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Abstract 

Amy Louise George  

Title: Development of a non-invasive proteomic approach to profiling molecular 

changes in the microenvironment to investigate stages of breast health 

Keywords: Breast cancer, biomarkers, proteomics, nipple aspirate fluid, liquid 

biopsy, non-invasive  

 

Early detection of breast cancer is critical for increasing survival rates. However, 

currently available screening strategies provide ambiguous results, leaving invasive 

tissue biopsy procedures necessary for definitive diagnosis. Considerable efforts 

have investigated using nipple aspirate fluid (NAF), a liquid biopsy rich in proteins 

representative of the breast microenvironment, as a non-invasive source of early 

detection biomarkers. However, by using traditional two-dimensional discovery 

proteomic approaches, many technical challenges of using NAF have limited 

analysis of large sample sizing: such as low expressed volume (<10µL) or 

insufficient analytical material (<200µg protein). 

Following non-invasive collection by manual massage, we developed a one-

dimensional sample preparation workflow that reduced sample handling steps, 

minimised sample losses and increased sample throughput to 96-samples by using 

a PVDF-membrane based system, which was ideally suited to the NAF proteome. 

Samples were prepared within a single working day, and results correlated 

significantly with conventional in-solution protocols. 

Proteins typically associated with the dysregulation of innate immune response and 

haemostatic pathways had a significantly altered proteome profile in response to 

breast cancer. Overall, our new workflow will allow future studies to take a more 

high-throughput approach, revealing biomarkers for breast cancer early detection, 

and providing a real impact.   
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CHAPTER 1 – INTRODUCTION 

1.1 Cancer  

Every two minutes, somebody in the UK is diagnosed with cancer. It is an epidemic 

of the last hundred years that causes primary global health concern, with 17 million 

new cases diagnosed worldwide in 2018 [1]. Although significant efforts and 

advances in disease characterisation have improved treatment options and saved 

many lives, methods of cancer prevention, detection, surveillance and treatment are 

still a priority for investigation, as cancer is responsible for 9.6 million deaths each 

year and remains the second leading cause of death globally [2, 3]. 

Cancer can be defined as the abnormal and uncontrolled proliferation of cells and 

can develop in virtually any of the body's tissues [4]. Although there are over 100 

different types of cancer, each with their unique features, the fundamental 

processes' that occur in cancer development are often relatively similar in all forms 

of the disease [5, 6]. 

The development of cancer is initiated when cells are exposed to different stresses 

that support the formation of genetic mutations [5]. These genetic mutations may 

occur in two basic types of genes: pro-oncogenic genes or tumour suppressor 

genes. Mutations in genes, whether they be germline or somatic, inherently affect 

the functional gene products – proteins. Proteins encoded to stimulate cell division, 

inhibit cell differentiation, and prevent cell death are termed ‘Proto-oncogenes’. 

These processes are essential for healthy human development and maintenance. 

When these genes undergo mutation, protein expression often becomes 

constitutively activated or upregulated, thus leading to increased positive cell growth 

regulators and the development of cancer-like cellular attributes. Tumour suppressor 

genes represent the reverse side of cell growth regulation, usually responsible for 

inhibiting cell proliferation and tumour development. If mutations inactivate these 

genes, then the negative regulators of cell proliferation are absent and contribute to 

the abnormal proliferation of cells. It is both the function of these proteins and their 

level of expression that contribute to the phenotypes which define cancer cells [7]. 
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When multiple genetic aberrations accumulate within a cell, molecular pathways that 

control cell behaviour begin to deregulate. As that cell then proliferates, several 

pathological conditions can develop because of these molecular pathway 

perturbations, instigating the cell's new acquired abilities. The collective capabilities 

acquired during the multistep development of cancer have been classified and are 

referred to as the hallmarks of cancer. Most cancer cells acquire these distinct 

hallmarks that healthy human cells do not possess, including sustaining proliferative 

signalling, evading growth suppressors, resisting cell death, enabling replicative 

immortality, inducing angiogenesis, activating invasion and metastasis, deregulating 

cellular energetics and metabolism, and avoiding immune destruction (Figure 1) [8]. 

 

  

Figure 1 - Hallmarks of cancer. Adapted from Hanahan D. and Weinberg, R. A. (2011) [8].  
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1.2 Breast Cancer 

1.2.1 Breast Cancer burden  

Breast cancer is the most common cancer diagnosed among women worldwide and 

impacts 2.1 million female individuals each year. Incidence rates are increasing 

globally and vary widely across different geographical regions of the world.  As a 

highly complex, multifactorial disease, many factors contribute to risk of developing 

breast cancer such as population structure, lifestyle choices, hereditary and genetic 

factors, and environmental factors [2].  

Higher breast cancer incidence rates and exposure to associated risk factors are 

evident in the developed world, as countries within Western Europe, North America 

and Oceania have leading figures [2]. It is estimated that 1 in every 8 women in the 

UK (15%) will be diagnosed with breast cancer at some point in their lifetime [9]. The 

UK breast cancer incidence rate ranks 8th globally, with 93.6 per 100,000 women 

being diagnosed in 2018, and rates are projected to rise to 210 cases per 100,000 

females by 2035 [10]. In comparison, developing countries such as regions of Asia 

and Africa have lower incidence rates (as low as 5.0 per 100,000 women in Bhutan) 

[2]. Nevertheless, with developing countries adopting a more western lifestyle, 

incidence rates are increasing dramatically too [11].  

Figure 2 - Global estimate of breast cancer incidence rates, 2018 [2]. 
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In 2018, it was estimated that 627,000 women died from the disease, and it remains 

the principal cause of cancer-related deaths in women in more than 100 countries 

[2]. Although breast cancer incidence is lower in developing countries overall, as 

compared with countries in the West, mortality rates are much higher [11]. Women 

with breast cancer that are diagnosed at an advanced stage have a significantly 

reduced five-year survival rate, ranging from 10-50%. In settings where early 

detection methods are well established, and advanced treatments are available and 

readily accessible, the five-year survival rate for early, more localised tumours is 

much higher, approximately 86% [12, 13]. These trends may be reflective of 

availability to screening programmes, later diagnosis and poor access to treatment, 

and importantly highlight breast cancer as a tremendous public health significance 

[11].  

 

 

 

 

 

 

 

 

 

1.2.2 Risk Factors 

The World Health Organization (WHO) defines a risk factor as any attribute, 

characteristic or exposure that increases the likelihood of an individual developing a 

disease. While exposure to risk factors increases the probability of an individual 

developing cancer, it is near impossible to identify one factor as the single causative 

Figure 3 - Global estimate of breast cancer mortality rates, 2018 [2]. 
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agent. The presence of one or more risk factor does not directly result in the 

development of breast cancer. Breast cancer is an extremely heterogeneous 

disease with multiple intrinsic tumour subtypes, each having a different relationship 

with the established breast cancer risk factor [14]. Some individuals may never 

develop the disease, despite presenting with one or more risk factors, while patients 

with no evident risk factors can still develop neoplasms [15, 16]. This may be due to 

individual variation in genome stability, variation in the types of polymorphisms and 

mutations caused, but also by the duration and intensity of exposure to risk factors 

for each individual [15]. Nevertheless, it is important to identify risk factors with a 

high association of breast cancer to identify those individuals classified as carrying 

a higher risk, allowing the best chance for early diagnosis and treatment with a more 

personalised approach to screening.  

 

Table 1 - Relative risk factors associated with breast cancer. Table adapted from American Cancer 
Society Breast Cancer Facts & Figures 2017-2018 [17]. 
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1.2.2.1 Age and gender  

Age is one of the strongest risk factors associated with the development of breast 

cancer. As cancer progression is generally a result of an accumulation of acquired 

and unresolved mutations in somatic genes throughout one’s lifetime, the highest 

incidence rates are reported in men and women of older age [16, 18]. These sporadic 

tumours account for approximately 90% of all breast cancer cases [19], with 25% of 

new invasive carcinoma cases being in people aged 75 and over [20].  

Age-specific incidence rates per 100,000 women begin to rise increasingly in those 

of age 30-34 and progress more steeply from around age 70-74. Male rates begin 

to increase in men of ages 45-49 and continue to increase steadily with age. The 

highest rates are in the 85 to 89 age group for females and the 90+ age group for 

males [20]. 

Incidence rates are significantly higher in females than males. In 2016, 

approximately 54,541 cases of breast cancer were diagnosed in females in the UK. 

Although men do develop breast cancer, accounting for 1% of all new breast cancer 

cases, 355 cases were diagnosed in men that same year [20]. The extreme 

Figure 4 – Female anatomy and physiology of the breast [22]. 
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difference in breast cancer rates between men and women can be attributed to 

differences in breast structure development between both genders. It is very 

uncommon for male breasts to develop fully following puberty, due to rises in 

testosterone levels - they are mainly composed of adipose tissue and lack the 

specialized lobules prevalent in a women’s breast as there is no physiologic need 

for milk production (Figure 4) [21, 22]. Breast development in women is a complex 

process with a significant proportion of glands developing postnatally during puberty 

and pregnancy. These cells are immature and very much active until a woman's first 

full-term pregnancy. During this period of development, cells are very responsive to 

stimulation by endocrine signalling, autocrine and paracrine hormones and other 

growth factors, but also hormone disrupters in the environment [23]. The fluctuation 

of these stimulating factors results in important histologic changes in the breast [22].  

 

1.2.2.2 Genetic Predisposition 

Hereditary breast cancer accounts for approximately 5-10% of all newly diagnosed 

breast cancer cases in women, 5%-20% of male breast cancer cases, and 15%-20% 

of all familial breast cancers [24, 25]. They are due to the inheritance of germline 

mutations in high penetrance genes, leading to the development of hereditary 

conditions which manifest as breast cancer [26]. Intensive studies into familial 

susceptibility of breast cancer have led to the identification of breast cancer 

susceptibility 1 (BRCA1) and 2 (BRCA2) genes that encode proteins which fulfil the 

function of tumour suppressors involved in the repair of DNA double-strand breaks, 

cell cycle control and transcription [27, 28]. Mutations in BRCA1 or BRCA2 genes 

are associated with an increased risk of breast cancer occurrence in 65% of mutation 

carriers, depending on the mutation type as compared to women in the general 

population who have a 10% risk of developing sporadic breast cancer, by 80 years 

of age [16, 29]. These tumours are characteristically early-onset (pre-menopausal), 

with rates of diagnoses increasing dramatically in early adulthood (until about age 

30 to 40 for women with a BRCA1 mutation and until about age 40 to 50 for women 

with a BRCA2 mutation) [29]. Many studies have identified a strong correlation 
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between the tumour grade of breast cancer and BRCA1/2 mutation status [30]. 

BRCA1/2-associated tumours are significantly more likely to be poorly differentiated 

carcinomas. These results are suggestive that mutation-associated cancers are 

more aggressive and result in higher mortality rates in these younger women, raising 

great concern [31, 32]. Women classified as ‘considerable risk’ are therefore urged 

to take severe preventative measures to lower their risk of breast cancer by 

undergoing procedures such as prophylactic mastectomy (surgery to remove one or 

both breasts). According to many population studies, in women with a strong family 

history of breast cancer, prophylactic mastectomy can reduce the risk of breast 

cancer development by up to 90%. However, in other cohorts that did not undergo 

surgery and remained under surveillance, many women also did not develop breast 

cancer despite being high risk [33, 34].  Other inherited conditions associated with a 

slightly smaller increase in breast cancer risk include Li-Fraumeni syndrome (p53) 

[35], Cowden syndrome (PTEN) [36] and Peutz–Jeghers syndrome (STK11) [37]. 

Also, more than 150 less rare genetic variants are associated with slightly elevated 

risk. Evidence suggests that clusters of breast cancer cases within families, results 

from the interaction between lifestyle factors and these low-risk variations [26, 38]. 

 

1.2.2.3 Reproductive and Hormonal Factors 

Reproductive factors involving prolonged exposure to endogenous hormones, such 

as early menarche, late menopause, or absence of childbirth are also significant risk 

factors for breast cancer [39]. Female reproductive hormones include endogenous 

oestrogen and progesterone which influence breast cancer risk by promoting cell 

proliferation of the ductal epithelium and lobular-alveolar structure respectively [22], 

thus increasing the likelihood of dysregulated cell cycle progression as well as 

promoting cancer growth [40]. Population studies have shown breast cancer risk 

cumulates more for each year earlier that menarche begins due to a more extended 

exposure period to oestrogenic activity (increase by 5%). Later age at menopause 

also increases the risk of breast cancer (by around 3%) [41]. In postmenopausal 

women, the mechanism of ovulation is ceased, and the ovaries no longer produce 
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such endogenous sex hormones. However, oestrogen is also produced by fat cells 

(albeit in lesser amounts). Postmenopausal women who are overweight are often at 

an increased risk of breast cancer with high circulating hormone levels; this has been 

attributed to having more fat tissue in which this synthesis of oestrogen can take 

place, reflective of postmenopausal obesity [42]. An increase in risk can be seen in 

women who are older at first birth too. Breastfeeding may reduce the risk of breast 

cancer as levels of oestrogen are reduced during the period of lactation, thereby 

reducing breast tissue exposure. An analysis of over 50,000 breast cancer cases 

from 47 epidemiologic studies across 30 countries showed that the relative risk for 

breast cancer in parous women is reduced by 4.3% for every 12 months a woman 

breastfeeds and is reduced by 7% for each birth independently [43].   

 

1.2.2.4 Mammographic Density  

Breast tissue density, or mammographic density, is a mammographic indicator of the 

proportion of glandular and connective tissue relative to fatty tissue within the breast 

structure [44]. Higher breast density is particularly prevalent in younger, pre-

menopausal women. Breast cancer risk increases progressively with increase in the 

percentage of breast density. It has been shown that higher breast density (≥50%) 

confers a 3.39-fold (odds ratio = 3.39, 95% confidence interval = 2.46 to 4.68) 

increased risk of breast cancer compared with women with lower breast density 

(<10%) [45]. Moreover, breast density is a major determinant of sensitivity of 

mammographic screening, as areas of the dense breast are considered to have a 

masking effect on mammography, where the visibility of cancer can be obscured 

[44]. 

 

1.2.3 Classification: Histological forms and molecular subtypes 

Breast cancer exhibits a broad scope of morphological features, diverse 

immunohistochemical profiles and unique histopathological subtypes that have been 

classified into very distinct subgroups for different purposes within the clinic [46]. The 



10 

 

primary classification types are tumour histopathology, grade, stage and molecular 

subtype. A tumour can be graded as either well-differentiated (low-grade), 

moderately differentiated (intermediate grade), or poorly differentiated (high-grade), 

reflecting the abnormality of the tumour cells which help predict prognosis. The 

extent and severity of tumour growth can also be classified and is referred to as 

“stage”. Once the grade and stage of a tumour are established, microarray gene 

expression profiling can investigate the molecular subtype and receptor status. 

Receptor status is a critical assessment for all breast cancers as it determines the 

suitability of using targeted treatments and predicts the tumour treatment response 

[47].  

 

1.2.3.1 Histopathological subtypes 

 

 

 

The primary steps in breast cancer formation are the initiation of genetic mutations 

within the cell, supported by environmental stimuli. Common genetic aberrations in 

the development of breast cancer have been well documented. For example, pro-

oncogenic mutations in RAS and MYC or tumour suppressor mutations in BRCA1, 

BRCA2 and TP53 have been extensively reported to be associated with breast 

cancer [48]. Following the build-up of these various genetic aberrations, mutated 

Figure 5 - Schematic diagram of tumorigenesis in breast cancer. Adapted from Cancer Research UK 
poster Preventing unnecessary breast cancer treatment [56]. 
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cells may remain in a dormant phase or become proliferative. Those which progress 

to a proliferative state are known to enter the promotion phase. The type of breast 

cancer is dependent on the cell type in which these mutations originated. They may 

arise from the epithelial component of breast ductal system (carcinomas) or from the 

stromal component of the breast, which include myofibroblasts and blood vessel 

cells (sarcomas, phyllodes, Paget disease or angiosarcomas) [49].  

Breast adenocarcinomas are the most common neoplasm, accounting for 95% of all 

breast cancer cases [46]. As with many epithelial cancers, there is evidence that 

during this phase, cells undergo a histologic progression from benign, through 

numerous malignant stages. In breast cancer, this progression comprises 

phenotypes of atypical ductal hyperplasia, pre-invasive ductal carcinoma in situ 

(DCIS) and invasive ductal carcinoma (IDC) (Figure 5).  

 

1.2.3.1.1 Benign breast disease 

Benign breast conditions refer to a wide range of non-cancerous conditions of the 

breast including mastitis, intraductal papilloma, breast cysts or fibroadenoma. Many 

of these conditions are not associated with an increased risk of diagnosis as they 

are not a consequence of uncontrolled growth within the breast tissue. High risk 

benign condition refer to typical/atypical hyperplasia (i.e. an over-proliferation of 

cells). Both types of hyperplasia have been revealed to increase the likelihood of 

breast cancer, particularly atypical hyperplasia, conferring a greater than 30 percent 

lifetime risk [50]. If atypical hyperplasia is diagnosed early, risk-lowering treatments 

(tamoxifen or raloxifene) are available to reduce that risk [51, 52]. However, these 

conditions are usually asymptomatic, and it is not until a more substantial lesion has 

developed, above the level of detection for mammography, that abnormalities in 

growth patterns are identified [53]. 
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1.2.3.1.2 Carcinoma in-situ  

Carcinoma in-situ is considered a more advanced stage of atypical ductal 

hyperplasia as it is a non-invasive, but potentially malignant, proliferation of epithelial 

cells that is confined to the lumen of the breast ductal system and is classified as the 

earliest stage of breast cancer [46]. DCIS comprises approximately 20% of all breast 

carcinoma diagnoses and is usually detected in the context of mammographic 

screening [54, 55]. It was once assumed that all cases of DCIS were precursor 

lesions and that if left untreated would inevitably progress to invasive carcinoma, but 

the process of cellular transformation of an in-situ tumour to an invasive phenotype 

is not obligatory [46, 54]. Depending on its grade and type, the evolution of 

carcinoma in-situ may differ. Following core needle biopsy, the degree of cellular 

atypia of the lesion is determined by histopathology, whereby the grade of the DCIS 

is directly proportional to the risk of the precursor lesion becoming invasive [55]. 

High-grade tumours account for 42-53% of DCIS cases and are highly associated 

with breast cancer specific mortality [46, 54]. Consequently, surgery to remove the 

lesion is recommended, but there are concerns of over-treatment as a substantial 

proportion of cases may remain indolent [54, 56]. Molecular biomarkers and a non-

invasive means of monitoring breast health, that aid in differentiating the 

characteristics of the disease in relation to invasive breast cancer tumorigenesis are 

therefore necessary but are yet to be discovered.  

 

1.2.3.1.3 Invasive (infiltrating) breast carcinoma  

Invasive carcinoma (IC) denotes the malignant proliferation of tumour cells in the 

breast tissue, which have penetrated through the duct wall and infiltrated the 

adjacent stromal tissue [46, 47]. Invasive carcinoma accounts for approximately 80% 

of all breast cancer diagnosis in women and 90% of cases in men [57]. Such tumours 

are able to spread to lymph nodes or other organs and to form metastases, thus 

progressing to the metastatic breast cancer classification [49]. Once detected, IC is 

usually classified by TNM staging. The TNM system assesses cancer growth and 
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spread by size/extent of the primary tumour (T), absence or presence of regional 

lymph node involvement (N), and absence or presence of distant metastases (M). 

Once the TNM categories are determined, a stage of 0, I, II, III, or IV is assigned, 

with stage 0 being carcinoma in-situ, stage I being early and stage IV being the most 

advanced disease [58]. 

Despite such well-defined histological stages in breast cancer progression, there is 

a lack of molecular markers that define and differentiate hyperplasia (atypical and 

typical), carcinoma in-situ and invasive carcinoma. The multistep molecular pathway 

from benign disease into early stage non-invasive cancer is certainly not a linear 

model and on a molecular level, is poorly understood [47]. 

 

1.2.4 Breast cancer detection and tools for diagnosis  

1.2.4.1 Molecular Imaging 

Suspected breast tumours are traditionally identified using a combination of imaging 

and histopathological techniques. The size and location of a lesion can be assessed 

through a range of imaging modalities, each with unique advantages and limitations 

in respect to resolution, sensitivity, and contrast generation [59]. As an independent 

diagnostic tool for early-stage disease or aggressive malignancies, imaging 

techniques are generally limited as they have a reduced threshold of detection and 

are less sensitive to small tumours (less than 1 mm, which is equivalent to 

approximately 100,000 cells) [60]. A lesion must reach a specific size (dependent on 

cancer and imaging technique), typically 10.2 ± 1.4 mm for two-dimensional 

mammography, before being visualised, and even so cannot differentiate benign or 

cancerous masses [53, 60, 61]. Ultimately a solid tissue biopsy is taken for 

histopathology to provide a definitive diagnosis.  

Within the UK, the NHS breast cancer screening programme is available for women 

between the ages of 50 and 70 to undergo mammography every three years. It 

proves well for supporting women in this age bracket but is accompanied with many 

limitations. According to an independent review, jointly commissioned by Cancer 
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Research UK and the English Department of Health in 2012, a 20% reduction in 

breast cancer-related deaths can be attributed to the implementation of the UK 

breast screening programme [62]. However, since the implementation of the 

programme, there has been an extensive debate over the magnitude of its benefit 

and harms. The expected significant benefit is a reduction in mortality from breast 

cancer. The major harm is a high rate of false-positive diagnosis leading to prolonged 

patient anxiety during re-screening, costly and invasive follow-up tests, including 

invasive biopsies, of which a recent study showed up to 93.8% of cases proved 

benign [63, 64]. This means that for a single breast cancer case identified by 

mammography, 15 women without cancer were subjected to unnecessary tissue 

biopsy [64].  

 

1.2.4.2 Tissue biopsy  

Direct analysis of solid tumour tissue allows classification of tumour origin, location 

and grade. By also defining the expression features of a tumours molecular 

landscape, an opportunity for greater personalized treatment can be provided [65]. 

Although currently considered the ‘gold standard’ source of diagnostic, prognostic 

and therapeutic information, tissue biopsies are limited in their utility [66]. Depending 

on the size and location of the tumour, obtaining a tissue biopsy can be an extremely 

invasive and costly procedure, where acquiring adequate amounts of the tissue for 

analysis is not always guaranteed.  The patient is exposed to an increased risk of 

clinical implications which can be critical, especially concerning a patient’s age and 

any existing co-morbidity [67]. Due to the invasive nature of tissue biopsy, the 

procedure has a limited repeatability for continuous monitoring. As a result, 

molecular biomarker tests of the tissue can represent only a ‘snapshot’ of tumour 

characterization at that point in time. Studies have proven that tumour heterogeneity 

can exist within the same tumour, and so molecular analysis of a single region results 

in incomprehensive characterization. Furthermore, the molecular profile within a 

tumour can alter over time as the disease progresses, rendering any initial 

personalized treatment options suboptimal [67-70]. In the context of early detection, 
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tissue biopsy becomes futile as pathological abnormalities must have already 

developed substantially before being found and extracted for testing. 

 

1.2.4.3 Liquid Biopsy 

A promising alternative that holds many advantages over the traditional methods is 

liquid biopsies. A liquid biopsy is the minimally invasive collection of bodily fluid for 

profiling of its microenvironment to evaluate a physiological condition. In comparison 

to tissue biopsy the technique is much less burdensome as bodily fluids are generally 

more accessible and considerably less invasive [71]. Hence, there is the potential 

for longitudinal health assessment, with reduced risk of complications. 

Personalised/individual disease perturbations may, therefore, be monitored to detect 

the earliest signs of abnormalities, through molecular changes allowing more lead 

time for early intervention [72]. As biofluids are a rich source of molecular information 

reflecting the health of their surrounding tissues, their use as liquid biopsies would 

supply a faster, cheaper means of assessing tumour dynamics without the need for 

invasive procedures and importantly, would allow access to monitoring tissues and 

organs at otherwise inaccessible locations.   

 

1.2.4.3.1 Nipple Aspirate Fluid 

Nipple aspirate fluid (NAF) is a breast-specific proximal fluid that is secreted naturally 

by the epithelial cells lining the ductal-lobular system in the breasts of non-pregnant 

and non-lactating adult women [73]. In the absence of lactation, the lactiferous ducts 

are usually occluded by keratin plugs to prevent bacterial infection of the breast [74]. 

As a result, secretions from the nipple rarely escape and are reabsorbed into the 

cells [63]. Upon massage, these keratin plugs can be broken down, and in doing so 

allows for NAF to be collected from the nipple both easily and non-invasively. The 

most common methods of collection include manual massage [75], use of a 

maternity breast pump [76], or suction using a Perspex cup and syringe [77]. All have 
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been described as tolerable by patients due to their minimal discomfort compared to 

invasive tissue biopsy [78].  

NAF can be obtained with varying degrees of success (34-90%) from both pre- and 

post-menopausal women [79-82]. Many studies have investigated the associations 

of demographic factors [83, 84], hormones [85], nutrients [86, 87], socioeconomic 

status [88] and genetic factors [89] with NAF expression. It has been documented 

that reproductive characteristics (early age of menarche [90], history of parity and 

lactation [91], older age at first birth [79]), ethnicity (non-Asian) [91], dietary intake 

[86, 92] and specific single nucleotide polymorphisms (SNPs) [89] are positively 

associated with NAF expression [79]. A 2010 study administered nasal oxytocin 

spray, which increased NAF collection in 95% of patients and volunteers [78]. 

Oxytocin is a peptide hormone usually produced in the hypothalamus and released 

by the posterior pituitary gland, which causes the myoepithelial cells in the breast 

lobules to contract [22]. In Europe, it is routinely administered as a synthetic form of 

the endogenous hormone to aid in breastfeeding, as the contraction of the lobules 

will squeeze milk/NAF into the lactiferous ducts, facilitating fluid release [93].  

As the vast majority of breast cancer cases arise from the epithelial cells lining the 

ductal-lobular system, analysis of the fluid produced therein as a potential source of 

biomarkers for early indicators of precancerous and cancerous transformation has 

been reviewed extensively [57, 94]. It is considered to be a mirror of the cellular 

changes occurring in the breast microenvironment in both physiological and 

pathological conditions. NAF has a rich composition of proteins, hormones, lipids 

and carbohydrates with cellular debris shed from the ductal and lobular epithelium 

[74]. Initially, the cytology of NAF was studied and significance for diagnosis 

determined by correlating histopathologic findings from corresponding breast tissue. 

This technique proved to have low sensitivity for diagnosing breast cancer, as in 

many cases, specimens collected were inadequate for diagnosis (contained less 

than 10 cells) [95, 96]. Antibody-based approaches identified potential breast tumour 

markers, including carcinoembryonic antigen [97, 98], prostate-specific antigen [98-

100], insulin-like growth factor binding protein-3 (IGFBP-3) [101] and basic 
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fibroblastic growth factor [102]. However, many individual markers were not optimal 

as a stand-alone diagnostic tool and suffered from insufficient specificity or sensitivity 

[98, 103].  

The failure to recognize a single biomarker with enough clinical sensitivity or 

specificity has driven the adoption of proteomic technologies, particularly mass 

spectrometry, to further characterise the proteomes of NAF on a global scale and 

identify panels of potential biomarkers for breast cancer diagnosis as single markers 

are simply insufficient to determine disease status. In 2002, Sauter et al. screened 

the protein profiles of diluted NAF from breast cancer patients (n=20) and non-

diseased controls (n=13) using surface-enhanced laser desorption/ionisation time-

of-flight mass spectroscopy (SELDI-TOF-MS). Five differentially expressed proteins 

were identified, with the most sensitive having molecular weights of 6500 and 

15940Da found in 75-84% of samples from women with cancer but in only 0-9% of 

those without cancer [104]. This was one of the earlier accounts that differences in 

expression profiles of nipple aspirate fluid proteins existing between women with 

normal and diseased breasts by mass spectrometry. Using a different approach, 

isotope-coded affinity tags and tandem mass spectrometry, Pawlik et al. identified 

differentially expressed proteins in the NAF of women with stage I or II unilateral 

invasive breast carcinoma cancer patients (n=18) compared with NAF of healthy 

volunteers (n=4). Vitamin D-binding protein was validated by Western blot to be 

overexpressed in tumour-bearing breasts [105]. Just over a decade on, and the most 

complete proteomic profile of NAF was recently accomplished when Shaheed et al. 

analysed matched pairs of NAF from patients (normal, benign disease, ductal 

carcinoma in situ and invasive carcinoma) using two dimensional nano-liquid 

chromatography mass spectrometry (nLC-MS/MS) and identified a total of 1990 

unique proteins [75]. Brunoro et. al also used nLC-MS/MS to analyse a total of 20 

NAF samples from both breasts of 10 patients with biopsy-proven unilateral ductal 

invasive carcinoma (1 from cancerous breast and 1 control breast from each 

individual). They additionally analysed matched samples from 3 healthy volunteers. 

In total, 1227 proteins were identified and quantified in the sample set, of which 87 

were differentially abundant, being mainly involved in glycolysis (Warburg effect) and 
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immune system activation (activated stroma), characteristics considered to be 

hallmarks of cancer [76]. 

These studies demonstrate the enormous potential NAF holds as a source of 

biomarkers for detecting breast cancer early in women. Repeated samples can be 

collected from healthy individuals and those with breast disease, increasing the rate 

of successful collection, the volume of fluid obtained and allows for longitudinal 

health assessment. Therefore, NAF represents an attractive bio-fluid for the constant 

monitoring of breast health that is low cost and of minimal discomfort to the patient.  

 

1.3 Biomarkers 

In 1998, the National Institute of Health Biomarkers Definitions Working Group 

defined a biomarker as a “characteristic that is objectively measured and evaluated 

as an indicator of a normal biological process, pathogenic process or response to a 

therapeutic intervention” [106]. The term refers to a broad category of accurate and 

reproducible biometric measurements that convey information representative of an 

individual’s physiological state. Biomarkers may be any biological molecule such as 

DNA, RNA, protein, peptide or chemical modification and their study can integrate 

many disciplines. Over the past two decades the field of biomarker discovery has 

witnessed enormous development and the complexity of the field mirrors the many 

forms of biomarker classification and multi-faceted applications. Biomarkers may be 

classified by their clinical use (context of use), source of material (invasive and costly 

collection procedures), type of material (e.g. molecular or cellular) or level of 

validation (analytical and clinical validity, clinical utility) [107]. The applications of 

biomarkers within cancer research and clinical management are summarised in 

Table 2.  
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Table 2 - Clinical applications of biomarkers 

 

The roadmap from biomarker discovery to clinical utility is by no means a simple 

one. As shown in Figure 6, the development must include non-biased discovery, 

various phases of validation and once verified can be pushed towards clinical 

translation, evaluation, and implementation and in doing so must encompass strong 

elements of clinical research and health policy. Preclinical exploratory studies are 

initially conducted to identify potentially useful markers, followed by the development 

of a clinical assay and then typically longitudinal study, prospective screening and 

cancer control studies [108]. 

Figure 6 - Components of the biomarker assay development pipeline 
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1.3.1 Breast cancer biomarkers 

Molecular markers are utilised within the clinical management of breast cancer 

following diagnosis to provide prognostic information on the progression of disease 

with or without treatment, assessing the need for adjuvant therapies (prognostic 

markers) and if necessary, identify the most suitable therapy or combination of 

therapies for any given patient (predictive markers).  

 

1.3.1.1 Prognostic breast tumour biomarkers 

Prognostic biomarkers are clinical or biological characteristics that indicate the likely 

patient health outcome irrespective of the treatment, for example, disease 

recurrence [109]. Traditional prognostic risk factors such as tumour size, nodal 

status, and lymphovascular invasion play an indispensable role in determining 

patient prognosis but can be supplemented using molecular markers [110].  

For example, the human epidermal growth factor receptor 2 (HER2) is a 

transmembrane tyrosine kinase receptor protein, that is encoded by the HER2 gene.  

HER2 is normally expressed at low levels on the cell membranes of healthy breast 

epithelial cells, whereas in HER2-positive breast cancer cells, the gene is amplified 

by 20 to 50-fold and receptors overexpressed by a 45 to 100-fold [111]. This gene 

amplification and protein receptor overexpression occurs in approximately 13% to 

30% of invasive ductal breast cancer cases and is associated with poor prognosis 

[111, 112]. Aberrations in tyrosine kinase receptor expression can cause constitutive 

activation of downstream pro-oncogenic signalling, particularly in pathways 

supportive of the biological outputs that are beneficial to cancer cell proliferation as 

they control cell cycle, cell growth and survival, apoptosis, metabolism and 

angiogenesis, such as the RAS-RAF-MEK-ERK MAPK and AKT-PI3K-mTOR 

pathways [113]. Amplification/overexpression in HER2 is, therefore, routinely 

measured by immunohistochemistry or fluorescent in-situ hybridisation (FISH) [114]. 

Another genetic prognostic marker measured using FISH is the TOP2A gene. 

Approved by the U.S. FDA in 2008, the TOP2A FISH pharmDxTM Kit is designed to 
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detect amplification and deletion (copy number changes) of the TOP2A gene on 

formalin-fixed, paraffin-embedded human breast cancer tissue specimens. Deletions 

and amplifications of the gene serve as a marker for poor prognosis in high-risk 

breast cancer patients [115]. 

Over the last decade, several multi-analyte tests have been proposed for predicting 

the disease outcome of patients with different sub-types of newly diagnosed breast 

cancer, many of which are commercially available and have been adopted in clinic. 

These prognostic signatures are generally based on microarray or quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) methods that rapidly 

identify tumours with an amplification or over-expression of proliferation-related 

genes that confer poor prognosis, and therefore indicate whether adjuvant 

chemotherapy may be necessary [110, 116]. As summarised in Table 3, many of the 

first-generation prognostic signatures (i.e. MammaPrint or Prosigna) can be used to 

predict recurrence within the first 5 years following diagnosis. Knowing if a woman 

is at an increased or lower risk of immediate or distant recurrence more than five 

years after diagnosis can support clinical decision-making on whether effects of 

endocrine therapy alone together with surgery are sufficient for early stage breast 

cancers, or whether a combination of endocrine therapy with chemotherapy is better 

for the patient’s situation. In the worldwide Adjuvant Tamoxifen: Longer Against 

Shorter (ATLAS) trial, 12,894 women with early breast cancer who had completed 5 

years of treatment with tamoxifen were randomly allocated to continue tamoxifen to 

10 years or stop at 5 years.  The study showed that allocation to continue tamoxifen 

for 10 years reduced the risk of breast cancer recurrence, reduced breast cancer 

mortality and reduced overall mortality by half. Continuous allocation of treatment 

seemed to have no effect on breast cancer outcome among 1248 women and so 

identifying the need for therapy by assessing prognostic markers would have spared 

them the extra 5 years of unnecessary hormonal therapy [117].  

Prognostic markers can also be detected in bodily fluids such as serum and plasma, 

the most used biofluids in biomarker research. As the transportation medium for all 

tissue and organ derived molecules in the body, blood can reveal pathophysiological 
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changes that develop in a wide range of organs and is therefore regarded as a 

valuable systemic liquid biopsy. Blood has a high protein content and with collection 

methods already routine in phlebotomy departments in most hospitals, it may seem 

an attractive source for biomarker discovery. However, functional high-abundance 

proteins (e.g. albumin, immunoglobulins, transferrin, alpha-antitrypsin, haptoglobin) 

hamper the identification of less abundant analytes, which are more likely to be 

potential biomarkers leaked from diseased tissues [118]. Any putative markers shed 

into the blood become massively diluted compared to the original site of the cancer, 

thereby reducing sensitivity by proteomic technologies, and so discovery phase of 

protein markers without lengthy sample preparation and depleting methods, may be 

less idyllic. However, many other cancer-derived elements can be detected and 

isolated from liquid biopsies as prospective non-invasive biomarkers. During 

apoptosis and necrosis cells are shed, along with their molecular fragments, from 

the primary tumour into the bloodstream. Circulating tumour cells (CTCs) within the 

bloodstream can be detected and evaluated to provide molecular information 

representative of the original primary tumour [119]. The CellSearch™ by Veridex 

was approved for use in a clinical setting by the FDA in January 2004. The test is 

used to predict outcomes for metastatic breast cancer patients, by enrichment of 

cells using a magnetic ferrofluid containing antibodies against epithelial cell 

adhesion molecule (EpCAM). Expression of cytokeratin 8, 18, and 19 are tested for 

by staining. The rare detection of these cells is indicative of worse cancer prognosis 

and outcome [120].  

Cancer antigen 15-3 (CA 15-3) and Cancer antigen 27/29 (CA 27/29) can also be 

detected in serum using sensitive immunoassays. CA27/29 and CA 15-3 are 

oligosaccharide-containing protein antigens that serve as tumour markers for breast 

cancer. Both proteins are produced by the MUC-1 family of genes and are 

overexpressed in malignant breast tumours. High expression of both proteins in the 

blood is strongly associated with breast cancer but elevation of this marker is not 

organ- or disease-specific. They have been detected in malignant/benign disorders 

of the breast, liver, and kidney, and in patients with ovarian cysts (false positives) 

and therefore cannot be used a diagnostic biomarker. Both markers are instead 
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more beneficial for determining prognosis of breast cancer and to monitor the 

efficacy of therapy,  as elevated serum marker concentrations were detected in 

patients with increasing severity (stage) of the disease and/or size of the tumour 

[121]. 

 

1.3.1.2 Predictive breast tumour biomarkers 

Among those markers associated with breast cancer, estrogen receptor (ER), 

progesterone receptor (PR) and human epidermal growth factor receptor (HER2) 

are by far the most imperative and their applications have been firmly established in 

the official diagnosis and care of primary, recurrent, and metastatic breast cancer 

patients [122]. Predictive markers indicate sensitivity or resistance of a tumour to a 

specific therapy. By evaluating predictive markers specific to an individual's cancer, 

a personalised approach can be taken to treating patients more likely to benefit from 

particular toxic therapies than others less suited.  

Similar to healthy breast progression, the development of breast neoplasia can be 

dependent on steroid hormones such as oestrogen and progesterone that regulate 

cell proliferation and apoptosis by activating the corresponding receptors within 

breast cells. The responsiveness of the breast to these hormones partially relies on 

tissue-specific receptor expression. Approximately 80% of all breast cancers are ER-

positive, with 65% of these also being PR-positive, i.e. the cancer cells grow in 

response to estrogen or progesterone stimulation. The presence of these hormonal 

receptors can be used as the direct (for tamoxifen and fulvestrant) or indirect (with 

Aromatase inhibitors, like anastrozole [Arimidex], letrozole [Femara], and 

exemestane [Aromasin]) target molecule for endocrine therapy. Expression levels of 

ER and PR are therefore used in conjunction as markers for predicting the response 

to endocrine therapy in patients with early or advanced breast cancer. The higher 

the content of ER and PR in breast cancer, the higher the likelihood of response to 

hormonal therapy. Upregulated expression of HER2 is also considered a predictive 

marker of response to HER2-targeted drugs, including trastuzumab and lapatinib 

(tyrosine kinase inhibitor) [123].  
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1.3.1.3 Diagnostic breast tumour biomarkers 

Diagnostic biomarkers are used to detect or confirm the presence of a disease, or to 

identify individuals with a subtype of the disease [124]. Detection of breast cancer at 

an early stage, before symptoms have manifest, rather than at more advanced 

stages is critical in providing enough lead-time for effective intervention, ultimately 

leading to improved health outcomes [108]. To be adopted in the clinic, a diagnostic 

biomarker used for the early detection of breast cancer would ideally be, (a) 

measurable using an accurate, non-invasive, relatively inexpensive and economical 

method that is simple, reliable, easy to perform, and reproducible by different 

technical staff across different laboratories, (b) require little sample preparation and 

be available in sufficient volumes, (c) associated with high sensitivity (all patients 

with the disease/subset would be identified) and high specificity (no patient without 

the disease would be falsely diagnosed as positive), (d) significantly upregulated 

during early or preclinical stages, and continue to increase, correlating with disease 

severity, and (e) absent in healthy individuals or cases of benign disease.  

Many molecular markers for the early detection of breast cancer have been 

proposed. However, unfortunately most do not make it out of the discovery phase 

and are inadequate in terms of sensitivity/specificity to replace or supplement the 

current invasive diagnostic tests. Most exploratory studies are based upon small 

cohorts of patients that may show the statistical significance and be described as 

‘promising biomarkers’ but have not translated from the laboratory into clinic for 

various reasons. Large scale validation studies are rare as they carry a substantial 

financial burden but are entirely necessary for protein biomarkers to be adopted in 

clinical practice. There has also been a lack of longitudinal studies to assess 

personal profile variations (that may reflect non-disease related confounding 

factors), analytical performance and reproducibility of biomarker quantification, all of 

which need to be addressed. Due to a lack of specificity and sensitivity in more 

extensive cohort studies, many researchers are beginning to integrate multiple omics 

approaches, discovering biomarker panels of different biochemical and molecular 

entities to achieve optimal diagnostic performance for early cancer detection.  
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Consequently, there are no FDA approved biomarkers for early-stage breast cancer 

diagnosis or screening. Amongst the thousands of proteins expressed in the breast, 

the challenge is to identify a panel of molecular changes that can (a) distinguish 

early-stage cancer from benign and healthy  (b) with sufficient accuracy, sensitivity 

and specificity, (c) in a cohort of women of different age and ethnicity (d) using a test 

that is of minimal discomfort to the patient, (e) relatively inexpensive and (f) provides 

authentic clinical benefits rather than over-diagnosis (identifying indolent tumours).  
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Table 3 – Biomarkers approved by the Food and Drug Administration (FDA) as qualitative tests for management of breast cancer  

 

PROGNOSTIC BREAST TUMOUR BIOMARKERS  

Biomarker target Biomarker name Sample Method Type References 

58 gene RNA expression profile Prosigna Breast Cancer Prognostic Gene 
Signature Assay (PAM50) 

Tumour nCounter System Nucleic Acid   [125-127] 

70-gene expression profile Amsterdam 70- gene profile (MammaPrint) Tumour Agendia BV Nucleic Acid   [110, 128] 

HER2 INFORM HER2 Dual ISH DNA Probe Cocktail HER2 
CISH pharmDx™ Kit DakoCytomation Her2 FISH 
pharmDx™ Kit 

Tumour ISH Nucleic Acid   [112, 114] 

TOP2A Dako TOP2A FISH PharmDx Kit Tumour FISH Nucleic Acid   [115] 

Circulating Tumour Cells 
(EpCAM, CD45, cytokeratins 
8,18+, 19+) 

CELLSEARCH® CTC Test Blood CellSearchTM System Protein   [129, 130] 

CA15-3 Cancer antigen 15-3 Serum, plasma Immunoassay Protein   [97, 131, 
132] 

CA27.29 Cancer antigen 27/29 Serum Immunoassay Protein   [121, 132] 

PREDICTIVE BREAST TUMOUR BIOMARKERS 

Biomarker and Mechanism Approximate proportion of positive tests Associated Target and Drug Assay for 
measurement 

Biomarker 
Type 

References 

HER2: oncogene 
overexpression 

18-20% HER2: Trastuzumab, 
Pertuzumab, Adotrastuzumab 
emtansine 

ISH, IHC Nucleic Acid or 
Protein   

[133, 134] 

ER/PR: suggests sensitivity to 
endocrine therapy 

75% ER: Endocrine therapy 
(tamoxifen, aromatase 
inhibitors) 

IHC, (LBA) Nucleic Acid   
or Protein   

[135] 

DIAGNOSTIC BREAST TUMOUR BIOMARKERS 

Biomarker target Biomarker name Sample Method Type References 

MG, CK19 BLN assay Sentinel lymph node RT-PCR Nucleic Acid   [136] 
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1.4 Proteomics 

Proteomics is a general term, introduced in the late 1990s to describe the large-

scale, comprehensive and quantitative study of the proteome i.e. the entire protein 

complement expressed by a cell, tissue or organism at a defined point in time, under 

the influence of biological perturbations (i.e. disease or drug treatment) [137-140]. 

Over the last 20 years, the field has developed rapidly as a result of substantial 

technological advances which are now employed to study protein localisation, 

differential expression, protein-protein interaction, protein structure and post-

translational modifications [141].  Through the development of protein separation 

and sequencing techniques (shotgun sequencing), to the implementation of protein 

chips (e.g. antibody arrays), advancements in mass spectrometry (increasing 

sensitivity, resolution, speed and throughput) and construction of public protein 

sequence databases and bioinformatic tools, proteomics can provide an accurate 

portrait of the subcellular compartments, whole cells, tissues or organisms at a given 

time under defined conditions [142].  

As the proteome continually changes in response to external and internal events, 

such as disease, proliferation, specific metabolic states or therapy, their study allows 

for a greater understanding of molecular mechanisms that result in both health and 

disease [143]. Proteins have been described as the functional components of the 

cell. They are synthesised and regulated depending upon the systems functional 

needs. Genes act as a template for the highly regulated transcriptional production of 

messenger RNA (mRNA), which can be translated into defined sequences of amino 

acids that form a protein. Subsequently, proteins are modified in various ways to 

complete their structure, designate their location, or regulate their activity within the 

cell. A single gene may therefore encode multiple proteins with different functions 

[144]. Protein levels depend not only on the transcription of genes but also on the 

multitude of post-translation modifications where various alterations to the chemical 

structure occur and are critical features of expression and turnover. Due to the 

incredibly diverse nature of protein expression, their interaction and post-

translational modification require measurement with respect to the function of time 
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and cellular state. Biological samples can therefore contain a broad dynamic range 

of protein concentrations varying by more than ten orders of magnitude (Figure 7) 

[145, 146]. This presents analytical challenges in proteomics and necessitates 

multidimensional separation approaches before protein identification, to break the 

sample into less complicated fractions for analysis [143]. 

Following the completion of the Human Genome Project in 2003, there was a change 

in motivation towards projects of ‘big data’. Large-scale investigations such as the 

Human Proteome Project (HPP) aim to experimentally observe all of the proteins 

produced by the sequences translated from the human genome [147]. Construction 

of multidisciplinary public data repositories and domain databases (Uniprot, Swiss-

Prot) have helped overcome challenges in the field and served in defining how the 

cell organises to deliver function at the molecular level.  

Figure 7 - The dynamic range of plasma protein abundance varies by more than 10 orders of 
magnitude. The classical plasma proteins are clustered to the left (high abundance), the tissue 
leakage markers and putative biomarkers (e.g. enzymes and troponins) are clustered in the centre, 
and cytokines are clustered to the right (low abundance). Figure taken from Anderson, N. L. et al, 
Mol. & Cell. Proteomics 3, 311 326 (2004) [141]. 
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1.4.1 Proteomic workflow 

The two principal approaches to identifying proteins using proteomics and mass 

spectrometry are the “bottom-up” approach, which analyses peptides by proteolytic 

digestion, and “top-down” approach, which analyses intact proteins. Bottom-up 

proteomics comprises the proteolytic digestion of proteins into peptides before 

analysis by mass spectrometry. The term bottom-up describes the reconstruction of 

information about the constituent protein from individually identified fragment 

peptides [148]. Characterization of these complex biological peptides mixtures on a 

global scale can be referred to as shotgun proteomics, where the complete set of 

tryptically digested proteins are analysed together. A typical proteomic workflow is 

illustrated in figure 8 [149, 150].  
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Figure 8 - A typical bottom-up proteomic workflow includes (a) sample preparation (protein extraction, 
quantification and digestion), (b) separation of peptides by liquid chromatography, which are (c) 
analysed by mass spectrometry and (d) proteins identified from searching generated mass spectra 
through a database. Adapted from Emmanuel Barillo et al. (2012) [148]. 
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1.4.1.1 Protein extraction and isolation methods 

Sample preparation is a critical process for proteomic studies and begins with protein 

extraction and isolation. To study a proteome, the cell or tissue must first be lysed to 

access and solubilise its protein content. There are numerous methods for lysis and 

protein extraction, which range from mechanical/physical methods, such as heat 

treatment, homogenization or sonication, to chemical methods such as detergent 

treatment. Highly efficient lysis and extraction is key to proteomic analysis, as failure 

to access them would result in an underestimation of the proteome [151].  

An advantage of bodily fluids is that protein extraction is often simple as the proteins 

are already suspended in liquid. Centrifugation steps can isolate other analytes, 

leaving the supernatant enriched with proteins for analysis. Due to the complexity of 

different sample sources, bodily fluids are increasingly being used during biomarker 

development as there are less steps in sample preparation workflow, allowing for 

fewer protein losses and higher throughput analysis. These ‘proximal fluids’ are 

closer to, or in direct contact with, the site of disease than systemic bodily fluids and 

less preparation is required.  

 

1.4.1.2 Protein quantitation 

There are several assays available for measuring protein concentration of biological 

samples such as UV absorption [152], Bicinchoninic acid [153], Bradford [154] or 

Lowry [155] assay each with unique advantages and disadvantages to be 

considered in terms of assay range, sample volume, time, cost and compatibility with 

extraction method. The Bradford assay has become the preferred method in many 

proteomic laboratories as it is a simple, fast and sensitive test. It is based on the 

principle that binding of the dye Coomassie blue G250 to protein causes a shift in 

the absorption maximum, from the cationic form’s 465nm to anionic form’s 595nm. 

The increase in absorption at 595nm can be measured and used to calculate the 

amount of dye bound to the protein i.e. the protein concentration of an unknown 

sample [154, 156]. 
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1.4.1.3 Proteolytic digestion  

Before protein cleavage, most samples need to be denatured, reduced and alkylated 

to allow the sequence-specific protease’ access to the cleavage sites and efficiently 

produce peptides amenable to analysis by mass spectrometry. Potent chaotropic 

agents such as urea or thiourea disrupt the hydrogen bonding network and denature 

the protein structure. The reduction is carried out using a combination of heat 

treatment and a strong reducing agent, often 1,4-dithiothreitol (DTT), which reduce 

the disulphide bonds to form cysteine residues. The free sulfhydryl groups on the 

cysteine must be immediately alkylated using iodoacetamide (IAA) to irreversibly 

prevent the free sulfhydryl’s from reforming random disulphide bonds or renaturing 

the protein structure [157].  

The most commonly used protease for protein digestion is trypsin which cleaves 

proteins by hydrolysing peptide bonds on the carboxy-terminal side of arginine and 

lysine residues with high specificity, creating peptides in the preferred mass range 

for sequencing. Tryptic digestion must be performed under optimal conditions, which 

include a pH in the range 7.5-8.5, a temperature of 37 °C for in-solution digestion, a 

high enough enzyme-to-substrate ratio and enough time for the reaction to occur 

[158]. 

Following digestion into peptides, digests must be purified to remove any detergents 

or salts incompatible with the LC-MS.  Reversed-phase resins such as the 

hydrocarbon-18 (C18) pre-packed cartridges, ISOLUTE® C18 columns (Biotage) 

are frequently used to retain hydrophobic peptides in the high-aqueous mobile 

phase, while salts and buffers are washed away. Purified peptides are then eluted 

using a high-organic mobile phase and lyophilised [157]. 
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1.4.1.4 Peptide separation (Liquid Chromatography) 

Following digestion, peptide mixtures are introduced into the mass spectrometer 

using reverse phase high-performance liquid chromatography (RP-HPLC). As 

shown schematically in Figure 9A, the digest is injected onto a loading column, 

where peptides interact with the C18 stationary phase. A solvent gradient of 

increasing organic content is used, changing peptide affinity for the 

hydrophobic/nonpolar column so that these neutral molecules in solution are 

separated in order of their hydrophobicity. When analysing complex mixtures of 

peptides, those polar species will elute first while less polar peptides will form 

stronger bonds with the hydrophobic groups formed on the silica-based stationary-

phase (Figure 9B) [159]. 

 

Figure 9 – 9A) A schematic diagram of online-HPLC coupled to a mass spectrometer. 9B) 
Reverse Phase HPLC where peptides interact with the C18 stationary phase and are resolved 
according to their hydrophobicity with an organic gradient. Image adapted from Manadas et al., 
2010 [158]. 

Solvents 

Loading Column 

Analytical Column 

Interface with MS 



33 

 

1.4.1.5 Mass spectrometry 

Mass spectrometry (MS) is an analytical technique that can identify and quantify 

analytes based on the investigation of the mass-to-charge (m/z) ratio of ions 

generated from both simple and complex mixtures. The system has been used for 

numerous applications in research and industry to investigate analytes at the 

molecular level. In addition to proteomics, areas of mass spectrometry include drug 

discovery, quality control and food safety protocols, clinical or forensic testing, 

genomics, environmental studies and geology. A mass spectrometer typically 

consists of 3 parts: an ionising source, an analyser and a detector. The nature of 

these three components can differ depending on the application of MS, the physical 

properties of the sample, and the type of data required [160]. 

 

1.4.1.5.1 Ion Source - Electrospray ionisation (ESI) 

When a peptide species arrive at the end of the column, it flows through a 

hypodermic needle at high voltage (3-5kV), to vaporize the liquid. The sample 

becomes distorted into a Taylor cone and electrostatically dispersed in a fine spray 

of micrometre-sized droplets, which are ionized by the action of a strong electric 

potential imparting a positive charge onto the analyte (Figure 10). This process is 

called ‘electrospray ionization’ [158]. Once the fine spray of charged droplets are 

airborne, solvents evaporate from the droplets, due to them typically being a mix of 

water with volatile organic compounds (e.g. methanol or acetonitrile) and the density 

of electrical charge at the surface of the droplets increases as the size of the droplet 

decreases. Addition of compounds such as acetic or formic acid in solvents also acts 

as a source of protons to facilitate ionisation and increase the charge density of the 

droplets. Electrostatic repulsion is eventually greater than the surface tension 

(Rayleigh stability limit) at which point the droplets divide into smaller droplets. From 

the nano-sized, highly charged droplets, sample ions are ejected into the gas phase 

by electrostatic repulsion, and the sample is introduced into the instrument [160]. 
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Electrospray ionisation is the most widely used technique today and its development 

revolutionised the field of proteomics as the transfer of highly polar, non-volatile 

molecules with a large molecular weight into the gaseous phase without fragmenting 

them was a fundamental challenge in biological mass spectrometry [161]. As ESI 

takes place under atmospheric conditions, it is a very gentle approach occurring 

without analyte fragmentation, compared to other “hard” ionisation techniques. The 

molecules are transferred into the mass spectrometer with high efficiency for 

analysis. 

 

 

 

 

 

 

1.4.1.5.2 Mass analysers - Quadrupole, Linear ion trap, and Orbitrap 

The positively charged peptide ions enter the mass spectrometer through an ion 

transfer capillary and are transmitted through the system for analysis. The ions 

encounter electric and/or magnetic fields from mass analysers, which separate the 

ionized analytes by deflection, according to their mass-to-charge ratio (m/z). This 

occurs under a vacuum system to prevent unwanted interactions between the 

molecular ions and any atmospheric components that can affect the determined 

mass-to-charge ratio. Mass analysers can either be applied as a filter to deflect only 

specific ions towards the detector, in a targeted analysis, or to separate all analytes 

in a sample for global analysis. Common mass analysers include time-of-flight, 

Figure 10 - Electrospray Ionization. Accessed from Steen, H. and Mann, M. (2004) [157]. 
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orbitrap, quadrupoles and ion traps - each with specific physical principles. The 

Orbitrap Fusion mass spectrometer has three mass analysers in one instrument 

(Figure 11); quadrupole, linear ion trap (LIT), and orbitrap, which permit analysis of 

low-abundance, high-complexity samples with increased experimental throughput 

and improved accuracy [162]. As this was the instrument used throughout this thesis, 

a brief overview of these mass analysers will follow.  

 

1.4.1.5.2.1 Quadrupole 

A quadrupole mass analyser performs as a mass filter, based on the principle that 

ions of different m/z ratio have different trajectories in an oscillating electric field 

[163]. The quadrupole consists of two pairs of hyperbolic rods, running parallel to 

one another. A radio frequency (RF) voltage and a superimposed direct current (DC) 

are applied to each pair of rods interchangeably, resulting in an oscillating electric 

Figure 11 - Schematic representation of the Orbitrap Fusion accessed from Senko et. al (2013) [161]. 
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field [164]. As ions travel through the quadrupole, only those with a certain m/z have 

stable enough trajectories to be recorded at the detector. The other ions with 

unstable trajectories will collide with the rods and be filtered out. The quadrupole can 

be set to either select a single m/z value or to scan a range of m/z values by varying 

the applied voltage of the field [165]. 

 

 

 

 

 

1.4.1.5.2.2 Linear Ion Trap 

Linear ion-traps are an adaptation of the quadrupole mass analyser. Ions are 

confined radially by a two-dimensional RF field applied to the quadrupole rods, and 

axially by a potential field applied to the end of each quadrupole, thereby trapping 

the ions within the quadrupole itself [164, 166]. Ions are selectively ejected from the 

trap, based on their different m/z, by varying the RF potential. Ions can accumulate 

in the traps over time, and so mass spectrometers that utilize them are known for 

their improved sensitivity. For this reason, ion trap analysers have been massively 

utilised in the field of proteomics [164-167]. Ion-traps do, however, have low 

resolving power (Table 4). With the advancement of improved types of analysers (in 

terms of speed, mass accuracy and superior resolution), using ion traps as the single 

analyser in proteomic analysis has become much less frequent. Rather, linear ion 

traps are used in hybrid instruments, particularly as a precursor mass filter when 

performing tandem MS [168, 169].  

 

Figure 12 - A quadrupole mass analyser consists of two pairs of hyperbolic rods connected to an RF 
and DC field. Ions of specific m/z ratio will oscillate through the field between the rods and those with 
stable trajectories will be detected. Adapted from Haag, A (2016) [164].  
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Table 4 - Comparison of mass analysers, each with unique advantages and disadvantages. 

 Quadrupole  Linear (2D) ion trap Orbitrap 

Mass accuracy 0.2-0.5Da 0.1-0.5Da <2ppm 

Resolving Power <5000 <8000 >200,000 

m/z range <4000 <4000 <2000 

Scan velocity 20-200sec 20-200ms 20-200ms 

Dynamic range 1:104 1:103 1:104 
 

 

1.4.1.5.2.3 Orbitrap 

As shown in Table 4, the Orbitrap is a mass analyser with extremely high mass 

accuracy and excellent resolution, helping analyse extremely complex peptide 

mixtures [165].  

Packages of ions are injected into the orbitrap mass analyser from an upstream C-

shaped ion trap, named the ‘C-trap’. They enter an electrostatic field that is 

generated by an outer barrel-like and an inner spindle-like electrode [162, 165, 169]. 

The ions experience a frequency of rotation around the central electrode, frequency 

of radial, and frequency of axial oscillations (along z-axis). The frequency of axial 

oscillations (z) is directly proportional to the square root of the mass-to-charge ratio 

and, therefore, used for mass analysis. The image current from coherently oscillating 

ions is detected on receiver plates as a time-domain signal and amplified. Fourier 

transformation of this signal then provides a mass spectrum analysis [170].  
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Figure 13 - Orbitrap mass analyser. Accessed from Haag, A (2016) [164]. 
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1.4.1.5.3 Detector 

The final component of the mass spectrometer is the detector, which registers the 

number of ions at each m/z value.  There are many types of detectors available for 

mass spectrometers, with the most common example being an electron multiplier. 

 

1.4.1.6 Tandem Mass spectrometry  

Having measured the m/z values and the intensities of all intact analytes (peptides) 

in the spectrum, the mass spectrometer can then obtain primary structural 

information about these peptides (peptide sequence) in a process called Tandem 

mass spectrometry (MS/MS or MS2) [158]. From the full scan (MS), precursor ions 

(peptides) are selected, isolated and accumulated by one mass analyser.  After 

isolation, the selected ions are fragmented by collision with the inert gas resulting in 

generation of various fragment ions. Fragment ions are separated by another 

analyser and recorded by the detector for peptide identification.  

In the Orbitrap Fusion, peptides can be fragmented by different mass analysers 

within the same instrument. Different dissociation methods can be used to produce 

fragment ions, for example, electron transfer dissociation (ETD) and collision-

induced dissociation (CID) are two widely used methods in proteomics research with 

different mechanisms, generating different fragment ions.  

 

1.4.1.7 Protein identification 

Protein identification is achievable using user-interface programmes such as 

Proteome Discoverer, which computationally translate the tandem mass spectra 

(MS/MS) derived from peptide fragmentation into amino acid sequences using 

genomic and protein databases. Raw files from each sample analysis are entered 

into powerful search engines such as Mascot, which compare the mass of the 
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peptide and MS/MS spectrum to the theoretical mass and the spectrum provided in 

a FASTA sequence database [171]. 

Each entry into the database is digested, in-silico, based on the known specificity of 

the proteolytic enzyme selected, and the masses of the intact peptides calculated. If 

the calculated predicted mass of the theoretical peptide matches that of an observed 

peptide, the masses of expected fragment ions are calculated and compared with 

the experimental values. This way, the individual peptide sequences are identified 

and used to infer which proteins they may belong, and which may be present in the 

sample.  

Search engines require the input of ‘parameters’ to select spectrum files for the 

search. These parameters include which protein sequence database is to be 

searched (to provide consensus sequences for each distinct protein), enzyme type 

used for protein digestion, taxonomy (to restrict the search to a single organism), 

mass tolerances and modifications. 

A common challenge with relying on proteolytic enzymes is that digestion of peptide 

sequences is often incomplete and missed or semi- cleavages are frequently 

generated. Missed cleavages occur for several reasons which may be a steric 

hindrance (cleavage site inaccessible to the enzyme), the identity of the residue 

adjacent to the cleavage site (e.g. trypsin is less likely to cleave a substrate when 

there is a second basic residue (arginine, lysine) next to the cleavage site), enzyme-

to-substrate ratio is too low or the time allowed is insufficient for digestion to proceed 

to completion [171]. To somewhat account for this, a maximum number of missed 

internal cleavage sites can be selected per peptide, commonly restricted to two sites, 

to maintain the integrity of the identification while avoiding over-exclusion of possible 

identities when searching.  

Post-translational modifications and chemical modifications that occur during sample 

preparation also contribute to the intricacy of mass-based database searching. Static 

modifications are fixed and occur universally, to every instance of the specified 

residue or terminus. For example, Carbamidomethyl (C) is often selected as a 
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deliberate modification into peptides (alkylation with iodoacetamide to prevent 

protein re-folding). Other, more variable, less deliberate modifications also occur and 

are not universally present. Mascot will run all conceivable arrangements of variable 

modifications to find the best match. This increases the search complexity and 

causes prolonged search times in addition to reduced specificity. 

Mass tolerances are also specified within the search engine, allowing a small window 

of error on the measured mass values. If this allowance is too large it will increase 

the number of random positive matches, thereby reducing discrimination. However, 

specifying too narrow a window will result in valid matches being missed [171]. 

Peptide sequences are often common to several protein structures, and so there 

may be some ambiguity as to which protein it originated. For this reason, the 

identified proteins are further scored using a specific algorithm to decide which 

peptide sequence best matches a given spectrum [158]. Mascot is based on a 

probability-based scoring system and uses the algorithm, percolator, which searches 

a Decoy Database to identify the false-discovery rate (FDR) of the identified peptides 

[172]. Reversed or randomized sequences make up this decoy database, and the 

number of matches is determined.  The probability that the observed match between 

the MS/MS data and each sequence database entry is by random is calculated and 

referred to as posterior error probabilities (PEPs). The software then returns p-

values, q-values and PEPs for each match. The q-value can be interpreted as the 

false discovery rate and is usually set to 0.01 or less; hence the false discovery rate 

will be 1% [173]. Those identifications with the lowest probability of being a chance 

event are reported as the best match and are given a higher score [171].  
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1.5 Aims and objectives 

As previously described, early detection of breast cancer can greatly reduce the risk 

of death and increase survival rate if diagnosed at an early stage. Unfortunately, 

current biomarkers have insufficient specificity and sensitivity for wide scale mass 

screening to detect the presence of early stage breast cancer and the current 

imaging techniques for detection yield results which remain ambiguous, leaving 

invasive tissue biopsy procedures necessary for definitive diagnosis.  

The intra‐ and interpatient protein composition of Nipple Aspirate Fluid from patients 

with breast cancer using a multidimensional protein identification technology 

(MudPIT) approach has previously investigated [75]. This study provided the most 

complete proteomic study of NAF to date, identifying a total of 1990 unique proteins 

due to multidimensional chromatography techniques which unfortunately reduced 

analytical throughput. Consequently, a limited number of samples were analysed. 

Increasing sample number would strengthen the statistical confidence in 

identification of early-stage breast cancer biomarkers. 

The aim of the work outlined in this thesis will, therefore, be to: 

• Using relative quantification, analyse matched NAF samples from breast 

cancer patients and healthy volunteers with a label-free proteomic approach 

following in-solution digestion, to characterise the proximal fluid at a one-

dimensional level.  

• Develop and optimise an alternative workflow that will increasing sample 

throughput and minimise sample handling time, using a more readily available 

bodily fluid (urine) to assess intra- and inter- assay reproducibility. 

• Identify any differentially expressed proteins characteristic to breast cancer 

cases following preparation using the newly developed workflow.   
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CHAPTER 2 – MATERIALS AND METHODS 

2.1 Chemicals and reagents 

General chemicals and reagents of the highest quality were obtained from Sigma-

Aldrich (Poole, UK) unless otherwise stated. 

 

2.2 Sample collection and study participants 

2.2.1 Nipple Aspirate Fluid 

After the study was approved by University of Bradford's Independent Scientific 

Advisory Committee (reference: application/13/051) and ethically approved by 

Leeds (East) Research Ethics Committee (reference: 07/H1306/98+5), NAF 

samples were obtained from 112 women who presented to Bradford Teaching 

Hospital NHS Trust, between 2013 and 2016. NAF expression was induced by 

manual breast massage, either by the individual themselves (in the cases of disease-

free volunteers) or by the clinician prior to surgery (with patients under general 

anaesthetic). Aspiration of matched pairs from each breast was attempted. Samples 

were collected into pre-treated tubes with protease inhibitor cocktail mixture (Roche 

Diagnostics) and frozen within 30 minutes of collection (-20oC).  

Of the 112 participants, ages ranged from 19 to 86, with a mean of 51 years and a 

median of 52 years. Participants were of Caucasian ethnicity (39.28%), Asian 

(6.25%), mixed ethnicity (0.89%) and 53.57% did not disclose. NAF was successfully 

collected from both breasts in 50% of women and from one breast in the other 50% 

of women, giving a theoretical collection rate of 100%. However, many NAF studies 

have previously classified volumes of less than 10μl as an unsuccessful yield. In this 

case, of the samples characterised, 36.66% of participants yielded a volume of less 

than 10μL. Nevertheless, it is worth noting that due to high concentrations in NAF, 

low volumes (<10μL) may still provide enough protein for molecular profiling. Factors 

associated with affecting nipple aspirate fluid secretion could not be assessed in this 

study as parameters such as family history of cancer, age at menarche, age at 

menopause, age at first birth, number of children and breastfeeding were queried 
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but unfortunately this information was rarely disclosed in the responses obtained. 

Among all participants, 40 individuals were classified as providing ‘non-cancer’ 

samples, i.e. healthy volunteers (n=19) or benign conditions (including fibrocystic, 

fibroadenoma, intra-ductal papilloma, duct ectasia) (n=21). A total of 65 samples 

were collected and defined as being ‘cancer’, either as early stage (DCIS/LCIS) 

(n=9), ductal IC (n=31) or lobular IC (n=10). 

Thirty matched pairs (60 samples) were further characterised, as described in 

Section 2.3, and 16 matched samples from 8 women met the proteomic eligibility 

criteria for being (a) a matched sample, (b) containing adequate amounts of protein 

for the initial proteomic workflow (at least 200 g) and (c) containing lower levels of 

albumin. 

 

2.2.2 Urine 

Mid-stream urine samples were collected in the morning, following overnight fasting, 

by four consenting volunteers at the Institute of Cancer Therapeutics, University of 

Bradford according to a standard operating procedure. The study was reviewed and 

ethically approved by the Chair of the Biomedical, Natural, Physical and Health 

Sciences Research Ethics Panel at the University of Bradford (Application Reference 

E651: Characterizing Liquid Biopsies). Samples were returned to the laboratory on 

ice and stored at -20oC as 100L aliquots.  

 

 

2.3 Preliminary characterisation of NAF samples 

From the biobank, a total of 60 matched samples were characterised from women 

with varying stages of breast health (Figure 15). Firstly, samples were subject to 

centrifugation at 13,400rpm for 2 minutes and colour and viscosity noted by 

comparison to a colour chart (Figure 14). Sample viscosity was described 
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qualitatively as either transparent (light could pass completely through the sample), 

translucent (a cloudy consistency, with only partial light passing through the sample) 

or opaque (a waxy consistency with no light passing through the sample). If samples 

were too viscous to be handled manually, they were diluted with 40-50L of HPLC 

water.  

 

 

 

 

 

 

 

 

 

 

Figure 14 – Colour chart used to define NAF sample colour. Photographs were taken of all samples 
and colour-categorised base on those most alike. Overall, samples could generally be described as 
one of the seven shades: light-brown, terracotta, brown, white, olive green, brick red or yellow.  
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30 Matched NAF pairs (60 samples) 
characterised

Centrifuged to remove 
any cellular material

Colour and opacity 
classification 

Supernatant volume 
measured (µl)

Protein determination
Bradford Assay

<200µg  
excluded

Left breast Right breast 

SDS-PAGE

Dominant 
albumin 

expression 
excluded 

168 NAF Samples Collected

Proteomic profiling

Figure 15 - Comprehensive workflow of preliminary NAF characterisation and selection. Samples 

containing less than 200g of protein, and those with dominating albumin bands following SDS-PAGE 
were excluded from the following studies. 
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2.4 Protein determination 

Protein concentration of each sample was determined using the Bradford assay 

[156]. A standard curve was established by performing serial dilutions of bovine 

serum albumin (BSA) to produce 13 protein standards of increasing concentration 

(0.00625-2.0mg/ml). NAF samples were typically diluted 1-in-50 or 1-in-20 with 

HPLC grade water depending on viscosity, whilst urine samples were analysed neat. 

Standards, samples and controls (50L) were added to 1.5ml aliquots of Bradford 

reagent (Bio-Rad Laboratories, UK), vortexed for 1 minute and incubated at room 

temperature for 10 minutes.  

Following incubation, absorbances at 595nm were read immediately using a 

Multiskan Spectrum plate reader (Thermo Scientific). Results were noted using 

SkanIt Software (Thermo Scientific) and presented as a standard curve (Figure 16).  

Each unknown protein concentration was calculated using the linear regression 

equation of the standard curve. 

Figure 16 - Absorbance levels of BSA standards of different concentrations at 595nm. Exemplar 
calibration curve. 
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2.5 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS polyacrylamide gels were prepared with a 6% (v/v) stacking gel and 12% (v/v) 

separating gel (Table 5) and allowed to polymerise at room temperature. Each NAF 

sample, equivalent to 20g of protein was mixed with 10L of SDS reducing buffer 

(0.5M Tris-HCl pH 6.8, glycerol, 10% (w/v) SDS, 0.5% (w/v) bromophenol blue, 0.1% 

(v/v) β-mercaptoethanol) and heated to 60°C for 10 minutes. Each sample was 

diluted with HPLC grade water to total volumes of 15L. Upon polymerization, the 

gel was immersed in electrophoresis buffer (25mM Tris, 193mM glycine, 0.1% (w/v) 

SDS, pH 8.3) and 15L of each sample and control were loaded into the individual 

wells. PageRuler™ Plus Prestained Protein Ladder 10-250 kDa (Fisher Scientific 

UK) was also loaded onto the gel to allow for later mass determination. 

Electrophoresis was run using a Mini PROTEAN 3 Cell system (Bio-Rad) at 80V until 

the samples reached the resolving gel, then, 150V for a further hour to separate the 

proteins. 

Following electrophoresis, the gel was washed in water for 5 minutes with HPLC 

water. Water was discarded, and the gel soaked in 10mL of Coomassie blue reagent 

R-250 (Thermo Scientific) for 1 hour with gentle agitation. Staining reagent was 

discarded, and the gel de-stained (50% (v/v) methanol in water with 10% (v/v) acetic 

acid) until protein bands could be seen and background gel was clear. 

 

Table 5 - SDS Polyacrylamide gel composition 

Solution Components 6% Stacking Gel (mL) 12% Running Gel (mL) 

HPLC water 1.95 0.75 

30% acrylamide mix 1.00 2.00 

1.5 Tris (pH 6.8) 1.95 N/A 

1.5 Tris (8.8) N/A 1.95 

10% SDS 0.05 0.05 

TEMED 0.04 0.02 
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2.6 Proteomic analysis 

2.6.1 In-solution digestion 

Volumes, equivalent to 200g of NAF protein, were lyophilised at 48°C under 

aqueous conditions. Once concentrated, proteins were solubilised in 20μL of 8M 

urea in 400mM ammonium bicarbonate, 10% acetonitrile. Proteins were denatured 

then reduced with 4μL of 50mM dithiothreitol (DTT) at 70oC for 15 minutes, and 

subject to alkylation using 4μL of 100mM iodoacetamide (IAA) at room temperature 

in the dark for 15 minutes. To the dilute urea concentration from 8mM to 2mM, 52L 

of 400mM ammonium bicarbonate in 10% acetonitrile was added, creating an 

optimal environment for proteolytic digestion using trypsin. MS-grade trypsin (Fisher 

Scientific UK) was added at a protease-to-protein ratio of 1:10 (w/w) at 37°C for 3 

hours. A second step digest was applied after 3 hours and was incubated for 21 

hours with gentle agitation. Following digestion, each sample was desalted on an 

Isolute C18 desalting column, lyophilized under the same conditions as previously 

and stored at -20oC until analysed.  

 

2.6.2 Membrane-based preparation 

2.6.2.1 Urine preparation 

2.6.2.1.1 Testing sample preparation variables 

Table 6 - Parameters optimised during method development, according to the protocol described in 
Chapter 2 Section 2.6.2.1.2, with the following variables adapted. 

Variable tested Description 

Liquid transfer 
 

Vacuum Manifold/ 
Centrifugation 

Different techniques for the complete liquid transfer of 150µL through the 

PVDF membrane were explored (vacuum manifold system and 

centrifugation) to identify the most robust and efficient approach. 

Protease 
amount 

 

Urine samples were tested under different digestion conditions to identify 

which protease: protein ratio provided the best quality protein identification. 

Two-stage 
protease 
addition 

A two-step digestion protocol was tested on urine samples using different 
protease amounts to assess digestion efficiency.  
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2.6.2.1.2 Final protocol for urine sample preparation 

Equal volumes (150µL) of neat urine samples were sonicated for 10 minutes at room 

temperature to solubilise any precipitate before being added to a mixture of 150g 

urea and 30µL of 100 mM DTT in 0.1MTris/HCl, pH 8.5. Once solubilised, sample 

mixtures were incubated at room temperature for 20 minutes. Samples were then 

alkylated by addition of 50μL 300mM IAA and incubated at room temperature, in the 

dark, for a further 20 minutes. 

The wells of a 0.45μm MultiScreen®HTS 96-well PVDF filtration plate (MSIPS4510, 

Merck Millipore) (Millipore) were pre-treated by passing 70% ethanol through the 

filter, on top of a 96-well collecting plate. The PVDF membrane was equilibrated with 

8 M urea in 400 mM ABC solution before application of the protein mixture. Samples 

were passed through the PVDF membrane three times to allow protein adsorption 

by collecting the flow-through and re-applying it to the filter membrane. Proteins 

adsorbed to the membrane were washed three times with 150µL 400mM ammonium 

bicarbonate in 10% acetonitrile. All processing through the membrane was 

performed using centrifugal force with a Sigma 4K15 centrifuge, at 2545rpm for 2 

minutes at 4oC. MS-grade trypsin (Fisher Scientific UK) (1µg) in 400mM ABC was 

added and incubated at 37°C for 3 hours. Peptides were eluted with 2 x 150µL of 

2% acetonitrile and 0.1% formic acid. Eluates were lyophilized and stored at -20oC 

until analysis. 

 

2.6.1.2 NAF preparation 

Each sample was prepared and analysed in duplicate to assess reliability in the 

method. Therefore, volumes of NAF (equivalent to 50g) were aliquot into 25L of 

8M urea in 400mM ammonium bicarbonate, vortexed, centrifuged for 1 minute at 

13,400rpm and sonicated at room temperature for 15 minutes. Eight microliters of 

50mM DTT was added and incubated at 70oC for 15 minutes to reduce the protein 
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structure, followed by incubation at room temperature with 8L of 100mM IAA (20 

minutes in the dark) for alkylation.  

Each NAF sample (10µL – 16g of protein) was transferred to a MultiScreen®HTS 

96-well filtration plate (MSIPS4510, Merck Millipore) following membrane pre-

treatment with 150µL of 70% ethanol and equilibration with 300µL of 8M urea. 

Duplicate samples were passed through the PVDF membrane three times to allow 

protein adsorption to the membrane and washed three times with 150µL 400mM 

ammonium bicarbonate in 10% acetonitrile. All liquid transfer was performed using 

centrifugal force with a Sigma 4K15 centrifuge, at 2545rpm for 2 minutes at 4oC. MS-

grade trypsin (Fisher Scientific UK) (40µL) at a concentration of 0.025g/L was 

added and incubated at 37°C for 3 hours. Peptides were eluted with 2 x 150µL of 

2% acetonitrile and 0.1% formic acid. Eluates were lyophilized and stored at -20oC 

until analysis. 

 

2.7 Mass Spectra Data Acquisition 

Tryptic peptides were reconstituted in 0.1% FA and 2% acetonitrile to a 

concentration of 1g/L. Samples were analysed in triplicate using a nano-LC 

Ultimate 3000 RSLC system (Dionex, USA) coupled to an Orbitrap Fusion™ Tribid™ 

mass spectrometer (ThermoFisher Scientific, Germany). Peptides were initially 

loaded (2g) at a 25L/min flow rate to a 5mm-long Acclaim™ PepMap™100 C18 

NanoViper Trap column packed with 5μm silica particles, 100 Å pore size, followed 

by separation at 300nL/min on an Acclaim PepMap100™ NanoViper column (25 cm 

or 50 cm × 75 μm ID, 2 μm particle) with an elution gradient of 5-80% Solvent B at 

40 °C. Peptides were eluted using a binary system of Solvent A (0.1% FA in 2%ACN) 

and Solvent B (0.1%FA in 100% Acetonitrile) over a 120-minute gradient. 

The spray voltage was set to 1.85-2.1kV with an ion transfer temperature of 275 °C 

and no sheath or auxiliary gas flow used. Data-dependent acquisition was performed 

in positive ion mode, acquiring full MS spectra in the Orbitrap analyser at a 120,000 
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resolution, automatic gain control (AGC) value of 3×105 and scan range set to 350-

1500m/z.  Precursor ions with charged states of 2+ to 7+ were sequentially submitted 

to CID fragmentation and MS2 spectra were acquired in the Ion Trap with a 3 second 

cycle time, using the following parameters: AGC target value of 2×104, normalized 

collision energy of 35%, minimum signal threshold of 2000 counts. 

 

2.8 Data processing 

MS raw files were loaded to Proteome Discoverer 2.2 (ThermoFisher) using Mascot 

software version 2.5 (Matrix Science) and searched against the Homo sapiens 

SwissProt database version 2019 containing 562,118 protein sequences. Search 

parameters were as follows: trypsin as the enzyme for protein digestion, with a 

maximum of 2 missed cleavage sites per peptide; a mass tolerance for precursor 

candidates of 10ppm (MS1) and 0.8Da for fragment peak matching (MS2). Dynamic 

modifications included oxidation and deamidation and static modifications included 

carbamidomethylation of cysteine residues. Only Master Proteins (containing at 

least one unique peptide) were accepted and were identified with high confidence 

peptides by applying target decoy database search parameters (Strict FDR of 0.01 

and relaxed 0.05 FDR). Only those identifications in the 95% confidence interval 

threshold (p<0.05, Mascot score ≥23) were accepted and included in analysis. A 

new (multi) consensus with all result MSF files were merged into one data sheet for 

each experiment and exported as a comma-separated values (CSV) file for further 

analysis. 

 

2.9 Data analysis 

To allow comparison of sample protein profiles and reduce the impact of any 

systematic biases, each protein abundance (the sum of the peak areas of the three 

strongest parent signals) was normalised using the quantile approach through R 

version 3.6.1 (2019-07-05) using the preprocessCore_1.46.0 Bioconductor package. 

Prior to statistical analysis, the distribution of each dataset was assessed for 
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normality using a density and quantile-quantile plot to determine a suitable approach 

for differential protein expression analysis. To assess any significant differences in 

protein expression between a matched sample pair of a single individual with 

unilateral breast disease, and between non-cancer and cancer disease groups, the 

paired student t-test and unequal variances t-test were used, respectively.  

Normalised abundance values for differentially expressed proteins (p<0.05) were 

also Log2 transformed, and their fold change’ calculated. Pearson’s correlation 

coefficient was calculated between all samples to identify those with proteomes most 

alike using R-studio, or Perseus Version 1.6.5.0. Breast-specific proteins were 

annotated according to the Human Protein Atlas. Following comparative proteomic 

profiling and quantitative comparison between disease groups, enrichment of gene 

ontology (GO) and functional analysis of significant proteins was carried out using 

FunRich Version 3.1.3; Functional Enrichment Analysis Tool (www.funrich.org) 

focusing on cellular component, biological process, biological pathways and 

molecular function. The protein-protein interactions of those differentially expressed 

in non-cancer and cancer samples were analysed using STRING database version 

11.0 (https://string-db.org/) and pathway analysis conducted using Reactome 

Pathway Database version 72.0 (https://reactome.org/).  

  

http://www.funrich.org/
https://string-db.org/
https://reactome.org/
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CHAPTER 3 – CHARACTERISATION OF NIPPLE ASPIRATE FLUID 

3.1 Introduction 

Biomarker discovery is a multistep process, with a terribly slow progress rate due to 

the long road between initial discovery and clinical implementation. One of the critical 

elements in successful discovery begins with the choice of biological material used 

to investigate candidate markers.  As briefly discussed, blood is a perfect example 

of a readily accessible systemic fluid with high protein content for molecular analysis 

and routine clinical testing. However, as a starting point for biomarkers discovery, 

blood is arguably the most challenging sample type to characterise due to its 

enormous complexity and vast differences in protein concentrations. In a global 

analysis, more abundant proteins often hamper the identification of lower analytes, 

which hold greater potential for biomarkers leaked from diseased tissues. This issue 

is exacerbated as putative markers that are leaked or secreted into the blood 

become massively diluted compared to the original site of expression, necessitating 

lengthy sample preparations (i.e. depletion and multi-dimensional fractionation 

methods).   

The best liquid biopsies are those readily accessible and near the disease area, 

particularly for developing a routine screening diagnostic tool. Nipple aspirate fluid 

(NAF) is a breast-specific proximal fluid, secreted naturally by the epithelial cells 

lining the breast ductal system from which 85% of breast cancer cases arise. NAF 

is, therefore, an attractive resource for breast cancer biomarker discovery as it can 

be attained simply and non-invasively through breast massage and screened for 

biomarkers indicative of disease development.  

Over the last 20 years, interest in NAF as a liquid biopsy has risen, and investigations 

of the soluble markers therein have become increasingly popular, to determine 

whether changes in cellular, biochemical and hormonal products secreted into the 

proximal fluid are representative of any precancerous and cancerous 

transformations within the surrounding breast tissue. The adoption of proteomic 

technologies in this endeavour has been fundamental in facilitating the study of 
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protein expression on a global level. Complexity and dynamic range of protein 

concentrations can be countered but only with a combination of pre-fractionation 

techniques that deplete highly abundant proteins and separation approaches that 

reveal less abundant markers of interest. Although fractionation at the peptide level 

dramatically increases the depth of analysis, drawbacks include a significant 

increase in the amount of time it takes to analyse a single sample and increased 

experiment variation impacting on accuracy of quantitation. These trade-offs 

between depth and throughput has meant that studies in NAF proteomics that use 

relatively large numbers of samples (many tens to >100) typically have shallow depth 

of coverage, whereas studies emphasizing the depth of coverage typically have 

small sample numbers. For example, in 2015 Brunoro et al. compared efficiencies 

of RP-30cm, SCX/RP-10cm, and OFFGEL/RP-10cm peptide-centric sample 

preparation approaches which, in total, identified 193, 390 and 528 proteins, 

respectively.  These methods set out to increase the depth of the proteome, but also 

extended analysis time drastically. The pI-based OFF-GEL pre-fractionation 

technique resulted in a larger number of identified peptides, but suffered from longer 

analysis time (>1400 min) in comparison with the other 2 methods (RP-30 cm: 168 

min; SCX/RP-10 cm: 468 min) [76, 174]. Kurono et al. (2016) used an extensive 

high-pH RP peptide fractionations/low-pH RP 2D approach to analyse 19 cancer and 

12 non-cancer NAF samples. In total, 454 proteins were identified; three of which 

were described as candidate breast cancer biomarkers, discovered in a cohort of 31 

women in total [175]. With such studies it is important to weigh up the necessity for 

extending the length of the workflow, this limiting sample sizing, for the discovery of 

an additional ~200 proteins as Brunoro et al. demonstrated. 

For biomarkers to progress from laboratory to clinic, they must be identified using a 

reproducible, high-throughput method, allowing disease indicators to be identified 

rapidly. As seen in the studies mentioned above, with increasing coverage of the 

proteome comes an increase in sample-preparation time and handling steps as the 

complexity of each sample is broken down, often leading to lengthy workflows taking 

multiple days or even weeks for complete analysis. While multi-dimensional 

separation is currently the gold standard approach for biomarker discovery, recent 
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advances in column technology have made 1D-LC a potential alternative as the high 

resolution can be retained without the additional separation steps, thus requiring less 

sample material and less MS runtime. Since NAF is secreted and collected in 

minimal volumes, its analysis with minimalistic workflows is essential to minimise 

cumulative sample loss from sequential steps of the analysis. 

In this study, the aim was to assess the feasibility of using NAF as a liquid biopsy for 

the investigation of breast health. Matched NAF samples (n=60) underwent 

preliminary characterisation, observing physical properties such as colour, viscosity, 

volume and protein concentration, assessing its potential as a liquid biopsy. To 

investigate whether the complexity of NAF samples could be reduced using a 

nanoLC Orbitrap Fusion mass spectrometer, while providing sufficient resolution for 

significant protein identification, a total of 8 matched pairs from non-cancer, and 

cancer cases were semi-quantitatively analysed following in-solution digestion.  
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3.2 Experimental workflow 

For further detail please see Chapter 2 Section 2.6.1

Identification
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Figure 17 – Experimental workflow for the characterisation of nipple aspirate fluid (NAF) and subsequent 1D shotgun analysis following in-solution 
digestion. 
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3.3 Results 

3.3.1 Sample characterisation  

To accelerate understanding of the protein composition and consistency of NAF, 60 

samples (30 matched pairs) of ‘non-cancer’ and ‘cancer’ were subject to further 

characterisation (Table 7). This preliminary study aimed to investigate the suitability 

of NAF as a liquid biopsy for monitoring changes in the breast microenvironment 

using proteomic technologies.  

Volumes varied from 2μL to 150μL, with a median volume of 25μL.  Likewise, protein 

concentration varied vastly, from 0.1 to 81.2mg/ml with an average concentration of 

22.63mg/ml. The colour and consistency of NAF was also very different amongst 

individuals, and between breasts of a matched pair. Many samples were brown, 

opaque, and of a waxy consistency which required dilution with 50μL of HPLC water 

to allow for pipetting due to high viscosity. Other samples were white, translucent 

and of a very watery consistency. There appeared to be no correlation between 

sample colour and disease stage, as it had previously been hypothesised that darker 

NAF may indicate high plasma content because of advanced disease progression 

and tissue destruction. 
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Table 7 - Nipple aspirate fluid characterisation: colour, volume and protein concentration. Samples 
were compared to a defined colour chart, and protein content measure using the Bradford assay.  

# Pathology 
Disease 
Breast 

Breast NAF – Appearance 
Volume 

(μL) 
Conc. 

mg/ml 

Total 
protein 

(μg) 

1 Healthy N/A 
Right Light brown, opaque 100 33.30 4961.17 

Left Light brown, opaque 95 34.72 4999.49 

2 
Benign (duct 

ectasia) 
L 

Right Light brown, opaque 50 81.20 8039.20 

Left Terracotta, opaque 50 65.81 7831.75 

3 DCIS R 
Right Brown, translucent 15 28.04 504.79 

Left Brown, translucent 30 63.25 1138.46 

4 IC (ductal) R 
Right Light brown, translucent 80 69.48 8893.00 

Left Light brown, translucent 150 58.81 11643.43 

5 IC (ductal) R 
Right Light brown, translucent 20 42.30 3342.02 

Left White, translucent 120 14.65 1743.25 

6 IC (ductal) R 
Right Terracotta Red, opaque 5 53.80 699.40 

Left Yellow, translucent 20 35.46 921.96 

7 IC (ductal) R 
Right White, opaque 20 22.13 774.55 

Left White, opaque 10 39.72 993.00 

8 IC (ductal) L 
Right Light brown, opaque 100 62.97 7493.91 

Left Light brown, opaque 55 46.91 3471.64 

9 
Benign 

(fibroadenoma) 
R 

Right Yellow, translucent 20 31.38 564.91 

Left Yellow, translucent 2 3.62 25.37 

10 DCIS R 
Right White, translucent 10 14.67 264.11 

Left White, translucent 30 1.50 110.01 

11 Healthy N/A 
Right Terracotta, translucent ** 4.79 713.73 

Left Light brown, translucent ** 8.44 1214.93 

12 
Benign 

(fibroadenoma) 
R 

Right Terracotta, translucent 10 24.63 443.30 

Left Light brown, translucent 10 22.51 157.55 

13 IC (ductal) L 
Right Light brown, opaque 5 19.04 342.69 

Left Light brown, opaque 5 7.25 130.49 

14 
Benign 

(fibroadenoma) 
ND 

Right White, opaque 2 0.27 2.67 

Left Colourless, translucent 1 8.55 51.32 

15 DCIS L 
Right White, translucent 110 0.22 21.80 

Left White, translucent 12 0.17 1.20 

16 IC (ductal) L 
Right Terracotta, translucent 5 26.28 341.64 

Left Brown, translucent 4 18.11 217.37 

17 Benign ND 
Right Light brown, translucent 20 30.62 489.92 

Left White, opaque 2 14.15 113.20 

18 Benign ND 
Right Colourless, transparent 1 7.16 7.16 

Left Colourless, transparent  1 1.97 1.97 
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19 IC (ductal) L 
Right Brown, opaque 2 10.40 104.00 

Left Yellow, translucent 2 1.73 17.30 

20 IC (ductal) L 
Right Colourless, transparent 1 0.30 1.79 

Left Light brown, opaque 15 46.71 560.47 

21 IC (ductal) R 
Right Colourless, transparent 10 43.83 525.97 

Left Colourless, transparent  20 50.26 1356.97 

22 IC (ductal) L 
Right Yellow, translucent 5 7.12 85.39 

Left Yellow, translucent 5 6.89 82.67 

23 IC (lobular) L 
Right Olive green, opaque 20 32.94 922.40 

Left White, opaque 20 23.87 668.30 

24 IC (lobular) L 
Right Yellow, translucent 6 11.46 11.46 

Left Colourless, transparent 1 0.58 3.47 

25 IC (ductal) L 
Right Colourless, transparent  1 9.04 54.25 

Left White, opaque 1 3.43 20.55 

26 IC (lobular) L 
Right Brick Red, opaque 10 4.53 45.32 

Left Light brown, opaque 10 7.71 77.10 

27 IC (mucinous) R 
Right Light brown, opaque 10 0.15 1.53 

Left Colourless, transparent 10 0.70 7.03 

28 
IC (mixed tubular 

and ductal) 
R 

Right Colourless, transparent  15 21.02 210.22 

Left White, translucent 90 5.13 51.30 

29 
IC (mixed tubular 
and cribriform) 

L 
Right Brown, opaque 5 29.66 296.63 

Left White, translucent 2 25.51 255.09 

30 IC (lobular) R 
Right White, translucent 28 9.45 264.60 

Left Olive green, opaque 62 7.21 447.02 

*sample was collected with a pipette tip, and so was diluted with 50L HPLC water to wash NAF from tip.
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Figure 18 - Visual characterisation of matched NAF pairs by SDS-PAGE. A total of 20 matched subject profiles with healthy conditions or unilateral 
breast disease (benign or cancerous) were analysed using SDS-PAGE. The diseased breasts are labelled D, while non-disease breasts are labelled 
N (normal). Subject numbers are denoted by #. Gels were prepared in batches A-G. 
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Analysis by SDS-PAGE revealed that most NAF samples have remarkably similar 

protein profiles. Particular similarities can be seen in band motilities between healthy, 

benign and DCIS samples (subjects 1, 2, 11, 12 and 17) as seven dominant bands 

were common between all samples (78, 60, 44, 24, 17, 15 and 10 kDa) (Figure 18). 

Although profiles of the IC samples shared bands with the other disease groups, 

they were much less similar by comparison of band intensity. Proteins of a lower 

molecular weight (bands of 15 and 17 kDa) were weaker in both breasts of subjects 

6, 7 with invasive carcinoma and the band of 65kDa (most likely serum albumin 

based on data previously reported) slightly more intense in those with IC (subjects 

8, 21 and 29). The profiles of matched pairs from an individual with unilateral breast 

disease were also extremely similar in cases of benign disease or DCIS, with subtle 

differences seen in IC paired samples.  

 

3.3.2 Proteomic profiling of NAF by in-solution digestion  

3.3.2.1 Sample selection 

Of the 30 characterised pairs, 16 matched samples from 8 women met the eligibility 

criteria for being (a) a matched sample, (b) containing adequate amounts of protein 

for the initial proteomic workflow (at least 200 g) and (c) containing lower levels of 

albumin. The clinicopathological characteristics of those analysed by mass 

spectrometry are summarised in Table 8.  
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Table 8 - Clinicopathological factors of patient samples selected for LC-MS/MS analysis. 

 

 

3.3.2.2 Proteomic analysis 

NAF samples were semi-quantitatively analysed from breast cancer patients and 

healthy volunteers using a label-free proteomic approach following in-solution 

digestion, to characterise the proximal fluid at a one-dimensional level. In total, 879 

proteins were qualitatively identified between all 16 NAF samples, with an average 

of 342 proteins per sample (SD ± 80), and 56% quantified (Figure 19A).  

Comparison of quantified protein lists from each sample was achieved using 

FunRich 3.1.3. Pearson correlation showed that protein profiles of a matched pair 

belonging to each individual with unilateral breast disease (normal V. disease 

sample) correlated significantly in all cases (Figure 19B), and a two-tailed t-test of 

equal variance did not reveal a clear trend in expression differences between 

disease samples compared to the matched healthy breast proteome (Table 9). 
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Figure 19 - Qualitative assessment of NAF samples. A) Number of proteins identified in each sample. 
B) Correlation matrix showing the pairwise comparison of samples. C) Qualitative comparison of 
disease stage proteomes in comparison to healthy cohort. 
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For this reason, matched samples were treated as a pair in all further analysis (rather 

than the ‘normal’ sample an intra-individual baseline control). Samples from 

sequential stages of disease progression also show no trend by the qualitative 

assessment of common proteins. For example, Figure 19C represents the qualitative 

comparison of disease stage proteomes in comparison to healthy cohort. Benign 

samples had the most unique number of identifications, with 86% similarity, whereas 

all (100%) proteins identified in the healthy volunteer samples were also seen in 

samples from those with IC. Many proteins identified in the healthy and invasive 

carcinoma proteomes were  common. Therefore, as opposed to a subgroup of 

proteins being uniquely expressed within a progression stage, it is rather likely the 

level of protein expression that is differential and contributory during these early 

stages of disease development, emphasising the need for reliable quantitative 

biomarkers. 

 

 

 

Table 9 – Two-sided P-values from T-test between the right and left breasts of healthy volunteers or 
patients with unilateral breast disease. 

Note: * = p<0.01, ** = p<0.05 

 

 

  

Subject (#) P-value (right v. left breast) 

1 0.774 

2 0.521 

3 0.103 

4 0.094 

5 ** 

6 0.180 

7 * 

8 *  
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Four hundred and five quantifiable proteins were common between all disease 

groups (Supplementary data: Table S1) (Figure 20A). The validity of statistical tests 

to investigate differential expression depends on the distribution of the data. The 

non-cancer (NC) and cancer (C) data sets were therefore tested for normality, as 

graphically displayed in both density and quantile-quantile plots, giving a visual 

representation of the data distribution. As indicated in Figure 20B, the average 

protein abundances for the raw data of both non-cancer and cancer datasets showed 

a positive skew and were not normally distributed. Data was therefore normalized, 

and log transformed which improved the distribution of the data to normality (as all 

points fall approximately along the Q-Q plot reference line in Figure 20C), allowing 

a parametric approach to be adopted for differential expression analysis. 

Figure 20 - Assessment of normality for quantified raw protein expression data, in non-cancer and 
cancer data samples. A) A total of 405 proteins were common to all histopathological groups. B) 
Density plot showing the raw data distribution of quantified protein expression indicated a positive 
skew. C) Following normalisation and log transformation, an average of each protein intensity from 
both non-cancer (NC) and cancer (C) data were plotted as a Q-Q plot against a theoretical normal 
distribution, and showed a more normal distribution. 
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3.3.2.2.1 A one-dimensional insight into the NAF proteome 

Common proteins quantified in NAF were subject to functional enrichment analysis 

using FunRich software (Supplementary data: Table S2). According to cellular 

compartment analysis, a considerable proportion was revealed to be extracellular 

(either annotated through extracellular region or space). The NAF proteome also 

contained organelle annotated proteins from exosomes (69.7%), lysosomes 

(48.5%), plasma membrane (36.9%), endoplasmic reticulum (15.2%) and Golgi 

apparatus (11.6%) (Figure 21A).  Further to this, proteins involved in biological 

processes’ such as immune response, metabolism, cell growth and/or maintenance, 

energy pathways, and protein metabolism were most significant (Figure 21B).  

When categorised by molecular function, the largest group consisted of 30 proteins 

involved in transporter activity. These included albumin and haemoglobin subunits, 

corticosteroid-binding globulins, fatty-acid binding proteins, retinol-binding protein, 

transcobalamin-1, cholesterol transporters, phospholipid transfer proteins and 

hormone-binding proteins. Fifteen proteins were associated with corresponding 

receptor activity, mediating several different biological pathways. These included 

endoglin, plexin domain-containing protein 2 (PLXDC2), reticulon-4 receptor like 2 

(RTN4RL2), peptidoglycan recognition protein 2 (PGLYRP2), CD155, glypican-1 

(GPC1), CD44, folate receptor, sortilin-1, CD14, protectin, insulin growth factor-2 

receptor (IGF2R) and NOTCH3. 

Many enzyme groups were also found in NAF, including hydrolases, proteases and 

their inhibitors. For example, many members of the serine protease inhibitor family 

were detected including antithrombin, antitrypsin, antichymotrypsin, plasma 

protease C1 inhibitor, serpin B3, cystatin-C. Complement activity was the most 

significant enrichment, consistent with biological process analysis as many key 

components of the cascade were identified within the data. Furthermore, entities 

involved in calcium ion binding and ECM structural constituents were too significantly 

enriched (Figure 21C).   
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To investigate the origin of the NAF proteome, common proteins were compared 

with the Human Tissue Atlas database version 15. Overall, 68% of proteins were 

classified as belonging to the plasma proteome (275/405). Within the Human Tissue 

Atlas database, only 187 genes in the human genome show elevated expression in 

Figure 21 – Gene Ontology of common proteins quantified in NAF. A) Cellular component analysis of 
NAF proteome shows a considerable proportion to be extracellular proteins. B) Biological processes 
enrichment analysis of proteome, showing the percentage of all identified proteins. C) Enriched 
molecular function of NAF proteome showing as a percentage of the total identified NAF proteome. 
(Benjamini-corrected p-values <0.05). 

Categories are nonexclusive as several proteins were found to be localized in more than one cellular 
compartment or enriched in more than one biological process. 
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breast tissue compared to other tissue types, and ten of these were detected in all 

NAF samples using this one-dimensional approach; lactalbumin, mucin like-1, 

apolipoprotein, glutathione s-transferase, heat shock protein family a (Hsp70) 

member 1A, keratin 15, arachidonate 15-lipoxygenase, secretoglobin family 1D 

member 2, stanniocalcin 2 and v-set domain containing T cell activation inhibitor 1.  

 

3.3.2.2.2 Differentially abundant proteins expressed in breast cancer samples 

As the epithelial cells lining the breast ductal system undergo substantial changes in 

structure and function during breast cancer development, its analysis should form a 

basis for our general understanding of the effects of breast cancer on the NAF 

proteome profile. To determine whether significant proteins identified therein were 

representative of molecular changes in the surrounding tissues, the common 

quantified proteins between non-cancer and cancer samples were explored for 

differential expression. This revealed a shift in the quantitative proteome 

composition. Of the 405 quantified protein groups, 71 had p-values ≤0.05, indicating 

a statistically significant difference in their abundance in cancer samples, compared 

to the non-cancer NAF; 34 were classified as upregulated, and 37 classified as 

downregulated (Figure 22).  

Upregulated proteins (Table 10) played key roles in several biological processes, 

identified following GO enrichment analysis using Funrich software (Supplementary 

data: Table S3). For instance, the increased expression of haptoglobin and various 

complement components and factors (complement factor B, complement factor D 

complement factor I and complement C1s subcomponent) reflecting an amplification 

in the immune response. Additionally, binding proteins for various hormones, lipids, 

vitamins, iron, and calcium, for instance, apolipoprotein A-I, serum albumin, 

serotransferrin, corticosteroid-binding globulin, transcobalamin-1 and rab GDP 

dissociation inhibitor beta showed increased abundance in cancer NAF. Protein 

metabolism was enriched in the data set as six regulatory enzymes were 

upregulated.  
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Enzymes usually responsible for maintaining homeostatic functions of proteins such 

as prothrombin, plasminogen, kininogen-1, fibrinogen gamma chain, thyroxine-

binding globulin and cathepsin B. Stanniocalcin-2, pigment epithelium-derived factor 

and retinoic acid receptor responder protein 1 were also upregulated, which are 

normally involved in cell growth, maintenance, communication and signal 

transduction. 

Figure 22 - Volcano plot of protein fold-change across the non-cancer and cancer NAF samples and 
t-test p-value. Red dashed line shows a p-value cut off = 0.05. Of the 405 common proteins in both 
groups, 34 (green dots) were classified as upregulated, and 37 (red dots) classified as downregulated 
with a p-value ≤0.05. 
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Table 10 - Upregulated proteins in cancer NAF samples compared to those non-cancer NAF samples (p<0.05). 

No Accession Gene ID Description # PSMs Coverage [%] # Peptides # Unique 
Peptides 

Mascot 
Score 

Fold 
Change 

P-value 

1 P00738 F2 Prothrombin 18 8 3 3 164 4.311 0.000 

2 P00746 HP Haptoglobin  90 35 9 9 1066 2.375 0.001 

3 P05543 SERPINA7  Thyroxine-binding 
globulin 

28 8 3 3 508 2.295 0.001 

4 P50395 GDI2 Rab GDP dissociation 
inhibitor beta 

33 9 2 2 293 2.358 0.001 

5 P05156 CFI Complement factor I  151 27 11 11 4284 1.474 0.001 

6 P02679 APOA1 Apolipoprotein A-I  180 45 13 13 3154 4.620 0.001 

7 Q9UGM5 FETUB Fetuin-B  7 5 2 2 70 2.756 0.002 

8 P20061 TCN1  Transcobalamin-1  311 29 9 9 6346 3.550 0.002 

9 P02787 TF Serotransferrin  3623 62 36 36 58782 1.581 0.002 

10 P00751 CFB Complement factor B 39 11 6 6 310 1.704 0.002 

11 P00747 PLG Plasminogen 14 11 2 2 30 1.847 0.003 

12 Q13231 CHIT1 Chitotriosidase-1  28 18 5 5 297 4.397 0.005 

13 P02768 LRG1 Leucine-rich alpha-2-
glycoprotein 

345 35 7 7 3399 0.974 0.005 

14 P01860 IGHG2 Immunoglobulin heavy 
constant gamma 2 

813 42 11 5 6385 2.725 0.006 

15 P09871 C1S Complement C1s 
subcomponent  

31 13 5 5 349 1.723 0.006 

16 O76061 QSOX1  Sulfhydryl oxidase 1  161 20 11 11 2048 2.994 0.006 

17 P08185 SERPINA6 Corticosteroid-binding 
globulin  

35 10 3 3 706 2.971 0.008 

18 P00338 STC2 Stanniocalcin-2  30 11 2 2 222 3.378 0.009 

19 P07858 CTSB  Cathepsin B 15 10 2 2 209 1.959 0.010 
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No Accession Gene ID Description # 
PSMs 

Coverage [%] # Peptides # Unique 
Peptides 

Mascot 
Score 

Fold 
Change 

P-value 

20 P0DP09 IGKV1-13  Immunoglobulin kappa 
variable 1-13  

66 19 2 1 722 2.586 0.012 

21 P02647 IGHG3  Immunoglobulin heavy 
constant gamma 3 

758 28 9 2 6622 1.442 0.013 

22 P06733 ENO1  Alpha-enolase  94 23 6 6 924 1.076 0.014 

23 P36955 SERPINF1 Pigment epithelium-
derived factor  

39 20 6 6 388 2.511 0.016 

24 P02750 FGG Fibrinogen gamma chain  39 15 4 4 187 1.337 0.019 

25 P01859 KNG1  Kininogen-1 58 14 7 7 914 1.086 0.021 

26 P01042 CFB Complement factor B  151 23 11 11 1567 1.836 0.022 

27 P11279 LAMP1  Lysosome-associated 
membrane glycoprotein 1  

4 4 1 1 47 1.740 0.022 

28 P04004 VTN  Vitronectin  106 19 6 6 1519 2.023 0.023 

29 P05787 KRT8 Keratin, type II 
cytoskeletal 8 

73 11 5 4 1309 1.202 0.030 

30 O00391 ALB  Serum albumin  15318 80 59 59 171492 1.721 0.039 

31 P0DOX5 IGG1 Immunoglobulin gamma-
1 heavy chain  

1822 49 16 9 19915 1.030 0.041 

32 P00734 LDHA L-lactate dehydrogenase 
A chain  

21 8 2 2 308 4.147 0.041 

33 P49788 RARRES1 Retinoic acid receptor 
responder protein 1 

113 20 4 4 1273 2.721 0.043 

34 P06727 APOA4 Apolipoprotein A-IV  46 13 4 4 701 2.721 0.044 
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The abundance of many proteins belonging to the keratin group of fibrous proteins, 

which usually support the structural framework of epithelial cells, were 

downregulated in cancerous NAF samples in comparison to non-cancer NAF. These 

included KRT1, KRT7, KRT9, and KRT17. Other down-regulated proteins involved 

in cell growth and tissue maintenance included collagen alpha 2(VI) chain, alpha-

actinin-1 and Lysosome-associated membrane glycoprotein 2. The deregulation of 

cellular communication and signal transduction was also highlighted as cadherin-1, 

syntenin-1, mucin-16, S100A7, and S100A8 were decreased.  

Proteins involved in protein metabolism, particularly proteinase inhibitors, were also 

detected at lesser intensities in the cancerous samples. For example, kunitz-type 

protease inhibitor 1 and 2, proteins that usually function to inhibit HFG activator, 

which also act as an inhibitor of plasmin. These results are consistent with the 

upregulation of plasminogen in the cancerous samples.  Other regulatory enzymes 

with aberrant abundance include antileukoproteinase and aminopeptidase-N. 

Five proteins involved in energy pathways and metabolism were less abundant. 

These were superoxide dismutase [Cu-Zn], N(4)-(beta-N-acetylglucosaminyl)-L-

asparaginase,  peroxiredoxin-2,  glutathione S-transferase Mu 5  and  peroxiredoxin-

4.  Finally, the breast-enriched protein, apolipoprotein D, along with voltage-

dependent calcium channel subunit alpha-2/delta-1 had a negative fold-change and 

involved in transport. All downregulated proteins are displayed in Table 11. 

Of these differentially abundant proteins, 86.2% were classified as extracellular and 

29.4% of them associated with the cell membrane. On comparison with the Human 

Tissue Atlas database, 2.94% of these upregulated proteins were considered breast 

enriched proteins, whilst 2.70% of those downregulated were breast enhanced, and 

5.40% breast enriched (Figure 23A). 
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Figure 23 – Enrichment analysis. A) The percentage of up- and down-regulated breast enhanced 
(defined by the human tissue atlas as at least four-fold higher mRNA level in breast compared to the 
average level in all other tissues) and breast enriched (at least four-fold higher mRNA level in breast 
compared to any other tissues) proteins, annotated according to the Human Tissue Atlas. B) Reactome 
pathway analysis of differentially expressed proteins of cancer NAF. Significantly enriched pathways 
included the adaptive (green) and innate (blue) immune system, metabolism of proteins (yellow), signal 
transduction (orange) and haemostasis (pink) (p < 0.05; Fisher’s exact test with Benjamini- Hochberg 
correction). Each pathway is labelled with the number of involved proteins that are also differentially 
expressed. 
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Table 11 - Downregulated proteins in cancer NAF samples compared to those non-cancer NAF samples (p<0.05). 

No Accession Gene Description # 
PSMs 

Coverage 
[%] 

# 
Peptides 

# Unique 
Peptides 

Mascot 
score 

Fold 
change 

P-
value 

1 P12110 COL6A2 Collagen alpha 2(VI) chain 9 2 2 2 101 -2.464 0.000 

2 P12814 ACTN1 Alpha-actinin-1  160 20 12 6 2761 -1.628 0.000 

3 A0A075B6P5 APOD  Apolipoprotein D  8485 63 19 19 90736 -6.126 0.000 

4 P31151 S100A7 Protein S100-A7  23 54 5 5 270 -3.607 0.001 

5 O44DH68 IGHV6-1 Immunoglobulin heavy variable 
6-1 

102 24 2 2 169 -2.193 0.002 

6 Q13162 PRDX4  Peroxiredoxin-4  30 16 3 3 175 -2.802 0.002 

7 P09603 CSF1  Macrophage colony-stimulating 
factor 1  

149 10 5 5 1972 -1.744 0.002 

8 Q04695 KRT17 Keratin, type I cytoskeletal 17  61 29 10 7 876 -3.730 0.003 

9 P54289 CACNA2D1  Voltage-dependent calcium 
channel subunit alpha-2/delta-1  

129 16 12 12 1709 -4.466 0.003 

10 P04430 KRT1  Keratin, type II cytoskeletal 1  191 30 14 12 4072 -1.021 0.005 

11 P00441 SPINT2 Kunitz-type protease inhibitor 2 17 4 1 1 37 -1.326 0.006 

12 P07477 PRSS1 Trypsin-1  33 4 1 1 78 -1.799 0.006 

13 O00115 IGKV2-24 Immunoglobulin kappa variable 
2-24  

39 33 2 2 575 -1.474 0.009 

14 P06312 IGKV4-1  Immunoglobulin kappa variable 
4-1  

113 20 2 2 1518 -1.116 0.011 

15 Q8WXI7 MUC16 Mucin-16  207 1 9 9 2456 -1.918 0.013 

16 P03973 IGHA2 Immunoglobulin heavy constant 
alpha 2  

5753 74 17 2 54924 -1.715 0.015 

17 P08729 KRT7 Keratin, type II cytoskeletal 7  110 21 9 8 2605 -1.617 0.016 

18 P04264 SLPI  Antileukoproteinase 34 9 1 1 419 -2.081 0.017 

19 P13473 LAMP2  Lysosome-associated 
membrane glycoprotein 2  

52 7 3 3 461 -0.936 0.018 

20 P15144 ANPEP Aminopeptidase N  973 43 29 29 12958 -1.662 0.020 
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No. Accession Gene Description # 
PSMs 

Coverage 
[%] 

# 
Peptides 

# Unique 
Peptides 

Mascot 
score 

Fold 
change 

P-
value 

21 P05090 IGKV3-
11 

Immunoglobulin kappa variable 
3-11 

147 52 3 3 1075 -2.623 0.020 

22 O00560 DNASE2 Deoxyribonuclease-2-alpha  19 7 2 2 167 -2.276 0.021 

23 A0A0B4J1U7 IGHV3-
49  

Immunoglobulin heavy variable 
3-49  

42 33 3 3 662 -1.841 0.023 

24 O43278 SDCBP Syntenin-1  474 53 7 7 6814 -1.240 0.026 

25 P04433 IGKV1-
16  

Immunoglobulin kappa variable 
1-16 

46 34 3 2 217 -0.623 0.026 

26 P01624 SOD1 Superoxide dismutase [Cu-Zn]  9 9 1 1 147 -0.856 0.026 

27 P0DOX7 
 

Immunoglobulin kappa light chain  5199 54 11 3 89419 -0.792 0.027 

28 P01780 IGKV3-
15 

Immunoglobulin kappa variable 
3-15  

95 26 2 2 1251 -0.663 0.030 

29 P05109 S100A8 Protein S100-A8  159 63 6 6 763 -3.111 0.030 

30 P20933 AGA N(4)-(beta-N-
acetylglucosaminyl)-L-
asparaginase  

63 18 3 3 1630 -1.062 0.033 

31 P35527 KRT9 Keratin, type I cytoskeletal 9  96 37 10 10 1257 -1.950 0.033 

32 A0A0A0MS15 IGKV2-
28  

Immunoglobulin kappa variable 
2-28 

37 40 2 2 1023 -0.869 0.036 

33 P01877 IGHV3-7  Immunoglobulin heavy variable 
3-7  

255 57 6 3 3219 -1.782 0.040 

34 O43291 SPINT1  Kunitz-type protease inhibitor 1  36 6 3 3 212 -1.239 0.045 

35 P46439 GSTM5  Glutathione S-transferase Mu 5  79 25 4 3 740 -1.229 0.046 

36 P32119 PRDX2  Peroxiredoxin-2  16 14 2 2 102 -1.585 0.047 

37 P12830 CDH1  Cadherin-1  251 13 6 6 2440 -1.327 0.047 
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Enriched pathway analysis was performed by mapping the differentially abundant 

proteins to the Reactome pathway database, which identifies overrepresented 

pathways based on a Fisher’s exact test (Supplementary data: Table S4). The most 

significantly enriched pathways were those associated with the immune system, 

metabolism of proteins, signal transduction and haemostasis.  

Immune response has consistently been identified as a significant component of the 

NAF proteome, and its quantitative profile was significantly affected by breast cancer 

(DCIS/IC), both by the upregulation and downregulation of particular protein groups 

when compared to non-cancer data. As shown in Figure 23B, four pathways of the 

innate immune system (blue bars) showed significant enrichment with 34 proteins 

involved (p = 1.27E-14).  Of those, the complement cascade was most significantly 

enriched involving 14 proteins. Eight components were upregulated, and particularly 

associated with the initial triggering and regulation of complement (vitronectin, 

prothrombin, complement factor D, complement C1s subcomponent, complement 

factor B and complement factor I), through the alternative activation system 

(haptoglobin and complement factor B) rather than the creation of C4 and C2 

activators as the six proteins in this pathway were downregulated (immunoglobulin 

kappa variable 1-16, Immunoglobulin kappa variable 3-15, immunoglobulin kappa 

variable 4-1, apolipoprotein D, superoxide dismutase [Cu-Zn] and keratin, type II 

cytoskeletal 1). Many of these were also involved with neutrophil degranulation, 

FCGR dependant phagocytosis and fc epsilon receptor (FCERI) signalling. All 

differential proteins from the immune system were analysed by STRING to assess 

confidence in their known protein-protein interactions (PPI), providing a PPI 

enrichment p-value = <1.0E-16 (Figure 24).  
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Nine of the upregulated proteins were involved in metabolism of proteins (Figure23B; 

yellow) by the regulation of insulin-like growth factor (IGF) transport and uptake by 

insulin-like growth factor binding proteins (IGFBPs) pathway (p = 5.88E-09). 

Plasminogen, prothrombin and fibrinogen are particularly important as precursors in 

the proteolysis of IGF-1/IGFBP/ALS ternary complex, thus releasing the IGF. Insulin-

like growth factor-binding protein complex acid labile subunit (ALS) and Insulin-like 

growth factor-binding proteins, and IGF2 receptor were also detected in all NAF 

samples but not at a significantly different abundance. Albumin, sulfhydryl oxidase 

1, stanniocalcin-2, kininogen-1 and serotransferrin were too highlighted in this 

pathway as they are substrates for phosphorylation by the extracellular protein 

kinase, FAM20. This post-translational protein phosphorylation pathway was also 

identified by enrichment analysis (p = 3.80E-07). As seen in Figure 25, STRING 

analysis of these nine proteins showed a PPI enrichment p-value of < 1.0e-16. 

Figure 24 - All differential proteins associated with the immune system pathways were analysed by 
STRING to assess confidence in their known protein-protein interactions (PPI), providing a PPI 
enrichment p-value <1.0E-16. 
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Figure 25 - Upregulated proteins associated with the metabolism of proteins have a PPI enrichment 
p-value of < 1.0e-16. 

Enrichment functional analysis also highlighted the pair of regulatory proteins 

(kunitz-type protease inhibitor 1 and 2) enriched in both MET signalling (p = 6.73E-

04) and MST1 signalling (p = 4.69E-04) to be downregulated.  

Significantly abundant proteins were associated with haemostasis pathways (p = 

6.54E-08). For example,  in the group of upregulated proteins, pathways such as 

platelet activation, signalling and aggregation (p = 8.96E-08) were enriched, 

involving proteins such as  complement factor B, complement factor D, serum 

albumin, l-lactate dehydrogenase A chain, haptoglobin, leucine-rich alpha-2-

glycoprotein, immunoglobulin heavy constant gamma 3, apolipoprotein A-I and 

serotransferrin; many of which were also associated with the formation of fibrin clot 

(p = 0.002). On the other hand, seven proteins involved in cell surface interactions 

at the vascular wall (p= 1.50E-04) were detected at lower levels in cancerous NAF 

samples, and these included immunoglobulin kappa variable 1-16, immunoglobulin 

kappa variable 3-15, apolipoprotein D, immunoglobulin heavy variable 3-7, 

superoxide dismutase [Cu-Zn], keratin, type II cytoskeletal 1 and immunoglobulin 

kappa variable 4-1. 
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3.4 Discussion 

3.4.1 Feasibility of nipple aspirate fluid as a liquid biopsy 

The first aim of this study was to assess the feasibility of using nipple aspirate fluid 

as a liquid biopsy for the investigation of breast health by one-dimensional LC-

MS/MS. The collection of breast nipple aspirate fluid was performed, in most cases, 

by a clinician using a non-invasive massage technique. Otherwise, healthy 

volunteers would perform self-expression. We found that women were yielding 

enough volumes of sample for proteomic analysis (medium volume 25µL) from at 

least one breast within the first attempt, and protein concentrations consistent with 

most recent NAF reports (22.63mg/mL average) [75, 176-178]. Other groups have 

developed various methods to increase yield, through either chemical (administered 

oxytocin) or manual (using a breast pump/syringe) intervention [78, 179]). We did 

not test any other method of collection other than breast massage, as it is critical to 

ensure collection methods do not alter the levels of putative biomarkers. Additionally, 

advantages of collection by massage include the prospect of training more women 

to self-collect, which may reduce anxiety through clinical procedures, facilitate future 

study enrolment and reduce demand on clinical personnel, especially if implemented 

as a screening/surveillance strategy (particularly for high-risk women). However, it 

would remain critical for collection procedures to be outlined clearly as mishandling 

of the sample can affect labile fluid components and as a result, jeopardise sample 

integrity. 

In this study, SDS-PAGE analysis was carried out to assess the overall protein 

profiles of NAF and assess the level of albumin in each sample. All protein profiles 

were of similar intensities, indicating accuracy in the protein measurements 

calculated and consistency in the protein amount loaded on to the gel. 

Electrophoretic patterns of all samples were remarkably similar, regardless of 

disease status, and differences were instead observed in band intensities between 

disease groups. Seven dominant bands were characteristic between all samples 

(78, 60, 44, 24, 17, 15 and 10 kDa) (Figure 18), a protein pattern also observed in 

previous NAF classifications using one-dimensional electrophoresis [178, 180].  
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We found that SDS PAGE showed protein profiles from samples of the same patient 

to be most similar, regardless of their unilateral disease status. The statistical 

analysis of matched proteomes later corroborated this observation, with pairs 

showing highest correlation (average Pearson correlation = 0.926) and showed no 

overall significant difference in common quantitative proteomes between matched 

pairs (non-disease breast vs disease breast). Shaheed et al. observed equivalent 

results in samples of a matched pair and speculated similarities were likely due to 

transport through cross-lymphatic drainage [75]. Animal studies have reported the 

fluid to pass out of the lumen through the acinar and ductal walls and eventually 

reach the lymphatics [181]. After reporting two previous studies (using both a two-

dimensional gel electrophoresis method and a shotgun label-free proteomic 

approach) which failed to detect a significant difference between matched samples 

from individuals with unilateral breast disease (comparing the left and right breast 

proteomes) [178], Brunoro et al. then obtained results of the contrary, and became 

the first to report identifying significant differences in matched samples from 

individuals with unilateral breast cancer, whereby the non-disease breast NAF was 

treated as the ‘healthy/negative control’, using PatternLab software pairwise analysis 

[76]. In this study, matched samples were treated as a pair (n=2) and not as an intra-

individual baseline control when subsequently analysed by 1D LC-MS/MS.  

 

3.4.2 Overall NAF Proteome 

In total, 879 gene products were qualitatively identified between all 16 NAF samples, 

with an average of 342 proteins per sample (SD ± 80). Upon qualitative comparison 

of disease stage proteomes to the healthy cohort, there were no unique proteins. 

This implies the change in the level of protein abundance and activity to be involved 

in disease initiation and progression, rather than the unique expression profile, 

emphasising the need for a panel of reliable quantitative biomarkers. Focusing on 

the 405 proteins which were common to both groups and relatively quantifiable using 

this one-dimensional LC-MS/MS approach, Gene ontology enrichment analysis was 
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performed to gain a greater insight into the cellular compartment, biological process’ 

and molecular functions of NAF proteome.  

Proteins identified therein were associated with the extracellular space (secreted) or 

representative of the cell membrane, a rather unsurprising result given that the 

breast is composed largely of secretory glands. Epithelial cells lining the mammary 

ducts are responsible for continuously producing, secreting and concentrating the 

constituents of milk in lactating women [182]. These biomolecules include proteins 

such as lactalbumin, immunoglobulins, and growth factors; carbohydrates, such as 

lactose; and lipids, such as fatty acids and cholesterol [183]. Although the secretory 

mechanisms of NAF are not as well defined, when categorised by molecular 

function, 30 of the common NAF proteins were involved in transporter activity of 

these biomolecules. Alpha-lactalbumin is a protein responsible for increasing 

production of lactose during lactation and is usually detected at exceptionally low 

levels in non-pregnant females, and expression is increased in response to prolactin 

[184]. However, previous NAF studies of non-cancer (healthy/benign disease) and 

cancer (DCIS/IC) samples have revealed higher levels of milk proteins in NAF of 

women with malignant breast diseases [182]. Alpha-lactalbumin was detected in all 

NAF samples, along with prolactin-induced protein (GCDFP15), a polypeptide 

secreted by apocrine milk cells [185], and widely expressed in breast cancer as it 

can promote invasion and cell cycle progression [186, 187]. Seventy percent of 

proteins were associated with the exosome. Exosomes are secreted by all viable 

cells and play a vital role in paracrine and autocrine cell communication. They carry 

a variety of biomolecules, and their exocytosis is a key mechanism in protein and 

lactose secretion during lactogenesis [188]. One hypothesis may be that the 

secretory mechanisms of NAF constituents produced in the breast epithelia may be 

very similar but has not yet been fully explored. Various other breast-enriched 

proteins associated with milk production during pregnancy were also detected in the 

data, including xanthine dehydrogenase/oxidase (XDH), lactotransferrin, lactadherin 

and beta-1,4-galactosyltransferase 1. The transport of nutrients and bioactive 

ingredients to the mammary epithelial cells is important to ensure nourishment and 

immunity of breast-fed infants. Therefore, expression of other transporters such as 
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haemoglobin subunits, corticosteroid-binding globulins, fatty-acid binding proteins, 

retinol-binding protein, cholesterol transporters, phospholipid transfer proteins and 

hormone-binding proteins in the breast fluid was also expected [87]. These 

molecules are drawn from maternal serum and carried across the mammary 

epithelium by receptor-mediated transport [183]. 

In addition to producing metabolically active biomolecules forming the constituents 

of milk, the breast is itself a target organ for regulation by hormones of the endocrine 

system including oestrogens, androgens, progesterone, growth hormone and 

prolactin. We found that a considerable percentage (68%) of the NAF proteome to 

be annotated as originating from plasma. These included hormones, produced by 

distal glandular tissues which are transported via the bloodstream to target organs 

such as the breast, inducing the expression of growth factors. Growth factors act as 

signal transductors between cells and regulate a variety of cellular processes 

concerning growth, proliferation, and differentiation. Cell growth and maintenance 

were an enriched biological process in the NAF dataset as various growth factors, 

and target receptors in the breast tissue were detected, including many associated 

with cancer signalling pathways. For example, granulin (enhances the STAT3 

transcriptional pathway and correlates with poor prognosis in early-stage breast 

cancer) [189], and epidermal growth factor (EGF), a peptide well reported to 

correlate with malignant transformation [190]. Various cell membrane proteins were 

associated with receptor activity including endoglin (a protein component of the TGF-

beta receptor) [191]; CD155 (normal cellular function is in the establishment of 

intercellular adherens junctions between epithelial cells but also plays a role in 

mediating tumour cell invasion and migration) [192]; glypican-1 (GPC1) (a 

proteoglycan that plays a role in the control of cell division and growth regulation) 

[193]; CD44 (a cell-surface glycoprotein involved in cell–cell interactions, cell 

adhesion and migration) [194]; insulin growth factor receptor (binds insulin-like 

growth factor, regulates the growth and differentiation of normal breast epithelial 

cells) [195]; NOTCH3 (a receptor for membrane-bound cadherin ligands affecting 

differentiation, proliferation and apoptotic programs)[196] and three types of G 

protein-coupled receptor proteins belonging to the frizzled family (which serve as 
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receptors of the Wnt signalling pathway associated with breast cancer) . In addition, 

many types of cell adhesion molecules were detected in NAF samples. These 

glycoproteins are anchored to the cell membrane and mediate cell-cell and cell-

matrix interactions. They play a significant role in transducing signals to regulate cell 

adhesion, migration, invasion, angiogenesis and metastasis [197]. For example, 

high expression of CAECAM6 and CEACAM1 have been associated with 

metastases in breast carcinoma and were detected in the dataset.  

Further to hormones and growth factors, cytokines also function as translators 

between cells. Cytokine activity is triggered as part of the immune response, and 

entities involved in such were detected in the majority of samples. For example, 

macrophage migration inhibitory factor (MIF), a pleiotropic inflammatory cytokine 

has previously been reported to be overexpressed in breast cancer, promoting cell 

survival by the PI3K/Akt activation, and have a possible link with the epidermal 

growth factor system [198].  

Both breast-enriched and breast cancer-associated proteins were detected in NAF 

which, have been previously reported in other biological samples using several 

different approaches. We used a straightforward protocol with minimal sample 

processing steps and identified key proteins representative of the surrounding breast 

environment. 

 

3.4.3. Effects of breast cancer on NAF proteome profile 

Many proteins identified in the NAF proteome were associated with the breast 

epithelia. Whether any substantial changes in cellular structure and function during 

breast cancer development could be encompassed in the NAF proteome using a 1D 

approach, was investigated with differential analysis between non-cancer and 

cancer samples. A shift in the quantitative proteome composition was identified in 

cancer NAF, as the abundance of 71 proteins were significantly different. A 

prominent increase in protein metabolism and an imbalance in regulatory proteins 

concerning cell growth, maintenance, and communication were identified. For 
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example, enzymes such as proteases and their inhibitors, (prothrombin, 

plasminogen, kininogen-1, fibrinogen gamma chain, thyroxine-binding globulin and 

cathepsin B) usually responsible for maintaining homeostatic functions were 

upregulated. Proteins such as cathepsin B play important roles in the degradation of 

some matrix proteins and are therefore implemented in invasion and metastasis at 

elevated levels correlating with advanced-stage breast cancer [199, 200].   

A family of breast-enriched proteins, the cytokeratins, which act as intermediate 

filaments responsible for the structural integrity of epithelial cells, were 

downregulated [201]. These included KRT1, KRT7, KRT9, and KRT17. KRT9 and 

KRT17 isoforms are particularly associated with expression in the breast and are 

constitutively produced by most breast carcinomas, including both ductal and lobular 

subtypes [202]. Other proteins detected at a significantly lower level and involved in 

tissue maintenance included collagen alpha 2(VI) chain and alpha-actinin-1. In fact, 

loss of expression of collagen α chains have been reported in the basement 

membrane of several invasive cancers, including breast cancer [203], as they 

constitute the scaffold of the tumour microenvironment and its degradation promotes 

tumour infiltration, angiogenesis, invasion and migration [204]. There was also 

downregulation of the epithelial tumour suppressor cell adhesion protein, E-

cadherin/Cadherin-1 [205].  

Reactome analysis was conducted to investigate the overall pathways altered upon 

development of breast cancer, which could be reflected in NAF. In addition to protein 

changes relating to epithelial integrity and function, significantly enriched pathways 

were those associated with the immune system, metabolism of proteins, signal 

transduction and haemostasis. 

The insulin-like growth factor (IGF) system is a pathway of protein metabolism, well 

documented for playing a significant role in the development and function of the 

mammary gland [206]. However, it is also extensively reported as contributing to the 

development of malignancy due to its mitogenic and anti-apoptotic effects [207]. As 

schematically presented in Figure 26, circulating IGF is secreted primarily from the 
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liver in response to Growth Hormone and its half-life within the bloodstream is 

regulated by IGF-binding proteins (IGFBP) and specific IGBP proteases. The effects 

of IGF-1 protein on the breast are then mediated by the transmembrane tyrosine 

kinase receptor IGF-1R expressed in the mammary epithelium, as well as many 

other tissues [208]. IGF is also expressed locally within the breast stromal cells [209]. 

It is the combination of IGF paracrine signalling to adjacent epithelial tumour cells 

from stromal cells, and also IGF-1 autocrine (within epithelium) and endocrine (via 

systemic circulation) activities which facilitate disease progression and metastasis 

respectively [210]. Nine of the upregulated proteins in cancer NAF were involved in 

the regulation of insulin-like growth factor (IGF) transport and uptake by insulin-like 

growth factor binding proteins (IGFBPs) pathway (p= 5.88E-09). Insulin-like growth 

factor-binding protein complex acid labile subunit (ALS) and IGFBPs were detected 

in both non-cancer and cancer NAF. Proteases responsible for proteolysis of the 

IGF-1: IGFBP: ALS ternary complex and releasing IGF, such as Plasminogen, 

prothrombin and fibrinogen were significantly upregulated in Cancer NAF. IGF2 

receptor and Tissue-type plasminogen activator were also detected in all NAF 

samples but not at a significantly different abundance. Increased levels of active IGF 

may lead to increased binding to the breast epithelial IGF receptor. This triggers the 

activation of two major signalling cascades via the PI3K/AKT pathway and the 

RAF/MAPK pathway, which stimulate proliferation and protection from apoptosis 

[207].
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Figure 26 - Schematic overview of IGF signalling pathways and its downstream effectors associated with breast cancer progression. Proteins 
associated with the IGF signalling pathway, detected in NAF are circled in red. IGFBP-ALS, IGFBPs and proteases responsible for their proteolysis, 
releasing IGF were significantly upregulated in Cancer NAF. IGF2 receptor and Tissue-type plasminogen activator were also detected in all NAF 
samples but not at a significantly different abundance. Image adapted from Motallebnezhad et al. (2016) [206]. 
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In total, 34 immune response representatives were identified as differentially 

abundant between the non-cancer and cancer groups. To further understand the 

change in immune response proteins reflected between non-cancer and cancer NAF 

samples, these proteins with significant enrichment (p = 1.27E-14) were 

characterised by hierarchical clustering, and their subsequent z-scores for each 

individual sample plotted as a heat map (Figure 27). Non-cancer (healthy/benign) 

samples show an extremely similar definition in their protein expression relating to 

the immune response, with one very distinct cluster of decreased abundance 

proteins (red) when compared to cancer, and another distinct cluster indicating more 

abundant proteins (blue). In contrast, expression patterns in the cancer samples 

were of the opposite effect and much less coherent between each individual sample 

highlighting the enormous heterogeneity of such disease. 

The innate immune system has significant importance in the initiation and 

progression of cancer. Complement cascade activation is involved in both the 

development of and defence against cancer and carries exceptionally harmful pro-

inflammatory potential. Upon activation, complement proteins mediate several 

effector functions such as inflammatory cell and fibroblast recruitment to the tumour 

microenvironment, which stimulates extracellular matrix remodelling and 

consequently supports cancer progression [211]. Proteins relating to complement 

activation via the alternative pathway (recognition of other "foreign" surface 

structures) was enriched in the NAF cancer dataset with proteins significantly more 

abundant in cancer NAF (p = 3.90E-13). Eight upregulated components were 

involved in the initial triggering and regulation of complement (vitronectin, 

prothrombin, complement factor D, complement C1s subcomponent, complement 

factor B and complement factor I), through alternative activation (haptoglobin and 

complement factor B) rather than by direct creation of C4 and C2 activators as this 

the six proteins in this pathway were downregulated (immunoglobulin kappa variable 

1-16, immunoglobulin kappa variable 3-15, immunoglobulin kappa variable 4-1, 

apolipoprotein D, superoxide dismutase [Cu-Zn] and keratin, type II cytoskeletal 1) 

[212].  
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Non-cancer Cancer

Figure 27 - Hierarchical clustering of significantly abundant proteins involved in the innate immune response show a clear difference between 
non-cancer and cancer samples. Intensities of proteins were previously Log2 transformed to normalize individuals and z-scores plotted in the 
map according to samples (S – Subject; HV – Healthy volunteer, BN – Benign). 
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It was initially believed that during the first stages of breast cancer development, the 

innate immune system acted as a key player in tumour immunoediting and was the 

host’s defence against cancer. Panels of soluble molecules can rapidly detect 

abnormal cells, in which the innate immune system response targets and 

orchestrates an attack against disease progression through proteins of the 

complement cascade and cytokine signalling. However, there is an increase in 

emerging literature reporting involvement of the complement cascade in several 

hallmarks of cancer, as it can also be a part of the long-lasting inflammatory status 

that can lead to malignant transformation and tumour development [213]. It has been 

hypothesised that the presence of both complement activation products such as 

those notably detected in NAF samples (complement factors) is a host defence 

mechanism against cancer, and cancer cells resist complement attack by 

overexpressing complement regulatory proteins [214]. The regulation of complement 

pathway was also enriched (p = 2.78E-12) and the complement regulatory protein 

that protects epithelial cancer cells from complement attack, CD59 glycoprotein 

(protectin) detected in cancer NAF samples too, but not at statistically distinct levels 

[215].  

In addition to the immune/inflammatory response and elements of the breast 

microenvironment, the close relationship between breast tumours and the 

haemostatic system is recognised as an important regulator of breast cancer 

progression. Elements of the haemostatic system, such as platelets, coagulation, 

and fibrinolysis, can have a direct impact on many of the reported hallmarks of breast 

cancer and related closely to the immune response system. These include 

mechanisms of cellular transformation, sustained proliferation and cell survival, 

prevention of apoptosis, angiogenesis and tissue invasion and metastasis [216]. Of 

the differentially expressed proteins characteristic to cancer NAF samples, 19 had 

associated roles in haemostasis (p-value = 1.11E-06); particularly via the platelet 

activation, signalling and aggregation pathway. Platelets function as exocytotic cells, 

secreting a multitude of effector molecules upon activation, usually at sites of 

vascular injury. Many proteins associated with degranulation were upregulated in 



90 

 

cancer-NAF. For instance, serum albumin, complement factor d, fibrinogen gamma 

chain, plasminogen, kininogen-1 and sulfhydryl oxidase 1 involved in exocytosis of 

platelet alpha granule contents [217]. Platelet alpha granules release many factors 

which can further enhance breast cancer cell adhesion, proliferation, chemotaxis, 

and chemo invasion via several mechanisms [218]. For example, plasminogen which 

is converted to plasmin by serine proteases (such as tissue-type plasminogen 

activator) degrades the   extracellular matrix to assist in breast carcinoma invasion 

and progression and was upregulated [219]. Additionally, prothrombin, pro-

epidermal growth factor (enhances cell growth, proliferation, differentiation and 

migration) and platelet-derived growth factor D (enhances stromal cell survival, 

proliferation) [218]. Components of this pathway, such as tissue plasminogen 

activator, are actually used as breast cancer biomarkers for monitoring therapy and 

have been reported in other NAF studies [220].  
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3.5 Conclusion 

Developments in proteomics have empowered the analysis of hundreds of proteins, 

permitting the identification of new biological markers. By profiling patient samples 

and healthy matched controls, we can begin to understand the differential expression 

of proteins at the earliest stages of breast cancer development. The enormous 

potential NAF carries as a liquid-biopsy for this purpose was highlighted in this study, 

as samples were obtained by manual massage in the absence of any mechanical 

and chemical stimulation. So the procedure was inexpensive, quick, non-invasive, 

can be repeated as needed causing minimal to no discomfort. We have shown in 

this study that 1D-LCMS approach is able both to identify and quantify protein 

expression in NAF samples from breasts of different health-stages, which are 

representative of their changing microenvironment. We successfully characterised 

405 proteins which were consistently identified in NAF; 70 of which were differentially 

abundant between groups, encompassing a variety of altered biological functions. 

Breast cancer is reflected in the NAF proteome profiles of patients through changes 

in abundance of proteins associated with the development of breast cancer as well 

as those involved in specific biological pathways that are directly related to the 

disease phenotype. Overall, the study has identified many vital proteins that highlight 

differences in protein abundance between disease groups. However, future NAF 

proteomic analysis must focus on increasing sample sizes to statistically validate 

these differences as reliable candidate biomarkers.  
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CHAPTER 4 – DEVELOPMENT OF A HIGH THROUGHPUT SAMPLE 

PREPARATION METHOD FOR LIQUID BIOPSY ANALYSIS 

 

4.1 Introduction 

The challenge of throughput is another obstacle inevitably encountered along the 

road map to biomarker discovery. As previously discussed in Figure 6, proteomics 

studies, particularly in biomarker discovery, require the analysis of a large number 

of samples. Large cohorts are essential to address standard and disease human 

genetic heterogeneity. Statistical significance can only indeed be achieved with high 

throughput measurements, especially when effects are small in correlation with 

disease stage. In the discovery phase, mass spectrometry is the leading technology 

for unbiased protein profiling between different biological states. What qualifies a 

protein as a candidate biomarker is its consistent identification, with a continuous 

expression profile (abundance) between multiple biological conditions (in this case, 

non-cancer and cancer). Nonetheless, sample preparation for bottom-up proteomics 

involves many steps and can, therefore, be a labour-intensive and time-consuming 

process. Procedures based on the treatment of individual samples can often limit the 

number analysed by a study due to the sheer time consumed.  

Typical workflows begin with the proteolytic digestion of samples, resulting in peptide 

analysis by mass spectrometry. Historically, simple in-solution or gel-based 

approaches were adopted when performing digestion; each with exclusive 

advantages [221]. In-gel digestion allows samples of greater complexity to be 

analysed as it provides fractionation, allowing a semi-targeted approach [222], while 

in-solution digests do not reduce the complexity of the sample but have the 

advantage of requiring less starting protein resulting in lower sample loss compared 

to gel-based analysis [223]. Nevertheless, both techniques remain sub-optimal, and 

the remaining sample will still contain both complete and semi-tryptic peptides, small 

molecules, salts and detergents that can affect data quality and ultimately, the 

proteome detected. Therefore, additional clean-up steps to remove inorganic 
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contaminants and surfactants incompatible with MS analysis are required [224]. The 

limitations of each method were overcome and advantages combined in 2005 by 

Manza et al., who employed a filter aided sample processing (FASP) approach for 

the first time [225]. A cellulose spin filter with a molecular weight cut off (MWCO) 

was used to prepare and digest proteins samples for MS analysis. Contaminating 

species such as small molecules and salts could be washed away, and the captured 

denatured proteins suspended in a digestion-compatible buffer. Reduction, 

alkylation and digestion could then be carried out on the membrane, and the 

resulting peptides isolated by centrifugation. The method was found to reduce 

sample preparation times, minimise samples loss and provide equivalent protein 

coverage for in-solution digestion of purified protein samples [225]. Since then, the 

protocol has been widely developed to accommodate various sample compositions 

and analysis types [226, 227]. 

On-filter digestion in the FASP protocol has shown high performance in terms of 

peptide recovery and the number of identified peptides and proteins but was a single-

tube protocol. It was therefore introduced into a 96-well format to allow high-

throughput preparation of large sample sets more efficiently [228, 229]. Although 

more samples could be processed simultaneously, the protocol suffered from long 

centrifuge times due to the nature of the cellulose membrane. In a 96-well format, 

the cellulose plates can withstand a limited g force (2,200 × g) as opposed to that for 

individual ultrafiltration units (14,000 × g). As a result of the 1-3nm FASP membrane 

pores used, blockage due to protein precipitation would cause prolonged liquid 

transfer through the membrane and necessitate increased processing times [228, 

229]. Unlike other methods, Burger et al. recently used a large pore hydrophobic 

PVDF membrane to decrease centrifugation time, therefore increasing throughput 

[230]. PVDF membranes typically have higher binding capacities than nitrocellulose 

membranes, (150-160µg/cm2 and 80µg/cm2 respectively) and so offer higher 

sensitivity [230]. Protein molecules bind to PVDF membranes through hydrophobic 

and dipole interactions and so binding affinity is much higher. Rather than proteins 

being physically retained, as is the case with FASP, proteins are instead adsorbed 

to the membrane [231]. This allows a larger pore size to be used (450nm), minimising 
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blockage of the membrane from precipitation. Liquid transfers were carried out using 

a fitted 96-well microplate vacuum manifold and completed within 10 seconds to 2 

minutes (depending on the numbers of wells used) - a vast improvement in 

processing time compared to traditional FASP methods.  

This study aimed to, therefore, develop a straightforward and high-throughput 

sample preparation method in 96-well format using a PVDF membrane, to allow the 

analysis of small volume liquid biopsies, such as NAF, with minimal protein and 

peptide loss due to reduced sample handling while simultaneously increasing the 

throughput of samples prepared in a single working day. This would ultimately 

increase the number of samples analysed in NAF studies and increase statistical 

confidence in potential biomarkers identified, finally moving biomarker studies for 

detection of early-stage breast cancer out of the discovery phase and closer to the 

clinic. Furthermore, although having high concentrations of protein, it is anticipated 

that NAF samples will need to be diluted to make them more manageable for multiple 

analyses. Consequently, diluting the protein will affect trypsin digest efficiency. We, 

therefore, selected a 96-well filter plate with a large (0.450nm) pore size, 

hydrophobic PVDF membrane specially designed for low non-specific binding with 

a 0.28 cm² filtration area to accommodate larger solvent volumes to minimise 

washing steps (50µL–250µL). The protocol was assessed and developed using a 

more readily available liquid biopsy, urine, which comprises low proteins 

concentrations, analogous to the challenge that will be presented by diluted NAF. 
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4.2 Workflow 

For full details of the final workflow please see Chapter 2, Section 2.6.2.1. 

Figure 28 - Overview of the final filter-aided sample preparation method developed for the analysis 
of liquid biopsies. Each arrow represents a sample transfer step. Liquid transfer through the 
membrane was performed using centrifugal force with a Sigma 4K15 centrifuge, at 2545rpm for 2 
minutes at 4oC. Following optimisation through investigating physiochemical properties of the 96-well 
plate used, methods of liquid passage and digestion conditions, the protocol was performed in 
triplicate with two biological replicates or each sample. Parameters associated with the quality of 
each protein identifications were monitored to evaluate performance of the assay, including number 
of proteins identified, sequence coverage, number of PSMs and Mascot score. Protein groups from 
replicates were compared using Pearson correlation coefficient, hierarchical clustering and scatter 
plots to test for concordance between identically processed samples. 
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4.3 Results 

4.3.1 Sample concentrations 

Table 12 - Concentration of urine samples measured using the Bradford assay 

 

 

4.3.2 Optimisation of experimental parameters 

Initially, several experimental parameters were investigated, including the 

physicochemical properties of the plate and their compatibility with solvents 

frequently used in proteomic workflows, methods for liquid passage, protein 

adsorption of the PVDF membrane and trypsin digestion conditions. Each protocol 

was assessed by monitoring the number and quality of each protein identification 

through parameters sequence coverage, number of PSMs and Mascot score. 

Robustness of methods were assessed by comparing relative abundance of each 

protein group from replicates using Pearson correlation coefficient, hierarchical 

clustering and scatter plots to test for concordance between identically processed 

samples. 

 

4.3.2.1 Methods for liquid passage 

4.3.2.1.1 Vacuum manifold 

In total, 908 proteins were identified, with an average of 303 proteins per sample (SD 

± 39) (Supplementary data: Table S5). However, physical limitations with using the 

vacuum manifold system for liquid transfer were revealed, as filtrate was not being 

Urine Sample Concentration (mg/ml) 

#1 0.930 

#2 0.758 

#3 0.109 

#4 0.098 
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accurately expelled into the appropriate collection wells, resulting in visually 

apparent cross-well contamination. 

 

4.3.2.1.2 Centrifugal force 

Using centrifugal force with a Sigma 4K15 centrifuge, the experiment was repeated, 

and liquid transfer through the membrane performed successfully. As the filter plate 

was in direct contact with the collection plate, accurate collection could be achieved, 

providing reliable results (Supplementary data: Table S6). 

 

4.3.2.2 Protein adsorption to the PVDF membrane 

To validate successful adsorption of urine proteins with the PVDF membrane, the 

filtrate was collected following triplicate passage of reduced and alkylated urine 

sample, and again following each wash, then analysed using SDS-PAGE. As shown 

in Figure 29, no protein bands were observed in the flow through following triplicate 

passage or following washing steps with ABC.   

 

 

 

 

 

 

 

Figure 29 - Analysis of protein content in initial sample applied to plate (+ve), blank buffer (-ve), the 
filtrate (F) following sample passage, and membrane washing (W) steps by SDS-PAGE. 



98 

 

 

4.3.2.3 Optimisation of trypsin digestion conditions 

Urine samples #3 and #4 were subject to different trypsin concentrations for 3 hours 

at 37oC (Table 13) to identify those conditions most favourable based on the number 

and quality of each protein identification through parameters including sequence 

coverage, number of PSMs and Mascot score. 

 

Table 13 - Overview of different trypsin digestion conditions used to analyse urine samples #3 and 
#4. 

Digestion 
condition 

Total 
trypsin 

amount (μg) 

Conc. 
(μg/μL) 

Further detail 

1 1 0.025 1 step digestion (1μg trypsin applied at t=0) 

2 4 0.1 1 step  digestion (4μg trypsin applied at t=0) 

3 2 0.05 
2 step digestion (1μg trypsin applied at t=0, 

additional 1ug trypsin applied t=90) 

4 4 0.1 
2 step digestion (2μg trypsin applied at t=0, 

additional 2ug trypsin applied t=90) 

5 8 0.2 1 step digestion (8μg trypsin applied at t=0) 

 

The highest number of proteins (279 protein groups) was identified using condition 

1 (average, n=2), a traditional 1 step digestion, applying 1μg of trypsin at t=0 (Figure 

30A). This was followed by condition 2, as the 1 step digestion protocol using 4μg 

trypsin applied at t=0 identified an average of 264 proteins between the two samples. 

It was consistently seen that applying greater amounts of the protease did not 

necessarily increase the number of protein identifications in either of the samples, 

as protocol 5, a 1 step digestion (8μg trypsin applied at t=0) yielded the lowest 

number of protein identifications (164 average between two samples). Of the two-

step digestion protocols, condition 4 yielded a higher number of identifications (257 

protein groups on average) which used a total of 4μg of protease, as in condition 2, 

but rather 2μg trypsin applied at t=0, and an additional 2μg trypsin applied t=90. 
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When comparing these 2 protocols, the number of identifications were increased in 

sample #4 when using the 2-step protocol in condition 4. 

 

Sequence coverage for digestion condition 1 and 2 were the highest, followed by the 

2-step digestion in condition 4 and 3, and finally condition 5 using the most protease 

(8μg). A similar trend was seen in the average number of PSMs per protein group 

identification. As shown in Figure 30C, the highest PSMs were provided in 

identifications of those samples digested using conditions 1 and 2, followed by the 

2-step digestions in condition 4 and 3, and finally condition 5. The average Mascot 

Score for identifications in each digestion condition ranged between 134 and 156. 

The highest average score was in samples digested under Condition 4, followed by 

condition 2, 5, 1 and finally condition 3.  

Figure 30 - Optimisation of digestion conditions; A) Total number of proteins identified under each 
digestion condition for each sample; B) Average (n=2) sequence coverage for all proteins identified 
in each of the five digestion protocols; C) Average (n=2) PSMs for all protein identifications per 
sample; D) Average (n=2) Mascot Score for identifications in each digestion condition. Light blue = 
sample #3, dark blue = sample #4 (Supplementary data: Table S7).  
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Of all digestion conditions, Condition 1, using a traditional 1 step digestion with 1μg 

trypsin applied at t=0 provided the highest average of protein identifications, and also 

sequence coverage and PSMs indicating high quality in digestion and subsequent 

identifications. This protocol was therefore adopted in the final filter-aided sample 

preparation method developed for analysis of urine. 

 

4.3.3 Assessment of newly developed filter-aided sample preparation method 

For each of the 24 measured proteomes (Supplementary data: Table S8) (4 

samples, each with 2 sample-preparation replicates and 3 instrument technical 

replicates), Pearson’s correlation between the protein intensities was calculated, 

with the average correlation coefficient being 0.997 between sample preparation 

replicates and 0.999 between instrument technical replicates. To visually display 

this, correlation coefficient values were z-scored and colour-coded as displayed in 

Figure 31A. As expected, four clear blocks of high correlation can be seen, 

representing samples of the same proteome. A higher correlation can be seen 

between instrument technical replicates in all cases, followed by sample preparation 

replicate.   Hierarchical clustering of samples by all protein intensities also showed 

that the instrument technical triplicates have less variance than preparation 

replicates as they clustered closest together, with one exception (Figure 31B). 

Further comparison of Log2 annotated protein groups from sample preparation 

replicates showed that the method provided high concordance between identically 

processed samples as demonstrated by symmetrical and comparable scatter plots 

(Figure 32, C).  

To also assess inter-assay variability (the assay-to-assay reproducibility by 

measuring the same samples on different weeks), the new workflow was repeated 

over the duration of 3 months with identical sample aliquots. The subsequent lists of 

protein identifications from all four samples were compared between each plate run 

(Supplementary data: Table S8-S10). The Venn diagrams in Figure 32 illustrate the 

extent of overlap in unique protein identifications between the three experiments. A 
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total of 315, 397, 469 and 527 proteins were identified, equating to an inter-assay 

replicate overlap of 54.66%, 55.37%, 51.48% and 63.04% for urine samples 1-4 

respectively.  An average percentage overlap of 55.89% of the total proteome was 

identified consistently between all 3 experimental repeats. The consistent 

identifications between batch preparation and analysis of the sample indicates the 

new preparation method can provide comprehensive coverage of the urine 

proteome. 
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Figure 31 - Variability in biological and technical replicates. A) Pearson’s correlation coefficient values were 
z-scored and colour-coded accordingly. A higher correlation can be seen between technical replicates in all 
cases, followed by biological replicate. B) Hierarchical clustering of samples by all protein intensities also 
showed that the technical triplicates have less variance than biological replicates as they clustered closest. 
C) Scatter plots comparing Log2 annotated protein groups from biological replicates indicate that the method 
provides high concordance between identically processed samples. 
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Figure 32 - Venn diagrams of overlap in unique protein identifications measured between the three 
experiment replicates of each urine sample over 3 months. An average percentage overlap of 55.89% 
of the total proteome was identified consistently between all 3 experimental repeats. 
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4.4. Discussion 

4.4.1 Development and optimisation of sample preparation parameters for 

optimal protein coverage, identification, and quality 

Advances in mass spectrometry have revolutionised the field of proteomics, by 

allowing the unbiased measurement of hundreds, even thousands of proteins in a 

single analysis, and in-turn accelerated the capabilities of biomarker discovery 

studies. When analysing the relative differences in protein abundance between 

control samples and disease groups, sub-panels of proteins can be identified that 

are characteristic to the disease group, implying a potential role in or consequence 

of disease development [232]. In fact, analysis is never this straight forward due to 

influences from many confounding factors. The question of whether a difference, is 

truly significant to the disease itself, or is just a biological difference, must be 

addressed. For this reason, increasing the number of samples analysed to obtain a 

true reflection of intra- and inter-individual, and cohort variation is critical for the 

progression of discovery studies to clinical biomarker assays.  

 

4.4.1.1 Membrane preparation  

To begin, several experimental parameters were investigated including the 

physiochemical properties of the plate and their compatibility with solvents frequently 

used in proteomic workflows, methods for liquid passage, protein adsorption of the 

PVDF membrane and trypsin digestion conditions. Berger et. al used a PVDF-

membrane based method to prepare various liquid biopsies for proteomic analysis 

[230]. Mirroring a similar protocol, adapted slightly to suit the chemical and reagent 

concentrations used within our laboratory, a preliminary experiment was carried out, 

using the same model of vacuum manifold (MAVM0960R, Millipore) for liquid 

transfer (experimental details in Supporting Information). Filter plates were 

compatible with all the solvents needed, but the supplier recommended that they 

should be pre-treated with 70% ethanol. Treatment with alcohol has been reported 

to increase buffer exchange by reducing surface tension between the aqueous layer 
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and the PVDF membrane [233]. Protein adsorption is influenced by many surface 

properties such as surface wettability and surface chemical composition. The 

membrane was therefore equilibrated with the starting solvent (8 M urea in 400 mM 

ABC solution) before application of the denatured protein mixture.  

 

4.4.1.2 Centrifugal force for liquid passage minimises cross-well contamination 

Similar to Burger et al. [230], here a hydrophobic PVDF membrane in a 96-well 

format that was compatible with all the solvents in a usual workflow was employed. 

After initial analysis of urine samples, 908 proteins were identified, with an average 

of 303 proteins per sample (SD ± 39), a number in consistent range with Berger et 

al. data of urine analysis [230]. However, physical limitations with using the vacuum 

manifold system for liquid transfer were revealed, as filtrate was not being accurately 

expelled into the appropriate collection wells, resulting in visually clear cross-well 

contamination. Such an issue could potentially provide untrustworthy results, 

especially when conducting differential analysis between two biological groups in a 

discovery assay, in addition to sample losses. Moreover, liquid transfer times 

exceeded those reported by Berger et al., sometimes taking over 10 minutes for 

complete transfer of all wells with each liquid handling step. We therefore deemed 

this approach as inappropriate for the aims of this study and looked into alternative 

procedures of liquid transfer.  

We instead adopted use of centrifugal force for liquid transfer, and achieved 

complete flow through (150µL) within 2 minutes at 1204 × g. With 10 liquid handling 

steps in this protocol, total liquid processing time was reduced from 600 minutes if 

using a traditional FASP method, to 100 minutes using the Berger et al. vacuum 

manifold approach, down to just 20 minutes using this new protocol. Complete 

adsorption of the sample proteins between the 10 – 250kDa mass range with the 

PVDF membrane was achieved following triplicate passage of reduced and alkylated 

urine sample.  
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4.4.1.3 Digestion optimisation and assessment of identification quality 

As the principle of the bottom-up proteomic approach relies upon the digestion of 

proteins into peptides for later identification, the optimization of trypsin digestion can 

lead to improved reliability of peptide detection, quantitation, and identification. 

Traditional workflows use long digestion times, from 9 to 21 hours, to ensure 

digestion efficiency for comprehensive proteomics [234]. Due to this, overnight 

digestion is most convenient, meaning samples preparation protocols last a 

minimum of two days. However, prolonged digestion time can lead to lower coverage 

and loss of tryptic peptides, due to complete digestion by trypsin, and consequently, 

more small peptides that are not LC-MS detectable, resulting in a lower number of 

protein identifications [235]. More rapid approaches have recently been shown to be 

just as, if not more efficient. For example, Deng et al. (2018) conducted tryptic 

reactions for 7-60 min and compared results with a conventional 18 h approach. The 

results demonstrate that shorter enzymatic reactions lead to a large number of 

peptide fragments that improve protein sequence and proteome coverage. They also 

found that the reproducibility of generating the same peptides within a few minutes 

of digestion was just as close to that obtained from 18 h prolonged reactions [236].   

We therefore performed rapid digestion of proteins under different enzymatic 

conditions using different concentrations of trypsin at a constant temperature of 37oC 

for 3 hours. Enzyme-to-substrate ratio is also a significant factor that influences 

digestion of a protein sample, to ensure an enzyme amount sufficient to perform the 

digestion, but not too high that it results in autolysis products. We analysed the same 

2 urine samples with either 1μg, 2μg 4μg or 8μg trypsin. The highest average number 

of proteins (279 protein groups) was identified using condition 1, a traditional 1 step 

digestion, applying 1μg of trypsin at t=0. The same protocol with four times the 

protease (4μg) identified an average of 264 proteins between the two samples. The 

lowest yield of average protein identifications (164 average between two samples) 

belonged to condition 5, with the largest amount of protease. This could be due to 

an over-use of trypsin for the amount of protein present in the urine sample. If a 

protein: protease ratio is too low, i.e. there is too much protease and not enough 
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substrate then cleavage can become less specific. Protein concentration can affect 

proteolytic efficiency, and too high a trypsin concentration increases autolytic 

degradation, meaning that it works less effectively at digesting target proteins. This 

can negatively affect the identification of protein as unrecognisable fragments are 

analysed by the LC-MS, or not matched when database searching [237].  

To further improve proteolytic efficiency during rapid digestion protocols, some 

groups have proposed using a second dose of trypsin during digestion [238]. We 

therefore tested two double digest protocols, and found condition 4 yielded a higher 

number of identifications (257 protein groups on average) which used a total of 4μg 

of protease (2μg trypsin applied at t=0, and an additional 2ug trypsin applied t=90). 

When comparing this with the one-step 4ug digestion, the number of identifications 

were increased in sample #4 using the double digestion protocol. 

Parameters reflective of digestion and identification quality were compared. While 

the average number of proteins identified is important in a discovery study, the 

quality of the identifications is perhaps more significant. Protein sequence coverage 

is an overall measure of the quantity of peptides matching the database full protein 

sequence; the higher the percentage of sequence covered, the more confidence in 

that identity. It is a similar case for the number of peptide-spectrum matches (PSMs 

it is the number of peptide spectra which match those known of the protein within 

the database - a higher number indicates validity and strength in the identification 

[239]. Protein mascot score is the summed score for individual peptides, and must 

be above the 95% confidence level before being reported [171]. We filter the data to 

only include proteins of high Mascot score (>23), but a higher score indicates better 

quality in the match. On comparison of these parameters, Condition 5, with the most 

protease provided the poorest quality identifications, with lower sequence coverage 

and PSMs. Of all digestion conditions, Condition 1, using a traditional 1 step 

digestion with 1μg trypsin applied at t=0 provided the highest average of protein 

identifications, sequence coverage and PSMs indicating high quality in digestion and 

subsequent identifications.  
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4.4.2 Assessment of experimental repeatability for the new high-throughput 

workflow 

Following optimization of the new proteomic workflow, that provides optimal 

coverage and confidence in protein identifications, four urine samples were analysed 

with the inclusion of two types of technical replicates (repeated instrumental analysis 

of the same sample, and repeated preparation of the same sample in different wells), 

to assess method reproducibility. Four urine samples were analysed using the final 

filter-aided sample preparation method, measuring 24 proteomes in total (4 samples, 

each with 2 sample preparation replicates and 3 technical instrument replicates). 

Preparation replicates, produced by preparing identical aliquots of the sample, 

analysed in individual wells, possessed a correlation coefficient of 0.997. Technical 

replicates reflective of instrument analysis were produced by conducting triplicate 

LC/MS runs for each sample, injecting 2μg of digested sample coupled with a simple 

120-minute gradient. Pearson’s correlation between the protein intensities across 

samples was calculated, and an exceptional correlation coefficient of 0.999 

provided. These findings were corroborated by the clear clustering of replicate 

groups of shared proteomes, following hierarchical clustering of relative intensities 

of urinary proteins. The Pearson correlation R values produced are consistent with 

cellulose membrane FASP-based urine analysis, which ranged from 0.980 to 0.993 

[228]. Both types of technical replicates showed great analytical performance, and 

indicated that neither the sample preparation protocol, nor MS analysis introduced 

the main sources of intra-assay variability. 

A fair number of consistent identifications between batch preparation and analysis 

of the sample indicates the new preparation method can provide comprehensive 

coverage of the urine proteome. An average percentage overlap of 55.89% of the 

total proteome was identified consistently between all 3 experimental repeats over 

the duration of 3 months. Indeed, those proteins identified exclusively in single batch 

analysis were those identified by lesser numbers of peptides, and mascot scores at 

the lower end of the filter, so are less desirable for inclusion in biomarker analysis. 
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4.5 Conclusion 

To combat low throughput, the protocol created by Berger et al. was adapted, 

whereby the preparation of 96-urine samples could, in theory, be completed within 

a single working day. By using a 96-well plate format, and exploiting the properties 

of PVDF membrane binding affinity over traditional cellulose-based FASP methods, 

large pore sizes could be used, reducing liquid handling times and increasing 

throughput. In this study, a 96-well-FASP sample processing method was optimised 

for the analysis of limited liquid biopsies. Our method included a total of 10 liquid 

transfer steps (with only 2 sample transfer steps – minimise sample losses) which 

could be achieved with centrifugal force in a total of 20 minutes, a total time saving 

of 9.5 hours compared with use of a typical FASP workflow. By also adopting a rapid 

digestion protocol of 3 hours, as opposed to a historical 21-hour method, an 

enormous reduction in sample preparation time was achieved, while maintaining 

high-quality protein coverage and identification. In addition to the significant time 

advantages compared with other membrane-based proteomic protocols, use of a 

PVDF membrane removes the number of sample handling steps as desalting is no 

longer required and digestion is carried out on the membrane, pertinent when 

analysing clinical liquid biopsies of limited availability as cumulative sample losses 

are reduced. We believe this workflow should also be suitable for the high throughput 

preparation of other proximal bodily fluids for proteomic analysis.  
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CHAPTER 5 – ANALYSIS OF NIPPLE ASPIRATE FLUID USING A MEMBRANE 

BASED APPROACH 

 

5.1 Introduction 

The message that the early detection of breast cancer is critical for reducing the risk 

of death and increasing survival rates in women of all ages is now well established. 

Despite this, there are currently no approved biomarkers with sufficient specificity 

and sensitivity for breast health surveillance to detect the presence of early stage 

breast cancer. The only current resources are imaging techniques, which provide 

ambiguous results, leaving invasive tissue biopsy procedures necessary for 

definitive diagnosis. To attempt to discover better options for women, particularly 

those at increased risk, many studies have used NAF to investigate changes in the 

proteome upon development of early stage cancer [63]. However, there is a severe 

bottleneck in the number of ‘promising’ biomarkers reported in discovery studies, 

which never make it to verification in larger sample cohorts. Most exploratory studies 

are based upon small cohorts of patients that may show statistical significance. The 

challenge is that amongst the thousands of proteins expressed in the breast, a panel 

of molecular changes must be identified that can distinguish early-stage cancer from 

benign and healthy disease, in a cohort of women with considerable biological 

variability (including different age and ethnicity).  

Previous results from analysing non-cancer and cancer NAF samples following in-

solution digestion (for further details please refer to Chapter 3), identified breast 

cancer specific deregulations using a 1D label-free, MS-based approach. It showed 

biological relevance and prospective utility for clinical application of NAF as a liquid 

biopsy. The proteomic profile of breast cancer NAF was markedly shifted compared 

to healthy NAF with a greater abundance of immune response proteins and 

complement components. However, as with many proteomic studies, the study 

lacked verification in a subsequent set of NAF samples as the sample preparation 

method was the rate-limiting step in the workflow. Proteomic experiments support 
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the measurement of hundreds of proteins within a single run in clinical samples, but 

comparably, sample throughput remains low. Biomarker discovery studies typically 

suffer from analysing too few bio-specimens to achieve adequate statistical power 

at each stage of the pipeline. The more samples that are selected to be 

representative of a biological population, the more sample heterogeneity can be 

averaged out, resulting in a generalizable result for that population and better-quality 

statistics. Conclusions much closer to the truth, with limited bias, can in this way be 

achieved and biomarkers with authentic clinical benefits be discovered. Therefore, 

the newly developed membrane-based approach was applied to the analysis of 16 

NAF samples, in order to compare with the in-solution approach and assess its ability 

to capture differences in the proteomes of breast cancer samples.
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5.2 Workflow  

For full details of the proteomic workflow, please refer to Chapter 2, Section 2.6.1.2 

Figure 33 - Membrane-based preparation and LC-MS/MS analysis of NAF 
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5.3 Results 

5.3.1 Performance of the membrane-based preparation workflow for the 

analysis of NAF 

To assess the performance of the newly developed high-throughput sample 

preparation workflow when analysing more complex biological samples, such as 

NAF, a re-analysis of 16 NAF samples from eight volunteers (one from each left and 

right breast) was undertaken. As with the previous urine experiment (detailed in 

Chapter 4), two intra-assay technical replicates (referred to as A and B) were 

prepared individually for each sample, preparing a total of 32 samples. Three 

instrument-technical replicates were also performed on each preparation replicate 

to assess instrumental variability by making 3 injections per sample). In total, 96 

proteome results were obtained (16 samples, each with 2 sample-preparation 

replicates and 3 instrument technical replicates) (Supplementary data: Table S11), 

and Pearson’s correlation between the protein intensities calculated to assess those 

samples most alike.  The average correlation coefficient between sample 

preparation replicates was 0.985 and between instrument technical replicates was 

0.993 (Figure 34A). Hierarchical clustering of samples based on protein intensity 

corroborated these findings as replicate sample types clustered (Figure 34B).  
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Figure 34 - Variability in biological and technical replicates. A) Pearson’s correlation coefficient values 
were z-scored and colour-coded accordingly. A higher correlation was observed between technical 
replicates in all cases, followed by biological replicate. B) Hierarchical clustering of NAF samples by 
all protein intensities also showed that the machine technical triplicates (1, 2, 3) have less variation 
than sample preparation replicates (A, B) as they clustered closest. 
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5.3.2 Evaluation of membrane-based preparation and analysis of NAF 

Of all 32 samples analysed (including preparation replicates, A and B), a total of 542 

proteins were qualitatively identified with an average of 172 identifications per 

sample (SD ± 41) and 93% were successfully quantified (after removing invalid 

values, i.e. those with complete sets of missing peak quantitation values). When 

comparing the new NAF data set, produced using the membrane-based approach, 

with previous analysis of the same NAF samples using in-solution digestion, 

described in Chapter 3, there was significant overlap in protein identifications. As 

shown in Figure 35A, on qualitative protein comparison of the 879 and 542 proteins 

which were identified using in-solution (refer to Chapter 3 results, Section 3.3.3.2 

Proteomic analysis) or membrane based preparation methods respectively, 455 

were commonly identified. These common protein account for 84% of the total 

proteome identified using the filter membrane based approach. A much higher 

number of proteins were uniquely identified using the in-solution approach but only 

59% of all entities were quantified (had at least one valid peak quantitation value). 

Of these unique in-solution proteins, many contained complete sets of missing 

values so were removed prior to quantitative analysis. Our membrane-based 

approach may have identified less proteins in each sample qualitatively, but a much 

larger proportion were accessible for quantitative analysis. 

From here on, the quantitative data from both experiments will be used for 

assessment of any protein identification biases of preparation methods. In total, 48% 

(330/687) of quantified proteins were common between the two approaches, and 

approximately equal percentages were unique (27% and 25% for in-solution and 

membrane-based methods, respectively) (Figure 35B). Common and unique 

proteins from each experiment were compared by physiochemical properties such 

as molecular weight, isoelectric point pH and cellular localisation. As seen in the 

frequency plot of protein molecular weight (Figure 35C) and isoelectric point (Figure 

35D), there are no extreme differences between in-solution or membrane based 

methods favouring small/large or hydrophilic/hydrophobic proteins, and the majority 

of common proteins were of a low molecular weight, with pI in the pH range of 4–6. 
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Notably, proteins in the 150kDa mass range were identified using the in-solution 

method, which were not identified by membrane-based approach. Proteins specific 

the membrane based approach were smaller, in the mid 50-75kDa range, and 

slightly more hydrophobic/less hydrophilic proteins than the in-solution approach 

(more pI in the pH 10 range). The cellular localisation of proteins identified were also 

proportionally similar using both methods, indicating no bias towards larger 

membrane proteins, for example (Figure 35E). By correlating signal intensities of 

each protein (averaged across samples) identified (in-solution versus membrane 

based approach), significant correlation was observed, especially given the more 

complex nature of NAF samples, with a Pearson correlation value = 0.825, an R2 

value of 0.680 and -Log10 (p-value) = 15.653 (Figure 36). 
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Figure 35 - Physical-chemical properties of proteins identified using in-solution or membrane based approach. A) Qualitative protein number identified 
by in-solution (blue) or membrane-based (red) methods. B) Quantitative protein number identified by in-solution (blue) or membrane-based (red) 
methods. B) Quantitative protein number identified by in-solution (blue) or membrane-based (red) methods. C) molecular weight. D) isoelectric pH 
and E) Cellular localisation. 
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5.3.3 Differences reflected in the proteomes of cancer and non-cancer samples 

using the membrane based approach 

Of those proteins relatively quantified using the new membrane-based approach, 

106 were common to all groups and were therefore used for further quantitative 

comparative statistical analysis between non-cancer and cancer samples (Figure 

37). An important observation to note was that a large number of proteins (227 

unique gene identities) were only detected in the invasive carcinoma samples 

(Figure 37B). Of the 106 quantified protein groups, 24 proteins were determined to 

have significantly differential abundance in cancer NAF (p-values ≤0.05), with 9 

proteins showing upregulation and 15 classified as significantly downregulated 

(Figure 38). These deregulated proteins, differentially expressed in breast cancer 

cases were further detailed in Table 14.  

Figure 36 - Correlation of insolution- and membrane-based protein quantifications. Correlation of 
common protein signal intensities of the proteins identified in 16 NAF samples. 



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To investigate whether the significant proteins identified using the membrane 

approach had different molecular functions to those previously identified, or whether 

they could elucidate any additional pathway perturbations characteristic to the breast 

cancer samples, gene ontology and enriched pathway analysis was performed. 

Results coherent with our initial analysis were identified (Supplementary data: Table 

Figure 37 – A) A total of 542 proteins were qualitatively identified using the membrane-based 
approach, with an average of 172 identifications per sample (SD ± 41). B) 106 were common to all 
groups and were therefore used for further quantitative comparative statistical analysis between non-
cancer and cancer samples. 
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S12). As represented in Figure 39A, proteins involved in many biological processes 

such as immune response, transport and cell maintenance were significantly 

dysregulated (P<0.05). Proteins representative of immune response were enriched, 

such as upregulated levels of haptoglobin, and complement proteins, whilst various 

immunoglobulins, their receptors (PIGR) and zinc-alpha-2-glycoprotein (AZGP1) 

downregulated. Various proteins involved in transporter activities were also 

significantly differentiated, such as upregulated serotransferrin, hemopexin, albumin, 

vitamin D-binding protein whilst apolipoprotein D was downregulated. Prostasin, a 

protease protein involved in metabolism was also downregulated.  

When significantly differential proteins were categorised by molecular function, the 

largest group again consisted of transporter proteins, followed by those involved in 

regulating structural integrity and finally key players in complement and receptor 

activity. For example, the downregulation of fibrous proteins (KRT1, KRT9, and 

KRT10) was identified. The ceruloplasmin protein which has oxidoreductase activity 

in redox reactions was downregulated. Identification of any overrepresented 

pathways in the significantly dysregulated proteins was conducted by Reactome 

analysis (Supplementary data: Table S13). Pathways overrepresented included 

hemostasis (p = 7.78E-05) and the innate immune system (p = 2.18E-04). For 

example, significantly upregulated proteins, serotransferrin and albumin are 

associated with platelet degranulation. Complement cascade and neutrophil 

degranulation were also enriched by involvement of 10 significant proteins 

(haptoglobin, immunoglobins, complement 4, CD59 glycoprotein and keratin 1 
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Figure 38 - Volcano plot of protein fold-change across the non-cancer and cancer NAF samples and 
t-test p-value, using the membrane-based approach. Red dashed line shows a p-value cut off = 0.05. 
Of the 106 common proteins in both non-cancer and cancer groups, 9 proteins (green dots) were 
classified as upregulated, and 15 (red dots) classified as downregulated with a p-value ≤0.05 
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Table 14 - Significantly different proteins in cancer NAF samples compared to those non-cancer NAF samples (p<0.05). 

Upregulated 

No Accession Gene Description # PSMs Coverage 
[%] 

# 
Peptides 

# Unique 
Peptides 

Mascot 
score 

Fold 
change 

P-value 

1 P00738 HP Haptoglobin 21 19 5 5 207 4.307 0.000 

2 P02787 TF Serotransferrin 841 81 59 59 10818 1.280 0.000 

3 P02790 HPX Hemopexin 52 13 4 4 314 1.387 0.000 

4 P02768 ALB Albumin 3780 92 103 103 52923 1.028 0.000 

5 P02774 GC Vitamin D-binding 
protein 

184 61 19 19 2069 2.788 0.000 

6 P0DOX5 / Immunoglobulin 
gamma-1 heavy chain 

306 53 20 11 1938 1.026 0.000 

7 P01859 IGHG2 Immunoglobulin heavy 
constant gamma 2 

220 64 20 10 1270 0.819 0.001 

8 P00450 CP Ceruloplasmin 181 37 27 27 1435 0.891 0.033 

9 P0C0L4 C4A Complement C4-A 421 37 48 3 6417 0.690 0.035 

Downregulated 

10 P01591 JCHAIN Immunoglobulin J chain 947 64 18 18 16358 -1.197 0.000 

11 Q16651 PRSS8 Prostasin 75 31 5 5 1482 -1.494 0.000 

12 P01833 PIGR Polymeric 
immunoglobulin 
receptor 

753 53 49 49 8940 -1.183 0.000 

13 P01876 IGHA1 Immunoglobulin heavy 
constant alpha 1 

1817 98 40 27 22570 -0.916 0.000 

14 P35527 KRT9 Keratin, type I 
cytoskeletal 9 

148 52 17 17 1839 -1.518 0.000 

15 P04264 KRT1 Keratin, type II 
cytoskeletal 1 

178 47 25 23 3587 -1.065 0.000 

16 P05090 APOD Apolipoprotein D 2377 63 25 25 34704 -2.113 0.000 
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17 P13987 CD59 CD59 glycoprotein 129 28 7 7 1077 -0.832 0.000 

18 P01619 IGKV3-20 Immunoglobulin kappa 
variable 3-20 

29 47 3 2 293 -0.564 0.000 

19 P01834 IGKC Immunoglobulin kappa 
constant 

818 100 18 5 11094 -0.760 0.001 

20 P01624 IIGKV3-15 Immunoglobulin kappa 
variable 3-15 

25 26 2 2 154 -0.496 0.002 

21 P35908 KRT2 Keratin, type II 
cytoskeletal 2 
epidermal 

86 41 13 9 1898 -1.180 0.002 

22 P25311 AZGP1 Zinc-alpha-2-
glycoprotein 

1594 75 40 40 18815 -1.124 0.003 

23 P13645 KRT10 Keratin, type I 
cytoskeletal 10 

142 33 15 14 1858 -0.796 0.003 

24 P0DOY3 IGLC3 Immunoglobulin 
lambda constant 3 

411 96 13 8 2811 -0.685 0.005 
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Figure 39 – Gene ontology enrichment analysis of proteins identified by membrane-based approach. 
A) Biological processes. B) Molecular Functions. 
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5.4 Discussion 

5.4.1 Performance of membrane-based preparation 

In the current study, a membrane-based sample preparation approach was 

performed on 16 NAF samples previously analysed in Chapter 3, relative to non-

cancer and cancer groups, to detect notable differences reflected in the 

proteome. Previous studies using an MS-based approach to evaluate the 

proteome of the proximal breast fluid concerning breast cancer have been limited 

in sample sizing, and lengthy sample preparation workflows with laborious single 

sample steps (e.g. using strong-cation exchange chromatography) [75]. 

Differential protein candidates have been described as promising but are yet to 

be adopted in the clinic as biomarkers for early detection. To our knowledge, this 

study is the first to have applied a PVDF membrane-based approach for NAF 

analysis that would allow the preparation of 96 samples within a single working 

day, vastly increasing throughput compared to traditional in-solution or FASP 

protocols.  

NAF has a considerably higher protein concentration and more dynamic 

proteome than more readily available liquid biopsies. It was therefore critical that 

any changes in the proteome with respect to disease could be consistently 

encapsulated with the newly developed high-throughput workflow. Two intra-

assay technical replicates were prepared and three instrument-technical 

replicates for assessment of method variability with a quarter (50μg) of the 

starting material compared to the in-solution workflow (200μg). Previously, the 

workflow was limited in the number of samples it could analyse due to the starting 

criteria of 200μg of protein. This new sample preparation protocol allows for the 

preparation of just 16μg of protein for a single analysis, making proteomic 

characterisation of protein-deficient samples in the biobank accessible for study 

in the future. Importantly, both hierarchical clustering and calculation of Pearson’s 

correlation based on protein intensities revealed a low intra-assay variability, 

especially given the higher complexity of NAF samples compared to simpler 

biofluids, such as urine. This correlation is comparable with other proteomic 

approaches of analysing dynamic biofluids [240]. 
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5.4.2 In-solution versus Membrane-based analysis of NAF 

Overall, rapid digestion of complex protein samples using the newly developed 

membrane-based approach provides results similar to traditional in-solution 

digestion on a quantitative level. As illustrated in the Venn diagrams (Figure 35A 

and 35B), the extent of overlap in unique protein identifications measured 

between all samples using the two different approach was very different on a 

qualitative level. We identified 542 proteins in total using the membrane-based 

approach, 455 of which were common between the sample preparation methods, 

accounting for 84% of the total proteome identified. The in-solution approach had 

many more uniquely identified proteins but only 59% of all entities were quantified 

(had at least one valid peak quantitation value).  

Many unique in-solution proteins contained complete sets of missing values. 

Missing values are a common concern when conducting discovery proteomics, 

and is a key challenge in data dependant acquisition as there can be a lack of 

consistent quantification, particularly of the lower abundant proteins due to the 

stochastic sampling [208, 241]. If there are greater variations in sample 

preparation due to treating the samples individually all through the workflow, as 

with the in-solution digestion protocol, this would contribute to such an 

inconsistent quantification. Missing values following mass spectrometric 

measurement can be due to variation at sample preparation, losses in protein 

digestion, suboptimal mass spectrometry acquisition or in relative quantification. 

The only parameter different between the two workflows were the aspects of 

sample preparation, and vast differences in the number of these missing values 

were observed. Machine quality control samples (commercially available Hela 

digests) were always run, to ensure consistency in mass spectrometer 

performance prior to sample analysis. The number and intensity of Hela digest 

proteins measured were regular between experiments, suggesting missing 

values were rather a result of the sample preparation stage. The in-solution 

approach may have identified a higher number of proteins, but as many of these 

were limited in quantitative data, they were filtered out before quantitative 

statistical analysed.  
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At a quantitative level, a similar proportion of proteins were characteristic to each 

method, as 48% were common and approximately equal percentages unique 

(27% and 25% for in-solution and membrane-based methods respectively). As 

the selected sample preparation approach is a critical determinant in the proteins 

subject to proteomic analysis, it was essential to investigate the characteristics of 

those proteins identified and explore any bias or enrichment as a result of using 

the membrane-based approach.  

To study differences between the sample preparation methods with respect to 

protein size, hydrophilicity and any complex structures, the frequency of protein 

molecular weight, isoelectric point (pI) and cellular localisation in those proteins 

common and unique to protocols were compared. However, neither of the 

methods displayed a predisposition towards small/large or 

hydrophilic/hydrophobic proteins. For common proteins, the distribution of 

frequency according to the three physicochemical properties was somewhat 

similar (Figure 35), and showed trends coherent with the expected distribution 

based on the human reference proteome [242]. For example, common proteins 

were characteristically low in molecular weight, with pI in the pH range of 4–6.  

However, for the in-solution method, the distributions for molecular weight had a 

slight shift toward larger proteins which were not observed by the membrane-

based approach. Those specific to the membrane-based approach were smaller 

and more basic proteins compared with the in-solution approach. The cellular 

localisation of proteins identified was also proportionally similar using both 

methods, indicating no partiality towards, for example, larger membrane proteins. 

Every technique has specific advantages, challenges and preferences. During 

both types of analysis, the possible proteins present (based on the distribution of 

the human proteome) were represented fairly with similar distributions of 

physicochemical characteristics observed. For an unbiased representation of the 

NAF proteome, the membrane-based approach proved to be very suitable for 

discovery studies. Sample preparation steps could in future be optimised to 

enrich for any potential biomarkers to increase sensitivity, but currently, its 

primary function has been to provide a reproducible assay for investigation. 
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By correlating signal intensities of each protein averaged across samples (in-

solution versus membrane based approach), significant correlation was observed 

between the two experiments (Pearson correlation value = 0.825, an R2 value of 

0.6797159 and -Log10(p-value) = 15.653) as displayed in Figure 35. This 

highlights the ability of the membrane-based approach to provide consistent 

quality in quantitative identifications compared with an in-solution protocol, 

especially given the complex nature of NAF samples. 

 

5.4.3 Breast cancer biomarker comparison  

Developing an increased understanding of the underlying trends in the resulting 

data can assist future biomarker studies on the most relevant biological pathways 

altered in NAF upon the development of breast cancer. We, therefore, compared 

the 106 proteins common to non-cancer and cancerous NAF samples, using an 

independent students t-test and identified 24 proteins to be significantly different 

between the two groups; 9 proteins were upregulated and 15 downregulated (p-

values ≤0.05). Significantly changed proteins quantified in NAF were subject to 

functional enrichment analysis using FunRich software to investigate whether the 

new membrane approach was capturing proteins identified with a different 

molecular and biological functions to those previously defined, or instead 

provided consistent results. Proteins representative of immune response were 

enriched, with higher levels of haptoglobin and complement proteins detected in 

cancer NAF. Nasim et al. (2012) also identified immune response proteins such 

as haptoglobin, serum albumin and complement system components (including 

C3, C4-A and C8) to be differentially abundant following in-gel digestion LC-

MS/MS analysis of breast cancer sera, compared with healthy samples. 

However, they found that BC patients were not distinguishable from benign breast 

disease patients (P = 0.670) based on differential expression of haptoglobin and 

complement proteins. They also found that the appearance of this protein profile 

significantly affected the status of chemotherapeutic treatment [243]. 

Furthermore, various immunoglobulins, their receptors (PIGR) and zinc-alpha-2-

glycoprotein (AZGP1) differentially expressed. Recently, there has been an 

increase in evidence which indicates that immunoglobulins are also produced by 
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neoplasms and promote tumour growth in cancer cell lines and animal models of 

breast cancer, and not only by mature B lymphocytes or plasma cells [244, 245]. 

Immunoglobulins are an assembly of variable domains chains, which were 

differentially expressed in the data set (IGHG2 was up, IGKV3-20, IGHA1, 

JCHAIN, IGKC, IGLC3 and IGKV3-15 were down). AZGP1 offers a protective 

function against carcinogenesis via inhibition of tumour growth and proliferation 

[246]. AZGP1 is expressed in the breast, as well as many other organs, and is 

capable of binding hydrolases, inhibiting the increase of enzyme-mediated 

tumour invasion [247]. AZGP1 offers a protective trait, as it down-regulates cdc2 

leading to a cell cycle arrest in the G2/M phase, inhibiting the proliferation of 

tumour cell. Moreover, by inhibiting TGF-β-mediated epithelial-to-mesenchymal 

transdifferentiation (EMT), it can also inhibit tumour invasion. The expression of 

AZGP1 is additionally reported to be involved in the immune response as its 

structure is homologous to the MHC class I [246]. However, this protein was 

significantly downregulated in the NAF of the breast cancer cohort.  

To document any differences in molecular pathways of cancer NAF, significantly 

different proteins were analysed to identify any over-represented Reactome 

pathways. Numerous immune-associated responses and haemostasis 

processes were significantly associated with breast cancer NAF which were 

previously highlighted in the in-solution analysis (Chapter 3), but also in other 

recently conducted NAF studies [76]. For instance, the transporter proteins, 

serotransferrin and albumin are associated with platelet degranulation and were 

significantly upregulated. As previously described, platelet degranulation is an 

exocytotic function whereby a plethora of effector molecules are secreted at sites 

of vascular injury. Growing evidence suggests platelet-derived growth factors 

confer a mesenchymal-like phenotype to tumour cells and open the capillary 

endothelium to expedite extravasation in distant organs [248]. Complement 

cascade and neutrophil degranulation were also enriched by the involvement of 

10 vital proteins (haptoglobin, immunoglobins, complement 4, CD59 glycoprotein 

and keratin 1). Excessive neutrophil degranulation is a common feature indicative 

of immune response and inflammation. Seven of these proteins were also 

described as differentially abundant between non-cancer and breast-cancer NAF 

by Brunoro et al. (2019), namely ceruloplasmin, haptoglobin, immunoglobulin 
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kappa variable 3-20, immunoglobulin heavy constant gamma 2, serum albumin, 

serotransferrin and apolipoprotein D. These results are also coherent with our 

initial in-solution digestion analysis (Chapter 3) despite using different workflows. 

These affected components of the complement cascade and representatives of 

platelet degranulation seem to be frequently associated with proteomic 

comparative NAF studies into breast cancer as both are notably implicated in 

tumour progression and provide inflammatory conditions supportive of a typical 

coagulant tumour microenvironment [216]. As seen in Figure 40, significant 

proteins had high protein-protein interactions (PPI), providing a PPI enrichment 

p-value = <1.0E-16. This would suggest high confidence in these consistently 

effected biological networks, indicating a strong association with the development 

of breast cancer.  

 

 

 

 

 

 

 

 

 

 

 

Figure 40 - All differential proteins identified between non-cancer and cancer NAF, using the 
membrane based appoach were analysed by STRING to assess confidence in their known protein-
protein interactions (PPI), providing a PPI enrichment p-value = <1.0E-16 
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5.6 Conclusion 

Through modifying the traditional workflow of sample preparation in bottom-up 

proteomics by; (a) switching to a 96-well processing format with a PVDF 

membrane and utilising its hydrophobic properties for protein adsorption, (b) 

using centrifugal force to achieve liquid transfer in a matter of minutes, and by (c) 

switching to a rapid digestion protocol, a series NAF samples were prepared 

using the membrane-based approach for the first time within a single working 

day. Despite its complexity, analysis of the NAF proteome was achieved with low 

intra-assay variability and high correlation between sample replicates, aligned 

with more traditional LC-MS methods. When the resulting data was compared to 

the previous in-solution sample preparation protocol, both methods demonstrated 

a similar performance. The membrane-based protocol required a quarter of the 

starting material compared with that for in-solution approach, and although 

identified fewer proteins overall, proportionally more were available for 

quantitative comparative analysis between non-cancer and cancer groups. There 

were no significant biases in proteins identified by physicochemical properties 

such as size or hydrophobicity either. Despite applying just 16μg of protein per 

well, this amount was easily sufficient for the LC/MS system, as 1μg of peptide 

was loaded per injection. The differential analysis identified 25 significantly 

differential proteins detected in breast cancer NAF, many of which involved in 

enriched pathways identified using a traditional in-solution protocol. 

In summary, using a 96-well membrane-based approach is an ideal method to 

process samples of low volume such as NAF, as samples can be diluted for 

handling, re-concentrated, and digested on the membrane with minimal sample 

handling steps, for subsequent downstream proteomic analysis. With several 

biobank NAF samples having minimum volume and protein levels available, they 

now become accessible for proteomic analysis using the new protocol. In this 

study, the analytical challenges with NAF studies have been addressed and 

overcome, and the next steps will be to analyse more sample sizes using the 

increase throughput discovery method. 
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CHAPTER 6 – DISCUSSION, FUTURE DIRECTION AND FINAL 

CONCLUSION 

6.1 Implications of this thesis for future research  

6.1.1 Secretory mechanism of NAF 

NAF carries enormous potential as a liquid-biopsy, highlighted in this study, as 

samples were obtained by manual massage in the absence of any mechanical 

and chemical stimulation. So the procedure was inexpensive, quick, non-

invasive, can be repeated as needed causing minimal to no discomfort. A one-

dimensional LCMS approach is able both to identify and quantify protein 

expression in NAF samples from breasts of different health-stages, which are 

representative of their changing microenvironment. It would be imperative and 

useful to gain a further understanding of the secretory mechanism of nipple 

aspirate fluid. With one-dimensional mass spectrometric analysis, significant 

levels of transporter proteins, milk proteins and plasma proteins were identified 

in breast cancer samples. During lactation, the mammary epithelial cell controls 

the uptake of blood-derived molecules at its basal side through the process of 

endocytosis. These products are believed to be then released into milk at its 

apical side within the lobular and ductal lumen, through exocytosis. This 

mechanism is dependent on the unique physiological stage of the mammary 

gland during lactation, as the gland responds to the demand of milk constituents: 

nutrients, growth factors, hormones, immunoglobulins, minerals and ions, etc. 

[249].  

One study, conducted in 2000, investigated the mechanism of NAF and milk 

secretion by analysing the biochemical and ultrastructural features of healthy 

human milk, healthy NAF, benign NAF and IC NAF [182]. Similar peculiar 

polypeptide patterns were found both in healthy human milk and breast tumour, 

suggesting a similar mechanism of secretion, whereas proteins of healthy or 

benign disease were more similar, visualised by SDS-PAGE. However, additional 

to milk proteins, cancer NAF also contained higher concentrations of enzymes, 

proteases and tumour-related antigens than those found in human milk 

(measured by an ion-selective electrode technique). Immediately after collection, 

the cellular material within milk and NAF samples were processed for electron 
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microscopy and vastly different morphological features were observed. Within 

milk, cellular fragments were identified, containing many rough endoplasmic 

reticulum cisternae and various membranaceous structures, connected to a large 

secreting vacuole surrounded by numerous small vacuoles. In the cancerous 

NAF samples, a biosynthetically active cell was detected. After conducting 

electron microscopy on 4 of the 72 NAF samples, it was concluded that the 

production of cancerous NAF was via a modified secretion mechanism from that 

of milk but fail to elucidate the mechanism at all. The rate of milk production, 

volume, and excretion of a lactating female are phenomenally higher than that of 

NAF production rate in either a healthy female or cancer patient; thus it would 

hardly be expected for an equal amount of cellular fragments indicative of 

apocrine section to be detected at the same level in NAF [182].  

Consequently, many questions regarding the secretory mechanism of NAF 

remain, which would have a significant effect in two broader contexts. Firstly, from 

a perspective of increased collection yield, as currently, successful collection 

rates range from between 34-90%.  Understanding the mechanism of production 

on a cellular level, possibly based on bovine studies, using techniques such as 

electron microscopy previously adopted to investigate milk production and 

lactation, would help in developing future treatments or mechanisms to increasing 

NAF yield [250].  

Secondly, understanding the mechanism of secretion may elucidate ways of 

increasing successful collection volume. Of the 60 samples characterised in this 

study, volumes varied between 2μl to 150μl. The diameter of the breast ductal-

lobular system will vary among individual, as will the volume of NAF collected. 

Does the volume of NAF produced occupy the complete area of the ductal system 

and bathe all epithelial cells surrounding the lumen of the ducts/lobules? Or is it 

secreted from cells closer to the apex of the nipple? What if a tumour is 

developing at the base of the breast (lobular carcinoma) (furthest away from the 

nipple)? Will their NAF sample still give an appropriate proteomic representation 

if low volumes are collected, but sufficient protein amounts? Is there a risk of 

samples being more sensitive than others depending on the location of the 

tumour? 



134 

 

 

6.1.2 Discovery of early detection biomarkers 

Rather than delving deeper into the proteome by extending the protocol with 

fractionation strategies and extending analysis time, this thesis set out to explore 

and optimise alternative sample preparation and LC-MS/MS workflow that could 

increase sample throughput and minimise sample handling time, in comparison 

to the historical in-solution multidimensional approach. Identification of any 

differentially expressed proteins characteristic to breast cancer cases the 

following preparation using the newly developed workflow could then be 

explored. With an approach that supports increased throughput using a PVDF-

membrane based strategy, ideally suited to the NAF proteome by addressing 

analytical challenges of small volumes, concentrating the sample on the 

membrane and reducing sample handling steps, the workflow has reduced 

starting material requirements by four times and achieved sample preparation of 

up to 96 samples in a single working day. Until now, access to specimens and 

the ability to analyse a large number within a single analysis has been limited. In 

future studies, increasing sample size would provide a better conception of the 

technical and biological variance contribution, as both inter- and intra-individual 

variations and systematic effects can obscure differential analysis [251]. Within 

the one-dimensional analysis of non-cancer and cancer NAF, a panel of proteins 

associated with the immune response and haemostasis system were significantly 

upregulated in the latter group, with strongly associated interactions between 

each protein. Analysing an increased independent cohort would allow for these 

networks to be explored. 

In addition to limited sample analysis, avoiding the contribution of any prominent 

confounding factors in a study design when carrying out differential analysis is 

crucial. In this study, analysis was limited to the eight matched NAF pairs from 

women of a wide range of ages and demographic backgrounds. Moving forward, 

with the increased throughput of the new protocol, a new study can be designed 

for the specific discovery of early detection biomarkers, for example, in younger, 

high-risk women, for whom mammography is less effective and tumours tend to 

be more aggressive, indicating a critical need for a new detection strategy. By 
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specifying a narrower age group (between the ages of 20 and 40), biological 

variations begin to reduce, and any differential profiles more likely a result of 

disease differences in proteomes. By defining the research question more, 

additional controls can be put into place and results stratified further, increasing 

the homogeneity and providing more relevant information to address the research 

question and better understanding of clinical utility [252].  

Moreover, by increasing cohort numbers in each pathological stage or by 

focusing on particular phenotypes such as triple-negative breast cancer, luminal 

or HER2 positive breast cancer, our understanding of relevant proteins and 

networks can be extrapolated further. To address technical variation, spike-ins of 

an internal standard from an organism not of interest (e.g. bovine insulin) can be 

used of equal protein concentration, and peak abundance area reported a ratio. 

This method has frequently been adopted to reduce the coefficient of variation 

value for mass spectrometric assays [253]. This way, any changes in protein 

abundance contribution from sample preparation steps will be compensated for 

[254]. Additionally, many methods of normalisation and imputation have been 

used to reduce these contributing factors [252, 255].  

 

6.1.3 Development of an antibody-based test for validating the panel of 

biomarkers or targeted absolute quantification by multiple reaction 

monitoring (MRM) 

As extensively discussed throughout this thesis, biomarker pipelines include 

multiple pre-clinical stages, starting with discovery studies using the classical 

non-targeted shotgun approach, performing full MS-scans to assess relatively 

quantified differences between proteomes in biological conditions on a global 

scale. These identified candidates must then be validated and verified by 

absolute quantification. Methods of validation often rely on Enzyme-linked 

immunosorbent assays (ELISAs), as they are relatively cheap, and large 

numbers of samples can be processed relatively quickly using clinically accepted 

instruments and protocols. However, antibodies must be generated against each 
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targeted protein or peptide, and the multiplexing capabilities of ELISA can be 

quite limited [256]. 

In addition, depending on the structure of the molecule, assays can exhibit a 

cross-reactivity of similar protein or peptides structures, providing false positive 

or higher results. As an alternative, targeted MS-based procedures are being 

adopted that facilitate validation as highly multiplexed assays. These targeted 

mass spectrometric approaches have been developed using orbitrap or triple 

quadrupole mass spectrometers, and the output is given as protein 

concentrations which can be assessed with clinical samples on precision and 

accuracy. In a single MRM run, amounts of multi-protein and peptide marker 

panels have been quantified, within a matter of minutes. In combination with this 

sample preparation assay, hundreds of nipple aspirate fluid samples could be 

analysed within a single day, contributing massively to our understanding of its 

use as a liquid biopsy, and the candidate biomarkers therein [257].  

 

6.2 Overall conclusions 

The prospect of using nipple aspirate fluid as a liquid biopsy for the early detection 

of breast cancer and as a source of biomarkers or means of long-term health 

surveillance possesses many unique challenges. By utilising a proteomics-based 

interrogation, global analysis of protein profiles can identify panels of biomarkers 

representative of cellular transformation at the earliest possible stage, using a 

non-invasive liquid biopsy. These protein candidates can be assessed and 

verified following analysis of large sample cohorts, to obtain a clearer idea of 

biomarker sensitivity, specificity and assay accuracy, before it can be 

implemented in the clinic. Traditional difficulties concerning the physical 

characteristics of NAF have a historically limited analysis of large sample sizing 

due to inadequate volume availability (<10µL). In addition, analytical challenges, 

requiring large amounts of protein starting material for conventional 

multidimensional protocols, were limiting [174]. Characterisation of the biofluid 

gave us an initial indication of collection success rates, sample volumes, viscosity 

and protein concentration when employing a non-invasive massage collection 

technique. Optimising a sample preparation technique was critical and led to 
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reduced sample handling steps, minimised sample losses and increased sample 

throughput. A comparison of different bottom-up workflows determined that using 

a PVDF-membrane based approach was ideal for NAF proteome analysis. Also, 

samples were prepared within a single working day. The resulting data was 

shown to correlate significantly with conventional in-solution workflows and 

encapsulated many proteins previously identified within the proximal breast fluid. 

Moreover, the data captured some of the more prominent effects of breast cancer 

on the NAF proteome. Comparing the quantitative proteomic data, it was found 

that proteins typically associated with the dysregulation of innate immune 

response and haemostatic pathways had a significantly altered proteome profile 

in response to breast cancer. These proteins included upregulated levels of 

haptoglobin and complement proteins, an increase in those with transporter 

activity and the downregulation of structural epithelial cell proteins. Following this 

study, NAF remains a viable option as a liquid biopsy for clinical application, once 

suitable biomarkers have been identified by taking the more high-throughput 

approach.   
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