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Abstract 

 
Objective 

The aim of this study was to investigate how HNSCC tissue biopsies maintained in a pseudo 

in vivo environment within a bespoke microfluidic device, respond to radiation treatment. 

 

Materials and Methods 

35 patients with HNSCC were recruited; in addition liver tissue from 5 Wistar rats was used. 

A glass microfluidic device was used to maintain the tissue biopsy samples in a viable state. 

Rat liver was used to optimise the methodology. HNSCC was obtained from patients with T1-

T3 laryngeal or oropharyngeal SCC; N1-N2 metastatic cervical lymph nodes were also 

obtained. Irradiation consisted of single doses of between 2 Gy and 40 Gy and a fractionated 

course of 5x2 Gy. Cell death was assessed in the tissue effluent using the soluble markers 

LDH and cytochrome c, and in the tissue by immunohistochemical detection of cleaved 

cytokeratin18 (M30 antibody). Radiation-induced DNA strand breaks were detected using the 

TUNEL assay.  

 

Results 

A significant surge in LDH release was demonstrated in the rat liver after a single dose of 20 

Gy; in HNSCC it was seen after 40 Gy, compared to the control. There was no significant 

difference in cytochrome c release after 5 Gy or 10 Gy. M30 demonstrated a dose-dependent 

increase in apoptotic index for a given increase in single dose radiation. There was a 

significant increase in apoptotic index between the non-irradiated HNSCC tissue and 

irradiated tissue and between the tissue irradiated with 1x2 Gy and 5x2 Gy. As with the 

apoptotic index, there was a significant increase in radiation-induced DNA breaks between 

the non-irradiated and the irradiated tissue and between the tissue irradiated with 1x2 Gy and 

5x2 Gy. 

 

Conclusion 

This microfluidic technique can be used to study the effects of radiation on HNSCC tissue. 

The device was capable of maintaining the HNSCC in a viable state, without it undergoing 

significant apoptosis or DNA damage and can be used to demonstrate the relationship 

between radiotherapy dose and radiation-induced cell death using tissue-based cell death 

markers. 

This study is a significant step towards achieving the ultimate goal of developing this device 

as a tool, capable of predicting a patient’s response to radiotherapy prior to the 

commencement of treatment. 
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Chapter 1 

Introduction 

1.1 Epidemiology of head and neck squamous cell carcinoma 

Head and neck squamous cell carcinoma (HNSCC) encompasses malignancies of the oral 

cavity, nasopharynx, oropharynx, larynx and hypopharynx. In 2011, it accounted for 

2.8/100,000 of all cancers in the UK and represents the seventh most common cancer in 

Europe (Jemal et al., 2011). HNSCC is the sixth most common form of cancer in the world 

with a global incidence of 700,000 cases per year (Parkin et al., 2001). In the UK, laryngeal 

cancer is the largest subgroup of HNSCC, accounting for 50% of new cases; 2300 new cases 

of laryngeal cancer were diagnosed in 2008 with 1890 males and 402 females giving a male: 

female ratio of 5:1. The incidence rises sharply after the sixth decade of life with the zenith at 

75-79 years, resulting in 75% of cases being in those aged over 60 years (CRUK, 2009). 

An increased ratio of laryngeal cancer in males compared with females is reflected 

throughout Europe and Worldwide. In the UK, the male to female ratio is 5:1 compared to an 

average figure of 9:1 in the countries making up the European Union. The variation in 

incidence rates both between countries, and between men and women, are likely to reflect the 

variations in the prevalence of smoking and to a slightly lesser extent alcohol consumption 

(CRUK, 2009).  

The most common laryngeal subsite for SCC, with 73% of cases, is the glottis, followed by 

the supraglottis with 24% and thirdly, the subglottis with 3% (Ellis et al., 2011). In the largest 

epidemiological study of laryngeal cancer in the UK with 8987 patients, Coupland et al. 

(Coupland et al., 2009) found that a higher proportion of men presented with glottic cancer 

42.4% vs 26.4% whereas supraglottic cancer was more common in women 24.4% vs 14.2%. 

Oropharyngeal SCC represents 10-15% of all head and neck tumours. In 2004, there were 

67,000 new cases of oropharyngeal cancer in the European Union. The incidence rates are 

higher in Western Europe, compared with Northern or Southern Europe. However, the 

highest mortality rates are reported in Eastern Europe with 22 cases per 100,000 (CRUK, 

2012). In the UK, there were 1346 new cases diagnosed in 2009 with numbers increasing 

since the late 1980s, particularly in men aged between 35 and 64. European age-standardised 

http://info.cancerresearchuk.org/cancerstats/types/larynx/incidence/ssNODELINK/laryngealriskfactors
http://info.cancerresearchuk.org/cancerstats/types/larynx/incidence/ssNODELINK/laryngealriskfactors
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incidence rates have increased for men and women by 25% and 28% respectively (CRUK, 

2012), a trend that has become increasingly apparent in young adults (Llewellyn et al., 2001). 

Rates in Scotland are higher than in other parts of the UK for both men and women with a 

lifetime risk of 1.84% in males and 0.74% in females in Scotland compared to 1.06% and 

0.48% respectively, in the rest of the UK (Conway et al., 2006), possibly reflecting the 

increased tobacco and alcohol consumption amongst its population.  

 

1.2 Anatomy of the head and neck region 

The head and neck region encompasses the oral cavity, nasopharynx, oropharynx, larynx and 

hypopharynx (Figure 1). 

 

 

Figure 1. Schematic diagram of tumour subsites within the head and neck (Liebertz et al., 

2010). 

 

The larynx develops from the laryngo-tracheal groove, which appears on the ventral aspect of 

the lower end of the embryonic pharynx in the region of the fourth and sixth pharyngeal 

arches during the fourth week of life. The endoderm of the groove forms the epithelium and 

glands of the larynx and trachea whilst the surrounding mesenchyme forms the connective 

tissue, muscle and cartilage (MacKinnon, 2005). 
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The larynx extends from the laryngeal inlet to the inferior border of the cricoid cartilage, 

situated opposite the third to sixth cervical vertebrae. It is divided anatomically by the false 

and true vocal cords into three distinct regions: supraglottis, glottis and subglottis. The 

supraglottis consists superiorly of the epiglottis and aryepiglottic folds, which sweep 

posteroinferiorly to the arytenoids. Inferiorly, it is bordered by the false cords, which form the 

superior border of the glottis. The glottis consists of the true vocal cords, anterior and 

posterior commissures and extends from the undersurface of the false cords to 5-10mm below 

the true cords. The subglottis describes the region from the inferior aspect of the glottis to the 

undersurface of the cricoid cartilage, whereupon it becomes the trachea. The framework of 

the larynx consists of the hyoid bone, thyroid cartilage, cricoid cartilage and the trachea. A 

series of interconnecting membranes, ligaments and muscles join the structures of the larynx 

together and all are covered by an overlying epithelium, which is pseudostratified columnar 

and squamous in patches (Beasley, 2008a). 

The pharynx is formed embryologically from the primitive gut. At the cephalic end, a blind 

ending tube is formed, namely the foregut, which is separated from the ectodermally lined 

stomatodaeum by the buccopharyngeal membrane. This membrane subsequently ruptures and 

the stomatodaeum becomes continuous with the foregut. The endodermal lining of the foregut 

differentiates to form many parts of the aerodigestive tract including the pharynx and 

oesophagus.  

The pharyngeal arches develop in the fifth week of embryonic life. They consist of a core of 

mesoderm covered by ectoderm externally and endoderm internally. Each arch is separated 

externally by deep pharyngeal clefts and internally by the pharyngeal pouches, of which there 

are five pairs. The mesoderm of each differentiates into the cartilage, muscle and vascular 

structures of that arch. Each arch receives an afferent and efferent nerve supply for the skin, 

muscles and endodermal lining of that arch (post-trematic nerve) and an additional nerve 

from the next arch (pre-trematic nerve). 

The oropharynx extends from the junction of the hard and soft palates to the floor of the 

vallecula. Anteriorly, it starts at the palatoglossal folds formed by the underlying 

palatoglossus muscle passing from the undersurface of the palate to the side of the tongue. 

Posterior to this, the palatopharyngeal fold passes posteroinferiorly from the lower border of 

the soft palate to the side wall of the pharynx. Beneath this is the palatopharyngeus muscle. 

The palatine tonsils lie in the space between these two folds. The posterior wall is formed by 
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the constrictor muscles and overlying mucous membrane. The superior wall is formed by the 

inferior surface of the soft palate and uvula. The anterior wall is formed by the tongue base, 

behind the vallate papillae (Homer J, 2012).  

 

1.2.1 Sensory and motor innervation 

Sensory and motor innervation to the larynx is supplied by the vagus nerve. The internal 

branch of the superior laryngeal nerve provides sensation above the vocal cords, whilst the 

recurrent laryngeal nerve provides it below. Motor innervation to all the laryngeal 

musculature is provided by the recurrent laryngeal nerve except cricothyroid, which is 

innervated by the external branch of the superior laryngeal nerve. 

The oropharynx is supplied via the glossopharyngeal and vagal nerves. The hypoglossal nerve 

supplies motor innervation to the base of tongue and the maxillary and mandibular divisions 

of the trigeminal nerve provide the motor and sensory innervation to the soft palate (Beasley, 

2008a).  

 

1.2.2 Blood supply 

The superior laryngeal branch of the superior thyroid artery supplies the upper half of the 

larynx, which originates from the external carotid artery, whilst the lower half is supplied by 

the inferior laryngeal artery, which is a branch of the inferior thyroid artery from the 

thyrocervical trunk which arises from the subclavian artery (Dhillon, 2004). The ascending 

pharyngeal artery arises from the external carotid artery, from which branches supply the 

pharynx and the tonsil. The palatine branch supplies the inner aspect of the pharynx and soft 

palate. Further supply is received from the ascending palatine and tonsillar branches of the 

facial artery and the greater palatine and pterygoid branches of the maxillary artery (Beasley, 

2008b). 

 

1.2.3 Lymph drainage 

Regional HNSCC metastases spread via the lymphatic drainage pathways (Figure 2). In the 

larynx, the supraglottis is drained by vessels that accompany the superior laryngeal vein, 

which empty into the upper deep cervical nodes. The subglottis drains to the lower deep 
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cervical chain, often through prelaryngeal and pretracheal nodes. Due to the tight binding of 

the vocal cords to the underlying vocal ligament, no lymphatics are present, therefore, no 

metastatic spread is associated with tumours of the glottis (Beasley, 2008a).  

The lymphatic drainage from the oropharynx is mainly to levels II, III and IV with the 

addition of V if there is tongue base involvement (Lim et al., 2006). Central structures such as 

the tongue base, soft palate and the posterior pharyngeal wall drain bilaterally. The posterior 

pharyngeal wall and the tonsillar region also drain to the retropharyngeal nodes (Bradley, 

2008). 

 

 

Figure 2. Levels in the neck in which lymph nodes are located (Cummings, 2005). 

     Level I – Submandibular triangle 

     Level II – Upper jugular chain 

     Level III – Middle jugular chain 

     Level IV – Lower jugular chain 

     Level V – Posterior triangle 

     Level VI – Anterior cervical chain 
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1.3 Functions of the larynx and oropharynx 

1.3.1 Larynx 

The larynx has three main functions: phonation, protection of the lower respiratory tract and 

generation of a high intrathoracic pressure for coughing and lifting.  

At the commencement of phonation, air pressure within the subglottis builds until the 

‘phonation threshold’ is achieved, which causes the vocal cords to be blown apart. The voice 

is generated by this exhaled air being forced between the adducted cords, which create a wave 

along the mucosal edge of the vocal cord.  

During swallowing, the primary function of the larynx is to prevent food and liquid from 

entering the airway.  After the oral phase, the food bolus is manoeuvred backwards towards 

the oropharynx. As it reaches the base of the tongue, the pharyngeal phase of swallowing is 

automatically initiated. During this, the laryngeal aditus narrows, the vocal cords adduct and 

the larynx is elevated to meet the epiglottis, covering the entrance to the larynx.  

Raised intrathroacic pressure is created by forced expiration against a closed glottis. 

Adduction of the vocal cords following inspiration prevents expulsion of air, which fixes the 

chest wall and provides anchorage for the muscles of the arm and shoulder. This function of 

the larynx plays an important role during heavy lifting and coughing and also during 

childbirth and defaecation when abdominal muscles are used for forceful expulsion (Beasley, 

2008a).  

 

1.3.2 Oropharynx 

There are three main functions of the oropharynx: hosting the immune response, swallowing 

and taste. The palatine and lingual tonsils and the adenoids are all composed of lymphoid 

tissue, which form Waldeyer’s ring and act as a primary immunological barrier to inhaled and 

ingested pathogens. Swallowing has three distinct phases: an oral phase, a pharyngeal phase 

and an oesophageal phase. As a food bolus enters the oropharynx, a reflex is initiated in 

which the constrictors relax to dilate the pharynx, while the pharynx and larynx are raised by 

the longitudinal muscles. The bolus is manoeuvred over the epiglottis by the action of the 

constrictors contracting in sequence. On the surface of the base of tongue, there are situated 

between eight and twelve dome shaped structures known as the circumvallate papillae. These 

are innervated by the glossopharyngeal nerve and are responsible for sensation of taste (Leslie, 

2008).  
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1.4 Clinical presentation of HNSCC 

1.4.1 Laryngeal SCC 

Symptoms caused by laryngeal carcinoma are dependent on which laryngeal subsite the 

tumour originates from. As normal voice production is dependent on a delicate six-cell thick 

epithelium and superficial lamina propria, an early glottis carcinoma will affect the mucosal 

wave along the vocal cord and, therefore, the patient’s voice, which means that patients tend 

to present with early stage disease. A larger tumour may cause vocal cord fixation resulting in 

possible aspiration and stridor. As the tumour grows, the ultimate outcome will be complete 

airway obstruction. The risk of cervical metastatic disease in glottic cancer is approximately 

10% due to the paucity of lymph drainage in this region (Mackenzie K, 2012). 

A supraglottic tumour will affect the voice, but with a characteristic ‘hot potato’ voice, which 

differs from tumours of glottic or subglottic (hypoglottic) origin. Small supraglottic lesions 

may present with a foreign body sensation in the throat or parasthesia. Lateral extension can 

cause odynophagia and true dyshpagia. If the tumour extends to the vocal cords, hoarseness 

will be caused as per glottic carcinoma. The probability of metastatic cervical disease 

increases with an increased primary tumour size. In a T1 tumour, the risk of N1 neck disease 

is 10% and 29% for N2-N3 disease, compared to 18% and 40% respectively with a T4 

tumour (Shah, 1990). 

Subglottic carcinoma can also present with a foreign body sensation in the throat. 

Involvement of the glottis or recurrent laryngeal nerve may cause hoarseness. Circumferential 

progression leads to progressive dyspnoea and stridor with markedly shortened phonation 

times and rapid vocal fatigue (Birchall, 2008).  

 

1.4.2 Oropharyngeal SCC 

Oropharyngeal squamous cell carcinoma (OPSCC) tends to present in one of three ways: 

firstly with symptoms, such as persistent sore throat, dysphagia or otalgia, from primary 

disease with or without lymph node metastases, secondly with lymph node metastasis with a 

clinically detectable OPSCC primary or lastly, with a lymph node metastasis from an 

unknown primary site. Lateral wall tumours account for 50% of OPSCC and usually involve 

the tonsil, whilst tongue base tumours account for 40%. Other sites involved are the soft 

palate and the posterior wall. Early stage tumours of lateral wall and tongue base are often 
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submucosal and difficult to detect, which leads to an increased number of patients, ranging 

from 50-80% presenting at an advanced stage (III to IV) of disease (Zhen et al., 2004, Mackle 

and O'Dwyer, 2006, Lam et al., 2007, Homer J, 2012). Lymph node metastases are common 

at presentation in OPSCC with over 50% having clinical or radiological evidence of cervical 

disease and with up to 30% presenting with metastases to the contralateral side (Lim et al., 

2006, Shimizu et al., 2006). 

 

1.5 Aetiology of HNSCC  

1.5.1 Tobacco and alcohol 

Tobacco smoking has been identified as the main causative agent in HNSCC cancer with up 

to 98% of patients being smokers (Tuyns et al., 1988). An increased duration and intensity of 

smoking has been shown to increase the risk of developing HNSCC. Wynder et al. (Wynder 

et al., 1976) showed that the relative risk of developing laryngeal cancer from smoking 10 

cigarettes per day was 4.4 compared with 34.4 for those that smoked 40 per day. The method 

of smoking also plays an important role, with cigars associated with a 10-fold increase 

(Shapiro et al., 2000) and pipe smoking a 6 to 10-fold increase in cancer risk (Lee et al., 2009) 

of the larynx and oropharynx combined.   

La Vecchia et al. (La Vecchia et al., 1997) estimated that between 25% and 68% of HNSCC 

were attributable to ethanol consumption. Ethanol is not a carcinogen itself, but functions as a 

tumour promoter or co-carcinogen (Ketcham et al., 1963) and when combined with tobacco 

has been shown to act in a synergistic manner.  Multiple mechanisms are involved in alcohol-

associated HNSCC development including its local effects, the effect of acetaldehyde (AA), 

the first metabolite of ethanol oxidation, the induction of cytochrome P-4502E1 (CYP2E1) 

leading to the generation of reactive oxygen species (ROS), and enhanced procarcinogen 

activation, as well as the modulation of cellular regeneration and nutritional deficiencies 

(Poschl and Seitz, 2004).  

Locally, ethanol acts as a solvent that enhances the penetration of carcinogenic compounds 

into the mucosa. Chronic alcoholism causes atrophy and lipomatous metamorphosis of the 

salivary gland parenchyma leading to a reduction in saliva production. The mucosal surface is, 

therefore, inadequately rinsed and exposed to higher concentrations of locally acting 

carcinogens for a prolonged amount of time (Maier et al., 1986).  
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Hager et al. (Hager et al., 2001) demonstrated the mechanisms of increased cellular 

proliferation caused by alcohol in HNSCC cell lines that had been exposed to ethanol. They 

demonstrated an increase in hyperphosphorylated pRb, which is a tumour suppressor protein, 

and the downregulation of the cell cycle inhibitor p21, which accelerated the cell from G1 to 

S phase. 

Studies have shown that AA is primarily responsible for the co-carcinogenic effect of ethanol. 

AA is formed during the metabolism of ethanol by alcohol dehydrogenase (ADH) and 

aldehyde dehydrogenase (ALDH). Numerous in vitro and in vivo experiments have shown 

that AA has a direct mutagenic and carcinogenic effect by inducing inflammation and 

metaplasia of tracheal epithelium, delaying cell cycle progression and enhancing cell injury 

associated with hyper-regeneration (Seitz et al., 2001). When inhaled, AA has been shown to 

cause nasopharyngeal and laryngeal carcinoma in a rat model (Woutersen et al., 1986). 

Genetic linkage studies in alcoholics have produced striking evidence about the causal role of 

AA and ethanol-associated HNSCC. Individuals who accumulate AA due to a polymorphism 

and/or a mutation in the gene coding for enzymes responsible for AA generation and 

detoxification have been shown to have an increased HNSCC risk. A comprehensive study of 

the ALDH2 genotype and cancer prevalence in a cohort of alcoholic patients in Japan showed 

that the frequency of inactive ALDH2 increased remarkably among alcoholics with HNSCC 

(Yokoyama et al., 1998). These individuals also have high AA levels in their saliva and, 

therefore, deliver AA directly to the mucosal surface of the upper aerodigestive tract 

(Vakevainen et al., 2000). ADH has also been implicated in the development of HNSCC with 

the isoforms ADH1C (Visapaa et al., 2004) and ADH1B (Ji et al., 2011) demonstrating an 

increased risk with odds ratios of 1.69 and 8.85 respectively.  

Smoking and poor oral hygiene have been associated with an increase in AA levels in the oral 

cavity and pharynx. Smoking alters the flora from gram-negative to gram-positive bacteria 

and increases the levels of Candida albicans, both of which increase the levels of AA. Poor 

oral hygiene is associated with bacterial overgrowth, parodontitis and an increase in salivary 

AA levels (Salaspuro, 2003).   

Chronic alcohol consumption leads to an induction of cytochrome P-4502E1 (CYP2E1), 

which metabolises ethanol to AA. This cytochrome enzyme is also involved in the 

metabolism of various xenobiotics, including procarcinogens. Induction of CYP2E1 in the 

upper aerodigestive tract may be particularly relevant with respect to the procarcinogens 
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present in tobacco smoke and the established synergism between them. In a meta-analysis, 

Tang et al. (Tang et al., 2010) demonstrated an increased risk of developing HNSCC with the 

CYP2E1 polymorphisms PstI/RsaI (odds ratio1.96) and DraI (odds ratio 1.56). 

The type of alcoholic beverage consumed affects the risk of developing cancer. In a 

population study of 28,180, Gronbak et al. (Gronbaek et al., 1998) found that, compared with 

non-drinkers, subjects who drank 7-21 units of alcohol per week of beer and/or spirits but no 

wine had an increased risk of developing oropharyngeal or oesophageal cancer (relative risk 

3.0).  However, subjects who drank a similar amount but who also drank wine, which 

accounted for over 30% of their total alcoholic intake had a reduced risk of developing cancer 

(relative risk 0.5). In those subjects that consumed over 21 units per week, their risk of 

developing cancer was higher compared to the group who drank 7-21 units in both the group 

that drank wine (relative risk 1.7) and those that did not (relative risk 5.2). 

 

1.5.2 Viruses 

Human Papilloma Virus (HPV) has been identified as a causative agent of HNSCC, in 

particular OPSCC (Parkin, 2011). The expression of the proteins E6 and E7 by HPV bind and 

inactivate the tumour suppressor proteins p53 and pRB respectively, leading to malignant 

transformation (Marur et al., 2010, Smeets et al., 2011). 

The virus infects epithelial cells of mucosal surfaces, matching its own life cycle to that of the 

epithelial cells and replicates to produce new virus particles just as the cells become 

squamous and reach the surface of the mucosa (CRUK, 2011). Several subtypes are thought 

to be responsible and are stratified according to their risk: types 6, 11 (low risk), types 31, 33 

(medium risk) and types 16, 18 (high risk) (de Villiers, 1994). 

The prevalence of HPV varies within the subsites of the head and neck region. According to 

two meta-analyses, the prevalence for all subsites combined is 25-28% (Ragin and Taioli, 

2007, Torrente et al., 2011), but OPSCC the prevalence increases to approximately 40% 

(Kreimer et al., 2005, Ragin and Taioli, 2007) whilst the rates quoted for laryngeal SCC are 

between 25% and 60% (Anwar et al., 1993, Clayman et al., 1994).  
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1.5.3 Dietary factors 

Case control studies have shown up to an 80% reduction in risk in people who eat the highest 

intakes of fruit and vegetables (La Vecchia et al., 1990, De Stefani et al., 2000, Bosetti et al., 

2002). A high intake of red and processed meat has been associated with an increased risk of 

laryngeal cancer in case-control studies. Levi et al. (Levi et al., 2004) found that there was a 

three-fold increase in risk in those people who ate processed meat three or more times per 

week compared to those who ate it less than once a week.  De Stefani et al. (De Stefani et al., 

2007) found that people who consumed a western-style diet, high in fried, barbecued and 

processed meat, had an odds ratio of 3.2 of developing HNSCC.  

Many patients with HNSCC have a poor nutritional status, which may be due to chronic 

alcoholism or as a direct result of the tumour. Poor nutritional status may contribute to 

alcohol associated carcinogenesis and is also associated with a poor prognosis (Bianchini et 

al., 2012). A diet deficient in vitamins A, C and E has been associated with an increased risk 

of developing HNSCC due to their action as scavengers of free radicals (Esteve et al., 1996, 

McLaughlin et al., 1988).  

 

1.5.4 Occupational factors 

Nickel and chromate refining workers have an increased incidence of laryngeal SCC (Stafford, 

2008). Exposure to coal dust has been shown to give a risk ratio of 6 (Bosetti et al., 2003); the 

risk increasing by 3.6 times if there has been greater than 50 years coal dust exposure 

(Sapkota et al., 2008). 

There is no general consensus as to whether asbestos exposure causes laryngeal cancer. A 

meta-analysis carried out in 1999 of asbestos-exposed cohort showed a 33-57% increase in 

the risk of developing laryngeal cancer (Goodman et al., 1999). However, two subsequent 

studies did not agree with this. Magnani et al. (Magnani et al., 2008) found that in a cohort of 

3434 people, 16 developed laryngeal cancer compared to an expected value of 12.2, a non-

significant difference. Marchand et al. (Marchand et al., 2000) found that asbestos exposure 

resulted in a non-significant odds ratio of 1.24 of developing laryngeal cancer subsequent to 

asbestos exposure. 
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1.5.5 Laryngopharyngeal reflux  

Several studies have demonstrated a causal relationship between laryngopharyngeal reflux 

and laryngeal cancer (Lewin et al., 2003, Tae et al., 2011, Johnston et al., 2012, Cekin et al., 

2012) including a meta-analysis by Qadeer et al. (Qadeer et al., 2005), whilst others have 

refuted this (Nurgalieva et al., 2005, Ozlugedik et al., 2006). Currently, there is no consensus 

as to whether a link exists.  

 

1.5.6 Molecular factors 

HNSCC arises from a common premalignant progenitor followed by outgrowth of clonal 

populations associated with cumulative genetic alterations and phenotypic progression to 

invasive malignancy (Nawroz et al., 1994, Califano et al., 1996, Califano et al., 2000) 

(Figure 3). These genetic alterations result in inactivation of tumour suppressor genes and 

activation of proto-oncogenes by deletions, point mutations, promoter methylation and gene 

amplification (Perez-Ordonez et al., 2006).  

Epidermal growth factor receptor (EGFR) is the cell-surface receptor for members of the 

epidermal factor family. EGFR dimerization stimulates its intrinsic intracellular protein-

tyrosine kinase activity, which, in turn, causes increased activity in the downstream pathway. 

As EGFR is an important activator of mitogenic signalling (Kalyankrishna and Grandis, 

2006), its increased activation leads to cellular proliferation. Overactivation of EGFR is well 

recognised in HNSCC and premalignant mucosa and occurs in up to 90% of cases (Grandis 

and Tweardy, 1993). 

The phosphatidylinositide 3-kinase (PI3K)/ protein kinase B (AKT) pathway is an important 

downstream effector of the EGFR and its activation occurs in up to 90% of cases of HNSCC 

(Bussink et al., 2008). PI3K/AKT signalling regulates cellular proliferation, apoptosis, 

invasiveness, and the upregulation of hypoxia-related proteins (Bussink et al., 2008). The 

tumour suppressor gene phosphatase and tensin homologue gene (PTEN) inhibits the 

PI3K/AKT pathway promoting G1 cell cycle arrest. Activation of the pathway may occur 

through several mechanisms including amplification of the PIK3CA locus (30-40% of cases), 

amplification of AKT (20-30% of cases) or methylation of the PTEN locus (Pedrero et al., 

2005). 
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The most common genetic alterations are loss of heterozygosity (LOH) at chromosomal 

locations 9p, 3p and 17p, as well as 5q, 8p, 9q and 11p (Ah-See et al., 1994). LOH at 9p21 is 

an early event in HNSCC development and is found in 70-80% of cases (van der Riet et al., 

1994, Califano et al., 1996, Mao et al., 1996b). The CDKN2A gene locus found in 

chromosome 9p21 encodes p16
INK4A

 and p14
ARF

. The role of p16
INK4A 

is to prevent the 

progression through the cell cycle from G1 to S phase by disrupting the complex formed by 

cyclin D1 and the cyclin dependent kinases CDK4 and CDK6. p14
ARF 

inhibits  murine double 

minute 2 protein (mdm2), which promotes p53 and, in turn p21 activation, which then binds 

and inactivates the cyclin-CDK complexes, inhibiting the cell cycle.  

The tumour suppressor genes fragile histidine triad gene (FHIT) (Mao et al., 1996a, 

Kisielewski et al., 1998) and ras-associated domain family member 1 (RASSF1A) (Hogg et 

al., 2002, Dong et al., 2003) are located at 3p14 and 3p21 respectively and are associated 

with the development of HNSCC. These genes are inactivated by a combination of LOH of 

3p (Rowley et al., 1996, Hogg et al., 2002, Garnis et al., 2003), which occurs in up to 70% of 

cases (Perez-Ordonez et al., 2006) and hypermethylation of the normally unmethylated CpG 

islands of the gene promoter regions. The mechanisms by which inactivation of each of these 

tumour suppressor genes causes HNSCC remains unclear (Zheng et al., 2004b), but it has 

been proposed that RASSF1A interacts with and stabilises microtubule formation during 

mitosis (Dallol et al., 2004, Vos et al., 2004).  

LOH of 17p and point mutations of the p53 gene are seen in approximately 50% of cases 

(Perez-Ordonez et al., 2006), occurring late in the progression from epithelial dysplasia to 

invasive carcinoma (Boyle et al., 1993, Shahnavaz et al., 2000). Amplification of 11q13 is 

seen in 30-60% of HNSCC, which leads to overexpression of cyclin D1 which enables 

progression from G1 to S phase of the cell cycle through phosphorylation of the 

retinoblastoma (Rb) gene and is associated with an increased rate of lymph node metastases 

and poor prognosis (Meredith et al., 1995, Michalides et al., 1995, Maruya et al., 2004). In 

addition to cyclin D1, FADD (Fas-associated protein with death domain), which regulates 

apoptosis is located at 11q13 and has been associated with HNSCC development (Rasamny et 

al., 2012). 
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Figure 3. Progression of normal mucosa to invasive disease and metastatic HNSCC in 

association with genetic events (Califano et al., 1996) 

 

 

1.6 Pathology of HNSCC 

Squamous cell carcinoma (SCC) accounts for at least 90% of all primary malignant tumours 

of the larynx and oropharynx. Metastasis is typically by direct spread or via regional 

lymphatics in approximately 30-40% of advanced stage disease, whilst haematogenous spread, 

especially to the lungs, occurs in approximately 20-30% (Forastiere et al., 2003). HNSCC, 

particularly originating from the oral cavity or larynx, typically begins as a non-invasive 

neoplastic epithelial precursor lesion (Figure 3). In its transition from normal tissue to 

invasive SCC, laryngeal mucosa undergoes dysplastic changes. Dysplasia refers to a pre-
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malignant epithelial state, which demonstrates characteristic abnormal cytological and 

architectural features: anisocytosis, poikilocytosis, hyperchromatism and mitotic figures 

(Cotran RS, 1997). Dysplasia is classified as mild, moderate or severe depending on the 

extent to which the tissues are involved. Mild dysplasia refers to changes involving the outer 

third of the epithelium, moderate involves the middle third and severe involves the full 

thickness, also referred to as carcinoma-in-situ. Whilst the progression of a dysplastic lesion 

to invasive malignancy is not inevitable, the greater the severity of dysplasia, the more chance 

it has of becoming an invasive carcinoma (Lakhani SR, 2003) with approximately 11% of 

moderate to severe dysplastic lesions undergoing malignant transformation (Thompson, 2006).  

Macroscopically, SCC may be exophytic or endophytic, starting off as leukoplakia or 

erythroplakia, which progresses to an ulcerated mass with irregular indurated borders. 

Microscopically, mature squamous epithelial cells possess dense haematoxyphilic nuclei with 

a low nucleus-cytoplasmic ratio. The cytoplasm is densely eosinophilic and finely reticulated 

owing to keratin intermediate filaments. Well-differentiated HNSCC characteristically shows 

cytoplasmic and/or extracellular keratinisation plus intercellular prickles (spinous processes 

corresponding to desmosomes highlighted by cell shrinkage allowing separation between 

adjacent cell membranes) and keratin pearls (Moorthy, 2012) (Figure 4).  

 

 

Figure 4. Haematoxylin and Eosin staining of laryngeal squamous cell carcinoma at 40x 

magnification showing keratin pearls (arrow) (Singh, 2012).  
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1.7 Staging of HNSCC 

Table 1. TNM staging for malignant tumours of subsites of larynx and oropharynx according 

to the Union for International Cancer Control (UICC) (Sobin, 2010). 

 

LARYNX 

Supraglottis 

T1 One subsite, normal vocal cord mobility 

T2 Mucosa of more than one adjacent subsite of supraglottis or glottis or adjacent region outside the 

 supraglottis; without fixation 

T3 Cord fixation or invades postcricoid area, pre-epiglottic tissues, paraglottic space, thyroid cartilage 

 erosion 

T4a Through thyroid cartilage; trachea, soft tissues of neck: deep/extrinsic muscle of tongue, strap muscles, 

 thyroid, oesophagus 

T4b  Prevertebral space, mediastinal structures, carotid artery 

 

Glottis 

T1 Limited to vocal cord(s), normal mobility. T1a One cord. T1b Both cords 

T2 Supraglottis, subglottis, impaired cord mobility 

T3 Cord fixation, paraglottic space, thyroid cartilage erosion 

T4a/T4b As per supraglottis 

 

Subglottis 

T1  Limited to subglottis  

T2 Extends to vocal cord(s) with normal/impaired mobility 

T3 Cord fixation 

T4a/T4b As per supraglottis 

 

OROPHARYNX 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Tumour < 2cm in greatest diameter 

T2 Tumour 2 - 4cm in greatest diameter 

T3 Tumour > 4cm in greatest diameter 

T4 Tumour invades adjacent structures: pterygoid muscles, mandible, hard palate, deep muscle of the 

 tongue, larynx 

 

REGIONAL METASTASES 

N0 No nodal metastases 

N1 Single ipsilateral node < 3cm 

N2a Single ipsilateral node 3-6cm 

N2b Mutliple ipsilateral nodes 3-6cm 

N2c Contralateral node 3-6cm 

N3 Any node > 6cm 

 

DISTANT METASTASES 

M0 No distant metastases 

M1 Distant metastases present 
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1.8 Prognosis of HNSCC 

According to Cancer Research UK, the five and ten-year overall survival rates for laryngeal 

SCC, which accounts for 50% of HNSCC barely exceeded 60% in the period 1971-2001, 

despite advances in surgery and chemoradiotherapy (Figure 5) (CRUK, 2009). The prognosis 

of laryngeal SCC is poorer if associated with the following factors: advanced stage of disease 

at diagnosis, vocal cord fixation and massive local invasion, ulceration of the primary tumour, 

lymph node metastases at diagnosis, locoregional recurrences and male gender (Eiband et al., 

1989). Eighty per cent of patients diagnosed with early stage cancer will live for at least five 

years. In T1 disease, the five-year survival rates are similar for both radiotherapy and trans-

oral laser surgery at 90%. The overall five-year survival rate for T2 glottic carcinoma is 85%.  

The five-year survival rate for late stage laryngeal disease (stage III and IV) ranges from 25-

60% depending on locoregional metastases (CRUK, 2009). 

 

 

Figure 5. Five-year and ten-year age-standardised overall survival for laryngeal cancer for 

patients diagnosed in England and Wales during 1971-2001. No ten-year survival data for 

1996-1999 available (CRUK, 2009) 

 

In 2008, there were 1822 deaths from oral and oropharyngeal cancer. Whilst mortality rates 

for those aged over 75 have fallen since 1971, they have increased by 69% in men aged 

between 45 and 64. (CRUK, 2010). Using the improved Hart grouping system (Hart et al., 
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1995), Ambrosch et al. demonstrated five year overall survival rates for OPSCC per stage: 

stage I 59%, stage II 31%, stage III 28% and stage IV 16% (Ambrosch et al., 1998).  

1.9 Treatment of HNSCC 

1.9.1 Treatment of laryngeal SCC  

Early stage (T1 and T2) laryngeal cancer can be treated either surgically or non-surgically. 

The surgical options consist of trans-oral endoscopic laser surgery and open partial 

laryngectomy. Trans-oral laser has become the standard surgical treatment for T1, T2 and 

some selected T3 laryngeal cancers (Silver et al., 2009) over partial laryngectomy, whilst 

radiotherapy is the standard non-surgical treatment for T1 and T2. The five-year 

laryngectomy-free survival rates for each modality are comparable, with laser surgery being 

slightly higher. A Cochrane systematic review comparing radiotherapy, open surgery and 

trans-oral laser surgery for T1 and T2 cancers showed that all are accepted modalities of 

treatment, conferring similar survival advantages (Dey et al., 2002).  

There are, however, disadvantages to both modalities. Laser surgery is associated with a 

poorer voice, although this is mild in most cases (Kujath et al., 2011). Radiotherapy is a 

treatment that can only be performed once, compared to laser treatment which can be 

repeated, and many patients suffer from significant side effects such as mucositis, dysphagia, 

xerostomia, dermatitis and pain. Radiation-induced mucositis of the upper aerodigestive tract 

results in significant morbidity and altered quality of life (Kelly et al., 2007). The late 

radiation-induced toxicities include xerostomia (60-90% incidence) (Wijers et al., 2002), 

grade 3 dysphagia (15-30%), osteoradionecrosis of the mandible (5-15%) (Mendenhall, 2004), 

skin fibrosis and laryngeal cartilage necrosis (Bhide et al., 2012).  

In a recent meta-analysis, Paleri et al. (Paleri et al., 2011) demonstrated that open partial 

laryngectomy, particularly for T1 and T2 tumours was an oncologically sound procedure with 

a high larynx preservation rate. However, it is not appropriate for recurrence of laryngeal 

carcinoma post-radiotherapy due to the associated complications of a longer hospital stay, 

soft tissue wound infection, chondritis, persistent laryngeal oedema and a higher rate of 

thoracic infections when compared to an endoscopic procedure (Kooper et al., 1995).  

For advanced tumours (T3 and T4), the treatment options are total laryngectomy or 

chemoradiotherapy (CRT). Other less commonly used modalities include open partial 

laryngectomy, near total laryngectomy and transoral laser surgery, although these are not 
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appropriate for the majority of patients, given the high rate of complications (Naudo et al., 

1998). Total laryngectomy provides excellent local and regional tumour control, however, it 

has a significant impact on a patient’s ability to communicate and can severely affect their 

quality of life (Terhaard et al., 1992).  

The development of laryngeal preservation CRT has been underway since the 1990s. Aisner 

et al. (Aisner et al., 1994) stated that in the treatment of more advanced (T3 and T4) laryngeal 

and oropharyngeal tumours, the combination of chemotherapy and radiotherapy has been 

proven to enhance HNSCC tumour control within the irradiated field. Forastiere et al. 

(Forastiere et al., 2003) demonstrated that in patients with laryngeal cancer, radiotherapy 

with concurrent administration of cisplatin is superior to induction chemotherapy followed by 

radiotherapy or radiotherapy alone for laryngeal preservation and locoregional control. Posner 

et al. (Posner et al., 2007), in a study of 501 patients, demonstrated significantly increased 

survival rates in patients with stage III or IV HNSCC disease using the TPF regimen 

(docetaxel, cisplatin and 5-fluorouracil) compared to the PF regimen (cisplatin and 5-

fluorouracil) combined with radiotherapy. The overall three-year survival rate increased from 

48% to 62% with improved locoregional control. However, there was no effect on the rate of 

the development of distant metastases.  

 

1.9.2 Treatment of oropharyngeal SCC 

There has been an increase in the use of chemoradiotherapy in the treatment of OPSCC with a 

decrease in radical surgery and adjuvant radiotherapy. Although it is not routinely tested for, 

HPV-induced tumours are strongly associated with improved therapeutic response and 

survival (Fakhry et al., 2008). Mellin et al. (Mellin et al., 2000) demonstrated a five-year 

survival for all tumour stages of 53.5% in the HPV-positive group compared to 31.5% in the 

HPV-negative group. They also showed that patients with HPV-positive tumours were more 

likely to remain disease-free over three years than HPV-negative, taking into account tumour 

stage (odds ratio 19.6) and lymph node status (odds ratio 7.33). Fakhry et al. (Fakhry et al., 

2008) demonstrated an improved treatment response rate after induction chemotherapy 82% 

vs 55% and after CRT 84% vs 57%, better overall two-year survival 95% vs 62% and lower 

risk of progression (hazard ratio 0.27). 
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It has been shown that CRT results in a better rate of survival than radiotherapy alone (Calais 

et al., 1999) and has now become the standard of care for most patients with OPSCC (Chen et 

al., 2007).  However, some studies have suggested that radiotherapy as a single modality 

treatment may offer comparable survival with better function (Mendenhall et al., 2000, 

Parsons et al., 2002). In their study of 48 patients, Nguyen et al. (Nguyen et al., 2007) 

demonstrated excellent results with CRT for early stage OPSCC with an overall survival of 

84% for T1-T2, whilst the results for more advanced disease were disappointing with an 

overall survival of 27%. In their study of 226 patients with stage III/IV OPSCC treated with 

CRT, Denis et al. (Denis et al., 2004) demonstrated similar overall five-year survival rates of 

22%.  

However, acute and late-stage toxicity is a significant factor for patients receiving CRT 

treatment, with mucositis, haematological toxicity, long-term dysphagia and dependence on 

feeding tubes all being associated. These factors, together with the possible overtreatment of 

HPV associated OPSCC with conventional CRT has led to proposals for using cetuximab 

with radiotherapy alone, especially for HPV-induced tumours (Eriksen et al., 2010).  

The use of trans-oral laser microsurgery with or without neck dissection with or without 

radiotherapy or CRT as adjuvant therapy has shown promising results for treatment of all 

stages of disease. Rich et al. (Rich et al., 2009) demonstrated an overall five-year survival of 

88% in 84 patients over a ten-year period for all stages of disease, 93% of whom required 

adjuvant therapy. Only 3% required gastrostomy tubes at three years post-operatively. In their 

series, Camp et al. (Camp et al., 2009) demonstrated disease-free survival rates of 94% for T1, 

51% for T2 and 21% for T3 with no patients requiring feeding tubes. 

Currently in the UK, a post-CRT neck dissection is performed if there is evidence of residual 

neck disease, either clinically or radiologically, post-CRT (Clayman et al., 2001). This has 

led to the utilisation of the positron-emission tomography-computed tomography (PET-CT) 

after a patient has completed their CRT course in order to demonstrate residual disease, as it 

can be difficult to differentiate between tissue changes due to radiotherapy and residual 

disease on CT or MRI alone (Homer J, 2012). 

 

1.9.3 Treatment of metastatic neck disease 

The treatment of metastatic neck disease is usually determined by the stage of neck disease. 

In the N0 neck, there are two options: elective neck dissection or a ‘watch and wait’ policy to 
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see if the patient develops overt disease. Elective neck dissection is indicated if there is a 15-

20% risk of subclinical neck disease e.g. supraglottic SCC (Weiss et al., 1994), if vigilant 

follow-up is not possible, if clinical evaluation of the neck is difficult or if access to the neck 

is required for reconstruction (Paleri V, 2012). 

In the node-positive neck, the neck should receive the same treatment modality as the primary 

tumour, either surgery or CRT. If surgery is opted for, then adjuvant treatment with 

radiotherapy or CRT is required if there is extracapsular spread (Bernier et al., 2004, Cooper 

et al., 2004, Bernier et al., 2005), two or more positive nodes in the resection specimen, the 

neck disease is N2-3 or if there is residual disease. Adjuvant radiotherapy confers a 10% 

increase in five-year survival compared to surgery alone for the node-positive neck (Lavaf et 

al., 2008). If CRT is used, then the patient will require post-CRT imaging, preferably with 

CT-PET, performed at 8-12 weeks to assess for residual disease (Yao et al., 2004, Porceddu 

et al., 2005, Isles et al., 2008). If residual disease is present, which it is in 20-25% of patients 

(Stenson et al., 2006, Sewall et al., 2007), a salvage neck dissection is required, which is 

associated with significantly higher complication rates (Paleri V, 2012).  

 

1.10 Rat liver  

Rat liver was used in this study to optimise the microfluidic technique prior to it being used 

with the HNSCC tissue samples. There were several factors that made rat liver an ideal tissue 

for optimization. It was readily available as fresh tissue and had been previously maintained 

in an identical microfluidic device with consistent results (Hattersley et al., 2008). It was 

possible to measure liver metabolic products i.e. albumin and urea, as soluble biomarkers, as 

well as the cytotoxicity marker lactate dehydrogenase. It has properties that are similar to 

HNSCC in that it is a highly metabolic tissue and is moderately radiosensitive (Stryker, 2007). 

 

1.10.1 Functions of rat liver 

The liver is essential in regulating metabolism, storing vitamins and iron, degrading 

hormones and inactivating and excreting drugs and toxins. It also regulates the metabolism of 

carbohydrates, lipids and proteins and along with muscle is the main site of glycogen storage. 

The liver is also the major site of gluconeogenesis, the conversion of amino acids, lipids or 

simple carbohydrates into glucose.  
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The liver is the major organ involved in protein metabolism, breaking down ammonia to urea. 

Urea ((NH2)2CO) is produced as a result of protein metabolism and the breakdown of amino 

acids. All 20 amino acids can be converted to CO2 + H2O after removal the amino group  

(-NH2). Each traverses a specific degradative pathway; however, all these pathways converge 

into three general metabolic pathways: gluconeogenesis, ketogenesis and ureagenesis. The 

degradation of all amino acids will produce ammonia (NH3), which, incorporated mainly into 

glutamine and alanine molecules, is then transported to the liver. Ammonia is highly 

neurotoxic and, therefore, undergoes conversion to urea, a metabolically inert molecule, in 

the liver via the Krebs-Henseleit urea cycle (Genuth, 1998). 

The liver synthesizes all the major plasma proteins, including albumin, lipoproteins, globulins, 

fibrinogens and other proteins involved in blood clotting. Serum albumin is produced by the 

liver and is the most abundant protein in blood plasma, constituting about half of the blood 

serum protein and has a half-life of approximately 20 days. It transports fatty acids, hormones, 

buffers pH and maintains osmotic pressure. It is synthesised in the liver as preproalbumin, 

which has an N-terminal peptide that is removed before the nascent protein is released from 

the rough endoplasmic reticulum.  

It transforms and excretes many hormones, drugs and toxins. The smooth endoplasmic 

reticulum of hepatocytes contains a variety of enzymes and cofactors that are responsible for 

the chemical transformation of many substances. Other enzymes in the endoplasmic 

reticulum catalyse the conjugation of many compounds with glucorinic acid, glycine or 

glutathione. The transformations that occur in the liver render many compounds more water 

soluble so that they are more readily excreted by the kidneys (Kutchai, 1998). 
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1.11 Radiotherapy 

1.11.1 Radiation physics   

The energy of X-ray beams that are used in the clinical setting are usually in the range of 

between 10 peak kilovoltage (kVp) and 50 megavolts (MV). They are produced when 

electrons, with kinetic energies of between 10 kiloelectronvolts (keV) and 50 

megaelectronvolts (MeV), are decelerated in specialised metallic targets, which are usually 

made of tungsten. Most of the electron’s energy is transformed into heat in the metallic target. 

A small fraction is emitted as X-ray photons, which are divided into two groups: 

characteristic X-rays and bremsstrahlung X-rays (Podgorsak, 2005).   

Characteristic X-rays result from Coulomb interactions between the incident electrons and 

atomic orbital electrons of the target material (collision loss). In a Coulomb interaction 

between the incident electron and an orbital electron, the orbital electron is ejected from its 

shell and an electron from a higher level shell fills the resulting orbital vacancy. The energy 

difference between the two shells may either be emitted from the atom in the form of a 

characteristic photon (characteristic X-ray) or transferred to an orbital electron that is ejected 

from the atom as an Auger electron. The photons emitted through electronic shell transitions 

have discrete energies that are characteristic of the particular target atom in which the 

transitions have occurred, hence the term characteristic X-rays. Bremsstrahlung X-rays result 

from Coulomb interactions between the incident electron and the nuclei of the target material. 

During the Coulomb interaction between the incident electron and the nucleus, the incident 

electron is decelerated and loses part of its kinetic energy in the form of bremsstrahlung 

photons (radiative loss) (Podgorsak, 2005).  

There are three types of X-rays that are used in the clinical setting:  

- Superficial X-rays produced by electrons with kinetic energies between 10 and 

100 keV produced by X-ray machines. 

- Orthovoltage X-rays produced by electron kinetic energies between 100 and 500 

keV produced by X-ray machines. 

- Megavoltage X-rays produced by electron kinetic energies above 1 MeV produced 

by a linac, a cyclic particle accelerator, as used in the current study (Podgorsak, 

2005).  
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A medical linac (Figure 6) accelerates electrons to kinetic energies from 4 to 25 MeV using 

non-conservative microwave radiofrequency (RF) fields. The electrons are accelerated 

following straight trajectories in special evacuated structures called waveguides. The high 

power RF fields used for electron acceleration in the acceleration waveguides are produced 

through the process of decelerating electrons in retarding potentials in evacuated devices 

called magnetrons and klystrons. They typically provide two photon energies, 6 and 18 MV 

(Podgorsak, 2005), with 6 MV being most suited to treating HNSCC (Rowell, 2012). 

 

 

Figure 6. A schematic diagram showing the configuration of a medical linac (Podgorsak, 

2005). 

 

 

1.11.2 Dose-response relationships 

Once the threshold dose, i.e. the minimum radiotherapy dose required to achieve a response 

in the tissue, has been reached, the relationship between the dose administered and the 

number of cells killed demonstrates a sigmoid curve. The gradient of the curve is given by the 

gamma value, which measures the increase in response as percentage points for a 1% increase 

in dose. In HNSCC, the gamma values are in the range 1.5 to 2.5 i.e. with a gamma value of 

two, a 10% increase in dose can be expected to increase the tumour cure probability by 20% 

(Dische, 2002).  
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The linear quadratic equation is the most widely accepted method of fitting the survival of 

cells following radiation to an equation: 

 

Equation 1. The linear quadratic equation.  

 

S(D)=e −(αD+βD
2
) 

S is the number of surviving cells following a radiation dose (D). α and β describe the linear 

and quadratic parts of the survival curve respectively. These vary between different tissue 

types and tumours. 

As α relates to the linear component of the curve, cell death that results from this will increase 

linearly with the dose. As the dose increases, the cell death resulting from the β constant 

increases in proportion to the square of the dose. The α/β ratio relates to the dose in Gray 

(Gy) i.e. the amount of ionising radiation absorbed by one kilogram of tissue, when the 

number of cells killed by the linear component α is equal to the number of cells killed by the 

β component. The higher the α/β ratio is, the earlier responding tissues are, compared to a 

lower α/β ratio for later responding tissues (Figure 7). In HNSCC, the α/β ratio has been 

shown to be large at 10.5 Gy. The γ50 value indicates the increase in percentage tumour cell 

kill for an increase in dosage of 1 Gy at the intersection of the α and β lines (Podgorsak, 

2005).  
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Figure 7. A survival curve using the standard LQ formula where α = 0.2 and α/β =3. The 

components of cell killing are equal where the curves e-αD and e-βD
2 

intersect. This occurs at 

D = α/β i.e. 3 Gy (Bartkowiak et al., 2001)  

 

1.11.3 Radioresistance 

Approximately 5-10% of T1 and up to 25% of T2 laryngeal tumours are radioresistant 

(Fernberg et al., 1989, Klintenberg et al., 1996, Johansen et al., 2002). Nix et al. (Nix, 

Cawkwell et al. 2005) stated that there was no universally accepted definition of 

radioresistance in HNSCC, but defined it as shown in Table 2: 

 

Table 2. Criteria used to determine radioresistance and radiosensitivity (Nix et al., 2005). 

Radioresistance  Radiotherapy given as a single modality treatment with curative intent for a 

biopsy proven SCC of the larynx 

 Biopsy proven recurrent SCC occurring at the original anatomical site within 12 

months of finishing a course of radiotherapy 

Radiosensitivity  Radiotherapy given as a single modality treatment with curative intent for a 

biopsy proven SCC of the larynx 

 Minimum follow-up of three years after completion of radiotherapy with no 

evidence of recurrence at the original site of the tumour. 

 

Radioresistance in HNSCC is due to a combination of clinical, both tumour- and patient-

related, and biological factors. Tumour-related factors consist of tumour site, stage, volume, 

nodal status and grade (Silva et al., 2007). In demonstrating the effect of tumour site, 
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Dinshaw et al. (Dinshaw et al., 2006) showed that glottic tumours had a better response to 

radiotherapy than supraglottic tumours, which Snow et al. (Snow et al., 1982) proposed was 

due to the increased lymphatic drainage of the supraglottic region, usually resulting in a 

increased stage of supraglottic tumour at presentation.  

When compared to an early stage HNSCC tumour, as defined by the TNM classification (T1 

and T2), an advanced stage tumour (T3 and T4) is associated with poorer locoregional control 

and a shorter disease-free survival. Although a major drawback of the TNM system is that it 

does not assess tumour volume, a greater tumour volume is, again, associated with poorer 

local disease control and overall survival following radiotherapy (Pameiijer, 1997, Rudat et 

al., 1999). Despite the fact that tumour grading does not influence clinical decision making, it 

has been demonstrated to have an effect on the tumour’s response to radiotherapy. Hansen et 

al. (Hansen et al., 1997) demonstrated that well or moderately differentiated carcinomas 

showed significantly reduced locoregional control compared to poorly differentiated tumours 

over prolonged radiotherapy schedules.  

Silva et al. (Silva et al., 2007) described four patient-related factors that contribute to a 

tumour’s radioresistance: patient age, gender, haemoglobin level and smoking status. They 

state that age is not an independent contributory factor after co-morbidity and physiological 

age is taken into account. Women demonstrated better locoregional control compared to men 

following radiotherapy, however, the reasons for this remain unclear. Low haemoglobin is a 

predictor of poor outcome in terms of local control and overall survival following 

radiotherapy (Overgaard et al., 1986, Dubray et al., 1996). Other studies have shown that 

smoking during radiotherapy treatment reduce locoregional control (smokers 45% cf. non-

smokers 74%) at 13 weeks post-treatment and survival (smokers 29 months cf. non-smokers 

42 months) (Browman et al., 1993, Browman et al., 2002).  

It is not currently possible to predict which tumours will respond to radiotherapy prior to the 

patient commencing the treatment.  If the patient’s tumour proves to be radioresistant, then 

that patient will not only have undergone a non-beneficial treatment but will have also been 

exposed to all of its associated side effects, some of which are potentially serious. The 

duration of the treatment will have allowed the tumour to progress, thereby reducing the 

patient’s chance of survival. As radiotherapy can only be performed once, failure of it to treat 

the tumour means that the only chance of cure for that patient is salvage surgery. Surgery is 

only appropriate if the patient is deemed fit enough, which a number are not; sometimes as a 
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result of the radiotherapy. Operating in a previously irradiated field is associated with higher 

complication rates, which affect swallowing, speech and cosmesis, all of which have a 

significant detrimental effect on the patient’s quality of life (McLaughlin et al., 1996).  

 

1.11.4 Radiobiology  

The interaction of an individual cell with radiotherapy ultimately determines the overall 

response of that tissue. Bussink et al. (Bussink et al., 2008) described three main biological 

factors relating to radioresistance in HNSCC tissue: tissue hypoxia, tumour cell proliferation 

and intrinsic cellular radioresistance. In addition to these there are five factors (‘five R’s’) 

which influence the outcome of a course of fractionated radiotherapy: recovery, 

reoxygenation, repopulation, reassortment, and radiosensitivity. Recovery and repopulation 

are associated with decreased tumour cell killing, whilst reoxygenation and reassortment 

increase it (McMillan, 2002). 

Recovery refers to the cell’s ability to repair damage caused by ionising radiation. There are 

three types of damage that ionising radiation can cause to a cell: lethal, sublethal and 

potentially lethal. Lethal damage is fatal, sublethal damage can be repaired before the 

administration of the next fraction and potentially lethal damage can be repaired under certain 

circumstances, usually when the cell is paused in the cell cycle. The repair of sublethal 

damage is dependent on a cell’s ability to recognise the damage, activate repair pathways and 

initiate cell cycle arrest, during which a cell is more radiosensitive. Tumour cells have a 

reduced ability to repair this form of damage compared to normal cells due to impaired cell 

cycle arrest and DNA repair mechanisms (McMillan, 2002).  

Oxygen is a potent radiosensitiser, which acts to increase the effectiveness of a given dose of 

radiation by forming free radicals. Tumour cells in a hypoxic environment may be as much as 

two to three times more radioresistant than those in a normal oxygen environment (Harrison 

et al., 2002). In solid tumours, such as HNSCC, there is an imbalance between oxygen 

delivery and consumption, leading to hypoxia. Low oxygen levels have been shown to be 

associated with poor local control and survival after radiotherapy (Brizel et al., 1997, 

Kaanders et al., 2002, Nordsmark et al., 2005). Tumour hypoxia has also been shown to 

promote genetic instability, driving the tumour towards a more malignant phenotype by 

stimulating the invasion of tumour cells and, therefore, metastasis (Harris, 2002). Mutations 

of key regulatory genes that are induced or promoted by hypoxia can select tumour cells with 
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an increased resistance to treatment, resulting in an overall adverse clinical outcome 

(Koumenis, 2006). Hypoxia acts as a trigger for changes in gene expression to stimulate 

angiogenesis, glucose transport, pH regulation and erythopoiesis (Semenza, 2003). Toustrup 

et al. (Toustrup et al., 2011) identified 15 genes that were upregulated in hypoxic conditions 

in HNSCC in vivo. Recently, Eustace et al. (Eustace et al., 2013), in a study of 157 patients 

with T2-T4 laryngeal cancer, successfully used a 26-gene hypoxia signature to identify 

laryngeal tumours that would benefit from hypoxia-modifying therapy with carbogen and 

nicotinamide during the radiotherapy course. In those tumours that demonstrated increased 

expression of the hypoxic genes, the five-year regional control rates were 100% in those 

tumours treated with hypoxia modifying therapy compared to 81% in those treated with 

radiotherapy alone. 

Radioresistance due to hypoxia can be reduced by fractionation of the radiotherapy dose, 

which enables reoxygenation to occur, i.e. the death of some tumour cells by a fraction of 

radiotherapy may lead to the improved oxygenation of other cells as they are brought closer 

to the oxygen supply, in time for the next fraction.  

Tumour proliferation is an important factor in determining the outcome of radiotherapy as 

shown by studies that demonstrated a reduction in tumour control with an increase in overall 

treatment time (Withers et al., 1988, Bentzen and Thames, 1991). HNSCC demonstrated an 

accelerated repopulation with an increase in doubling time and growth fraction at four to five 

weeks after commencing radiotherapy (Withers et al., 1988). Dorr et al. (Dorr et al., 2002) 

demonstrated that accelerated repopulation in HNSCC commences as early as one week after 

the initiation of radiotherapy. Prolongation of radiotherapy treatment results in repopulation 

of stem cells that have survived the treatment. This is the justification for accelerated 

fractionation or hyperfractionation, which involves altering the fractionation regime so that 

the same total dose of radiotherapy is delivered, but that the overall treatment time is 

shortened. 

Proliferation is dependent on a number of factors, such as differentiation status, cell-cycle 

gene regulation and microenvironmental factors, including oxygen and nutrient availability. 

As hypoxia delays progression of the tumour cell through the cell cycle, cells that retain 

proliferative capacity under hypoxic conditions might, therefore, represent an important 

clonogenic subpopulation of tumour cells that are responsible for treatment failure 

(Hoogsteen et al., 2005). 



 46 

A key marker of proliferation in HNSCC is EGFR (see section 1.5.6), which is an important 

stimulator of cell growth and other key biological processes (Silva et al., 2007). EGFR 

overexpression occurs in approximately 90% of HNSCC tumours (Grandis and Tweardy, 

1993) and is associated with with a poor response to radiotherapy (Gupta et al., 2002, 

Mendelsohn and Baselga, 2003, Eriksen et al., 2004). Ang et al. (Ang et al., 2002), in a study 

of 155 HNSCC patients, demonstrated that EGFR overexpression was a strong prognostic 

indicator of reduced overall and disease-free survival and of locoregional relapse.  

Reassortment refers to the point of the cell cycle that the cells are in when the fraction is 

given. The phase in mitosis at the time of radiotherapy is important in determining 

radiosensitivity (Begg AC, 2002).  With ionising radiation, the maximum resistance is in S 

phase and the greatest sensitivity is in M and G2. The effect of cells progressing through the 

cell cycle in between fractions is that cells that survived the first fraction due to being in a 

resistant phase of the cell cycle may be in a more sensitive phase at the next fraction. 

The initial treatment in a fractionated course of radiotherapy may, after a period of mitotic 

arrest, lead to cell-cycle synchrony and, if the next treatment is given when the cells are in a 

sensitive phase of the cycle may lead to increased cell kill. However, although this has been 

demonstrated in research, in the clinical setting it is difficult to manipulate the cell cycle to 

improve results (Goodhead, 1994).    

In HNSCC there is a discrepancy between the volume doubling time i.e. the time taken for 

the tumour to double in size and the median potential doubling time (i.e. the time within 

which the dimensions of a tumour would double if no cells were lost). The volume doubling 

time is between 40 and 80 days and the median potential doubling time for well-differentiated 

tumours is between 6.4 and 7.8 days (Begg et al., 1999). This discrepancy can be explained 

by cell loss due to desquamation; cell loss of around 95% is characteristic of HNSCC.  This 

cell loss has important implications for treatment. A 1 cm diameter tumour contains 

approximately 10
9
 cells; without cell loss, this size would be achieved in 30-35 generations. 

With cell loss, however, it could take up to 1000 generations to reach this size. The increased 

number of cellular divisions increases the chance of a mutation occurring, which could result 

in radioresistance.  

Cell loss can, therefore, exaggerate the response to treatment. Modest reductions in the 

number of clonogenic cells present will, through the amplificatory effect of cell loss, produce 

rapid shrinkage of the tumour. The underlying problem, however, is the presence of 
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radioresistant cells, which will continue to grow throughout treatment, imperceptibly at first 

to ultimately dominate the tumour mass (Munro AJ, 2008).  

Several genetic factors have been implicated in determining the tumour tissue’s intrinsic 

radiosensitivity i.e. the cellular response to radiation-induced DNA damage e.g. KU70, X-ray 

repair cross-complementing protein (XRCC5), DNA-dependent protein kinase (DNA-PK), 

ataxia-telangiectasia mutated (ATM), RAD51 and XRCC3 (Silva et al., 2007).  

Radioresistance is also thought to be due, in part, to an imbalance in the expression and pro- 

and anti-apoptotic genes as well as the tumour suppressor gene p53. Promoters of apoptosis 

include B-cell lymphoma associated x-protein (bax), bak, bcl-X(S), bad and bid and inhibitors 

include B-cell lymphoma (bcl-2), bcl-X(L) and bcl-w, which is a member of the bcl-2 family 

(Nikitakis, 2004). Nix et al (Nix et al., 2005) demonstrated that expression of the anti-

apoptotic genes bcl-2 and bcl-X(L) and the downregulation of bax were associated with 

radioresistant laryngeal tumours. 

Activation of the PI3K/AKT pathway (as in Chapter 1.5.6), which occurs in up to 90% of 

HNSCC cases, is associated with three major radioresistance mechanisms: intrinsic 

radioresistance, tumour cell proliferation and hypoxia (Bussink et al., 2008). Activation of 

this pathway is due to several genetic alterations. In their study of 117 HNSCC tumours, 

Pedrero et al. (Pedrero et al., 2005) demonstrated amplification of the PIK3CA gene in 37% 

of specimens, AKT2 gene amplification (30%), PTEN downregulation (4%) and P110alpha 

downregulation (1%).  

Other genes have been identified as causing radioresistance in HNSCC. Through the use of 

proteomics in radioresistant HNSCC cell lines, Lin et al. (Lin et al., 2010) identified 64 

proteins and six genes that are potentially involved in radioresistance in HNSCC, with the 

upregulation of Gp96, Grp78, heat shock protein-60 (HSP60), Rab40B and growth 

differentiation factor-15 (GDF-15) and the downregulation of annexin V. Williams et al. 

(Williams et al., 2011) used a 41-gene model to identify genes implicated in radioresistance in 

a radioresistant cell line. They demonstrated that cyclophilin B (PPIB) had the strongest 

correlation with radioresistance and that it was associated with a significant decrease in 

overall five-year survival following radiotherapy (PPIB +ve tumours 50% cf. PPIB –ve 

tumours 100%). In addition to this, they also demonstrated correlation with several other 

genes that have previously been implicated in radioresistance: Harvey rat sarcoma (HRAS) 
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(McKenna et al., 1990a), myelocytomatosis (MYC) (McKenna et al., 1990b) and nuclear 

factor kappa beta (NFB) (Karin et al., 2004).  

 

1.11.5 DNA repair mechanisms 

Radiation-induced DNA damage is divided into direct, which is caused by high linear energy 

transfer (LET) radiation, and indirect effects. Indirect damage arises from energy deposited in 

water molecules surrounding the DNA, which forms free radicals, notably hydroxyl radicals, 

which, in turn, cause DNA damage. Most photon-induced damage is caused by free radical 

formation (Goodhead, 1994).  

Many cellular structures are at risk of damage by radiotherapy including:  

 - Direct damage to the DNA base or sugar,  

 - DNA-protein crosslinks and DNA-DNA crosslinks,  

 - DNA single-strand break or DNA double-strand break, the latter of which is a lethal 

   event for a cell.  

DNA strand breaks may also have different types of DNA damage in their proximity e.g. 

DNA sugar or base damage, which are known as clustered damage and are a significant factor 

in radiation-induced cell death. An increase in the number and the complexity of these cluster 

damage events impairs a cell’s ability to undergo DNA repair (Goodhead, 1994). 

Following a DNA strand break, a cell will attempt repair. Initially the damaged termini 

undergo a cleansing process to leave clean ligatable ends, a process carried out by 

phosphodiesterase and kinase enzymes. In the event of a single-strand DNA break, the 

nuclear protein poly (ADP-ribose) polymerase-1 (PARP-1) interacts with XRCC1 which, in 

turn, interacts with the gap filling DNA polymerase B and DNA ligase III. These interact to 

perform base excision and to seal the resultant nick (Lindahl et al., 1995).  

The repair process for a single-strand DNA break does not work in the event of a double-

strand break as, after the cleaning of the termini, a straightforward ligation would lead to a 

change in the DNA sequence, as the damaged bases would have been removed, resulting in 

frameshift of the DNA. Therefore, in order to repair a double-strand break, a cell must utilise 

one of the two main pathways: non-homologous end joining (NHEJ) and homologous 
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recombination repair (HRR). NHEJ begins with the recognition of the DNA break by the Ku 

heterodimer, which subsequently binds to the broken ends. Once bound, the Ku heterodimer 

recruits the catalytic subunit of the DNA-PKCS to the DNA ends, resulting in stimulation of 

the kinase activity. HRR can only take place if there is an undamaged copy of the DNA 

present, i.e. after DNA replication has taken place in late S phase, G2 phase or in early 

mitosis.  The DNA break is detected by ATM / ataxia-telangiectasia and Rad3-related (ATR) 

gene products as well as the Mre11, Rad50 and Nbs1 (MRN) complex (Lee and Paull, 2004), 

which signal numerous other molecules, including p53, which to induces cell cycle arrest. 

The protein Rad52 binds to the broken ends which may then recruit proteins for homologous 

recombination, including Rad51 and possibly XRCC2 and XRCC3 (Van Dyck et al., 1999). 

Rad51 can then catalyse pairing and strand exchange between homologous molecules to form 

heteroduplex DNA. The generation of intact DNA molecules is established through the action 

of a polymerase, a resolvase and a ligase which synthesise new DNA, unravel the complex 

and ligate the ends (McMillan, 2002).   

 

1.11.6 Cancer stem cell theory 

Cancer stem cells (CSC) have previously been isolated in HNSCC (Prince, 2008, Chen, 

2009) as well as other tumour types. They are defined as a small subpopulation of self-

sustaining cancer cells with an ability to cause the heterogenous lineages of cancer cells via 

two main hypothesised methods: hierarchical and stochastic (Figure 8) (Clarke et al., 2006). 

CSC demonstrate three main characteristics:  

- The cell must demonstrate potent tumour initiation, capable of regenerating the 

tumour from a few cells. Prince et al. (Prince et al., 2007) reported that as few as 

5000 CD44
+
 HNSCC cells could generate tumours in knockout mice, whilst Chiou 

et al. (Chiou et al., 2008), in their study using the marker CD133
+
, stated that 

tumour regeneration could occur from as few as 1000 HNSCC cells.  

- The cell must also be able to demonstrate self-renewal in vivo. 

- The cell must demonstrate a differentiation capacity, enabling the production of 

heterogenous progeny, which represent a phenocopy of the original tumour (Ward 

and Dirks, 2007, Chen, 2009). It was originally thought that CSC were normal 

endogenous tissue stem cells, however, Monroe et al. (Monroe et al., 2011) stated 
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that the accumulation of genetic mutations within a differentiated or progenitor 

cell could enable stem cell behaviour, providing an alternative source of CSC. 

 

 

Figure 8. Hierarchical and stochastic models of CSC in progression of solid tumours (Chen, 

2009) 

 

CSC have also demonstrated significant radioresistance in several tumour types, including 

HNSCC (Diehn and Clarke, 2006, Bao et al., 2006, Baumann et al., 2008, Al-Assar et al., 

2009, McCord et al., 2009, Damek-Poprawa et al., 2011). This has significant implications in 

the treatment of HNSCC as current treatment modalities allow resistant CSC to reinitiate the 

tumour (Frank et al., 2010). The number of CSC varies depending on the size of the tumour 

mass i.e. there will be 1000 times fewer clonogenic cells in a tumour 5 mm in diameter 

compared to a mass 5 cm in diameter (Tubiana, 1988). Another factor, is the number of CSC 

that are killed for a given radiotherapy dose. A tumour mass measuring 20 mm treated with 

66-70 Gy in 2 Gy fractions will provide 90% tumour cell kill.  However, a similar dosage 

may only treat 50% of the cells in a mass measuring 5cm (Munro AJ, 2008).   

Various markers have been used for identification of CSC, including the biomarkers CD44, 

aldehyde dehydrogenase (ALDH), CD133 and c-Met, along with stemness markers, such as 

sex determining region Y-box 2 (SOX2) and B lymphoma Mo-MLV insertion region 1 

homolog (Bmi-1) (Major et al., 2013). As well as markers, the ability of CSC to form spheres 

in vitro, has been used to identify populations of cells containing CSC. In HNSCC, the 

markers CD44, Oct-4, Nanog, Nestin and CD133 have all been demonstrated on isolated 
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from spheres (Chiou et al., 2008, Okamoto et al., 2009, Zhang et al., 2010). The current gold 

standard for the identification of CSC as suggested by the American Association for Cancer 

Research (AACR) Workshop on Cancer Stem Cells in 2006 is the orthotopic xenograft assay. 

Cancer cells from either tumour cells or cell lines are initially sorted by specific cell surface 

markers. The selected cell population is then injected into experimental animals for 

tumorigenesis testing (Clarke et al., 2006). 

Currently, no CSC markers are measured in the assessment of post-radiotherapy response in 

HNSCC; the current methods of assessment are based upon measuring tumour shrinkage 

through radiological imaging (Dalerba et al., 2007, Sayed et al., 2011). However, Rasheed et 

al. (Rasheed et al., 2011) proposed that, given the major role that CSC play in radioresistance, 

perhaps it is time to incorporate CSC measurement into the post-radiotherapy assessment. 

 

1.11.7 Radiotherapy and chemotherapy 

In the treatment of more advanced (T3 and T4) laryngeal and oropharyngeal tumours, the 

combination of chemotherapy and radiotherapy has been proven to enhance HNSCC tumour 

control within the irradiated field (Aisner et al., 1994). Chemotherapy can be used in 

conjunction with radiotherapy in one of three ways: neoadjuvant, concurrent or adjuvant. As a 

neoadjuvant therapy it can be used to reduce tumour size prior to radiotherapy and as an 

adjuvant therapy it can be used to treat micrometastatic disease after the primary has been 

treated with radiotherapy. Concurrent chemoradiotherapy involves treating patients with 

chemotherapy agents at the time of radiotherapy administration. Whilst this provides the 

greatest survival benefit, it is also associated with increased side effects, so can only be 

undertaken in fit patients (Seiwert et al., 2007). 

The main chemotherapy agents used in the treatment of HNSCC are cisplatin, 5-fluorouracil 

and docetaxel. Cisplatin crosslinks with the DNA base guanine, which interferes with mitosis. 

Inhibition of the DNA repair mechanisms by cisplatin causes the cell to enter apoptosis 

(Fuertes et al., 2003). 5-fluorouracil (5-FU) acts primarily as a thymidylate synthase inhibitor, 

blocking thymidine, which is required for DNA replication, leading to cell cycle arrest and 

apoptosis (Longley et al., 2003). Docetaxel binds to microtubules, preventing their 

disassembly. This leads to a significant decrease in the levels of free tubulin, which is 

required for further microtubule formation, resulting in the inhibition of mitotic cell division 
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between metaphase and anaphase, preventing further cancer cell progeny (Lyseng-Williamson 

and Fenton, 2005). 

In 2009, the Meta-analysis of Chemotherapy on Head and Neck Cancer (MACH-NC) 

(Pignon et al., 2009) collaborative published a meta-analysis of 93 randomised trials with 

17,346 patients and demonstrated that concurrent chemoradiotherapy resulted in a 4.5% 

improvement in five-year overall survival rates compared to radiotherapy alone. In their study 

of different chemotherapy regimens, Posner et al. (Posner et al., 2007), in a study of 501 

patients, demonstrated significantly increased survival rates in patients with stage III or IV 

HNSCC disease using the TPF regimen (docetaxel, cisplatin and 5-fluorouracil) compared to 

the PF regimen (cisplatin and 5-fluorouracil) combined with radiotherapy. The overall three-

year survival rate increased from 48% to 62% with improved locoregional control. 

EGFR has been demonstrated in up to 90% of HNSCC cases (Grandis and Tweardy, 1993). 

Cetuximab, a monoclonal antibody against EGFR, in conjunction with radiotherapy has 

shown improved overall five-year survival compared to treatment with radiotherapy alone 

(radiotherapy alone 35.6% cf. 45.6% cetuximab plus radiotherapy) (Bonner et al., 2006, 

Bozec et al., 2013). 

 

1.11.8 Radiotherapy and surgery  

Radiotherapy may be used as an adjuvant therapy in the treatment of HNSCC i.e. 

administered after surgery. This is indicated if there is residual disease near to the surgical 

margin or if there has been extracapsular spread of disease from lymph node metastases 

(Mendenhall et al., 2006). The interval between surgery and radiotherapy should be 

minimised as it has been shown that the growth factors in an operative field will stimulate 

tumour growth, making it more difficult to treat later on. There is a greater chance of post-

radiotherapy morbidity as a result of the previous surgery and as evidence now suggests that 

these patients should receive combination therapy with chemotherapy, morbidity may be 

greater still (Bernier et al., 2005). 
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1.11.9 Intensity-modulated radiation therapy 

Intensity-modulated radiation therapy (IMRT) is an advanced form of high-precision 

radiotherapy that has revolutionised the treatment of HNSCC. The use of computer-controlled 

linear accelerators allows for the radiation dose to conform more precisely to the three 

dimensional shape of the tumour by controlling the intensity of the radiation beam in multiple 

small volumes. Combinations of multiple-modulated fields coming from different beam 

directions produce a customised radiation dose that maximises tumour dose, whilst 

minimising the dose to adjacent normal tissues. As the radiotherapy dose to normal tissues is 

minimised, higher and more effective radiation doses can be safely delivered to the tumour 

with fewer side effects and reduced treatment toxicity (Lee et al., 2007). 

 

1.12 Mechanisms of radiation-induced cell death  

There are three methods of radiation-induced cell death: apoptosis, mitotic catastrophe and 

senescence (Eriksson and Stigbrand, 2010). In HNSCC, as with other solid tumours, mitotic 

catastrophe and senescence, a form of proliferative cell death, play a greater role than 

apoptosis in the response of the tumour to radiotherapy (Ianzini et al., 2006). The tumour 

suppressor gene tumour protein 53 (p53) plays an important role in determining the cellular 

response to radiation. As a transcription factor, it fulfils its tumour suppressor role by acting 

via four pathways: cell cycle arrest, DNA repair, apoptosis and senescence. Following 

irradiation, p53 activation promotes cell survival by growth arrest and DNA damage repair. If 

the DNA damage is deemed to be too severe to repair, p53 will initiate apoptosis or 

senescence (Helton and Chen, 2007). The outcome of the cell is governed by three factors in 

relation to p53: the amount of activated p53, the duration of its activation and the availability 

of p53 co-factors, which regulate the binding of p53 to specific target genes, (Das et al., 2007, 

Tanaka et al., 2007, Das et al., 2008). In the presence of increased levels of p53 and readily 

available apoptotic genes, a damaged cell will preferentially undergo apoptosis rather than 

senescence. Tumour cells that are classed as radiosensitive express increased levels of basal 

p53 mRNA compared to radioresistant cells, which promotes radiation-induced apoptosis 

(Eriksson and Stigbrand, 2010).  

A cell with impaired activation of p53-dependent DNA damage checkpoints can undergo 

abnormal cell division following exposure to genotoxic damage. This may lead to aneuploidy 



 54 

and subsequent tumour progression. However, these cells typically undergo mitotic 

catastrophe following irradiation (Storchova and Pellman, 2004, Erenpreisa and Cragg, 2007, 

Ganem and Pellman, 2007, Ganem et al., 2007).  

 

1.12.1 Apoptosis 

Apoptosis plays a role in the response of HNSCC tissue to radiotherapy, that role has been 

described as modest compared with haematological malignancies where it is the major 

mechanism of radiation-induced cell death (Figure 9) (Radford et al., 1994, Jonathan et al., 

1999). This is due to the fact HNSCC tumours, as well as other solid tumours, lose their pro-

apoptotic mechanisms during progression; p53 is impaired in over half of all human 

malignancies (Hollstein et al., 1991, Soussi and Beroud, 2001, Soussi and Lozano, 2005). 

Even if a tumour cell maintains a functional p53 pathway, the basic mechanisms required for 

apoptosis are often absent. In HNSCC, a tumour cell’s ability to undergo apoptosis is further 

confounded by the overexpression of anti-apoptotic proteins, such as Bcl-2 and survivin, or 

the inactivation of pro-apoptotic proteins such as Bax and apoptotic protease activating factor 

1 (Apaf1) (Igney and Krammer, 2002).  

There are two apoptotic pathways, the intrinsic and extrinsic pathway, both of which can be 

initiated by exposure of a HNSCC cell to radiation. The intrinsic pathway, also known as the 

mitochondrial pathway, initially involves mitochondrial outer membrane permeabilisation 

(MOMP), which is controlled by members of the Bcl-2 family. This family is divided into 

pro-apoptotic and anti-apoptotic members. The pro-apoptotic members comprise two 

subfamilies, the Bax-like family (Bax, Bak, Bok) and the BH3-only proteins (Bid, Bad, Bim, 

Bik, Bmf, Noxa, Puma, Hrk). In order to form Bax-Bak pores in the mitochondrial outer 

membrane to enable MOMP to occur, both subfamilies need to be present (Jin and El-Deiry, 

2005). Irradiation of a cell causes p53-mediated activation with the initiation of apoptosis 

mediated by Bax and members of the BH3-only subgroup (Zhan et al., 1994, Findley et al., 

1997, Kobayashi et al., 1998). Genes encoding for proteins that localise to the cytoplasm 

including p53-inducible death domain (PIDD) can also be upregulated following irradiation 

(Lin et al., 2000). Genes that lower the threshold for apoptosis can act in conjunction in order 

to induce apoptosis: Apaf1, caspase-6 and BH3 interacting domain (Bid) (Fei and El-Deiry, 

2003). Blockage of apoptosis occurs via the anti-apoptotic members of the Bcl-2 family (Bcl-

2, BCl-XL, Bcl-W, Mc11, Bcl2A1, Bcl-B). Downregulation of the Bcl-2 gene (Haldar et al., 
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1994, Miyashita et al., 1994) and inhibition of survivin (Hoffman et al., 2002, Zhou et al., 

2002), an apoptosis family member are mediated by p53 in order to promote apoptosis. 

 

 

Figure 9. Schematic diagram illustrating the extrinsic (death-receptor-mediated) and intrinsic 

(mitochondria-mediated) pathways of apoptosis. Irradiation of a cell can activate both 

pathways (Eriksson and Stigbrand, 2010). 

 

MOMP releases several potentially lethal proteins from the intermembrane space of the 

mitochondria into the cytoplasm (Wang, 2001) such as cytochrome c, second mitochondria-

derived activator of caspases (SMAC/DIABLO), apoptosis-inducing factor (AIF), 

endonuclease G (EndoG) and OMI/HTRA2 (Riedl and Shi, 2004). The most important of 

these is cytochrome c as it binds and activates Apaf1, enabling it to bind ATP/dATP (Jiang 

and Wang, 2000), the resultant combination being known as the apoptosome, which activates 

the initiator caspase, caspase-9 (Li et al., 1997, Rodriguez and Lazebnik, 1999). Caspase-9 

activates the effector caspases, caspase-3/6/7 (Eriksson and Stigbrand, 2010).  
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The extrinsic pathway, often referred to as the death receptor pathway requires ligand-

dependent activation of plasma membrane receptors from the tumour necrosis factor (TNF) 

receptor superfamily. The expression of TNF death receptor family members Fas/CD95 

(Sheard et al., 1997, Kobayashi et al., 1998, Embree-Ku et al., 2002, Sheard et al., 2003) and 

death receptor 5/TNF-related apoptosis-inducing ligand (DR5/TRAIL) receptor 2 (Wu et al., 

1997, Sheikh et al., 1998, Burns et al., 2001, Alvarez et al., 2006), are upregulated by 

radiation, activating caspases by both mitochondria-dependent and independent mechanisms 

(Kastan, 1997, Scaffidi et al., 1998). 

Interaction between specific ligands and the death receptor induces receptor-proximal 

recruitment of the death-inducing signalling complex resulting in activation of caspase-8/10 

and subsequently effector caspases-3/6/7 (Taylor et al., 2008).  In cells in which the initial 

level of caspase-8/10 activation is low, an amplification loop is triggered (Scaffidi et al., 

1998), which results in the cleaving and activation of Bid by caspase 8/10. This, in turn, 

causes the release of cytochrome c from the mitochondria, which activates caspase-9 and -3, 

which significantly increases the initial apoptotic signal (Luo et al., 1998).  

Caspases are a family of proteases that are involved in both the intrinsic and extrinsic 

apoptotic pathways, both of which can be activated by exposure of the cell to radiation (Riedl 

and Shi, 2004, Timmer and Salvesen, 2007). The activation of either apoptotic pathway 

results in the activation of the effector caspases-3/6/7, which are responsible for the 

demolition phase of apoptosis, targeting mediators and regulators of apoptosis, structural 

proteins, such as cytokeratins, cellular DNA repair proteins and cell-cycle-related proteins 

(Jin and El-Deiry, 2005).  

 

1.12.2 Mitotic Catastrophe 

Mitotic catastrophe (MC) is the main method of cell death in HNSCC and other solid tumours 

and occurs two to six days following irradiation (Ruth and Roninson, 2000, Vakifahmetoglu et 

al., 2008). Maalouf et al. (Maalouf et al., 2009) demonstrated MC in two HNSCC cell lines 

following irradiation.  MC is defined in morphological terms as a mechanism of cell death 

which occurs during or after a cell’s premature or incorrect entry into mitosis. This leads to 

atypical chromosome segregation and cell division, resulting in the formation of giant cells 

with aberrant nuclear morphology (Eriksson et al., 2003, Castedo and Kroemer, 2004, 
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Eriksson et al., 2007) multiple nuclei (Erenpreisa et al., 2005, Eriksson et al., 2007), or 

micronuclei and decondensed chromatin (Roninson et al., 2001). Cell death as a result of MC 

can be apoptotic, either caspase-dependent or caspase-independent, or necrotic (Figure 10) 

(Vakifahmetoglu et al., 2008). 

There are two main theories as to the mechanisms by which MC occurs: Firstly, mitotic 

catastrophe occurs as a result of DNA damage and defective cell cycle checkpoints, which 

require p53-dependent and independent mechanisms to function. In order for radiation-

induced DNA repair to occur, a cell must enter and maintain cell cycle arrest, which requires 

p53 (as in Chapter 1.11.5). The inactivation of p53, which is inherent in tumour cells, results 

in a deficiency in the cell cycle checkpoints, particularly the G2/M checkpoint, which allows 

the cell to enter mitosis prematurely with unrepaired DNA, which promotes MC (Ianzini et 

al., 2006). 

The second mechanism is that MC occurs due to the hyperamplification (Kawamura et al., 

2004, Kawamura et al., 2006, Eriksson et al., 2007, Bourke et al., 2007, Dodson et al., 2007)) 

or overduplication (Sato et al., 2000) of centrosomes, which leads to multipolar mitosis, 

resulting in abnormal chromosomal segregation, which creates cells with multiple 

micronuclei or binucleated giant cells (Eriksson et al., 2008, Wang et al., 2009), which leads 

to MC (Castedo et al., 2004).  

Once the cell has undergone MC, a delayed form of apoptosis ensues. During mitotic 

catastrophe, the cell enters a transient G2 arrest, but then progresses to mitosis prematurely. 

The mitotic checkpoint, known as the spindle assembly checkpoint, is subsequently activated 

and progression through mitosis is delayed (Jallepalli and Lengauer, 2001). This delay in 

mitosis may be permanent and fatal due to activation of the apoptotic pathways.  

However, cells can adapt to the mitotic checkpoint and avoid death during metaphase. These 

cells exit cell cycle arrest, but fail cytokinesis and enter the next G1 phase with a tetraploid 

DNA content (Weaver and Cleveland, 2005, Yamada and Gorbsky, 2006). Although these 

cells can survive for days, they eventually die by delayed necrosis, delayed apoptosis or 

induced senescence (Rieder and Maiato, 2004). Apoptosis in G1 is largely dependent on 

activation of the Bax-dependent mitochondrial pathway by p53 (Castedo et al., 2006). P53 

can also activate p21, which causes a post-mitotic G1 arrest causing the cells to become 

senescent (Roninson et al., 2001, Klein et al., 2005, Blagosklonny et al., 2006). Cells deficient 

in p53 will enter another round of DNA amplification, resulting in the cells becoming 
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aneuploid or polyploid (Casenghi et al., 1999, Klein et al., 2005). These cells may continue 

through several cycles of division (endoreplication), but will eventually succumb to delayed 

apoptosis or necrosis (Maalouf et al., 2009). 

The majority of evidence for the biology of MC is based on observations from monolayer 

cells and, although these function well as models, extrapolation to three-dimensional 

structures should be performed with caution (Indovina et al., 2007). Vakifahmetoglu et al. 

(Vakifahmetoglu et al., 2008) stated that cell-cell and cell-matrix interactions may be as 

important as the genomic background for the MC response, but is often neglected, a factor 

that microfluidic techniques can address by maintaining the tumour microenvironment. 

 

 

 

 

1.12.3 Senescence 

Senescence has been demonstrated in HNSCC cells (Bian et al., 2012, Gan et al., 2012) and 

refers to a state of permanent cell cycle arrest, which acts as a growth retardation mechanism 

in response to radiotherapy, preventing the propagation of damaged DNA to the next cell 

generation (Eriksson and Stigbrand, 2010). Replicative senescence occurs in normal cells that 
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have reached their proliferative limit as a consequence of telomere shortening (Roninson et 

al., 2001), a factor which tumour cells can overcome by expressing the ribonucleoprotein 

telomerase, which reverses telomere shortening (Wright and Shay, 2001). Accelerated 

senescence occurs in response to DNA damage independently of telomere shortening (Suzuki 

et al., 2001). Both forms of senescence display similar cellular phenotypic characteristics: 

flattened and enlarged cells with increased granularity (Hayflick and Moorhead, 1961, Stein 

and Dulic, 1995, Roninson et al., 2001). 

Senescence causes extensive alterations in gene expression, inhibiting several genes involved 

in cell proliferation and inducing several intra- and intercellular growth inhibitors (Chang et 

al., 2002). Both p53/p21 and p16/retinoblastoma protein (pRB) are responsible for the 

initiation and maintenance of senescence respectively (Sugrue et al., 1997, Dai and Enders, 

2000, Steiner et al., 2000, Zhang, 2007). Gadhikar et al. (Gadhikar et al., 2013) and Skinner 

et al. (Skinner et al., 2012) demonstrated that senescence is p53-dependent. Gadhikar et al. 

demonstrated that a mutation in wild-type p53 leads to inhibition of the Chk1/2 kinases, 

which are necessary for the mediation of the DNA damage response to radiotherapy. Skinner 

et al. demonstrated a significant correlation between radiation-induced senescence and in 

vitro radiosensitivity and that senescence was inhibited by a disruptive p53 mutation in 

HNSCC cells. Accelerated senescence has, however, been reported to occur in the absence of 

p53, p21 or p16 indicating that other genes are involved in the process (Shay and Roninson, 

2004).  

Whilst senescent cells do not divide, they do remain metabolically active. It has been 

demonstrated that they overexpress and secrete tumour suppressing and promoting factors, 

including a number of cytokines that promote growth arrest and allow communication 

between senescent cells and their microenvironment (Rodier et al., 2009, Coppe et al., 2010, 

Novakova et al., 2010), which is maintained by using microfluidic devices. This 

communication has been reported to promote angiogenesis, stimulate tumour cell growth and 

invasiveness and induce an inflammatory response (Eriksson and Stigbrand, 2010). 
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1.13 In vitro techniques to study HNSCC 

1.13.1 Cell culture 

HNSCC cell culture is important as it allows a population of HNSCC cells to be investigated 

and provides a preclinical model which can be used to search for novel and targeted therapies 

to treat HNSCC (Lin et al., 2007).  

In 1981, three studies demonstrated that HNSCC cell lines could be reproducibly established 

in culture using the explant outgrowth and enzyme digestion methods (Easty et al., 1981, 

Krause et al., 1981, Rheinwald and Beckett, 1981), the former being the main method by 

which cell lines are established by current investigators (Sacks, 1996). 

The primary explant method involves the outgrowth of cells from a small tissue fragment 

adherent to a growth surface such as a plasma clot or an extracellular matrix constituent e.g. 

collagen. Cells in the outgrowth are selected by their ability to migrate from the explant and 

those isolated in subculture because of their proliferative abilities. Disaggregation of the 

tissue, either by mechanical or enzymatic means, results in a suspension of cells and small 

aggregates, of which a proportion will attach to a solid substrate to form a monolayer. The 

cells within this monolayer, which are capable of proliferation, will be selected at the first 

subculture and may result in a cell line. Tissue disaggregation is capable of generating larger 

cultures more rapidly than explant culture, but explant is preferable if only small fragments of 

tissue are available or if the cells are fragile. As it is the precursor cells within a tissue that are 

capable of proliferation, they tend to make up the primary subculture; cell culture conditions 

must, therefore, by virtue of the process that produces them, favour both expansion and 

differentiation (Freshney, 2010). 

It is well accepted that the major disadvantage of using cell lines to investigate HNSCC is 

that cell culture is a selective process and there is genetic drift due to long term culture in 

vitro, whereas HNSCC demonstrates a high level of heterogeneity. Only those cells which 

outgrow from an explant or attach following proteolytic dissociation of a primary tumour 

have the potential to grow in culture. Only those cells which survive and adapt to both the 

culture medium and culture techniques have the potential to grow (Sacks, 1996). Another 

disadvantage is that the cytological characterisation is lost during this process as a result of 

flattening of the explant with cell migration and some degree of central necrosis due to poor 

oxygenation (Freshney, 2010).  
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1.13.2 Organotypic culture 

Organotypic culture involves growing cells in a three-dimensional environment as opposed to 

two-dimensional culture dishes and is a technique that has previously been used with HNSCC 

(Robbins et al., 1991, Robbins et al., 1994, Eicher et al., 1996, Gutschalk et al., 2006, Chen et 

al., 2013, Dalley et al., 2013). It enables the synthesis of a tissue equivalent or construct for 

studies of cell-cell and cell-matrix interaction and for in vivo implantation. In order to 

replicate tissue, all the cell types that present in vivo must be identified, cultured and 

recombined in the correct proportions and position, but this can be hard to verify.  

Many methods of cell recombination exist ranging from allowing cells to multilayer by 

perfusing a monolayer (Kruse et al., 1970) to a highly complex perfused membrane (Klement 

et al., 1987), so called histotypic cultures. Using selective media, cloning or physical 

separation methods, it is possible to isolate purified cell strains from disaggregated tissue at 

primary culture or at first subculture. These purified cell cultures can then be combined in 

organotypic culture to recreate both the tissue density and cell interactions and matrix 

generation found in the tissue. To replicate the three-dimensional tissue structure, a scaffold is 

used to cultivate the cells, which promotes orderly regeneration by closely resembling the in 

vivo extracellular matrix (Freshney, 2010).  

Organ culture involves the culture of small sized samples of tissue, normal or tumour, and 

enables maintenance of the normal in vivo histoarchitecture and diversity of cell types. 

Structural integrity is maintained with cells residing on in vivo produced extracellular matrix 

allowing for correct homologous and heterologous cellular interactions. Explant culture is 

able to overcome the problems associated with clonogenic-based assays i.e. difficulty in 

producing single cell suspensions and low cloning efficiencies (Rupniak and Hill, 1980, 

Cobleigh et al., 1984).  

Organotypic culture methods have been used with HNSCC cells. Several of the most recent 

studies have used this culture technique to study the progression of normal cells to tumour 

cells and the behaviour of tumour cells and the factors promoting invasion. Yoo et al. (Yoo et 

al., 2000) used oral squamous cells and exposed them to a carcinogen to develop an in vitro 

HNSCC tumour progression model and were able to replicate similar angiogenic and cell 

cycle regulation properties of in vitro HNSCC. Gutschalk et al. (Gutschalk et al., 2006) used 

a three-dimensional organotypic model to demonstrate the role of granulocyte colony-

stimulating factor in promoting tumour cell invasion in HNSCC. Dalley et al. (Dalley et al., 
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2013) similarly investigated the progression of oral squamous cells from normal cells to 

dysplastic cells and onto malignant cells. Chen et al. (Chen et al., 2013) used this culture 

technique to demonstrate how carcinoma-associated fibroblasts promote tumour invasiveness.  

This culture technique has also been used to investigate the effects of radiation on HNSCC. 

Tobita et al. (Tobita et al., 2010) used an organotypic culture system as an in vitro model to 

investigate the effects of radiation (0, 1, 3 and 8 Gy) on oral keratinocytes and demonstrated 

that the production of the pro-inflammatory cytokines IL-1alpha and IL-8 increased in a dose-

dependent manner. 

Whilst it has useful applications, organotypic culture also has its disadvantages. One of the 

main problems associated with organotypic culture is the diffusion of nutrients and gases into 

the tissue, a factor that limits specimen size. It does not incorporate physiological systems, 

such as vascular or nervous systems and cannot evaluate the therapeutic index of an 

intervention (Benbrook, 2006). It has been stated also that there is an increased chance of 

experimental variability, given the use of different tissue fragments, which is not the case 

with cell lines (De Gendt et al., 2009).  

 

1.13.3 Three-dimensional culture system 

Although organ/explant cultures have three-dimensional complexity, similar to in vivo, they 

lack the experimental reproducibility associated with cell culture. Three-dimensional culture 

systems have been developed to provide an organisational complexity that is intermediate to 

the culture of single cells and organ/explant cultures or in vivo (Hoffman, 1991, Freshney, 

2010). Three-dimensional systems offer an additional advantage in that histological-based 

assays can also be performed allowing structure-function studies to include cell biological, 

biochemical and molecular techniques, which enables the analysis of individual three-

dimensional cultures at the molecular level.  

Multicellular tumour spheroid (MTS) can be used as an organoid model in which tumour 

cells are seeded onto a membrane filter and cultured at the liquid-air interface. Cells 

aggregate into a three-dimensional structure, which has in vivo-like histoarchitecture (Kopf-

Maier, 1992). The culture of epithelial cells on a collagen matrix is then lifted to the liquid-air 

interface so that nutrients are obtained through the basal layer as in vivo, results in growth of 

a multi-layered three-dimensional skin-like epithelium, termed raft culture (Asselineau et al., 
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1986). Physiologically, spheroids more closely resemble the in vivo environment compared to 

monolayer cells (Mueller-Klieser, 1987, Sutherland, 1988). 

MTS have previously been used to study radiation biology, in particular, the testing of 

radiotherapy protocols, including dose rate and fractionation and the effects of combined 

therapies (Stuschke et al., 1992, Stuschke et al., 1995). Santini et al. (Santini et al., 1999) 

stated that future work should study radiation-induced apoptotic cell death, cell-cell 

interactions and cell-cycle events, which the current study will use microfluidic techniques to 

investigate. 

Suit et al. (Suit et al., 1990) demonstrated an increased radiosensitivity of HNSCC spheroids 

compared to glioblastoma multiforme spheroids following irradiation with 6 Gy. 

Schwachofer et al. (Schwachofer et al., 1991b) subsequently demonstrated that HNSCC 

spheroids have a greater capacity to repair sublethal damage than neuroblastoma spheroids 

following irradiation with 4 Gy (75% repair cf 50%). The same group also investigated the 

influence of once or twice daily irradiation regimes on spheroid growth. They demonstrated 

that in small spheroids, growth delay was greater in twice daily regimens compared to once 

daily, whereas, in larger spheroids, there was no difference between the two regimens 

(Schwachofer et al., 1991c). Studies have been performed on hypoxia in HNSCC spheroids, a 

main causative factor of radioresistance. Schawachofer et al. (Schwachofer et al., 1991a) used 

MTS to investigate the oxygen tensions in HNSCC and neuroblastoma cells at one and five 

hours following irradiation with 5 and 10 Gy. No significant difference in oxygen tension was 

observed shortly after irradiation. More recently, Marushima et al. (Marushima et al., 2011) 

cultured HNSCC spheroids in a hypoxic microenvironment and demonstrated the key 

regulatory molecules that are responsible for activating the HIF-1 (hypoxia-inducible factor) 

pathway, which could elucidate targets for future therapies if radioresistance due to hypoxia 

is to be overcome. 

Hirschhaeuser et al. (Hirschhaeuser et al., 2010) stated that spheroids generated from tumour 

or tissue biopsies are of growing interest in the area of individualised and patient-specific 

therapy. Kross et al. (Kross et al., 2008) used fragment spheroids of HNSCC and benign 

mucosa from the head and neck in a co-culture with monocytes. They demonstrated that 

increased cytokine levels in the supernatant were associated with tumour recurrence. A 

further advantage of using biopsy material is that the cultivated spheroids contain tumour 

progenitor stem cells, a major factor in radioresistance. Krishnamurty et al. (Krishnamurthy et 
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al., 2010) demonstrated an increased ability of self-renewal of cancer stem cells isolated from 

HNSCC cells, indicated by their propensity to form spheroids in suspension culture compared 

to controls, a characteristic that was also demonstrated by Harper et al. (Harper et al., 2007) 

and Lim et al. (Lim et al., 2011). Recently, Liao et al. (Liao et al., 2013) used a HNSCC 

cancer stem cell MTS to demonstrate the susceptibility of CSC to cytotoxic T lymphocyte 

mediated lysis. 

 

1.13.4 In vitro animal models 

Animal models of HNSCC include chemically induced de novo cancer, syngenic animal 

tissue transplanted into an immunologically competent animal environment, xenogenic 

human tissue transplanted into an immunodeficient animal environment and transgenic 

models, each of which have their own advantages and disadvantages as shown in Table 3. 

There are two established systems for chemically induced de novo cancer: the hamster cheek 

pouch carcinogenesis induced by 7,12 dimethylbenz(a)anthracene (DMBA) (Shklar, 1972) 

and 4-nitroquinoline-N-oxide (4NQO) carcinogenesis of rat palate. The complete hamster 

carcinogenesis model (normal, premalignant and malignant buccal cells) has been established 

in vitro and characterised with respect to Polverini, Solt and colleagues (Polverini and Solt, 

1986, Polverini and Solt, 1988, Polverini et al., 1988, Solt et al., 1988, Moroco et al., 1990, 

Hussong et al., 1991). 

The tumorigenicity of HNSCC cell lines enables them to be used to create xenograft models, 

either by subcutaneous injection (Baker, 1985) or by direct injection into the oral cavity, 

which results in a tumour which is locally invasive and has metastatic potential (Dinesman et 

al., 1990). 
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Table 3. Summary of major advantages and disadvantages of HNSCC animal models (Smith 

and Thomas, 2006).   

Classification Advantages Disadvantages 

Chemical Carcinogenesis Ability to study a lesion through all 

stages of carcinogenesis. Useful for 

testing carcinogenic promoters and 

inhibitors. 

Increased time and expense until 

animal is testable. Lymph node 

metastasis uncommon. 

Hamster cheek pouch 

 

 

 

First chemical carcinogenesis model 

for HNSCC 

 

 

DMBA painted onto the hamster cheek 

pouch 

Tumour formation in 10-16 weeks. Prolonged animal and carcinogen 

handling required may be hazardous to 

laboratory staff. 

 

Hamster cheek pouch has poor 

lymphatic drainage and no anatomic 

equivalent in human. 

 

Ectopic tumour formation in the 

oesophagus, stomach and lips. 

Rat palate 

 

4-NQO painted onto the rat palate 

 

 

 

 

 

Rat tongue 

4-NQO added to rat drinking water 

Evidence of field cancerisation. 

 

Histological and molecular progression 

of tumorigenesis is similar to human 

clinical disease. 

 

 

 

 

Decreased labour, carcinogenic 

exposure and animal husbandry 

compared with rat palate model. 

Tumour formation in 20-26 weeks 

 

Tongue tumours are commonly 

observed concurrently. 

 

Aggressive features common to 

HNSCC are rarely seen in 4-NQO 

induced chemical carcinogenesis. 

 

Tumour formation in 20-28 weeks 

Syngenic models 

 

 

Immortalised syngenic tumour cells 

transplanted into recipient animals 

 

 

Subcutaneous transplantation 

 

 

 

Orthotopic transplantation 

Ready for study soon after 

transplantation 

 

Immunocompetent host allows for 

studies of tumour-host immune 

interactions 

 

Easy to follow tumour growth and 

monitor end points of study (e.g. 

tumour size) 

 

More closely resembles the local and 

regional aggressiveness of human 

clinical disease 

 

Requires animal tumour tissue 

 

 

Model limited by benign growth 

pattern 

 

 

Subcutaneous tumour growth does not 

closely approximate human clinical 

disease 

 

Early tumour burden limits time period 

for study. Technically more difficult to 

measure and quantify tumour growth 

 

Xenograft transplantation 

Human tumour tissue 

(immortalised cells or fresh tissue 

explants) is transplanted into recipient 

animals 

Nude mouse – subcutaneous 

 

 

 

 

Nude mouse – orthotopic 

 

Allow for use of human tumour tissue 

 

 

 

Easy to follow tumour growth and 

monitor end points of study (e.g. 

tumour size) 

 

 

Orthotopic transplantation more closely 

recreates human disease with local 

tissue invasion and metastasis 

No functional host immune system 

 

 

 

 

Human tumours do not metastasise and 

are not locally invasive when placed 

subcutaneously in nude mice 
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SCID mouse 

 

 

 

 

 

 

 

 

Will accept engraftment of human 

lymphocytes. Cotransplantation of 

human tumour tissue with human 

lymphocytes allows study of 

interaction of tumour tissue with 

functional immune elements in an in 

vivo model 

 

Early tumour burden limits time period 

of study. More difficult to quantify 

tumour burden and monitor efficacy of 

experimental manipulation if tumour 

burden is end-point. Low incidence of 

regional lymph node metastases. 

Transgenic mouse models 

 

Newer technologies may control gene 

expression at various stages of 

development through activation of 

mutant alleles at precise points in the 

developmental process 

May not reflect human disease in terms 

of degree of gene expression during 

embryonic development and the 

expression levels of the antigen in 

normal tissues 

 

 

1.14 Microfluidics 

Earlier cell culture techniques were limited in that they were unable to accurately replicate the 

in vivo microenvironment. Conventional tissue culture methods typically supply nutrients and 

growth factors in batches, but as a result of cellular metabolism, nutrient levels diminish and 

waste products accumulate. This variation in the levels of nutrients and waste products does 

not imitate the tightly regulated homeostatic systems in vivo (Walker et al., 2004, Warrick et 

al., 2007, Kim et al., 2007). Given that the flow and spatial parameters which exist in tissue 

are very similar to those that can be achieved through microfluidic techniques, the 

opportunity to perform continuous perfusion of tissue samples (Kim et al., 2006, Nevill et al., 

2007) offers a more attractive experimental approach than the turbulent fluidic conditions 

present in a standard batch culture system (Yu et al., 2007). 

The benefits of microfluidic techniques for cell or tissue culture include laminar flow 

conditions, which enables predictable flow of fluids through the device, namely cell culture 

medium, small length scales, allowing for small tissue samples to be used, large surface to 

volume ratios, providing nutrients to a large surface area of tissue for a given volume of 

culture medium, in addition to portability, reusability and reduced material cost (El-Ali et al., 

2006, Meyvantsson and Beebe, 2008). These factors, combined with unprecedented spatial 

and temporal control over materials entering and leaving the experimental system make the 

microfluidic device an extremely useful culture tool (Takayama et al., 2003).  The ability to 

place a viable tissue biopsy in a microfluidic device offers the opportunity to control, probe 

and monitor complex cell functions in diseased and healthy tissue whilst maintaining the in 
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vivo architecture (El-Ali et al., 2006, Weibel and Whitesides, 2006, Nakanishi et al., 2008, 

Puleo et al., 2007). 

The behaviour of HNSCC cells is governed by their microenvironment, which is a milieu of 

soluble factors, cell-matrix interactions and cell-cell contacts within an environment with 

specific physicochemical properties (pH, oxygen tension, temperature and osmolality). The 

factors present within this environment provide a set of extracellular cues that work in 

conjunction with each other to regulate cell structure, function, behaviour and ultimately 

growth, development and repair (Young and Beebe, 2010). Interactions between the cell and 

the extracellular matrix are mediated by cell surface integrins, which transduce mechanical 

signals to the cell ’ s cytoskeleton, driving proliferation, differentiation and apoptosis 

(Janmey and McCulloch, 2007). The cell-matrix interactions are preserved in the current 

study by the use of tissue biopsy specimens, which enables maintenance of the tissue 

architecture. The maintenance of these cell-cell and cell-matrix interactions are imperative as 

they determine the fate of a cell in response to stresses such as radiotherapy (Keenan and 

Folch, 2008). Microfluidic techniques can maintain this cellular microenvironment and, by 

mimicking these parameters, maintain these cellular behaviours (Kamotani et al., 2007). 

Several other studies have used microfluidic techniques to study HNSCC tumour cell 

behaviour as shown in Table 4. 

Various materials can be used to construct the microfluidic devices. Poly(dimethylsiloxane) 

(PDMS) was originally very popular due to its ease of construction, its non-toxicity to cells, 

its gas permeability and its excellent optical properties. However, recent work has highlighted 

problems with using it. It has been shown to sequester small hydrophobic molecules such as 

oestrogen (Regehr et al., 2009) and leach out uncrosslinked oligomers that bind to cell 

membranes. It has also been shown to interfere with cell metabolism and proliferation 

(Paguirigan and Beebe, 2009). The deformability property of PDMS has been shown to lead 

to undesirable sagging and bulging of microchannel walls (Gervais et al., 2006). By 

constructing the devices out of a more solid, inert substance such as glass, these problems can 

be overcome. 
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Table 4. A summary of the studies that have used microfluidic techniques to investigate 

HNSCC. 

 

Author HNSCC Tissue Applications 

Broche et al. (Broche et al., 2007) Oral SCC cells compared 

to benign oral mucosal 

cells 

Device for cancer cell biophysical property 

characterisation using dielectrophoresis.  

Compared to benign cells, the cytoplasmic 

conductivity is lower in malignant cells and a higher 

specific membrane capacitance. 

Wen et al. (Wen et al., 2007) Nasopharyngeal 

carcinoma cells 

mRNA expressison changes in the tumour-

associated genes p53, H-ras and NME1 in 

nasopharyngeal carcinoma cells before and after 5-

FU treatment. 

Gau et al. (Gau and Wong, 2007) Oral SCC cells Oral SCC diagnostics. 

Two salivary proteomic biomarkers (thioredoxin and 

IL-8) and four salivary mRNA biomarkers (SAT, 

ODZ, IL-8 and IL-1b) can detect oral cancer with 

high sensitivity and specificity.  

Ziober et al. (Ziober et al., 2008) Oral SCC Biomarker based identification of oral cancer cells. 

30-gene transcription profile in cancer cells isolated 

from oral fluid samples.  

Zhang et al. (Zhang et al., 2008) Nasopharyngeal 

carcinoma cells 

On-chip oligonucleotide ligation using a series of 

functionalised beads to detect low-abundant point 

mutations in p53. Device capable of detecting one 

mutant p53 gene in 1000 wild-type sequences using 

the polymerase chain reaction. 

Cho et al. (Cho, 2009) HNSCC cells Device for cancer cell biophysical property 

characterisation using impedance spectroscopy. 

Impedance differences demonstrated between 

HNSCC cells of different metastatic potential. 

Yang et al. (Yang et al., 2009) Nasopharyngeal 

carcinoma cells 

mRNA expression changes of the tumour associated 

genes p53, c-myc and cyclin D1 in nasopharyngeal 

carcinoma cells before and after 5-FU treatment. 

Tan et al. (Tan et al., 2010) Tongue and pharynx 

cancer cells 

Cell-sized based cancer cell separation device. 

PDMS based crescent shaped isolation wells. 

>80% cancer cell capture rate. 

Hattersley et al (Hattersley et al., 2012) HNSCC. Different 

primary sites and 

metastatic cervical lymph 

nodes 

Glass microfluidic device used to investigate the 

cytotoxic effects of different chemotherapy 

regimens. 

A combination regimen containing cisplatin, 5-FU 

and docetaxel resulted in the greatest level of 

cytotoxicity compared to regimens containing 2 of 

the agents and a control. 

Patel et al. (Patel et al., 2013) HNSCC cell lines The rapid detection of Desmolein 3 (DSG3) as a 

sensitive marker for lymph node metastasis using a 

microfluidic immunoarray platform 
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1.14.1 Scaling effects 

Although a desirable feature of microfluidic systems is that it is scaled down to the sub-

millimetre scale, it does mean that forces that were once deemed negligible become 

significant. Surface forces e.g. surface tension and electrostatic forces become dominant over 

body forces e.g. gravity, inertial forces. The ratio of surface area to volume, which is 

inversely proportionally to the characteristic length scale becomes significantly large, 

allowing a greater volume of fluid or sample molecules to interact with surfaces. The 

relationship between inertial and viscous forces in fluid transport is calculated by the 

Reynolds number:  

 

Equation 2 

 

 Re = (inertial effect) / (viscous effect) = ρUL / µ (ρ = density of fluid, U = average flow speed, L = 

 characteristic length scale, µ = fluid viscosity) 

 

In microfluidics, the viscosity of a fluid is the dominant force and determines flow behaviour, 

causing the Reynolds number to be much smaller than one, mainly due to small length scales 

and slow flow speeds. The most important consequence of a low Reynolds number flow is 

that fluid streams are driven parallel to the local orientation of microchannel walls without 

random fluctuations of the flow in time, so called laminar flow (Sobek et al., 1993, Stone and 

Kim, 2001). 

 

1.14.2 Laminar flow 

‘This is the definitive feature of microfluidics and is characterised by a smooth, orderly 

motion of fluids without random temporal variations and strong dissipations of momentum 

and energy’(Sato et al., 2003).  

A reduction in inertial forces allows for accurate prediction of flow fields, making it easy to 

control flow patterns and transport phenomena. Fluid motions in microfluidic systems 

operating at low Reynolds numbers are driven by externally applied pressure gradients (Sato 

et al., 2003), electro-osmosis (Bharadwaj et al., 2002), surface wetting (Pollack et al., 2000, 

Lee et al., 2002, Hayes and Feenstra, 2003) and interfacial tension gradients (Bain, 2001). In 

a microfluidic device, two or more miscible laminar streams are able to flow adjacent to each 
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other in the same direction, with only diffusive mixing occurring at the interface in the 

absence of transverse convective fluid motions. Each laminar stream is able to retain its 

chemical composition and physical contents over the short length of microchannels. This 

enables selective delivery of chemicals (Delamarche et al., 1998, Takayama et al., 2001a, 

Takayama et al., 2001b), proteins (Delamarche et al., 1997, Zhao et al., 2002) and cells 

(Takayama et al., 1999) to specific locations to form spatially directed patterns on channel 

surfaces. This technique is collectively known as ‘laminar flow patterning’ and has been 

utilised to study cell-cell, cell-surface and cell-medium interactions (Folch and Toner, 2000). 

Laminar flow is advantageous when investigating tumour biology as convective contributions 

can be negated and the supply of nutrients, gases and drugs, as well as the substances in the 

effluent from the device, such as soluble cytotoxicity markers as in the current study, can be 

controlled and understood (Squires and Quake, 2005).  

The dimensions of the microfluidic environment are comparable to the intrinsic cellular and 

capillary dimensions (190m wide and 70m deep in the current study). Therefore, gas and 

drug diffusion rates, shear stress and even microscale cellular niches can be artificially 

recreated on chip, mimicking the physiological in vivo microenvironment (Walsh et al., 2009). 

Unlike other microfabricated technologies, which provide a snapshot of intermittent cellular 

reactions, microfluidics can provide real-time analysis (Wlodkowic et al., 2010).  

 

1.14.3 Microfluidics and radiation 

Previous work has addressed the administration of X-rays to microfluidic systems for X-ray 

diffraction and X-ray fluorescence chemical analysis. X-rays have been administered to 

microfluidic systems to assess the quality of crystals by X-ray diffraction (Zheng et al., 

2004a). There have been various problems encountered during this process, especially with 

the material used to fabricate the microfluidic device as this can alter the amount of X-rays 

absorbed by the device. Glass and polydimethylsiloxane (PDMS) absorb the greatest amount 

of radiation, whereas polycarbonate of Bisphenol A absorbs the least (Greaves and Manz, 

2005).  

At low energy levels i.e. those within the kiloelectronvoltage spectrum, a photon can eject an 

electron from its host atom entirely, a process known as the photoelectric effect. This 

describes the emission of electrons from matter as a consequence of their absorption of the 

energy of the photon, electrons emitted in this manner are known as photoelectrons 
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(Richardson and Compton, 1912). At these energy levels, it has been stated that microfluidic 

chips made from borosilicate glass demonstrate such high radiation absorbance that they are 

inadequate for radiation analysis (Greaves and Manz, 2005). However, the energy levels of 

the radiation produced by a linac are in the megaelectronvoltage range and, therefore, the 

dominant effect is Compton scattering (Compton 1925). This describes the transference of 

part of the energy of an X-ray photon to an electron, which is subsequently ejected from its 

atom; the remaining energy being taken by the degraded photon. Therefore, at the radiation 

levels produced by the linac in this study, the absorbance of the glass is considered, but is not 

an issue. 

To the best of the author’s knowledge, there are no previous studies investigating the 

response of HNSCC tissue biopsies to radiation in a microfluidic device. 
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Aims 

The aim of this study was to develop a simple microfluidic device that can accurately detect 

the response of head and neck squamous cell carcinoma (HNSCC) biopsy samples to external 

beam radiotherapy. Ultimately, the aim will be to develop a tool that can be used to predict 

the response of an individual patient’s tumour to radiotherapy prior to that patient starting 

radiotherapy treatment. This would offer potential benefits to both the patient and the 

National Health Service. For the patient it would avoid them undergoing an unnecessary 

treatment associated with significant morbidity and avoid the need for salvage surgery. 

Potentially there would be savings of time and money for the NHS. 

The aim was to use rat liver to establish a tissue model, which could be used to investigate the 

effects of different doses of radiotherapy, administered as either a single or fractionated dose; 

the effects being analysed in two distinct ways. The measurement of soluble markers released 

by the tissue will assess cell death (lactate dehydrogenase – LDH) and hepatocyte synthetic 

function (albumin and urea). After being maintained in the device the tissue will be 

cryosectioned and haematoxylin and eosin analysis performed. 

Once the tissue model has been established, the effects of different radiotherapy doses on 

HNSCC samples will be assessed. LDH and cytochrome-c will be measured in the effluent to 

assess cell death. H&E staining and immunohistochemistry will be performed on the tissue 

following maintenance in the device, assessing for apoptosis and DNA strand breaks in 

response to varying doses of radiotherapy. 
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Chapter 2 

Materials and Methods 

2.1 Design and fabrication of the microfluidic device 

The microfluidic devices were fabricated in-house at Department of Chemistry, University of 

Hull, using photolithography techniques (Broadwell et al., 2001, McCreedy, 2001). 

AutoCAD LT software (computer-assisted design package) was used to design the 

microdevice from which a photomask was generated. The final device was generated in glass 

using standard photolithography and wet-etching techniques
 
(Broadwell et al., 2001). The 

device consisted of two layers of glass: the top layer measuring 3mm in thickness had three 

holes drilled into it: one for inflow and two for outflow. A central chamber of 3mm diameter 

was also drilled in order to accommodate the tissue. The bottom glass layer, measuring 1mm 

in thickness, had a channel network etched into it to produce channels of 190µm wide and 

70µm deep with one inflow channel and two divergent outflow channels. The holes drilled in 

the top layer married up with the channels in order to provide access to them.  The two layers 

were then thermally bonded in a furnace at 590
o
C for 3 h (Figure 11).  

 

 

Figure 11. Schematic diagram of the microfluidic device (Hattersley et al., 2008). 
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2.2 Microfluidic system for maintaining tissue biopsies 

2.2.1 Preparation of the microfluidic device 

Prior to use, the glass microchips, tubing, 3-part adaptor and microport adaptor were sterilised 

by autoclaving at 121
o
C for 20 minutes.  

To assemble the tissue chamber, a microport (Anachem, UK) was glued to the surface of the 

top glass layer of the microfluidic device using Araldite Rapid Ceramic and Glass
® 

glue 

(Bostik, UK) and positioned so that the drilled central chamber was at its centre. An English-

threaded adaptor (Anachem) was then used to seal the tissue cavity. This adaptor was filled 

with poly-dimethylsiloxane (PDMS; Dow Corning, UK) to allow gaseous exchange. 

Polytetrafluroethylene (PTFE) tape (Draper, UK) was wound around the thread of the adaptor 

in order to form a watertight seal. The volume of the tissue chamber was approximately 20µL.  

TFE Teflon tubing (Anachem) with an internal diameter of 0.8mm and an external diameter 

of 1.58mm was used for both the inlets and outlets. The tubing was connected to the 

microfluidic device by gluing a trimmed yellow pipette tip to one end of it. The narrow part 

of the pipette tip was then pushed into the pre-drilled holes of the top glass layer so that it 

fitted securely. A 0.22m syringe filter (Millipore, Watford, UK) was fitted in-line to a 20ml 

syringe (Becton, Dickson and Company) to remove any bacterial contamination and minimise 

any gas bubbles and the filter was connected to the inlet tubing via a 3-part adaptor 

(Upchurch Scientific, WA, USA) The syringe was then connected to a Harvard PhD 2000 

syringe pump (Harvard, UK). The length of the tubing from the syringe to the device was 

30cm, which allowed sufficient transit time for the medium to be heated to 37
o
C before 

reaching the tissue.  Outflow tubing measuring 8cm was used for the non-radiotherapy 

devices, whilst outflow tubing measuring 30cm was used for the radiotherapy devices as they 

had to pass through the drilled holes in the phantom (section 2.5). The microfluidic devices 

together with the outflow tubing and the majority of the inflow tubing were maintained at 

37
o
C by placing them in an egg incubator (Covatutto 24 Eco Automatic Incubator, Novital). 
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2.2.2 Running the microfluidic device 

Once assembled the device was primed with 70% (v/v) ethanol/water by pumping through for 

15 minutes at 10µl min
-1

 followed by a rinse with autoclaved, distilled water for 15 minutes at 

10µl min
-1

. Under aseptic conditions in a class II biological safety cabinet, appropriate 

medium was prepared as described previously (complete Williams Medium for rat liver tissue 

and complete DMEM for HNSCC tissue; sections 2.3 and 2.4 respectively), and added to a 

clean syringe before being pumped through the system for a minimum of 30 minutes at 20µl 

min 
-1

. Once primed, fresh tissue was divided into 5-10mg pieces using a scalpel and placed 

directly into the central well of the microfluidic devices under sterile conditions whereas 

frozen tissue samples were defrosted for two minutes and divided into 5-10mg pieces before 

being placed into the device. The threaded adaptor was used to seal the tissue in the culture 

chamber so that the ratio of chamber to tissue volume was approximately 1:0.8. The whole 

unit was then placed back into the 37
o
C incubator. 

The flow rate was set at 2µl min
-1

 and a visual check was made to ensure no bubbles were 

trapped in the chamber; any bubbles were removed using a sterile hypodermic needle. The 

effluent coming from the outflow tubing was collected at two hourly intervals throughout the 

day into a sterile 0.5ml polypropylene tube (Sarstedt, UK) with a hole fashioned in the lid. 

Parafilm was used to cover the hole to prevent bacterial contamination and leakage of the 

effluent. A single sample was collected overnight into a 1.5ml polypropylene tube and over 

the weekend a 15ml falcon tube was used. The two effluent samples from the outflow 

channels were combined and stored at 4
o
C prior to the LDH, albumin and urea assays being 

performed. Cytochrome c samples were stored at -80
o
C.  

 

2.3 Rat liver collection and preparation 

The liver was taken from Wistar rats (Wistar, B&K Universal Ltd, UK), which had been fed 

and watered ad libitum until anaesthetised (10ml kg
-1

 of 10mM sodium thiopentone, 

intraperitoneal) and killed under a Schedule 1 procedure prior to liver extraction. The liver 

was immediately sectioned into pieces approximately 1cm
3 

in volume.
 
Fresh samples were 

either divided into 3mm
3
 pieces in a class II biological safety cabinet and placed directly into 

the microfluidic devices or stored in cryovials (Alpha Laboratories, UK) in Williams Media E 

(WME, Gibco, UK) with 18% (w/v) dimethyl-sulphoxide (DMSO), 10% (w/v) foetal bovine 
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serum (FBS) and penicillin/streptomycin 0.1U/ml and 0.1mg/ml respectively, before being 

cooled at 1
o
C/min in a ‘Mr Frosty’ placed in a -80

o
C freezer for 24 hours prior to storage in 

liquid nitrogen for future use. 

 

2.4 Collection of HNSCC tissue samples 

Samples were provided in an anonymous manner by patients undergoing surgery for T1-T3 

head and neck squamous cell carcinoma, in accordance with Local Research Ethics 

Committee  (LREC-10/H1304/6; AM01) and NHS Trust R&D approval (R0987), following 

written, informed consent, from newly presenting patients with HNSCC at the Head and Neck 

Surgery Dept. at Castle Hill Hospital, Hull. Tissue biopsies obtained were transported to the 

laboratory at 4
o
C in Dulbecco’s modified Eagle’s media (DMEM, PAA Laboratories, Yeovil, 

Somerset, UK) supplemented with 10% (v/v) heat inactivated filtered (0.22µm filter, 

Millipore) foetal bovine serum (FBS), 3% (w/v) 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES buffer, PAA), penicillin/streptomycin 0.1U/ml and 

0.1mg/ml respectively (Sigma, UK), 1% (w/v) non-essential amino acids (PAA) and 0.4mM 

glutamine. Within 40 minutes of resection, the HNSCC tissue was cut into approximately 

3mm
3
 sections under sterile conditions in a class II biological safety cabinet, each weighing 

between 5 and 10mg sections with minimal damage to the tissue. The weight of each 

individual sample was recorded. Fresh samples were either placed directly into the 

microfluidic devices or wrapped in aluminium foil and snap-frozen in liquid nitrogen 

followed by storage at -80
o
C for future use. 

 

2.5 Administration of radiation 

Irradiation of the tissue took place at the Queen’s Centre for Oncology, Castle Hill Hospital 

using a 6 MV photon beam from a Varian Linear Accelerator. A simple phantom was used 

which consisted of two perspex blocks, one placed on top of the other. An area was created in 

the lower block to accommodate the microfluidic device; the upper block had holes drilled in 

it to allow the inflow and outflow tubes to pass through.  The phantom and a dummy 

container had previously been imaged on a Philips CT scanner to enable an accurate 

radiotherapy delivery to be planned based on the electron density variation within the 

phantom and using a pair of parallel opposed beams. Irradiation consisted of beams at gantry 
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Radiotherapy Gantry 

 

 

 

 

 

 

Effluent from microfluidic device 

 

 

 

Microfluidic device housed inside a  

Perspex block 

 

Syringe containing culture medium 

in a syringe driver 

angles of 90 and 270 with a 5cm x 5cm field size and each delivering 114 monitor units 

(MU) in order to produce a uniform dose to the centre of the specimen of 2 Gy. This delivery 

was incremented according to the specific dose required on each occasion. The microfluidic 

device, phantom, syringe driver and incubator were all transported to the radiotherapy suite in 

a metallic trolley with internal dimensions of 94 x 48 x 25cm with pneumatic tyres, which 

was padded with bubble wrap to ensure that all the equipment was secure on transfer. The 

transfer time from the laboratory to the radiotherapy suite was 10 minutes and it took 

approximately 15 minutes to administer the radiation. During the transfer the syringe driver 

and the incubator were powered by an uninterruptible power supply (UPS) (Riello UPS Net 

Dialog 1000, Riello UPS Ltd, UK). 

 

   

Figure 12a. Schematic to demonstrate how the microfluidic device 

was assembled to administer the radiation.  
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Figure 12b. Photograph demonstrating how the microfluidic device was assembled on the 

gantry for administration of radiation. 

 

 

2.6 Measurement of cell death using lactate dehydrogenase (LDH) and cytochrome c 

release 

2.6.1 LDH assay 

LDH is an intracellular enzyme, present in the cytosol of all cells. It is a hydrogen transfer 

enzyme involved in the glycolysis pathway where, under anaerobic conditions, it causes the 

reoxidation of the coenzyme nicotinamide adenine dinucleotide (NADH) to NAD
+
, which is 

necessary for adenosine tri-phosphate (ATP) synthesis. To enable this, NAD
+
 acts as a 

cosubstrate in the conversion of pyruvate to lactate, which is catalysed by LDH (Figure 13) 

(Rodwell, 1993). This mechanism is utilised in the cytotoxicity detection assay from Roche. 

In the first step NAD
+
 is reduced to NADH/H

+ 
by the LDH-catalysed conversion of lactate to 

pyruvate. In the second step, the catalyst (diaphorase) transfers H/H
+ 

from NADH/H
+ 

to the 

tetrazolium salt INT (pale yellow) to formazan salt (red). 

Microfluidic device housed inside 

Perspex block 

Syringe containing culture 

medium 

Syringe pump 

Radiotherapy Gantry 
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Cell lysis, as a result of cellular damage, causes cell membrane breakdown resulting in 

cytoplasmic enzymes, such as LDH, to be released into the extracellular space.  

LDH levels in the effluent were measured using a colourimetric assay (LDH Cytotoxicity 

Detection Kit, Roche, UK). Following reconstitution of the catalyst (diaphorase/NAD
+
 

mixture) with 1.125ml of distilled water for each batch of 100 tests. An aliquot (125µl) of the 

reconstituted catalyst was added to 5.63ml of the dye solution (Iodotetrazolium chloride).  

To a 96-well plate, 50µl of the effluent or control was added in duplicate to each well 

followed by 50µl of the prepared catalyst-dye mixture. The plate was incubated for 30 

minutes at 37
o
C after which 25µl of the stop solution (1N HCL) was added to each well. The 

absorbance of the wells was measured at 492nm with wavelength correction at 600nm using a 

Multiskan FC plate reader (Thermo Scientific). The absorbance values for medium alone 

were subtracted from each sample value and the values obtained were standardised per 

milligram of starting weight of tissue. In order to determine if the tissue was alive at the end 

of the experiment, in some cases lysis agent from the kit (10% (v/v) Triton-X) was added to 

the medium 4-6 hours prior to the end of the experiment to cause maximal cell membrane 

rupture in order to demonstrate the potential amount of LDH remaining in the tissue. 

 

 

 

 

 

 

 

Figure 13. NAD
+ 

acts as a 

cosubstrate in the LDH reaction 

(Rodwell, 1993). 
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2.6.2 Cytochrome c ELISA 

A Quantikine® human cytochrome c immunoassay ELISA kit (R&D Systems, UK) was used 

with the HNSCC tissue samples to measure the amount of cytochrome c present in the 

effluent. 

 

Figure 14. Quantikine human cytochrome c immunoassay ELISA (R&D, 2013) 

 

A microplate pre-coated with capture antibody is provided with the kit. Samples or standards 

were added and any analyte present is bound by the immobilised antibody. Unbound 

materials were washed away. A second horseradish peroxidase (HRP)-labelled antibody 

(detection antibody) is added and binds to the captured analyte. Unbound antibody is washed 

away. Tetramethylbenzidine (TMB) substrate solution is added to the wells and a blue colour 

develops in proportion to the amount of analyte present in the sample. Colour development is 

stopped, turning the colour in the wells to yellow.  

The effluent samples were stored as a batch at -80
o
C following completion of the experiment.  

Prior to the assay, samples were defrosted and used undiluted; additional freeze/thaw cycles 

were avoided. The assay was carried out according to the manufacturer’s protocol. Briefly, 

100µl of calibrator diluent (provided) was added to a 96-well plate pre-coated with a 

monoclonal antibody against cytochrome c. The standards were prepared by adding 2ml of 

deionised water to the cytochrome c standard (provided), which produced a stock solution of 

20ng ml
-1

. Serial dilutions were performed with the calibrator diluent to produce 

concentrations of 10, 5, 2.5, 1.25 and 0.625ng ml
-1

. Standard, control (medium alone) or 

sample (100l) was added in duplicate. The plate was incubated for two hours at room 

temperature. The plate was washed four times with wash buffer (provided). HRP-conjugated 
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anti-cytochrome c conjugate (monoclonal antibody) (200l) was added to each well and 

incubated for a further two hours. Following further washes, 200µl of substrate solution 

(hydrogen peroxide + TMB) was added to each well and incubated for 30 minutes. Sulphuric 

acid (50l; 1M) was then added to each well to stop the reaction. The plate was read at 

450nm with wavelength correction at 540nm.  

The results were calculated by averaging the duplicate readings. The average zero standard 

optical standard was subtracted as was the reading for the medium alone. A standard curve 

was created by generating a four parameter logistic curve fit of the data from the standards. 

 

2.7 Analysis of rat liver synthetic function 

To assess the functionality of the liver tissue within the microfluidic device, albumin and urea 

production was investigated.  

2.7.1 Albumin ELISA 

To detect albumin levels in the effluent, a rat albumin enzyme-linked immunosorbant assay 

(ELISA) was used (Bethyl Laboratories Inc, TX, USA) according to the manufacturer’s 

instructions. Briefly, each well of a 96-well flat bottom maxisorp ELISA plate (SLS, UK) was 

coated overnight with 100μl primary sheep anti-rat albumin antibody diluted in 0.05 M 

carbonate-bicarbonate buffer (Sigma-Aldrich, UK), pH 9.6 at 4°C. Following incubation, 

each well was washed five times with 200μl wash buffer (50 mM Tris, 0.14 M NaCl, and 

0.05% (v/v) Tween 20, pH 8.0) using an automated plate washer (Wellwash Mk4 Thermo 

Scientific). Wells were subsequently blocked with 200μl of 50mM Tris, 0.14M NaCl, 

containing 1% (w/v) Bovine Serum Albumin (BSA) pH 8.0 for 30 min at ambient 

temperature followed by five washes. The rat albumin reference standards were prepared 

from an initial dilution of 10,000ng ml
-1

, made by diluting 4l rat reference serum (30mg ml
-1

 

albumin) from the ELISA kit with 12ml of conjugate diluent (50mM Tris, 0.14M NaCl and 

0.05% (v/v) Tween 20, pH 8.0). From this initial dilution, serial dilutions were performed to 

give eight standards at 125, 62.5, 31.25,15.6, 7.8, 3.9, 1.95 and 0ng ml
−1

. An aliquot (100μl) 

of each dilution was incubated on the plate in duplicate alongside 100l of effluent samples 

and 100l of medium alone as a control for 1 h. The dilution factor was eight in conjugate. 

The plate was washed five times. The plates were subsequently incubated with 100μl HRP-
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conjugated detection antibody diluted 1:5,000 in 50 mM Tris, 0.14 M NaCl and 0.05% (v/v) 

Tween 20, pH 8.0 for 1h. The plate was washed five times. Finally, a colorimetric reaction 

was carried out by the addition of 50μl undiluted TMB solution. The reaction was stopped 

with 25μl of 2M sulphuric acid and the absorbance of each well was measured at 450 nm.  

The albumin levels were standardised per mg of rat liver tissue. A medium only control was 

used. A standard curve was plotted to determine the amount of rat albumin in an unknown 

sample with the average absorbance values, minus the blank values, for each standard 

concentration plotted against the corresponding rat albumin levels. The rat albumin 

concentrations obtained were multiplied by the dilution factor to determine the amount of rat 

albumin in the undiluted sample.  

 

2.7.2 Urea assay 

Urea concentrations in the effluent were determined using a colorimetric assay 

(QuantiChrom™ Urea Assay Kit, BioAssay Systems, USA) carried out according to the 

manufacturer’s protocol. The improved Jung method with the kit utilises a chromogenic 

reagent that forms a coloured complex specifically with urea. The intensity of the colour, 

measured at 430nm, is directly proportional to the urea concentration in the sample.  

The effluent samples were treated as low urea samples according to the manufacturer’s 

instructions. They were stored at 2-8
o
C prior to analysis and used within seven days. They 

were analysed as a batch after the completion of the microfluidic experiment.  

The working reagent was prepared by adding equal volume of reagent A (<0.4% o-

phthalaldehyde, <0.04% Brij 35 and 10% sulphuric acid) to reagent B (<0.08% primaquine 

diphosphate, <0.8% boric acid, 22% sulphuric acid and <0.04% brij 35). To each well of a 

96-well plate, 50µl of 5mg urea/dl standard, control (medium alone) and samples were added 

in duplicate. Working reagent (200µl) was then added and incubated for 50 minutes at room 

temperature. The absorbance of each well was measured at 450nm. The urea levels were 

standardised per mg of rat liver tissue.  
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The urea concentration was calculated according to the equation: 

 

Equation 3 

 

[urea (mg dl
-1

] = ODsample  - ODcontrol     x 5          OD = optical density  

                                 ODstandard – ODcontrol 
 

 

2.8 Preparation of tissue for cryostat sectioning 

To enable immunohistochemical and histological analysis, the tissue was embedded on a cork 

tile (approx. 1cm
2
) covered with Tissue-Tek

®
 (Sakura, Netherlands) and plunged immediately 

into liquid nitrogen-cooled 2-methyl butane solution (Sigma). This was then stored at -20
o
C 

and sectioned using a cryostat within two weeks of fixing.  

 

2.8.1 Cryostat sectioning 

Prior to sectioning, each tissue specimen, embedded in Tissue-Tek
®

 (Sakura) on a cork tile 

was fixed to a cryostat stage using Cryo-M Bed (A-M Systems, WA, USA). The cryostat was 

set at -15
o
C and the cryostat adjusted so that it cut 5 micron thick sections. Each section was 

placed on Superfrost Plus glass microscope slides (Merck UK) with 6 sections per slide. 

The slides were then stored at -20
o
C for future analysis. 

 

2.9 Histological analysis of tissue using Haematoxylin and Eosin 

For histological analysis, the tissue sections were racked and fixed with 100% (v/v) cooled 

methanol (-20
o
C). The slides were then placed in haematoxylin solution for one minute, after 

this slides were run under tap water for 10 minutes. The slides were dehydrated with 70%, 

then 95% ethanol for two minutes each, placed in eosin solution for 2 minutes followed by 

further dehydration with a quick (10 s) placement in 95%, then 100% ethanol. They were 

placed in three successive pots of Histo-clear (National Diagnostics, UK) for a total of five 

minutes and mounted in Histomount (National Diagnostics).  
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2.10 Immunohistochemical analysis 

2.10.1 Pancytokeratin and M30 CytoDEATH™ 

Cytokeratins are proteins of keratin-containing intermediate filaments found in the 

intracytoplasmic cytoskeleton of epithelial tissue (Franke et al., 1979) and are used in the 

clinical diagnosis of HNSCC. The antibody used in this study labelled several different 

cytokeratin subtypes and is useful for the identification of tumours of epithelial origin. 

A monoclonal mouse anti-human pancytokeratin (DAKOCytomation, DAKO, UK) was used 

to confirm the presence of squamous cell carcinoma within the tissue sample, particularly in 

the metastatic lymph node samples according to the following protocol. The sections used 

consisted of two sections from tissue that had not been maintained in the microfluidic device, 

which acted as the negative and positive controls, tissue that had been maintained in the 

device, but had not received radiotherapy and tissue that had been maintained in the device 

and received radiotherapy. The tissue sections were equilibrated to room temperature for five 

minutes before being racked up and fixed in pre-cooled (-20
o
C) methanol (100% v/v) for 10 

minutes at room temperature. They were fixed with the pre-cooled methanol for 10 minutes at 

room temperature. Following rinsing in Tris buffered saline (TBS) (Appendix 1) for five 

minutes the sections were placed in a Sequenza rack and endogenous peroxidase was 

blocked by immersing the sections in 3% (v/v) H2O2 in 100% methanol for 15 minutes. The 

sections were then incubated for 20 minutes with normal horse blocking serum (Vectastain 

Elite kit) before nonspecific avidin/biotin binding was blocked by incubating each section 

with Avidin D (100l; Vector Laboratories, UK) followed by 100l Biotin (Vector 

Laboratories, UK) for 15 minutes each. The sections were incubated with 100µl of 1:100 

diluted primary antibody except the negative control, which was incubated with 1:100 mouse 

IgG1 (DAKO Cytomation) for 1 hour at room temperature. The sections were then washed 

and incubated for 30 minutes with 100µl of biotinylated horse anti-mouse antibody 

(Vectastain Elite kit) during which time the avidin-biotin peroxidase complex was prepared 

by adding two drops of Avidin DH to 5ml of buffer solution followed by two drops of the 

paired biotinylated enzyme. The secondary antibody was washed off and replaced with 100µl 

avidin-biotin-peroxidase complex (Vectastain Elite kit) for 30 minutes. Peroxidase activity 

was detected using 3,3’- diaminobenzidine (DAB) (Sigma) prepared by dissolving one gold 

tablet and one silver tablet in 1ml of distilled water. The sections were then dehydrated 

through graded alcohols (70%, 90% and 100% v/v) and Histoclear (National Diagnostics, UK) 
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and were mounted in Histomount (National Diagnostics, UK) and visualisd under a light 

microscope. 

The cells undergoing apoptosis were identified using the M30 CytoDEATH™ (Peviva, UK) 

antibody, which identifies apoptotic cell death by detecting a caspase-3 cleaved product of 

cytokeratin 18. The procedure was carried out according to the same protocol as the 

cytokeratin, except that 1:100 dilution of mouse IgG2 (DAKO Cytomation) was used as the 

isotype control. 

 

2.10.2 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

TUNEL was carried out according to the manufacturer’s protocol (Roche, UK). Tissue 

sections were racked up and fixed in 4% (w/v) paraformaldehyde in PBS pH7.4 for 20 min at 

15-25
o
C before being washed for 30 min in PBS. The tissue was then treated with a 

permeabilisation solution (0.1% (v/v) Triton-X, 0.1% (w/v) sodium citrate) for 2 min on ice 

(4
o
C). Both the positive and the negative controls were sections taken from HNSCC tissue 

prior to it being incubated in the microfluidic device. The positive control was treated with 

recombinant DNase I (3000U/ml - 3U/ml in 50 mM Tris-HCl, pH 7.5 1mg/ml BSA) for 10 

min at 15-25
o
C to induce DNA strand breaks prior to labelling procedures. The positive 

control was then rinsed with PBS. For each test, the TUNEL reaction mixture consisted of 

5l of TUNEL-Enzyme solution and 45l of TUNEL-Label solution (Biotin-16-

deoxyuridine-triphosphatase + terminal deoxynucleotidyl transferase reaction buffer). The 

reaction mixture was added directly to each section of the positive control and the sections of 

tissue that had been incubated in the microfluidic device with and without irradiation. The 

negative control was treated with TUNEL-Label solution (without terminal transferase). The 

sections were then covered with a glass cover slip to prevent evaporation and incubated for 60 

minutes at 37
o
C in a humidified atmosphere in the dark. The slides were rinsed with PBS and 

mounted using 4’6’-diamidino-2-phenylindole (DAPI) hard-set mountant. DNA strand breaks 

were visualised using fluorescence microscopy with an excitation wavelength in the range of 

450-500nm and detection in the range of 515-565nm (green). 
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2.11 Calculation of the apoptotic and the DNA-strand break indices 

The apoptotic (AI) and DNA-strand break indices were calculated by counting the number of 

cells that stained positive for M30 and TUNEL respectively in ten randomly chosen high-

power fields (x400); only fields that contained positive cells were selected. A total of 

approximately 2-3000 cells were counted in the ten fields following the procedure outlined by 

Burcombe et al. (Burcombe et al., 2006). The software package Image-Pro Premier® 

(MediaCybernetics, UK) was used to count the cells using the automatic counter facility. The 

number of positively stained cells was expressed as a percentage of the total number of cells 

within the field.  

 

2.12 Statistical analysis 

Statistical analysis was performed using SPSS (IBM, USA). Unpaired t-test was used to 

determine the statistical significance between treatments. P-values of less than 0.05 were 

considered significant. 
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Chapter 3: 

The effect of radiation on rat liver tissue maintained 

in a microfluidic device 

3.1 Introduction 

The initial aim of this part of the study was to demonstrate that the microfluidic device could 

maintain tissue in a viable state over at least four days. A previous study had shown that rat 

liver tissue could be maintained in an identical microfluidic device to the one used in the 

current study (Hattersley et al., 2008). Rat liver tissue was used to demonstrate the ability of 

the microfluidic device to maintain the tissue in a viable state and subsequently to 

demonstrate the effects of radiation on the tissue. The results of the experiments with the rat 

liver tissue would enable optimisation of the technique for use with the HNSCC tissue. The 

rat liver tissue has certain similar qualities to HNSCC in that it is highly metabolically active 

and is moderately radiosensitive, which made it an ideal tissue to use to optimise the 

technique in preparation for the HNSCC tissue.  

The viability of the rat liver tissue was assessed by measuring lactate dehydrogenase (LDH), 

an intracellular enzyme released from the tissue following cell death. To determine whether 

the rat liver tissue was alive at the end of the experiment, a lysis agent was added to the 

culture medium, which caused maximal cell rupture, which would cause an increase in LDH 

release, indicating that intact, viable cells remained in the tissue. To investigate whether the 

microfluidic device could maintain the synthetic functional ability of the rat liver tissue 

following extraction from the rat, albumin and urea were measured in the effluent from the 

device. This was performed initially under standard incubation conditions.  

Radiation-induced cell death was assessed by measuring LDH, a marker of both apoptotic 

and necrotic cell death, in the effluent from the device. The effect of radiation on the rat 

liver’s synthetic function was assessed by measuring albumin and urea in the effluent from 

the device.  

To study the tissue architecture, the rat liver tissue was sectioned and analysed histologically 

using heamatoxylin and eosin. The initial experiments were performed to assess any 

architectural changes in the tissue caused by incubation in the microfluidic device, without 
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the tissue undergoing irradiation. Subsequent experiments assessed the tissue’s architectural 

changes in response to radiation.  

 

3.2 Materials and Methods 

3.2.1 Design and fabrication of the microfluidic device 

The glass microfluidic devices were fabricated in-house at the Department of Chemistry, 

University of Hull using photolithography techniques as described in section 2.1. 

 

3.2.2 Preparation and running of the microfluidic device 

The microfluidic device was prepared as described in section 2.2.1. Once assembled, the 

microfluidic device was run as in section 2.2.2. The effluent from the device was collected at 

two-hourly intervals, which provided enough effluent for analysis. The effluent was collected 

overnight, but these samples were not analysed. To establish whether the microfluidic device 

could maintain rat liver tissue in a viable state, three devices containing rat liver tissue were 

run together.  

 

3.2.3 Rat liver collection and preparation 

The liver was extracted from five Wistar rats as described in section 2.3. The liver was 

immediately sectioned into pieces approximately 1cm
3
 using a scalpel and either placed fresh 

in the microfluidic devices or frozen for future use.  

 

3.2.4 Administration of radiation 

The rat liver tissue was irradiated using a 6 MV photon beam from a Varian Linear 

Accelerator as described in section 2.5. The radiation doses consisted of a single dose of 20 

Gy and fractionated doses, consisting of two fractions of 10 Gy, which were administered 24 

h apart on days 2 and 3, and 5 daily fractions of 4 Gy. For each experiment in which the rat 
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liver was irradiated, there was one microfluidic device containing irradiated rat liver tissue 

and two control devices containing un-irradiated rat liver tissue.  

 

3.2.5 LDH assay 

LDH is an intracellular enzyme, which is involved in the glycolysis pathway. It is released 

from cells as a result of the cell membrane being compromised following cellular death due to 

irradiation. Therefore, the LDH assay was capable of detecting radiation-induced cell death. 

The assay was performed in duplicate on each sample of effluent as described in section 2.6.1. 

The absorbance value of the culture medium alone was used as a negative control and 

subtracted from the absorbance values of the effluent samples. To determine whether the 

tissue was alive at the end of the experiment, a lysis reagent was added near to the end of 

some of the experiments. This caused maximal cell membrane rupture, demonstrating the 

potential amount of LDH that could be released and, therefore, the presence of viable cells 

remaining in the tissue. The experiments were repeated three times, apart from the experiment 

in which the rat liver tissue was irradiated with two fractions of 10 Gy and maintained for 

411h, which was performed once and the experiment in which the rat liver tissue was 

irradiated with five daily fractions of 4 Gy, which was performed twice. The mean 

absorbance values were calculated from the all of the experiments.  

 

3.2.6 Albumin ELISA  

The level of albumin produced by the rat liver tissue maintained in the microfluidic device 

was measured in the effluent from the device using the albumin ELISA as described in 

section 2.7.1. As in the LDH assay, the albumin was measured in duplicate from each two-

hourly effluent sample. Each experiment was repeated three times and the mean albumin 

value was calculated. 
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3.2.7 Urea assay 

The level of urea produced by the rat liver maintained in the microfluidic device was 

measured in the effluent from the device using the urea assay as described in section 2.7.2. As 

the urea levels in each two-hourly effluent collection were low, the two-hourly effluents were 

combined to give a measurement over 24 h.  

 

3.2.8 Preparation of tissue for cryostat sectioning 

The rat liver tissue was prepared as in section 2.8.  

 

3.2.9 Cryostat sectioning 

Prior to sectioning, each tissue specimen was prepared as in section 2.9 using a cryostat 

(Leica CM1100, Leica biosystems, UK). Sections were placed on Superfrost Plus glass 

microscope slides (Merck, UK) with six sections per slide. The slides were stored at -20
o
C for 

future analysis. 

 

3.2.10 Histological analysis of tissue using Haematoxylin and Eosin 

For histological analysis, the rat liver tissue sections were stained with Haematoxylin and 

Eosin as described in section 2.10. Sections were taken from the rat liver at each stage of the 

process and analysed histologically to determine the morphological changes caused by each 

of the following stages: rat liver tissue following extraction from the rat without incubation in 

the microfluidic device, tissue that had been incubated in the microfluidic device without 

irradiation and tissue that had been incubated in the microfluidic device and exposed to 

radiation. 
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3.3 Results 

3.3.1 Assessment of viability of the rat liver tissue by determinining LDH release 

The calculation of LDH levels was standardised per mg of tissue. A worked example of the 

calculation is shown in Table 5. LDH was measureable in the effluent from the microfluidic 

device as a result of cell death. Figure 15 shows the levels of LDH released from rat liver 

(n=3), maintained in the microfluidic device without intervention over a period of 341 h (15 

days). The initial elevated LDH levels decreased to minimally detectable levels 24-28 h after 

placement of the tissue into the microfluidic device. LDH levels remained low until the lysis 

reagent was added to the medium at 333 h, inducing a subsequent rise in LDH release 2-8 h 

after its addition.  
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Table 5. Calculation of LDH absorbance values for rat liver irradiated with a single dose of 

20 Gy. This same calculation was performed for the control tissue in this experiment and for 

all other LDH results with the rat liver and HNSCC tissue. 

 

Incubation time 

(hours) 

LDH absorbance (a.u.)  LDH absorbance per mg of tissue 

(a.u.) 

Mean LDH 

absorbance per mg 

of tissue (a.u.) 

 Tissue 

1 

Tissue  

2 

Tissue 

3 

Tissue  

1 

(7.2mg) 

Tissue 

2 

(7.6mg) 

Tissue  

3 

(6.8mg) 

 

0-2 1.76 2.20 0.88 0.24 0.29 0.13 0.22 

2-4 1.60 2.08 0.75 0.22 0.27 0.11 0.20 

18-20 0.93 1.04 0.66 0.13 0.14 0.10 0.12 

20-22 0.80 0.74 0.70 0.11 0.10 0.10 0.10 

22-24 0.59 0.61 0.46 0.08 0.08 0.07 0.08 

24-26 1.35 1.31 1.01 0.19 0.17 0.15 0.17 

26-28 0.53 0.52 0.58 0.07 0.07 0.09 0.08 

44-46 0.48 0.27 0.33 0.07 0.04 0.05 0.05 

46-48 0.44 0.49 0.27 0.06 0.06 0.04 0.05 

48-50 0.39 0.40 0.28 0.05 0.05 0.04 0.05 

50-52 0.32 0.36 0.17 0.04 0.05 0.03 0.04 

68-70 0.22 0.22 0.26 0.03 0.03 0.04 0.03 

70-72 0.19 0.17 0.22 0.03 0.03 0.03 0.03 

72-74 0.64 1.08 0.62 0.09 0.14 0.09 0.11 

74-76 0.60 1.41 0.15 0.08 0.19 0.02 0.10 

 



 

 

 

 
 

          Figure 15. Absorbance measurements (492-600nm) following LDH assays on effluent from rat liver maintained in a microfluidic 

           device for 341 h, standardised per mg of tissue (Mean of 3 separate experiments + SEM). Lysis agent was added at 333 h indicated 

           by arrow. The effluent was collected overnight, but not analysed, as demonstrated by the gaps in the incubation time axis. 
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3.3.2 LDH release from rat liver following irradiation as a measure of cell death 

Radiotherapy was administered to the rat liver as single doses of 10 Gy and 20 Gy and as a 

fractionated course, consisting of two fractions of 10 Gy and five fractions of 4 Gy. 

Treatment of the rat liver with a single dose of 10 Gy resulted in no significant increase in 

LDH release (n=3; data not shown). After administration of a single dose of 20 Gy (n=3) at 

24 h (Figure 16), a significant surge in LDH release was observed 2 h post-irradiation 

compared to the control (p=0.028). The LDH levels subsequently dropped to levels 

comparable with the control, until the lysis agent was added at 70 h to the irradiated and 

control tissue, after which a significant rise in LDH was demonstrated (p=0.002). 

Interestingly, although not significant, the LDH levels following lysis reagent addition were 

lower in the irradiated group compared to the control. Other observations included partial 

degradation of the tissue subsequent to the LDH surge, which blocked the microfluidic device 

downstream of the tissue well, which resulted in the need to transfer the tissue to a new 

device for continuation of the experiment. 

No significant increase in LDH release was demonstrated after the administration of 

radiotherapy doses of 10 Gy or less (n=20). 
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Figure 16. Absorbance measurements (492-600nm) following LDH assays on effluent 

released from rat liver maintained in a microfluidic device, standardised per mg of tissue 

(Mean of 3 separate experiments + SEM). Single dose of 20Gy administered at 24 h as shown 

by the yellow flash arrow. Control received no radiotherapy. Lysis agent added at 70 h to 

both the irradiated tissue and the control, indicated by arrow. Gaps indicate when effluent was 

not collected. A significant surge in LDH release was demonstrated after the administration 

of 20Gy radiotherapy compared to the control p=0.028* unpaired t-test. After addition of the 

lysis agent, there was an increase in both the irradiated and control tissue; the levels being 

higher in the control tissue, although this was not significant. 

 

 

A fractionated course of radiotherapy consisting of two fractions of 10 Gy administered to the 

rat liver (n=3) at 26 and 52 h (Figure 17) caused a significant increase in LDH release in the 

2 h post-irradiation time period after the second fraction (p=0.004), which then decreased to 

levels equivalent to that of the control, whereas no increase in LDH was observed after 

administration of the first 10 Gy dose. The tissue remained intact following the administration 

of the fractionated 2 x 10 Gy dose of radiotherapy and the microfluidic device remained. 

Following addition of the lysis agent, there was a subsequent increase in LDH release in both 

the irradiated and control tissue.  
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* 

 

Figure 17. Absorbance measurements (492-600nm) following LDH assay on effluent 

released from rat liver standardised per mg of tissue (Mean of 3 separate experiments + SEM). 

20Gy administered as two fractions of 10Gy at 26 and 52 h as shown by flash arrows. Lysis 

agent added at 82 h. Gaps indicate when effluent was not collected. Significant increase in 

LDH release demonstrated after the administration of the second 10Gy fraction compared to 

the control p=0.004* unpaired t-test. 

 

 

To investigate whether any cellular death occurred over a longer time frame, an experiment 

was performed to maintain the tissue for 17 days post-irradiation, having received two 

fractions of 10 Gy at 27 and 52 h respectively (Figure 18). Again a surge in LDH release was 

demonstrated during the first two hours after the second fraction of radiotherapy with no such 

increase being observed following the first 10 Gy dose, as had occurred in the previous 

experiments. However, no further significant LDH release was seen detected after this point, 

until the lysis agent was added at 405 h. 
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Figure 18. Absorbance measurement (492-600nm) following LDH assay on effluent released from rat liver standardised per 

      mg of tissue. 20Gy administered as two fractions of 10Gy at 27 h and 52 h as shown by flash arrows. LDH standardised per mg   

      of tissue. Lysis agent added at 405 h. Gaps indicate when effluent was not collected. A significant surge in LDH release was 

      observed after the administration of the second fraction of 10Gy compared to the control.  
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The 20 Gy radiation dose was further divided into five fractions of 4 Gy. This dose regimen 

was chosen as the total administered dose remained at 20 Gy, which had demonstrated a 

significant increase in LDH release and the fraction dose more closely replicated a clinical 

radiotherapy dose (n=2; Figure 19). No significant increases in LDH release were observed 

following irradiation and there was no overall difference between the irradiated tissue and the 

control over the time period of incubation (p=0.996).  

 
Figure 19. Absorbance measurements (492-600nm) following LDH assays on effluent 

released from rat liver standardised per mg of tissue (Mean of 2 separate experiments + SEM). 

20Gy administered as five fractions of 4Gy at 30 h, 54 h, 78 h, 150 h and 174 h respectively 

as shown by flash arrows. No lysis agent was added. Gaps indicate when effluent was not 

collected. No significant difference between the irradiated and control tissues was observed 

p=0.996 unpaired t-test. 

 

 

3.3.3 Albumin production as a measurement of rat liver function following irradiation 

Albumin was detectable in the effluent from the device as a measure of rat liver function. 

Table 6 shows a worked example of the calculation of albumin per mg of rat liver tissue for 

the tissue that was irradiated with a single dose of 20 Gy. Rat liver, incubated in the 

microfluidic device under standard conditions without radiotherapy treatment (n=3 chips) 

produced detectable albumin levels in the microfluidic effluent for 197 h (Figure 20). Levels 

observed fluctuated between 6 and 11ng ml
-1

 for the first 53 h, decreasing to between 1 and 

4ng ml
-1

 from 53 to 197 h.  
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Table 6. Calculation of albumin levels in rat liver irradiated with a single 20 Gy dose. The 

same calculation was performed for the control tissue in this experiment and all other albumin 

results with the rat liver tissue. 

 

Incubation 

time (hours) 

Albumin (ng ml
-1

) Albumin per mg of tissue  

(ng ml
-1

 mg
-1

) 

Mean albumin per 

mg of tissue  

(ng ml
-1 

mg
-1

) 

 Rat liver 

1 

Rat liver 

2 

Rat liver 

3 

Rat liver 

1 

(8.2mg) 

Rat liver 

2 

(7.7mg) 

Rat liver 

3 

(7.1mg) 

 

0-2 94.22 42.04 66.31 11.49 5.46 9.34 8.76 

2-4 43.21 72.46 56.02 5.27 9.41 7.89 7.52 

18-20 60.35 29.65 47.71 7.36 3.85 6.72 5.98 

20-22 31.41 59.44 48.85 3.83 7.72 6.88 6.14 

22-24 21.40 37.65 42.17 2.61 4.89 5.94 4.48 

24-26 77.98 16.79 49.98 9.51 2.18 7.04 6.24 

26-28 16.48 11.70 13.77 2.01 1.52 1.94 1.82 

44-46 3.94 1.77 2.56 0.48 0.23 0.44 0.38 

46-48 4.60 1.62 2.77 0.56 0.21 0.59 0.45 

48-50 3.44 1.46 2.20 0.42 0.19 0.67 0.43 

50-52 4.51 1.85 2.84 0.55 0.24 0.61 0.47 

68-70 4.35 1.78 2.70 0.53 0.23 0.78 0.51 

70-72 2.95 2.31 2.34 0.36 0.30 0.83 0.50 

72-74 2.13 1.62 1.70 0.26 0.21 0.61 0.45 

74-76 1.07 1.93 1.35 0.13 0.25 0.23 0.33 

92-94 0.33 2.46 1.28 0.04 0.32 0.52 0.20 

94-96 2.13 2.16 1.92 0.26 0.28 0.74 0.35 

96-98 2.21 1.93 1.85 0.27 0.25 0.38 0.42 

98-100 3.44 1.93 2.34 0.42 0.25 0.33 0.35 
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Figure 20. Albumin levels measured using ELISA standardised per mg of tissue (Mean of 3 

separate experiments + SEM). No radiotherapy or lysis agent administered. Gaps indicate 

when effluent was not collected. 

 

 

After the administration of 20 Gy of radiation as a single dose at 24 h (n=3), there was a 

significant decrease in the albumin produced by the rat liver in the irradiated group compared 

to the control (n=3; p=0.003) and compared to the previous time point (p=0.021) 4 h after the 

administration of radiotherapy, with levels dropping to minimally detectable levels 20-22 h 

after irradiation (Figure 21). 
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Figure 21. Albumin synthesis by rat liver maintained in a microfluidic device Levels detected 

using ELISA and standardised per mg of tissue. (Mean of 3 separate experiments + SEM). 

Single dose of 20Gy radiation administered at 24 h. A significant difference in albumin levels 

was observed between the irradiated and the control tissue p=0.003* unpaired t-test.  

 

 

Following the administration of two fractions of 10Gy radiation at 26 h and 52 h, no 

significant difference was observed in albumin production, between the irradiated and non-

irradiated groups (n=3; p=0.520). Levels of albumin were comparable between the two 

groups. However, the albumin levels in the irradiated group decreased to minimally 

detectable levels before the control tissue, although this was not significant (Figure 22).  
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Figure 22. Albumin synthesis by rat liver maintained in a microfluidic cell. Levels device 

detected using ELISA and standardised per mg of tissue. (Mean of 3 separate experiments + 

SEM). 20Gy of radiotherapy administered as 2 fractions of 10Gy at 26 and 52 h. There was 

no significant difference between the irradiated and control tissue p=0.520 unpaired t-test. 

 

 

 

3.3.4 Urea production as a measurement of rat liver function following irradiation 

As the levels of urea in the effluent were low, the effluents were combined to give a 

measurement over 24 h. Table 7 shows a worked example for the rat liver tissue that was 

irradiated with a single dose of 20 Gy. Under standard incubation conditions in the 

microfluidic device without radiotherapy treatment, rat liver continued urea production for 13 

days (n=3; Figure 23). Levels were consistently between 5-8 µg ml
-1 

mg
-1

 for the first eight 

days, after which levels steadily decreased until minimally detectable levels were produced 

on day 13.  
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Table 7. Calculated values of urea concentration in the rat liver tissue that was irradiated with 

a single dose of 20 Gy. The same calculation was performed in the control tissue for this 

experiment and all other urea results with the rat liver tissue. 

 

Incubation 

time (days) 

Urea (g ml
-1

) Urea per mg of tissue  

(g ml
-1

 mg
-1

) 

[Urea] per mg of 

tissue  

(g ml
-1 

mg
-1

) 

 Rat liver 

1 

Rat liver 

2 

Rat liver 

3 

Rat liver 

1 

(7.2mg) 

Rat liver 

2 

(8.4mg) 

Rat liver 

3 

(6.7mg) 

 

1 56.45 70.64 54.34 7.84 8.41 8.11 8.12 

2 38.88 51.24 21.71 5.40 6.1 3.24 4.91 

3 1.92 7.48 3.69 0.27 0.89 0.55 0.57 

4 1.63 4.45 3.15 0.23 0.53 0.47 0.41 

5 1.56 4.03 3.75 0.22 0.48 0.56 0.42 

6 2.41 3.44 3.62 0.34 0.41 0.54 0.43 

7 1.49 2.77 3.08 0.21 0.33 0.46 0.33 

8 1.35 2.60 2.08 0.19 0.31 0.31 0.27 

9 1.28 3.11 2.21 0.18 0.37 0.33 0.29 

10 1.42 2.02 1.68 0.20 0.24 0.25 0.23 

11 2.06 2.10 1.41 0.29 0.25 0.21 0.25 

 

 

 
Figure 23. Urea synthesis by rat liver maintained in a microfluidic device. Levels detected 

using Quantichrom Urea Assay Kit and standardised per mg of tissue. (Mean of 3 separate 

experiments + SEM).  
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The administration of a single dose of 20 Gy at the end of day two, i.e. >24 h after the tissue 

was placed in the microfluidic device as in the other experiments, resulted in a significant 

decrease in urea production on day three (p=0.016) compared to the control tissue (n=3; 

Figure 24). The urea levels remained lower than that produced by the control tissue 

throughout the remainder of the experiment.  

 

 
Figure 24. Urea synthesis by rat liver maintained in a microfluidic device. Levels detected 

using Quantichrom Urea Assay Kit and standardised per mg of tissue. (Mean of 3 separate 

experiments + SEM). 20Gy radiation administered as a single dose on day 2. p=0.016* 

between the irradiated tissue and the control. Unpaired t-test. 

 

 

Following the administration of a course of 2 fractions of 10Gy of irradiation, administered at 

the end of day two and day three, no significant overall differences in urea production was 

observed between the control and the irradiated tissue (p=0.844) until day 10 when the levels 

produced by the irradiated group decreased to minimally detectable levels compared to the 

control (n=3; Figure 25). 
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Figure 25. Urea synthesis by rat liver standardised per mg of tissue. Levels detected using 

Quantichrom Urea Assay Kit and standardised per mg of tissue (Mean of 3 separate 

experiments + SEM). Two fractions of 10Gy radiotherapy administered at the end of day 2 

and day 3. p=0.844 unpaired t-test overall between the irradiated and control tissue. 

 

 

3.3.5 Morphology of rat liver maintained in a microfluidic device and the effect of 

radiation 

Prior to placement of the rat liver in the microfluidic device, the histological specimen 

displayed typical rat liver architecture with groups of hepatocytes divided by sinusoids 

(Figure 26A). Following four days of incubation of the rat liver in the microfluidic device 

without irradiation, the overall tissue architecture was maintained (Figure 26B) with some 

changes occurring by day six of incubation with evidence of vacuolar formation, indicative of 

hepatocellular death (Figure 26C). The morphology of the rat liver tissue following 

irradiation with a single dose of 20 Gy was not amenable to analysis due to the significant 

level of tissue degradation that it had undergone. 
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A   40 m B    C 

 
Figure 26. Haematoxylin (blue) and eosin (red) stained rat liver prepared using cryostat 

sectioning. a) Rat liver tissue prior to microfluidic incubation. Hepatocytes (bracket) and 

sinusoids (arrow) demonstrated, b) Rat liver following four days of incubation in the 

microfluidic device without radiotherapy and c) Rat liver following seven days of incubation 

in the microfluidic device. Vacuolation demonstrated by arrow. 400x magnification. 

 

Significant architectural changes were demonstrated in the irradiated tissue when compared to 

the tissue that had been incubated in the microfluidic device for the same duration without 

radiotherapy treatment. These changes were indicative of hepatocellular death, characterised 

by the loss of nuclei and the formation of vacuoles. This was evident after treatment with two 

fractions of 10 Gy (Figure 27b) and to a greater extent following treatment with five 

fractions of 4 Gy (Figure 27c). 

 

A                                         40m B                C 

  
Figure 27. Haematoxylin (blue) and eosin (red) stained rat liver prepared using cryostat 

sectioning. a) Rat liver tissue prior to microfluidic incubation. b) Following seven days of 

incubation in the microfluidic device following with treatment using two fractions 

radiotherapy of 10Gy at day two and day three and c) seven days of incubation in the 

microfluidic device following treatment with five fractions of 4Gy on days two to six. 
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3.4 Discussion 

3.4.1 Cytotoxicity measurement through detection of LDH  

The release of LDH from a cell is a marker of both apoptotic and necrotic cell death 

(Kroemer et al., 2009) and is an established marker of radiation-induced cytotoxicity (Ts'ao et 

al., 1996, Reddy and Lokesh, 1996, Cai et al., 2000). Hattersley et al. (Hattersley et al., 2012) 

demonstrated how measurement of LDH in the effluent from the microfluidic device could 

detect chemotherapy-induced cytotoxicity in HNSCC tissue, which had been maintained in an 

identical microfluidic device to that used in the current study.  

Under normal incubation conditions, without radiotherapy treatment, the rat liver tissue 

demonstrated raised levels of LDH during the first 24 h of incubation in the microfluidic 

device. The initial increased levels were consistently present and are thought to be caused by 

tissue handling and dissection during the tissue preparation stage, an observation that has 

been previously reported in HNSCC and rat liver (Hattersley et al., 2011, Hattersley et al., 

2012). The LDH levels in the effluent subsequently decreased to minimally detectable levels 

following the first day of incubation suggesting either that the cells were no longer dying or 

that all of the tissue had died within the first day. To determine which of these was correct, 

lysis buffer was added to the tissue culture medium, which caused maximal cell membrane 

rupture, releasing LDH from any remaining live cells. In all experiments where lysis buffer 

was added, in both rat liver and HNSCC tissue, a rise in LDH levels was observed 2-8 h after 

addition, indicating intact viable cells within the tissue following maintenance in the 

microfluidic device. These findings were in agreement with Hattersley et al. who used an 

identical device with HNSCC and rat liver (Hattersley et al., 2008, Hattersley et al., 2012). 

The microfluidic device was capable of maintaining both the irradiated and the non-irradiated 

control rat liver tissue in a viable state for up to 411 h, almost double the length of time that 

any tissue had previously been maintained using this microfluidic device (Hattersley et al., 

2008, Hattersley et al., 2012). This demonstrated the potential of this technique for assessing 

tissue response to various interrogation methods, such as radiation and/or chemotherapy over 

a prolonged time period, which is more representative of the in vivo environment. 

Administration of a single radiation dose of 20 Gy to the rat liver caused a significant 

increase in LDH release in the 2 h post-irradiation period, which subsequently decreased to 

levels comparable with the control tissue. The LDH levels remained low until the lysis agent 
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was added to the culture medium, after which a demonstrable increase in LDH release was 

observed in both the irradiated and control tissues, indicating viable cells remaining within 

the tissue. This demonstrates that cell death is induced by 20 Gy irradiation, but the existence 

of viable cells suggested that only a proportion of the cells had undergone radiation-induced 

cytotoxicity. A similar in vitro response to much lower doses of radiation (between 1 Gy and 

4 Gy) was detected by Rao et al. (Rao and Rao, 2010) who demonstrated a significant 

increase in LDH release in the 2 h post-irradiation period followed by a subsequent decrease, 

however this was using a HeLa cell line irradiated in culture.  

The method by which hepatocytes are affected by radiation was proposed by Castell et al. 

(Castell JV, 1987) who stated that radiation-induced alterations in non-parenchymal liver 

cells may be responsible for microvascular necrosis leading to the loss of hepatocytes as a 

result of a stimulation of a cascade of pathological events. Other studies have demonstrated 

severe hepatic injury after treatment with radiation doses similar to 20 Gy. Zhao et al. (Zhao 

et al., 2009) treated a section of rat liver in vivo with radiation and demonstrated severe 

hepatic injury after treatment with 25 Gy, as assessed by alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) activity and histopathological analysis. Through the 

irradiation of whole rat liver in vivo, Geraci et al. (Geraci, 1985) determined that the median 

lethal dose (LD50) for irradiation of the whole rat liver was 24 Gy. Considering that this was 

the LD50 for whole rat liver, it is not surprising that treatment of a biopsy-sized specimen of 

rat liver, as was used in the current study, caused a significant level of cellular death in the 

microfluidic device.  

Senescence and apoptosis have both been demonstrated as modes of radiation-induced 

cytotoxicity in a variety of hepatocyte models, for example Koenig et al. (Koenig S, 2008) 

demonstrated that partial liver irradiation i.e. treatment of a section of the liver in vivo with 25 

Gy caused a prolonged cell cycle block with increased levels of p53, p21 and cyclin D1, 

potentially leading to cell senescence. Shimura et al. (Shimura T, 2010) also demonstrated 

that treatment of the HepG2 and HeLa cell lines with a fractionated radiation course resulted 

in an overexpression of cyclin D1, which lead to the activation of DNA damage response 

mechanisms. Christiansen et al. (Christiansen et al., 2004) demonstrated that TNF--

mediated apoptosis was the primary mode of radiotherapy-induced cytotoxicity in irradiated 

hepatocytes in culture following treatment with 2, 8 and 25 Gy. A dose-dependent 

relationship, with an increase in cell death for a given increase in radiation dose has 

previously been demonstrated when irradiating hepatocytes in vitro (Table 8).  
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Table 8. A summary of studies assessing the in vitro response of hepatocytes to radiation. 

 

Authors Cell type Radiation 

dose 

Response 

Sakahara et al. 

(Sakahara et al., 

1992) 

Mice hepatocytes 

monolayer 

 Frequency of radiation-induced micronuclei 

increased in a dose-dependent  manner. 

Geraci et al. (Geraci 

and Mariano, 1993) 

Hepatocytes >10Gy A dose-dependent decline in the number of 

hepatocytes with doses greater than 10Gy. 

Nakajima et al. 

(Nakajima and 

Yukawa, 1996) 

Monolayer 

hepatocytes 

5Gy or 50Gy Irradiation induced lipid peroxidation of 

hepatocytes in the range of 0-50Gy in a dose-

dependent manner  

Srinivasan et al. 

(Srinivasan et al., 

2008) 

Hepatocytes 1Gy to 4Gy Increase in severity of DNA damage with an 

increase in radiation dose measured by the comet 

assay. 

Maruko et al. 

(Maruko et al., 2010) 

Rat hepatocytes  Difference in radioresponse between periportal 

and perivenous hepatocytes with a greater decline 

in DNA synthesis in the periportal hepatocytes 

with treatment <10Gy, but no difference >10Gy. 

Jin et al. (Jin et al., 

2011) 

Hep G2 cells 0Gy to 6Gy Dose-dependent decrease in survival fraction. 

Zhang et al. (Zhang 

et al., 2012) 

Human hepatoma cell 

line HepG2 

0Gy to 10Gy Dose-dependent decrease in survival fraction 5 

days after irradiation with 80% following 2Gy cf 

22% after 10Gy. 

 

A dose-dependent relationship has also been demonstrated in vivo where whole rat liver 

irradiation treated with 15 Gy and 25 Gy demonstrated minimal histological change and 

showed no significant change in liver enzymatic function after 15 Gy. However, after 

irradiation with 25 Gy, there were demonstrable histological abnormalities, consisting of 

hepatic vein lesions and cellular necrosis, and liver injury, measured by the rose bengal test 

and plasma alkaline phosphatase concentrations, with a latent period of 35 to 42 days (Geraci 

et al., 1991). An advantage of the microfluidic system was that these tissue changes were 

demonstrated sooner, observable after only a few days following irradiation. 

To investigate the effects of a fractionated course, which is closer to the radiation regimen 

used to treat patients, 20 Gy was divided into two fractions of 10 Gy, administered 24 h apart 

on days two and three of incubation. Using this method of irradiation the tissue maintained its 

integrity allowing the rat liver tissue to continue being cultured in the same microfluidic 
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device without the need for tissue transfer, thereby reducing the potential of tissue damage 

during transfer. A significant increase in LDH release was observed, however, only after the 

second fraction of 10 Gy in the 2 h post-irradiation period, similar to that recorded following 

treatment with a single dose of 20 Gy. No further LDH release was detected even up to 15 

days of incubation until the addition of the lysis agent to the culture medium, indicating that 

no late stage cytotoxicity was caused by irradiation of the rat liver tissue. This is in contrast to 

the results observed following single radiotherapy doses of 10 Gy or less or a fractionated 

course, of five fractions of 4 Gy in which no significant increase in LDH release was 

observed.  

In the experiment where the rat liver tissue was treated with a fractionated course of five 

fractions of 4 Gy. Although the total dose of the experiment in which the rat liver tissue was 

irradiated with five fractions of 4 Gy was 20 Gy, there was no significant increase in LDH 

release, which may indicate that the dose of each fraction was such that it allowed for DNA 

repair mechanisms to repair single-strand DNA breaks and that the number of double-strand 

DNA breaks caused was not sufficient to induce a significant level of cellular death. The 

premise of fractionation is that normal parenchymal cells are able to undergo repair between 

fractions, whilst the impaired repair mechanisms of tumour cells leads to cell death, which 

was reproduced by this technique.  

 

3.4.2 Assessment of rat liver function by measurement of albumin and urea synthesis 

following irradiation. 

Albumin and urea production are established markers of hepatic synthetic function in vitro 

(Castell JV, 1987, Cheng Y, 2013) and have previously been used to study the effects of 

irradiation on hepatocytes (Lahiri S, 1995). Both markers have previously been used to 

measure rat liver function in the effluent using an identical microfluidic technique (Hattersley 

et al., 2008, Hattersley et al., 2012).  

Following incubation in the microfluidic device without radiotherapy treatment, the rat liver 

tissue continued to produce albumin for 197 h (eight days), although levels dropped after 53 h, 

and urea for 13 days, with a steady decline over seven days, indicating that the rat liver 

remained functional whilst being maintained using this technique. The levels of albumin and 

urea produced were comparable to other studies using microfluidic techniques (Hattersley et 

al., 2008), however, the albumin and urea production in the current study was investigated 
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over a considerably longer period than previously reported, demonstrating the ability of this 

technique to maintain synthetic function and the potential for this technique to be utilised for 

tissue interrogation over a prolonged duration. This is the first study in which microfluidic 

techniques have been used to study hepatic synthetic function in response to radiotherapy. 

Several other studies have investigated hepatocytes in vitro using three-dimensional culture 

techniques without radiation, with the majority using spheroids, and have demonstrated 

increased levels of albumin and urea production over monolayer culture (Takahashi et al., 

2010, Tostoes et al., 2011, Hsieh et al., 2010, Lee et al., 2013, Rossouw et al., 2012, Ng et al., 

2005, Du et al., 2008, Mercey E, 2010, Cheng Y, 2013). The advantage of the rat liver tissue 

used in this study over previous studies was that the tissue architecture was maintained, 

thereby preserving the intra- and intercellular relations and interactions which, as a result, 

enabled prolonged production of albumin and urea. Lee et al. (Lee et al., 2013) used 

spheroids on a liver-on-a-chip device to investigate the interactions between hepatocyte and 

hepatic stellate cells. They demonstrated that hepatic stellate cells have an important role in 

maintaining tight cell-cell contacts, which, in turn, improve liver-specific function. They 

demonstrated that spheroids derived from co-cultures i.e. hepatocytes and hepatic stellate 

cells exhibited improved albumin and urea synthesis over an eight day period compared to 

spheroids cultured solely from hepatocytes. Rossouw et al. (Rossouw et al., 2012) concluded 

that hepatocytes produced greater levels of albumin and urea in three-dimensional culture, 

because they were anchorage-dependent cells, which are sensitive to their microenvironment 

(Ng et al., 2005), a statement which reinforced the importance of maintaining the intra- and 

intercellular interactions if the in vivo synthetic process is to be replicated.  

Following the administration of a single dose of 20 Gy irradiation to the rat liver, there was a 

significant decrease in albumin production four hours post-treatment. This did not coincide 

with the point of maximum cellular damage, as demonstrated by the significant increase in 

LDH release, which occurred two hours after irradiation. The continued detection of albumin 

for four hours following irradiation was probably caused by the leaching of albumin from 

intracellular stores from hepatocytes with radiation-induced cell membrane damage. Albumin 

levels subsequently dropped to minimal detectable levels 22-24 h following irradiation. 

Geraci et al. (Geraci and Mariano, 1993) demonstrated that the treatment of rat hepatocytes 

with greater than 10 Gy radiation resulted in a dose-dependent decline in liver mass and 

hepatocytes. Interestingly, they also demonstrated that viable hepatocytes isolated from 
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irradiated dysfunctional livers were functionally normal when assessed with the rose bengal 

clearance test.  

Following 20 Gy, there was a significant decrease in urea production during the 24 h 

following irradiation. There is a paucity of studies in the literature assessing the effects of 

ionising radiation on urea production by hepatocytes. Lahiri et al. (Lahiri S, 1995) assessed 

the effect of UV-B radiation of isolated rat hepatocytes in culture at various doses from 400-

1000 Jm
-2

. Urea production was not affected by any dose of UV-B, demonstrating that urea 

production depends on the type of radiation that the cells are exposed to. 

Despite the fact that there was a significant increase in LDH release after treating the tissue 

with the second fraction of 10 Gy, albumin and urea production continued. This indicated that 

the level of cytotoxicity was enough to cause a significant release of LDH, but not enough to 

affect the synthetic function of all cells. The comparative preservation of tissue following the 

fractionated course was further confirmed by the lack of tissue degradation observed. The 

continued production of albumin in this current study is similar to two in vivo studies by 

Zamyatkina et al. (Zamyatkina, 1962, Zamyatkina, 1965) who reported a significant 75% 

decline in albumin synthesis by rat liver four to six days following whole-body irradiation 

with 900rads or 9 Gy and John et al. (John and Miller, 1968) who demonstrated a 25% 

reduction over the same time period under similar conditions. 

 

3.4.3 Morphological changes in the rat liver in response to exposure to ionising radiation. 

The histological appearance of the rat liver prior to being placed in the microfluidic device 

demonstrated that there was preservation of tissue architecture following retrieval of the liver 

from the rat and after the tissue had undergone tissue preparation including or excluding 

snap-freezing.  

After incubation in the microfluidic device for four and six days without radiation, there were 

some mild changes in the tissue morphology, however, the majority of the tissue architecture 

was preserved.  

After incubation in the microfluidic device for six days and with irradiation consisting of two 

fractions of 10 Gy or five fractions of 4 Gy, there were demonstrable histological changes in 

the irradiated tissue compared to the non-irradiated tissue with the primary finding being an 

increase in vacuolation and reduction in nuclei, both indicators of cellular death, findings that 
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were in keeping with those previously reported (Rubaj, 1975, Geraci et al., 1991, Zavodnik 

LB, 2003). However, even though there were changes in the morphology of the cells, this did 

not correlate with cell death or hepatocyte function as measured by LDH and albumin and 

urea respectively. 
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Chapter 4 

The effect of radiation on head and neck squamous 

cell carcinoma (HNSCC) tissue maintained in a 

microfluidic device 

4.1 Introduction 

Radiotherapy is a well-established single modality therapy for the treatment of HNSCC. 

However, radioresistance is a major obstacle to a successful treatment with up to 25% of T2 

laryngeal cancers being radioresistant (Fernberg et al., 1989, Klintenberg et al., 1996, 

Johansen et al., 2002). As well as early stage HNSCC, radioresistance is a major factor in the 

treatment of larger tumours. It is currently impossible to predict which tumours will respond 

to radiotherapy prior to a patient commencing treatment, which means that a patient will 

potentially undergo an unnecessary treatment with its associated morbidity. 

The aim of this part of the study was to use microfluidic techniques to investigate the effects 

of radiation on HNSCC tissue with the ultimate goal being to develop a microfluidic device 

that is capable of predicting the response to radiotherapy of an individual’s tumour prior to 

them commencing treatment. 

It was important to establish initially whether this microfluidic device could maintain 

HNSCC tissue in a viable state over a number of days without any radiation as was 

successfully demonstrated with the rat liver tissue. This was determined by measuring the 

LDH in the effluent from the device. To determine whether the HNSCC was alive at the end 

of the experiment, a lysis agent was added to the culture medium, which caused maximal cell 

membrane rupture, releasing all the potential LDH into the effluent and demonstrating intact 

viable cells remaining in the tissue. 

Several methods of analysis were used to study the effects of radiation on the HNSCC tissue. 

LDH was measured in the effluent from the microfluidic device to assess radiation-induced 

cell death as it had been in the rat liver. Cytochrome c is a specific marker of apoptosis and 

was measured in the effluent following irradiation of the HSNCC tissue. Hattersley et al 

(Hattersley et al., 2012) used it in an identical microfluidic device to demonstrate apoptosis 

induced by exposing the HSNCC tissue to chemotherapeutic agents. In the current study, 
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cytochrome c was used to identify whether a soluble marker could be measured in the effluent 

from the device to detect apoptosis following irradiation with 5 Gy or 10 Gy. These doses 

were chosen as they closely resembled radiotherapy doses that are used in the clinical 

treatment of HNSCC, with the replication of the clinical setting being the goal of the study. 

In addition to LDH and cytochrome c, tissue analysis methods were used to investigate the 

effects of radiation on the HNSCC tissue. As with the rat liver tissue, Haematoxylin and 

Eosin staining was used to analyse changes in the architecture of the HNSCC tissue in 

response to incubation in the microfluidic device and exposure to radiation. Sections taken 

from the HNSCC at each stage of the process were analysed histologically for comparison to 

determine the morphological changes caused by each of the following stages: HNSCC tissue 

that had been excised from the patient, but had not been incubated in the microfluidic device, 

tissue that had been incubated in the device without irradiation and tissue that had been 

incubated in the device and irradiated. 

Immunohistochemistry was performed with pancytokeratin and the M30 antibody. In order to 

confirm the presence of HNSCC cells in the tissue specimens that were incubated in the 

microfluidic device, a pancytokeratin antibody was used, which was capable of detecting 

HNSCC in a metastatic lymph node. Cytokeratins are proteins of keratin-containing 

intermediate filaments found in the intracytoplasmic cytoskeleton of epithelial tissue (Franke 

et al., 1979) and are used in the clinical diagnosis of HNSCC. The initial experiments studied 

the expression of pancytokeratin in the HNSCC tissue prior to it being incubated in the 

microfluidic device compared to the tissue that had been incubated for four and seven days 

respectively. The effect of radiation was assessed by studying its expression in the tissue 

following irradiation with a single dose of 2 Gy and five daily fractions of 2 Gy. These doses 

were used as they replicate a single fraction of a clinical course of radiotherapy and a 

weeklong radiotherapy course that a patient being treated for HNSCC would undergo.  

The M30 antibody can show apoptosis by the detection of cytokeratin 18 that has been 

cleaved by caspase-3; its ability to demonstrate radiation-induced apoptosis has previously 

been demonstrated (Allal et al., 2003, Gosens et al., 2008). This was used to demonstrate any 

apoptotic cell death that had been caused by irradiation of the HNSCC tissue. It was used in 

the HNSCC tissue prior to it being placed in the microfluidic device and following seven days 

of incubation in the device to determine whether there was any apoptosis caused by 

incubation of the tissue in the device. To demonstrate radiation-induced apoptosis, it was used 
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in the HNSCC tissue that had been irradiated with a single dose of 2 Gy and five daily 

fractions of 2 Gy. 

Irradiation of HNSCC cells causes single and double strand DNA breaks, which, if unrepaired, 

lead to radiation-induced cell death (Goodhead, 1994). The DNA-strand breaks were 

detectable using the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

assay. TUNEL was used in the current study to detect the radiation-induced DNA-strand 

breaks and as an apoptotic marker to correlate with the results from using the M30 antibody.  

 

4.2 Materials and Methods 

4.2.1 Design and fabrication of the microfluidic device  

The glass microfluidic devices were fabricated in-house at the Department of Chemistry, 

University of Hull using photolithography techniques as described in section 2.1, the same as 

those used with the rat liver tissue. 

 

4.2.2 Preparation and running of the microfluidic device  

The microfluidic device was prepared as in section 2.2.1. Once assembled the microfluidic 

device was run as per section 2.2.2. The effluent was collected at two-hourly intervals. The 

effluent was collected overnight, but these samples were not analysed. 

 

 4.2.3 Administration of radiation 

The HNSCC tissue was irradiated using a 6MV photon beam from a Varian Linear 

Accelerator as in section 2.5. The tissue was exposed to single doses of 5 Gy, 10 Gy, 20 Gy 

and 40 Gy. The 5 Gy and 10 Gy radiation doses were administered to the same tissues at a 24 

h interval, as were the 20 Gy and 40 Gy. The radiation had to be administered in this manner 

due to the logistics of irradiating the fresh tissue, given the clinical utility of the Linear 

Accelerator. In the second series of experiments, the HNSCC tissue was exposed to a single 

dose of 2 Gy and five daily fractions of 2 Gy. Each experiment was performed three times.   
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4.2.4 Collection of HNSCC tissue specimens 

Samples were provided in an anonymous manner by patients undergoing surgery for T1-T3 

head and neck squamous cell carcinoma, in accordance with Local Research Ethics 

Committee  (LREC-10/H1304/6; AM01) and NHS Trust R&D approval (R0987) as described 

in section 2.4. Tissue specimens from different HNSCC primary and metastatic sites were 

used for analysis to ensure adequate variation.  

 

4.2.5 LDH assay  

The LDH assay was performed as described in section 2.6.1. The assay was performed on 

each two-hourly effluent sample in duplicate. The initial experiment to determine whether the 

microfluidic device could maintain the HNSCC tissue in a viable state was repeated with nine 

chips using tissue from different HNSCC tumours. The experiments in which the HNSCC 

tissue was irradiated were performed three times. The mean absorbance value was calculated. 

A negative control consisting of culture medium alone was subtracted.  

 

4.2.6 Cytochrome c ELISA 

Cytochrome c was analysed in the effluent from HNSCC tissue that had been treated with a 

single dose of 5 Gy or 10 Gy as in section 2.6.2. The experiment for each dose was repeated 

twice. Each sample was analysed in duplicate and a negative control consisting of culture 

medium alone was subtracted. 

 

4.2.7 Preparation of tissue for cryostat sectioning 

The HNSCC liver tissue was removed from the microfluidic device and prepared as in section 

2.8. 
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4.2.8 Cryostat sectioning 

Prior to sectioning, each tissue specimen was prepared as in section 2.9. A cryostat (Leica 

CM1100, Leica biosystems, UK) was used to ensure that the samples remained frozen whilst 

sectioning. Each section was placed on Superfrost Plus glass microscope slides (Merck, UK) 

with six sections per slide. The slides were then stored at -20
o
C for future analysis. 

 

4.2.9 Histological analysis of tissue using Haematoxylin and Eosin 

For histological analysis, the HNSCC tissue sections were stained with haematoxylin and 

eosin as described in section 2.10.  

 

4.2.10 Pancytokeratin and M30 CytoDEATH™ 

Immunohistochemistry was performed on the HNSCC sections from three separate stages of 

the process: HNSCC tissue that had been removed from the patient, but not incubated in the 

microfluidic device, tissue that had been incubated in the device without irradiation and tissue 

that had been incubated in the device and irradiated as described in section 2.11. The mean 

apoptotic index was calculated from the M30 results as described in 2.12. Each experiment 

was carried out on a different HNSCC tumour and performed three times. 

 

4.2.11 Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

The fluorescent-labelled TUNEL assay was carried out as described in section 2.11.2. The 

cells that had undergone radiation-induced DNA-strand breaks were stained with FITC and 

displayed green fluorescence. A DNA-strand break index was calculated in the same manner 

as the apoptotic index as described in section 2.12. Each experiment was carried on a 

different HNSCC tumour and performed three times. 
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4.3 Results 

4.3.1 Assessment of viability of the HNSCC tissue by measuring LDH release 

LDH was measureable in the effluent from the microfluidic device as a result of cell death. 

Figure 28 shows the levels of LDH released from HNSCC tissue (n=9 experiments), 

maintained in the microfluidic device without intervention over a period of 149 h. The initial 

elevated LDH levels decreased to minimally detectable levels 24-28 h after placement of the 

tissue into the microfluidic device. LDH levels remained low in a similar manner to the rat 

liver, until the lysis reagent was added to the medium at 141 h, inducing a subsequent rise in 

LDH release 2-8 h after its addition in a similar manner to the rat liver tissue. 

 
Figure 28. Absorbance measurements (492-600nm) following LDH assays on effluent from 

HNSCC tissue maintained in a microfluidic device for 149 h, standardised per mg of tissue 

(Mean of 9 separate experiments + SEM). Lysis agent was added at 141 hours as indicated by 

arrow. The effluent was not collected overnight, as demonstrated by the gaps in the 

incubation time axis. 

 

 

4.3.2 LDH release from HNSCC tissue following irradiation as a measure of cell death 

Single doses of 40 Gy and 20 Gy (n=3 for each dose: T1N2b tonsil, T3N2b larynx and 

T2N2b tonsil cervical metastases), 10 Gy and 5 Gy (n=3 for each dose: T1N2b tonsil, T0N2a 

cervical metastasis and T3 larynx) were administered to the HNSCC at different timepoints 

due to the logistics of irradiating the fresh HNSCC tissue (Figure 29). There was no 
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difference in LDH release between the individual tumours, therefore, an average of the three 

was used.  

A significant increase in LDH (p=0.009) release into the effluent from the device was 

demonstrated after the HNSCC tissue was treated with 40 Gy. This surge in LDH occurred in 

the initial 2 h following irradiation, as in the rat liver. In a series of experiments, no 

significant LDH increase was demonstrated in the HNSCC tissue when less than 20 Gy was 

administered (n=8 experiments; data not shown). 
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Figure 29. LDH absorbance in the effluent of HNSCC tissue maintained in a microfluidic 

device treated with a single dose of a) 20 Gy irradiation at 28 h and 40 Gy at 52 h (n=3: 

T1N2b tonsil, T3N2b larynx and T2N2b cervical metastases) and b) 5 Gy at 28 h (n=3) and 

10 Gy at 52 h (n=3: T1N2b tonsil, T0N2a cervical metastasis and T3 larynx). No lysis agent 

added. Control received no radiotherapy. A significant LDH release was detected after 

administration of 40 Gy irradiation compared to control. p=0.009* unpaired t-test.  
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4.3.3 Cytochrome c release from HNSCC tissue following irradiation as a measure of 

apoptotic cell death 

In order to determine whether apoptosis could be detected in the effluent following the 

administration of a lower, more clinically relevant dose of radiotherapy (5Gy and 10Gy) (n=2 

for each dose; T2N2 oropharyngeal cervical lymph node metastases) the apoptotic-specific 

marker cytochrome c was measured. The pattern of release of cytochrome c was similar to 

that of LDH with initial high levels decreasing after 22 h. There was no overall significant 

increase in cytochrome c release observed in the group treated with radiation regardless of the 

dose administered compared with the control measured for at least 72 h following irradiation 

of the HNSCC tissue (p=0.895) (Table 9) (Figure 30).  
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Table 9. Cytochrome c levels with T2N2 orophrayngeal SCC metastatic cervical lymph 

nodes following irradiation with 5Gy and 10Gy at 28 h and 52 h respectively. The same 

calculation was performed for the control tissue. 

 

Incubation 

time (hours) 

Cytochrome c 

(ng ml
-1

) 

Cytochrome c per mg of 

tissue  

(ng ml
-1

 mg
-1

) 

Mean level of 

cytochrome c per mg 

of tissue  

(ng ml
-1 

mg
-1

) 

 T2N2 

OPSCC LN 

T2N2 

OPSCC LN 

T2N2 

OPSCC LN 

(7.8mg) 

T2N2 

OPSCC LN 

(7.1mg) 

 

0-2 1.108 1.243 0.142 0.175 0.159 

2-4 0.936 0.994 0.120 0.140 0.130 

20-22 0.437 0.525 0.056 0.074 0.065 

22-24 0.242 0.412 0.031 0.058 0.045 

24-26 0.234 0.347 0.030 0.049 0.040 

26-28 0.211 0.263 0.027 0.037 0.032 

28-30 0.172 0.199 0.022 0.028 0.025 

44-46 0.164 0.220 0.021 0.031 0.026 

46-48 0.109 0.185 0.014 0.026 0.020 

48-50 0.094 0.206 0.012 0.029 0.021 

50-52 0.070 0.107 0.009 0.015 0.012 

52-54 0.078 0.078 0.010 0.011 0.011 

68-70 0.016 0.083 0.002 0.011 0.007 

70-72 0.025 0.072 0.003 0.010 0.007 

72-74 0.031 0.066 0.004 0.009 0.008 

74-76 0.080 0.057 0.010 0.008 0.011 

76-78 0.076 0.074 0.005 0.010 0.008 

92-94 0.016 0.077 0.002 0.011 0.007 

94-96 0.031 0.081 0.004 0.010 0.007 

96-98 0.047 0.086 0.006 0.012 0.009 

98-100 0.027 0.100 0.003 0.014 0.009 

100-102 0.082 0.135 0.011 0.019 0.015 

116-118 0.019 0.070 0.002 0.010 0.007 

118-120 0.028 0.050 0.004 0.007 0.007 

120-122 0.015 0.081 0.002 0.010 0.006 

122-124 0.037 0.079 0.005 0.011 0.008 

124-126 0.042 0.021 0.005 0.003 0.004 
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Figure 30. Cytochrome c release from HNSCC tissue maintained in a microfluidic device 

(n=2: T2N2 oropharyngeal cervical metastases). Single doses of 5 Gy and 10 Gy of radiation 

were administered at 28 h and 52 h respectively, indicated by the yellow flash arrows. 

Cytochrome c standardised per mg of tissue (+SEM). Mean of two separate experiments + 

SEM. p=0.895 overall between the irradiated and the control tissue. Unpaired t-test. 

 

 

4.3.4 Morphology of the HNSCC tissue maintained in a microfluidic device and the 

effect of irradiation 

Histological analysis of cryostat prepared sections, using standard haematoxylin and eosin 

staining, demonstrated that the structure of the HNSCC tissue was maintained during 

incubation in the microfluidic device for four days. This can be observed by comparison of 

the sections in Figures 31a & 31b, Figures 32a & 32b and Figures 33a & 33b. Sections 

were prepared from an oropharyngeal metastatic cervical lymph node (T2N2a), prior to 

placement in the microfluidic device (31a & 31b), following four days of incubation (32a & 

32b) and following seven days of incubation (33a & 33b). There were no discernible 

differences in the architecture between the sections without microfluidic incubation and those 

following four days of incubation with no loss of nuclei or intercellular cohesion. However, 

following seven days of incubation in the microfluidic device, there were some architectural 

changes with evidence of mild loss of intercellular cohesion, although this was minimal. 
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A     80m    B                    20m 

 
Figure 31. Haematoxylin (blue) and eosin (red) stained HNSCC cryostat sections prepared 

from tissue before incubation in the microfluidic device (T2N2 oropharyngeal cervical lymph 

node metastasis). a) 50x magnification and b) 200x magnification – area of magnification 

demarcated by square. 

 

 

No discernible difference was observed in the architecture between the HNSCC tissue 

incubated in the microfluidic device for four days without irradiation (Figure 32a & b) 

compared with the HNSCC tissue that had been irradiated with 2 Gy on day two and 

incubated for the same duration (Figure 33c & d).  
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A      80m    B     20m 

 
 

C        D 

 
Figure 32. Haematoxylin (blue) and eosin (red) stained HNSCC cryostat prepared tissue 

(T2N2 oropharyngeal cervical lymph node metastasis) following 4 days of incubation in the 

microfluidic device. Non-irradiated tissue: a) 50x magnification and b) 200x magnification. 

Tissue prepared 72 h after receiving 2 Gy of radiotherapy: c) 50x magnification and d) 200x 

magnification. 

 

 

There was a demonstrable difference in the HNSCC (T2N2a oropharyngeal cervical lymph 

node metastases) tissue architecture following seven days of incubation between the 

irradiated and the non-irradiated tissue following five fractions of 2 Gy (Figure 33). The 

irradiated tissue demonstrated characteristics of cellular death with loss of nuclei and 

intercellular cohesion. A ‘keratin pearl’ can clearly be seen in the irradiated tissue (arrow), a 

pathognomic feature of SCC, with a paucity of viable cells surrounding it and distinct loss of 

intercellular cohesion.   
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A     80m    B               20m 

 
C         D 

 
Figure 33. Haematoxylin (blue) and eosin (red) stained HNSCC cryostat prepared tissue 

(T2N2 oropharyngeal cervical lymph node metastasis). Non-irradiated tissue following 7 days 

of incubation in the microfluidic device: a) 50x magnification and b) 200x magnification. 

HNSCC tissue irradiated with 5 fractions of 2 Gy at 24 h and incubated for a further 6 days:  

c) 50x magnification and d) 200x magnification. Keratin pearl demonstrated by arrow. 
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4.3.5 Detection of the presence of HNSCC cells within the HNSCC sections using 

pancytokeratin and the effect of radiation on its expression 

Pancytokeratin was used to confirm the presence of SCC cells within the HNSCC tissue 

(T2N2 oropharyngeal cervical lymph node metastases), a process that enabled delineation of 

areas of SCC within metastatic cervical lymph nodes as demonstrated in Figures 34a & 34b, 

which show HNSCC tissue prior to being incubated in the microfluidic device.  

 

A              80m    B               20m 

  
Figure 34. Immunohistochemical staining of cryopreserved HNSCC tissue (T2N2 

oropharyngeal cervical lymph node metastasis) with pancytokeratin (1:100 dilution, brown 

nuclei; blue haematoxylin counterstain) prior to incubation in the microfluidic device as 

shown by arrows. a) 50x magnification. b) 200x magnification. 

 

No discernible difference in the expression of cytokeratin was observed between the HNSCC 

tissue prior to incubation in the microfluidic device (Figures 34a & 34b), at day four of 

incubation (Figures 35a & 35b) and day seven of incubation (Figures 36a & 36b). 

Treatment of the tissue with radiotherapy also demonstrated no discernible difference in 

cytokeratin expression, either after 2 Gy at 24 h (Figures 35c & 35d) or five daily fractions 

of 2 Gy (Figures 36c & 36d). 

 

 

 

 

 

 

 

 

b 
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A     80m   B              20m 

 
C         D 

 
Figure 35. Immunohistochemical staining of cryostat sectioned HNSCC tissue (T2N2 

oropharyngeal cervical lymph node metastasis) with pancytokeratin (1:100 dilution, brown 

nuclei; blue haematoxylin counterstain) following 4 days of incubation in a microfluidic 

device. Non-irradiated tissue: a) 50x magnification. b) 200x magnification. HNSCC tissue  

72 h after treatment with a single dose of 2 Gy radiotherapy: c) 50x magnification. d) 200x 

magnification. 
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A     80m    B               20m 
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Figure 36. Immunohistochemical staining of cryosectioned HNSCC tissue (T2N2 

oropharyngeal cervical lymph node metastasis) with pancytokeratin (1:100 dilution, brown 

nuclei; blue haematoxylin counterstain) following 7 days of incubation in the microfluidic 

device. Non-irradiated tissue: a) 50x magnification. b) 200x magnification. Tissue treated 

with 5 daily fractions of 2 Gy radiotherapy: c) 50x magnification. d) 200x magnification. 
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4.3.6 Detection of radiation-induced apoptotic cell death in the HNSCC tissue using 

caspase-3 cleaved cytokeratin 18 

M30 CytoDEATH™ is a marker of apoptosis as it detects caspase-3 cleaved cytokeratin 18, 

part of the cytoskeleton in HNSCC cells. A small number of cells had undergone spontaneous 

apoptosis prior to the tissue being placed in the microfluidic device and in the tissue that had 

been incubated in the device. No statistically significant difference was found in the number 

of apoptotic cells in the tissue that was not incubated in the microfluidic device and the tissue 

that had been incubated for up to seven days in the device, but had received no radiotherapy, 

the maximum length of time that the tissue was maintained in the device during these 

experiments (Figures 37a & b and Figures 38a & b and Figures 39a & b).  

 

A     80m   B               20m 

 

Figure 37. Immunohistochemical staining of cryostat sectioned HNSCC tissue (T2N2 

metastatic cervical lymph node metastasis) with M30 (1:100 dilution: brown nuclei; 

haematoxylin counterstain) prior to incubation in the microfluidic device. a) 50x 

magnification. b) 200x magnification.  
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A     80m   B              20m 

 
C         D 

 
E 

                             
Figure 38. Immunohistochemical staining of cryostat sectioned HNSCC tissue (T2N2   

oropharyngeal cervical lymph node metastasis) with M30 (1:100 dilution: brown nuclei; blue 

haematoxylin counterstain) following 4 days of incubation. Non-irradiated tissue: a) 50x 

magnification. b) 200x magnification. HNSCC tissue 72 h following treatment with a single 

dose of 2 Gy radiation: c) 50x magnification. d) 200x magnification. e) HNSCC tissue 72 h 

following treatment with a single dose of 40 Gy. 400x magnification 

20m 
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A              80m   B             20m 

 
 

C        D              20m 

 
Figure 39. Immunohistochemical staining of cryostat sectioned HNSCC tissue (T2N2 

oropharyngeal cervical lymph node metastasis) with M30 (1:100 dilution: brown nuclei; blue 

haematoxylin counterstain) following 7 days of incubation in the microfluidic device. Non-

irradiated tissue: a) 50x magnification. b) 200x magnification. Following treatment with 5 

daily fractions of 2 Gy radiation: c) 50x magnification. d) 400x magnification. 

 

Apoptosis in the HNSCC tissue was expressed as the apoptotic index (AI), which was derived 

by calculating the number of cells that stained positively for M30 as a percentage of the total 

number of cells in 10 randomly selected high-power fields.  

No significant difference was observed in the AI in the HNSCC tissue prior to being 

incubated in the microfluidic device compared to the tissue that had been incubated in the 

device for seven days, but had received no radiotherapy (Figures 37a & b and Figures 39a 

& b) (0.5% cf 0.6%; p=0.29). The AI of the treatment group was significantly different to the 

non-irradiated tissue for all doses (7% cf 0.6%; p=0.001) (Figure 38e and Figures 39a & b). 

A dose-dependent relationship was observed between the dose of radiotherapy administered 



 134 

and the AI with an increase in radiotherapy dose resulting in an increase in apoptosis (Figure 

40). For each dose increment, there was a significant increase in AI, except for the increment 

from10 Gy to 20 Gy (Table 11). 

 

Table 10. Calculation of apoptotic index for the HNSCC tissue irradiated with single doses. 

The same calculation was performed for the HNSCC tissue that was irradiated with a 

fractionated course. 

Radiation dose 

(Gy) 

Number of M30 positive 

cells 

Total number of cells counted (M30 +ve cells/total 

cells counted) x 100 

Apoptotic index (%) 

 T2N2 

OPSCC 

LN 1 

 

T2N2 

OPSCC 

LN 2 

 

T2N2 

OPSCC 

LN 3 

T2N2 

OPSCC 

LN 1 

T2N2 

OPSCC 

LN 2 

T2N2 

OPSCC 

LN 3 

 

Pre-MF 24 21 16 3041 2954 2671 0.5 

No RT  27 22 20 3004 2749 2837 0.6 

5 167 156 231 2384 3127 2572 7.0 

10 362 350 509 2415 2690 3183 14.7 

20 500 380 505 2379 2712 2195 19.3 

40 1367 1010 1218 2847 2244 3124 44.0 

 

 

 

Table 11. Apoptotic index for single radiotherapy dose increments. 

Radiotherapy Dose Increment (Gy) Apoptotic Index (%) p-value 

0 – 5 0.6 - 7 0.006 

5 – 10 7 – 14.7 0.006 

10 - 20 14.7 – 19.3 0.128 

20 – 40 19.3 - 44 0.003 
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Figure 40. Apoptotic index for different radiation doses of HNSCC tissue maintained in a 

microfluidic device (T2N2 oropharyngeal cervical lymph node metastasis) and treated with 

single doses of radiotherapy. (Mean of 3 separate experiments + SEM). ‘Pre-MF’ refers to the 

tissue that was not incubated in the microfluidic device or treated with radiotherapy, ‘No RT’ 

refers to the tissue that was incubated in the device for the same duration as the irradiated 

tissue, but itself did not receive radiotherapy treatment.  

 

 

In the HNSCC tissue that was treated with five daily fractions of 2 Gy, there was no 

significant difference in the AI between the tissue prior to being incubated in the device i.e. 

time 0 and the tissue that had been incubated for seven days, but not treated with radiotherapy 

(p=0.101) (Figures 37a & b and Figures 39a & b). A significant difference in AI was, 

however, demonstrated between the non-irradiated tissue and the tissue that had received 

radiotherapy (p=0.001) (Figures 39a & b and Figures 38c & d and 39c & d) and also within 

the treatment group, with the tissue treated with five fractions of 2 Gy demonstrating a 

significant increase in apoptosis compared to the tissue treated with a single 2 Gy radiation 

fraction (p=0.01; Figure 41) (Figures 38c & d and 39c & d).  
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Figure 41. Apoptotic index for different radiation regimens of an HNSCC metastatic cervical 

lymph node (Mean of 3 separate experiments +SEM). ‘Pre-MF’ refers to the tissue that was 

not incubated in the microfluidic device or treated with radiation, ‘No RT’ refers to the tissue 

that was incubated in the device for the same duration (seven days) as the treated tissue, but 

did not receive radiotherapy treatment. The treatment group consists of the tissue that 

received a single radiation fraction of 2 Gy and 5 daily fractions of 2 Gy ‘5x2Gy’. p=0.001; 

p=0.01 unpaired t-test. 
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4.3.7 Detection of radiation-induced DNA-strand breaks in the HNSCC tissue using 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

Fluorescence-labelled TUNEL was used to detect radiation-induced DNA-strand breaks in 

the HNSCC tissue that had been treated with a fractionated course of radiation to investigate 

the effects of a course of radiation which closely resembled that which would be used in the 

clinical treatment of HNSCC. There was no significant difference in the number of cells with 

DNA-strand breaks in the tissue prior to being incubated in the microfluidic device compared 

to the tissue that had been incubated for the same length of time (seven days), but not treated 

with radiation (Figure 42; p=0.349).   

In order to calculate a difference in DNA-strand breaks between the different treatments, a 

DNA-strand break index was calculated (Figure 43), which was calculated in the same 

manner as the apoptotic index. A significant increase in DNA-strand breaks was observed in 

the tissue that had been irradiated, with both 2 Gy and five daily fractions of 2 Gy radiation, 

compared to the non-irradiated tissue (Figure 42; p=0.001). In addition the treatment of the 

tissue with five fractions of 2 Gy caused an increased number of DNA-strand breaks 

compared to the tissue that had been treated with a single fraction of 2 Gy (p=0.008).   
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Figure 42. HNSCC cryosectioned tissue (T2N2 oropharyngeal cervical lymph node 

metastasis) following fluorescent detection of DNA strand breaks using TUNEL. a) Prior to 

incubation. 100x magnification. b) Following seven days of incubation in the microfluidic 

device without radiotherapy, c) 72 h following treatment with a single dose of 2 Gy radiation 

and d) Tissue treated with five daily fractions of 2 Gy radiation. DNA-strand break indicated 

by green fluorescence (FITC right hand panel) with blue fluorescence (DAPI left hand panel) 

counterstain. Images b), c) and d) x400 magnification. 
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Table 12. Table to show data for DNA-strand break index calculation.  

Radiation dose 

(Gy) 

Number of TUNEL positive 

cells 

Total number of cells counted (TUNEL +ve cells/total 

cells counted) x 100 

DSB index (%) 

 T2N2 

OPSCC 

LN 1 

 

T2N2 

OPSCC 

LN 2 

 

T2N2 

OPSCC 

LN 3 

T2N2 

OPSCC 

LN 1 

T2N2 

OPSCC 

LN 2 

T2N2 

OPSCC 

LN 3 

 

Pre-MF 7 6 13 2416 1859 2691 0.4 

No RT  11 10 9 2783 2618 1577 0.5 

2 114 179 50 2843 2236 1679 5.0 

5x2 221 453 523 1579 2515 2490 17.7 

 

 

 
Figure 43. Index of DNA-strand breaks following TUNEL following different radiation 

treatment regimens of HNSCC (n=3; T2 larynx; 2xT2N2 oropharyngeal cervical lymph node 

metastases) (Mean of three experiments + SEM). ‘Pre-MF’ refers to the tissue that was not 

incubated in the microfluidic device or treated with radiotherapy, ‘No RT’ refers to the tissue 

that was incubated in the device for the same duration as the treated tissue (seven days), but 

did not receive radiotherapy. p=0.001*; p=0.008 unpaired t test. 
 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

Pre-MF No RT 2Gy 5x2Gy

D
N

A
 s

tr
an

d
  b

re
ak

 in
d

e
x 

(%
) 

Treatment Regimen 

* 

 



 140 

4.4 Discussion 

4.4.1 Cytotoxicity detection through the measurement of LDH and cytochrome c 

LDH was used as a marker of cell death following radiation as it has previously been 

demonstrated as a reliable marker of cell death in an identical microfluidic device with 

HNSCC in response to chemotoxic agents (Hattersley et al., 2012).  

Incubating HNSCC tissue in the microfluidic device without radiation resulted in LDH being 

released in a similar manner to that observed in the rat liver. It was possible to maintain the 

HNSCC tissue in a viable state for seven days without significant LDH release following the 

initial high LDH levels observed during the first 24 h, which were most probably due to tissue 

handling and preparation. Addition of the lysis agent to the culture medium, again induced an 

increase in LDH levels, indicating the presence of viable cells within the tissue following 

prolonged incubation in the microfluidic device. 

The dose required for HNSCC to produce a significant detectable increase in LDH release 

was 40Gy, double that of the rat liver. Lower doses or fractionated doses did not produce any 

response. This dose was surprisingly high, considering that the total dose of a course of 

radiotherapy for the treatment of early stage laryngeal cancer is 60 Gy. It would be expected 

that the HNSCC tissue would have a similar threshold dose to the rat liver. Alati et al (Alati et 

al., 1988) compared the radiosensitivity of rat hepatocytes and human hepatocytes by 

measuring DNA repair following irradiation. They demonstrated that there was no significant 

difference in the radiosensitivity in the two groups. Therefore, it was reasonable to assume 

that the threshold radiation dose for human hepatocytes maintained in the microfluidic device 

would be similar to 20 Gy. By the same argument, considering that both liver and HNSCC 

cells are deemed to be moderately radiosensitive (Kasten-Pisula U, 2009), the radiation 

threshold dose of the HNSCC tissue should have been at a similar level also.  

The higher threshold dose in the HNSCC may have been due to a difference in the intrinsic 

radiosensitivity of the HNSCC and rat liver tissues, despite both being reported as being 

moderately radiosensitive. At this dose, it is likely that the LDH produced is due either to 

very high levels of apoptosis or, more likely, due to necrosis. The results of the current study 

were in agreement with Cai et al. (Cai et al., 2000) who looked at the effects of radiation on 

central nervous system cells in culture and demonstrated a significant increase in LDH release 
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only after 60 Gy, not 30 Gy and concluded that the LDH must have been detecting necrosis, 

rather than apoptosis. 

Cytochrome c is an established soluble marker of apoptosis in HNSCC cells (Macha et al., 

2010) and tissue (Hattersley et al., 2012). Its release was used as a measure of apoptosis in 

the effluent from the microfluidic device as has previously been shown following 

microfluidic culture of HNSCC tissue in response to cytotoxic agents (Hattersley et al., 2012). 

However, in the current study, no significant increases were observed following irradiation 

with either 5 Gy or 10 Gy; these doses being closer to those used in the clinical treatment of 

HNSCC. This highlights how radiation and chemotherapy differ in causing cell lysis in the 

microfluidic device. 

These results are in contrast to other studies in which cytochrome c has been used to detect 

apoptosis in HNSCC cells in response to radiation, however these experiments were 

performed with cell lines rather than intact tissue. For example, Spring et al. (Spring et al., 

2004) demonstrated an increase in apoptosis by measuring cytochrome c in the cytosol of the 

HNSCC cell lines in response to 2 Gy irradiation. A reason for this difference may be due to 

the preservation of the tissue architecture in the microfluidic device. 

 

4.4.2 Morphology of HNSCC tissue maintained in a microfluidic device and the effect of 

radiation 

In accordance with the results from the rat liver experiment, the histological appearance of the 

HNSCC tissue prior to being placed in the microfluidic device demonstrated that there was 

preservation of tissue architecture following excision and tissue preparation including or 

excluding snap-freezing. After four days of incubation in the device, there were again no 

discernible differences in the architecture compared to the pre-incubation section, which had 

not been incubated in the microfluidic device, however, after seven days of incubation, there 

were apparent architectural changes with mild loss of intercellular cohesion. Shinomiya 

(Shinomiya, 2001) described three characteristic histological features of radiation-induced 

apoptosis: pyknosis, cell shrinkage and internucleosomal breakage of chromatin and stated 

that these occur within the first few hours following irradiation.  

The results of the current study are in agreement with a previous study by Kellokumpu-

Lehtinen (Kellokumpu-Lehtinen, 1990) where HNSCC tissue samples were taken from 
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patients before and after radical treatment  and the morphology assessed using H&E staining. 

The authors stated that radiotherapy caused several cellular changes with cellular atypia due 

to cellular death being the most prominent and suggested that changes in cytoskeleton and 

desmosomes might be important in the anchorage of tumour cells and might have a predictive 

value for the tumour’s response to radiotherapy.  

 

4.4.3 Detection of pancytokeratin and caspase-3 cleaved cytokeratin 18 (M30) as a 

marker of apoptosis 

Calculation of the apoptotic index demonstrated no significant difference in apoptosis 

between the HNSCC tissue prior to it being placed in the microfluidic device and the HNSCC 

tissue that had been incubated in the device for seven days without irradiation. This indicated 

that the microfluidic device was able to maintain the HNSCC tissue in a viable state and that 

the level of apoptosis demonstrated was comparable to that occurring spontaneously in the 

tissue, agreeing with minimal histological changes and slow loss of function. 

A significant increase in apoptosis was demonstrated following irradiation of the HNSCC 

tissue compared with the non-irradiated control tissue for both the single dose and the 

fractionated treatment regimens. In the single dose treatment regimen, there was a dose-

dependent relationship with an increase in apoptosis for a given increase in radiation. This 

dose-dependent relationship between HNSCC and radiotherapy has been demonstrated both 

in vitro (Artman et al., 2010, Riesterer et al., 2011, Yadav et al., 2011, Pickhard et al., 2011, 

Vermeer et al., 2013) and in vivo by Hoebers et al. (Hoebers et al., 2008) who demonstrated a 

dose-dependent increase in uptake in the range of 0-8 Gy in patients with HNSCC. Although 

it could be argued that the dose-dependent relationship between radiotherapy dose and 

apoptosis is an expected result, the experiment presented here demonstrates the capability of 

this microfluidic technique to reproduce this relationship and, further, to reproduce the 

clinical response of a patient’s individual tumour to radiation.  

In the HNSCC tissue treated with a fractionated course, consisting of a single fraction of 2 Gy 

compared to five fractions of 2 Gy, there was no significant difference in apoptosis between 

the tissue prior to being placed in the microfluidic device and the tissue that was incubated in 

the device without irradiation, which was the same as in the experiments involving irradiating 

the tissue with single doses of radiation. There was a significant increase in apoptosis 

following irradiation of the tissue with 2 Gy of irradiation compared to the control. 
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Considering that 2 Gy is the dose of a single fraction used in the treatment of HNSCC, the 

ability of this technique to detect apoptosis following treatment with this dose demonstrated 

its superior sensitivity compared to both LDH and cytochrome c. The apoptotic index of a 

single dose of 10 Gy was lower than that of five fractions of 2 Gy, although the total dose was 

the same. This demonstrates the increased efficacy of a fractionated course in causing 

radiation-induced cell death. Drahos et al. (Drahos et al., 2004) treated two melanoma cell 

lines with eight fractions of 0.5 Gy or a single dose of 4 Gy in vitro. They demonstrated a 

significant increase in apoptosis in the cells that were treated with the fractionated course 

compared to the single dose, which is in agreement with the current study.  

Stausbol-Gron et al. (Stausbol-Gron et al., 1999) assessed the radiosensitivity of HNSCC 

cells and fibroblasts by determining the surviving fraction after the administration of 2 Gy. 

However, the problem they encountered was that it proved difficult to differentiate between 

fibroblasts and HNSCC cancer cells. The use of pancytokeratin and the M30 antibody in the 

current study demonstrated the presence of HNSCC cells within the metastatic lymph node 

tissue samples and those HNSCC cells which were apoptotic respectively. Through the 

detection of pancytokeratin, it was demonstrated that all the tissue samples that were 

sectioned contained HNSCC cells and that there was no demonstrable change in the 

expression of cytokeratin after treatment with different irradiation doses, which the current 

study is the first to demonstrate.  

The M30 antibody has previously been used to detect apoptosis in rat liver (Topaloglu et al., 

2003, Schleimer et al., 2008, Boncompagni et al., 2011) and HNSCC tissue, in both in vitro 

and in vivo studies (Thurnher et al., 2001, Eder-Czembirek et al., 2005, Vormittag et al., 2005, 

Ozturk et al., 2009, Macha et al., 2010, Cheng et al., 2012). It is a sensitive marker of early 

apoptosis (Cheng et al., 2012) and was capable of detecting radiation-induced cell death in 

the HNSCC tissue after the administration of as little as 2 Gy irradiation (Aravindan et al., 

2011), the same dose as a single fraction used in the clinical treatment of HNSCC. In addition 

to apoptosis, caspases are involved in cellular death following mitotic catastrophe and, 

therefore, it could be proposed that M30 is also capable of detecting those cells that undergo 

caspase-dependent cell death as a consequence of mitotic catastrophe.  

Previous studies using HeLa-Hep2 adenocarcinoma cells have demonstrated the use of M30 

as a marker of radiation-induced apoptosis after low-dose radiotherapy. Mirzaie-Joniani et al. 

(Mirzaie-Joniani et al., 2002) used it in their study to show a significant increase in apoptosis 
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after 2 Gy irradiation with approximately 20% of the remaining population displaying 

apoptotic staining at 24 h, whilst Eriksson et al. (Eriksson et al., 2003) used it to demonstrate 

increased apoptotic cell death after the combination of low-dose radiation and 

radioimmunotherapy. 

Treatment of the HNSCC tissue with five fractions of 2 Gy on consecutive days replicated a 

weeklong radiotherapy course comparable to treating a patient in the clinical setting. As 

might be expected, a significant increase in the apoptotic index was demonstrated between 

the HNSCC tissue that was treated with five fractions of 2 Gy compared to a single fraction 

of 2 Gy suggesting that the effect was additive. An in vivo study by Le et al. (Le, 1997) 

demonstrated that total dose, fraction size and overall treatment time were all significant 

factors for local control in T1 and T2 laryngeal cancers. This demonstrates that this 

microfluidic technique is able to reproduce the results that would be expected clinically. 

Using caspase-3 detection as a measure of apoptosis in HNSCC cells, Roberg et al. (Roberg 

et al., 2007) treated three different oral SCC cell lines with radiotherapy and found that 

apoptotic morphology and caspase-3 activity were only detected in cell lines that exhibited 

high or moderate radiosensitivity. They concluded that apoptotic cell death and the balance 

between pro- and anti-apoptotic proteins determine the outcome to radiotherapy. Ohnisihi et 

al. (Ohnishi et al., 2002) demonstrated that the radiosensitivity of HNSCC cells is tightly 

correlated with the induction of apoptosis through caspase-3 activation by demonstrating that 

radiation-induced cell death is caspase-dependent and, therefore, p53 mediated in HNSCC 

cells at doses of 2Gy or greater. Yasumoto et al. (Yasumoto et al., 2003) used two HNSCC 

cell lines, one with mutated p53 and one with wild-type p53 and demonstrated that the 

expression of apoptosis-inductive genes, such as caspases-3, 8, 9 and 10 were increased by X-

ray irradiation only in those cells containing wild-type p53 suggesting that the lack of p53 

observed in the majority of HNSCC tumours could be responsible for the radioresistance seen 

in a lot of tumours (Bristow et al., 1994, Sandulache et al., 2012). Treatment of HNSCC with 

low-dose fractionated radiotherapy treatments (<1Gy) have demonstrated p53-independent 

cell death (Shareef et al., 2008). Dey et al. (Dey et al., 2003) treated HNSCC cell lines with a 

single fraction of 2 Gy or four fractions of 0.5 Gy and demonstrated that radiation-induced 

cell death in the HNSCC cells treated with four fractions of 0.5 Gy occurred in a p53-

independent manner in vitro, a phenomenon known as hyper-radiosensitivity, which is most 

prominent when cells are in the G2 phase of the cell cycle. Shareef et al. (Shareef et al., 2008) 

treated oral cancer cell lines with a single dose of 2 Gy or a course of low dose fractionated 
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radiotherapy consisting of four fractions of 0.5 Gy. They demonstrated a significant increase 

in apoptosis in the fractionated course, which is in agreement with the studies that have 

reported on low-dose hyper-radiosensitivity. Krueger et al. (Krueger et al., 2007) proposed 

that the enhanced sensitivity of cells to low doses of radiotherapy is due to the failure of 

ATM-dependent repair processes to fully arrest the progression of damaged G2-phase cells 

harbouring unrepaired DNA breaks entering mitosis. 

 

4.4.4 TUNEL analysis to detect radiation-induced DNA-strand breaks in HNSCC tissue 

following irradiation in a microfluidic device 

The TUNEL assay is capable of detecting both single-strand and double-strand DNA breaks 

caused by ionising radiation (Ribeiro et al., 2006). It is a well-established marker of apoptosis 

in various tissues including HNSCC, having been used in several recent studies (Heath et al., 

2012, Sweeny et al., 2012, Li et al., 2012, Khan et al., 2012, Adhim et al., 2013) and has been 

used to demonstrate radiation-induced DNA-strand breaks in HNSCC cell lines (Uno et al., 

2001, Masunaga et al., 2002, Dey et al., 2003, Spring et al., 2004, Zou et al., 2008, Park et 

al., 2009, Dean et al., 2009, Feng et al., 2011).  

TUNEL analysis demonstrated no significant difference in DNA-strand breaks between the 

HNSCC tissue prior to it being placed in the microfluidic device and the tissue, which was 

incubated in the device for 6 days, but received no radiation. This indicated that incubation of 

the tissue in the microfluidic device caused no significant increase in DNA-strand breaks, 

which further confirmed the capability of this microfluidic device to maintain the viability of 

the tissue for a time period that allows for investigation of the tissue’s response to radiation. 

There was a significant overall increase in DNA-strand breaks between the HNSCC tissue 

that received irradiation (2 Gy and five fractions of 2 Gy) and the HNSCC tissue that had 

been incubated in the device without radiation, indicating that the increase in DNA-

strandbreaks was caused by exposure to radiotherapy and not due to incubation in the device. 

A significant increase in DNA-strand breaks was demonstrated between the HNSCC tissue 

that had been irradiated with a single 2 Gy fraction compared to the tissue that had been 

incubated in the microfluidic device without irradiation. These results are in agreement with 

Lee et al. (Lee et al., 2007) who demonstrated a significant increase in DNA fragmentation, 

using the TUNEL assay, and apoptosis, using the annexin V system, following irradiation of 

human leukemic lymphoma cells with 2 Gy radiation and also with Su et al. (Su, 2009) in 
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their study of irradiation with a three-dimensional skin cell model. They demonstrated an 

increased percentage of TUNEL-positive cells after exposure to 2 Gy radiation compared to 0 

Gy after 24 h following irradiation. After 48 h following irradiation with 2 Gy, there was no 

increase in TUNEL-positive cells compared to 24 h post-irradiation. This demonstrated the 

sensitivity of this technique, which was capable of detecting DNA-strand breaks after 

irradiation of the tissue with as little as 2 Gy as was seen with the current microfluidic method.  

In addition, there was a significant increase in the number of DNA-strand breaks in the 

HNSCC tissue that had been irradiated with five fractions of 2 Gy compared to a single 2 Gy 

fraction, demonstrating that an increase in the number of radiation fractions caused an 

increase in the number of DNA-strand breaks, which is in agreement with the results of 

Bradley et al. (Bradley et al., 1982) who used a filter elution technique to measure the number 

of DNA double-strand breaks in rat hepatocytes, which had been cultured in monolayer, after 

treatment with increasing radiation doses of 5-20 kilorads i.e. 0.5-2 Gy. They demonstrated 

an increased number of double-strand breaks after treatment for a given increase in radiation 

dose with 2 Gy producing significantly more than 1 Gy or 0.5 Gy. Similar results were 

observed by Ohno et al. (Ohno et al., 1998) who excised cervical cancer cells from patients 

before and after treatment with 9 Gy irradiation and demonstrated a significant increase in the 

apoptotic index calculated using in situ nick end labelling from 0.22% before treatment to 1.2% 

after treatment. The increase in DNA-strand breaks in the tissue with an increase in the 

number of radiation fractions is an important result as it demonstrates that the microfluidic 

device can reproduce the expected clinical result, which is imperative if this device is to be 

developed further into a predictive tool.  

Similar to this study, other studies have used the survival fraction of cells after the 

administration of 2 Gy, known as SF2. Bhosle et al. (Bhosle et al., 2005) took biopsies from 

patients with stage III cervical carcinoma before and 24 h after the first fractionated radiation 

dose of 2 Gy. The TUNEL assay was used to measure radiation-induced cervical apoptosis. 

They demonstrated that the apoptotic sensitivity of these cells significantly correlated with 

the radiation treatment outcome in these patients after completion of their radiotherapy course 

with a total dose of 70 Gy. They suggested that the apoptotic index might form a basis for 

prognosis in radiotherapy in stage III cervical cancer patients. West et al. (West et al., 1997) 

demonstrated this in patients with uterine cervical carcinoma using the modified Courtenay-

Mills soft agar clonogenic assay. In their study of patients with HNSCC undergoing 

radiotherapy treatment, Bjork-Eriksson et al. (Bjork-Eriksson et al., 2000) took biopsies and 

treated the tissue with 2 Gy, whilst the patients were treated with a full course of radiotherapy. 
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They demonstrated that there was a significant correlation between the survival fraction after 

2 Gy (SF2) and local tumour control and patient survival.  

 

4.5 Conclusions and future work 

The current study has demonstrated that this microfluidic technique is an excellent platform 

for maintaining both normal and malignant tissue in a viable state in a pseudo in vivo 

environment over several days, without it undergoing significant levels of apoptosis or DNA-

strand breaks, which allowed the effects of radiation to be investigated. The results gained 

with the M30 antibody and TUNEL have demonstrated that this technique can reproduce the 

expected clinical result, which is a crucial step if it is to be developed into a tool, capable of 

predicting an individual tumour’s response to radiation. This study is a significant step in the 

development of a device capable of predicting the response of an individual’s tumour to 

radiotherapy.  

Tissue-based markers of apoptosis and DNA-strand breaks proved to be a superior method of 

detecting radiation-induced cell death in the HNSCC tissue maintained in the microfluidic 

device compared to soluble markers. The tissue-based markers of apoptosis and DNA-strand 

breaks were able to detect radiation-induced cell damage or death at clinically relevant 

radiation doses. As a marker of apoptosis, the TUNEL results reinforced those gained with 

M30 and those that might be expected with an increase in the number of fractions of 2 Gy 

causing an increase in the number of cells undergoing apoptosis. The precursor event to all 

modes of radiation-induced cell death: apoptosis, mitotic catastrophe and senescence, is 

radiation-induced DNA damage. As the TUNEL assay detects breaks in the DNA strands, it 

could be argued that it is capable of detecting the antecedent event to apoptosis, mitotic 

catastrophe and senescence i.e. radiation-induced DNA damage. Therefore, TUNEL may be a 

more useful and accurate marker of radiation-induced cell death than all the other markers 

used in this study.  

A major advantage of this microfluidic technique is its versatility, which has meant that there 

is great potential for its future use. There are several interesting areas where this device could 

prove ideal. The first of these would be in combination therapies, such as chemoradiotherapy 

regimens. The current study has proved its capability in the investigation of the effects of 

radiation on HNSCC tissue. Previous work by Hattersley et al. (Hattersley et al., 2012) has 

demonstrated its use in interrogating HNSCC tissue with the chemotherapy agents cisplatin, 
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5-FU and docetaxel. As concurrent chemoradiotherapy is now widely accepted as the 

definitve treatment for locoregionally advanced HNSCC (Schoder, 2009), it would prove of 

great clinical benefit if this technique could be expanded to incorporate both treatment 

modalities. Other combination therapies, such as radiotherapy and cetuximab may prove 

equally interesting. 

As well as other treatment modalities, the device could be adapted so that it is capable of 

detecting biomarkers that are associated with radioresistance. Silva et al. (Silva et al., 2007) 

described several biomarkers, which could be used to predict the response of an HNSCC 

tumour to radiotherapy, such as hypoxic markers e.g. HIF1, proliferation markers e.g. 

EGFR, radioresistant genes e.g. KU70, DNA-PK, ATM and XRCC3. There is potential for 

detectors of these markers to be added to the current microfluidic device, potentially 

increasing the robustness of the device as a predictive tool. 

As was previously discussed in section 4.23, the ability of this technique to demonstrate a 

significant level of radiation-induced apoptosis or DNA-strand break after treatment with 2Gy 

would potentially mean that this technique could be used to investigate the SF2 of an 

individual’s tumour and this may lead to its development as a tool capable of predicting 

outcome to radiotherapy treatment as SF2 has previosuly been correlated with outcome 

(Bjork-Eriksson et al., 2000).  

The outcome following a course of radiotherapy in HNSCC is dependent on treatment 

parameters such as total dose, dose per fraction and overall treatment time. In addition to this, 

there are several tumour and patient related factors, which influence the outcome, such as 

tumour site and size, stage and histology as well as patient age, sex and pre-morbid state. 

However, Stausbol-Gron et al. (Stausbol-Gron et al., 1999) argued that there is such variation 

in the outcome that it cannot be explained by these factors alone. This is understandable given 

the significant heterogeneity of HNSCC (Mroz et al., 2013). This provides the ideal platform 

for the advent of personalised cancer treatment in order to improve the outcome both in the 

individual and at the patient population level. Over the past few years, personalised cancer 

treatment has generated a significant amount of interest. In 2007, Senator Barack Obama 

stated that: ‘We are in a new era of the life sciences, but in no area of research is the promise 

greater than in personalised medicine’. In the USA the Genomics and Personalised Medicine 

Act was passed the same year (Dikenson, 2012). However, there have been warnings that the 

NHS will not be able to cope financially with the provision of personalised medicine. Sir 
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John Bell, Academy President of The Academy of Medical Sciences, stated that the NHS will 

struggle to cope with the advent of personalised medicine due to the financial strains that it is 

already under (Bryon-Dodd, 2011).  

This microfluidic technique could provide the ultimate cost-effective tool in personalised 

medicine, capable of predicting the response of an individual’s tumour to radiotherapy prior 

to the commencement of treatment. 
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