a complex plasma proteins layer around the nanoparticles which 

takes place when nanoparticles are exposed to physiological fluids including blood (Auría-Soro et 

al., 2019). This is thought to arise from a competitive dynamic process between the soluble 

biomolecules and the nanoparticle surface. The significance of the corona is the effect of the 

protein composition on the nanoparticles physiochemical properties with consequences on the 

effectiveness of the nanoparticles including uptake by cells (Auría-Soro et al., 2019). The 

implicated proteins include immunoglobulin G, serum albumin, serum fibrinogen, clusterin and 

apolipoproteins depending on the biological environment and type of nanoparticle 

administration (Auría-Soro et al., 2019; Lee et al., 2015). The protein corona is classified into hard 

and soft layers based on the duration and affinity of the protein exchanges with the hard corona 
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forming the closest layer to the nanoparticle surface with a high affinity and long exchange times 

while the soft corona is a low affinity layer of proteins with a fast exchange over time (Auría-Soro 

et al., 2019).   The relationship of different nanoparticles, type of administration, different 

physiological fluids and interactions with the protein corona remains an area of research to help 

improve nanoparticle biodistribution.  

2.3 Cancer targeting of nanoparticles 

2.3.1 2.3.1 Passive targeting 

The endothelial barrier is an essential factor affecting the biodistribution of nanoparticles. The 

anatomical and pathophysiological abnormalities arising from disordered angiogenesis of solid 

tumours can be utilised to the advantage of nanocarriers. The tumour vascular architecture is 

often abnormal, with dilated vessels composed of  disorganised endothelial layers with large 

fenestrations (Iyer et al., 2006). Measurements of the fenestration gaps on animal models of 

tumour tissues have been estimated to be between 200 – 780 nm (Jain, 1994). Appropriately 

sized nanoparticles can, therefore, penetrate the abnormal endothelial layers in the tumour 

tissues, whilst being size restricted by normal endothelial layers in the other tissues. The 

disordered tissue architecture in tumours results in poor lymphatic drainage and venous flow, 

thereby contributing to inefficient drainage from the tumour bed (Skinner et al., 1990). This leads 

to high local concentrations of the nanoparticles at the tumour sites in comparison to healthy 

tissues (Figure 2.1). This passive phenomenon has been referred to as the Enhanced Permeability 

and Retention effect (EPR) and was initially reported by Matsumara and Maeda in 1998 

(Matsumura and Maeda, 1986) when they identified, with the use of radioactively labelled 

proteins, that there is a tumour specific accumulation of these proteins with a ratio of 5:1 to the 
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concentration in blood over a period ranging from 19 hours to 72 hours, though this did not apply 

to proteins less than 20 kDa. Retention times from as long as days to weeks have been 

demonstrated in animal models (Maeda, 2010). Though passive targeting of tumour cells via the 

EPR effect is the basis of many current clinically utilised nanocarriers including liposomal 

doxorubicin (Doxil®) and liposomal daunorubicin (DaunoXome®), there are a few limitations with 

this approach to tumour targeting. The random approach for nanoparticles to accumulate in the 

target tumour tissue makes it a complicated process to control. There is some evidence to 

suggest that this poor control may induce multidrug resistance (Peer et al., 2007). In addition to 

this, the EPR effect is not demonstrated in all tumour tissues, and variations in tumour 

architecture in the same tissue can affect the uniform distribution of the nanoparticle and 

thereby the drug delivered (Peer et al., 2007). Hepatocellular and renal cell carcinoma have been 

demonstrated to have a higher EPR effect due to the higher vascular density in these tissues 

compared to prostate and pancreatic cancer which have lower vascular densities (Kalyane et al., 

2019; Maeda, 2015; Nagamitsu et al., 2009). Henerweer et al. (Heneweer et al., 2011) 90Zr-

labelled mouse albumin to assess the uptake and retention in three human xenograft models of 

prostate cancer and demonstrated at 20 hours post-administration, just 5% of the injected dose 

accumulated in the tumour tissues. This has been replicated in other studies with the tumour 

uptake for pegylated nanoparticles, including ZnSe quantum dots at 8.3% (Yu and Zheng, 2015). 

The need to improve tumour delivery of nanoparticles has led to the increasing work in active 

targeting strategies as discussed below.  
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Figure 2.1: Enhanced Permeability and Retention (EPR) effect. Normal tissue on the left. (A) Hydrostatic pressure 
pushes fluid into in interstitial space (B) Oncotic pressure draws fluid back into the bloodstream (C) Lymphatic 
drainage of fluid. Tumour tissue on the right. (D) Leaky endothelium leads to a more substantial volume of fluid 
leaking into the interstitial spaces (E) Low protein leading to low oncotic pressure drawing fluid into the 
bloodstream (F) Minimal lymphatic drainage due to disordered tissue architecture. Nanoparticles can utilise the 
combination of D, E and F to accumulate in tumour tissue.  

 

 

2.3.2 Active targeting 

Active targeting relies on targeting receptors overexpressed in tumour tissues and minimally 

expressed in normal tissues. Active targeting nanocarriers are transported in the same manner 

as the passively targeted nanocarriers and therefore are subjected to the same factors that affect 

blood circulation times. The targeting ligands include proteins (monoclonal antibodies or their 

fragments), nucleic acids (aptamers) or other receptor ligands (peptides, vitamins and 

carbohydrates) (Peer et al., 2007). Targets currently under research can be broadly classified as 

cellular targets and tumour endothelial targets (Danhier et al., 2010). Cellular targets (Table 2.1) 

are utilised for drugs which directly cause cell death. These ligands target receptors which 

promote cell internalisation, thereby ideal for drugs acting on DNA, RNA and proteins. Receptors 

that have been targeted for this purpose include the transferrin receptor, the folate receptor, 

and the epidermal growth factor receptor (EGFR). Targeting the tumour endothelium (Table 2.2) 
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aims to cause tumour cell death due to hypoxia and the lack of nutrients. The concept was initially 

suggested in 1971 by Judah Folkman (Folkman, 1971) and targets include vascular endothelial 

growth factor (VEGF), (alphavbeta3) integrin, vascular cell adhesion molecule-1 (VCAM-1) and 

the matrix metalloproteinases. Limitations of active targeting nanoparticles include the binding 

site barrier and non-specific cell binding (Allen et al., 1995; Juweid et al., 1992). The binding site 

barrier results from nanoparticles with high-affinity ligands binding with perivascular cancer cells 

(the first cancer cells in contact with the nanoparticle), thereby resulting in poor tumour 

penetration. Therefore, despite increased tumour accumulation, the efficacy of the delivered 

drug may not be improved due to non-uniform distribution. The other identified limitation is the 

presence of the targeted receptor in normal cells, which will result in reduced circulation times 

and systemic toxicity (Allen et al., 1995).  
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Receptor Role Overexpressed in tumours 

Transferrin 
receptor 

Type II transmembrane glycoprotein 

The binding site for transferrin which 
transports iron, thereby delivering iron 
intracellularly.  

Breast, bladder (transitional cell), glioma, lung 
adenocarcinoma, chronic lymphocytic leukaemia, 
non-Hodgkin’s lymphoma, ovarian, prostate, renal 
(Daniels et al., 2006; Wirth et al., 2006). 

Folate receptor Glycosylphosphatidylinositol-anchored 
protein 

Folic acid is required for the synthesis of 
purines and pyrimidines.  

Alpha form - epithelial cancers including ovarian, 
cervix, endometrium, lung, kidney and brain. 

beta-form - acute and chronic myeloid leukaemia 
(Low and Kularatne, 2009).  

Epidermal growth 
factor receptor 

tyrosine kinase receptor 

Mediate a cell signalling pathway for growth 
and proliferation in response to binding of 
the growth factor (Byrne et al., 2008).  

Breast cancer, colorectal, non-small cell lung cancer, 
squamous cell carcinoma of the head and neck, 
ovarian, kidney, pancreatic and prostate (Lurje and 
Lenz, 2009).  

Table 2.1: Targets for active targeting nanoparticles: Cell proliferation receptors 

 

 

Receptor Role Overexpressed in tumours 

Vascular 
endothelial growth 
factor receptor - 
(VEGFR) 

Inducer of tumour angiogenesis.  

VEGFR-1 and VEGFR-2 receptors targeted. The latter 
is the most commonly targeted (Byrne et al., 2008).  

Breast, colon, pancreatic, non-small cell 
lung cancer, squamous cell cancer of the 
head and neck, prostate, bladder (Fischer 
et al., 2008; Sato et al., 1998).  

αvβ3 Integrin Endothelial cell receptor for extracellular matrix 
proteins. Role in the calcium-dependent signalling 
pathway leading to endothelial cell migration (Byrne 
et al., 2008; Danhier et al., 2010).  

Lung, breast, colon, melanoma, squamous 
cell skin carcinoma, Kaposi sarcoma (Byrne 
et al., 2008; Kessinger et al., 2010).  

Vascular cell 
adhesion molecule 
(VCAM-1) 

Immunoglobulin-like transmembrane glycoprotein 

Expressed in inflammation and tumours and 
promotes cell to cell adhesion (Osborn et al., 1989).  

Lung, breast, melanoma, renal cell 
carcinoma, gastric, nephroblastoma, 
Hodgkins disease, B-cell lymphocytic 
leukaemia (Dienst et al., 2005).  

Matrix 
metalloproteinases 

Zinc-dependent endopeptidases which break down 
the extracellular matrix. Essential physiological 
component for tissue repair, morphogenesis and 
angiogenesis (Vihinen et al., 2005).  

Lung, gastric, colon, breast, cervix, glioma, 
melanoma (Byrne et al., 2008; Sato et al., 
2005).  

Table 2.2: Targets for active targeting nanoparticles: tumour endothelium receptors 
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2.4 Fluorescent nanoparticles 

2.4.1 Quantum dots 

2.4.1.1 Introduction 

Quantum dots are classically described as inorganic nanocrystals measuring around 2 – 10 nm 

with size controllable optical and electrical properties (Volkov, 2015). Since Louis Brus 

demonstrated the quantum confinement effect of these nanocrystals, these particles have 

been investigated in different roles in medicine including drug delivery, biomarker detection, 

sentinel lymph node mapping agents, intraoperative imaging to aid clear margin excisions of 

tumours and photodynamic therapy  (Brus, 1984; Onoshima et al., 2015; Rosenthal et al., 

2007; Steigerwald and Brus, 1990). The ‘classical’ quantum dots related to semiconductors 

synthesised from groups III-V and II-VI elements of the periodic table. However, in the last 

decade, an increasing number of nanoparticles based on carbon, noble metals and silicon 

have been identified to demonstrate the quantum confinement effect, and therefore the 

definition of quantum dots has to be broadened to encompass this (Volkov, 2015). 

Semiconductor quantum dots possess a broad excitation spectrum and a narrow, symmetrical 

and size-controlled emission spectrum. In comparison to organic fluorophores, these 

quantum dots have been demonstrated to have 100 to 1000 fold greater fluorescent stability 

against photobleaching with 10 to 100 fold higher intensity in brightness (Onoshima et al., 

2015). Table 2.3 summarises the advantages of semiconductor quantum dots compared to 

organic fluorophores.  
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Property Semiconductor quantum dots Organic fluorophores 

Absorption spectrum Broad  Narrow 

Emission spectrum Narrow, symmetrical with Gaussian 
profile  

Asymmetrical, often tailing to long-
wavelength side 

Photobleaching threshold High Low 

Fluorescence lifetimes 10 – 100ns, typically multi-
exponential decay 

1-10 ns, mono-exponential decay 

Quantum yield High Low 

Saturation intensity High Low 

Table 2.3: Comparison of semiconductor quantum dots as labelling agents and organic dyes (Resch-Genger et 
al., 2008) 

 

Over the last two decades, the structural evolution of the quantum dots has included the 

design of ‘self-illuminating’ quantum dots. Self-illuminating quantum dots absolve the need 

for external excitation energy to make the quantum dots fluoresce and therefore reduce the 

background signal and avoid the non-specific tissue damage by the excitation energy 

(Aswathy et al., 2010). These quantum dots have been constructed with the principle of 

bioluminescence resonance energy transfer (BRET), where a light-emitting protein 

nonradiatively transfers energy to the acceptor quantum dot, thereby causing it to fluoresce. 

To achieve this, So et al. (So et al., 2006) described coupling carboxylate bearing quantum 

dots with a mutant of the bioluminescent protein Renilla luciferase, and upon addition of the 

substrate coelenterazine, the protein emits blue light which excites the nearby quantum dot 

causing it to fluoresce (Aswathy et al., 2010; So et al., 2006). The structure, synthesis and 

functionalisation of ‘classical’ quantum dots are described below after a brief description of 

the quantum confinement effect.  

2.4.1.2 The quantum confinement effect  

2.4.1.2.1 Semiconductor quantum dots 

The quantum confinement effect, band gaps and excitons can be better understood after 

reviewing the basics of semiconductors. Semiconductors are materials with electrical 

conductivity between an insulator and a conductor. Electrons in materials are described to 
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have energies with discrete bands which are between the ground state (electrons bound to 

the nucleus) and free electron energy (electrons are free of the material). Electrons with lower 

energy tend to lie in the valence band, while those with higher energy lie in the conduction 

band. Conductors have a predominance of electrons in the conduction band, while insulators 

have a predominance of electrons in the valence band. Semiconductors have a few electrons 

in the conduction band, with a majority in the valence band. The energy required to excite 

electrons from the valence band to the conduction band is referred to as the bandgap, and 

this increases the conductivity of the material. The bandgap is larger in insulators compared 

to semiconductors, and arbitrarily a gap of 4eV is the defining line between the two materials. 

When electrons acquire energy (from an external source), they can ‘jump’ from the valence 

band to the conduction band, thereby leaving a positively charged ‘hole’ in the valence band. 

The electron and its hole are referred to as an exciton sharing attractive forces between them. 

The distance in an electron-hole pair is referred to as the exciton bohr radius. When the 

electron returns from the conduction band to the valence band (after the external energy 

source is removed), energy is released in the electromagnetic spectrum.  In quantum dots, 

the nanoscale of these particles results with the size of the dot to be of the same order as the 

exciton bohr radius, thereby ‘confining’ the electron-hole pair. This effect arising from the 

quantisation of the energy levels into discrete bands is referred to as the quantum 

confinement effect.  Small alterations in the size of the quantum dot can affect the bandgap 

and therefore wavelength of the transmitted energy. 

2.4.1.3 Semiconductor quantum dot structure 

The largest groups of quantum dots in nanomedicine research are the II-VI type of quantum 

dots, based on the elements of the periodic table. These include CdSe, CdTe, Zn and Hg based 

quantum dots. Other types of quantum dots include III-V and IV-VI quantum dots. Quantum 
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dots with two semiconductor materials arranged in a core-shell structure have been 

demonstrated to better photostability and higher quantum yields (Obonyo et al., 2010). The 

core quantum dot can develop surface defects which can quench the fluorescent properties 

of the quantum dot. ‘Coating’ the quantum dot with a shell limits this by protecting the bare 

quantum dot from surface oxidation and prevents leaching of metal ions when exposed long 

term to cellular media and therefore metal toxicity (Karakoti et al., 2015; Singh et al., 2012). 

The alteration of the constituents of the core and shell material can be used to fine-tune the 

emission wavelengths. Depending on the band gaps of the core and the shell, quantum dots 

can be classified as either type I, reverse type 1 or type II (Kim et al., 2003; Ma and Su, 2010). 

In type I quantum dots, the bandgap of the core is smaller than the shell and a lower 

conduction band and higher valence band electron energies in the core compared to the shell, 

thereby confining the electrons and holes to the core of the quantum dots. In reverse type I 

quantum dots, the bandgap of the core is larger than the shell thereby confining the electrons 

and holes in the shell. Examples of type I quantum dots include CdSe/CdS (core/shell) and 

CdSe/ZnS quantum dots. Examples of type I reverse quantum dots include CdS/HgS and 

CdS/CdSe quantum dots. In type II quantum dots, both the valence and conduction bands are 

either higher or lower in the core compared to the shell with the result of one carrier confined 

to the core and the other to the shell. This staggered bandgap alignment leads to increased 

spatial separation with radiative recombination across the material interface, allowing for 

emission wavelengths which may not be possible with type I quantum dots. Examples of type 

II quantum dots include CdTe/CdSe quantum dots where the electron is confined to the CdSe 

shell and the hole in the CdTe core and CdSe/ZnTe where the electron is confined to the CdSe 

core and the hole in the ZnTe shell(Kim et al., 2003). 
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In type I quantum dots, the shell acts as a barrier and protects the core from photobleaching 

(loss of fluorescence). Reverse type I quantum dots have shells with smaller band gaps 

compared to the core, and therefore the emission spectrum of the quantum dot is affected 

by the shell thickness with a significant red-shift with increasing size(Reiss et al., 2009). A 

further larger bandgap material may be grown over this core/shell structure to protect it from 

photobleaching. The staggered bandgap alignment in type II quantum dots allows for a more 

significant red-shift of the emission spectra and allows for alterations of shell thickness to 

achieve emission wavelengths which are challenging to achieve with other materials 

particularly in the highly desirable near IR spectrum(Reiss et al., 2009).  

2.4.1.4 Quantum dot synthesis and functionalisation 

There are increasingly different strategies being reported for the precise production of 

quantum dots. These include organometallic synthesis, aqueous synthesis and ‘green’ 

methods involving biosynthesis. 

2.4.1.4.1 Organic synthesis 

Synthesis of quantum dots by pyrolysis of organometallic reagents by injection into hot 

coordinating solvents described initially in 1993, remains to be the most popular method of 

quantum dot synthesis for making robust and high-quality quantum dots (Murray et al., 1993; 

Yong et al., 2012). This involved the use of dimethyl cadmium mixed with trioctylphosphine 

(TOP) and selenium, rapidly injected into hot trioctylphosphine oxide (TOPO) enabling the 

production of highly monodisperse CdSe (Murray et al., 1993). This method was limited by 

the drawbacks of dimethyl cadmium being pyrophoric (therefore necessitating airless 

techniques in handling) and associated with high cost and toxicity. Other precursors are now 

being used successfully in place of dimethyl cadmium including CdO and cadmium acetate 
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which are more acceptable for widespread industrial use(Peng and Peng, 2001; Qu et al., 

2001; Rosenthal et al., 2007). Quantum dots produced by the organic synthesis routes are 

insoluble in aqueous solutions, and therefore require further surface modifications prior to 

use in biological systems.  

2.4.1.4.2 Aqueous synthesis 

This method of synthesis renders the quantum dot water-soluble thereby removing the need 

for further modifications of the quantum dot surface which results in significantly decreased 

photoluminescence (Bruchez et al., 1998; Mattoussi et al., 2000; Mussa Farkhani and 

Valizadeh, 2014). Aqueous phase synthesis utilizes capping agents such as thiols in alkaline 

solution with the precursors of the quantum dot constituents such as Cd and Te. The use of 

short-chain thiols renders the quantum dots dispersible in aqueous media, thereby removing 

the need for further functionalization and offers reactive groups which can be directly 

conjugated with biomolecules for targeted delivery (Yong et al., 2011). This method of 

quantum dot synthesis is of a lower cost compared to the organometallic approach and offers 

a more environmentally friendly and higher reproducibility option. However, this method 

does not possess the same degree of crystallinity of the quantum dots, and the organometallic 

approach tends to produce quantum dots with a narrower particle size distribution(Gaponik 

et al., 2002; Mussa Farkhani and Valizadeh, 2014).  

2.4.1.4.3 Biosynthesis of quantum dots 

Biological methods of synthesis of quantum dots involve the use of biological organisms and 

biomimetic systems for quantum dot synthesis and functionalization of these chemically 

synthesised quantum dots with biomolecules (Zhou et al., 2015). This method offers milder 

conditions for quantum dot synthesis and the advantage of synthesized quantum dots with 
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inherent biostability without the need for further functionalization (Zhou et al., 2015). 

Organisms successfully used for this purpose include E.Coli, yeast cells including 

saccharomyces cerevisiae, the earthworm and staphylococcus aureus (Bao et al., 2010; Kang 

et al., 2008; Luo et al., 2014; Stürzenbaum et al., 2013; Xiong et al., 2014; Zhou et al., 2015). 

The organisms are incubated with the relevant precursor ions such as cadmium salts, and the 

organisms produce peptides and enzymes which catalyse the reaction in the intracellular 

environment to generate the quantum dots. Some groups have reported a relatively high 

yield of quantum dots (as high as 33%) using these means and report the emission wavelength 

of the quantum dot can be tuned by adjusting the incubation time of the yeast cells (Bao et 

al., 2010; Zhou et al., 2015). Biomimetic systems have also been successfully shown to 

generate biocompatible quantum dots at relatively high yields (Zhou et al., 2015). This has 

included the use of lipid vesicles, ribonuclease-A and DNA and offers the advantage of 

monitoring and modulating the physiochemical properties of the quantum dots thereby 

providing quantum dot production in a large scale (Kong et al., 2010; P. Yang et al., 2009; C. 

Zhang et al., 2014; Zhou et al., 2015). These ‘green’ methods of quantum dot synthesis are 

currently generally inferior to the chemical methods of synthesis with regards to the yield and 

uniformity of the quantum dots generated. 

2.4.1.4.4 Surface modification for solubility in aqueous media 

The organic method of quantum dot synthesis results in hydrophobic surfaces, thereby 

making them insoluble in aqueous media and therefore inadequate for biomedical purposes. 

Strategies reported in the literature to make these quantum dots soluble in aqueous solutions 

include ligand exchange, surface silanisation, and coating the quantum dot surface with 

amphiphilic polymers. Ligand-exchange involves the removal of the hydrophobic ligands on 

the quantum dot surface (arising from the solvents used in their synthesis) and substituting 
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them with ligands which have bifunctional groups such as thiols ( -SH) to bind onto the ZnS 

shell of the quantum dot and either carboxyls ( -COOH), amines ( -NH2) or hydroxyls (OH) to 

enable the quantum dot to be water-soluble and attachment of secondary biomolecules for 

functionalisation (Bruchez et al., 1998; Kang et al., 2004; Karakoti et al., 2015; Obonyo et al., 

2010; Thanh and Green, 2010). Though ligand exchange is generally easier to perform 

compared to other strategies and the resulting size of the quantum dot can be tightly 

controlled improving its biological applications, it is limited by the consequent reduction in 

photoluminescence (from a quantum yield of 80% to 30%), the tendency for quantum dots to 

aggregate and the short-term stability of thiols (Ma and Su, 2010; Obonyo et al., 2010; Yu et 

al., 2006). 

The use amphiphilic polymers involve encapsulating the quantum dot through hydrophobic 

interactions with the quantum dot surface and thereby leaving exposed hydrophilic ends 

which result in the solubility in aqueous media. Polymers used for this purpose include 

phospholipids, and long-chain polymers which include triblock polymers and this method is 

not limited by reduced quantum yield since there are no changes to the quantum dot surface 

with the long-chain polymers, and this offers more binding sites for ligands which is useful for 

biomedical applications (Obonyo et al., 2010). In addition, this method is associated with 

reduced toxicity of the quantum dot and increased stability(Obonyo et al., 2010; Yang and 

Zhang, 2004). Silanisation of the surface of the quantum dot involves creating a layer of 

amorphous silica which renders the quantum dot soluble in aqueous solutions (Karakoti et 

al., 2015). This process has been demonstrated to be a very stable capping agent with 

increased photostability and  the terminal groups of the silane shell exposed for further 

processing with thiol, phosphonate or methyl terminal groups (Correa-Duarte et al., 1998; 

Karakoti et al., 2015; Thanh and Green, 2010).  
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2.4.1.4.5 Biofunctionalisation 

Further modification of the quantum dot surface is required for biomedical applications. The 

use of active targeting ligands such as proteins, aptamers and antibodies have been 

successfully used as targeting moieties in nanomedicine. The two main approaches to achieve 

this is via covalent or non-covalent binding (Bilan et al., 2015). Non-covalent conjugation 

involves electrostatic bonding, absorption and mercapto-exchange. The large surface area of 

quantum dots is utilized for non-selecting binding of molecules and is dependent on the type 

of biomolecules being adsorbed on the surface, the type of solvent, pH and ionic strength 

(Karakoti et al., 2015).  

Covalent binding is more popular due to the stronger bonds achieved with the biomolecules. 

Amide coupling has been demonstrated to offer high efficiency and yield with stable bonds. 

The process usually involves the use of carboxyl terminated functional groups on the surface 

of the quantum dot to be conjugated with the free amines on proteins, peptides or antibodies 

through the formation of simple amide bonds (Karakoti et al., 2015; Pereira and Lai, 2008). 

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) is commonly used as a coupling agent 

between amine groups on proteins and the carboxyl groups on the quantum dots(Obonyo et 

al., 2010). Other examples of the use of covalent binding for biomolecules include the use of 

thiols to achieve disulfide binding of the quantum dots with the peptides. These quantum 

dots offer the advantage of bypassing the two-stage process of making the quantum dot 

soluble and then achieving functionalisation(Karakoti et al., 2015).   

2.4.1.5 Review of current studies on the role of quantum dots in cancer diagnosis and treatment 

The unique features of quantum dot nanoparticles have led to research to their use in cancer 

diagnosis and treatment. Areas of focus in cancer diagnosis and treatment include its use in 
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labelling biomarkers and immunohistochemistry, tumour targeting and therapy and 

photodynamic therapy.  

2.4.1.5.1 Semiconductor quantum dot for immunohistochemistry 

Immunohistochemistry is an essential technique in tumour diagnosis, which is used to identify 

characteristic antigens in tissues. The technique involves the detection of antigens by using 

specific antibodies, and the extent of the expression of the antigens is traditionally detected 

by enzyme-substrate based chromogenic markers via light microscopy. Analysis of the extent 

of binding is semi-quantitative with the use of scoring systems such as the H score and the 

Allred score. The use of organic fluorophores conjugated to the second antibody is another 

method of performing immunohistochemistry. Since the labels can be visualized with a 

fluorescence microscope, the labels are easily visualized. Quantum dots offer many 

advantages over the use of organic fluorophores (outlined in Table 2.3) including minimal 

photobleaching, the advantage of the use of multiple quantum dots simultaneously on the 

same tissue sample which would help outline multiple antigens due to the ability to fine-tune 

the emission spectrum of the quantum dots using the same excitation energy (Akhtar et al., 

2007). Since the initial reports of quantum dot-based immunohistochemistry in 2001, an 

increasing number of protocols have been reported in the literature (Akhtar et al., 2007; Vu 

et al., 2015). Recent studies have been outlined in Table 2.4, and overall the efficacy of 

quantum dot immunohistochemistry has been demonstrated to have equal or superior ability 

to quantify the expression of single and multiple antigens in different cancer tissues.  
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Table 2.4: Recent studies investigating the role of quantum dots in immunohistochemistry of cancer tissues 

Author Cancer type Findings 

Peng et al. (Peng et al., 
2017) 

Gastric CdSe core with ZnS shell quantum dots bound to secondary antibodies for immunohistochemistry. Multiplexed quantum dot-based 
quantitative immunofluorescence was used for stromal markers such as lysyl oxidase (LOX). Comparison to traditional 
immunohistochemistry demonstrated superior fluorescence of the quantum dots and resistance to photobleaching. LOX expression was 
correlated to overall survival and disease-free survival.  

Zheng et al. (Zheng et al., 
2016) 

Breast Quantum dots bound to the secondary antibody was used to quantitatively assess the expression of Topoisomerase 2 alpha (TOP2A). 
Quantum dot immunofluorescence was compared to conventional immunohistochemistry with good agreement with both modalities. 
TOP2A expression was concluded to be an independent prognostic factor.  

Wang et al. (S. Wang et 
al., 2016) 

Colorectal Large External Antigen (LEA) expression with immunohistochemistry via conventional methods and quantum dot immunohistochemistry. 
Quantum dot immunohistochemistry demonstrated higher sensitivity (89% compared to 70% of conventional immunohistochemistry). 

Hu et al. (Hu et al., 2015) Head and 
neck  

Multiplexed quantum dots conjugated to E-cadherin, vimentin and EGFR used to quantify immunohistochemistry and compared to 
single/combination biomarker detection using traditional immunohistochemistry. The combination of these three biomarkers in 
association with age, gender and grade were used to predict lymph node metastases with an 87.5% sensitivity, 97.4% specificity and 92.9% 
accuracy which was superior to using single or dual biomarkers using traditional immunohistochemistry.  

Gonda et al. (Gonda et 
al., 2015) 

Breast Protease-activated receptor 1 (PAR1) expression in HER2 negative breast cancer patients was quantified using quantum dot-based 
immunohistochemistry and the strong correlation with PAR1 expression and relapse-free survival time was demonstrated. 

Kwon et al. (Kwon et al., 
2015) 

Breast Multiplexed quantum dots utilised for the progesterone receptor, oestrogen receptor and human epidermal growth factor receptor 
expression were designed and compared to conventional immunohistochemistry demonstrating good correlation with pathologists 
scoring of the three different biomarkers.  

Chen et al. (Chen et al., 
2014) 

Cervical SCC Quantum dot immunofluorescence staining of 168 cervical cancer tissue specimens for enhancer of zeste homolog 2(EZH2) and p53 
expression, and demonstrated the expression of both antigens was associated with more advanced stages of cervical cancer 



71 
 

2.4.1.5.2 Semiconductor quantum dots in sentinel lymph node mapping 

The sentinel lymph nodes are the first few nodes which drain lymph from the primary tumour, 

and therefore in cancers which are known to spread via lymphatics initially, this status of this 

node (i.e. involved with the tumour or not) has important prognostic and treatment 

implications. Breast cancer and malignant melanomas are amongst the cancers for which 

identification of the sentinel node is useful. In breast cancer, the absence of tumour in the 

sentinel node avoids the patient from undergoing an axillary node clearance which is 

associated with life-long morbidity such as lymphedema of the ipsilateral arm, and nerve 

injuries and randomized controlled studies have demonstrated no benefit in axillary node 

clearance in patients with negative sentinel nodes (Mamounas, 2016). Currently, patients 

who undergo surgery for breast cancer have dual imaging of the sentinel node by the injection 

of a radioactive colloid, and blue dye adjacent to the tumour and the sentinel node is localized 

intraoperatively with the use of a gamma probe and visualization of the blue tainted lymph 

node. Identification rates with these two modalities have been demonstrated to be as high 

as 97.2% with a false-negative rate of 9.8% in the NSABP B-32 trial which is one of the largest 

randomized controlled studies to date investigating the role of the sentinel nodes in breast 

cancer (Krag et al., 2007). 

The use of quantum dots for sentinel node mapping is an attractive alternative as it offers a 

non-radiation related modality for this purpose with the use of Near-Infrared emitting 

quantum dots providing the advantage of deep tissue penetration for the identification of the 

sentinel node and the size of the quantum dots to achieve optimal sentinel node 

accumulation. The size of the particles used plays an essential role in its suitability for sentinel 

node mapping, since particles smaller than 10nm will not stay confined to the sentinel lymph 

nodes and spread to other groups of lymph nodes, and particles larger than 50nm 



72 
 

demonstrate low lymphatic vessel penetration and slow onset of action (Frangioni et al., 

2007; Radenkovic et al., 2016; Zimmer et al., 2006). Currently, research in the role of quantum 

dots for sentinel node identification has been predominantly in animal models with 

encouraging results demonstrating superiority over the use of blue dyes for lymph node 

mapping. Wu et al. (Wu and Chu, 2012) demonstrated the use of self-illuminating 3-

mercaptopropionic acid capped CdTe/CdS quantum dots in pigs and demonstrated a 20mm 

penetration of the emission energy from the quantum dots compared to 10mm from the 

fluorescence of the quantum dots with external energy and strong background energy. 

Intradermal injection of these self-illuminating quantum dots demonstrated real-time 

imaging of the sentinel lymph nodes with no background noise (Wu and Chu, 2012). Other 

recent studies of the use of quantum dots in sentinel node imaging are outlined in Table 2.5.  

Author Cancer type Findings 

Yaghini et al. 
(Yaghini et al., 
2016) 

Breast 
cancer 

Indium based quantum dots (InP core, ZnS shell) were used. Cell viability studies 
demonstrated no cytotoxicity of these nanoparticles. Ex Vivo studies involving the 
subcutaneous injection of these quantum dots in the rat models demonstrated 
accumulation in local lymph node accumulation with good photoluminescence.  

Si C et al. (Si et 
al., 2014) 

Not a cancer 
model 
Invivo 

Quantum dots were compared to methylene blue in six mice by injecting them into 
the plantar metatarsal regions and intraoperatively identifying the lymph nodes 
(previously stained with Indian ink). Both modalities sstained the sentinel lymph 
nodes quickly, but the methylene blue was not easily identified in the deep tissues, 
while quantum dots were localized with near-infrared imaging systems, and the 
fluorescence lasted for a day after injection.  

Li P et al. (Li et 
al., 2012) 

Stomach 
Not a cancer 
model 

Quantum dots were injected into the lesser curvature of the gastric antrum 
(subserosal), and subsequent drainage was observed with a near-infrared imaging 
system. Drainage into perigastric lymph nodes was confirmed with maximal 
fluorescence at 60 – 120 minutes, and at 2 weeks quantum dots were mainly 
identified in the liver, spleen and kidneys with no apparent toxicity.  

Helle et al. 
(Helle et al., 
2012) 

Murine 
model of 
breast 
cancer 

Indium based quantum dots used initially in healthy mice and in tumour bearing 
mice. Sentinel lymph nodes identified in both models within a few minutes of 
administration with maximum fluorescence in 8 hours. 

Erogbogbo et 
al (Erogbogbo 
et al., 2011) 

Not a cancer 
model 

Silicon-based quantum dots were injected in the subcutaneous space of paws of 
mice, and sentinel node accumulation demonstrated in the axillary lymph nodes. 

Pic et al. (Pic et 
al., 2010) 

Not a cancer 
model 

Near infra-red emitting quantum dots were injected subcutaneously in the paws. 
Quantum dot accumulation in regional lymph nodes was demonstrated within 5 
minutes of the injection and a maximum level at 4 hours.  

Table 2.5: Recent studies in quantum dots for mapping sentinel lymph nodes 
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2.4.1.5.3 Quantum dots in drug delivery and tumour imaging 

Quantum dots have been investigated in  vivo for tumour imaging and as drug delivery agents. 

The passive targeting of tumours has been demonstrated for quantum dots due to the 

enhanced permeability and retention effect of the nanoparticle size. Guo and colleagues (Guo 

et al., 2015) demonstrated the use of self-illuminating quantum dots using radioactive (65)Cu 

into a CulnS/ZnS nanostructure which was PEGylated and demonstrated high tumour uptake 

in a U87MG mouse xenograft model. Active targeting of tumours using quantum dots 

conjugated with ligands has also been reported. Yeh et al (Yeh et al., 2016) used quantum 

dots  conjugated to a synthetic peptide, SP204, and injected mice bearing prostate cancer 

xenografts (PC3 and DU145), and demonstrated significantly higher tumour accumulated (16 

and 5 fold respectively) in the conjugated quantum dots compared to non-conjugated 

quantum dots demonstrating the benefits of active targeting ligands. Other recent studies are 

outlined in Table 2.6, including using quantum dots as drug delivery agents.  
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Authors Quantum Dot Target Drug Outcomes 

Zhao et al. (Zhao et 
al., 2018) 

CdSe/ZnS quantum dots 
modified with β-cyclodextrin 
and conjugated with l-
Arginine (l-Arg) and neutral 
l-Tryptophan (l-Trp) and 
loaded with doxorubicin 

HepG2, QSG-7701, and HeLa cells 
Invitro Study 

Doxorubicin The Arginine conjugated quantum dots demonstrated 
selective delivery to cancer cells and demonstrated the 
induction of apoptosis in these cell lines.  

Kwon et al. (Kwon et 
al., 2013) 

CdTe/CdSe conjugated with 
antiVEGFR2 

Xenograft – murine model bearing 
PC3 prostate cancer 

 Conjugated quantum dots demonstrated invivo and invitro 
binding to the tumour cell line and xenograft model 

Nurunnabi et al. 
(Nurunnabi et al., 
2010) 

CdTe/Cdse Core/shell 
encapsulated in 10,12-
pentacosadiynoic acid 
(PCDA) conjugated with 
Herceptin 

Epidermal growth factor -2 (EGRF-2) 
receptor-expressing human breast 
cancer (SK BR-3 cell line) vs non-
EGRF2 expressing human 
nasopharyngeal (KB cell line) – in 
vitro study 
MDA-MB-231 murine xenograft 

Herceptin The increased cytotoxic activity demonstrated for EGRF-2 
expressing cell line in vitro 
Significant anti-tumour efficacy of conjugated 
demonstrated in vivo compared to control mice injected 
with saline, and aggregation in the tumour. 

Meng et al. (Meng et 
al., 2011)  

CdTe/ZnS quantum dots 
conjugated with folic acid 

FR positive KB cells – Human 
nasopharyngeal cancer cell line 

 Good uptake of the folic acid conjugated QD in the FR 
positive cells demonstrated compared to FR negative cells 
(293T cell line – embryonic kidney) 

Al-Jamal et al. (Al-
Jamal et al., 2009)  

QD conjugated with a 
Liposome vesicle 
(DSPC:Chol:DSPE-PEG2000) 

B16F10 melanoma tumour bearing 
C57BL6 mice 

 Rapid accumulation and retention demonstrated in the 
tumour tissue 

Zhang et al. (Zhang et 
al., 2009)  

CD/Te QD conjugated with 
IGF1R-specific antibody, 
AVE-1642 

Xenograft - mouse embryo 
fibroblasts expressing human IGF1R 
or MCF-7 human breast cancer cells 

 Compared the QD to fluorophore – found to be inferior for 
detection of downregulation of IGF1 

Yang et al. (L. Yang et 
al., 2009)  

ScFvEGFR-QD conjugated 
with A single-chain anti-
EGFR antibody (ScFvEGFR 

EGFR in vivo pancreatic cancer cell 
line 

 Specific tumour accumulation demonstrated. 
Demonstrating good potential for use for delivery of 
therapeutic agents 
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Authors Quantum Dot Target Drug Outcomes 

Walther et al. 
(Walther et al., 2008)  

CdSe QD conjugated with 
Human Hormone Calcitonin 

HEK93 (embryonic kidney) cell line 
and HeLa cell line 

Cy3 labelled 
RNA 

Successful delivery of Cy3 RNA into cells demonstrated 

Weng et al. (Weng et 
al., 2008)  

QD conjugated with 
immunoliposome 

HER2 receptor in SKBR3 and MCF-7 
cell lines Xenograft models 

Doxorubicin Efficient antitumour efficacy demonstrated with 
localizations within the tumour sites demonstrated with 
fluorescence.  

Diagaradjane et al 
(Diagaradjane et al., 
2008)  

CdSeTe/ZnS (core/shell) 
 

EGFR in HCT116 xenograft and in-
vitro colorectal cancer cell lines 

 Good concentrations in the tumour after 4 hours which 
return to normal in 24 hours. 

Chen et al. (L.-D. 
Chen et al., 2008)  

CdSe/ZnS QDs conjugated 
with AFP monoclonal 
antibody 

HCCLM6 line  
In vitro and in vivo hepatocellular 
carcinoma cell line 

 Good specificity of uptake into tumour and metastases 
demonstrated with minimal toxicity  

Derfus et al. (Derfus 
et al., 2007) 

QD conjugated with F3 
peptide 

EGFP (enhanced green fluorescent 
protein) transfected HeLa cell line, 
human cervix cancer 

SiRNA Significant reduction in EGFP signal demonstrating good 
delivery of siRNA and potential for therapeutic action 

Table 2.6: Recent studies in drug delivery and tumour imaging for quantum dots 
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2.4.1.5.4 Semiconductor quantum dots in photodynamic therapy 

Photodynamic therapy (PDT) is a treatment used to kill diseased cells with a combination of 

light, photosensitising drugs and molecular oxygen (Kamila et al., 2016). PDT works by a local 

generation of reactive oxygen species and reactive nitrogen species to cause cell death. It 

requires a light source to excite electrons in the photosensitising agent from a single basic 

state to a single excited state which causes energy conversion that can lead to the electron  

to reach a triplet excited state which causes the generation of the radicals from the tissue 

environment and oxygen (Oniszczuk et al., 2016). Photofrin® was the first PDT agent to be 

approved in clinical use and is currently used to treat and palliate symptoms in oesophageal 

and non-small cell cancer, and for the treatment of Barret’s oesophagus (“Photodynamic 

Therapy for Cancer,” 2016.). Its use has been limited to superficial tissues due to the limitation 

of tissue penetration of the light source required for the photosensitising agent.  

Quantum dots conjugated with the photosensitisers, have been demonstrated to be excellent 

donors in the fluorescence resonance energy transfer (FRET) process to the photosensitising 

agent with efficient energy transfer (Hong et al., 2016; Martynenko et al., 2015). Hsu et al. 

(Hsu et al., 2013) reported the use of self-illuminating quantum dots, which were Renilla 

luciferase conjugated quantum dots, to generate bioluminescence on treatment with 

coelenterazine and activate the photosensitiser. The photosensitiser was delivered in a 

micelle formulation, and effective PDT was demonstrated in A549 cell line (Human 

adenocarcinoma cell line) and in a murine xenograft model without the need for external 

excitation thereby potentially alleviating the limitations of the limitation of the tissue 

penetration by the light source.  
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2.4.1.5.5 Toxicity of semiconductor quantum dots 

Currently, no substantial-conclusion about the toxicity of quantum dots have been made in 

the literature. This is partly due to the wide variety of quantum dots described in the literature 

varying from the most frequent used heavy metals such as cadmium to reports of using 

silicon-based quantum dots. The lack of clarity with regards to the toxicity of quantum dots 

has limited its application in humans thus far. In vitro studies have clearly demonstrated the 

toxicity of non-coated quantum dot cores containing cadmium ions, resulting in cellular 

toxicity from the direct action of the heavy metal ions and the formation of reactive oxygen 

species (Derfus et al., 2007; Kirchner et al., 2005; Yong and Swihart, 2012). Cadmium is a 

known carcinogen and is associated with diseases affecting the respiratory system (risk of 

adult respiratory distress syndrome), causing renal damage and bone disease (Godt et al., 

2006). Coating the core with a shell (e.g., ZnS) has been demonstrated to reduce the toxicity 

by minimizing the leaching of free cadmium ions and reduce free radical formation (Chan et 

al., 2006). There is also some evidence from in-vitro studies to suggest that quantum dots can 

accumulate in the cell’s nuclear compartment and potentially cause genetic and epigenetic 

modifications (Choi et al., 2008; Green and Howman, 2005). Invivo studies have reported 

completely contradictory findings (Fitzpatrick et al., 2009; Hauck et al., 2010; Larson et al., 

2003). The reticuloendothelial system appears to take up a majority of circulating quantum 

dots and therefore identified to be primarily in the liver, spleen and lymph nodes. Hauck et 

al. administered CdSe quantum dots covered by a ZnS shell and did not identify any long term 

harmful effects to rats after 80 days with no alteration in behaviour, weight and 

haematological markers (Hauck et al., 2010; Tsoi et al., 2013). However, the excretion of 

quantum dots from animal studies have to demonstrate some concerning results with Fischer 

et al. (Fischer et al., 2006) demonstrating no evidence of quantum dots in the urine or faeces 
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of rats injected with 25nm and 80nm protein-coated ZnS shell CdSe quantum dots after 10 

days. Choi et al. demonstrated at least 50% of quantum dots excreted in the urine of rats 

when the hydrodynamic diameter of the quantum dots was less than 5.5nm (Choi et al., 

2007).  

2.4.1.5.6 Future perspectives 

The toxicity of semiconductor quantum dots limits its use in drug delivery and sentinel node 

imaging. The use of semiconductor quantum dots in biomarker labelling in tissue samples and 

immunohistochemistry is most likely to be its avenue into routine clinical practice.  

2.4.2 Gold nanoparticles 

Fluorescent gold nanoparticles have been identified to demonstrate strong 

photoluminescence, photostability and good biocompatibility at nanometer dimensions (Xu 

and Shang, 2018). These nanoparticles have been demonstrated to exhibit stronger emission 

intensity and photostability compared to fluorescent dyes, and do not have the inherent 

cytotoxicity of semiconductor quantum dots (Qu et al., 2008; Xu and Shang, 2018). 

2.4.2.1 Gold nanoparticle characteristics  

2.4.2.1.1 Surface plasmon resonance phenomenon 

The unique size of nanoparticles offers the advantage of the surface plasmon resonance 

phenomenon (SPR). This is the coherent oscillation of metal-free electrons, in resonance with 

the electromagnetic field, enhancing the ability of the nanoparticle to absorb, scatter and 

fluoresce light (Huang et al., 2007). The optical resonances can be continuously tuned by 

varying the dimensions of the nanoparticle, thereby generating and absorbing wavelengths 

of the NIR which has maximal tissue penetration and minimal absorption by tissues. This has 

opened the avenue for the use of gold nanoparticles in photothermal therapy. This describes 
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the phenomenon where energy irradiated onto material from an external source is converted 

to kinetic energy resulting in local heat production.  

2.4.2.1.2 Luminescence 

In addition to the surface plasmon resonance effect, photoluminescence from metal 

nanoparticles such as gold and silver nanoparticles have a different underlying mechanism to 

the semiconductor nanoparticles since discrete valence and conduction bands with a bandgap 

are not as evident in conductors. In metals, as particles approach nanometer sizes and the 

particle approaches its Fermi wavelength, the quantum size effect is predicted to cause 

discretisation of the energy levels of the conduction electron (Pattabi and Pattabi, 2014).  The 

transition of electrons between the bands has been proposed to be the mechanism through 

which fluorescence arises (J. Zheng et al., 2012). 

Gold nanoparticles have been demonstrated to contribute to photon capture sections four-

five fold higher than conventional dyes, and have been demonstrated to be more resistance 

to photobleaching and biological denaturation (Loo et al., 2005; Singh et al., 2018; X. Yang et 

al., 2009). Smaller gold nanoparticles are preferred for photothermal therapy due to the 

increased efficiency of conversion from light to heat, and larger gold nanoparticles are 

preferred for photoimaging due to higher scattering efficiency (Singh et al., 2018). 

An increasing number of nanoparticles based on the phenomenon is being developed, and a 

majority of them have gold deposited on the nanoparticle surface (X. Yang et al., 2009). Gold 

surfaces have good biocompatibility with low cytotoxicity to human cells demonstrated in 

vitro, with ease of preparation and modification of its surface with ligands (Connor et al., 

2005; Huang et al., 2007).  
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2.4.2.2 Gold nanoparticle synthesis 

Similar to the semiconductor quantum dots, multiple synthesis strategies have been 

described in the literature. This includes chemical synthesis, biological synthesis measures 

using plants and micro-organisms, and physical means of using microwave, ultraviolet 

irradiation and laser ablation (Singh et al., 2018). Two main strategies are utilized for the 

synthesis of noble metal quantum dots. These are broadly referred to as the bottom-up and 

the top-down routes. In the bottom-up approach, the metal ions are reduced to metal atoms, 

and the nanoclusters are formed with the nucleation of the gold atoms. In the top-down 

approach, large metal nanoparticles are gradually etched to produce the smaller fluorescent 

nanoparticles (Zheng et al., 2017). Biofunctionalisation of these nanoparticles is then required 

for biomedical applications. Techniques to achieve this include the use of ligand exchange, 

bioconjugation and noncovalent interactions (Song et al., 2016; Zheng et al., 2017). 

2.4.2.2.1 Bottom-up synthesis 

Chemical reduction of gold precursors in the presence of reducing agents is one of the most 

versatile and straightforward methods for the synthesis of gold nanoparticles (Yu et al., 2017). 

This includes techniques such as one-pot synthesis where direct mixing results in the 

continuous reduction of oxidized metal salts by organic ligands, a reducing agent and 

stabilizing agents (Yu et al., 2017). For the preparation of gold quantum dots, chloroauric acid 

and chlorotriphenylphosphine gold salt are the usual precursors, with reducing agents such 

as sodium borohydride, citrate, hydrazine hydrate and ascorbic acid (Hembury et al., 2015; 

Retnakumari et al., 2010; Zheng et al., 2017). Stabilising agents commonly involve the use of 

thiol-containing compounds such as glutathione, mercaptopropionic acid, 

phenylethylthioate, captopril and tiopronin (Zheng et al., 2017). The use of micro-organisms 

for this purpose has been described with  adsorbtion and accumulation of gold nanoparticles 
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produced by the secretion of enzymes involved in the reduction of gold ions (Singh et al., 

2018, 2016, 2015) .  

2.4.2.2.2 Top-down synthesis 

The ligand exchange approach is the commonest means of achieving fluorescent metal 

quantum dots from large metal nanoparticles. Methods described include the use of 

polyethyleneimine to etch colloidal gold nanocrystals and the use of glutathione as a ligand 

etchant from MSA-protected silver nanoparticles and gold nanoparticles (Duan and Nie, 2007; 

Guével et al., 2012; Yuan et al., 2011).  

2.4.2.3 Gold nanoparticles in drug delivery  

There is a growing number of publications demonstrating the use of gold and silver 

nanoclusters in tumour imaging and drug delivery in vivo with low toxicity. Functionalisation 

and modification of gold nanoparticles are less complicated due to the presence of a negative 

charge on the surface (Singh et al., 2018). Like most nanoparticles, these metal nanoclusters 

accumulate in tumours consistent with the enhanced permeability and retention effect. Liu 

et al. (Liu et al., 2013) demonstrated glutathione conjugated gold nanoparticles preferentially 

passively accumulated in MCF-7 tumour bearing mice, emitting in the NIR spectrum and 

undergoing renal excretion with low uptake by the reticuloendothelial system. Similar 

findings were demonstrated by Wu et al. (Wu et al., 2010) using MDA-MB-45 and Hela 

xenograft mice models and gold nanoclusters measuring 2.7nm, which passively accumulated 

in the tumour sites. Gao et al. (Gao et al., 2014) demonstrated the retention of silver 

nanoclusters stabilised with glutathione in cervical cancer xenograft mice models for several 

days with no impact of the normal tissues and other viscera. Literature reports of active 

targeting metal quantum dots include folic acid conjugated gold nanoclusters stabilised by 
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bovine serum albumin (BSA) which were identified to be internalised by the oral carcinoma 

KB cell line though folic acid-mediated endocytosis (Habeeb Muhammed et al., 2010). Chen 

et al. (Chen et al., 2012) described the use of folate conjugated gold nanoclusters stabilised 

with BSA as drug delivery agents in MCF-7 xenograft mice models. They demonstrated low 

toxicity of this probe, along with the preferential accumulation of the probe which was 

conjugated to doxorubicin in the tumour tissue particularly in models with high LAT1 and LAT2 

expression (folate). Other similar studies are outlined in Table 2.7. 

2.4.2.4 Gold nanoparticles in photothermal therapy and photoimaging 

The gold nanoparticles used in photothermal therapy have been mainly the gold nanorods 

and gold nanoshells. There have been a growing number of studies demonstrating successful 

functionalisation of these nanoparticles to improve uptake in target tissues (Table 2.8). In 

addition, metal nanoclusters have been used as photosensitizers which accumulate in 

tumours and be able to generate reactive oxygen species such as singlet oxygen when 

irradiated under light source causing tumour cell death (Zheng et al., 2017). Cui et al. (Cui et 

al., 2017) described the synthesis of glutathione stabilized gold nanoclusters conjugated to 

indigo cyanine green and injected these probes to a 4T1 xenograft mice model (breast 

cancer). These probes were irradiated with near infrared (NIR) light causing the release of 

reactive oxygen species and tumour cell death (Cui et al., 2017). The use of radiosensitizers 

helps reduce the dose of radiotherapy performed at specific sites, thereby limiting collateral 

damage of adjacent normal tissues. Zhang et al. (X.-D. Zhang et al., 2015) described the use 

of glutathione capped gold nanoclusters invivo in mice bearing U14 cervical cancer tumours 

and demonstrated a significant decrease in tumour volume on irradiation compared to 

radiotherapy without injection of the gold nanoclusters. The gold nanoclusters accumulated 

predominantly in the tumour and the kidneys were demonstrating evasion of the 
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reticuloendothelial system. No significant derangement of the renal and liver biochemistry 

was identified.  

 

2.4.2.5 Gold nanoparticles in clinical trials 

Gold nanoparticles have, over the last decade, slowly made the transition from  preclinical 

research into early phase clinical trials. Recent studies are outlined in Table 2.9 and include 

gold particles as part of composite nanoparticles with silica. The Aurolase® nanoparticle, 

which is a silica-gold nanoshell coated with PEG is under clinical trials with lung, head and 

neck and prostate cancers (Singh et al., 2018). These nanoparticles are being used for their 

photothermal effects to locally ablate a tumour after intravenous injection leading to 

accumulation  in the tumour and external stimulation with a NIR source.  

Libutti et al. (Libutti et al., 2010) reported the use of gold nanoparticles as drug delivery agents for 

Tumour Necrosis α in phase I clinical trials and demonstrated the use of the nanoparticle drug 

delivery system enabled three times the standard upper limit of dosage tolerated with 

minimal adverse effects. The use of gold nanoparticles in nanosensor arrays involving breath 

analysis is being investigated in clinical trials in gastric, head and neck and lung cancers (Singh 

et al., 2018). Gold nanoparticles are also being investigated for the treatment of 

atherosclerosis with local ablation of the atheroma on external excitation.  

2.4.2.5.1 Toxicity of gold nanoparticles 

The literature is currently unclear with regards to the toxicity of gold nanoparticles. 

Contradictory findings include the debate over the surface charge of the gold nanoparticles 

influencing its level of toxicity (positively charged particles suggested to be more toxic) (Singh 

et al., 2018).  Ali et al. (Ali et al., 2017) investigated the long term toxicity of gold nanorods on 
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mice. They demonstrated at 15months following a single injection of intravenous gold 

nanorods coated with PEG,  only a small amount of the gold nanorod had been excreted, and 

the majority had accumulated in the liver and spleen. However, no clinical or 

histopathological abnormalities of the kidney , spleen and liver were identified at this time 

point.  Bahamonde et al. (Bahamonde et al., 2018) reported that gold nanoparticle treated 

mice and rats responded differently with multiple rats dying post administration and no 

fatalities affecting mice . 

The early phase human clinical trials (Table 2.9) has not demonstrated any significant adverse 

effects of the intravenous injection of gold nanoparticles. This remains an area to be closely 

monitored the long term effects particularly given the findings of Ali et al. (Ali et al., 2017) 

who demonstrated that only a small proportion of the nanoparticles are excreted.  
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Table 2.7: Recent studies on gold nanoclusters in cancer imaging and therapy 

 

 

 

Authors Target Drug Outcomes 

Ramalingam et 
a (Ramalingam 
et al., 2018) 

Gold nanoparticles functionalized with 
polyvinylpyrrolidone and doxorubicin 
in human lung cancer cell line 

Doxorubicin The conjugated gold nanoparticle demonstrated enhanced inhibition of cell growth 
compared to free doxorubicin and unconjugated gold nanoparticles. Intracellular delivery of 
the doxorubicin was demonstrated and increased reactive oxygen species generation 
identified with the conjugated nanoparticle leading to early and late apoptosis.  

Farooq et al. 
(Farooq et al., 
2018) 

Gold nanoparticles functionalized with 
PEG and conjugated to two 
chemotherapy agents in HeLa cell line 

Doxorubicin 
Bleomycin 

Intracellular localization of the gold nanoparticles demonstrated with a significant decrease 
in the half-maximal drug concentration demonstrated to achieve cytotoxicity.  

Chen et al. 
(Chen et al., 
2016) 

Active targeting with 2 ligands – cyclic 
RGD and aptamer AS1411 
Invitro: U87MG (malignant glioma), 
MCF-7, LO2 (Hepatic cancer), A549 
(alveolar adenocarcinoma) 
Invivo: U87MG mice xenograft model  

Doxorubicin Accumulation of the gold nanocluster conjugated to the 2 active targeting ligands in the 
tumour tissue was demonstrated with significantly increased efficacy of the doxorubicin-
loaded nanoparticle with one or both ligands compared to free doxorubicin and saline. 
Reduced toxicity was demonstrated on histological examination of the lung, liver, heart, 
spleen and kidneys.  
 

Chattoraj et al. 
(Chattoraj et 
al., 2016) 

Invitro study using breast cancer MCF7 
cells and normal breast cells MCF10A. 
and lung cancer A549 cell line and 
WI38 lung fibroblasts 

Doxorubicin Lysozyme capped gold nanoclusters were conjugated to doxorubicin and delivered to MCF7 
cells and A549 cells. Selective increase in MCF7 cell death was demonstrated with improved 
survival of the MCF10A cell line. This was not reproduced in the lung cancer cell lines.  

Nair et al. (Nair 
et al., 2015) 

Active targeting with folic acid ligand 
C6 glial tumour 
Invivo 

Protoporphyrin 
IX 
(photosensitizer) 

Lipoic acid capped gold nanocluster conjugated to folic acid for active targeting and 
Protoporphyrin IX. Irradiation with a laser at 532nm demonstrated increased tumour death 
compared to protoporphyrin alone invivo. 
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Authors Target Outcomes 

Wang et al. (J.-Y. 
Wang et al., 
2016) 

Passive targeting 
U14 cervical cancer 
Invivo 

Glutathione capped gold nanoclusters were injected into mice bearing U14 cervical cancer tumour models. The study 
investigated the effect of the surface charge of the gold nanocluster on tumour accumulation and cell death. The 
negatively charged gold nanocluster demonstrated significantly higher tumour accumulation and anti-tumour efficacy 
on irradiation.  

Zhang et al. (X.-
D. Zhang et al., 
2014) 

Passive targeting 
U14 cervical cancer 
Invivo 

Glutathione capped gold nanoclusters were used and injected intraperitoneally. There was a significant reduction in 
tumour volume on irradiation of mice with the injected gold nanoclusters compared to mice without injected 
nanoclusters. No long-term damage to the liver, spleen and kidney were identified for the mice injected with the 
nanocluster. 

Dickerson et al. 
(Dickerson et al., 
2008) 

Pegylated gold nanorods in murine 
models of squamous cell carcinoma  

Significant tumour reduction demonstrated in intravenous and direct injection of the gold nanorods into the tumour 
following excitation with a small portable near infra-red laser.  

Vankayala et al. 
(Vankayala et 
al., 2014) 

Gold nanoshells in vitro and in vivo 
studies using B16F0 melanoma 
murine model investigating 
photothermal and photodynamic 
therapy potential 

Photothermal and photodynamic effects can be switched based on the excitation wavelength. This was confirmed in vivo 
with adjustments of the excitation wavelength used to generate both photothermal and photodynamic effects identified 
to be the most efficacious in destroying the solid tumour.  

Ali et al. (Ali et 
al., 2017) 

Gold nanorods functionalized with 
Bovine Serum Albumin and 
rifampicin. In vitro (5 head and neck 
squamous cell carcinoma cell lines) 
and in vivo studies on murine 
models of the oropharyngeal 
squamous cell carcinoma line 
MDA686TU 

The photothermal effects were elicited by irradiation with an external laser. Significantly reduced cell viability was 
demonstrated with the induction of autophagy.  
Significantly reduced tumour growth was demonstrated in the gold nanoparticle treated mice compared to controls. This 
gold nanoparticle was comparted to similar gold nanoparticles functionalized by PEG instead, and the rifampicin-BSA 
conjugated gold nanoparticles demonstrated a similar reduction in tumour growth at lower doses.  
Long term toxicity was assessed by monitoring mice to up to 15 months injected with the PEG functionalized gold 
nanorods. No clinical and histopathological signs of toxicity were identified at 15 months in the kidney, spleen and liver. 
Only a small proportion of the gold nanoparticle was excreted with the majority accumulated in the liver and spleen.    

Table 2.8: Gold nanoparticles in photothermal therapy and photoimaging 
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Gold nanoparticle Phase of trial Clinical use 

CYT-6091 
PEGylated gold 
nanoparticle 
conjugated to 
TNFα 

Phase 1 trials(Libutti et al., 2010) 
Patients with advanced solid tumour malignancies 
considered non-responsive to conventional 
treatments 

Drug delivery agent with TNFα. Intravenously injected, greater than 3x the standard upper limit 
of the dosage of TNFα was tolerated with the conjugated gold nanoparticle with confirmed 
delivery in tumour tissue. 

NCT01270139 
Silica-gold 
nanoparticle 
targeting 
atheromatous 
lesions 

Phase 1/2 trial (Kharlamov et al., 2015) 
Silica-gold nanoparticles investigated regarding 
effectiveness in reducing atheroma in 
cardiovascular disease 

Two systems were investigated. Direct delivery of the nanoparticle through a mini surgery 
involving an onlay arterial patch (subsequently excited by an intravascular NIR laser) and delivery 
of the nanoparticle with iron by using a magnetic navigation system (ex-vivo stimulation with NIR 
laser). This was compared to conventional stents in targeting atheromatous lesions in the 
coronary vessels. Significant regression of the atheroma was demonstrated in the first group 
compared to the other groups at 12 months. No complications were identified.   

Gold 
nanoparticles and 
single-walled 
carbon nanotubes 
NA-NOSE 

Clinical trial(Broza et al., 2017) assessing the 
efficacy of these nanoparticle-based sensors on 
detecting volatile organic compounds in breath 
for diagnosis and assessment of disease in 
Multiple Sclerosis (MS) 

The nanoparticle sensors demonstrated 90% accuracy in differentiating between MS and healthy 
patients. Blinded sets showed 95% positive predictive value (PPV) between MS remission and 
control, 100% sensitivity with 100% negative predictive value (NPV) between MS not-treated 
(NT) and control, and 86% NPV between relapse and control.  

Gold 
nanoparticles and 
single-walled 
carbon nanotubes 
NA-NOSE 
 

Clinical trial (Hakim et al., 2011) assessing the 
efficacy of these gold nanoparticle-based sensors 
in the differentiation of volatile organic 
compounds in breath comparing head and neck 
cancer, lung cancer and healthy controls 

Patient numbers – 16 head and neck cancers, 20 lung cancers and 26 healthy controls. The NA-
NOSE test demonstrated significantly different results between the head and neck cancers, lung 
cancers and healthy control patients. This provides a potential non-invasive screening tool.  

Gold 
nanoparticles 
utilized for 
analysis of blood  

Clinical trial (Xue et al., 2018) assessing the 
efficacy of gold nanoparticle-based Raman 
spectroscopy assessment of serum samples from 
patients with oral squamous cell carcinoma 

The accuracy of this model to detect and classify the different stages of oral squamous cell 
carcinoma was >85% for each category (of T and N stage) 

Auroshell® 
Gold-silica 
nanoshells 
 

Phase I clinical trial in prostate cancer (Stern et al., 
2016) 

Twenty-two patients with prostate cancer underwent intravenous infusion of the nanoparticle 
followed by radical prostatectomy. One patient complained of itching and one patient 
complaining of abdominal discomfort. No other adverse reactions identified. Well tolerated 
infusion. Progression to further clinical trials planned (and ongoing) 

Table 2.9: Gold nanoparticles in clinical trials
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2.5 Nanoparticles used as adjuncts to colonoscopy 

Few nanoparticles have been investigated for roles in improving colonoscopic detection of 

colorectal tumours and polyps. Recent studies are summarized in Table 2.10. These nanoparticles 

have been investigated with intravenous and topical application to the colonic mucosa and in 

some cases supplemented with fluorescent colonoscopy. Nanobeacon, polystyrene 

nanoparticles with coumarin 6 dyes encapsulated within the core with a surface of poly(N-

vinylaceramide) (PNVA), has been investigated for this purpose. This was predominantly 

conjugated to peanut agglutin (PNA) targeting Thomsen-Friedenreich (TF) antigen which is 

expressed in colorectal cancer and not in the normal colon mucosa. Studies have demonstrated 

no adverse reactions or toxicity with its administration and no evidence of colonic absorption 

when applied topically to the colonic mucosa (Sakuma et al., 2015). Recent studies regarding the 

application of nanobeacon are summarized in Table 2.10. Other nanoparticles reported in the 

literature for this purpose include carbon nanoparticles and charcoal nanoparticles (Table 2.10). 
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Authors Nanoparticle used Findings of the study 

Wang et al. 
(2013)(Wang et al., 
2013) 
Clinical trial 

Charcoal nanoparticles injected during 
colonoscopy submucosally near the tumour prior 
to laparoscopic resection 

Twenty-six patients enrolled in the study. No safety concerns/adverse effects noted. The 
injected area was easily identified during laparoscopy, and there were no cases of the wrong 
segment of bowel being removed or remnant tumour at the resection margins.  

Lin C et al. (2017) (Lin et 
al., 2017) 
Clinical trial 

Carbon nanoparticles injected during colonoscopy 
submucosally near the tumour prior to 
laparoscopic surgery 

Thirty-five patients were enrolled in the study. No adverse reactions were identified. The area 
of interest was easily identified laparoscopically. 

Chen et al. (Chen et al., 
2017) 
In vitro and in vivo 
study 

Mesoporous silica nanoparticles fluorescently 
labelled (FITC) using α-L-fucose targeting lectin 
Ulex Europaeus Agglutinin-1  

Significant binding specific of these nanoparticles was demonstrated in vitro, ex vivo and in vivo 
with colonoscopy. The colons were irrigated with a solution containing the nanoparticles, and 
probe-based laser confocal fluorescence endomicroscopy was performed demonstrating 
significant binding specific to colorectal polyps. 

Zhang et al. (2015) (X. 
Zhang et al., 2015) 
Clinical trial 

Carbon nanoparticles injected adjacent to the 
tumour during colonoscopy prior to laparoscopic 
surgery 

Twenty-six patients with colorectal cancer were injected with carbon nanoparticles 
preoperatively and compared to 27 patients without this. Increase lymph node yield was 
demonstrated with no statistical difference in lymph node metastatic rates. 

Wang et al. (2015) (R. 
Wang et al., 2016) 

Carbon nanoparticles injected adjacent to pre-
cancerous or early cancerous lesions 

Twenty four patients were divided into 2 groups – 1 injected with carbon nanoparticles and 1 
without. No adverse reactions were identified, and after a year, the area of marking was present. 

Kolitz-Domb et al. 
(2014) (Kolitz-Domb et 
al., 2014) 

Near infra-red fluorescent nanoparticles (protein 
and polymer-based) PLLA conjugated to the 
antibody to CEA and Indigo Carmine Green 

Intravenous injection of this nanoparticle in a mice model was performed, which demonstrated 
no toxicity and excretion of the nanoparticle within 24 hours. Selective accumulation of the 
nanoparticle in colorectal cancer was demonstrated in mouse and chicken embryo models.  

Kogan-Zviagin et al. 
(2014) (Kogan-Zviagin 
et al., 2014) 

Near infra-red nanoparticles (polymer-based with 
near-infrared dyes) N-(2-
hydroxypropyl)methacrylamide (HPMA) with 
fluorescein-isothiocyanate (FITC) or NIR dye IR-
783 

Intracolonic administrated nanoparticles demonstrated colonic tumour specific binding relative 
to normal mucosa and improving colonoscopic identification of these lesions. 

Nakase et al. (2017) 
(Nakase et al., 2017) 

Nanobeacon comprised of polystyrene 
nanoparticles with coumarin 6 dyes encapsulated 
with a surface of poly(N-vinylaceramide) (PNVA).  

This was conjugated to peanut agglutin (PNA) targeting Thomsen-Friedenreich (TF) antigen.. This 
nanobeacon was applied to human colorectal cancer, polyp and normal tissues. This 
demonstrated the specificity of to colorectal cancer and adenomatous polyps.  

Sakuma et al. (2015) 
(Sakuma et al., 2015) 

Nanobeacon targeting TF antigen using 
fluorescence colonoscopy for early colorectal 
cancer detection 

Nanobeacon was sprayed topically onto the colonic mucosa, and fluorescence colonoscopy was 
performed. This was not absorbed by colonic mucosa. Fluorescence colonoscopy was able to 
identify early colorectal tumours, distinguish tumour grade and monitor tumour response to 
chemotherapy.  

Table 2.10: Recent studies investigating nanoparticles used as adjuncts to colonoscopy
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3 Chapter 3 – General methods and materials 
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3.1 Materials 

Material Source 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) Sigma-Aldrich 

2x SDS-PAGE loading buffer ThermoFisher scientific 

1x SDS-PAGE running buffer  ThermoFisher scientific 

Cadmium chloride (CdCl2) 99.99% Sigma-Aldrich 

CellTiter-Blue® Promega 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dimethylformamide (DMF) Sigma-Aldrich 

Dulbecco’s modified eagle medium (DMEM) Sigma-Aldrich 

Foetal Bovine Serum (FBS) ThermoFisher scientific 

Goat anti-Rabbit IgG secondary antibody, biotin conjugate ThermoFisher scientific 

Gold (III) chloride trihydrate (HAuCl4. 3H2O) Sigma-Aldrich 

Mercaptosuccinic acid MSA (98%) Sigma-Aldrich 

MGF antibody for immunohistochemistry Phoenix Pharmaceuticals INC 

NuPAGE gel ThermoFisher scientific 

PBS/Tween 20 Sigma-Aldrich 

Pierce™ BCA protein assay kit ThermoFisher scientific 

Phosphate buffered saline Sigma-Aldrich 

Prostate adenocarcinoma – tissue sections Invitrogen 

PVDF pre-cut blotting membranes, 0.2µM pore size (Check with Dr Yang) ThermoFisher scientific 

Penicillin-Streptomycin 10,000 units penicillin and 10mg Streptomycin/ml ThermoFisher scientific 

RIPA lysis and extraction buffer ThermoFisher scientific 

ROCHE inhibitor Sigma-Aldrich 

Trypsin-EDTA  ThermoFisher scientific 

VECTASTAIN ABC Kit Vector Laboratories Ltd 
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3.2 Analytical techniques and instruments 

3.2.1 Atomic force microscopy 

Atomic force microscopy (AFM) offers high sensitivity to the nanometer scale and allows for 

monitoring of the dynamics of bioconjugates at a molecular level (Jin et al., 2010; Tessmer et 

al., 2013; Wolcott et al., 2006). AFM offers a near-field approach where the sample is directly 

probed with the AFM tip and achieves very high-resolution images at a molecular level which 

is comparable to electron microscopy and superior to conventional optical approaches 

(Tessmer et al., 2013). The tapping mode was used as described in other studies for 

characterisation of the quantum dots (B. Chen et al., 2008; Jin et al., 2010; Wolcott et al., 

2006; Zeng et al., 2009). 

3.2.2 V-Vis-NIR spectroscopy 

The emission wavelength of synthesised quantum dots and the conjugates were measured 

using the USB 2000+ Ocean Optics spectroscopy. This portable system offers rapid evaluation 

which covers broad wavelengths from 350nm to 1000nm  and has been described in the 

literature for this purpose for fluorescent nanoparticles (Ghaderi et al., 2012; Jiang et al., 

2016; Ramesh et al., 2016).  

3.2.3 Confocal fluorescence microscopy 

Confocal fluorescence microscopy overcomes the limitations of traditional wide-field 

fluorescence microscopes by utilising point illumination and a pinhole in an optically 

conjugate plane in front of the detector, thereby eliminating the out-of-focus signal. I used 

the Nikon Eclipse TE300 to assess the fluorescence from the cell studies involving the CdTe 

quantum dots. For the gold quantum dots, images were acquired by the Olympus BX 63. 

which can operate in fluorescence, reflection and phase contrast modes, and it was provided 
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with high transmission objectives with reduced autofluorescence. Fluorescent image 

acquisition was conducted via LED light source excitation at 620 nm with emission long-pass 

filter at 700 nm with image processing with Olympus cellSens software. All the near-infrared 

images acquired are displayed in the pseudocolour (red) format. 

3.2.4 Transmission electron microscopy (TEM) 

The Phillips CM 201 microscope was used in the experiments to confirm autophagy and 

characterize the size of the gold quantum dots. TEM offers significantly higher resolutions 

compared to light microscopes but are limited by the high costs and complex sample 

preparation.  

3.2.5 Fluorescence spectrometry 

The JASCO FP-8000 fluorescence spectrometer was used to measure the fluorescence 

intensity of the quantum dots. This instrument uses separate monochromators for excitation 

and emission lights and was used to measure the fluorescence intensity at an excitation 

wavelength of 355nm.  

3.3 Methods 

3.3.1 Cell culture types 

The following cell lines were cultured and were purchased from the European Collection of 

Cell Cultures (ECACC). All experiments were at 3-12 passages after receipt from the supplier.  

• HT29 cell line which is derived from a human primary colonic adenocarcinoma tumour 

from a 44-year-old female patient (“HT-29 ATCC ® HTB-38TM” 2019)  
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• SW620 cell line derived from a human metastatic colorectal lymph node of a Dukes C 

adenocarcinoma in a 51-year-old male patient (“SW620 [SW-620] ATCC ® CCL-227TM ” 

2019) 

• HUVEC cell line is an umbilical vein derived endothelial cell line (“HUV-EC-C [HUVEC] 

ATCC ® CRL-1730TM” 2019) 

• The PC3 cell line is a prostate cancer cell line (“PC-3 ATCC ® CRL-1435TM,” 2019) 

I used both HT29 and SW620 since these cell lines have been extensively used to investigate 

the biologics of colorectal cancer. HT29 provides information from primary colon tumour, and 

SW620 provides information for the metastatic tumour in pericolic lymph nodes. I used the 

HUVEC cell line as a negative control since it has not been demonstrated to express IGF-1 and 

I used the PC-3 cell line as a positive control for my MGF experiments since this cell line has 

been previously demonstrated to express MGF (Armakolas et al., 2010a).  

3.3.2 Thawing from frozen 

The cell lines were stored in a cell storage bank in liquid nitrogen. The vial containing the cell 

line was removed from the liquid nitrogen bank and warmed to room temperature rapidly. 

The ampoule of cells was wiped with 70% ethanol, and placed in the laminar flow hood, and 

was pipetted into a 20ml centrifuge tube. 10mls of the culture medium 

(DMEM+10%FBS+1%antibioitic) were slowly introduced to the centrifuge tube, with  gentle 

rocking movements to ensure adequate mixing. The cells with the culture medium were then 

pipetted into a culture flask, and left overnight in an incubator at 37oC with 5% CO2. The 

medium was changed the next day to fully remove any  DMSO traces. 
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3.3.3 Subculturing cells 

The cell culture medium was aseptically removed from the flask, and the flask rinsed with 3 

washes of 5mls PBS solution. 3mls of Trypsin were then added to the flask, and this was placed 

in the incubator at 37oC with 5% CO2 for 5 minutes. After confirming detachment of the cells 

under light microscopy, 10mls of the cell culture medium was added to deactivate the trypsin, 

and the cells and medium aspirated and pipetted into a centrifuge tube. The tube was 

centrifuged at 400g for 5 minutes, and the supernatant discarded. 5mls of cell culture medium 

was added to the pellet and mixed. 1 ml of this cell suspension was pipetted for total cell 

count and viability. Depending on the cell count, adequate volumes of the cell suspension and 

culture medium were added to a new culture flask at an estimated cell density of 1 x 106 cells 

in 15mls of culture medium. 

Cell lines were used for the experiments after a minimum of 2 subcultivations (passage) 

procedures from frozen.  

3.3.4 Immunohistochemistry 

The protocol was derived from the Department of Experimental Physiology at the University 

of Athens and outlined here. Formaldehyde-fixed (4%) tissue samples were paraffin wax em-

bedded and processed for paraffin sections. Microtome sections of 3μm were prepared from 

the paraffin-fixed samples, allowed to adhere to glass slides, dried at 37o C overnight, 

dewaxed in xylene and rehydrated in serial dilutions of ethanol. Endogenous peroxidase ac-

tivity was quenched with 1% hydrogen peroxide in distilled water for 15 minutes. After two 

serial washings in distilled water and PBS buffer, the sections were then incubated with the 

polyclonal anti-MGF antiserum at a dilution of 1: 1,000 in PBS overnight at 4o C. After repeated 

PBS buffer washing, secondary biotinylated goat anti-rabbit IgG was added for 25 minutes at 
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room temperature, followed again by repeated PBS buffer washes. Visualization of the immu-

nocomplex was obtained by incubating the sections in a solution of 3,3-diaminobenzidine in 

PBS for 10 minutes. Sections were counterstained in haematoxylin for 5 minutes, washed in 

distilled water, dehydrated in serial dilutions of ethanol and xylene and finally mounted in 

dibutyl phthalate xylene. Tissue sections were visualized under light microscopy. Positive con-

trols for the specificity of the reactions obtained by analysing prostate adenocarcinoma FFPE 

(Formaldehyde-fixed paraffin-embedded) tissue obtained from Invitrogen UK, and negative 

control by substituting the primary anti-MGF antiserum with the antibody diluent (PBS) minus 

the primary anti-MGF antiserum. 

3.3.5 Colorectal cancer tissues 

Ethics approval was obtained from the National Research Ethics Service committee in West 

London (reference 11/LO/1521) for the use of colorectal cancer tissues from tumours 

resected from patients who had undergone surgery at the Royal Free Hampstead Hospital. 

Tissue blocks were identified retrospectively, and slides cut and confirmed by a consultant 

Histopathologist. The hospital database was utilised to obtain tissues based on the TNM 

staging and polyps excised.  

Basic demographics of the patients such as age and gender were collected from the hospital 

database and follow up where available was reviewed by looking at clinic letters and investi-

gations from the hospital database with an emphasis on evidence of recurrent cancer.  

3.3.6 Control tissues 

Formalin fixed paraffin embedded tissue slides of prostate cancer and normal colon tissues were 

obtained from AMS Biotechnology Europe Ltd.  
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4.1 Introduction 

The Mechanogrowth factor is an isoform of the insulin-like growth factor-1 (IGF-1) which is 

generated from the splicing of exons 4,5 and 6 of the IGF-1 gene (Matheny et al., 2010). It was 

initially demonstrated to be upregulated in skeletal muscle after exercise and injury, and 

subsequently been identified to have other physiological roles in neuroprotection in the 

setting of brain ischaemia, promoting cartilage regeneration at sites of damaged cartilage and 

protection of cardiac tissues in ischaemia (Dluzniewska et al., 2005; Z. Luo et al., 2015; 

Stavropoulou et al., 2009; Zanou and Gailly, 2013). Its role in cancer pathogenesis has been 

recently investigated and initially confirmed in prostate cancer by work performed by the 

Department of Experimental Physiology at the University of Athens confirming prostatic 

adenocarcinoma tissues to demonstrate higher expression of MGF compared to normal 

prostate tissues and intraepithelial neoplasia (Savvani et al., 2013). Research into MGF 

expression has centred around the expression of the isoforms of IGF-1 mRNA and the peptide 

in different cancers with conflicting results. Upregulation of MGF expression has been 

demonstrated in prostate adenocarcinoma, osteosarcoma cell lines (Shang et al., 2015) and 

in gut neuroendocrine tumours (Alexandraki et al., 2017), however the expression of the MGF 

mRNA was lower in hepatocellular carcinoma compared to surrounding normal liver tissue 

(Zinevich et al., 2013). Durznyska et al. (Durzyńska and Barton, 2014b) used real-time PCR to 

assess the mRNA expression of IGF1 splice variants and immunoblotting of cell lysates to 

assess the protein expression of IGF1Ea, IGF1Eb and MGF in cervical adenocarcinoma, 

osteosarcoma, hepatocellular carcinoma, myelogenous leukaemia cell lines and 

demonstrated a discordance between the mRNA expression and peptides in the different cell 

lines reflecting the impact of post translational modification of the mRNA. Kasprzak et 

al(Kasprzak et al., 2015, 2012) published their work in colorectal cancer tissues by performing 
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real-time PCR for MGF mRNA and demonstrated significantly lower expression of MGF mRNA 

in colorectal cancer tissues compared to normal colonic tissue. Their work did not extend to 

investigating the expression of the IGF-1 peptides and did not investigate MGF peptide 

expression in colorectal polyps which are known precursors for colorectal cancers.  

This chapter describes the use of immunohistochemistry to identify the expression of MGF in 

normal colon tissues, colonic polyps and colorectal adenocarcinoma. The prognostic 

significance of MGF expression is then investigated with the use of quantitative 

immunohistochemistry and follow up data for 16 patients with an emphasis on recurrence. 

The expression of MGF peptide in these tissues was also compared to MGF expression in 

colonic polyps (11), staging  from a TNM perspective, including lymph node involvement. The 

results are described below.  

4.2 Aims  

• Compare expression of MGF peptide, using quantitative immunohistochemistry, 

between normal colon, colon polyp and colon cancer tissues 

• Assess the potential for MGF peptide expression to be a prognostic factor in colon 

cancer  

4.3 Supplementary materials and methods 

4.3.1 Immunohistochemistry quantification 

The slides were captured with a Leica SCN400F and scanned at 20x magnification. Semi-

quantitative image analysis was performed with the open-source software ImageJ, and the 

IHC profiler plug-in developed by Varghese et al. (Varghese et al., 2014). This software 

performs quantitative antibody staining intensity measurements for DAB/haematoxylin 
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stained tissues with pixel-by-pixel analysis and assigns a score to a four-tier system. The score 

included high positive (pixel intensity 0-60), positive (pixel intensity 61-120), low positive 

(pixel intensity 121-180), negative (pixel intensity 181-235), while pixels from 236-255 were 

excluded due to it representing fatty tissues which were not relevant to the score. The final 

score was calculated by the simple algebraic formula: 

Score = ((number of pixels in a zone) x (each score of the zone))/total number of pixels in the 

image 

The score of the zone was 4 for high positive, 3 for positive, 2 for low positive and 1 for 

negative.  Varghese et al. (Varghese et al., 2014) validated this software by analysing 1703 

DAB stained IHC images and demonstrated an 88.6% concordance in a comparison study with 

manual pathological scoring. Few recent studies utilising Image J and the IHC profiler are 

outlined in Table 4.1.  

Images were magnified to x40 and analysed using the IHC profiler plug-in. 3 slides for each 

tumour section was utilised, and 4 random areas captured for analysis. The software produces 

results as an overall outcome of ‘High positive/positive/low positive/negative’ and 

simultaneously provides the pixel count for each intensity. The pixel counts for each intensity 

was utilised and the score calculated using Microsoft Excel using the simple algebraic 

equation outlined above. Statistical analysis was performed using IBM® SPSS® v22. 

Comparisons between 2 groups were performed with the Mann-Whitney test and between 

multiple groups (more than 2) with the Kruskal-Wallis test. A p<0.05 was regarded as 

statistical significance and denoted with * while p<0.01 was regarded as highly significant and 

denoted with ** on the graphs, and the medians of the samples collected were plotted with 

95% confidence interval bars.  
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Author and year Study 

Alrashdan et al. 
2016 (Alrashdan et 
al., 2016) 

IHC profiler used to quantify immunohistochemistry for expression of CD3, CD4, CD8, CD68 
and CD1a and compare between smokers and non-smokers for oral lichenoid lesions 

Ke et al. 2016 (Ke et 
al., 2016) 

Effect of Vitamin D3 on tissue damage and oxidative stress following exhaustive exercise 
investigated in mice. IHC profiler used to quantify oxidative product 4-hydroxynonenal in 
lung and kidney tissues.  

Rotoli et al. 2016 
(Rotoli et al., 2016) 

The effect of oxaliplatin-based chemotherapy on the expression of immunophilin FK506-
binding protein 5 (FKBP51) in colorectal liver metastases was quantified using the IHC 
profiler. 

Zhang et al. 2016 (C. 
Zhang et al., 2016) 

Immunochemistry and expression of protein cytokeratin 5 in vulval squamous cell 
carcinoma compared to intraepithelial neoplasia and normal vulval tissue using IHC profiler  

Fathollah et al. 
2016 (Fathollah et 
al., 2016) 

Expression of transforming growth factor cytokine was quantified using the IHC profiler 
and compared in diabetic wounds subjected to non-thermal atmospheric plasma 
treatment 

Nanda et al. 2016 
(Nanda et al., 2016) 

Inflammatory and anti-apoptotic markers in rat models of colorectal cancer were 
quantified using IHC profiler, and the effects of doxycycline administration studied. 

Dequanter et al. 
2016 (Dequanter et 
al., 2016) 

IHC profiler was used to quantify the expression of glutamate=cysteine ligase in head and 
neck squamous cell carcinoma 

Kumar et al. 2014 
(Kumar et al., 2014) 

Dietary effects of curcumin on the levels of benzopyrene induced DNA adducts in mice 
investigated with quantitative comparisons of BPDE-DNA nuclear adducts in lung and liver 
sections using IHC profiler.  

Table 4.1: Recent studies utilising the IHC profiler plug-in for quantifying immunohistochemistry with the ImageJ 
software 

4.3.2 Tissues collected 

Following ethics approval (National Research Ethics Service committee in West London 

(reference 11/LO/1521)), cancer tissues were obtained for 16 patients, and 11 polyps. This 

included 7 patients with cancers without lymph node involvement and 9 patients with lymph 

node involvement, including 3 patients with metastatic disease on presentation. The median 

age for this patient group was 79 (range 67 – 92) with a 10:6 male: female ratio (Table 4.2). 

The polyps examined included adenomas with low to moderate dysplasia (4) and high-grade 

dysplasia (3) and serrated adenomas (3). Tumour cells demonstrated predominantly 

cytoplasmic staining. The positive control tissues used were prostate adenocarcinoma tissues 

after reviewing the work done by Armakolas et al. (Armakolas et al., 2010a). Figure 4.1 
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demonstrates the images captured from the slides, including the positive and negative control 

tissues, normal colon and colon cancer tissues and colonic polyps. 

4.3.3 Acknowledgement of work done by others 

The immunohistochemistry staining was done by Dr Jessica Broni and Dr Francesca 

Launchbury at the UCL Queen Square Institute of Neurology. Specimen procurement, 

quantification and analysis of the immunohistochemistry work and data collection for the 

patients was performed by me. 

4.4 Results 

4.4.1 Immunohistochemistry 

The staining intensity on the IHC profiler for the positive control prostate cancer tissues was a 

median of 1.95 (range 1.4 – 2.3), while the intensity for the negative control (colorectal) 

tissues was a median of 0.4 (range 0.1 – 0.6).  There was a significantly reduced expression of 

IGF-1Ec in normal colon tissues with a median expression of 1.2 (range 1.1 – 1.4) compared to 

colonic polyps (p<0.001) with a median expression of 1.7 (range 0.7 – 2.4) and colon cancer 

tissues (p<0.001) with a median expression of 1.7 (range 0.7 – 2.6). There were no differences 

in the expression of IGF-1Ec between colonic polyps and colonic cancer tissues (p=1). There 

was a significant increase in expression of IGF-1Ec (p=0.001) in high-grade dysplastic 

adenomas (median 2, range 0.8 – 2.4) compared to low and moderate grade dysplastic 

adenomas (median 1.6, range 1 – 2.2). Compared to normal colon tissues, a significantly 

higher expression of IGF-1Ec was identified in low/moderate grade dysplastic adenomas 

(p=0.001), high grade dysplastic adenomas (p<0.001) and serrated adenomas (p=0.001) 

(Figure 4.3).  Lymph node-negative tumours demonstrated a significantly higher expression of 

IGF-1Ec (median 1.9, range 1 – 2.6) compared to lymph node-positive tumours (median 1.6, 
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range 0.7 – 2.2) as illustrated in Figure 4.4 (p=0.008). Comparison of the scores for the primary 

colon tumours with different T stages and M stages (metastatic disease at the time of 

presentation) did not demonstrate any difference in IGF-1Ec expression (Figure 4.5 and Figure 

4.6). Similarly, for patients who presented with stage II disease, comparison between 

recurrent disease and no evidence of recurrence on follow up did not demonstrate any 

differences in IGF-1Ec expression (Figure 4.7) though this was limited to just 2 patients. 
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Figure 4.1: Immunohistochemistry for MGF expression. A – Positive control – Prostate cancer B – Negative 

control – Prostate cancer without primary MGF antibody C – Normal colon tissue D – colon cancer tissue E – Low 
grade dysplastic adenomatous polyp F – high grade dysplastic adenomatous polyp G – colon cancer tissue with 
lymph node-negative disease H – colon cancer with lymph node-positive disease 
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Category Numbers 

Patients – cancer tissues 16 

Age  67 – 92 years (Median 79 years) 

Gender – M:F 10:6 

Patients with follow up 12 

Length of follow up 4 days – 132 months (Median 30 months) 

Cancer tissues   

T stage s T1 (3), T2 (3), T3 (4), T4 (6) 

N stage Node positive (9), Node negative (7) 

M stage Metastasis (3), No metastasis (13) 

Polyps   

Low and moderate dysplasia – adenoma 5 

Severe dysplasia – adenoma 3 

Serrated adenoma 3 

Table 4.2: Patient demographics and cancer tissues 

 

 

Figure 4.2: Median immunohistochemistry scores (IHC profiler) with 95% confidence interval bars for different tissues. 
Positive control – prostate cancer tissues (n=5). Negative control – prostate cancer tissues with the primary IGF-1Ec 
antibody substituted with PBS (n=3).  Significant differences between the negative and positive control as illustrated. 
Normal colon tissues expression (n=3) of IGF-1Ec was significantly lower than colon polyp (n=11) and colon cancer tissues 
(n=16). p<0.05 was considered as significant and denoted as * and p<0.01 was considered as highly significant and denoted 
as **.  
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Figure 4.3: Median immunohistochemistry scores (IHC profiler) with 95% confidence interval bars for the expression of 

IGF-1Ec peptide in the different colonic polyp tissues. Significantly higher expression of IGF-1Ec in high grade dysplastic  
tubular adenomas (n=3) compared to low grade dysplastic polyps (n=5), serrated adenomas (n=3) and normal colon tissues 
(n=3) . p<0.05 was considered as significant and denoted as * and p<0.01 was considered as highly significant and denoted 
as ** 
 
 
   

 

Figure 4.4: Median immunohistochemistry scores (IHC profiler) with 95% confidence interval bars for primary 
colon cancer tissues with lymph node status. A higher level of expression of IGF-1Ec in node-negative disease 
(n=7) compared to lymph node involvement (n=9) p=0.008 
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Figure 4.5: Median immunohistochemistry scores (IHC profiler) with 95% confidence interval bars for the 
expression of IGF-1Ec peptide in different T stages of the primary colon cancer tissues (n=3(T1), 3(T2), 4(T3), 
6(T4)). No significant differences for the expression of IGF-1Ec identified between the T stages p=0.15.  

 

 

 

 

 

Figure 4.6: Median immunohistochemistry scores (IHC profiler) with 95% confidence interval bars for primary 
colon cancer tissues with (n=3) and without (n=13) metastatic disease at the time of presentation. No 
difference between the two groups identified p=0.53.  
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Figure 4.7: Stage II colon cancer. Results from 2 patients (1 recurrent disease within 17 months and 1 with no 
recurrent disease for 48 months). Assessing if MGF expression in the primary colon cancer tissue is predictive 
of risk of recurrence. No difference was seen though these are low numbers. p=0.19 

 

4.5 Discussion 

The findings of the immunohistochemistry suggest that MGF is overexpressed in colon polyps 

and cancer tissues at significantly higher levels than normal colon tissues. There appears to 

be some baseline expression of MGF in the normal colon tissues as evidenced by significantly 

higher levels than the negative controls. However, MGF expression was not affected by 

advancing stages of cancer with similar levels of expression in patients presenting with 

metastatic disease compared to patients presenting without metastatic disease. Interestingly, 

there appears to be a higher expression of MGF in lymph node-negative disease at 

presentation compared to lymph node-positive disease. Generally, lymph node involvement 

is regarded to be associated with increased risk of recurrent disease and is a rationale for 

offering postoperative chemotherapy in patients with colorectal cancer to reduce this risk 

(“Colorectal cancer,” n.d.). However, there is an area of uncertainty with stage 2 colorectal 

cancer where the incidence of recurrent disease in these patients has been demonstrated to 
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be approximately 20%-25% within five years with outcomes for these patients similar to those 

with stage III disease where lymph nodes are involved (Chen and Bilchik, 2006; Davies et al., 

2008). The use of chemotherapy in all patients with stage II colorectal cancer has not been 

demonstrated to be beneficial, and therefore arises the need to identify the subgroup of 

patients with stage II cancer who would benefit from chemotherapy thereby avoiding over or 

undertreating patients with adjuvant therapies and their associated side effects and 

complications. In the small numbers in my cohort (3 patients), no significant differences were 

identified in the expression of MGF affecting the risk of recurrent disease. This certainly would 

benefit from further work with larger numbers of patients.  

I investigated the expression of MGF in colonic polyps which are known precursor lesions for 

colorectal cancer. The ‘adenoma-carcinoma’ sequence is an accepted concept in the 

pathogenesis of colorectal cancer, and most cancers are thought to arise from polyps. This 

hypothesis is supported by the epidemiological evidence that the prevalence of adenomas 

and carcinomas both increases with age, with adenomas peaking 5 years prior to carcinomas 

and the geographical variations in prevalence of both adenomas and carcinomas are very 

similar (Leslie et al., 2002). In addition, the distribution of adenomas and carcinomas are very 

similar in the colon, and removal of the adenomas have been demonstrated to reduce the 

long term incidence of colorectal cancers (Atkin et al., 1992; Leslie et al., 2002; Winawer et 

al., 1993). I looked at the expression of MGF in the polyps of different grades of dysplasia 

(mild/moderate and severe dysplasia) and compared adenomatous polyps to normal colon 

tissues. The expression of MGF was identified to be significantly higher in colonic polyps 

compared to normal colon tissues with increased expression with a worsening degree of 

dysplasia. This suggests that MGF is involved in the early stages of cancer pathogenesis in 

colon cancer.  
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Within the limits of my small study, MGF expression was identified to occur at a low level in 

normal colon tissues with significantly higher expression in colonic polyps, particularly with 

worsening dysplasia. Significantly higher expression of MGF was identified in colon cancer 

compared to normal colon tissues though this was identified to be at similar levels to colonic 

polyps. Further work would include reviewing MGF as a prognostic factor in stage II colorectal 

cancer. Based on current data, MGF offers a potential target for fluoroscopic agents to 

improve colonoscopic visualization of polyps and tumours, thereby reducing missed lesions 

which have been reported as high as 25%(Zhao et al., 2019). Additionally, there is a potential 

for targeting MGF with drug delivery agents and fluoroscopic agents for intraoperative 

visualization of the tumour.  
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5 Chapter 5: Synthesis, characterisation and conjugation of 

fluorescent nanoparticles to MGF antibody 
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5.1 Introduction 

The application of fluorescent nanoparticles in oncological medicine offers exciting avenues 

in diagnosis and treatment. The potential role of fluorescent nanoparticles in colorectal 

cancers includes delineating the resection margins of tumours during surgery, improving the 

accuracy and efficiency of histological assessment of tumour biopsies and improving the 

diagnostic accuracy of colonoscopy by reducing the rates of missed lesions.  

Semiconductor quantum dots, despite promising preclinical results, have not reached the 

phase of clinical trials because of potential toxicity. Their unique fluorescent ability and 

intensity, along with reduced photobleaching, offers an enticing alternative to conventional 

immunohistochemistry. The ability to simultaneously use quantum dots with different 

emission spectra with ligands targeting different receptors/proteins offers advantages over 

conventional immunohistochemistry techniques to identify multiple targets with the same 

and small tissue samples and potentially automated quantification. Since this work is ex-vivo, 

the toxicity of the quantum dots does not limit application in immunohistochemistry work. 

I describe experiments involving the synthesis of CdTe quantum dots functionalized with MSA 

and conjugated to the MGF antibody and peptide and the application of these quantum dots 

to colorectal cancer cell lines HT29 and SW620. I did not achieve the expected results with 

the application of these quantum dots and discuss the flaws and limitations of my 

methodology below. Using the lessons learnt from this work, I proceeded to experiments with 

gold nanoparticles. 

Gold nanoparticles have been under research for applications in biomedicine due to strong 

photoluminescence, photostability, biocompatibility and nanometer dimensions (Xu and 

Shang, 2018). The fluorescence quantum yield of gold nanoparticles is lower than 
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semiconductor quantum dots, thereby limiting its use in quantitative immunofluorescent 

techniques. Gold nanoparticles are currently undergoing early phase clinical trials, and 

preliminary results suggest that these nanoparticles are tolerated in human subjects without 

significant adverse effects as described in chapter 2 (2.10). My work in chapter 4 

demonstrating MGF expression in colon cancer and tissues with its absence in normal colon 

tissues offers two avenues for the application of gold nanoparticles to improve the 

management of colorectal cancers. Endoscopically, the use of an intravenously administered 

fluorescent nanoparticle conjugated with MGF antibody could potentially improve the 

identification of colonic polyps and cancers. Surgically, the intravenous injection of the 

nanoparticle conjugated to the MGF antibody could help delineate the margins of the tumour 

thereby helping with localisation of the malignancy in minimally invasive surgical procedures 

alleviating the need for endoscopically administered tattooing of the bowel. We, therefore, 

decided to use fluorescent gold nanoparticles with this aim in mind. I describe experiments 

including the synthesis, functionalization and characterisation of the gold nanoparticles 

conjugated with the MGF antibody. Learning from the flaws in the methodology of my work 

with the semiconductor quantum dots, the characterisation experiments included dot blot 

techniques to ensure that the MGF conjugated gold nanoparticle binds to our target of 

interest. Following confirmation of this, I describe experiments administering this gold 

nanoparticle to the colorectal cancer cell lines HT29 and SW620 using prostate cancer cell line 

PC3 as a positive control and the HUVEC cell line as a negative control. Further work is des 

using colorectal cancer tissues, polyp tissues and prostate adenocarcinoma tissues (positive 

control) is described.  
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5.2 Aims 

• Develop semiconductor quantum dots conjugated to MGF antibody 

• Develop gold nanoparticles conjugated to MGF antibody  

5.3 Supplementary methods and materials 

5.3.1 Semiconductor quantum dots 

5.3.1.1 Quantum dot synthesis  

CdTe QDs were synthesized by a one-pot procedure. All the starting materials were obtained 

from commercial suppliers (as outlined in chapter 3.1) and were used without further 

purification. All reactions were carried out in a buffer solution composed of 15mM Na2B4O7 

and 15mM citrate acid, pH adjusted to 7.0 with 1M HCL. The precursor material included 

solutions of CdCl2 (2mM), Na2TeO3 (0.5mM), MSA (4mM) and in 50ml of the above buffer 

solution in a one-neck flask immersed in ice. The above mixture was subjected to vigorous 

mixing using a magnetic stirrer for 5 minutes. At 5 minutes, solid NaBH4 (15mg) was added 

rapidly and mixed for a further 5 minutes. Finally, the flask was connected to a condenser and 

refluxed with mixing at 100oC under aerobic conditions for 12 h.    

5.3.1.2 CdTe Quantum dot conjugation to MGF peptide and MGF antibody 

Fluorescent CdTe/MSA QD solution was diluted with an equal volume of cold 70% ethanol 

and centrifuged at 4000 rpm for 20 minutes. The precipitated CdTe/MSA QD was vacuum 

dried to obtain as a powder. The precipitated dried QDs (Approximately, 1 mg) were re-

suspended in 1 mL phosphate buffer saline/tetrahydrofuran (PBS/THF) (1:1 v/v) and 

centrifuged at 4000rpm for approximately 10 to 15 minutes. The obtained coated QD (1 mL) 

solution was conjugated to the MGF peptide/antibody using 1-Ethyl-3-(3-dimethyl 

aminopropyl carbodiimide) hydrochloride (EDC) as an acylating agent (Figure 5.1). This 
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involved 200 µL QD/MSA solution (1 mg/mL) mixed with 200 µL EDC (1 mg/mL) for 30 minutes 

at room temperature. 100 µL of the MGF peptide/quantum dot solution (5 mg/mL) was added 

to the mixture and mixed for 2 h in ice. To separate the reagent and unconjugated CdTe/MSA 

QDs, centrifugal membrane columns (centricon) with a cut off of 100 kDa with UV monitoring 

at 280 nm of the retained samples was used. The purified CdTe/MSA conjugated to MGF 

peptide/antibody were collected and stored at +4 ºC until further use.  

 

Figure 5.1: 1-Ethyl-3-[3-dimethylaminopropylcarbodiimide] hydrochloride (EDC) action(“EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride) - Thermo Fisher Scientific,” n.d.). EDC reacts with carboxylic 
acid groups to form an active O-acylisourea intermediate that is easily displaced by nucleophilic attack from 
primary amino groups in the reaction mixture. The primary amine forms an amide bond with the original 
carboxyl group, and an EDC by-product is released as a soluble urea derivative. The by-product can be easily 
filtered by dialysis or gel filtration(Elzahhar et al., 2019) 

 

 

5.3.1.3 Quantum dot characterisation 

5.3.1.3.1 Emission spectrum spectroscopy 

The USB 2000+ Ocean Optics spectroscopy was used to measure the emission wavelength of 

the conjugated and unconjugated quantum dots at room temperature. The samples were 

placed in a 1cm path quartz cuvette. Using an excitation wavelength of 375 nm with a slit 

width of 5.0 nm, spectra were recorded from 400nm to 800nm regions. This was performed 

in a single run for both conjugated and unconjugated quantum dots.  
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5.3.1.3.2 Atomic force microscopy 

20µL of the quantum dots (conjugated and unconjugated) were placed on the freshly cleaved 

and modified mica substrates and allowed to dry over 20 – 30 minutes with N2 gas. The 

samples were subsequently dried in air and imaged with a Bruker Multimode 8 atomic force 

microscopy. Measurements were performed in the tapping mode with amplitude and phase 

images were simultaneously collected at a scan rate of 1Hz, initially at a scan area of 1µm2, 

and further zoomed in to a scan area of 500nm2 at room temperature. Analysis of the scanned 

images was performed using Nanoscope Analysis v1.4 (Bruker corporation). 

5.3.1.4 In vitro studies 

The colorectal cancer cell lines SW620 and HT29 were used. Cell culture techniques have been 

previously described (chapter 3). The cells were seeded at a concentration of 100,000 

cells/cm2 per well in 18 wells of two 24 wells plate, and the following experiments were 

conducted for both cell lines.  After 48 hours of incubation at 37oC, the cells were viewed 

under light microscopy to confirm adherence to the well surface. The 18 wells were divided 

into 6 groups of 3 wells. Quantum dot conjugated with the MGF antibody (concentration of 

1/500 in growth culture medium) was added to group 1, quantum dot conjugated with MGF 

peptide (concentration of 1/500 in growth culture medium) was added to group 2, MGF 

antibody (concentration of 1/500 in growth culture medium) was added to group 3, MGF 

peptide (concentration of 1/500 in growth culture medium) was added to group 4, 

unconjugated quantum dots (concentration of 1/500 in growth culture medium) were added 

to group 5 and growth culture medium was added to group 6 (Table 4.2). Following 48 hours 

of incubation at 37oC with 5% CO2, the wells were rinsed with 2mls of PBS and 1ml of 10% 

Formaldehyde was instilled in each well for 15 minutes. The wells were then rinsed with 2mls 

of PBS, and each well was blocked with 1% Bovine Serum Albumin/0.1% Tween 20 for 30 
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minutes. After a further rinse with PBS, the wells were viewed under the Nikon laser scanning 

confocal microscope at 4x magnification. 

Due to the absence of binding of the quantum dot conjugated with the MGF antibody to the 

cell lines, this experiment was repeated with group 1 initially incubated with MGF peptide for 

24 hours, and after aspirating the well and washing it with PBS followed by addition of the 

quantum dot conjugated with MGF antibody, and this was incubated for a further 48 hours 

prior to being fixed and blocked as described previously.   

5.3.1.5 Laser scanning confocal fluorescent microscopy (LSCM) 

LSCM (Nikon Eclipse TE 300, Nikon, Chiyoda, Tokyo City, Tokyo, Japan) was used to scan the 

slides which were illuminated at 488nm and filtered with 630 LP (Long pass) barriers. The PCM 

scanning head was mounted on an inverted optical microscope (Nikon Eclipse TE 300), which 

can operate in fluorescence, reflection and phase contrast modes (Ramesh et al., 2016). 

5.3.2 Gold nanoparticles 

5.3.2.1 Synthesis of MSA-stabilized gold nanoparticles (MSA-AuNPs) 

The method used in this study involved a one-pot method to obtain visible fluorescent gold 

nanoparticles.  Purified deionized water adjusted at pH 6.5 was used as the major solvent. 

500l of the polar solvent, dimethylformamide (DMF) was added as a reductant into the 

aqueous mixture whilst mixing vigorously using a homogenizer at its maximum speed. This 

mixture was then heated by hydrothermal treatment (autoclave) at 121oC for 25 minutes to 

give quantum-confined AuNPs with near-infrared (NIR) emission at ≥ 800 nm on cooling to 

room temperature. The final product could be excited at a range from 375 nm to 630nm to 

obtain a fluorescent emission peak at 800 nm.  



118 
 

5.3.2.2 Preparation of anti-MGF conjugation to AuNP/MSA (anti-MGF-AuNPs) 

Fluorescent MSA-AuNPs solution was diluted with an equal volume of cold ethanol and 

centrifuged at 10,000g for 30 minutes. The precipitated MSA-AuNPs was vacuum dried to 

obtain as a powder. The precipitated dried MSA-AuNPs (approximately 1 mg) were re-

suspended in 1 ml phosphate buffer saline (PBS). The obtained coated MSA-AuNPs (1 ml) 

solution was conjugated to the Anti-MGF using EDC as an acylating agent. This was done using 

200 L MSA-AuNPs solution (1 mg/ml) mixed with 200 L EDC (1 mg/ml) in water for 30 

minutes at room temperature. 100 l of Anti-MGF solution (5 mg/ml) in PBS was added to 

the activated mixture and agitated gently for 1 hour at room temperature. Membrane 

centrifugal columns (Centricon) were used with a cut off 100 kDa with UV monitoring at 280 

nm of the retained samples to separate the reagent and unconjugated MSA-AuNPs.  Further 

validation of conjugation of the AuNP-anti-MGF was carried out using immunochemistry 

against the synthetic peptide via immunodots.  The purified bio-conjugated nanoparticles 

defined as anti-MGF-AuNPs were collected and stored at +4oC until further use. 

5.3.2.3 Gold nanoparticle characterization 

The fluorescence spectra of the AuNPs and its conjugations were recorded to ensure that the 

emission fluorescence was not quenched to use them for different biomedical applications. 

Fluorescence spectra were taken by a spectrofluorometer with an excitation source at 375nm 

in a single run.   

TEM (Phillips CM 120) was used previously for visualisation and to obtain the size of the 

unconjugated gold nanoparticles. To determine the size and shape of the MSA coated QDs, a 

set of 1:100 serial dilutions were made of coated QD with PBS, and the optimum dilution was 

chosen. A drop of the samples was mounted on to a Piloform (TAAB) coated G300HS copper 



119 
 

electron microscopy grid (Gilder) and allowed to air dry. The grids were examined with a 

CM120 (Philips) TEM at 3.0 x 105 magnification (Ramesh et al., 2016). 

Dot blot confirmation of the functioning MGF antibody bound to the gold nanoparticle was 

performed as follows. 5µl of 1: 1000 dilution of the anti-MGF-AuNCs and synthetic MGF 

peptide (1mg/ml) in Phosphate buffered saline (PBS) were spotted separately onto aqueous 

equilibrated PVDF membrane and allowed to dry at room temperature. A scrambled peptide 

sequence was used a control. On drying, the membrane was rinsed briefly in PBS with 0.05% 

Tween 20 (PBS/T; pH 7.4) and was incubated overnight at room temperature in 2% BSA with 

0.005% sodium azide to block any residual binding sites on the membrane. After blocking 

incubation, the membrane strip was rinsed in PBS/T (5x 1 min washes).  The second 

incubation was carried out in the presence of anti-MGF conjugated to gold NCs at 1: 1000 

(anti-MGF-AuNPs) for 1 h at room temperature with gentle shaking. The membrane strip was 

rinsed in PBS/T (5x 1 min washes). The third incubation was with anti-rabbit antibodies 

conjugated to horseradish peroxidase (anti-rabbit-IgG (1:5000) for 1 h with gentle shaking. 

This third incubation is to confirm conjugation (anti-MGF-AuNPs) and simultaneously the 

specificity to the peptide antigen (MGF). The strip was finally washed in PBS/T (5x 5 min 

washes). The membrane was then used for chemiluminescence to detect the presence of the 

conjugated anti-MGF to gold.   

5.3.2.4 In vitro studies 

All cell cultures were routinely propagated in standard growth conditions (37oC, 5% CO2) and 

were between 3-12 passages after receipt from the supplier. 75 cm2 flasks were used to grow 

the cells, and >80% confluence was avoided. Cancer cell lines SW 620 (“metastatic” colon 

cancer), HT-29 (colon cancer) and PC3 (prostate cancer) were all maintained in D-MEM (with 



120 
 

1mM pyruvate, 2mM glutamine and 10mM HEPES) supplemented with 10% foetal bovine 

serum (FBS), 100 IU penicillin and 100mg/ml streptomycin.  Human umbilical vein endothelial 

cells HUVECS were maintained in PromoCell endothelial cell growth medium with supplement 

mix (PromoCell GmbH) and 5% FBS with growth factors. After 24 hours of incubation at 37oC 

in 5% CO2, the cells were washed with PBS and fixed with 4% paraformaldehyde solution for 

1 hour at room temperature. These were then washed three times with PBS and incubated 

with the MGF antibody conjugated AuQDs in PBS with 0.6% bovine serum albumin for 1 hour 

and then washed three times with PBS.  Additional negative control was performed by using 

unconjugated AuQDs in exchange for the MGF antibody-conjugated quantum dots. 

5.3.2.5 Tissues  

Frozen sections of colorectal cancer tissues, normal colon tissues and prostate cancer tissues 

fixed in cold acetone were purchased from Ambsio (AMS Biotechnology (Europe) Limited). 

Prostate cancer tissues were chosen as positive controls due to established findings in the 

literature for the over-expression of MGF in prostate cancer compared to normal prostate 

tissues (Armakolas et al., 2010b). These tissues were incubated with the MGF antibody 

conjugated AuQDs in PBS with 0.6% bovine serum albumin for 1 hour and then washed three 

times with PBS.  Negative control was performed by using unconjugated AuQDs in exchange 

for the MGF antibody-conjugated quantum dots. These experiments were performed three 

times to confirm the findings.  

5.3.2.6 Laser scanning confocal fluorescent microscopy (LSCM) 

Images were acquired by the Olympus BX 63. which can operate in fluorescence, reflection 

and phase contrast modes, and it was provided with high transmission objectives with 

reduced autofluorescence. Fluorescent image acquisition was conducted via LED light source 

excitation at 620 nm with emission long-pass filter at 700 nm with image processing with 
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Olympus cellSens software. All the near-infrared images acquired are displayed in the 

pseudocolour (red) format. 

5.3.2.7 Statistical analysis 

All data have been examined and demonstrated a normal distribution. All results were 

expressed as mean±SEM. One-way ANOVA (IBM® SPSS® Statistics Version 25) with multiple 

comparison tests were used, and independent T-test performed when comparing two groups. 

Statistical analysis was performed on samples (n=3-6). Microsoft Excel 2016® was used to 

generate descriptive statistics including mean, standard deviation and illustrate results with 

graphs. 

5.3.3 Acknowledgement of work done by others  

The synthesis, conjugation and dot blot characterization experiments were done with the 

help of Dr Bala Ramesh at the Royal Free Campus. Atomic force microscopy characterization 

work was done with the assistance of Dr Richard Thorogate based at the London Centre of 

Nanotechnology. Analysis of the results from atomic force microscopy was performed by 

me.  

5.4 Results 

5.4.1 Semiconductor quantum dots 

5.4.1.1 Quantum dot characterization 

5.4.1.1.1 Emission spectrum spectroscopy 

Optical characterisation of the synthesised unconjugated CdTe/MSA quantum dot, the MGF 

peptide conjugated CdTe quantum dot and MGF antibody conjugated CdTe quantum dots 

using spectroscopy demonstrated a narrow emission spectrum of the quantum dots with the 

maximum intensity of the emission at 569.9nm, 595.5nm and 593.7nm for the unconjugated 
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CdTe/MSA quantum dot, and MGF peptide conjugated quantum dot and the MGF antibody-

conjugated quantum dot respectively (Figure 5.2). The impact of conjugation shifted the 

emission wavelength by approximately 25nm towards the near infra-red spectrum.   

 

 

Figure 5.2: Emission spectrum of the unconjugated quantum dot, the quantum dot conjugated to the MGF 
antibody and the quantum dot conjugated to the MGF peptide (n=3). Excitation wavelength at 375nm and 
emission spectrum recorded between 400nm to 800nm. 

 

5.4.1.1.2 Atomic force microscopy 

Direct visualisation of the individual quantum dots with atomic force microscopy 

demonstrated evidence of conjugation with the peptide and antibody as illustrated in Figure 

5.3. The tall spikes were presumed to be representative of the quantum dots and the smaller 

adjacent spikes in Figure 5.3 identifying the conjugated peptide and antibody, respectively. 

This contrasted with the single spikes in Figure 5.3 for the unconjugated quantum dots. Table 

5.1 summarises the quantitative results for the measurements of the quantum dots. The 

combined dimensions of the unconjugated CdTe/MSA quantum dot was 318.8 nm3, and the 
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MGF antibody-conjugated quantum dot was 341.7 nm3 (p=0.79). The MGF peptide 

conjugated quantum dot had a mean combined dimension of  1414nm3 (p=0.02). Therefore, 

despite the direct visualization of apparent conjugation of the MGF antibody to the quantum 

dot, the dimensions of the presumed MGF antibody-conjugated quantum dots were not 

significantly increased compared to the unconjugated quantum dot while there was a shift in 

the emission spectrum of the conjugated quantum dot to the right.  

 

Figure 5.3: Atomic Force Microscopy: Unconjugated quantum dots A 2D B 3D, quantum dots conjugated with 

MGF peptide C 2D D 3D, quantum dots conjugated with MGF antibody E 2D F 3D 
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Figure 5.4: Atomic force microscopy measurements were done using Nanoscope Analysis®. Dimensions in depth, 
transverse (x) and longitudinal (y). SD error bars. 

 

    Depth (nm)         X (nm)       Y (nm) Combined  nm3 (SD*) 

Unconjugated Qd 3.5                8.6       10.7 318.8 (107.80) 

MGF Antibody conju-
gated Qd 

4 10.6 8 341.7 (47.1) 

MGF peptide conjugated 
Qd 

3.5 20.1 20.1 1414 (158.2) 

Table 5.1: Average dimensions of the samples of the different groups of quantum dots structurally characterised 
by AFM (n=3 for each group). t-test for comparison between unconjugated quantum dot s and MGF antibody 
quantum dots (p=0.79) and comparison between unconjugated quantum dots and MGF peptide quantum dots 
(p=0.02). *SD – Standard Deviation for combined dimensions of the nanoparticles (Depth multiplied by X and Y) 

 

5.4.1.2 In vitro study 

On viewing the cells under confocal microscopy, the Qd-MGF peptide conjugate group was 

the only group which demonstrated fluorescence. Groups 1 (Qd-MGF antibody conjugate), 3 

(MGF antibody only), 4 (MGF peptide only), 5 (unconjugated Qd) and 6 (Growth medium only) 

did not fluoresce (Table 5.2). The repeat experiments with Group 1 cells initially incubated 

with MGF peptide for 24 hours, and then subjected to Qd-MGF antibody conjugate yielded 

the same results of no fluorescence. Figure 5.5 demonstrates the images for the Qd-MGF 

peptide incubated with the cell lines. Cells in the fixed group were stored in 4oc and reimaged 

with confocal microscopy one week later, and the fluorescence of the quantum dots 

remained as demonstrated in Figure 5.5.  
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Figure 5.5: Confocal microscopy images A and B Images from Qd-MGF peptide incubation for 72 hours with HT29 

cells, C and D Images from Qd-MGF peptide incubation for 72 hours with SW620 cells E and F Same plates re-

imaged after 1 week demonstrating quantum dots fluorescing without photobleaching. E HT29 F SW620     

 Contents Outcome 

Group 1 Qd-MGF antibody conjugate No fluorescence for both live and fixed cell plates in both cell lines* 

Repeat experiment with incubation of this group with MGF peptide 
for 24 hours, followed by incubation of the Qd-MGF antibody did 
not demonstrate any fluorescence. 

Group 2 Qd-MGF peptide conjugate Fluorescence in both live and fixed cell plates and in both cell lines* 

Group 3 MGF antibody No fluorescence for both live and fixed cell plates in both cell lines* 

Group 4 MGF peptide No fluorescence for both live and fixed cell plates in both cell lines* 

Group 5 Unconjugated CdTe/MSA QD No fluorescence for both live and fixed cell plates in both cell lines* 

Group 6 DMEM culture medium No fluorescence for both live and fixed cell plates in both cell lines* 

Table 5.2: Invitro study investigating the application of the CdTe/MSA quantum dot conjugated to the MGF-

peptide and MGF-peptide to cell lines* (HT29 and SW620). Each group had 3 wells allocated in a 18 wells plate. 
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5.4.2 Gold nanoparticles 

5.4.2.1 Quantum dot characterisation 

Optical characterisation of the synthesised unconjugated MSA gold quantum dot and the 

MGF antibody conjugated gold quantum dot using spectroscopy demonstrated a reduction in 

the intensity of the emission wavelength of the conjugated gold nanoparticle (Figure 5.6).  

 

 

Figure 5.6: Peak photoluminescence of MSA-coated gold nanoparticles and the MGF conjugated MSA-coated 
gold nanoparticles were at 800nm excited at 488nm (n=3). 
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5.4.2.2 Transmission Electron Microscopy 

The findings from the TEM for the unconjugated MSA-coated gold nanoparticles is illustrated 

below in Figure 5.7(Ramesh et al., 2016). The mean size of these nanoparticles was 2.4nm 

(standard deviation 0.6nm). 

 

 

Figure 5.7: TEM images of the MSA-gold nanoparticle. Mean size of the 33 particles measured was 2.4nm (Range 
1.35nm – 4.01nm, Standard deviation 0.6nm)(Ramesh et al., 2016) 

 

 



128 
 

5.4.2.3 Dot blot  

The findings from the dot blot experiment are demonstrated in Figure 5.8. The three dots from 

left to right demonstrated serial dilutions of the MGF peptide, (1mg/l on the left with serial 

dilutions by x10) and the fourth dot was a scrambled sequence peptide. The findings 

confirmed binding of the MGF conjugated gold nanoparticles to the MGF peptide.   

  

Figure 5.8: Dot blot at the left represent a dilution series of MGF peptides the third lighter dot corresponding to 
the lower concentration (1mg/l on the left with serial dilutions by x10). The fourth dot represents a control 
peptide (scrambled sequence) 

 

5.4.2.4 MGF conjugated gold nanoparticles demonstrated binding to colon cancer cell lines 

On viewing the cells under confocal microscopy, the positive control PC3 cell line 

demonstrated uniform binding of the anti-MGF-AuNP (Figure 5.9) while the negative control 

HUVEC cell line did not demonstrate evidence of binding of the MGF conjugated gold 

nanoparticles (Figure 5.9). Both colorectal cancer cell lines SW620 and HT29 demonstrated 

uniform fluorescence confirming binding to the MGF conjugated gold nanoparticles as 

illustrated in Figure 5.9. The application of the unconjugated gold nanoparticles did not 

demonstrate evidence of binding as demonstrated by the absence of fluorescence.  
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5.4.2.5 MGF conjugated gold nanoparticles demonstrated binding to colon cancer tissues 

The MGF conjugated gold nanoparticles were identified by localising to the epithelial cell 

lining of my positive control of prostate cancer tissues (Figure 5.10). The normal colon tissues 

did not demonstrate evidence of binding to the MGF conjugated gold nanoparticles in three 

different sections (Figure 5.10), while the colon cancer tissues and polyp tissues 

demonstrated epithelial localisation of the MGF conjugated gold nanoparticles as illustrated 

in Figure 5.10. Unconjugated gold nanoparticles did not result in any fluorescence in three 

different sections of tissues, suggesting there was no binding.  
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Figure 5.9: A – PC3 cell line (positive control), B - HUVEC cell line (Negative control), C – HT29 cell line, D – SW620 
cell line. Magnification 4x. Fluorescence of the gold nanoparticles was identified in the positive control PC3 cell 
line and the colorectal cancer cell lines HT29 and SW620 while this was absent in the negative control HUVEC 
line. 
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Figure 5.10: A – Prostate cancer tissues (positive control) B - Normal colon tissue C – Colon polyp D – Colon 
adenocarcinoma Magnification 20x. Fluorescence identified in the positive control of prostate cancer tissues, 
colonic polyp tissues and colonic adenocarcinoma tissues while this was absent in the normal colon tissues. 
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5.5 Discussion 

5.5.1 Semiconductor quantum dot 

CdTe quantum dots were produced via an aqueous synthesis route with a MSA coating 

rendering it water-soluble. This was synthesised via a one-pot synthesis route as recently 

described in the literature from our institution and others (Ghaderi et al., 2012; Wang et al., 

2008; Ying et al., 2008). The advantages of this approach include the use the air-stable sodium 

tellurite, high yield and these quantum dots have demonstrated to be stable for many months 

when stored at 4oC (Ying et al., 2008). The carbodiimide, 1-Ethyl-3-(3-dimethylamino propyl 

carbodiimide) hydrochloride (EDC) was used as an acylating agent to form covalent bonds 

between the MGF peptide and MGF antibody with the quantum dot. Carbidiimides are used 

to mediate the formation of amide linkages between the carboxylates and amines, and they 

are probably the most popular type of zero-length crosslinker in use for this purpose (Elzahhar 

et al., 2019; Kirchner et al., 2005). EDC was used to activate the carboxyl group in the MSA 

coating of the quantum dots, and thereafter conjugate to the amine groups on the MGF 

peptide and MGF antibody (Figure 5.1).  Confirmation of this binding was performed with the 

use of atomic force microscopy to directly view the individual molecules and measure the size 

of the nanoparticles. Images of the Qd-MGF peptide and Qd-MGF antibody conjugates 

demonstrate two peaks adjacent to each other with the Qd peak likely to be the taller peak, 

and the peptide/antibody is the second peak. Compared to unconjugated quantum dots, 

there was a significant increase in the size of the quantum dot conjugated with the MGF 

peptide, though this was not demonstrated in the MGF antibody conjugated with the 

quantum dots (Table 5.1). Optical characterization of the quantum dots demonstrated a 

narrow emission spectrum of the conjugated and unconjugated quantum dots and a shift in 

the peak intensity of emission to the right (towards the NIR spectrum) for the conjugated 
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quantum dots compared to the unconjugated quantum dots. This is likely to be partly because 

of modifications to the quantum dot surface and increasing size. Since this shift was 

demonstrated, despite the unclear structural findings on atomic force microscopy, we 

proceeded to in vitro studies with these quantum dots.  

The in vitro study demonstrated that the unconjugated quantum dots did not demonstrate 

any binding to the colon cancer cell lines. The quantum dot conjugated with the MGF peptide 

bound to both cell lines and the fluorescence was maintained a week later after the cell plates 

were stored at 4oC. This demonstrated the excellent photobleaching threshold of the 

CdTe/MSA quantum dot despite undergoing the conjugation reaction. The quantum dot 

conjugate with the MGF antibody did not demonstrate binding to either of the colorectal 

cancer cell lines HT29 and SW620.. This was unexpected since the immunohistochemistry for 

MGF in the previous chapter clearly demonstrates MGF expression in colorectal cancer. In 

addition, preliminary western blot work (Appendix 8.1) suggested the expression of the MGF 

peptide in the HT29 and SW620 cell lines. The absence of binding of our MGF antibody-

conjugated quantum dots may be due to the failure of this complex to enter the cytoplasm of 

the cells where MGF is known to be expressed (from our work and confirmed in prostate 

cancer cells by Savvani et al. (Savvani et al., 2013)) or the possibility that the antibody may 

have undergone a conformational change during the conjugation process. The latter 

hypothesis is supported by my second experiment when I incubated the cells with MGF 

peptide for 24 hours which should have bound to the same receptors as our Qd-MGF peptide 

conjugate, and the subsequent addition of the Qd-MGF antibody should have bound to the 

peptide unless it was internalised. Though EDC is the most popular method to conjugate these 

nanoparticles, there is a potential for side reactions to occur through the routes illustrated in 
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Figure 5.11 which has been identified to be potentially the reason for variability of using this 

for particular conjugation reactions (Elzahhar et al., 2019).   

Overall, my work with the CdTe quantum dots had many limitations due to methodological 

issues. With the uncertainty of the characterization of the MGF antibody-conjugated 

quantum dots based on atomic force microscopy, further characterization using techniques 

such as dot blot to identify if this quantum dot would bind to MGF peptide would have been 

useful. The other significant limitation is the absence of the use of a positive control in the in 

vitro studies. Though the MGF peptide conjugated quantum dots demonstrated binding to 

the cell lines, my focus was for the MGF antibody conjugated nanoparticles since it is unclear 

as to whether MGF peptide has a unique receptor or binds to IGF1R as discussed in chapter 

1.3.3, limiting its use. These issues were addressed in my work with gold nanoparticles, where 

I focused on MGF antibody conjugated gold nanoparticles as discussed below. 

 

 
 

Figure 5.11: EDC potential side reactions and their possible route(Elzahhar et al., 2019) 

  

https://media.springernature.com/original/springer-static/image/chp%3A10.1007%2F978-1-4939-9516-5_11/MediaObjects/419813_1_En_11_Fig23_HTML.png
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5.5.2 Gold nanoparticles 

We successfully designed gold quantum dots via an aqueous synthesis route by reducing gold 

salts with DMF and MSA rendering it water-soluble. This was synthesised with a one-pot 

synthesis route, and EDC was used as an acylating agent to form covalent bonds between the 

MGF antibody with the gold nanoparticles. EDC was used to activate the carboxyl group in the 

MSA and thereafter conjugate to the amine groups on the MGF antibody. Confirmation of this 

conjugation process was demonstrated with the use of dot blots. The absorbance spectrum 

of the MGF conjugated MSA-AuNPs was 375 nm to 630nm with a fluorescent emission peak 

at 800 nm in the near infra-red region which is vital for deep tissue penetration and is beyond 

the emission peak of the auto-fluorescence of epithelial tissues which has been demonstrated 

to be around 550nm (Wu and Qu, 2006).  

Prostate cancer tissues and the PC3 cell line were used as a positive control following the 

work by the Department of Experimental Physiology at the University of Athens for the past 

few years which demonstrated the overexpression of MGF in both. (Armakolas et al., 2015, 

2010; Philippou et al., 2013; Savvani et al., 2013). The MGF antibody conjugated gold 

quantum dots demonstrated uniform binding to the PC3 cell line, with no fluorescence 

demonstrated in the HUVEC endothelial cell line, which was used as a negative control. I used 

HUVEC as a negative control since previous literature had identified that endothelial cells 

including the HUVEC cell line, not stimulated by external growth factors, expressed minimal 

IGF-1 (Glazebrook et al., 1998; Hansson et al., 1987). Following this, I applied the MGF 

antibody conjugated gold nanoparticles to fixed HT29 and SW620 cells, with both cell lines 

demonstrating good fluorescence suggesting binding. No fluorescence was seen following 

application of unconjugated gold quantum dots. 
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The MGF antibody-conjugated quantum dots bound to the prostate cancer tissues in the 

epithelial lining as illustrated in Figure 5.10, while unconjugated gold quantum dots did not 

demonstrate any signals. This was similar to the immunohistochemistry images 

demonstrating MGF expression in prostate cancer tissues by Savvani et al. (Savvani et al., 

2013). Colon cancer tissues demonstrated the MGF conjugated gold quantum dots bound to 

the epithelial layer of the tissues used here, while normal colon tissues did not show any 

fluorescence after being incubated with the MGF conjugated gold quantum dots. Colonic 

polyp tissues demonstrated similar findings to the colon cancer tissues with the MGF 

conjugated quantum dots binding to the epithelial layer of the polyp tissues. My findings 

suggest that MGF is expressed by colon cancer and colonic polyps and not by normal colon 

tissues. Colonic polyps are known precursor lesions for colon cancer via the ‘adenoma-

carcinoma’ sequence, and the expression of MGF peptide in these lesions indicates that 

expression of MGF could be an early event in carcinogenesis.  

My findings suggesting MGF expression in colon cancer is in contrast to Kasprzak et al. 

(Kasprzak et al., 2013, 2012) who published two reports in 2012 and 2013 on the expression 

of IGF-1 mRNA isoforms in colorectal cancers. Both papers reported findings of quantitative 

PCR for IGF-1 isoforms’ mRNA and immunohistochemistry expression of IGF-1 peptide though 

not the IGF-1 isoforms. The first paper involved 13 tissue pairs of colorectal cancer and normal 

adjacent colon tissue with immunocytochemical studies demonstrating cellular expression of 

IGF-1 in 69% of patients, while control tissues did not demonstrate any significant expression. 

Expression of the IGF-1Ea isoform mRNA was the most prevalent, followed by IGF-1Eb mRNA 

and then IGF-1Ec (MGF). The overall expression of IGF-1 mRNA was significantly lower in the 

colorectal cancer tissues compared to control tissues; however the expression of IGF-1Ea 

mRNA was significantly higher in the cancer tissues compared to control. IGF-1Eb mRNA was 
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significantly lower in colorectal cancer tissues, and no significant differences were identified 

for IGF-1Ec mRNA compared to normal colon tissues. The second report by Kasprzak et al. 

(Kasprzak et al., 2013) investigatedtissue samples from 28 patients which included paired 

tumour and normal colorectal tissues. The immunocytochemical analysis of these tissues 

demonstrated IGF-1 protein expression in 50% of colorectal cancer tissues and 39% of control 

tissues with cytoplasmic expression. The intensity of the stain was of moderate density with 

no quantitative differences between the control tissues and cancer tissues. Expression of the 

different mRNA IGF-1 isoforms demonstrated significantly higher IGF-1Ea and IGF-1Eb 

compared to IGF-1Ec in both normal and tumour tissues. Comparison of colorectal cancer 

tissues and control tissues demonstrated significantly higher IGF-1Ea levels and significantly 

lower IGF-1eb levels in cancer tissues. IGF-1Ec mRNA levels were low for both cancer and 

control tissues and were significantly lower in cancer tissues. The inference from this work is 

that MGF does not appear to be overexpressed at the mRNA level in colorectal cancer tissues. 

However, the levels of IGF-1 isoforms peptide expression was not assessed in this work which 

could be a significant limitation of this study given the findings of Durzynskat et al. (Durzyńska 

and Barton, 2014a) who demonstrate a complete discordance between mRNA expression of 

IGF-1 isoforms and expression of the IGF-1 isoform peptides in cell lines. Durzynksa et al 

(Durzyńska and Barton, 2014a) published interesting data for the expression of IGF-1 isoforms 

in the mRNA level using quantitative real-time PCR (qRT-PCR) and expression at the protein 

level of each isoform using immunoblotting for four cell lines including HeLa (cervical 

adenocarcinoma), U20S (osteosarcoma), HepG2 (Hepatocellular adenocarcinoma) and K562 

(human myelogenous leukaemia). There was a complete discordance between the RNA and 

protein expression for the isoforms. IGF-1Ea, in its transcript form, was expressed significantly 

higher in the K562 cell line compared to other cell lines, while IGF-1Ea protein was highest in 



138 
 

the HeLa cells in which its transcript expression was significantly lower. Similarly, IGF-1Eb 

expression in HepG2 and K562 cells were reversed with regards to transcript and protein 

levels. IGF-1Ec protein expression was not achieved due to very low expression in all the cell 

lines utilised. This study reflected the likely crucial role for post translational processing of 

mRNA affecting peptide production and confirms the limitations of using transcript levels as 

a surrogate measure of gene expression. Control of translation has a physiological role in cells 

to enable the cell to adapt swiftly to stress conditions by controlling protein synthesis from 

an existing pool of mRNAs (Vaklavas et al., 2017). Dysregulation of translation has been 

confirmed to be a critical nexus for cancer cells to enable cancer cells to overcome the array 

of stress conditions including that of the tumor microenvironment, immune recognition and 

anti-tumor therapies (Vaklavas et al., 2017). 

In summary, I describe the synthesis, functionalization and characterization of MGF antibody 

conjugated gold nanoparticles. My findings suggest that MGF peptide is expressed by colon 

cancer cells, tissues and colonic polyps, and not expressed by normal colon tissues. The 

potential role for these gold nanoparticles would be in improving the endoscopic visualisation 

of colonic polyps and tumours (following intravenous administration of the gold 

nanoparticle), an alternative to tattooing malignant colorectal tumours (following local 

injection of the gold nanoparticle during the endoscopic procedure) and intraoperative 

delineation of the edges of the tumour to aid with determining the margins of resection.  

Further work would require animal models of colorectal cancers and polyps, and investigating 

the use of intravenous injection of the MGF antibody conjugated gold nanoparticles. This 

model will then require to be tested with endoscopy and laparoscopy to identify the validity 

of the use of the gold nanoparticles for this purpose. 



139 
 

 

 

 

 

 

 

 

6 Chapter 6: The relationship between autophagy and apoptosis in 

colon cancer cells 

 

 

 

Presented in the annual British Society of Surgical Oncology – Association of Cancer Surgery meeting in 
2012. Abstract published: 

P52. The role of autophagy in colorectal cancer cells: A pro-survival mechanism. Swethan Alagaratnam, 
Ajit Johnson, Marc Winslet, Alexander Seifalian, Barry Fuller, Shi-yu Yang 

 

 

 

 

 

 



140 
 

6.1 Introduction 

Autophagy appears to have a contradictory dual role in cancer pathogenesis with a tumour 

suppressor role in its early stages by minimising DNA damage and promotes the survival of 

established tumour cells in situations of starvation. Chemotherapy agents used in colorectal 

cancer, including 5-FU, have been demonstrated to induce autophagy in colorectal cancer 

tissues, and this has been postulated to contribute towards increased drug resistance. IGF-1 

has been demonstrated in vitro in colon cancer to inhibit autophagy and therefore improve 

the efficacy of 5-FU (Wang and Gu, 2018). The IGF-1 axis overall has, however, been identified 

to have a Janus-faced role with induction autophagy via the ERK pathway and inhibition 

autophagy via the Akt pathway (Table 1.6). Also, the role of the different isoforms of IGF-1 

has not been clarified with regards to autophagy and cancer. To investigate this further, I 

describe preliminary in-vitro studies by inducing and confirming autophagy in a primary 

colorectal adenocarcinoma cell line (HT29) and a metastatic colorectal cell line (SW620). 

Following this, I investigated the effect of inhibiting autophagy with known autophagy 

inhibitors and assess its consequence on cell viability and apoptosis by assessing caspase. I 

used the p38 MAPK inhibitor SB203580 to induce autophagy and inhibited autophagy with 

Bafilomycin and 3-MA with the rationale for these agents explained in the discussion. This 

work has laid a platform for future work with treatment with the different isoforms of IGF-1 

and assessing its effect on autophagy. 

6.2 Aims 

• Demonstrate a model of autophagy induction and inhibition in colorectal cancer cells 

and investigate its effects on apoptosis 
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6.3 Supplementary Methods 

6.3.1 Cell viability assessment 

Cell viability was measured by the addition of 20µl of CellTiter-Blue® dye to each well 

followed by incubation for 4 hours. The fluorescence was measured at 530nm with 

excitation at 620nm with 20ms integration time using a Thermo Labsystem Fluoroskan 

Ascent FL plate reader. SW620 cells at reducing known concentrations were used to 

standardize this test as outlined in Appendix 8.3. 

6.3.2 Induction of autophagy in colorectal cancer cells by inhibition of p38 MAPK 

HT29, SW620 colorectal cancer cells were seeded in chamber slides with a density of 1X105 

cells/cm2 in DMEM containing 10% FBS and 1% PenStrep at 37oC with 5% CO2/ 95% air for 24 

hours. After seeding, the medium was removed, followed by washing the cells three times 

with PBS and then exposed to the p38 MAPK inhibitor, SB203580 at 5, 10, 15 µM in DMEM 

containing 10% FBS and 1% PenStrep for 6, 12 24 and 48 hours at 37oC with 5% CO2/ 95% air 

respectively. Following the exposure, live images of autophagic cells were captured and 

stored using infinity capture software (Lumenera, Ottawa ON) under normal light microscopy.  

6.3.3 Immunocyctochemistry 

The cells were fixed with 4% paraformaldehyde at 4oC for 10 minutes and blocked with 1% 

Bovine Serum Albumin/0.1% Tween 20 for 2 hours at room temperature. Cells were then 

incubated with polyclonal rabbit anti-human LC3B antibody (Abcam) at a 1:3000 dilution at 4 

oC overnight. Following the incubation, cells were washed three times with PBS and the 

bonded primary antibodies were visualised with goat anti-rabbit horseradish peroxidase 

secondary antibody and VECTASTAIN ABC Kit. Immune staining images were captured and 
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stored using infinity capture software (Lumenera, Ottawa ON) under normal light microscopy 

with 20 (X) magnification. 

6.3.4 Caspase activity assay  

HT29, SW620 colorectal cancer cells were seeded in 96 well plates with a density of 20,000 

cells/well in DMEM containing 10% FBS and 1% PenStrep at 37oC with 5% CO2/ 95% air for 24 

hours. Following the seeding the medium was removed, cells were washed three times with 

PBS and then exposed to p38 MAPK inhibitors, (SB203580) with or without autophagy 

inhibitor (Bafilomycin A1) in DMEM containing 10% FBS and 1% PenStrep for 24 and 48 hours 

at 37oC with 5% CO2/ 95% air respectively. One group of cells was maintained in DMEM 

containing 10% FBS and 1% PenStrep without any addition as the control group. After 

treatment, caspase 3/7 activities measurement was performed with the Caspase-Glo assay 

kit (Promega, Madison USA). Briefly, the plates containing cells were removed from the 

incubator and allowed to equilibrate to room temperature for 1 hour. 100 µl of Caspase-Glo 

reagent was added to each well, and the contents of the wells were gently mixed with a plate 

shaker at 50g for 30 seconds. The plate was then incubated at room temperature for 40 

minutes. The luminescence of each sample was measured in a plate-reading luminometer 

(Thermo Labsystems) with parameters of 1-minute lag time and 0.5 seconds/well read-time. 

The experiments were performed in triplicate and repeated on two separately-initiated 

cultures. 

6.3.5 TEM 

The HT29 cells were fixed in a solution containing 1.5% glutaraldehyde and 2% 

paraformaldehyde in PBS overnight. An automated tissue processor (Leica EM TP) was utilised 

to process the samples, culminating in each sample being embedded in Lemix (TAAB 
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Laboratories) epoxy resin. Semi-thin (1μm) sections were then cut and stained with 1% 

Toluidine Blue/1% borax and examined under light microscopy to determine the areas to be 

cut and processed for TEM. Ultrathin (70 nm) sections were stained with 2% aqueous uranyl 

acetate followed by Reynold's lead citrate and viewed using a Philips 201 TEM. Representative 

areas were photographed. 

6.3.6  Statistical analysis 

The data for the cell viability studies were examined and demonstrated a normal distribution. 

The results were expressed as mean±SEM with One-way ANOVA (Prism version 4 2004 

edition, USA) with multiple comparison tests were used. Statistical analysis was performed 

on samples (n=4-6), and Bonferroni’s Multiple Comparison Test was used post-hoc. P <0.05 

was considered as significant and indicated as *. Where P <0.01 was considered as the higher 

significance and indicated as **.  P>0.05 is considered as not significant and marked as NS. 

Caspase assay results were assessed 

6.3.7 Acknowledgement of work done by others 

All experimental work in this chapter was done along with Ajit Johnson who was Professor 

Fuller’s MSc student and Dr Shi-yu Yang. 

6.4 Results 

6.4.1 Induction of autophagy 

Induction of autophagy in the HT29 cell line was initially confirmed by identifying the presence 

of the autophagic vacuoles with light microscopy. Induction of autophagy was noted to occur 

in a time and dose-depended manner by p38 MAPK inhibitors. After 6 hours treatment, 

minimal autophagic vacuoles were identified in the group which received lowest 

concentration (5µM) of SB203580 while small numbers of autophagic vacuoles appeared in 
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the cells exposed to the higher concentrations (10µM and 15µM) of SB203580. After 12 hours 

of treatment, smaller autophagic vacuoles appear in all treatments and following 24 and 48 

hours of treatment, both the numbers and volumes of the autophagic vacuoles markedly 

increased in all treatments. The induction of autophagy by the P38 MAPK appeared to be an 

ongoing process demonstrated by the presence of co-existing small and large vacuoles in all 

the cell colonies (Figure 6.2).  

To confirm autophagy was indeed undergoing in the cells following inhibition of p38 MAPK, 

the treated cells were subjected to the immunostaining with the anti-human LC3B antibody. 

LC3B is an autophagic marker used for monitoring autophagy in cancer cells [14]. The result 

of immunostaining (Figure 6.3) confirmed the induction of autophagy in the cells exposed to 

SB203580 in a time and dose-dependent manner. TEM was used to confirm the presence of 

autophagosomes to further validate the presence of autophagy in these cells (Figure 6.4). 

Interestingly the use of the same concentrations of the P38 MAPK inhibitor did not 

demonstrate any observable induction of autophagy in the SW620 cell line over the same 

duration of incubation as the HT29 cells. Much higher doses of SB203580 (25µM) were 

required before much smaller presumed autophagic vacuoles were identified (Figure 6.5).  
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Figure 6.1: Light microscopy images of HT29 cells after induction of autophagy following treatment with 
SB203580 at 24 and 48 hours. A,B-control; C,D - 5µM SB203580; E,F - 10µM SB203580, GH - 15µM SB203580. 
Magnification 20x. Arrows indicating the autophagic vacuoles 
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Figure 6.2: Immunocytochemistry for LC3B of induced autophagy in HT29 cells. Significant levels of Autophagy 
are observed in all treatment concentration using SB203580 after 24 hours. Magnification: 20x. Brown staining 
indicates positive autophagy vacuoles 

 

 

 

Figure 6.3: Electron Microscopy images showing the morphology of induced Autophagy. Arrow indicates 
autophagy vacuoles which appear to encompass the major part of the intracellular cell volume 
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Figure 6.4: Autophagy induction and inhibition in SW620 cells: SB203580 (25µM) inducing autophagy; Arrow 
indicates positive autophagy vacuoles. Magnification x40 

 

6.4.2 Effect of autophagy induction and inhibition on cell viability 

The effect of autophagy and its inhibition on cell viability was assessed using the autophagy 

inducers (SB203580), and inhibitor (Bafilomycin A1 and 3-Methyladenine). In the HT29 cell 

line, induction of autophagy with SB203580 led to a significant increase in cell viability at 24 

and 48 hours compared to the control cell group. The addition of Bafilomycin (5nM) to inhibit 

autophagy led to a significant decrease in the cell viability at 24 hours for the groups treated 

with 2.5µM, 5µM and 10µM of SB2030580 compared to groups only treated with SB2030580 

at the same concentrations. At 48 hours, though the numbers of viable cells were lower in 

the autophagy inhibited group (with 5nM Bafilomycin), this difference was not significant in 

the lower concentrations of SB2030580. There remained a significant decrease in cell viability 

in the cells treated with higher concentrations of SB203580 (10 µM and 15 µM) (Figure 6.6). 

Figure 6.7 demonstrates the light microscopy images for the HT29 cells confirming the 

induction of autophagy with SB2030580, and inhibition of autophagy with the Bafilomycin A1. 

The incubation of HT29 cells with the autophagy inhibitors alone (Bafilomycin A1 and 3-
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Methyladenine) did not lead to any significant differences in cell viability, thereby 

demonstrating no independent toxicity of these agents to the cell line. Overall, the findings 

suggest that the induction of autophagy led to increased cell viability, and its inhibition led to 

increased cell death in the HT29 cell line.  

Induction of autophagy in the SW620 cell line using the same concentrations for the HT29 cell 

line (2.5µM, 5µM, 10µM and 15µM) did not demonstrate any differences in cell viability 

compared to control. Light microscopy did not demonstrate evidence of induction of 

autophagy at these concentrations. The addition of Bafilomycin A1 to these groups was 

mostly unremarkable apart from a significant increase in cell viability at the lowest dose of 

SB203580 (2.5µM) at 24 hours and a significant decrease in cell viability at 48 hours for the 

group treated with 10µM SB203580. The effect of treating the cells with autophagy inhibitors 

alone identified a significant increase in cell viability after 48 hours of incubation with  

Bafilomycin A1.  This was not reproduced with the 3-Methyladenine group  where no 

significant difference in cell viability was identified (Figure 6.8).  
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Figure 6.5: Effect of autophagy induction and inhibition on cell viability in HT29 cells at 24 and 48 hours: Cell 
viability was measured and is presented in relative percentage of viability to untreated cells (Y-axis). 
Measurements are depicted as means± SD- control and treated. ** represents P<0.01 and * represents P<0.05. 
NS represents Not-significant. A- HT29 cells, autophagy induced by SB203580 (Diff conc.); autophagy inhibited 
by Bafilomycin A1 (5nm) and cell viability measured at 24hrs. B- HT29 cells, autophagy induced by SB203580 
(Diff conc.); autophagy inhibited by Bafilomycin A1 (5nm) and cell viability measured at 48hrs.C-  HT29 cells, 
Different concentrations of two different inhibitors (Bafilomycin A1 and 3- Methyladenine) are used, and results 
are depicted for both 24 and 48hours. Both inhibitors have the same effect.        
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Figure 6.6: Light microscopy images for HT29 cells treated with the autophagy inducers, and with and without 
the addition of the autophagy inhibitor. Magnification 20x 
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Figure 6.7: Effect of autophagy induction and inhibition on cell viability in SW620 cells at 24 and 48 hours: Cell 
viability was measured and is presented in relative percentage of viability to untreated cells (Y-axis). 
Measurements are depicted as means± SD- control and treated. ** represents P<0.01 and * represents P<0.05. 
NS represents Not-significant. A- SW620 cells, autophagy induced by SB203580 (Diff conc.); autophagy inhibited 
by Bafilomycin A1 (5nm) and cell viability measured at 24hrs. B- SW620 cells, autophagy induced by SB203580 
(Diff conc.); autophagy inhibited by Bafilomycin A1 (5nm) and cell viability measured at 48hrs.C-  SW620 cells, 
Different concentrations of two different inhibitors (Bafilomycin A1 and 3- Methyladenine) are used, and results 
are depicted for both 24 and 48hours. Both inhibitors have the same effect.        
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6.4.3 Effect of autophagy induction and inhibition of caspase 3 levels 

The results from the caspase 3 assay of the HT29 cells treated with SB203580 compared to 

control cells and in combination with the autophagy inhibitors is illustrated in Figure 6.9 and 

Figure 6.10. At 24 hours, the levels appeared to be generally similar through the groups apart 

from slightly elevated caspase 3 activity in the Bafilomycin A1 only group. At 48 hours, the 

results were very different. The caspase 3 activity of the SB203580 only group were much 

lower than the control, and there was a fourfold higher level of caspase 3 activity in the group 

treated with SB203580 and Bafilomycin (autophagy inhibited) compared to the SB203580 

(autophagy induced) group. Similarly, the levels were twice as high in the SB203580 + 3-

Methyladenine (autophagy inhibited) group compared to SB203580 (autophagy induced 

group) only. The groups treated with just the autophagy inhibitors alone demonstrated very 

low levels of caspase 3 activity compared to the other groups.  

 

Figure 6.8: Caspase 3 activity. Significantly higher caspase activity at 48 hours identified in the autophagy 
inhibited groups (SB10+bafilomycin and SB10+3MA) compared to the control group. Very low levels of caspase 
3 activity identified in the autophagy inhibitor only groups.  ANOVA one way analysis between groups p=0.001 
at 48 hours p=0.04 at 24 hours. 
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Figure 6.9: Caspase 3 activity standardised to cell numbers. Cell numbers data not available for 3MA. ANOVA 
one way analysis. 24 hours – p=0.001, 48 hours – p<0.001 

6.5 Discussion 

Induction of autophagy in the primary colon cancer cell line HT29 was achieved with 

SB203580. This was confirmed morphologically with light, and transmission electron 

microscopy and immunohistochemistry confirmed the presence of microtubule-associated 

protein light chain 3 (LC3). Autophagy was initially detected in 1950 using transmission 

electron microscopy, and the 3rd edition of the guidelines for the use and interpretation of 

assays for monitoring autophagy have reported this to be the only technique that shows 

autophagy in its complex cellular environment with subcellular resolution (Klionsky et al., 

2016). In addition, this guideline promoted the use of immunohistochemistry for LC3B with 

TEM since LC3 can be localized in cellular structures other than autophagosomes (Klionsky et 

al., 2016). Following the demonstration of the autophagic vacuoles in the HT29 cell line, 

immunohistochemistry for LC3B confirmed its localization in the autophagic vacuoles. 

Autophagy induction was achieved with the use of SB203580, which is a p38 MAPK inhibitor 

used in other studies previously (Keil et al., 2013). We were unable to reproduce autophagy 

in the SW620 cell line at the same doses of SB203580. Almost double the concentration of 
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SB203580 was required to induce possible autophagy vacuoles in the SW620 cell line. The 

SW620 cell line is a metastatic colorectal lymph node derived cell line compared to  HT29 

which is a primary colonic tumour cell line, and it is possible that the metastatic cell line is 

more resistant to induction of autophagy or may undergo autophagy via other pathways.  

Bafilomycin A1(predominantly) and 3-methyladenine were used as the autophagy inhibitors. 

Bafilomycin A1 is a macrolide antibiotic which specifically inhibits vacuolar H+ATPase and 

therefore inhibits the fusion between the autophagosomes and the lysosomes inhibiting 

autophagy (Kanzawa et al., 2004). 3-Methyladenine is a Phosphoinositide 3-kinase inhibitor 

(Pi3K) which is has been widely used as an autophagy inhibitor but has been demonstrated to 

promote autophagy with prolonged treatment in nutrient-rich conditions (Yang et al., 2013).  

My work was focused predominantly on the HT29 cell line  since the induction of autophagy 

with the SB203580 administration was confirmed in this cell line with TEM and 

immunohistochemistry. Cell viability assays demonstrated increased cell viability when 

autophagy was induced with SB203580 compared to the control cells in the HT29 cell line. 

The cells treated with SB203580 and Bafilomycin A1 demonstrated significantly reduced cell 

viability in 24 hours and 48 hours, suggesting that the inhibition of autophagy led to increased 

cell death. The administration of Bafilomycin A1 alone did not demonstrate any differences 

in cell viability compared to control groups. The absence of autophagosomes in the 

Bafilomycin group was confirmed with light microscopy. To further elucidate the underlying 

process causing reduced cell viability in the cells treated with SB203580 and Bafilomycin A1, 

I performed caspase 3 assays which demonstrated levels of caspase 3 activity to be almost 4 

fold higher in the autophagy inhibited group compared to the autophagy induced group. This 

strongly suggests that inhibition of autophagy resulted in induction of apoptosis, leading to 

the increased cell death. We have demonstrated the pro-survival role of autophagy in the 
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primary colon cancer cell line HT29, and its inhibition leading to apoptosis, causing increased 

cell death. The clinical relevance to these findings is the previous identification of the 

induction of autophagy by 5-fluorouracil, which is a standard chemotherapy agent used in 

adjunctive therapy to reduce the risk of recurrence following surgery for colorectal cancer. 

Inhibition of autophagy, in what type of model? In vitro? has been demonstrated to improve 

the efficacy of 5-FU (Tang et al., 2016). 

Interestingly, the cells treated with Bafilomycin A1 or 3-Methyladenine alone demonstrated 

very low caspase activity, though when used along with SB203580, there was an increase in 

the levels of caspase 3 activity compared to the control group. Both inhibitors work at 

different points on the autophagy pathway. Bafilomycin A1 is a late inhibitor preventing the 

binding of the lysosome to the autophagosome and inhibits lysosomal degradation. Yuan et 

al. (Yuan et al., 2015) investigated the effects of Bafilomycin A1 in B-cell acute lymphoblastic 

leukaemia and demonstrated Bafilomycin A1 induced apoptosis in a caspase-independent 

pathway. Similar findings were demonstrated by Yan et al. (Yan et al., 2016) in hepatocellular 

cancer cells where Bafilomycin A1 administration led to increased cell death via a non-caspase 

dependent apoptotic pathway. Both studies demonstrated a direct inhibition of growth with 

Bafilomycin A1 at concentrations that were similar to this study. Interestingly, I did not 

identify any direct cytotoxic effect of Bafilomycin A1 when used without the autophagy 

inhibitor leading us to hypothesise that colorectal cancer cells are more resistant to direct 

autophagic inhibition by Bafilomycin A1. The findings of independent administration 3-

Methyladenine, causing a decrease in caspase 3 activity have not been described before. Li et 

al. (Li et al., 2009b) assessed the efficacy of 5-FU with and without 3-MA in HT29 cells and 

demonstrated increased cell death with dual therapy. They performed immunoblotting with 

antibodies to caspase 3 and demonstrated a slight increase in caspase 3 in the 3-MA only 
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treated cells compared to control cells and this finding was reproduced by Miki et al. (Miki et 

al., 2012) who detected cleaved caspase 3 levels by immunoblotting while investigating the 

effect of resveratrol in HT29 cells. This would be in sharp contrast to my findings in the HT29 

cell line, where I identified caspase 3 activity to be much lower. Though the modality used to 

detect caspase 3 is very different from the other studies, this would require further studies to 

investigate this effect.  

Overall, the findings have confirmed that autophagy induction in the primary colon cancer 

cell line HT29 acts as a pro-survival mechanism, and its inhibition results in increased cell 

death as a result of apoptosis. This is consistent with the recent literature in autophagy and 

provides the model for further work with the different isoforms of IGF-1, including MGF and 

investigating its effect on autophagy and cell viability.  
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7 Chapter 7: Summary of results 
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The primary objectives of this thesis were to investigate the expression of MGF, an isoform of 

IGF-1, and investigate the use of fluorescent nanoparticles in colorectal cancer. Further work 

in investigating autophagy and apoptosis in colorectal cancer was performed with a view 

towards further work investigating the role of MGF in inducing autophagy. The studies which 

were undertaken to achieve these objectives included:  

• Quantitative immunohistochemistry of MGF expression in colon tissues including 

normal colon, colonic polyps and colon cancer and investigating its effect on 

recurrence. 

• Synthesis, functionalization and conjugation of CdTe quantum dots to MGF antibody 

and peptide with application to colon cancer cell lines 

• Synthesis, functionalization, conjugation and characterization of gold nanoparticles 

conjugated to MGF antibody with application to colon cancer cell lines and tissues to 

investigate the expression of MGF 

• Developing a model for investigating the role of MGF in autophagy in colorectal cancer 

Chapter 4: 

Immunohistochemistry was performed on colorectal cancer tissues, colon polyp tissues and 

normal colon tissues after obtaining ethics approval from a regional (national run) ethics 

committee. The strength of the immunohistochemistry stain was quantified using Image J 

software with the IHC profiler plug-in. This plug-in was developed to semi quantify 

DAB/Haematoxylin stained tissues for immunohistochemistry and has been validated by 

other studies in the literature to be comparable to manual semi-quantitative measures such 

as using the H-score (Alrashdan et al., 2016; Ke et al., 2016; Rotoli et al., 2016; S. Zhang et al., 
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2015). Immunohistochemistry was performed for MGF peptide in 16 patients with colorectal 

cancers including 9 patients affected by lymph node metastases at the time of presentation, 

7 patients affected by lymph node-negative disease. Three patients in this cohort had distant 

metastases. In addition, I performed immunohistochemistry for MGF in 11 polyps, including 

those with high-grade dysplastic tubular adenomas (3), low/moderate-grade dysplastic 

tubular adenomas (5) and serrated adenomas (3). I found that MGF was overexpressed in 

colon cancer and colonic polyp tissues compared to normal colon tissues. The expression of 

MGF in high-grade dysplastic polyps was significantly higher than compared to low-grade 

dysplastic polyps and serrated adenomas. However, there were no differences in the 

expression between colon polyps and colon cancer tissues.  At the time of presentation, 

lymph node-negative disease was associated with significantly higher expression of MGF 

peptide compared to lymph node-positive disease in the primary colon cancer tissues. MGF 

expression was not affected by the T stage or the M stage of the disease, and within the limits 

of the small numbers, MGF expression does not appear to be a prognostic factor for colon 

cancer with regards to recurrence.  

Chapter 5: 

Aqueous synthesis of a semiconductor quantum dot was achieved with a one-pot synthesis 

technique was performed, with an MSA coat to make these quantum dots water-soluble. EDC 

was used to conjugate the Mechanogrowth factor antibody and peptide to the quantum dots, 

and these quantum dots were characterized with the help of a NIR spectrometer, and 

morphologically with atomic force microscopy. Conjugation for the MGF peptide conjugated 

quantum dot  was confirmed with AFM, but the MGF antibody-conjugated quantum appeared 

less likely to have been successfully conjugated with no significant increase in the dimensions 
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of the MGF-antibody conjugated quantum dot compared to the unconjugated quantum dots. 

The MGF peptide conjugated quantum dots demonstrated evidence of binding to the colon 

cancer cell lines, and the MGF antibody-conjugated quantum dots did not. The MGF antibody-

conjugated quantum dots did not bind to the colon cancer cell lines despite the exogenous 

addition of the MGF peptide, leading us to suspect that the conjugation process is likely to 

have failed.  

Following the issues with my MGF antibody conjugated CdTe quantum dots, I used gold 

nanoparticles to help elucidate and confirm the relationship between MGF expression and 

colon cancer. Aqueous synthesis of gold nanoparticles was performed with a one-pot 

technique, and these were capped with MSA and conjugated to the MGF antibody using EDC. 

Optical characterization with NIR spectroscopy demonstrated an emission peak at 800nm, 

and TEMs of these nanoparticles measured the size at 2nm. Given the issues with the CdTe 

quantum dots, dot blot experiments were used to confirm the ability of the anti-MGF-AuNP 

to bind to the MGF peptide. The anti-MGF-AuNP was applied to colon cancer cell lines using 

prostate cancer PC3 cell lines as a positive control since Armakolas et al. (Armakolas et al., 

2010b) demonstrated MGF expression in this cell line. Uniform binding of the PC3 cell line 

was demonstrated with the anti-MGF-AuNP, with similar findings in the colon cancer cell lines 

HT29 and SW620, while no fluorescence was demonstrated in the negative control HUVEC 

cell line which has known low IGF1 expression (Glazebrook et al., 1998; Hansson et al., 1987). 

The anti-MGF-AuNP was then applied to colonic tissues including normal colon, colonic polyp 

and colon adenocarcinoma tissues with the use of prostate cancer tissues as a positive 

control. This demonstrated fluorescence in the colonic polyp and adenocarcinoma tissues 

(similar to the positive control) with no fluorescence identified in the normal colon tissues. 

This study confirmed the findings of the immunohistochemistry work and the absence of 
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binding of the MGF antibody conjugated gold nanoparticles to normal colon tissues confirmed 

the deficient level of expression of MGF in these tissues. These gold nanoparticles can now 

be applied in-vivo studies and particularly with a view to improving the detection rates of 

polyps and cancers during colonoscopy.  

Chapter 6: 

Autophagy is a complex cellular mechanism with contradictory roles in carcinogenesis since 

it is presumed tumour suppressor role at the early stages, and then promotes tumour cell 

survival at the later stages. IGF-1 appears to induce autophagy via the ERK pathway and inhibit 

autophagy via the Akt/PI3K pathway. We investigated the relationship between autophagy 

and apoptosis in the HT29 cell line and demonstrated that induction of autophagy increased 

cell viability, and its inhibition led to increased cell death due to apoptosis confirmed with 

caspase 3 assays. This has provided us with a model to perform further work with the isoforms 

of IGF-1 including MGF to investigate a potential therapeutic role towards improving the 

efficacy of chemotherapy agents such as 5-Flououracil for which autophagy has been 

implicated in drug resistance.  
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8 Discussion and future directions 

 

 

 

 

 

 

 

 

 



163 
 

The increased expression of MGF in colonic polyps and cancer compared to normal colon 

tissues offers a target tissue accumulation by drug delivery agents and diagnostic agents. 

Based on my results, there does not appear to be a role for MGF to be a prognostic biomarker 

in colorectal cancer with no correlation between recurrent disease and metastatic disease 

and level of MGF expression. The similar levels of expression of MGF in colonic polyps, the 

precursor lesions for malignancy, and colonic cancer tissues implies that MGF overexpression 

is an early process in the cancer pathway. This provides a novel target for identification of 

polyps along with early and late stage malignancies. An area where this could be used 

effectively would be in improving colonoscopic identification of polyps and malignancies. 

Though colonoscopy remains the gold standard for identification of colorectal polyps and 

cancers, the current estimated missed rate of lesions has been estimated as high as 25% (Zhao 

et al., 2019). This has a significant consequence to patient care due to the subsequent risk of 

developing cancers and missed opportunities to resect lesions at an early stage with better 

outcomes for the patient. Work into adjuncts to help colonoscopic identification of lesions 

has been ongoing for many years and more recently nanoparticles such as a carbon and 

charcoal based nanoparticles have been investigated for their use to help improving 

colonoscopic outcomes targeting antigens such as the Thomsen-Friedenreich antigen as 

outlined in Table 2.10. Though the results are promising, they are yet to be used in routine 

clinical practice.  

The use of fluorescent nanoparticles can help improve our ability for cancer diagnosis and 

treatments. Semiconductor quantum dots may be limited by their inherent cytotoxicity, 

however this does not preclude from their use in ex-vivo particularly in the assessment of 

tissue biopsies. Currently, immunohistochemical assessment of colorectal cancer tissues 

provide vital information with regards to the risks of recurrent cancer and the efficacy of 
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chemotherapy drugs. Quantum dot-based immunohistochemistry can provide the ability for 

multiple antigens to be assessed simultaneously using tissue biopsies thereby improving the 

efficiency of assessments and reducing the volume of tissue required. The possibility of 

quantifying the fluorescence generated by the quantum dots, given their superior 

fluorescence ability to organic dyes, will further improve the speed and efficacy of our 

immunohistological assessments.  My work was unfortunately limited by inadequate 

characterization studies to confirm the successful conjugation of the MGF antibody to the 

CdTe quantum dot, but I was able to measure fluorescence using a spectrofluorometer and 

identify the level of fluorescence to correlate to the concentration of quantum dots present 

thereby offering an avenue for quantification.  

Gold has been a treatment for inflammatory arthropathies for many decades with known self-

limiting toxicity to the liver, and other side effects including pruritis (“Gold Preparations,” 

2012). Gold nanoparticles have been demonstrated to be safe to use in early phase clinical 

studies.  The potential roles for the MGF conjugated gold nanoparticles are in improving the 

sensitivity of colonoscopy in colorectal polyps and cancer, and potentially aiding in the 

intraoperative identification of the colorectal tumour. The presumed role, which requires 

further work, will either via a solution to irrigate the colonic mucosa (similar to work done by 

Chen et al with silica nanoparticles (Chen et al., 2017)) or by an intravenous injection of the 

gold nanoparticles to enable them to preferentially accumulate in the colonic lesions (Similar 

to work done by Kolitz-Domb et al with polymer based nanoparticles (Kolitz-Domb et al., 

2014)). The potential use for identification of a colonic tumour for minimally invasive surgical 

techniques with intravenous injection of the MGF conjugated gold nanoparticles will alleviate 

the need for the injection of ‘tattoos’ thereby avoiding its limitations such as inadvertent 

intraperitoneal injections affecting tissue planes, incorrect placement proximal to the tumour 
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and avoidance in rectal tumours. Invivo mice xenograft models would be the likely best next 

step to investigate the utility of the MGF conjugated gold nanoparticles for this role.   

Finally, the effect of autophagy promoting resistance to chemotherapy agents makes this an 

importance cell process to target. IGF-1 has been demonstrated to both promote and inhibit 

autophagy via different pathways (Chapter 1.5.1). Therefore, it would be useful to identify 

the effect of MGF on autophagy to assess it if may have a potential therapeutic role in the 

improving chemotherapy efficacy. My work with HT29 cells has provided a model for this to 

be investigated. By using p38 kinase inhibitors, autophagy was induced and confirmed with 

TEM and immunohistochemistry for LC3B. Inhibition of autophagy with Bafilomycin and 3MA 

demonstrated an increase in caspase activity and reduced cell viability suggesting that 

inhibition of autophagy was associated with increased apoptosis. Further work would involve 

the administration of IGF-1Ec to the HT29 cell line in autophagy and assessing its effect on 

autophagy.  
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9.1 Western blot results – preliminary data 

9.1.1 Introduction 

This chapter briefly outlines preliminary western blot work on tissues and cell lines 

investigating the expression of the MGF peptide. The techniques and limitations are described 

and further experiments required before drawing acceptable conclusions from this work. 

9.1.2 Method 

9.1.3 Western blot technique 

9.1.3.1 Lysate extraction from the cell lines 

The cell lines were seeded in 6 well plates at a density of 1x 106/well with the DMEM medium 

containing 10% FBS and 1% Penstrep at 37oC, in 5% CO2 for 48 hours. Following this, the 

culture medium was removed, and the cells were washed twice with cold PBS. The cells were 

detached using cell scrapers in 1ml cold PBS, and the cell suspension was transferred to 

microcentrifuge tubes. The tubes were centrifuged at 3000 rpm for 5 minutes, and the 

supernatant discarded. The pelleted cells were suspended in 1 ml cold RIPA buffer (Radio 

Immuno Precipitation Assay) with freshly added inhibitor cocktail (Roche).  Freeze-thawing 

cycles were carried out to enhance cell lysis. The resulting mixture was centrifuged at 14000 

xg for 15 minutes, and the supernatant containing the protein transferred to another tube. 

Total protein concentration was measured using a modified Lowry protein assay kit (Pierce 

Biotechnology, USA), following the manufacture’s protocol. The final protein concentrations 

for the cell lysates used were 2.1 mg/ml for 3T3 cell line, 2.4 mg/ml for MCF7 cell line, 0.8 

mg/ml for the HT29 cell line and 1.8 mg/ml for the SW629 cell line.  
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9.1.3.2 Lysis extraction from tissues 

Tissue samples, stored in liquid nitrogen, were sliced to small pieces using a clean razor blade. 

These samples were thawed in RIPA buffer and inhibitor cocktail (Roche). The tissue was 

transferred to a grinder and 20 strokes used to grind the tissues. This tissue was then collected 

in a microcentrifuge tube and centrifuged at 4500 xg for 4 minutes, and the supernatant 

collected, and protein concentration measured using a modified Lowry protein assay kit 

(Pierce Biotechnology, USA) following the manufacturer’s protocol. The final protein 

concentrations for the tissue lysates were 0.5 mg/ml for the lane one colorectal liver 

metastasis, 3mg/ml for the second lane colorectal liver metastasis, and 3mg/ml for the 

normal liver tissues.  

9.1.3.3 Denaturing samples and performing electrophoresis 

Following the preparation of the lysates from the cell lines and the tissues, 10µL of PBS was 

added to 10µL of the lysate salutation. This was mixed with 20µL of loading buffer (NuPage® 

LDS sample buffer, which contains sodium dodecyl sulphate (SDS) and subjected to the Vortex 

mixer for 5 seconds. Subsequently, the solutions were subject to a water bath at 90oc for 5 

minutes and subjected to the Vortex mixer for a further few seconds.  

The chambers were filled with the NuPage® SDS running buffer, and the NuPage® gel plate 

was used for the electrophoresis. 20µL of each sample lysate was placed in the wells with a 

12µL standard protein ladder in the 1st slot. The remaining wells were allocated as follows: (2) 

and (3) Colorectal liver metastatic tissue (4) and (5) normal liver tissue (6) Fibroblast 3T3 cell 

line (7) MCF7 breast cancer cell line (8) SW620 cell line treated with autophagy inducing agent 

(9) SW620 cell line (10) HT29 cell line treated with autophagy inducing agent. The Xcell IITM 

Mini-Cell system was used on an automated 44 program of 90 min at 35 mA (125 V, 5 W) 

using a PowerEase® 500 power supply (Invitrogen). Following electrophoresis proteins were 
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transferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories Ltd), pre-

treated by soaking in methanol for 10 min. Gels were sandwiched with the PVDF membrane 

between several sheets of pre-wetted chromatography filter paper (Whatmen, Maidstone, 

UK) and sponges. This was submerged in an XCell II Blot Module (Invitrogen) filled with 1x 

Transfer buffer. Proteins were transferred using an automated program of 90 min at 125 mA 

(25 V, 17 W). Following electro-transfer, PVDF membranes were blocked in 5% (w/v) Marvel 

skimmed milk powder (Marvel, UK) in PBS for at least 1 hr. The blocked blots were washed in 

PBS and incubated on a rocker at room temperature for 1 hour in the primary MGF antibody 

diluted in 1% (w/v) Marvel/PBS. The blots were then washed with 3x 0.1% (v/v) Tween-20 in 

PBS, then 3x PBS followed by incubation on a rocker at room temperature for 1 hour in the 

secondary horseradish peroxidase (HRP)-conjugate antibody diluted in 1% (w/v) Marvel/PBS. 

Following incubation, the blots were washed as before and proteins visualised with DAB 

substrate solution (0.25 mg/ml 3, 3’-Diaminobenzidine tetrahydrochloride, 0.5 μl/ml H2O2 in 

dH2O).  

9.1.4 Results 

Western blotting, within limitations (discussed below), suggested expression of MGF in 

colorectal liver metastatic tissue, breast cancer cell line and the colorectal cancer cell lines and 

not demonstrated in normal liver tissue, and mildly in fibroblast cell line 3T3. (Figure 9.1). Lane 

7 with the HT29 cell line did not demonstrate any signals.  
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Figure 9.1: Western blotting for MGF. 1, 2 --Colorectal liver metastasis (tissue) 3,4 --Normal liver (tissue) 5– 
Fibroblast (cell line) 6-- Breast Cancer (cell line)  7, 8, 9—Colorectal cancer (cell lines HT29 and SW620) 

9.1.5 Discussion 

The results demonstrated are limited due to the lack of positive controls and the absence of the 

reference protein ladder. It is also unclear as to why lane 7, which included the colorectal cancer cell 

line HT29, did not demonstrate any signals with an empty lane.  Interestingly, the breast cancer cell 

line MCF7 demonstrated the strongest signal. Overall, due to the significant limitations of the 

methodology, this will be required to be repeated with a positive control such as prostate cancer or 

skeletal muscle before firm conclusions can be reached. 
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9.2 Quantum dot conjugated with MGF application in colorectal cancer cell 

lines: preliminary data in assessing suitability for quantification 

9.2.1 Introduction 

Since initial reports of quantum dot-based immunohistochemistry in 2001, an increasing 

number of protocols have been reported in the literature (Akhtar et al., 2007; Vu et al., 2015). 

Recent studies are in Table 2.4, demonstrating the efficacy of quantum dot 

immunohistochemistry to have equal or superior ability to quantify the expression of single 

and multiple antigens in different cancer tissues. I describe preliminary work investigating the 

quantification of semiconductor quantum dot fluorescence which would be useful in 

quantitative immunofluorescent techniques.  

9.2.2 Supplementary methods  

9.2.2.1.1 Ultraviolet-visible absorbance spectroscopy  

The JASCO FP-8300 Spectrofluorometer was used to measure emission spectra of the 

quantum dots when excited at wavelengths of 355 nm and 390 nm. The quantum dots were 

diluted in distilled water and the absorbance and emission of serially diluted quantum dots 

measured. Serial dilutions of the quantum dot and the conjugated MGF antibody quantum 

dots in PBS was performed in six groups of 3 wells each. Group 1 contained 100 µL of the 

undiluted quantum dot, group 2 contained 50 µL of quantum dot and 50 µL of PBS, group 3 

contained 25 µL of the quantum dot, and 25 µL of quantum dot and this dilution continued 

to 6 groups.  
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9.2.3 Results 

9.2.3.1.1 Ultraviolet-visible absorbance spectroscopy  

The intensity of the emission spectrum of serially diluted unconjugated CdTe/MSA quantum 

dot is illustrated in Figure 9.2. Using the pre-set wavelengths of excitation at 355nm and 

390nm, and the strength of the emission at 620nm was measured with the JASCO FP-8300 

Spectrofluorometer. The emission was higher at 355nm compared to 390nm excitation and 

increasing the lag time and integration time produced the maximum emission from the 

unconjugated CdTe/MSA quantum dots. Figure 9.3 demonstrates CdTe/MSA quantum dots 

conjugated with the MGF antibody subjected to the same procedure. The serially diluted 

quantum dots demonstrated an exponential decrease in the fluorescence and therefore 

provided a good standard for quantification. 

 

 

Figure 9.2: Emission strength of serially diluted unconjugated quantum dots. The different lines represent the 
different settings on filters used. Group 1 – 1:1000 unconjugated quantum dot concentration with serial 
dilutions x2 progressively to group 6.  
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Figure 9.3: Emission strength of serially diluted quantum dots conjugated with MGF antibody. Filter at 355 

excitation 620 absorbance. Group 1 – 1:1000 MGF antibody conjugated quantum dot concentration with serial 

dilutions x2 progressively to group 7. 

9.2.4 Discussion 

These results demonstrate the fluorescence intensity of the quantum dots can be predicted from the 

concentration of quantum dots subjected to external excitation, suggesting that automation of 

quantification of immunohistochemistry slides assessment is feasible. The additional benefit of 

quantum dot immunofluorescence is the ability to use quantum dots with different excitation spectra 

targeting different proteins on the slides and therefore enable rapid assessment with a smaller volume 

of tissues which is particularly of use in biopsies from tissues which are limited by small volumes. Table 

2.4 outlines recent studies confirming the ability of quantum dots to achieve this purpose. 

Further work would include experiments involving the application of MGF antibody-conjugated 

quantum dots of tissue slides and comparing the results generated compared to the current gold 

standard of histopathologist scoring. This work will include the feasibility of identifying 

spectrofluorometers which are sensitive enough to detect the fluorescence of the quantum dots in 

tissues which have low levels of expression of proteins of interest. 
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9.3 The validity of cell viability assay used for the autophagy experiments 

Figure 9.4 demonstrates the standardisation of the cell viability assay using six different 

concentrations of the SW620 cell line incubated for 24 hours with CellTiter-Blue®. The graph 

demonstrated a predictable drop in measurements with the reducing cell densities, thereby 

confirming the validity of the assay.  

 

Figure 9.4: Cell viability assay validation using reducing concentrations of SW620 cells 
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• Mechano-growth Factor Expression in Colorectal Cancer Investigated with Fluorescent Gold 

Nanoparticles. S Alagaratnam, SY Yang, M Loizidou, B Fuller, B Ramesh. Anticancer Res. 2019 
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9.4.2 Abstracts published from poster presentations at the 2012 British Association of 

Surgical Oncology and Association of Cancer Surgery conference 
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cles. S Alagaratnam, A Johnson, A Seifalian, M Winslet, S Yang. European Journal of Surgical On-

cology 2012 Nov;38(11):1122 

• The role of autophagy in colorectal cancer cells: a pro-survival mechanism. S Alagaratnam, A 

Johnson, J Coppell, A Seifalian, S Yang. European Journal of Surgical Oncology 2012 
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9.4.3 Manuscripts being submitted for publication 

• Review paper - Mechanogrowth factor (IGF1-1Ec) in cancer. S Alagaratnam, B Ramesh, B Fuller, 

S Yang. Submitted to the Journal of cellular pathology 
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