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Abstract 
 

 Breast cancer is one of the most commonly diagnosed cancers in women 

today, with an estimated 250,000 new cases in the United States this year. The 

advent of new therapeutic strategies has vastly improved disease-free survival rates, 

but screening mammography can miss up to 20% of cancer cases. This lack of 

clinical sensitivity prevents early detection and in turn, timely treatment. Moreover, 

current diagnostic processes used to determine treatment plans are invasive and 

subjective. A quantitative, cancer biology-focused blood test for breast cancer 

would provide a minimally invasive method for screening and characterizing the 

disease. This blood test could also serve the purpose of real-time monitoring of 

therapeutic efficacy and disease recurrence. 

 This thesis focuses on the development of ultrasensitive protein assays 

toward a blood test for the detection of breast cancer. The technology behind the 

single molecule array (Simoa) assays used to achieve ultralow limits of detection, 

as well as the advantages of using such a sensitive method are described in Chapter 

2. Chapter 3 details the development and preliminary testing of singleplex cancer 

biomarker assays in serum. Chapter 4 describes the incorporation of these markers 

and others into several multiplex assays for the simultaneous detection of proteins 

in small volumes of serum. The multiplexed serum data was then used with a 

multivariate classification method to evaluate the utility of an eight-protein 

fingerprint for the detection of breast cancer.  
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Introduction  

 

Breast cancer is the second most common cancer in women, constituting 

29% of newly diagnosed cancer cases.1 In 2016, there will be an estimated 247,000 

newly diagnosed cases of breast cancer, with a predicted 40,000 deaths due to the 

disease.1, 2 A woman who lives in the United States has a 12.3% (or one in eight) 

chance of developing the disease in her lifetime.1 Given the prevalence of breast 

cancer in women, there are efforts to improve the screening process to detect cancer 

in its early stages in a robust, minimally invasive manner, and in turn improve the 

outcome of the disease.3 Current screening methods rely on imaging techniques in 

which detection sensitivity and specificity are affected by variables such as tissue 

density and the size of the tumor. Physical exams are also limited by similar factors, 

where small tumors and a lack of symptoms allow the disease to escape detection.  

Furthermore, false positives lead to inaccurate diagnoses and often require invasive 

procedures such as biopsies to confirm the initial findings. These screening 

procedures can miss small tumors or a rapidly progressing disease, which can lead 

to poor prognosis due to delayed diagnosis and more aggressive treatment. Thus, 

an alternative method for breast cancer detection would have to bypass the typical 

limitations of the current techniques and provide biological information about the 

disease. 

In this chapter, breast cancer characteristics and biomarkers are described, 

as well as clinically accepted screening and diagnostic practices. These practices 

are evaluated, and the need for a more sensitive, specific and minimally invasive 

screening method is established. Single molecule arrays (Simoa) assays are 
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introduced as a novel method to address the problems with current breast cancer 

screening practices. 

Breast Cancer 

Symptoms and Risk Factors 

Breast cancer does not typically display any physically noticeable 

symptoms in early stages, which is often when it is most treatable. Aside from a 

palpable tumor, there may be breast soreness or redness, as well as nipple discharge, 

but there may not be any early warning signs of the disease. The lack of early 

indication of disease  is the reason for current screening guidelines for early 

detection.1  

There are a number of known risk factors, including genetic predisposition, 

lifestyle, age, and pre-existing carcinomas that inform the screening process. One 

of the larger risk factors is having one or more family members, primary or 

otherwise, with a history of breast cancer. Among the most widely known genetic 

factors in breast cancer risk are the BRCA1 and BRCA2 genes. Breast cancer due 

to hereditary factors accounts for only 5-10% of cases, but having either of these 

sets of mutations confers a 40-80% lifetime risk of getting breast cancer. Hereditary 

factors combined with age (70 years of age or older) increases the likelihood of 

breast cancer development to 80-87%. Despite the wide variation in risk based on 

age, family, and ethnicity, a personal history or family history of breast cancer is 

still one of the strongest known predictors of the disease.4 Other risk factors of 

equal importance include previous breast disease or noninvasive carcinomas in situ, 
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either in the duct or the lobule (DCIS and LCIS). These in situ carcinomas are often 

considered precursors to invasive breast cancer.1 

Other potential factors have also been identified, including but not limited 

to age at menarche, parity, BMI, oral contraceptives, and the use of hormonal 

therapy for menopause.  These conditions or lifestyle choices do not have a clear 

link to the risk of breast cancer, as multiple studies have reported different results.5 

Furthermore, the same risk factor may decrease the risk of one subtype of breast 

cancer, but increase the risk of another.5 Generally, healthy lifestyle choices have a 

stronger link to a better prognosis for breast cancer survivors.6 

Disease Classification 

Though breast cancer describes a tumor of the breast, it is actually a diverse 

set of diseases that must be further stratified and characterized before it can be 

appropriately treated. Breast tumors can vary in a number of ways, including size, 

malignance, aggressiveness, and therapeutic response, which can greatly influence 

a patientôs prognosis and treatment plans. Current techniques that identify and 

characterize such features will be described and evaluated further. 

Staging and Grading 

One of the most well-known ways that breast cancer is stratified is by 

staging. The American Joint Committee on Cancer (AJCC) created a standardized 

method for assigning a stage to cancer at the time of diagnosis. This system, known 

as the TNM staging system, is based on T (tumor size and spread within local area), 

N (lymph node involvement), and M (distant metastases), shown in Table 1.1. Each 

part of the system has a degree of severity associated with it, denoted by a number 
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(0 to 4 for T, 0 to 3 for N, and 0 or 1 for M), and the stage is determined by the 

combination of severity of each factor. A more detailed description of the TNM 

system is included in Appendix Table A1. 

 
Table 1.1. American Joint Committee on Cancer staging guidelines for breast cancer (used 

with permission from Reference 7.) 

 

Early stages (Stages I and II) generally include T1-3, N0-2, and M0, which 

describe a relatively small primary tumor with little to no lymph node involvement. 

The assigned stage increases as the mass spreads beyond the immediate area of the 

breast. Stages I-III have no distant metastases, but any degree of T or N (including 

zero) combined with M1 automatically classifies the disease as Stage IV. Examples 

of distant metastases include anything far from the primary tumor, like the lungs or 

bones. The earlier the stage of the disease at diagnosis, the higher the five-year 

relative survival rate (Figure 1.1). 
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Figure 1.1. Five year relative survival rate by stage at diagnosis based on National Cancer 

Institute SEER database (adapted from References 3 and 8) 

The Nottingham grading system also helps characterize breast cancer by 

semi-quantitatively describing the aggressiveness of the disease. Stained tumor 

tissue is analyzed by a pathologist and the morphology of the cells is scored based 

on three criteria: (1) differentiation, the similarity of tumor cells to normal glands, 

(2) cellular pleomorphism, the variability in size and shape of the nucleus in tumor 

cells, and (3) mitotic activity, based on the presence of dividing cells. Each category 

is assigned a value of 1 to 3, and is then combined into an overall score. A lower 

value indicates a less aggressive disease. This information can provide insight for 

treatment, as more aggressive disease would require more aggressive treatment 

options.9 

Subtype 

Breast cancer is a heterogeneous disease; each subtype exhibits unique 

characteristics that can aid in formulating an appropriate therapeutic strategy. It is 

important to identify the subtype of the disease in order to avoid ineffective 

treatments to which the tumor would not respond, or overtreatment, which can be 

unnecessarily difficult  for the patient due to side effects. There are four major 
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molecular subtypes of breast cancer, listed in Table 1.2. The main criteria for each 

subtype classification are based on the expression of hormone receptors and growth 

factors, including estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor (HER2). 

 
Table 1.2 Four major subtypes of breast cancer, description, and prevalence of cases10 

Estrogen receptor alpha (ERŬ, also referred to as ER) is a hormone receptor 

involved in normal development and function of the mammary gland, but is found 

to be overexpressed or ñER-positiveò in 70% of invasive breast cancer cases.11, 12 

ERŬ is a ligand responsive transcription factor that typically has low expression 

levels in normal cells, though basal levels vary by age. It has potential value as a 

risk factor, as it is found in normal tissue of breast cancer patients and populations 

with higher breast cancer incidence.13, 14 The major role of ERŬ in formulating a 

therapeutic strategy is important, but 50% of ER+ tumors are resistant to certain 

kinds of therapy, and previously susceptible tumors can develop resistance due to 

ER mutation.12 The adaptability of the disease necessitates the use of other 

biomarkers to create a signature for a more detailed molecular profile of the disease.   
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Progesterone receptor (PR), like ER, is also necessary for the normal 

development and function of the mammary gland. Expression of PR does not 

fluctuate widely like ER, but it generally has low expression levels in normal cells, 

and drops further after menopause. PR positive status is found in 50-70% of 

invasive breast cancer, and when the disease is both ER+ and PR+, there is a better 

chance of responsiveness to endocrine therapy.12 PR negative status is associated 

with more aggressive, metastatic disease.15 

Human epidermal growth factor 2 (HER2) is a transmembrane glycoprotein 

that interacts with a number of growth factor ligands. HER2 is the only HER family 

receptor without a known natural ligand; instead, it dimerizes with itself and other 

HER receptors to activate a number of signal transduction pathways.16 Like ER and 

PR, it is essential for normal breast growth and development.17 In breast cancer, 

HER2 does not properly regulate cell proliferation, survival, differentiation, 

angiogenesis, invasion, and metastasis.18 It is overexpressed in 20-30% of breast 

tumors, and the presence of such overexpression is associated with a more 

aggressive disease, higher recurrence rate, and increased mortality.  In addition to 

being a diagnostic and prognostic marker, it is a therapeutic target for clinically 

approved drugs, such as Trastuzumab (Herceptin), an anti-HER2 antibody. 19 

 The four subtypes of breast cancer are based on histological characterization 

of ER, PR, and HER2 expression. Luminal A, luminal B, HER2 positive, and triple 

negative/basal-like (TNBC) disease exhibit unique characteristics and as such, 

these subtypes have different therapeutic options and prognostic outcomes.   
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Luminal A is the most commonly diagnosed subtype of breast cancer, 

accounting for 50-60% of all breast cancer. It is characterized as ER positive, with 

lower expression levels of proliferation genes. Due to the low histological grade, 

low mitotic activity, and relatively low relapse rate, it is considered a highly 

treatable disease with good prognosis. Luminal B is less prevalent, constituting 15-

20% of breast cancer cases. This subtype is histologically defined as ER and HER2 

positiveð30% of HER2+ tumors belong to the Luminal B classification. HER2 

negative tumor tissue can also be classified as Luminal B disease if paired with 

high Ki67 expression, which is a cellular marker for proliferation. The ER/HER2+ 

classification is not always consistent; up to 6% of Luminal B cancers are classified 

as ER-/HER2- by immunohistochemistry. Unlike Luminal A, Luminal B is less 

responsive to hormone therapy, but more responsive to neoadjuvant therapy. 

Overall, it is considered a more aggressive disease, with a higher histological grade 

and a worse prognosis. Luminal B also has a higher recurrence rate and lower 

survival rate than Luminal A.18 These two subtypes are difficult to separate initially, 

as their hormone receptor expression levels can be similar. The way they behave 

and their responsiveness to treatment however, are very different, so it important to 

distinguish the two subtypes. This differentiation is where Ki67 expression can be 

informativeða combination of microarray analysis and IHC data has shown that a 

14% Ki67 index in is enough to distinguish the two subtypes20, as Luminal B is 

highly proliferative and Luminal A is not.  

The third subtype is HER2 positive, which is characterized by ER-/PR-

/HER2+ expression. Nearly half of all HER2 positive tumors display some ER 
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expression, but it is generally low. HER2+ tumors are aggressive, with an increased 

propensity for metastasis to visceral organs and low responsiveness to hormone 

therapy. HER2 positive tumors have increased sensitivity to cytotoxic therapy 

however, and HER2-specific treatment is available for clinical use.18 

The last subtype of breast cancer is basal-like or ñtriple negativeò, 

accounting for 8-37% of all breast cancers and ~75% of BRCA1 gene related 

cancers.18. The basal-like subgroup is characterized by the expression of basal 

myoepithelial markers, and a lack of ER, PR, and HER2 expression. The term 

ñbasal-likeò is not a clinical classification, as it is only available as a research term 

and it is determined by gene expression microarray. Triple negative status is 

determined by immunohistochemistry, which is similar to the way the other 

subtypes are classified. This type of cancer is very aggressive, highly proliferative, 

associated with invasive ductal tumors, and has a high rate of metastasis to the lungs 

and brain, with poor outcome.  

 

Current Methods: Breast Cancer Detection and Characterization 

Image-Based Techniques for Breast Cancer Detection 

The current methods used for breast cancer detection are image-based 

techniques, including mammography, ultrasonography, and MRI. These methods 

have traditionally been useful to screen patients and guide biopsies and other 

surgical procedures for breast cancer therapeutics. The current standard method for 

breast cancer screening is mammography, which is a radiographic examination of 

the breast. In this process, the breast is compressed between a plastic paddle and an 
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X-ray detecting plate while an image of the breast is generated. Mammographic 

screening was more widely adopted in the 1990s, with full-field digital 

mammography largely replacing traditional film-screen mammography after FDA 

approval in 2000. Current recommendations by the U.S. Preventive Services Task 

Force suggest biennial screening mammograms for asymptomatic low-risk women 

over the age of 50.21  

Additional methods include ultrasonography, which uses high frequency 

sound waves to generate an image, and is used as a method to image dense breast 

tissue.22 Ultrasound has been useful in detecting occult breast cancer and early stage 

breast cancer that may not be detectable by mammography.23 MRI is an another 

method that can be used to image breast cancer, using a combination of radio waves 

and a magnetic field to image tissue. Additional features can be enhanced using 

contrast agents. MRI evaluation of patients can be utilized for newly diagnosed 

patients to assess the extent of disease at the time of diagnosis, or to clarify 

inconclusive results from another imaging method. MRI is also used to guide 

biopsy or evaluate therapeutic efficacy by monitoring tumor shrinkage after 

treatment. Generally, MRI is not used as a screening tool unless a patient has a 

higher (> 20%) risk of developing breast cancer.22, 24, 25 More recently, breast 

tomosynthesis has been introduced in the clinic as an improvement upon current 

methods. Breast tomosynthesis takes multiple images and reconstructs a three-

dimensional image; this method is less prone to obstruction by dense tissue, as is 

the case with traditional mammography. This method has been shown to decrease 

recall rates and false positive rates compared to mammography alone. 26-28  
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The reported clinical sensitivity and specificity of mammography is 79% 

and 90%, respectively, but these values are lower in women with dense breast 

tissue.22 The efficacy of mammography is highly dependent on a number of factors, 

including tissue density, tumor size, and tumor location. The size at which a tumor 

is detectable by mammography can be as small as 1-3mm in diameter with < 5% 

efficiency, whereas detecting tumors between 4mm and 11mm can range from 

15%-75% efficiency, with a median of 7.5mm tumor size for a limit of detection.29 

MRI has its own limitations, as it may not detect ductal carcinoma in situ (DCIS) 

as effectively as mammography. Additionally, recall rates for high-risk patients 

after MRI have ranged from 10% to 24%.30 As is the case with any imaging 

technique, discerning between healthy and malignant masses is a challenge.  

Image-based techniques are used to detect masses, calcifications, and other 

abnormalities in the tissue that would indicate cancer growth. Though these 

methods provide information for TNM staging, they have their limitations. Imaging 

techniques provide very little molecular information about the biology of the 

disease (i.e. grading and subtype). Additionally, an actual mass or evidence of one 

must be detectable by the imaging modality in order to further investigate the 

disease.  All of these imaging techniques require one or more specialists in order to 

obtain and interpret test results, so the skill of the technician acquiring the image, 

as well as the expertise of the specialist interpreting the results can lead to 

subjectivity in the detection process. 
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Molecular Characterization of Breast Cancer 

 

Molecular characterization of breast cancer requires a tumor tissue sample, 

which is obtained by biopsy. There are multiple biopsy methods with varying 

degrees of invasiveness, including fine needle biopsy, core needle biopsy, and open 

or surgical biopsy. These procedures may use some of the previously mentioned 

imaging techniques to pinpoint the location of the tumor.31 Once the tissue has been 

extracted, it is usually prepared by formalin fixation and embedded in paraffin. The 

sample is then sliced and mounted on glass sides for the pathologist to analyze by 

microscopy.32 The pathologist can use a number of histological stains to highlight 

the appropriate cellular features. For example, the standard H&E protocol uses 

hematoxylin to bind DNA, which stains the nuclei purple, and eosin binds to protein 

and DNA, staining other cellular structures pink.32 This stain allows the pathologist 

to grade the tumor tissue by observing cellular morphology. 

 Immunohistochemistry (IHC) is a more advanced staining technique that 

utilizes tagged antibodies to bind to protein biomarkers in a tissue sampleðthis 

technique is particularly useful when assigning hormone receptor status (ER, PR, 

HER2).  The percentage of positively stained cells (nuclei for ER and PR, cellular 

membranes for HER2) determines the status in a semi-quantitative manner.32 IHC 

methodology varies from lab to lab, as antibodies, fixatives, and staining methods 

are not standardized. Because of this variation, there are different interpretations of 

the same image, as was shown in a study that compared 240 observations from 

three pathologists. They unanimously agreed on 75% of cases, but agreement 

scored much lower for DCIS and atypia cases.33 Though there is a large degree of 
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agreement between individual pathologists, an objective quantification of these 

markers could mitigate some of the ambiguity associated with disease 

characterization and allow for a more objective, quantitative view of the disease. 

Genomic Characterization of Breast Cancer 

 

Genomic characterization of tissue samples can also be performed to gain 

insight into the disease.  Multiple gene signatures are available for clinical use as 

prognostic indicators; additionally, they are useful for making treatment decisions 

and assessing the risk of recurrence. Three such genomic tests are Mammaprint, 

Oncotype Dx, and the PAM50-based Prosigna assay. The Mammaprint assay is a 

70-gene fingerprint used to predict tumor recurrence. This microarray test was 

approved by the FDA in 2007 for use in freshly frozen tissue, and is most useful 

for Stage I or II disease in cases with no spread to the lymph node (node-negative).  

Though it does hold value in risk assessment, it also requires a 3mm diameter tissue 

sample obtained by surgical biopsy, and it is not currently recommended in the 

American Society of Clinical Oncology (ASCO) guidelines to use this array to 

guide adjuvant systemic therapy.34, 35 Oncotype Dx is a 21-gene assay that utilizes 

qRT-PCR and microarray to predict recurrence of invasive breast cancer.36 It has 

become a standard test for early stage, node-negative, ER+ breast cancer.  The 

ASCO recommended guidelines found clinical utility in this assay to help clinicians 

decide whether a patient could avoid adjuvant systemic therapy. The Prosigna assay 

uses a 50-gene signature to classify tumor tissue into a subtype, and uses other 

proliferative markers to calculate the risk of recurrence. The FDA approved this 

assay for clinical use in 2013, and it is most useful for characterizing untreated and 
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tamoxifen-treated cases. Like the other gene assays, RNA is extracted from tissue, 

and the nCounter instrument (Nanostring) is used to directly quantify specific gene 

expression. When combined with other pathological factors such as tumor stage 

and node status, this robust assay has proven to be useful in breast cancer prognosis 

to guide adjuvant therapy.37, 38  

Circulating Biomarkers  

While the prevalent screening methods are imaging techniques useful for 

finding a potential mass, they do not provide any biological or molecular 

information about the disease. Biopsy and tissue staining help clinicians classify 

the disease, which subsequently allows for a treatment plan to be formed, but the 

sampling process is invasive. Circulating biomarkers can bridge the gap between 

noninvasive sampling and obtaining biological information about the disease.  

Blood tests are a common and straightforward process; additional tests could easily 

be incorporated into routine healthcare appointments instead of specialized 

procedures like mammography and biopsy. Furthermore, circulating biomarkers 

could potentially be used for initial diagnosis, but could also prove useful for 

monitoring disease progression to test for therapeutic efficacy and recurrence. The 

few clinically approved blood biomarkers for breast cancer are CA 15-3, CA 27.29, 

and CEA.5  

CA 15-3 and CA 27.29 are both fragments of the mucin protein MUC1, a 

transmembrane glycoprotein. As with other mucins, MUC1 is associated with cell 

hydration and lubrication, inhibiting cell-cell interactions, and playing a protective 

role against microorganisms. MUC1 also has a cytoplasmic tail known to regulate 
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signal transduction pathways in the cell.39 MUC1 is often overexpressed in breast 

cancer and aberrantly located fully in the cell membrane. In this case, parts of the 

protein are proteolytically cleaved and shed into the bloodstream.40  

The CA 15-3 portion of MUC1 is extracellularly located and is known to be 

cleaved and released into the bloodstream, but the level of this shed ectodomain is 

associated with the progression of breast cancer in patients. Typically, expression 

levels of >35 U/mL are considered to be indicative of breast cancer progression or 

recurrence.40 Elevated levels of CA 15-3 have been found in 60% of preoperative 

breast cancer patients and 80% of advanced metastatic patients. Despite the 

prevalence of overexpression in breast cancer patients, it is not considered a strong 

indicator of early stage breast cancer due to its low clinical sensitivity for stages I 

and II. It is better used as a recurrence indicator, and in conjunction with other 

biomarkers.41, 42 CA 27.29 is another portion of MUC1 that may be more specific 

for cancerous conditions than CA 15-3, but not as sensitive. It is more stably 

expressed in healthy patients, but is not seen as any more valuable than CA 15-3 as 

a diagnostic or prognostic marker.41  

Carcinoembryonic antigen (CEA) is a glycoprotein thought to be associated 

with adhesion, and is also used as a marker for colorectal cancer.43 Though CEA 

expression can be indicative of tumor size and nodal involvement in breast cancer, 

it is not as valuable of a predictive biomarker when compared to CA 15-3.41, 43, 44 

Overall, there are clinically accepted circulating biomarkers are indicative of 

multiple cancers including breast cancer.  Their individual sensitivity and 
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specificity however, are not sufficient for early detection on their own. A protein 

signature is necessary to fully utilize the value of several biomarkers. 

Early Detection  

Early stage breast cancer is defined as a cancer that has not spread beyond 

the breast and the axillary lymph nodes according to the National Cancer Institute, 

and there is a higher chance of survival if the disease is diagnosed at an early stage. 

Stage is directly related to the presence of node involvement and metastasis, so size 

is not the only factor to consider with prognosis.45 The other conditions of staging 

are indications of how aggressive and advanced the disease has become, which is 

used with molecular information about the disease to make treatment decisions and 

formulate a prognosis. The impact of early detection on breast cancer survival has 

been a point of contention in the field of breast cancer research, as the benefit of 

early detection is debated due to overdiagnosis and subsequent overtreatment for 

breast cancer that was not terminal or aggressive in the first place.  Improved 

survival rates have further been explained by the advent of newer, more effective 

treatments upon detection.45-48 Early detection of breast cancer and timely 

biological information about the disease can help inform and better utilize available 

treatment options. If these aspects of detection could be applied to a relatively 

noninvasive sampling method, such as a blood test, the disease could be detected, 

characterized, and appropriately treated without unnecessary invasive methods or 

unnecessarily aggressive treatments. 

Ultrasensitive Protein Detection 
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Biomarkers are defined as measurable indicators of a biological process 

such as a disease state. These indicators can include biomolecules such as DNA, 

RNA, proteins, carbohydrates, etc.49 Using proteins as biomarkers is advantageous 

for several reasons, as proteins are the biomolecules that act as cellular effectors 

that closely reflect the biology of the disease. Differential DNA or RNA expression 

levels may be indicative of a risk, but may not correlate with actual protein 

expression or account for post-translation modifications relevant to a disease state. 

Proteins are also more likely to remain stable while freely circulating in serum, 

which allows for easier sampling and handling with little risk of degradation. 

As previously mentioned, circulating biomarkers are valuable due to the 

ease of sampling and the ability to incorporate tests into existing protocols. The 

advantage of using serum over other biofluids such as urine and saliva for 

biomarker discovery and detection is the availability of many more proteins at a 

predicted range of concentrations spanning nine orders of magnitude.50 Serum and 

plasma are more likely to contain proteins and other biomarkers that have been shed 

from a tumor, whether it was a result of tissue damage, aberrant secretion, or 

signaling.51 Urine and saliva are generally less complex biofluids, but may contain 

only a fraction of the analytes present in blood. 

Clinical screening and diagnostic processes previously discussed are 

dependent upon the presence of a mass and the extraction of that tissue for 

characterizationðall of which are invasive and specialized processes. Tumors are 

known to secrete markers, and the smaller the mass, the fewer molecules it will 

secrete.52 When diluted into the entire volume of blood in the body, aberrant protein 
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expression or changes in expression would be extremely low and undetectable by 

standard methods. Current blood testing for circulating biomarkers approved for 

clinical use have very little clinical sensitivity and diagnostic value in early stage 

breast cancer. The detection of novel low abundance biomarker proteins requires a 

method that can overcome the analytical sensitivity barrier encountered by current 

methods if it is to be useful for the early detection of breast cancer. 

The single molecule array (Simoa) based assay is an ultrasensitive ELISA-

based method for the detection and quantification of proteins, with limits of 

detection 10-1000X lower than standard ELISA. This enhanced sensitivity has 

provided an advantage in detecting disease state and recurrence in multiple cases, 

including monitoring TNF-Ŭ and IL-6 levels in patients with Crohnôs disease,53 and 

predicting the recurrence of prostate cancer based on ultrasensitive measurement of 

prostate specific antigen in patients who had undergone radical prostatectomy.54 

Simoa was also demonstrated to be a method for early detection of cancer in mice; 

a cohort of mice was inoculated with a low number of LNCaP cells and PSA was 

measured in the serum to monitor the progression of tumor growth. The levels of 

PSA increased as the disease progressed, but were detectable before a palpable 

tumor was formed, and at much lower concentrations than standard ñultrasensitiveò 

PSA assays.55 This proof-of-concept study demonstrated that with the appropriate 

biomarkers, a tumor could be detected at earlier stages than by standard methods. 

The Simoa platform also has the potential to detect and track biomarkers to 

establish healthy baselines and monitor changes. 
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Scope of Thesis  

 

The aims of this project are based on the hypothesis that breast cancer 

tumors secrete biomarkers that can be measured by Simoa and used to detect and 

track the disease as it progresses from an early stage. This body of work describes 

efforts at creating a novel biomarker fingerprint for the presence of breast cancer 

based on protein concentrations in serum. The current methods for breast cancer 

detection and characterization are largely subjective, with very little absolute 

quantification. Furthermore, clinical diagnostics require multiple specialists and 

invasive tests, hence the appeal of a simple blood test with highly sensitive 

detection limits. Chapter 2 describes the theory and methodology of the single 

molecule array (Simoa) assay, the platform upon which ultrasensitive protein 

measurements have been performed in the described work. Chapter 3 outlines the 

biomarker selection process, as well as preliminary measurements in commercially 

available patient serum. Baseline protein concentrations are established, and 

possible correlation of each markerôs expression level to stage or subtype of breast 

cancer is examined. Chapter 4 takes this work a step further by describing the 

development of multiplex assays and the measurement of eight different 

biomarkers in clinical serum samples. The analysis in this chapter evaluates the 

impact of combining all eight markers as a signature for detecting breast cancer, 

and further attempts to classify samples in a stage-specific or subtype-specific 

manner. The appendix contains cancer-staging guidelines for breast cancer, 

relevant information regarding patient information and additional data for Chapters 

3 and 4, as well as results of cross-reactivity and recovery experiments.  
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Introduction  
 

The need and rationale for highly sensitive assays in cancer screening and 

diagnostics were previously  described in Chapter 1. Simoa overcomes the current 

limitations in assay sensitivity and improves upon conventional protein detection 

methods, and this chapter explains the methodology used to achieve higher 

sensitivity. The standard method for protein detection, enzyme linked 

immunosorbent assay (ELISA) is explained, and this chapter describes how Simoa 

uses the principles of ELISA to achieve digital detection of proteins. The governing 

principles, experimental details, and materials of Simoa singleplex and multiplex 

assays are outlined.  A description of the instrument used to run the automated 

Simoa assays is also provided. 

Enzyme-Linked Immunosorbent Assays 

   

ELISA is the current gold standard method for protein detection. The 

method was first introduced in the 1960ôs and has since become one of the most 

commonly used methods for protein detection and quantification.1, 2 ELISA has 

been a powerful diagnostic tool, used to evaluate a variety of conditions including 

HIV, pregnancy, allergies, and infectious diseases. ELISA has a number of direct 

and indirect configurations that can be used to detect both antigens and antibodies, 

making it a versatile method.3 ELISA is often combined with noninvasive sampling 

methods, as it has been used to analyze a variety of bodily fluids, including saliva, 

blood, and urine4  
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ELISA utilizes antibody-antigen interactions to capture and detect analytes 

of interest in a sample. Though there are various configurations available for 

ELISA, such as direct, indirect, and competitive formats,5 the focus will be on the 

direct sandwich ELISA, pictured in Figure 2.1. In a sandwich ELISA, a capture 

surface is prepared by adsorbing antibodies to well surfaces in a standard 

polystyrene microtiter plate.  This passive adsorption process allows noncovalent 

interactions between the antibody molecules and the surface to bind the antibodies 

to the wells. Unbound antibodies are then washed away, and a blocking buffer is 

added to occupy any vacant surface sites on the well surface, thus preventing non-

specific binding of molecules in the sample to the well.  

Once the capture surface has been prepared, the sample is incubated in the 

antibody-coated wells of the plate, shown in Figure 2.1a. The wells are then washed 

with buffer multiple times, removing unbound molecules and leaving only the 

antigen of interest capture by the antibodies.  A biotin-labeled secondary detector 

antibody is then incubated with the capture antibody and antigen molecules in the 

plate; this second antibody binds to a different epitope on the antigen, forming a 

sandwich immunocomplex.  

 After another wash step, unbound detector antibody is washed away, and a 

streptavidin-labeled enzyme such as horseradish peroxidase or beta-galactosidase 

is incubated with the immunocomplex. The streptavidin on the enzyme molecule 

strongly binds to the biotin on the secondary antibody, labeling the 

immunocomplex with an enzyme molecule. Following another series of washes to 

remove the unbound enzyme molecules, the enzymeôs substrate is added to the 
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plate. Signal amplification occurs as enzyme molecules turn over molecules of 

substrate to generate a measureable signal over time such as a chemiluminescense, 

fluorescence, or a color change measured by absorbance, shown in Figure 2.1b.3 

The resulting change in signal intensity can then be quantified and correlated to a 

concentration using a standard curve.5 The analytical sensitivity and specificity of 

the sandwich ELISA has been well characterized, and reported limits of detection 

are typically in picomolar concentrations of protein.6 

 
Figure 2.1. Traditional sandwich ELISA scheme: (a) depicts the capture, labeling, and 

detection steps of a typical ELISA with an enzymatic readout, (b) shows the color/fluorescence 

change as the concentration of target protein increases 

 Though ELISA has proven to be useful for protein detection in the past, 

there are two major disadvantages to this current gold standard. One disadvantage 

is limited sensitivity, as a 1 pM detection limit in 100 µL of sample is still 60 million 

molecules of analyte required in order to be measurable, and proteins present at 

lower concentrations would not be detectable by ELISA. Secondly, traditional 

ELISA cannot multiplex, or measure multiple different proteins simultaneously in 
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the same sample; measuring several proteins would require more sample volume to 

be assayed in separate wells. In both scenarios, information about the sample is lost 

due to either a barrier in sensitivity or a lack of multiplexing capability. 

The readout in ELISA limits the sensitivity of the method because a large 

amount of fluorescent product must be generated in order to be detectable. The 

fluorescent molecules generated by a reporter enzyme at low concentrations are 

quickly diluted into a typical bulk reaction volume of 100 µL, and the resulting 

signal becomes indistinguishable from the background of the assay. Thus, millions 

of enzyme molecules are needed to generate enough fluorescence to overcome this 

dilution barrier. ELISA can also be limiting if sample volume is scarce and multiple 

proteins need to be assayed, since separate measurements may not be possible. An 

improved method would be able to measure multiple proteins at low abundance, 

maximizing the utility of a single sample, and allowing access to biological 

information that may not have been available due to limitations in sensitivity. 

The Luminex platform has improved upon traditional ELISA in terms of 

multiplexing capabilities. This technology uses antibody-coated beads as a capture 

surface instead of antibody-coated microtiter plate wells, which allows for more 

efficient capture. Additionally, the beads are encoded with dyes as unique 

identifiers, and each uniquely encoded bead is used to capture a different analyte, 

which facilitates multiplexed protein detection. The assay process is very similar to 

traditional ELISA: the capture beads are incubated with sample, labeled with a 

biotinylated secondary antibody that is also specific to the antigen, then tagged with 

streptavidin-conjugated phycoerythrin (SAPE). The beads are then processed 
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through a flow cytometry setup where two lasers measure the fluorescence of each 

identifying dye in the beads, and the third measures the fluorescence intensity of 

the phycoerythrin fluorophores bound to the bead.  The first set of measurements 

corresponds to the unique bead identifier, and the second measurement corresponds 

to the amount of analyte bound to the bead. This system of multiplexed protein 

detection has proven to be a valuable alternative to ELISA, as it can be more 

sensitive within an order of magnitude, and is less sample-depleting than standard 

methods. However, this technology does not address the issue of analytical 

sensitivity, and this is a concern that Simoa assays can address further.7, 8 

Single Molecule Array Assays  

Single Molecule Arrays (Simoa) 

 

The basis of the Simoa technology is the microarrays used for protein 

detection. The microarrays in Simoa assays are composed of ~216,000 wells 

contained in a 3mm x 4mm area. Each well is 4.25 ɛm in diameter and 3.25 ɛm 

deep, with 8 ɛm spacing from center to center.  Each well is a total of ~ 46 fL in 

volume, which is large enough to fit a single 2.7 ɛm microsphere (the capture suface 

in the assay) and a small volume of substrate. There are 24 arrays positioned 

radially in a 120 mm  disc format (Sony DADC).9 The disc is comprised of two 

layers: one contains the arrays, while the other contains the fluidic channels. Both 

parts utilize injection molding based on DVD manufacturingðthe array is 

composed of cyclic olefin polymer (COP) and the fluidic channels are made of the 

same material doped with 3% carbon black, giving the disc a black appearance, 

shown in Figure 2.2. The two parts are then laser bonded to create a single disc.  
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The fluidic portion of the disc contains the inlet port, channel, and outlet, which 

allows the pipet to load and flow the beads, substrate, and fluorocarbon oil into the 

disc. The clear portion of the disc contains the arrays and is positioned closer to the 

imaging module below, such that the disc is loaded from the top and imaged from 

the bottom.  

 

 

 

Figure 2.2 Simoa HD-1 Discs: (a) Sony DADC disc with 24 microwell arrays radially arranged, 

(b) a photographic close-up with the different liquid channel features labeled, and (c) is a 

scanning electron microscopy (SEM) image of a single microwell array on a disc, with a single 

well pictured on the inset. (Reprinted with permission from Reference 9) 

Simoa Assays 

 

Single Molecule Array (Simoa) assays are similar to the traditional 

sandwich ELISA in that antibodies are used to capture and label proteins for 

subsequent detection via formation of an immunocomplex and production of a 



32 
 

measurable signal. In Simoa assays, capture antibodies are covalently coupled to 

paramagnetic 2.7 ɛm beads and incubated with target protein in solution. There are 

several advantages to the bead-based platform: (1) the antibodies are covalently 

bound to the capture surface instead of physically adsorbed, so the antibody coating 

is stable during the assay, (2) the beads are stable for several months, so a single 

batch can be conjugated to antibody and stored for later usage, and (3) the bead 

suspension in solution allows for a more accessible capture surface for antigens, 

whereas a traditional plate ELISA is limited by the kinetics of the antigen traveling 

to a fixed planar surface. A biotinylated secondary detection antibody, which 

recognizes a different epitope on the target analyte than that of the capture antibody, 

is added to the solution and binds to the target analyte. After several washes, the 

beads are incubated with streptavidin-conjugated beta-galactosidase (SɓG). The 

streptavidin on the enzyme binds to the biotin conjugated to the detection antibody 

during this incubation, and the beads are washed several times before they are re-

suspended in fluorogenic substrate, resorufin-ɓ-D-galactopyranoside. (RGP). 

These assay steps are illustrated in Figure 2.3.  

The Simoa assay procedure diverges from standard methods when the bead 

and substrate suspension is taken from the reaction cuvette and loaded into the disc 

microarray via fluidics. Once the array is loaded, oil is used to remove excess beads 

that did not settle into wells, and it seals the array. Wells containing a bead with an 

enzyme-labeled immunocomplex build a high local concentration of the fluorescent 

product over time as the enzymatic reaction progresses. A series of images are then 

taken of the array, and the wells that contain a bead with an enzyme-labeled 
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immunocomplex will display fluorescence, while empty wells or beaded wells 

without an enzyme molecule will appear to be dark. The product generated from a 

single enzyme is easily detectable because the fluorescence product is contained 

within a 50 fL volume, which is 2 billion times smaller than the working volume 

of a standard ELISA.  

 

Figure 2.3. Simoa Scheme: 500,000 capture antibody coated beads are incubated with the 

sample, washed, and then incubated with biotinylated detection antibody. The beads are 

washed, then incubated with streptavidin ɓ-galactosidase, washed, and re-suspended in RGP. 

This solution is loaded into the microarray, sealed with oil, and imaged. The wells that contain 

a bead with labeled immunocomplexes fluoresce, while other wells remain dark. 

Multiplex Assays 

 

Multiplex assays work similarly to standard Simoa assays, but dye-encoded 

beads are utilized to detect multiple proteins simultaneously. Each bead type or 

ñplexò has one of four fluorescent dyes coupled to its surface. The intensity at which 

each bead type fluoresces under certain wavelengths becomes a unique identifier. 

Each encoded bead type is coated with capture antibodies to different proteins, and 

combined to perform a standard Simoa assay with pooled detection antibodies. The 
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multiplex Simoa assay is then performed the same way as a standard singleplex 

assay, with the same fluorescence readout in the results. The beads in the array are 

then decoded in the image analysis process based on the wavelength and 

fluorescence intensity of each bead subpopulation or plex, while the enzymatic 

readout provides the signal values for each individual protein assay. 

 

Figure 2.4. Multiplex Simoa assay scheme: (a) Beads with different antibodies are combined into 

a single reaction vessel to undergo a Simoa assay. Each bead represents a different dye and protein 

antibody conjugated to the surface, or a different ñplexò. (b) The illustration of the enzymatic 

readout shows no difference between the plexes until it is decoded, identifying which wells 

contained each plex. 

Simoa HD-1 Automation 

 

The Simoa assay process has been automated using the Simoa HD-1 

Analyzer (Quanterix), pictured in Figure 2.5. The instrument contains separate bays 

for loading assay reagents and 96-well plates with samples. Once the reagents and 

samples are programmed and loaded, two automated pipettors in the instrument are 

used to distribute user-programmed volumes of reagents and samples from their 

respective bays into individual cuvettes, where the binding steps of the assay take 

place.  The incubation and wash steps are performed in two rings inside the 

instrument. The rotating incubation ring shakes the cuvettes to keep the beads 

suspended in solution, allowing the capture and detection reagents to interact with 
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the sample. The rotating wash ring contains four wash stations and magnets that 

pellet the beads to the side of the cuvette, aspirates the solution, and re-disperses 

the beads by pipetting wash buffer directly toward the bead pellet. The wash buffer 

steps are all pre-programmed, and the instrument transfers sample cuvettes between 

the two rings based on the process needed. Following the incubation steps, the 

pipettor loads the beads into the disc arrays to imaged. 

 A major advantage provided by the automation is the high-throughput 

capability, with a steady-state usage capacity of 66 samples per hour.10 

Additionally, the instrument schedules sequential sample processing in 45 second 

ñcadencesò such that each sample is treated identically. Variation between replicate 

measurements are often below 15% CV as a result of the instrumentôs precise 

pipetting and consistent timing.  

 

Figure 2.5 (a) is the outside of the Simoa HD-1 Analyzer and (b) shows where the assay 

reagents and consumables are located inside the instrument. The wash and incubation rings, 

as well as the imaging module are shown. (Reprinted with permission from Reference 7) 

Poisson Statistics 

 

The ability to achieve single molecule detection is explained by Poisson 

statistics. Poisson statistics describe the probability of a discrete number of events 
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occurring within a given time frame, based on a known or expected average, 

described in the equation below: 

╟Ⱨ○ ▄Ⱨ
Ⱨ○

○Ȧ
                                                                   Eq.  1 

In the case of Simoa assays, ɛ is the expected average, or the ratio of bound 

immunocomplexes to beads in the assay, which is kept in excess at 500,000 beads 

per assay.  The variable ɜ is a non-negative integer (e.g. 0, 1, 2) that represents the 

number of bound immunocomplexes or ñeventsò in the population of beads. 

Therefore, the P(0) represents the subpopulation of beads with nothing bound, or 

ñoffò beads. When ɜ=1, 2, 3, etc., the population is known as fraction ñonò (Ὢ ). 

Another way to express the fraction of ñoffò beads is ρ Ὢ . 11 

In the case of a 1 fM protein solution in 100 µL, there are 60,000 molecules. 

Assuming 500,000 beads in the same solution, the ɛ is 0.12 and the Ὢ  = P(0.12)(0) 

= 0.88. The Ὢ = (1.0-0.88)= 0.12. Using the same equation to account for only one 

immunocomplex bound to the bead, P(1.12)(1) = 0.106. The remaining 1.4% of the 

beads would have two or more enzyme molecules bound, theoretically. At low 

concentrations of protein, ɛ is low, and P(0) or Ὢ  is high, so most of the beads in 

the assay would have nothing bound. Any beads in the Ὢ  population would have 

only one immunocomplex bound, while the probability of having two or more 

enzymes bound to a bead is unlikely.  In this scenario, one can assume each ñonò 

bead represents a single protein molecule bound, and counting the number of ñonò 

beads in a population equates to counting single protein molecules. The  Ὢ  value 

is then related to the measure of signal output in Simoa, the ñaverage enzyme per 

beadò or AEB.12 
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Average Enzyme per Bead  

 

 The AEBdigital is calculated by using the fraction of active beads (Ὢ ) in the 

array according to the following equation: 

     ═╔║▀░▌░◄╪■ ■▪ █▫▪                                                  Eq.  2 

This is based on Poisson counting of molecules in the array, which is used to 

evaluate arrays with a  Ὢ  below 0.7. This approach is not reliable at higher fon 

values, where Poisson statistics predict multiple enzyme molecules per bead; 

assuming a single molecule per bead is no longer an accurate representation of the 

bead occupancy.  The AEBanalog value is used to analyze the data when the assay is 

not in the digital range.  AEBanalog is calculated using Eq. 3 below: 

═╔║╪▪╪■▫▌ 
█▫▪b╫▄╪▀

b▼░▪▌■▄
                                                      Eq.  3 

The Ὢ  value is related back to AEB using the average fluorescence intensity of 

the active beads (Ǭbead) in the array in conjunction with the average fluorescence 

intensity value generated by a single enzyme molecule (Ǭsingle) to calculate the 

average number of enzymes per bead. Ǭsingle is calculated from arrays where Ὢ < 

0.2, shown below. 11 

b▼░▪▌■▄ 
█▫▪b╫▄╪▀

■▪ █▫▪
                                                                       Eq.  4 
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These AEB calculations can be combined into one plot, thus extending the 

dynamic range of an assay from digital to the analog range, spanning five logs of 

protein concentration.12 

Simoa Assay Efficiency  

Since the Simoa platform is relatively new, there are several steps to 

consider when evaluating the efficiency of an assay. Among these steps is the 

efficiency of the capture, labeling, and detection steps. The capture step is highly 

efficient because there 500,000 beads in solution coated in capture antibodies. With 

an estimated 274,000 antibodies per bead, the capture antibody concentration in 

solution is 2.3 nM.13 This excess amount of capture antibody and its distribution 

throughout the sample solution provide favorable conditions for target proteins to 

bind to a capture surface. Unlike ELISA, where there is a planar surface to which 

the protein has to travel to bind, the bead-based approach is not diffusion-limited. 

If a protein were to break away from the capture surface, it could easily rebind to 

the same surface, or collide with a number of other microbeads in solution, based 

on the estimated 2-20 collisions per 31 seconds.13   

The detection antibody is also added to the reaction in excess, with a final 

concentration of at least 0.1 ɛg/mL or 1 nM.  The labeling efficiency is independent 

of the number of captured proteins, but is highly dependent upon the affinity of the 

antibody towards the protein. Lower affinity antibodies may require a higher 

working concentration to achieve a high labeling efficiency, but this can also 

contribute to a higher background due to nonspecific binding. Detection antibody 

labeling is a less stable interaction because dissociation can occur and a re-binding 
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event is less likely, since there is not an excess of antigen molecules available for a 

re-binding event. If a detection antibody dissociates, it will most likely be removed 

from the solution in the following wash step.  

Though this step is relatively less efficient than the capture step, the 

automated Simoa HD-1 Analyzer process requires every sample to go through the 

exact timing and treatment process. The impact of the dissociation of the detection 

antibody would then be similar across all samples, thus removing another factor in 

sample-to-sample variability. Enzyme labeling of the immunocomplex is 

considered to be very reliable based on the strong affinity between the streptavidin 

enzyme label and the detection antibodyôs multiple biotin labels. Once bound, the 

enzyme is unlikely to be washed away, given the 4 x 10-14 M Kd of the biotin-

streptavidin interaction.14 The same balance between efficient labeling and 

minimizing background must be achieved in this step as well, as SɓG is also a 

source of nonspecific binding.  

Though Simoa has proven to be a highly sensitive method, there are still 

some limitations. One of these limitations is the loading efficiency of the beads 

onto the array.  500,000 beads are incubated in solution initially, and resuspended 

in 25 ɛL of RGP substrateð15 µL of this bead suspension are flowed into the array 

(~300,000 beads assuming no loss), and 20,000-25,000 beads are loaded and 

imaged. The sensitivity of the assay could be fully realized if more beads are 

interrogated. This increased bead sampling could be accomplished with lower dead 

volumes and improved fluidics for improved bead loading.13 
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Overall, Simoa overcomes the sensitivity limitation of traditional ELISA. 

The beads used in the assay contribute to favorable binding kinetics, while the 

microarrays allow for beads to be interrogated individually for single molecule 

sensitivity. Bead encoding enables the detection of multiple proteins in a single 

sample, and the combination of Poisson statistics with traditional analog 

measurements make data analysis possible over a large dynamic range. 

Materials and Methods 

 

Bead Coupling 

 

Approximately 100 ɛg of capture antibody is buffer exchanged into 50 mM 

MES, pH 6.2 using a 50 kDa, 0.5 mL Amicon Ultra centrifugal filter unit 

(Millipore), per the manufacturerôs instructions. The concentration of the antibody 

is then measured using a Nanodrop ND-1000 Spectrophotometer (Nanodrop) and 

the volume is adjusted to 200 ɛL by adding MES. The final concentration of the 

capture antibody in this volume typically varies between 0.3 mg/mL and 0.5 

mg/mL. Beads are prepared by transferring 2.8 x 108 paramagnetic carboxylated 

beads (Quanterix) into a conical 1.7 mL microcentrifuge tube. In the case of 

multiplex beads, the encoded beads are purchased with various dyes already 

conjugated to the surface (dyes listed below in Table 2.1). The beads are washed 

by placing the tube on a magnetic separator, waiting for the beads to pellet, taking 

the supernatant out, resuspending the beads in buffer, vortexing the tube for five 

seconds, and centrifuging briefly. The beads are washed three times with 200 ɛL 

1X PBS/1% Tween 20, then twice with cold MES. The final volume of the beads 

in MES is 190 ɛL. For multiplex beads, the final volume is 195 ɛL. The 
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carboxylated beads are activated with EDC, or 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (Pierce Biotechnology). After 

dissolving 10 mg EDC in one mL of MES (10 mg/mL final concentration), 10 ɛL 

(5 ɛL for multiplex beads) of the EDC solution is added to the 190 or 195 ɛL bead 

solution. The bead solution is immediately placed on a microplate shaker (IKA) at 

1000 rpm for 30 minutes in order to activate the bead surface for conjugation. 

 

Plex Dye 

488 Alexa Fluor 488 (AF488) 

647 Cyanine 5 Mono Hydrazide (Cy5) 

700 Cyanine 5.5 (Cy5.5) 

750 HiLyte Fluor 750 Hydrazide 
Table 2.1. Dyes coupled to each bead plex in Simoa multiplex assays 

After the 30 minute incubation, the beads are washed with 200 ɛL cold MES 

buffer and 200 ɛL of antibody solution, and then added to the beads and vortexed 

for 10 seconds. The bead solution is then placed back on the microplate shaker at 

1000 rpm for two hours. After incubation, the supernatant is aspirated and placed 

into a separate microcentrifuge tube. The beads are washed twice with 1X PBS/ 1% 

Tween 20. The first of these washes is also saved in a separate microcentrifuge 

tube.  200 ɛL blocking buffer (1X PBS/ 1% BSA) is added to the beads, vortexed 

for five seconds, and placed on the microplate shaker for 30 minutes at 1000 rpm. 

After the blocking incubation, the beads are washed three times with 1X PBS/ 1% 

Tween 20, and twice with Bead Diluent Buffer (50 mM Tris buffer with Proclin, 

Quanterix). The beads are then transferred to a clean microcentrifuge tube and 

stored at 4°C in bead diluent. 

Bead Characterization 
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The antibody coupling efficiency is evaluated by measuring the antibody 

concentration in the saved supernatant and wash performed after the two hour 

coupling step. The Nanodrop ND-2000 (Nanodrop) was used to measure 

absorbance at 280 nm and calculate the amount of antibody in each solution. The 

total amount of antibody coupled to the beads is calculated by subtracting the 

amount of antibody in the washes from the original amount of antibody recovered 

from the buffer exchange.  

The concentration and aggregation of the beads are characterized by using 

a Coulter Counter Z2 (Beckman Coulter). 10 ɛL of the coupled bead stock solution 

is pipetted into 10 mL of Zpak electrolyte buffer (Beckman Coulter) in a 15 mL 

Falcon tube. The tube is vortexed for 10 seconds and the solution is placed in a 20 

mL cuvette (Accuvette) and placed into the instrument. Parameters are set to count 

particles between two and six µm. Results include particle concentration and size 

distribution of the particle population. The beads must be at least 80% monomeric 

to be of adequate quality for use in SiMoA assays.   

 

Detector Antibody Biotinylation 

 

Approximately 100 ɛg of antibody is buffer exchanged into 1X PBS using 

0.5 mL Amicon Ultra centrifugal filter unit (Millipore). The concentration of 

antibody is measured using a Nanodrop ND-1000 instrument (Nanodrop). A single, 

two mg vial of EZ-Link NHS-PEG4-Biotin, no-weigh format (Thermo Scientific) 

is reconstituted in water. A working dilution was made in water and added to the 

tube of antibody at a 20X molar excess, 2.5% by volume. The antibody and biotin 
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mixture is pipet mixed and allowed to incubate at room temperature for 30 minutes. 

After this incubation another 0.5 mL Amicon Ultra centrifugal filter unit 

(Millipore) is used to remove the excess unreacted biotin and buffer exchange the 

remaining antibody into fresh 1X PBS. The final concentration of the antibody is 

measured using a Nanodrop ND-1000 instrument (Nanodrop). The final product is 

stored at 4°C for short term storage, and -20°C for long term storage. 

Reagent Preparation for HD-1 Assays 

 

Capture antibody conjugated beads is diluted in Bead Diluent Buffer 

(Quanterix) to a concentration of 5 x 106 beads/mL in a 15 mL bottle (Quanterix). 

For multiplex assays (with at least three plexes), the total number of beads is 

increased to 6 x 106, but is split evenly between the number of plexes (e.g. 6 x 106 

beads/mL divided by four plexes is 1.5 x 106 beads/mL). The appropriate volume 

was determined by multiplying the number of samples by 110 ɛL and adding 0.6 

mL to account for dead volume in the bottle.  

Biotinylated detection antibody is diluted to a working concentration in 

Detector & Sample Diluent (Quanterix). Two-step assays typically require a 

working concentration of 1 ɛg/mL. The appropriate volume for a two-step assay is 

determined by multiplying the number of samples by 35 ɛL and adding the 0.6 mL 

dead volume. Streptavidin-ɓ-galactosidase enzyme (SBG, Quanterix) is diluted to 

a concentration of 100-200 pM in SBG Diluent (Quanterix), depending on the 

individual assay. The appropriate volume is calculated in the same manner as the 

capture beads.  The beads are placed in a Hulamixer rotator (Thermo Scientific) at 

35 rpm for 10-15 minutes to prevent the beads from settling, and all reagents bottles 
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are loaded into the reagent bay of the Simoa HD-1 Analyzer (Quanterix). The RGP 

substrate (Quanterix) is supplied by the manufacturer and used at a concentration 

of 100 ɛM. 

Calibration and Sample Preparation 

 

Calibrators are prepared by diluting protein stock into a standard diluent (1 

XPBS/ 1% BSA or 25% newborn calf serum in PBS, 5mM EDTA, 0.01% Tween 

20, and ProClin 300, depending on the assay) to appropriate concentrations. Serum 

samples are prepared by pipetting into a 96-well round-bottom plate (VWR). If the 

HD-1 Analyzer has been programmed to dilute the samples by a factor of four, the 

serum would be pipetted neat, with a volume of 25 ɛL per replicate plus the dead 

volume (75 ɛL previously, 30 ɛL after the v1.5 software upgrade).  If diluting 

offline, 100 ɛL of serum would be diluted in 300 ɛL of appropriate sample diluent 

in the plate. The plate wells have a maximum volume capacity of 450 ɛL. 

HD-1 Procedure 

 

For a two-step assay, 100 ɛL of 5 X 106 beads/mL bead solution is pipetted into a 

cuvette. The cuvette is held against a magnet to pellet the beads while the bead 

diluent is aspirated from the cuvette.  100 ɛL of sample is deposited into the cuvette, 

as well as 20 ɛL of detection antibody. This first shaking incubation lasts 35 

minutes, followed by three washes with System Wash Buffer 1. 100 ɛL of SBG 

enzyme solution is then added to the cuvette and allowed to incubate for five 

minutes, followed by five washes with System Wash Buffer 1 and one wash with 

System Wash Buffer 2. After this last wash, 25 ɛL of the RGP substrate solution is 
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added to the beads to resuspend them and 15 ɛL of this solution is loaded onto the 

Simoa HD-1 disc array and sealed with oil (Krytox ®, Dupont).  

Image Acquisition 

 

The HD-1 Analyzer (Quanterix) is equipped with a CCD camera that takes 

images of the arrays over a 45-second time period. The images are taken in different 

excitation/emission fluorescence channels in the following order: (1) 622/615 nm 

ñdark field imageò, (2) 574/615 nm (resorufin), (3) 740/800 nm, (4) 680/720 nm, 

(5) 622/667 nm, (6) 574/615 nm, and (7) 490/530 nm. (1) establishes the position 

of the array to create a ñwell maskò for the other images, (2) and (4) image the 

fluorescence intensity of the product of the enzymatic reaction, (3)-(5) decode the 

identity of any dye-encoded beads, and (7) is used to decode the level of 

fluorescence in AF488-encoded beads and locate the position of all beads in the 

array. 9 

Data Analysis 

 

The array images are analyzed and decoded based on activity and bead type. 

A bead is considered ñonò or ñactiveò if fluorescence intensity of the well increases 

above a known threshold (40 counts of fluorescence) in the 30 seconds between the 

first and second resorufin channel images.9 The bead type or plex is determined by 

the presence and fluorescence intensity of the bead in a particular channel, which 

confirms bead identity. 

The calibration AEB values extracted from the imaging data are fit to a four-

parameter logistic curve with a 1/y2 weighting. The protein concentration of each 

sample is calculated using the fit equation of the generated curve. The LOD of the 
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assay is determined by adding three standard deviations to the average signal 

generated by the blank, and using this signal value in the curve fit equation to 

calculate the concentration limit.  
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Introduction  

 

The shortcomings of current breast cancer detection and characterization 

methods and the need for a more sensitive and less invasive diagnostic procedure 

were introduced in Chapter 1. Using the methodology described in Chapter 2, this 

work focuses on the preliminary efforts to develop ultrasensitive protein assays 

towards establishing a breast cancer biomarker signature. The biomarker selection 

process, the candidate biomarkers, and the assay development process are described 

below. Commercially sourced serum samples were purchased and tested in order 

to (1) confirm the presence of the markers in blood serum, (2) establish baseline 

concentrations for these markers and assess the feasibility of measuring clinical 

samples, and (3) evaluate any observed differences between healthy and breast 

cancer patients.  

Biomarker Selection 

 

Initial steps to develop a diagnostic test focused on finding potential 

biomarkers indicative of breast cancer. Protein biomarkers were selected using 

several criteria, including differential expression of the marker in early-stage breast 

cancer, specificity to the disease, presence and stability in serum, and the 

availability of biomarker-specific antibodies. Markers that were not detectable in 

serum by standard methods such as ELISA were of special interest, given that 

Simoa assays are highly sensitive. In addition to searching the literature, several 

collaborators and breast cancer researchers were consulted to develop a list of 

potential biomarkers. Of the developed assays for the protein biomarkers described 
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below, Dr. Marsha Moses (Harvard Medical School/ Boston Childrenôs Hospital) 

suggested LCN2 and CYR61, while CA 19-9 and HIF1Ŭ were found in the 

literature to be indicative of breast cancer. Each markerôs function and connection 

to breast cancer is described below. 

LCN2 

 

LCN2 is part of the lipocalin protein family, which is a group of 

extracellular proteins secreted in order to bind small lipophilic ligands and transport 

them into the cell. LCN2 was found to form a complex with matrix 

metalloproteinase-9 (MMP-9) in a protective capacity. It has also been linked to 

roles in bacteriostatic function, iron trafficking, apoptosis, and survival.1 In breast 

cancer, LCN2 was found to upregulate VEGF in breast cancer cells, and was 

correlated with increased angiogenic activity. Urinary levels of LCN2 were also 

found to correlate with patients who had a poor prognosis, aggressive disease, and 

metastasis. This secreted marker may be useful for assessing the stage and grade of 

disease.2, 3 

CYR61 

 

CYR61 is a cysteine rich member of the CCN family of proteins, known to 

regulate a number of cellular functions, including cell adhesion, motility, cell 

division, and apoptosis.4, 5 This secreted extracellular matrix associated protein is a 

ligand for integrin proteins, and a known angiogenic inducer. CYR61 has also been 

implicated in tumorigenesis and growth factor-driven proliferation. In breast 

cancer, elevated levels of CYR61 protein expression are indicative of advanced 
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disease. Moreover, CYR61 is thought to be associated with survival, playing a 

protective role in chemotherapy-induced apoptosis. In breast cancer, 70% of breast 

cancer patient tissue samples presenting with Stage II invasive ductal carcinoma 

expressed CYR61 protein levels 3.5 to 6X higher than healthy mammary controls.4, 

6 Overall, the secretion of CYR61 and its known association with more aggressive 

and advanced stages of disease make this protein a potentially valuable circulating 

biomarker for both staging and grading of breast cancer. Although CYR61 has been 

detected in urine and serum, the current indications for invasive breast cancer 

makes this marker potentially valuable in a diagnostic signature. 

CA 19-9 

 

CA 19-9 is a carbohydrate antigen related to the Lewis A blood group;7  in 

cancer, it is expressed as an O-linked glycoprotein on the surface of cells, and is 

thought to be associated with invasion and metastasis.8 CA 19-9 is already a 

prognostic biomarker for pancreatic and gastrointestinal cancers, with a normal 

expression level in the blood of < 37 U/mL.9 Increased expression of CA 19-9 has 

also been observed in cases of colorectal cancer where lymph node invasion and 

metastasis have occurred. Though it is not a traditional breast cancer marker, one 

case study describes a patient who presented with a potential relapse with a ten-fold 

increase of circulating CA19-9, but had normal levels of CA 15-3 and CEA, which 

are clinically accepted biomarkers for breast cancer.10 The presence of CA 19-9 in 

several other invasive cancers described above make it a potential candidate for 

evaluating the aggressiveness of the disease. 
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HIF1Ŭ 

 

Hypoxia Inducible Factor-1 alpha (HIF1Ŭ) is a subunit of a heterodimeric 

transcription factor that regulates gene expression in multiple pathways, including 

glucose transport, growth factors, iron transport, and heme metabolism.11 HIF1Ŭ 

levels in cells are normally in flux, as it goes through constant degradation via the 

ubiquitination pathway, but this process is oxygen-dependent. In hypoxic 

conditions, ubiquitination does not occur and HIF1Ŭ levels increase. As tumor 

environments are often hypoxic due to increased usage of oxygen by rapidly 

dividing cancer cells and limited oxygen availability from the formation of 

abnormal blood vessels,12 it can lead to an increased presence of HIF1Ŭ as a tumor 

develops. Additionally, hypoxic tumors have been associated with increased risk of 

metastasis and mortality, thus HIF1Ŭ protein levels in tissue have been associated 

with early relapse, more aggressive disease, and metastasis.13 This protein could 

serve as a valuable marker for aggressive, invasive disease if measured in serum. 

Assay Development  

 

The first step in assay development is to screen antibody pairs in a bulk 

bead-based assay format, using a fluorescence plate reader (Tecan) to quantify 

fluorescence. The bead-based platform has a two-fold purpose: (1) assess the 

compatibility between the antibodies and the bioconjugation chemistry, and (2) 

transfer beads directly to the Simoa platform if an antibody pair performs well. 

Once it is established that an antibody pair yields a responsive signal dependent 

upon target protein concentration, the assay conditions are optimized to lower the 
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limit of detection and maximize the signal-to-noise ratio. This optimization can 

usually be achieved by changing the duration or combining the protein capture and 

detection steps, changing the sample and/or calibration diluent, and adjusting 

detector antibody or enzyme concentrations. Figure 3.1 shows representative 

calibration curves for the LCN2, CYR61, CA 19-9, and HIF1Ŭ assays.  

 

Figure 3.1. Representative calibration curves for (a) LCN2, LOD = 0.958 pg/mL (b) CYR61, 

LOD= 0.0191 pg/mL (c) CA 19-9, LOD = 0.0126 U/mL, and (d) HIF1Ŭ, LOD = 0.015 pg/mL. 

Error bars represent standard deviations of triplicate measurements. 

The Simoa assays were 40-400 times more sensitive than their ELISA 

counterparts, shown in Table 3.1. The ELISA LOD values for LCN2 and CYR61 

were provided by the manufacturer (R&D Systems). A CA 19-9 ELISA LOD was 

not provided by the manufacturer (Fitzgerald), since the antibody pair did not have 

an optimized assay procedure associated with it. The results of an assay using this 

pair would depend entirely on the conditions optimized by the product consumer. 

A kit from Thermo Fisher Scientific listed a different CA 19-9 ELISA antibody 
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pairôs LOD as 5 U/mL, which was used for comparison.  The HIFŬ antibody pair 

did not list an LOD by the manufacturer (R&D Systems), but a study that utilized 

the same manufacturerôs ELISA kit listed the lower detection limit as 3 pg/mL.14 

 
Table 3.1. Developed assays with ELISA LODs, Simoa LODs, and the fold difference. 

 

Protein Concentration in Serum 

 

After the assays were developed, they were tested in commercially available 

serum purchased from BioreclamationIVT. There was a total of 62 breast cancer 

samples and 38 healthy samples tested, although not every sample was tested by 

every assay due to limited sample volume. Serum sample information, including 

gender, age, cancer stage, and hormone receptor status, are listed in Appendix Table 

A1.  

Serum Samples 

 

Serum samples were diluted by a factor of four in 1X PBS/ 1% BSA to 

mitigate serum matrix effects, described below in the methods. All of the serum 

samples tested with the LCN2 assay were at concentrations above the range of the 

calibration curve or at high concentrations that saturated the detector in the 

instrument. HIF1Ŭ assays had the opposite trend, where the signal recovered from 

serum was equivalent to that of background seen in the calibration curve. Typically, 
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this lack of signal would indicate protein concentrations below the limit of 

detection, but this finding does not agree with values found in the literature, where 

normal, healthy patients display a detectable baseline level of HIF1Ŭ.14, 15 The 

sample buffer (1X PBS/ 1% BSA) used in this assay will  have to be adjusted in 

order to mitigate matrix effects. Adjustments to these diluents would include 

changing the protein content, adding animal serum, adding surfactants, and 

changing the salt concentration. Serum sample volumes were limited, so the same 

samples could not be re-tested under optimized conditions. Alternatively, the 

antibodies and protein standard used in this assay may not accurately represent the 

endogenous protein present in the serum (i.e. the protein could be truncated or 

folded in such a way that the antibodies cannot bind their epitopes). In this case, 

the assay reagents would have to be changed completely.  The serum data for the 

HIF1Ŭ assay are shown in Appendix Table A2.  

Protein Expression by Breast Cancer Stage 

 

CYR61, CA 19-9, and CA 15-3 were all measured in healthy and breast 

cancer serum at detectable levels. CA 15-3, previously described in Chapter 1, was 

developed and assayed by Dr. Stephanie Walter. Figure 3.2 shows box plots of the 

serum data obtained for CYR61, CA19-9, and CA 15-3. Assays were performed in 

4X diluted serum as previously described; the data in the figure accounts for this 

dilution. Early stage samples (Stages I and II) were grouped, while Stage III and IV 

samples were considered ñlate stageò patients. This grouping was primarily based 

whether the tumor was still localized to the breast and surrounding area; Stage III 

and beyond implies the tumor has spread beyond the breast. Sample size for each 
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stage and disease state, as well as the number of samples that measured below the 

detection limit are also denoted below the plots.  

Mann-Whitney statistical analysis was used to assess the difference 

between the two patient groups based on the expression of a single marker.16 

Results showed only CA 15-3 was differentially expressed between healthy and 

breast cancer patients, healthy and late stage, and early stage and late stage groups; 

the p values calculated were 0.0201, 0.0008, and 0.0412 respectively, where p 

<0.05 denotes a significant difference between groups (Figure 3.2.d).  

 
Figure 3.2. Box plots of serum data for (a) CYR61, (b) CA 19-9, and (c) CA 15-3 by stage and 

disease status. Sample size n is listed below each cohort label, and the numbers of samples that 

were not detectable by the assay are listed below the sample size. Serum measurements were 

made using 4X dilutions; the concentrations listed account for this dilution factor. The table 

in (d) lists the Mann-Whitney statistical tests performed for each marker, comparing different 

stages and disease states. A p value below 0.05 indicates a significant difference between the 

two populations at a 95% confidence level (highlighted in red). 

 

 

 




























































































