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 Ovarian cancer is a high mortality disease where early stage detection may have 

significant survival benefits. Promising next-generation non-invasive, biomarker-based 

screening modalities involve longitudinal monitoring of serum biomarkers and multi-

marker panel detection. Here, rapid, sensitive, precise and multiplexable diagnostic 

platforms can facilitate biomarker validation along with early detection and screening, 

and this work attempts to exploit the programmable bio-nano-chip (p-BNC) 

immunosensor to address these specific translational needs in ovarian cancer.  

 First, the p-BNC was adapted for Cancer Antigen 125 (CA125) quantitation, the 

current FDA standard, with prominent implications in novel early detection and screening 

modalities. Antibody pairs binding to distinct epitopes on CA125 were identified and the 

p-BNC operating variables (incubation times, flow rates and reagent concentrations) were 

attuned to deliver optimal analytical performance (inter- and intra-assay precision of 
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1.2% and 1.9% and Limit-of-Detection (LOD) 1.0 U/mL), competitive with current gold 

standards, but with a short analysis time of 43 minutes. Further validation of the system 

with advanced stage patient sera (n=20) demonstrated good correlation with ‘gold 

standard’ ELISA (R
2 

= 0.97).  

 Next, the p-BNC was adapted for concomitant analysis of CA125 and Human 

Epididymis Protein 4 (HE4), a novel multiplexed biomarker panel for early detection and 

screening. The HE4 immunoassay was developed to perform optimally with the 'rate 

determining' CA125 assay. Cross-reactivity analysis demonstrated high specificity 

multiplexing. The dose-response curves for the multiplexed CA125 and HE4 

immunoassays were congruous with their singleplex counterparts with respective LODs 

of 0.51 U/mL and 4.18 pM and a total analysis time of 44 minutes. A small pilot scale 

clinical study was conducted to discriminate between surgically confirmed patient sera 

(n=8) and corresponding age-matched healthy controls (n=8)  utilizing the multiplexed p-

BNC, interpreted with a risk of ovarian malignancy algorithm. Successful discrimination 

was achieved between the groups with Receiver Operating Characteristic (ROC) curve  

AUC (Area Under the Curve) values of 1.00, 0.984 and 1.00 respectively for CA125,  

HE4 and the composite marker combination. 

  Taken together, the analytical and clinical performance, multiplexing capabilities 

and the short turn-around times on the p-BNC offer methodological advancements over 

current gold standard techniques, indicating strong promise for ovarian cancer 

diagnostics.  
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Chapter 1: Early Detection of Ovarian Cancer: Challenges,  Strategies 

and Programmable Bio-Nano-Chip Solution 

 

1.1 THESIS OVERVIEW 

 

 This dissertation focuses on utilizing the miniaturized programmable bio-nano-

chip (p-BNC) immunoanalyzer to address specific translational needs for early detection 

and screening of ovarian cancer. Here, clearly aligned with promising biomarker research 

and the clinical needs of the ovarian cancer research community, the p-BNC is presented 

as a diagnostic solution for longitudinal and multiplexed biomarker monitoring for early 

detection and screening of ovarian cancer.  Multiplexed diagnostic systems capable of 

high precision, low sensitivity monitoring of multiple biomarkers with little or no cross 

reactivity in complex biological media to yield quality diagnostic information with rapid 

analysis times (as achieved in this study), can not only aid multiplex biomarker 

validation, but can also eventually serve as diagnostic platforms for early detection and 

screening of diseases at the point-of-care (POC).  

 This introduction will detail the motivation to develop a p-BNC based solution for 

early detection and screening of ovarian cancer and will include elaboration on 

terminology that will be consistently utilized through this thesis. It will address the need 

and the challenges associated with developing diagnostics for this disease. Particular 

attention will be paid to promising biomarker discoveries and novel detection modalities 

in this area in order to  understand the approach adopted in this thesis and to address the 

eventual intended use for such a system.   This chapter will further detail the need, 

advantages and various components necessary to complete a point-of-care diagnostic 
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solution for cancer in general and the specific aspect of this burgeoning field that this 

thesis intends to address along with a brief summary of the p-BNC immunoanalyzer. 

Finally, a brief summary of the contents of the following chapters will acquaint the reader 

to the various objectives achieved, detailed in Chapters 2 through 4 in the pathway to a 

complete diagnostic tool towards early detection and screening of ovarian cancer. 

1.2 MOTIVATION AND PROBLEM STATEMENT  

 In 2010, approximately 21,880 women will be diagnosed with ovarian cancer in 

the United States and 13,850 women will die from this disease.
4
 Although 90% of 

ovarian cancers can be treated at stage I with the currently existing surgical and 

chemotherapeutic regimens,
8
 only 25% of ovarian cancers are detected at this treatable 

stage
5
 due to the non-specific ‘silent’ symptoms and the lack of effective screening 

procedures.
9
 No single screening test exists currently for recommended  use in the 

general population, underscoring the need for novel early detection and screening 

methods.
10

  The urgent need for novel diagnostic systems that can lead to potential 

survival benefits is the one of the dominant motivating factors behind the work presented 

in this thesis. 

 From a clinical perspective, the inaccessibility of the ovaries for screening has 

generated extensive interest in relatively non-invasive serum biomarker based 

methodologies for first line screens. Here, two distinct approaches are being investigated 

incorporating longitudinal monitoring of biomarkers (CA125)
11

 and  multi-marker panel 

screening.
12, 13

 The POC implementation of these biomarker-based early detection 

methodologies may potentially benefit patient care through increased access to rapid, 

low-cost, large-scale population screening. Motivated by promising research, such 
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diagnostic platforms designed for ovarian cancer should entail multiplexability, high 

quality analytical performance (precision and sensitivity) and sample economy. 

 Microfluidic immunoanalyzer platforms have the potential to aid as diagnostic 

solutions at the POC for applications in cancer detection and screening, due to their 

inherent advantages of low cost, sample and reagent economy, increased sensitivity, rapid 

analysis times, portability, automation and ease of operation by non-expert users.
14-17

 

Here, building up on previous work,
18, 19

 these attributes of the p-BNC have been 

optimized to specific clinical and analytical requirements to benefit early detection and 

screening of ovarian cancer, concurrent with promising biomarker research. 

1.3 OVARIAN CANCER: HISTOLOGICAL CLASSIFICATION
20

  

 The term 'ovarian cancer' refers to a highly heterogeneous group of diseases with 

a wide range of histological features that have been utilized to classify the tumors. The 

tumor classification as suggested by the World Health Organization is based on the 

cellular origin of the tumor, namely the coelomic surface epithelial cells, germ cells and 

mesenchymal cells of the stroma and the sex cord. Epithelial tumors form the majority of 

ovarian tumors and are further sub-classified  into serous, mucinous, endometrioid, clear 

cell, transitional cell, mixed epithelial and other tumors with further sub-classifications.  

 The majority of malignant ovarian neoplasms are of the epithelial origin and the 

term 'ovarian cancer' in this thesis will collectively refer to and encompass all  

histological subtypes of epithelial ovarian tumors unless otherwise specified. 

1.4 OVARIAN CANCER: FIGO STAGING
21

 

 The staging of cancer helps the clinician determine the course of treatment and 

the chances of patient prognosis. Additionally, a common staging system permits 
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seamless communication between various clinicians involved. Often, the tumor, node, 

metastasis  (TNM) system is utilized to stage cancer. Here, T designates the size and 

location of the tumor, N designates lymph node involvement and spread and M designats 

metastasis to other parts of the body. Within these, sub-classifications exist to assign 

more detail to the nature of the tumor. Additionally, grading may be assigned to indicate 

the differentiation of cells within the tumor, where a well-differentiated grade will have 

better prognosis compared to poor differentiation. Utilizing the TNM system, the 

clinician may further assign the stages from I through IV based on a combination of 

TNM staging. This system is proposed for ovarian cancer through the American Joint 

Committee on Cancer at Chicago, Illinois.  

 However, the mainstay for ovarian and other gynaecological cancers has been the 

use of the Federation of Gynaecology and Obstetrics (FIGO) system and will be the 

system used consistently in this thesis. The staging as per FIGO nomenclature is as 

follows
21

 and schematically illustrated in Figure 1-1. 
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Figure 1-1. Schematic illustration portraying stages I-IV of ovarian cancer along with the 

subclassifications as proposed by the FIGO system. (Reprinted with permission from 

CancerHelp UK, the patient information website of Cancer Research UK: 

www.cancerhelp.org.uk  copyright 2010.) 

 

Stage I  Growth limited to the ovaries. 

 Ia Growth limited to one ovary, no ascites present containing malignant cells. 

  No tumor on the external surface; capsule intact. 
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 Ib Growth limited to both ovaries: no ascites present containing malignant  

  cells. No tumor on the external surfaces; capsules intact. 

 Ic Tumor either stage Ia or Ib, but with tumor on the surface of one or both  

  ovaries, or with capsule ruptured, or with ascites present containing  

  malignant cells, or with positive peritoneal washings. 

Stage II Growth involving one or both ovaries with pelvic extension. 

 IIa Extension and/or metastases to the uterus and/or fallopian tubes. 

 IIb Extension to other pelvic tissues. 

 IIc Tumor either stage IIa or IIb, but with tumor on the surface of one or both  

  ovaries, or with capsule ruptured, or with capsule(s) ruptured, or with  

  ascites present containing malignant cells, or with positive peritoneal  

  washings. 

Stage III Tumor involving one or both ovaries with histologically-confirmed 

peritoneal implants outside the pelvis and/or positive retroperitoneal or inguinal 

nodes. Superficial liver metastases equals stage III. Tumor is limited to the true 

pelvis, but with histologically-proven malignant extension to small bowel or 

omentum. 

 IIIa Tumor grossly limited to the true pelvis, with negative nodes, but with  

  histologically confirmed microscopic seeding of abdominal peritoneal  

  surfaces, or histologic proven extension to small bowel or mesentry. 

 IIIb Tumor of one or both ovaries with histologically-confirmed implants,  

  peritoneal metastasis of abdominal peritoneal surfaces, none exceeding 2  

  cm in diameter: nodes are negative. 
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 IIIc Peritoneal metastasis beyond the pelvis >2 cm in diameter and/or positive  

  retroperitoneal or linguinal nodes.  

Stage IV Growth involving one or both ovaries with distant metastases. If 

pleural effusion is present, there must be positive cytology to allot a case to Stage IV. 

Parenchymal liver metastasis equals Stage IV. 

1.5 OVARIAN CANCER: DISEASE STATISTICS AND THE EARLY 

DETECTION PROBLEM 

1.5.1 Ovarian cancer disease statistics 

 Ovarian cancer is a deadly gynaecological malignancy afflicting women in 

developed countries. In 2010, an estimated 21,880 women were diagnosed with ovarian 

cancer in the United States and 13,850 women died from this disease.
4
 Although 90% of 

ovarian cancers can be treated at stage I with the currently existing surgical and 

chemotherapeutic regimens,
8
 only 25% of ovarian cancers are detected at this treatable 

stage.
5
 However, when the disease is presented at an advanced stage, the survival rate is 

as low as 30%.
22

 Ovarian cancer is associated with a variety of non-specific 'silent' 

symptoms such as abdominal pain, bloating, gastrointestinal disorders and abdominal 

swelling contributing to a late stage presentation at diagnosis.
22

 Further, no effective 

screening procedures exist currently to permit early stage detection in order to realize the 

associated survival benefits.
9
 The distribution of various stages at diagnosis and the 

subsequent impact on survival rate at those stages for all races
4
 have been depicted 

graphically in Figure 1-2. These potential survival benefits that can be realized with early 

detection is the primary motivation towards developing diagnostic methods for this 

disease.  
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Figure 1-2. Graphical data illustrating distribution of various stages at diagnosis (B) and 

the corresponding survival rates at those stages (A) for various races. Early detection is 

the key to improving survival rates as inferred from this data.
4
  

 

1.5.2  Biological requirements for early detection and screening 

 The nature of the disease should be suitable to early detection and screening in 

order to delve into appropriate diagnostic methods and these arise from the biology of the 

disease itself. Such biological requirements for the disease under consideration include 

the following:
22

  

 The tumor should be of a unifocal and clonal origin from the ovary rather than the 

peritoneum 

 There should be clear lesions in stage I that progress on to metastatic disease 

 The disease should be localized in the ovary (Stage I) for sufficient enough time 

to permit efficient and cost-effective screening for ovarian cancer. 

 Experimental evidence suggests that most sporadic cancers, which comprise the 

majority of ovarian cancers, are clonal in origin.
23, 24

 While epithelial cancers arising 

from the rete ovarii
25

 and fallopian tubes
26

  have been reported, similar gene expression 

patterns between early and late stage ovarian cancer suggest progression from stage I to 
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metastatic disease.
27

 Additionally, a longitudinal change point model applied to levels of 

CA125 suggests a preclinical duration of 1.9± 0.4 years for ovarian cancer indicating 

feasibility of effective annual screening.
28

 Taken together, experimental evidence 

suggests that the primary biological requirements for developing a diagnostic test for 

ovarian cancer may be satisfied. 

1.5.3  Epidemiological requirements for early detection and screening 

 Ovarian cancer is a particularly unique disease in that - it is neither common nor 

is it rare.
29

 In fact, the prevalence of ovarian cancer (1 in 2500 postmenopausal women) 

is rather low, making it a particularly challenging disease in terms of the diagnostic 

performance required.
22

 (The terms used to describe the diagnostic performance of 

biomarkers and diagnostic tests are outlined in Figure 1-3). 
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Figure 1-3. Terms utilized to describe diagnostic performance. Here, the terms TP, FP, 

FN and TN stand for True Positive, False Positive, False Negative and True Negative 

respectively. The sensitivity, specificity, positive predictive value and negative predictive 

value utilizing these terms are defined below.  

 

 In simplified terms, for an ovarian cancer screening test, it is more important for 

the screening test to rule out disease free individuals while screening in the normal 

population, compared to identifying diseased individuals.  In fact, an extremely high 

specificity (99.6%) and relatively high sensitivity (> 75%) are required to achieve a  

minimum Positive Predictive Value (PPV) of 10%.
5
 Here, 10% PPV translates into 10 

laparotomies (i.e., operations) per case of ovarian cancer detected and was chosen by 
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gynecologists to be a reasonable PPV for a new screening test.
30

  While the 10% PPV 

may seem quite high and arbitrary, it has still been an elusive goal for this disease to 

achieve for any screening test. Currently, no single screening test exists that satisfies even 

the minimum required criteria, underscoring the need for novel early detection and 

screening methods.
10

 In summary, the diagnostic criteria based on epidemiological 

requirements for ovarian cancer are as follows: 

 extremely high specificity (99.6%) 

 high sensitivity (>75%) 

 positive predictive value ≥ 10% 

1.6 CURRENT DIAGNOSTIC METHODS AND DEFICIENCIES 

 As specified above, there currently is no approved test for ovarian cancer 

screening in the general population. However, for patients presenting with suspected 

pelvic masses, diagnosis of ovarian cancer is realized by pelvic examination, transvaginal 

sonography (TVS) and serum-based CA125 biomarker tests leading to an exploratory or 

diagnostic laparoscopy.
9
 

1.6.1 Transvaginal Sonography 

 The TVS method provides a precise image of the ovary
8
 and has replaced 

transabdominal sonography for ovarian cancer. While PPVs in the most promising 

studies have been reported to be close to 10%,
31

 prohibitively high costs for 

implementation have precluded its utility as a first line screen.
32

  

1.6.2 Cancer Antigen 125 (CA125) 

The biomarker CA125 is a heavily glycosylated high molecular weight protein 

encoded by the MUC16 gene
33

 which has been hypothesized to play a role in contact and 
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adhesion for metastizing epithelial ovarian cancer cells.
34

 The extracellular domain shed 

in serum from the surface of the ovarian cancer cells following cytoplasmic 

phosphorylation and proteolytic cleavage
6
 has been found to be elevated in greater than  

90% of advanced stage carcinomas.
35

 Hence, serum CA125 has been extensively utilized 

in advanced stage disease management and has been FDA approved for recurrent disease 

detection and monitoring chemotherapy response.
36

 Additionally, CA125 is expressed by 

over 80% of ovarian cancers at the tissue level with variations based on histological 

subtype.
37

 

However, CA125 is elevated in only 50-60% of early stage cancers.
38

 Moreover, 

in premenopausal women, CA125 values may also increase in menstruation, first 

trimester pregnancy, endometriosis, adenomyosis and salpingitis.
22

  Among both pre- and 

post-menopausal women, false positives are observed for a variety of non-malignant 

gynecological and physiological conditions such as benign ovarian cysts and tumors, 

uterine fibroids or by inflammation of the pleura, peritoneum or pericardium.
39

 

Additionally, CA125 is elevated in other cancers such as breast and lung cancer.
40

 Hence, 

CA125 alone is not a recommended marker for early detection of ovarian cancer. 

1.7 NEW AVENUES IN EARLY DETECTION RESEARCH 

 The inaccessibility of the ovaries for screening has generated extensive interest in 

relatively non-invasive serum biomarker based methodologies for first line screens and 

two distinct approaches are being investigated: multi-modal and multi-marker screening. 

1.7.1 Multi-modal screening 

 In order to improve the specificity of CA125 for early detection and screening, 

and to improve the cost-effectiveness of TVS for large-scale screening, these modalities 
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have been proposed to be combined concurrently and sequentially. In multi-modal 

screening,
11

 the patient’s risk for ovarian cancer is stratified by monitoring longitudinal 

values of CA125, interpreted with a Risk of Ovarian Cancer Algorithm (ROCA).
41

 Based 

on assessed risk levels, patients are further triaged for follow-up with CA125, TVS or 

surgery.
42

 In an ongoing, randomized controlled trial of 202,638 women (UKCTOCS), 

multi-modal screening has shown promising PPVs of 43.3%.
43

 Multi-modal screening 

has thus emerged as a promising tool for ovarian cancer. Current studies in the UK are 

focused on gleaning data on patient survival utilizing this technique, necessary before 

large-scale implementation of this promising screening modality. 

 The key to multi-modal screening is the utilization of longitudinal values of 

CA125. The concept of utilizing 'each woman as their own baseline' by longitudinal 

monitoring of biomarkers is illustrated schematically in Figure 1-4. Skates et al. 

monitored values of CA125 over time and observed that CA125 values tend to remain 

stable, even if elevated, for women with no disease or benign disease. However, for 

patients with ovarian cancer, the levels of CA125 were observed to increase over time. 

On this basis, Skates et al., devised an algorithm where linear regression was utilized to 

obtain the slope and intercept of the longitudinal CA125 increase. Utilizing these slopes 

and intercepts obtained for both healthy and diseased patients, Skates et al., were able to 

distinguish between the groups with a PPV of 16%.
41

 Following up on their preliminary 

work, they developed a more sophisticated algorithm utilizing change point analysis in a 

larger clinical cohort in the UK and termed it as the Risk of Ovarian Cancer Algorithm 

(ROCA).
44

 Risk values obtained through this algorithm were far superior in 
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distinguishing between malignant and healthy population than using an arbitrary cut-off 

value for CA125 at 30 U/mL.
41

  

 

Figure 1-4. Conceptual basis for longitudinal monitoring of biomarkers. The solid line 

indicates biomarker cut-off levels. Biomarker levels increasing over a period of time 

indicate disease onset, as opposed to stable albeit higher marker levels. Figure reprinted 

with permission from Springer publishers Ltd., Advances in Experimental Medical 

Biology.
5
 

 

1.7.2 Multi-marker screening 

 Despite the potential of multi-modal screening, 20% of ovarian cancers do not 

express CA125, setting an upper limit to the sensitivity achievable through this modality.
8
 

To overcome this limitation and to address potential deficiencies in current diagnostic 

modalities, a multi-marker approach exploits the heterogeneity of ovarian cancer and 
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hypothesizes that multiple biomarkers taken together as a panel (MMPs) will offer 

improved sensitivity and specificity compared to CA125 alone. 
12, 13

 Such biomarkers 

have been identified with proteomic techniques such as MALDI and SELDI, flow 

cytometric bead-based assay systems
2
 and microarray based technologies.

45-47
 Most 

panels include 3-4 biomarkers and are presented as complementary to CA125.
48

 Several 

show improved sensitivity and specificity compared to CA125 alone.
2, 49, 50

 

 Over the last two decades, several individual biomarkers and biomarker panels 

have been proposed to potentially complement and improve the specificity of CA125 for 

early detection and screening. However, several such biomarker panels reported initially 

provided improved specificity at the cost of unacceptably low sensitivities.
51, 52

 Over the 

last decade, at least 26 other new biomarkers have been proposed, that when combined in 

groups of 3-4, have resulted in more promising biomarker panels with both increased 

sensitivities and specificities.
53

 It is key to note that variations exist in these studies 

between the sample population selected, the groups discriminated (benign versus 

diseased or healthy versus diseased), histological groups studied (serous, mucinous, clear 

cell, endometriod etc), extent of biomarker validation and mathematical tools utilized for 

interpretation. A summary of key biomarker panels and corresponding specificities and 

sensitivities have been tabulated based on research landscape of 2006.
2
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Table 1-1 Summary of multi-marker panels proposed for ovarian cancer detection.
2
 

Multi-marker Panels 
  

 
Sensitivity (%) 

 
Specificity (%) 

CA125, OVX1, LASA, CA 15-3, CA 72-454 90.6 93.2 
 

CA125, OVX1, M-CSF, LASA, CA 15-3, CA 72-4, CA 19-9, CA 
54/6155 

 
94.3 

 
90.9 

 
CA125, CA 72-4, CA 15-3, LASA56 

 
CA125, CA 72-457 

 
CA125, TPS58 

 
CA125, CASA58 

 
79 

 
95 

 
81 

 
88 

 
87.5 

 
95 

 
82 

 
85 

 
CA125, CA 72-4, CA 15-359 

 
66.7 

 
93.1 

 
CA125, CA 72-4, M-CSF60 

 
70 

 
98 

 
CA125, Prostatin61 

 
92 

 
94 

 
CA125, CA 19-9, CEA62 

 
70 

 
98 

 
CA125, IAP63 

 
84 

 

 
CA125, Inhibin64 

 
83.9 

 
100 

 
CA125, IL-6, IL-8, VEGF, EGF65 

 
84 

 
95 

 
CA125, Tetranectin, CASA66 

 
61.7 

 
100 

 
Leptin, Prolactin, Osteopontin, Insulin-like growth factor-II67 

 
CA125, TATI51 

 
CA125, UGP68 

 
CA125, Inhibin69 

 
CA125, Apo A1, Truncated transthyretin, cleavage fragment of 

inter-α-trypsin inhibitor heavy chain H470 

 
95 

 
91 

 
86 

 
95 

 
74 

 
95 

 
65 

 
89 

 
95 

 
97 
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 From the above table, it is key to note, that most biomarker panels incorporate 

CA125 as the primary biomarker and indeed, since the discovery of CA125 and as 

recently as 2011, no single biomarker has demonstrated better performance individually 

compared to CA125 alone.
71

 Considering the 'gold standard' status of CA125 and 

prominent implications in aforementioned multi-modal and multi-marker screening, this 

biomarker was chosen as a 'proof-of-concept' biomarker'  for preliminary work in this 

thesis. Also, since the initiation of this work, the McDevitt group has established 

collaborations with the multiplex biomarker discovery group at MD Anderson Cancer 

Center (MDACC) to incorporate novel biomarkers for early detection of ovarian cancer 

onto the p-BNC platform. The biomarker discovery group at MD Anderson cancer center 

led by Dr. Robert Bast is a part of a large multi-institutional SPORE (Specialized 

Programs of Research Excellence in ovarian cancer) grant effort. This group is one of the 

leading authorities in this area and has extensive experience in biomarker discovery and 

validation. The biomarker panel chosen in this study comprising CA125 and HE4 

(Human Epididymis Protein 4) has resulted from these synergistic efforts and will be 

discussed in rigorous detail in the subsequent chapters. 

 Though not addressed in the content of this thesis, it is important to note that  

non-invasive media such as urine
72

 are being explored and have shown promise for early 

detection of ovarian cancer. Additionally, mathematical tools such as artificial neural 

networks, logistic regression, classification tree and mixed discriminant analysis are 

being explored for assessing multiplexed biomarker panels.
8
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1.8 DIAGNOSTIC PLATFORMS FOR EARLY DETECTION AND SCREENING 

OF OVARIAN CANCER 

1.8.1 POC diagnostic platforms for early detection of ovarian cancer 

 Point-of-care (POC implementation of aforementioned biomarker-based early 

detection methodologies may potentially benefit patient care through increased access to 

rapid, low-cost, large-scale population screening. Diagnostic platforms amenable to POC 

offer inherent advantages of rapid analysis times, automation, reduced cost for diagnostic 

testing and hence accessibility on a large scale.
73

 Thus, POC platforms are capable of 

providing complex molecular signature state-of-the-art analysis, without a state of the art 

laboratory.
73

 Early intervention through screening may additionally lead to survival 

benefits for ovarian cancer patients with currently existing chemotherapeutic regimens as 

described earlier. Such low cost options may be particularly attractive to health insurance 

providers.
49

 Further, rapid analysis times may confer reduced patient anxiety and 

discomfort.
74

  

1.8.2 Requirements for POC diagnostic platforms for ovarian cancer 

 Motivated by promising research, such diagnostic platforms attuned for ovarian 

cancer should entail multiplexability, high quality analytical performance (precision and 

sensitivity) and sample economy.  

 Multiplexability and sample economy are crucial for validation of MMPs 

discovered by proteomic techniques with limited supply of phase III preclinical samples 

46, 75
 Such phase III clinical samples are derived through long term repositories such as 

the Carotene and Retinol Efficacy trial, the Women's Health Initiative and the Prostate, 

Lung, Colon and Ovary Cancer Screening Trial. These 'preclinical' samples entail blood 
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samples collected from patients, several years prior to conventional diagnosis.
76

 Such 

samples are crucial in validating novel biomarkers and to establish marker lead times. 

These samples are relatively scarce and highly valuable, necessitating well-justified and 

optimized utilization for discovering novel biomarkers. Here, multiplexed and sample 

efficient platforms can ensure efficient utility of these critical biomarker discovery 

resources.
76

 Further, longitudinal monitoring of CA125 and other biomarker levels 

necessitate high precision to discern biological variations unconfounded by analytical 

variations of the system.
77

 Additionally, upregulated biomarkers present in early and 

preclinical stages are present at much lower concentrations than at advanced stages, 

necessitating low LODs.
77

  

 Finally, rapid analysis times will permit immediate access to TVS, when required 

and minimize follow-up visits. A multi-functional, multiplexable diagnostic platform that 

can be utilized for assay development, prevalidation and standardization, and in turn can 

function as the end-point diagnostic will significantly reduce residence time in the 

‘diagnostic pipeline paradigm’ enabling speedier translation of biomarkers from 

discovery to diagnostics.
49

 These requirements established by promising research 

advances in ovarian cancer are summarized in the schematic illustration below and 

should form the basis for any novel diagnostic platform designated for this disease. 
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Figure 1-5. Schematic illustration depicting the various requirements for developing a 

POC diagnostic platform attuned for ovarian cancer consistent with the research needs of 

the ovarian cancer community. 

 

 1.8.3 The microfluidic advantage 

Current ‘gold standard’ methodologies such as ELISA are dependent on 

centralized laboratory infrastructure and have typical turnaround times on the order of 24-

48 hours.
78

 Further, the single marker at a time ‘dip-stick’ approach and the need for 

trained personnel are inconducive for multiplexing and POC implementation.
78, 79

 While 

flow cytometric bead-based approaches (Luminex
®
)  tackle the issue of multiplexing and 

have served well for biomarker discovery, other technological constraints restrained by 

lab infrastructure remain similar.
3
 Microfluidic immunoanalyzer platforms have been 

proposed for POC applications in cancer detection and screening due to their inherent 

advantages of low cost, sample and reagent economy, increased sensitivity, rapid analysis 

Ovarian 
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times, portability, automation and ease of operation by non-expert users. 
14-17

 However, 

these attributes have not been optimized to the specific clinical and analytical 

requirements to benefit early detection and screening of ovarian cancer.  

1.8.4 Challenges in microfluidic solutions for POC cancer diagnostics 

 Despite the promise of low cost, rapid analysis, smaller sample volumes and POC 

amenability offered by microfluidics, the broad scale release of medical microdevices has 

yet to occur.
80,81

 Though one such promising application  is 'point-of-care' diagnostics for 

cancer, the current market for cancer diagnostics is dominated by bench-top, laboratory 

infrastructure based immunoanalyzers, the current gold standards.
81, 82

 Here, the uptake 

and response to such new technologies will require establishing analytical superiority, 

robustness and methodological advancements of the novel method in relevant biological 

media.
83

 Beyond these factors, well-designed and extensive clinical trials permitting 

clinical validation of such systems proposed for Invitro Diagnostics (IVD) will expedite 

adoption by the clinical community.
83, 84

 

 The multi-disciplinary nature of microfluidics for clinical applications demands 

synergy between advances in biomarker discovery along with microfluidic advances.
73

  

Unfortunately, technology maturation has not coincided with advancements in biomarker 

discovery intended for the specific disease under consideration. Here, microfluidic 

technologies have to be tailored to the 'disease-specific' analytical and clinical needs to 

aid rapid adoption.
85

 Translational science is an emerging area that attempts to bridge this 

gap, by addressing problems that originate at the clinic with novel advances in diagnostic 

platforms, so as to benefit the patient immediately.
84

 Despite such attempts to promote 

good communication between the medical and diagnostic communities, biomarker 
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discoveries may not translate into diagnostics right away.
85

 Biomarker utility in itself 

needs to be individually validated and approved by authorities such as the Food and Drug 

Administration along with recommendations from the National Cancer Institute and 

American Society of Clinical Oncology, prior to placement on a diagnostic platform for 

approval by the FDA as an invitro diagnostic, posing additional challenges and leading to 

a 'catch 22' situation in terms of developing biomarker based diagnostics for cancer.
85

 

 Frequently, microfluidic systems reported for POC applications involve a 

disposable component for biological fluid analysis along with an associated miniaturized 

'analyzer' containing optical, mechanical and electronic components to facilitate 

biomarker analysis.
86

 Though akin to resource poor settings, an instrument-free setup 

would be preferred, superior optical detection needed for highly sensitive and quantitative 

analysis of cancer biomarkers, demand miniaturized scaled instrumentation to 

supplement the disposable microfluidic component and to alleviate reliance on 

centralized laboratory infrastructure and supplies.
87

 Co-development of such scaled  

instrumentation  has hampered implementation of high performance microfluidic devices 

at the POC.
88

 Additionally, the disposable microfluidic component intended for POC 

analysis should be capable of integrating various processes following sample input.
87

 

Here, the goal is to minimize user interaction following sample input and microfluidic 

systems with a closed architecture permitting ease and simplicity of usage are needed.
89

 

Moreover, processes requiring laboratory infrastructure for sample and fluid handling 

such as sample processing, metering, homogenization, microbubble elimination, debris 

removal, buffer and reagent storage and waste handling need to be fully integrated on-

board to realize a true 'lab-on-a-chip' system.
78, 89

 Additional challenges in realizing POC 
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diagnostics for cancer include identification of  reliable sources of non-antibody based 

high affinity ligands and sensitivity transduction methodologies such as quantum dots.
78

 

For large scale implementation, additional considerations include manufacturability and 

cost-reduction of disposable component and associated instrumentation.
73

 

 Though it is beyond the scope of this dissertation to address all the microfluidic 

requirements for POC diagnostics for cancer to come into foray, concerted efforts in the 

McDevitt laboratory spanning these arenas will complement the subject matter in this 

dissertation towards developing POC diagnostics for ovarian cancer (Figure 1-6). 

 

Figure 1-6. Schematic illustration depicting the various components involved in realizing 

POC diagnostics for cancer. 
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1.9 THE p-BNC SOLUTION AND BACKGROUND 

In this work, we seek to bridge the gap between advances enabled by microfluidic 

technologies for cancer diagnostics and recent advancements in ovarian cancer early 

detection biomarker research. Here, the programmable bio-nano-chip (p-BNC) developed 

by the McDevitt laboratory is a highly sensitive, multiplexable, POC amenable platform 

consistent with aforementioned requirements set forth for the next generation of ovarian 

cancer diagnostic devices for utility at the POC. The miniaturized p-BNC immunosensor 

solution
18, 19

 presented here synergizes elements from microfluidics, clinical chemistry, 

image analysis and biomarker discovery to create a biomarker quantitation approach with 

a small device footprint.  

Inspired by the 'taste buds' from nature and techniques for miniaturization 

pioneered by the microelectronics industry, sustained efforts by the McDevitt group and 

collaborators have led to a firm technological base for the analytical core of the p-BNC 

platform.
90

 Two approaches, with one utilizing a membrane core for cellular analysis and 

another bead-based core for soluble analytes were developed. In the 'cellular processing 

unit' a size-selective membrane enables capture, labelling and assessment of cellular and 

cytoplasmic moieties.
91

 The 'cellular processing unit' has been demonstrated for cell 

enrichment, processing, labelling, imaging and counting applications leading to 

translational achievements in the areas of oral cancer, HIV immune function monitoring 

and bio-warfare.
92-95

 In the bead-based core of the p-BNC, fluorescence-based 

immunological reactions for quantifying analytes in complex matrices (Bio) are 

performed on the nano-nets (Nano) of agarose microbeads positioned in a silicon chip 

(Chip), housed in a microfluidic fluid delivery module, with multiplexing permitted by 
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spatial identification.
96, 97

 The microfluidic module permits optical access enabling 

fluorescence-based detection with a microscope and fluid delivery with a peristaltic 

pump.
98

 The bead-based core has been demonstrated for rapid, sensitive analysis of 

biomarkers in complex media, with specific applications in cardiac risk assessment and 

periodontitis. Additionally, the p-BNC has shown applicability in a host of complex 

biological media such as serum, saliva and biopsy suspensions.
18

 High quality analytical 

performance with rapid assay times have been reported, permitted by the high surface 

area and capture efficiency of the 3D agarose nano-fibers compared to the traditional 2D 

platforms.
99

 Despite excellent performance metrics and applicability for a wide-class of 

analytes, these systems have been restricted to being 'chips-in-the-lab' due to reliance on 

external microscopes and pumps. 

However, recent efforts in xurography based prototyping, micromachining and 

sustained commercialization efforts over the last decade have led to POC amenable 

prototypes of the p-BNC. The completely integrated p-BNC (Figure 1-7) is composed of 

modular sub-assemblies, built around a micromachined stainless steel bead holder chip, 

housing the programmable agarose microbead 'immunoanalyzer' core, sandwiched in a 

stacked multilayered laminate microfluidic card, that integrates various on-card fluid 

handling processes, along with a sample input port and reagent containing blister packs.  

The microfluidic card is rapid prototyped utilizing multiple stacked layers of laminates  

and double sided adhesive, readily available cost-effect materials, utilizing xurographic 

parallel layering methods. The completely integrated p-BNC has a credit-card sized 

footprint featuring notches and grooves designed to interface with a custom analyzer 

(LabNow, Austin, TX, USA) developed through a translational partner (Figure 1-7). 
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Following sample input, the internal microfluidic circuitry contains an in-line sample 

filter to eliminate debris, an on-card sample loop with an overflow chamber for precision 

sample metering, an in-channel glass fiber pad to deposit dried reagents, affixed blister 

packs containing sterile buffer, an in-line staggered herringbone micromixer (SHM) for 

uniform reagent delivery, selectively permeable membranes for priming and eliminating 

bubbles and an on-card waste chamber for biohazard containment. These reagent 

preparation, metering, mixing, analysis and venting channels are housed on various layers 

of the stacked card. Following sample input and insertion of the microfluidic card on to 

the analyzer, miniaturized stepper motors crush and release reagents from the blister 

packs for immunoassay completion. Miniaturized LED based optics and a camera enable 

quantitative optical analysis, eliminating the need for external pumps and microscope 

optics necessary for the research grade system.  

Building up on the previously established technological core and supplemented by 

recent advances to mobilize such systems to the POC, this work focuses on adapting this 

technology for specific applications in ovarian cancer diagnostics. 

1.10 SUMMARY AND DISSERTATION OVERVIEW 

This dissertation seeks to address the unmet clinical need for early detection and 

screening diagnostic platforms for ovarian cancer by combining current advances in 

microfluidic platforms along with recent biomarker discoveries for ovarian cancer to 

provide rapid, sensitive, multiplexed and specific quantitative measurements of 

biomarkers to generate clinically pertinent information to aid diagnosis and management 

of this high morbidity disease. As detailed above, given the potential survival benefits 

that can be realized with the early detection and screening for ovarian cancer and the 
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advances in the areas of multi-modal and multi-marker screening for ovarian cancer, 

concurrent developments in microfluidic diagnostic platforms capable of rapid, 

multiplexed analysis of biomarkers have not been tapped to address the specific 

analytical and clinical needs for ovarian cancer early detection research. This gap reflects 

the 'disconnect' between the clinical and microfluidic communities and this thesis focuses 

on addressing this translational research area with specific diagnostic solutions for 

ovarian cancer.  

Multiplexed immunoassay platforms are a novel class of analytical measurement 

systems intended for use in clinical applications. Here, performance and analytical 

validation of such systems to derive useful clinical measurements is confounded by 

factors resulting from incorporation of multiple reagents, and challenges imposed by co-

incubation of multiple analytes in a microfluidic system. It is necessary to adapt such 

systems to deliver analytical performance suited for disease-specific requirements, in a 

short amount of time, conducive for POC analysis (< 1 hr). Here, it is critical to select 

antibody reagents based on biomarker epitope topography, to maximize analyte capture 

efficacy.  Additionally, microfluidic system operation is governed by variables, different 

from conventional bench-top immunoanalyzers. Exploring influence of these variables on 

the efficiency of biomarker sequestration and capture, and consequently system 

performance is important for developing high performance systems. It is essential to 

define analytical goals to qualify system performance, in order to derive optimal 

microfluidic system conditions suitable for clinical applications. The extrapolatability and 

suitability of such systems in clinically relevant media, along with comparison to 

laboratory reference standards are important steps in the path to clinical applications.  
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Additionally, multiplexing may lead to non-ideal intermolecular interactions along with 

the specific molecular interactions necessary for analyte quantification. Here, the 

consequence of these non-ideal interactions upon multiplexing on analytical performance 

metrics have to be explored, and technical and operational constraints from multiplexing 

under flow overcome, prior to clinical implementation.  It is interesting to note that, the 

FDA has no guidance document for validation of IVDs, based on multiplexed 

immunoassay based platforms, and it is an evolving area of clinical and analytical 

science. Beyond analytical validation, quantitative measurements of biomarkers derived 

from multiplexed microfluidic systems should correspond to disease-specific states, 

ascertained by carefully designed clinical studies. Finally, robust algorithms will permit 

quantitative information generated from such systems to derive disease-pertinent 

information. In the path to achieving diagnostic solutions for ovarian cancer, this thesis 

attempts to address these specific scientific challenges. 

 

 

Figure 1-7. Schematic illustration depicting the ultimate intended use of p-BNC based 

diagnostics for early detection and screening of ovarian cancer at the POC. 
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The ultimate vision for  the ground work laid in this dissertation is to utilize a 

finger-stick sample to provide rapid single or multi-marker molecular signature readouts 

at the POC, in conjunction with current imaging strategies such as TVS for early 

detection of ovarian cancer (Figure 1-7). Though it is beyond the scope of this 

dissertation to address and develop all the components necessitated for POC 

implementation of ovarian cancer diagnostics, this dissertation will seek to address the 

following questions in particular: 

 What are suitable biomarkers and biomarker panels pertinent in early detection 

and screening of ovarian cancer? 

 What are the analytical performance metrics required for early detection 

biomarkers? 

 How can topographical information regarding epitopes on the biomarker of 

interest be utilized to select antibodies for immunoassay development? 

 What are the variables affecting the performance of the p-BNC and how can they 

be optimized to arrive at analytical performance metrics suited for CA125, the 

ovarian cancer gold-standard biomarker? 

 Are analytical performance metrics of miniaturized immunoanalyzer systems 

comparable to commercial 'gold standard' bench top systems? 

 Is the system suitable for analysis of real patient samples and are there 

performance advantages to utilizing the miniaturized system? 

 Are biomarkers discovered on flow-cytometric bead-based multiplexed 

immunoassay systems translatable to the p-BNC? 
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 How can multiple biomarkers be assayed and combined concomitantly following 

optimization of immunosensor variables for one analyte? 

 How can cross-reactivities resulting from various components of a multiplex 

immunoassay ensemble be delineated and ruled out individually? 

 What are the additional variables needed to be optimized following multi-marker 

incorporation on the p-BNC? 

 What is the effect of multiplexing on analytical performance of individual 

singleplex assays on the p-BNC? 

 Is the resultant p-BNC suitable for multiplexing clinically pertinent ovarian 

cancer biomarkers? 

 Is the multiplexed p-BNC capable of distinguishing ovarian cancer patients from 

age-matched healthy controls? 

 Are the relative biomarker combinations capable of delivering quantitative 

information comparable to previously reported studies? 

 Does the diagnostic performance of the multi-marker combination on the p-BNC 

match the expected performance of the biomarker combination using traditional 

methods? 

 Does the performance of the multiplexed p-BNC show suitability for early 

detection and screening? 

 Chapter 2 details the adaptation of the p-BNC for quantitation of Cancer Antigen 

125 (CA125), an important biomarker pertinent in multi-modal screening and multi-

marker screening methodologies for early detection and screening of ovarian cancer. 



31 
 

Antibodies spanning various well-characterized epitopes on the molecule were screened 

to understand the influence of epitope-guided matched antibody pair selection on 

biomarker capture in microfluidic systems. The optimal matched pair combination was 

selected on the basis of analytical performance metrics of immunoassay slope, precision 

and linearity. Operational variables affecting the performance of the p-BNC including 

capturing and detecting reagent concentrations, sample and reagent flow rates and 

incubation times were carefully explored to understand their role in the dynamics of 

biomarker sequestration under limited sample volumes and restricted times suited for 

POC analysis. These variables were optimized to deliver high quality analytical 

performance and directly compared with commercial standards for analytical 

performance and turn-around times. Clinical utility of the optimized system was assessed 

with advanced staged ovarian cancer patient samples to demonstrate robust quantitation 

and correlation with current gold standard systems. 

 Chapter 3 entails the selection of the preliminary biomarker multiplex panel 

incorporating CA125 and Human Epididymis Protein 4 (HE4), based on promising 

diagnostic performance reported by our collaborative biomarker discovery group on flow 

cytometric bead-based immunoassay system (xMAP
®
). In order to ensure successful 

translation of biomarkers discovered on the xMAP
®

 platform onto the p-BNC, utilizing 

CA125 as the model biomarker, in-house assays were developed on the xMAP
®

 system 

utilizing identical molecular level moieties. Analytical performance metrics were 

compared between the systems to ascertain suitability of cross-platform translation and to 

place the p-BNC in the context of commercially available multiplex systems. The HE4 

immunoassay was adapted to the p-BNC attuning p-BNC performance variables to 
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deliver optimal performance, with the CA125 immunoassay as the 'rate-limiting step'. 

Comprehensive cross-reactivity analysis, spanning the host of non-ideal interactions 

resulting from the introduction of capturing and detecting antibodies and the individual 

antigens was conducted to demonstrate high specificity multiplexing. High stringency 

wash time optimization was performed to decrease noise resulting from multiplexing 

with minimal increase in total analysis time. Analytical validation of the multiplexed 

immunoassay was completed and compared to the individual singleplex assays. These 

results in turn enable understanding the influence of biomarker capture dynamics and 

cross-reactivity in multiplexed microfluidic systems and to qualify the p-BNC for robust, 

quantitative multiplexed measurements of biomarkers for further clinical validation. 

 Following demonstration of analytical robustness and specificity of the 

multiplexed platform, Chapter 4 explores the clinical utility of the multiplexed p-BNC. 

In a small pilot scale clinical study, ovarian cancer patient sera across various stages 

along with the corresponding age matched negative controls were assessed on the p-

BNC. The individual CA125 and HE4 biomarker concentrations on this system were 

utilized to discriminate between healthy individuals and individuals presented with 

malignant pathology. Additionally, quantitative measurements of biomarker levels were 

compared with results reported by discovery groups. Finally, the diagnostic performance 

of the composite biomarker combination was evaluated using logistic regression based 

algorithms to demonstrate diagnostic performance. 

 This collective body of work lends itself to establishing the ground work for p-

BNC based microfluidic point-of-care diagnostics for invitro diagnostic (IVD) 

applications.  Additionally, this thesis addresses questions pertaining to the role of 
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microfluidic operational parameters, molecular characterization and multiplexing on 

biomarker capture dynamics under a microfluidic environment with limitations imposed 

for POC applications. The p-BNC system explores advantages offered by microfluidic 

systems for biomarker quantitation and places the p-BNC in the context of current gold 

standard systems and commercially available competing multiplex systems. Additionally, 

work presented in this dissertation sets up the framework for robust development, 

optimization and clinical validation of multiplexed immunoassay systems at the POC, a 

novel class of analytical systems for IVD. Finally, preliminary clinical studies on this 

system explore the promise for the utility of the p-BNC towards ovarian cancer 

diagnostics at the POC. Such POC amenable diagnostic systems for early detection of 

ovarian cancer may lead to increased access to low cost, large-scale population screening 

with resultant early intervention and improved survival rates.  
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Chapter 2: Programmable Bio-Nano-Chip Systems for Serum CA125 

Quantification 

 

2.1 CHAPTER OVERVIEW 

 In this chapter, the p-BNC platform is adapted for quantifying serum CA125, a 

biomarker prominently implicated in the multi-modal and multi-marker screening 

strategies for ovarian cancer. Based on the analytical requirements for novel early 

detection and screening systems at the point-of-care, the purpose of this chapter is to 

define optimal operating variables for the CA125 p-BNC.  Pertinent to this objective, 

molecular characterization, possible functions and current assay systems for CA125, are 

discussed.  Following a description of the mini-sensor ensemble, the influence of 

matched antibody pair screening on analyte capture, guided by molecular characterization 

and epitope topology data will be evaluated. Further, the effects of reagent 

concentrations, flow rates and incubation times on biomarker capture and sequestration, 

and the consequent effects on analytical performance will be studied, to derive optimal 

operating conditions. Sera of advanced stage ovarian cancer will be examined with the 

optimized CA125 p-BNC to determine clinical suitability. Method validation and 

analytical performance metrics of the CA125 p-BNC will be compared with current  'gold 

standard' bench-top immunoanalyzers. Comparisons with existing approaches will serve 

to place the new CA125 p-BNC system in context and provide insights into the dynamics 

and efficiency of protein biomarker capture within the confines of microfluidic elements, 

along with establishing its utility for ovarian cancer diagnostics. 
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2.2 INTRODUCTION  

 In the introduction to this chapter, an overview of the current state of knowledge 

in the molecular characterization of CA125 is presented, with details on the epitope 

characterization, pertinent to immunoassay development for the molecule. Possible roles 

for CA125 in tumorigenesis are also discussed along with the importance in early 

detection and screening for ovarian cancer. An overview of the current commercial 

immunoassay systems and their analytical performance is also summarized along with a 

synopsis of analytical performance metrics needed for early detection diagnostic systems 

for CA125. 

2.3 CA125: SIGNIFICANCE IN EARLY DETECTION AND SCREENING 

The biomarker CA125 is a heavily glycosylated high molecular weight protein 

encoded by the MUC16 gene located on 19q13.2 chromosome.
33

 Considering the 'gold 

standard' status of CA125 and prominent implications in multi-modal and multi-marker 

screening strategies for early detection and screening of ovarian cancer,  this biomarker 

was chosen as the 'proof-of-concept biomarker'  for work presented in this chapter. 

2.4 CA125: MOLECULAR CHARACTERIZATION 

 Though the clinical utility of CA125 has been well-established over the past few 

decades, since its original discovery by Bast et al in 1981, relatively little is known about 

the function of the molecule.
100

 Initial molecular characterization studies of this molecule 

were controversial with various biochemical studies pointing to CA125 as a protein, 

mucin, carbohydrate or a membrane associated glycoprotein.
100

 Difficulties in 

characterization of CA125 through direct amino acid sequencing has resulted from the 

size and extensive glycosylation of the molecule.
100

 This molecular and structural 
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characterization information is clearly required to understand its normal biological role 

and aberrant expression in cancer. 

2.4.1 Epitope mapping 

 The epitope mapping on CA125, in contrast to the molecular characterization, has 

been well studied and documented. The biomarker CA125 carries 3 major antigenic 

domains recognized by the antibodies classified as OC125-like, M11-like and one OV197 

antibody.
101

 The OC125-like antibodies in turn may comprise 4 subsets.
102

 In contrast, 

the M11 antibodies have closely related binding specificities.
102

 The single OV197 

antibody is related to, but does not belong to, the same group as OC125 antibodies.
101

 It 

is interesting to note that the OC125 antibody enhances the binding of OV197 to its 

epitope.
102

 

2.4.2  CA125 Structure 

 Utilizing expression cloning, the primary sequence of the cloned partial cDNA for 

CA125 was determined in 2001 and designated as the new mucin species MUC16, due to 

its homology to the family of heavily glycosylated secreted mucins.
103

 The biomarker 

CA125 is a type I transmembrane protein composed of 3 domains: the carboxy terminus, 

the transmembrane domain and the extracellular domain. This structure proposed by 

O'Brien et al is shown in Figure 2-1.
6
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Figure 2-1. Schematic illustration of proposed CA125 by O'Brien et al. Figure reprinted 

with permission from S. Karger, A.G. Basel, Tumor Biology.
6
 

 

 The extracellular repeat domain, detected in sera of ovarian cancer patients, 

begins at the cleavage site right above the transmembrane domain.
33

 The extracellular 

domain is comprised of multiple 156 amino acid repeats.
104

 These repeats contain the 

SEA domains and the epitopes to OC125 and M11 antibodies were found on the β sheets 
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of the SEA domains.
6
 These domains are potential sites for proteolytic cleavage. The 

number of these repeats can range from 7, 20 or 60 based on the splice variant, resulting 

in the MW of CA125 ranging from 200,000 Da to 4 million Da.
6
 These repeating units in 

the extracellular region and the high leucine content distinguish MUC16 from other 

mucins.
100

 Cysteine loops signal the end of each repeat and act as stabilizing sites.
6
 

However, the SEA domains in MUC16 have a proteolytic sequence atypical of mucins, 

suggesting a possible Calcium dependent protease role with autoproteolytic activity for 

CA125.
33

 A cleavage site located right above the transmembrane domain is where the 

extracellular domain detaches prior to shedding in sera.
100

 However, the mechanism 

leading to this cleavage is unknown. 

 Several O and N glycosylation sites are present in the terminal amino region of 

the extracellular domain, characteristic of mucins.
104

 This heavily glycosylated region 

may indicate a role in cellular adhesion. The transmembrane domain is hydrophobic and 

spans the cell membrane.
33

 The COOH end protrudes into the cytoplasmic tail within the 

cell. A tyrosine phosphorylation amino acid region is present just prior to the COOH, 

indicating a possible signalling role.
6
 

2.4.3  Molecular Weight  

 Varying molecular weights of this molecule, isolated from different biological 

sources, utilizing a host of physicochemical methods has led to questions regarding the 

effect of the sources and the physicochemical purification and assessment methods on the 

molecule.
100

 Here, based on source, the MW of CA125 differed significantly, with the 

protein derived from ascites fluid varying in range from 190 to 2700 kD and the cervical 

mucus-derived protein ranging from 20 to 700 kD.
100

 It has been suggested that such 
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heterogeneity may result from endogenous protease activity, continuous deglycosylation 

of oligosaccharide chains in body fluids, alternative splicing of tandem repeats, 

differences between cancer-associated and normal forms of the protein or multiple 

isoforms differentially expressed in various biological sources.
6, 100, 105

 Nevertheless, the 

epitope mapping was not influenced greatly by this MW variation.
101

 Given the 

ambiguity regarding molecular weight, CA125 is frequently reported in terms of 

standardized U/mL. 

2.4.4 Functional role 

 The heavy glycosylation observed in the extracellular amino end of the protein 

may indicate a role for CA125 as a cell surface molecule with cellular adhesion 

properties.
104

 The biomarker CA125 may facilitate tumor cell interactions based on its 

binding to Galectin-1 in ovarian cancer cell lines.
106

 Extracellular matrix (ECM) lectins 

belonging to the β-galactoside-specific family of galectins are potential ligands for the 

glycoprotein CA125 and hence, based on the cell surface expression of CA125, its 

attachment to the ECM lectins may vary in a galectin-1 dependent manner.
107

 

Additionally, based on multimeric binding of mesothelin, a cell surface molecule found 

on the mesothelial lining of various body cavities, CA125 may have a role as a cellular 

adhesion mediator and further as a lubricant.
108

 This potential role may aid binding of 

CA125 to cell surface molecules such as mesothelin to allow tumors secreting CA125 to 

invade surrounding tissues and organs thus aiding in tumor cell metastasis.
109

 

 It has been postulated that dephosphorylation and consequent release of the 

extracellular domain may be a result of possible upstream modulation through the 
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epidermal growth factor pathway.
110

 Additionally, study of glycoforms of CA125 variant 

between cancer and normal forms may elucidate a potential role for CA125.
111

  

 In a recent publication by Theriault et al., MUC16 was shown to regulate 

epithelial ovarian cancer cell growth, tumorigenesis and metastasis, which represents the 

first evidence of a critical role for this molecule in ovarian cancer.
112

 Theriault et al. 

utilized MUC16 knockdown to understand the corresponding phenotypic consequences 

and expression of the C-terminal domain (CTD) of the protein. The MUC16 knockdown 

was shown to completely prevent formation of subcutaneous tumors in nude mice and 

ectopic expression of the MUC16CTD enhanced tumor cell growth and colony formation 

invitro along with enhanced tumor growth and metastases in SCID mice. Additionally, 

the ectopic expression was shown to enhance tumor cell growth, cell motility and 

invasiveness.
112

  

2.5 CA125: Current assay systems
1
  

 The OC125 antibody was first generated following immunization with the OVCA 

433 cell line derived from the ascites fluid of a patient with papillary cystadenocarcinoma 

of the ovary.
113

 The original CA125 assay system for ovarian cancer clinical management 

was a radioimmunometric assay utilizing murine OC125 monoclonal antibodies for both 

capture and detection.
114

 Since these initial developments, various other monoclonal 

antibodies have been raised against other epitopes, particularly the M11 and OV 197 

epitopes.
102

 The second generation CA125 assay, commonly referred to as the CA125-II 

assay and the most prevalent assay system now in commercial immunoanalyzers, utilizes 

a CA125 double determinant assay format utilizing the OC125 and the M11 monoclonal 

antibodies.
1
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 The various commercially available immunoanalyzers include Access2 (Beckman 

Coulter, Brea, CA), ADVIA Centaur (Bayer diagnostics, Abbott Park, IL), AxSYM 

(Abbott Diagnostics, Abbott Park, IL), Elecsys 2010 (Roche Diagnostics, Indianapolis, 

IN), IMMULITE 2000 (Diagnostic Products, Los Angeles, CA) and VITROS ECi (Ortho 

Clinical Diagnostics, Raritan, NJ). In a large comparative study by Mongia et al., dilution 

linearity studies resulted in average deviation in targeted recoveries of 3.7% for the 

ADVIA Centaur to 18.2% for the IMMULITE 2000.
1
 The precision studies resulted in  

CV values ranging from 2.0% to 8.3% for CA125 concentrations of 35 and 114 U/mL. 

Method agreements with the VITROS ECi method utilized as the gold standard yielded 

slopes of 0.88 to 1.19 with correlation coefficients greater than 0.95. The LODs for the 

systems ranged from 0.05 U/mL on the Access 2 to 1.45 U/mL on the AxSYM.  

2.6 CA125: Assay requirements for early detection 

 Mean concentrations of 10 U/mL have been reported for CA125 in pre-clinical 

specimens. Aforementioned immunoanalyzers available commercially target 0-400 U/mL 

with LODs ranging from 0.05 to 1.45 U/mL. Additionally, precision for these systems 

ranged from 2.0% to 8.3%. Hence, based on the requirements for early detection and 

screening of ovarian cancer, these performance metrics were utilized as the minimum 

acceptable criteria for the adaptation of CA125 on the p-BNC. 

 In this work, we attempt to bridge the gap between advances enabled by 

microfluidic technologies for cancer diagnostics and recent advancements in ovarian 

cancer early detection biomarker research. The miniaturized p-BNC immunosensor 

solution presented here, synergizes elements from microfluidics, clinical chemistry, 

image analysis and biomarker discovery, to create a biomarker quantitation approach 
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with a small device footprint. In the p-BNC, fluorescence based immunological reactions 

for quantifying analytes in complex matrices, are performed on the nano-nets of agarose 

microbeads positioned in a silicon chip, housed in a microfluidic fluid delivery module. 

Here, we report our first efforts in ovarian cancer towards the development of a p-BNC 

for CA125, chosen due to its important utility in early detection and screening.  Here, the 

clinical objective was to develop a sensitive, precise p-BNC immunosensor for CA125, 

compliant with early detection and screening requirements for ovarian cancer, with small 

sample volume needs and rapid analysis times, suitable for POC analysis. In order to 

understand the dynamics of protein capture in microfluidic confines, under reduced 

sample volume and restricted analysis times, we studied the influence of operational 

parameters on the efficacy of analyte capture. For diagnostic systems, analyte capture 

efficacy translates into analytical performance metrics. Here, we utilized the analytical 

performance metrics of the resulting immunoassay to understanding the influence of 

reagent concentrations, flow rates, incubation times and epitope-based reagent screening 

on analyte capture and sequestration. We further examined the utility of the p-BNC in 

clinically relevant media and present method comparison studies to current gold-standard 

bench-top equilibrium analyzers.    

2.7 MATERIALS AND METHODS 

2.7.1 Immunoreagents and buffers  

 All reagents utilized for performing immunoassays in the p-BNC were prepared 

in PBS (Thermo Fisher Scientific, Rockford, IL, USA) containing 0.1% (w/v) BSA 

obtained from Sigma Aldrich (St. Louis, MO, USA) as needed for reagent stability and 

blocking non-specific binding. Anti-CA125 monoclonal antibodies corresponding to the 
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following clones M002201, M002203, M77161, M8072320, M8072321 and M8072322 

were obtained from Fitzgerald Industries International (Acton, MA, USA). Low cross-

reactivity, calibrator grade CA125 antigen standards were acquired from Meridian Life 

Science Inc (Saco, MC, USA). Human serum based Liquicheck® tumor marker controls 

were procured from BioRad (Irvine, CA, USA) for precision studies. 

2.7.2 p-BNC fabrication and instrumentation 

 Glyoxylated agarose microbeads with a narrow size distribution (280 ± 10 μm), 

utilized in the p-BNC were prepared in-house with previously established protocols. 
115

 

The amino groups on the capturing antibody or the isotype matched negative control 

antibody were chemically attached to glyoxylated microspheres via previously 

established reductive amination procedures followed by deactivation of unreacted sites.
97

 

Alexa Fluor® 488 TFP esters were utilized to fluorescently label primary amino groups 

on detecting antibodies with a fluorophore labeling kit following standard manufacturer 

protocols (Invitrogen, Eugene, OR, USA). Silicon chips (3 x 4 array) utilized in this study 

were generated by anisotropic etching of silicon with previously documented 

procedures.
97

  

 The research grade p-BNC embedded with the silicon chip array was constructed 

using previously published procedures.
18, 98

 Both the research grade system utilized in 

this study and the completely integrated systems retain identical microbeads enabling 

translation between the systems. Fluid and sample delivery were accomplished via a 

FIALAB (FIALAB instruments Inc, Bellevue, WA, USA) custom four-pump peristaltic 

system and completely automated fluid delivery was achieved via the accompanying 

LABVIEW based software with flow rates tuned between 250 μL/min to 2500 μL/min. 



44 
 

An Olympus BX-61 modified epifluorescent microscope (Olympus America Inc, 

Melville, NY, USA) equipped with a FITC filter cube and a 4x objective was utilized to 

visualize the fluorescent signal on the microbeads.  

 Image capture was completed with a low noise, 1.4 MP, 12-bit monochrome DVC 

camera and images were acquired with the accompanying CView software (DVC 

Corporation, Austin, TX, USA). Uniform fluorescent field illumination and performance 

of the Hg burner were calibrated routinely with fluorescent slide standards supplied by 

the manufacturer. 

2.7.3 p-BNC assay execution and image analysis 

 A typical p-BNC assay was executed by first localizing the microbeads on the 

silicon chip enabling location based analyte identification. A custom microbead localizer 

was also available for automation. The analyte specific beads and negative control beads 

(IL-6) were localized on to the silicon chip and the flow module assembly was 

completed. Alternatively, beads of varying concentrations or varying antibody clones 

were multiplexed along adjoining columns and identified by location for optimization 

studies.  

 Following a 1 minute high flow rate (2500 μL/min) priming step to ensure bead 

wetting and microbubble elimination, the serially diluted analyte of pre-determined 

concentration in 0.1% PBS/BSA (referred to as PBSA hereon) or the serum sample was 

introduced to the bead array under a closed loop, recirculation format to minimize sample 

volume. Any remaining uncaptured analyte following this step, was removed with a high 

stringency, high flowrate (2500 μl/min) PBS wash. The immunosandwich was completed 

in the agarose nano-nets with the introduction of a prediluted Alexa Fluor
®
 488 
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conjugated detecting antibody, followed by removal of excess antibody with a high 

stringency wash. Digital photomicrographs of the fluorescent beads were obtained to 

quantify the captured analyte, as described in the instrumentation section. The sequence 

of immunological reactions on a molecular level on the agarose nano-net is portrayed 

schematically.  

2.7.4 CA125 ELISA 

 ELISAs were performed at MD Anderson Cancer Center (MDACC) and 

University of Texas, Heath Science Center at San Antonio (UTHSCSA) with standard 

manufacturer protocols utilizing the Elecsys CA125 II electrochemiluminescence assay 

on the ‘cobas e’ immunoanalyzer system (Roche diagnostics, Indianapolis, IN, USA). 

2.7.5 Sample collection and analysis 

 Serum samples were collected with informed consent following IRB approved 

procedures at MDACC (n=10) and UTHSCSA (n=10). Samples were collected from 

advanced stage (III and IV) ovarian cancer patients via venipuncture without 

anticoagulant or preservative and allowed to clot at room temperature for 30 minutes. 

This was followed by centrifugation at 2500 RPM for 15 minutes and the serum obtained 

was aliquoted into 2 mL cryovial tubes and stored immediately in a -80⁰C freezer. The 

aliquoted samples were analyzed by ELISA at the collection institutions and sent to the 

McDevitt laboratory over dry ice for analysis on the p-BNC.  

2.7.6 Image analysis 

 Images obtained were analyzed utilizing open-source ImageJ (NIH, Bethesda, 

MD, USA) software with custom image analysis macros to yield the mean fluorescence 

intensity (MFI) for the corresponding area of interest (AOI) on the beads.
115

 Briefly, 16 
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bit monochrome TIFF files were converted with automated deconvolution macros to 8-bit 

grayscale images and the AOIs were drawn around individual beads. The mean of the 

highest pixel intensity obtained by constructing a series of line profiles across the AOIs 

(line profile method) and/or the mean of averaged pixel intensity across the entire AOI 

(circular profile method) were obtained.   

2.7.7 Statistical analysis 

 Calibration curves were generated using SigmaPlot 10 (SPSS Inc., Chicago, IL, 

USA) and fitted to a four parameter logistic equation. Linear regression, determination of 

unknown concentrations from standard curves and curve fitting were performed utilizing 

the same software. Precision analysis was performed via the methods analysis module of 

Microsoft Excel. All optimization experiments were conducted in triplicate and error bars 

denote inter-assay precision unless otherwise noted. 
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Figure 2-2 The research grade (A, I) and the completely integrated p-BNC (A, III) retain 

identical microbead immunoanalyzers housed in a bead holder (A, II) permitting rapid 

assay development on the research grade system to the translated to the completely 

integrated system. The p-BNC houses the silicon chip (A, II) and reagents and sample are 

uniformly delivered to the agarose microbeads (B, I) . Sandwich immunoassays are 

completed in the agarose nano-nets (B, II). Immunoschematic illustration (C, I-IV) 

depicts sequential molecular events on the agarose microbead immobilized with 

capturing antibody (c mAb) specific to the analyte of interest (C, I), introduction of 

sample containing analyte (Ag) of interest followed by binding to the cmAb (C, II), 

formation of a completed immuno-molecular sandwich (C, III) with analyte-specific 

Alexa Fluor
®
 488 coupled detecting antibody (d mAb) and signal visualization with 

fluorophore excitation (C, IV) where the generated signal is proportional to the analyte 

concentration. Unbound analyte and detecting antibody are removed with high stringency 

washes following steps II and III (not depicted). 
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2.8 RESULTS AND DISCUSSION 

2.8.1 Overall configuration of the microfluidic p-BNC for CA125 quantification 

Towards developing a completed integrated molecular diagnostic tool for ovarian 

cancer early detection and screening, we configured the p-BNC microfluidic platform 

(Figure 2-2 A, I) for CA125 quantification. The p-BNC integrates (a) a miniaturized 

microfluidic immunoanalyzer where automated fluorescence based sandwich 

immunoassays (Figure 2-2 C, I-IV) are completed to sequester analytes from complex 

biological matrices with high efficiency in the 3D nano-porous agarose networks (Figure 

2-2 B, II) followed by (b) semi-automated fluorescence imaging and analysis by custom 

image analysis macros for analyte quantification. The microfluidic platform permits 

spatial identification of analytes enabling multiplexing to assess multiple antibody clones 

or antibody concentrations concomitantly (Figure 2-4 A).   

2.8.2 Matched antibody pair selection 

 The extracellular domain of CA125 shed in serum has multiple 156 amino acid 

repeat domains, each containing the 3 major non-overlapping epitopes recognized by the 

OC125-like, M11-like and OV197 antibodies.
33, 102

 Based on this established epitope 

mapping data, an array of antibodies were chosen to encompass the 3 distinct domains on 

the molecule; OC125-like antibodies (clones M002201 and M8072320); M11-like 

antibodies (clones M77161, M80272321 and M002203) and OV197-like antibody (clone 

M8072322). The matched pair identification for the CA125 sandwich immunoassay was 

enabled by screening each of the aforementioned clones in both capturing and detecting 

formats, thus potentially testing 36 such combinations. ‘Non-restrictive conditions’ 

involving 30 minute incubation times for both the analyte and detecting antibody to 
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permit sufficient reaction times at slow flow rates (250 μl/min), a flow-through format to 

avail excess analyte, relatively high analyte (100, 250 and 500 U/mL) and detecting 

antibody concentrations (1:250 dilution) to ensure adequate signal visualization were 

utilized to enable matched pair identification under un-optimized conditions. A small 

subset of the results from this extensive study is presented in Figure 2-3A encompassing 

the matched pair selected eventually. Here M8072320 (OC125) was chosen as the 

detecting antibody and the results (MFI against CA125 concentrations) represent the 

performance of the other 5 clones as capture antibodies immobilized on the agarose 

microbeads (107 ng/bead concentration) to form a matched pair for CA125. The antibody 

pairs were evaluated for the slope of the calibration curve reflective of sensitivity, the 

signal-to-noise ratio (SNR) at the tested concentrations and the linearity of the calibration 

curve. 
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Figure 2-3. Calibration curves for a series of antibody pair combinations generated with 

clone M8072320 (OC125) as the detecting antibody and the clones shown in the legend 

as capturing antibodies. The optimal matched pair was chosen based on the highest slope 

exhibited by the corresponding calibration curve. The performance gradient of the 

various antibodies was concordant with their associated epitope specificities. (B) 

Calibration curves demonstrating the importance of matched pair orientation in a flow 

based immunosensor system. Here, the correct orientation with clone M8072321 as the 

capturing moiety (and M8072320 as the detecting antibody) exhibited much better 

performance in terms of higher slope and SNR in comparison with the reversed 

orientation where the same clone was utilized for detection. 
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 The performance gradient of the various antibody pair combinations were 

concordant with expectations based on epitope specificities. Antibodies binding to the 

same domain and belonging to the same clone performed the poorest (M8072320 capture 

and detection) represented by a flat response in Figure 2-3 A and served as the negative 

control with the lowest slope and SNR. The antibodies recognizing the same epitope, but 

from different clones (M002201 capture and M8072320 detection) exhibited poor, albeit 

slightly improved response above negative control, indicative of strong competition 

between the clones for the same epitope as might be expected. The other matched pairs 

formed between the detecting antibody (M8072320 – OC125) with other capture 

antibodies recognizing distinctly different domains (M11 and OV197) demonstrated good 

response over the tested range with the performance gradient based on relative antibody 

affinities. M8072320 (OC125) clone for detection paired with M8072321 (M11) clone as 

the capture antibody exhibited the best performance in terms of aforementioned 

performance parameters with the highest slope, SNR and linearity among the 36 tested 

combinations.  

 The assignment of the capturing and detecting antibody orientation for a given 

matched pair is critical to the p-BNC performance as illustrated by Figure 2-3B. Here, a 

matched pair formed with clone M8072321 as capture antibody and clone M8072320 as 

detecting antibody (referred to as correct orientation) performed significantly better in 

comparison to the reverse orientation where the capturing and detecting moieties were 

interchanged in contrast to results reported in the literature for flow cytometric bead 

based immunoassays
76

 and ELISAs for identical clones. Further, microfluidic 

immunosensors such as the p-BNC operate under dynamic (i.e. non-equilibrium) 
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conditions in contrast to the aforementioned systems,
116

 necessitating extensive screening 

to arrive at optimal matched pairs and orientation as elucidated by this study. 

2.8.3 Optimization of p-BNC operating variables 

 The p-BNC performance is influenced by a complex interplay of operating 

variables: the capturing and detecting antibody concentrations, sample and detecting 

antibody incubation times and the flow rates corresponding to these incubation steps. 

Following matched antibody pair identification; these variables were individually 

assessed to arrive at optimal operating conditions based on analytical performance 

criteria (slope, LOD, precision and linearity). The dynamic range (10-400 U/mL) was 

chosen based on currently available gold standards and assay range pertinent in early 

disease detection and screening. 
1
 

2.8.4 Concomitant optimization of immunoreagent concentrations 

 To avoid pre-biasing based on order of optimization, the capturing and detecting 

reagent concentrations were optimized concomitantly. ‘Non restrictive’ incubation times 

and flow rates as previously described were utilized. Agarose microbeads with 320, 107 

and 5 ng/bead immobilized capturing antibody concentrations were multiplexed via 

spatial recognition along each column (3 x 4 array), permitting simultaneous exploration 

of multiple reagent concentrations and calibration curves were generated with various 

detecting antibody dilutions (1:250, 1:500 and 1:1000). Representative photomicrograph 

from this study at 50 U/mL CA125, 1:250 detecting antibody dilution and various tested 

capturing antibody concentrations is presented in Figure 2-4 A. 

 In order to simultaneously assess the effects of capturing and signalling antibody 

concentrations on the slope of the calibration curve, a 3-D surface plot was generated 
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(Figure 2-4 B). The slope was the highest with a capturing antibody concentration of 320 

ng/bead at 1:250 detecting antibody dilution, but at the cost of linearity (R
2
 = 0.7345). 

The effect of capturing antibody concentration on the slope at the optimal detecting 

antibody concentration (exhibiting the highest linearity) is depicted in Figure 2-4 C. The 

upper and lower bounds for exploring detecting antibody dilutions were set on the basis 

of deviation from linearity at the upper end and insufficient SNR ratio at the lower end. 

Similarly, concentrations lower than 5 ng/bead of capturing antibody provided 

unacceptably low SNR and concentrations higher than 320 ng/bead did not provide any 

further additional advantage in terms of SNR and slope. This behaviour is indicative of 

either the loading capacity of the beads or lack of diffusion into porous beads and access 

to the additional binding sites (generated with increased capture antibody concentration) 

due to steric hindrance resulting from the size of CA125. The optimal capturing and 

detecting antibody concentration combination with the highest linearity (R
2
 = 0.999) 

along with the maximum SNR and slope were chosen as 320 ng/bead and 1:500 dilution 

respectively for further experimentation.  
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Figure 2-4 (A) Typical photomicrograph demonstrating advantages of the p-BNC 

immunosensor to simultaneously assess multiple capturing antibody concentrations in 

one experimental run. (B) A 3-dimensional surface plot demonstrating influence of 

capturing and detecting antibody concentrations on the slope of the resultant 

immunoassay. The highest slope is seen for the capturing and detecting antibody 

concentration combination corresponding to the peak denoted by the orange zone (See 

legend). (C) Calibration curves demonstrating the effect of capturing antibody 

concentration on the slope of the CA125 immunoassay with higher concentrations 

demonstrating increased slope at the detecting antibody dilution exhibiting the highest 

linearity. 
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2.8.5 Influence of flow rates and incubation times 

 The flow rate/time dependence of reagent and sample delivery was explored to 

identify if these crucial determinants can be optimized to practical time constraints 

without loss of performance. As such, upper limit for the total assay time for the 

optimization steps described previously was set at a maximum of one hour. Detecting 

antibody reagents have lower volume restrictions in comparison to serum samples and 

hence the corresponding incubation time was chosen first for optimization. With 

previously chosen optimal reagent concentrations, incubation times were varied from 10 

to 30 minutes under equimolar conditions (to preclude bias from lower reagent 

availability). Longer incubation times resulted in poor assay performance in terms of low 

slope and SNR along with high imprecision (Figure 2-5 A). Given that the detection step 

follows analyte capture by the immobilized capturing antibody, shorter incubation times 

are sufficient to complete the immunosandwich as indicated by this data. Longer 

incubation times and slower flow rates correspond to excess detecting antibody in the 

pores necessitating higher wash times to discard the unbound reagent. However, wash 

times and wash flow rates were held constant in this study leading to the pronounced 

effect of longer incubation times on the slope and precision. Further given the molecular 

size of CA125, analyte capture is realized on the periphery of the bead (Figure 2-4 A) 

enabling the detecting reagent easy access and fostering shorter incubation times. 

Consequently, a detecting antibody incubation time of 10 minutes was chosen as optimal, 

as improvements in slope and precision resulting from lowering incubation times levels 

off at this time.  
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Figure 2-5 (A) Effect of detecting antibody incubation times on the slope and SNR of the 

CA125 immunoassay. Decrease in incubation time resulted in improved immunoassay 

slope along with corresponding increase in precision demonstrated by the error bars.  (B) 

Effect of sample incubation flow rates on the slope of the CA125 immunoassay. Initial 

increase in flow rate resulted in a steep increase in slope through 750 µL/min (optimal 

flow rate) for the optimal capturing antibody concentration (320 ng/bead) and then 

leveled off. Similar trends were also noted for other capturing antibody concentrations. 
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 The sample incubation was carried out under the closed loop ‘recirculation mode’ 

as previously described to increase analyte exploitation. A flow rate range of 250 μL/min 

to 1500 μL/min was examined, translating into 7.5 to 45 passes (repeated introduction of 

the sample) to the array and the corresponding effect on slope is presented in Figure 2-

5B. The slope rises steeply with increase in flow rate reaching a maximum at 750 μL/min 

and then levels off. Initial increase in the slope can be attributed to overcoming transport 

limitations and consequently improved analyte exploitation, a frequently encountered 

situation in microfluidic systems.
117

 Beyond 750 μL/min, the reaction limited regime 

prevails and hence improvements in slope level off at this time.
118

 The optimal flow rate 

was selected as 750 μL/min. Similar trends were observed for lower immobilized 

concentrations albeit at different optimal ‘cut-off’ flowrates (Figure 2-5 B). The 

corresponding incubation time was held at 30 minutes as any further decrease resulted in 

unacceptably low SNR (data not shown). The CA125 p-BNC immunoassay conducted 

with the optimal parameters was completed in a total of 43 minutes inclusive of wash 

times making it ideally suited for implementation in a POC setting. 

 The LOD value following each optimization step along with the corresponding 

linearity and %CV is tabulated (Table 2-1). These results indicate performance 

improvement in terms of LOD with each step, with the most increase noted for the 

sample incubation flowrate optimization step. This is expected as this step leads to 

increased analyte exploitation and is consistent with previous studies.
119

 Immunoassay 

variables interact in a complex manner with each other and the iterative ‘one-factor-at-a-

time’ approach presented here cannot account for these interactions and is subject to bias 

from the order of optimization steps. A statistical design of experiments method is 
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currently being explored to alleviate aforementioned methodological deficiencies and to 

decrease extensive experimental effort necessitated by the current approach.   

Table 2-1 Effect of each optimization step on the LOD and the corresponding linearity 

and precision for each optimization step. Results indicate improvement in LOD and 

precision for each optimization step with the most improvement noted for the sample 

incubation flow rate step. 

 

2.8.6 Analytical validation 

 Utilizing the optimized CA125 immunoassay, standard curves were obtained over 

the range of 0 - 400 U/mL, pertinent to early disease detection. The calibration curve was 

linear (R
2
 = 0.99) over this range and the corresponding dose-response curve fitted to a 

four parameter logistic equation is shown in Figure 2-6 A.  

 The zero analyte concentration was evaluated in triplicate and the concentration 

corresponding to three standard deviations above the mean signal at zero was determined 

as the LOD. The LOD of 1.0 U/mL was comparable to the values reported (0.05 to 1.45 

U/mL range) for the currently available commercial systems.
1
 

 To evaluate precision, serum based tumor marker control standards corresponding 

to low (21.1 U/mL), medium (64.2 U/mL) and high (186 U/mL) concentrations were 
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utilized. The intra-assay precision of the p-BNC, denoting the variation between the 

analyte sensitized beads placed within a chip (6 of 9 beads considered), was evaluated for 

the 3 standards. The inter-assay precision between the chips was estimated for the 3 

standards over 3 consecutive days. For the low, medium and high standards, the intra-

assay precision (%CV) values were 1.4, 3.0 and 1.3% respectively and the inter-assay 

precision (%CV) values were 1.2, 1.5 and 0.82% respectively. The precision values 

obtained were competitive with current commercial standards.
1
 The slightly higher intra-

assay precision is reflective of bead sensor homogeneity and uniform fluid delivery. 

Further, the automated p-BNC minimizes assay variations resulting in excellent inter-

assay precision. Finally, potential interference from serum components were ruled out 

due to dilution linearity (R
2
 = 0.98) tested for a pre-selected serum sample with a high 

CA125 value (data not shown). 

2.8.7 Method validation 

 To demonstrate clinical utility of the p-BNC, CA125 levels were assessed in sera 

obtained from advanced stage ovarian cancer patients (n=20). The CA125 levels were 

premeasured at collection site with FDA approved ELISA.  Sera (100 µl) were diluted 

ten-fold with 0.1% PBSA and CA125 values were determined from standard calibration 

curves on the p-BNC. Accounting for differences in calibrators between the methods, the 

results from this study are presented in Figure 2-6 B. The concentrations obtained on the 

p-BNC correlated well with the current FDA approved gold standard ELISA (R
2
=0.97). 

Samples with CA125 > 4000 U/mL were analyzed, but excluded from the results 

presented here due to the limited number of data points in the region.  
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Figure 2-6 (A) Dose-response curve for CA125 quantification on the p-BNC over 10-400 

U/mL concentration range. (B) Plot demonstrating good correlation between the p-BNC 

and FDA approved ELISA for values of CA125 measured in the sera of advanced stage 

epithelial ovarian cancer patients. 

 

 2.9 CONCLUSIONS 

 Towards developing a miniaturized integrated molecular diagnostic tool for 

ovarian cancer early detection and screening, we adapted the p-BNC microfluidic 

immunosensor platform for CA125 serum quantification. To understand the influence of 
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epitope-guided reagent screening on the dynamics of analyte capture, an array of 36 

antibody matched pair combinations, encompassing the 3 distinct domains on the 

molecule were investigated. Analytical performance metrics in terms of LOD, slope, 

SNR and linearity were utilized as response criteria to understand biomarker capture. The 

performance gradient of the various antibody pairs were concordant with their associated 

epitope specificities, and the optimal matched pair, M8072320 (OC125) clone for 

detection paired with M8072321 (M11) clone as the capture antibody, exhibited the best 

performance. The assignment of the capturing and detecting antibody orientation for a 

given matched pair significantly influenced analyte capture under dynamic microfluidic 

operating conditions, different from ELISA methods for identical clones. These results 

highlight the importance of extensive reagent screening, importance of utilizing epitope 

mapping and optimal antibody orientation for high performance microfluidic systems.  

 The operational variables of the p-BNC influencing the dynamics of analyte 

capture; the capturing and detecting antibody concentrations, sample and detecting 

antibody incubation times and the flow rates corresponding to these incubation steps were 

investigated. The optimal capturing and detecting antibody concentration combination 

were chosen based on the highest linearity, SNR and slope (320 ng/bead and 1:500 

dilution). Increased capturing antibody concentrations led to increased binding sites and 

consequently improved analytical performance. However, lower detecting antibody 

concentrations were sufficient to realize efficient detection and excess reagents led to 

deviation from linearity due to restricted wash times. The multiplexing potential of the p-

BNC permitted simultaneous analysis of multiple reagent concentrations on one chip. 

Shorter incubation times were sufficient for the detection step following analyte capture, 
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and longer incubation times and slower flow rates necessitated higher wash times to 

discard the excess unbound reagent, adding to total analysis times. Increase in sample 

incubation flow rates under recirculation conditions led to improved analyte exploitation 

from overcoming transport limitations, a frequently encountered situation in microfluidic 

systems. Optimization of each operational variable resulted in improved performance in-

terms of LOD, with the most increase noted for the sample incubation flow rate 

optimization step, as expected.  

 The CA125 p-BNC immunoassay conducted with the optimal parameters was 

completed in a total of 43 minutes inclusive of wash times making it ideally suited for 

implementation in a POC setting. The LOD, inter- and intra-assay precision values 

obtained were competitive with current commercial standards, demonstrating efficient 

analyte capture, micro-bead sensor and flow homogeneity and reduced operational 

variability. Method validation with sera of advanced stage ovarian cancer patients (n=20) 

demonstrated good correlation with ‘gold standard’ ELISA (R
2 

= 0.97). However, 

analytical performance reported here was achieved within 43 minutes, compared to a 

minimum of 3-4 hours in ELISA, permitted by the high surface area and capture 

efficiency of the 3D agarose nano-fibers compared to the traditional 2D platforms. 

Additionally, understanding the dynamics of analyte capture in microfluidic systems as a 

function of operational variables can lead to improved analytical performance, as shown 

in this study. 

 Taken together, the CA125 p-BNC shows promising utility for ovarian cancer 

diagnostics, with competitive analytical performance metrics, reduced assay time, 
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potential for multiplexing and POC amenability, necessary for large scale implementation 

of early detection and screening methodologies. 
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Chapter 3: Multiplex Biomarker Panel Selection, Cross-Platform 

Comparison and Multiplexed Assay Development on the p-BNC 

 
3.1 CHAPTER OVERVIEW 

 This chapter details the adaptation of the p-BNC platform for concomitant 

analysis of CA125 and HE4, a novel biomarker panel for early detection and screening of 

ovarian cancer. The purpose of this chapter is to adapt the p-BNC for sensitive, specific 

and robust quantitation of CA125 and HE4 and compare it to biomarker discovery 

platforms, based on flow-cytometric bead-based approaches. Pertinent to this objective, 

the biomarker panel selection rationale, challenges encountered in developing 

multiplexed immunoassays and the importance of cross-platform validation will be 

discussed. Utilizing CA125 as the model biomarker, a flow cytometric bead-based 

immunoassay will be developed, utilizing identical molecular-level capture and detection 

entities to delineate analytical differences between the platforms. The operating variables 

of the HE4 p-BNC will be selected to perform optimally with the previously established 

'rate-limiting' CA125 p-BNC. Non-ideal molecular interactions resulting from the 

incorporation of multiple analytes, capturing and detecting moieties will be individually 

explored in an effort to understand specific analyte capture under multiplexed conditions. 

High stringency wash steps following multiplexing will be optimized, to minimize noise 

resulting from multiplexing, with minimal increase in total analysis times. Effect of 

multiplexing on specific analyte capture will be evaluated in terms of analytical 

performance of the multiplexed immunoassays by comparing them with corresponding 

individual 'singleplex' immunoassays. Comparisons to multiplexable discovery platforms 
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will serve to place the multiplexed p-BNC platform in the context of commercially 

available multiplex immunoassay systems. Additionally, analyte capture dynamics in a 

multiplexed microfluidic environment will permit understanding the influence of 

molecular-level cross-reactivity on multiplexed immunoassay performance. Taken 

together, the experimental evidence presented will serve to qualify the utility of the p-

BNC as a suitable platform for highly sensitive, precise, rapid, specific and multiplexed 

measurements of biomarkers for clinical validation of newly discovered biomarker panels 

for ovarian cancer. 

3.2 INTRODUCTION 

 Microfluidic diagnostic platforms that are capable of multiplexed measurements 

of protein biomarkers in a precise, sensitive and specific fashion have the potential to 

address the unmet clinical need for early detection and screening platforms for cancer 

diagnostics.
78

 Additionally, platforms amenable to point-of-care can offer rapid, complex, 

molecular signatures to healthcare providers to enable clinical decisions, without 

requiring a remote state-of-the-art laboratory, thereby rendering large-scale, low cost 

screening feasible.
73, 78

 With lack of early detection and screening methodologies 

contributing to advance stage presentation at diagnosis, ovarian cancer is an ideal 

candidate for such novel diagnostic platforms.
120

 Here, therapeutic intervention with 

current treatment regimens, enabled by early detection, may potentially improve survival 

rates from 30% to 90%.
8, 120

 Accordingly, early detection research in ovarian cancer has 

focused on identifying protein-based molecular signatures for this complex, 

heterogeneous disease.
47
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3.2.1 Multi-marker panels for ovarian cancer 

 The heterogeneity and complexity of ovarian cancer coupled with the 

inaccessibility of the ovaries for screening has led to extensive interest in identifying non-

invasive serum-based protein biomarker signatures utilizing proteomic, microarray and 

flow cytometric bead-based approaches.
46, 47

 Such multi-marker panels typically 

comprise 3-4 biomarkers with several panels achieving the high specificity, without 

trade-offs in sensitivity, required to achieve the minimum 10% PPV criteria, necessary 

for screening asymptomatic individuals for ovarian cancer.
35

' 
2
   

3.2.2 Multi-marker panel selection 

 The Cancer Antigen 125 (CA125) and Human Epididymis Protein 4 (HE4) 

biomarker panel for ovarian cancer has shown strong promise as a potential multi-marker 

panel for ovarian cancer. Though CA125, the current gold standard biomarker, has been 

deemed unsuitable individually for early detection, several multi-marker combinations 

have consistently and prominently implicated it as a biomarker of choice.
2, 46, 50

 

Moreover, HE4 is the only other biomarker to have improved sensitivity and lower false 

positives in comparison to CA125 for early stage disease, making it a suitable 

complementary marker.
121, 122,123

 Specifically in non-ovarian and benign pathologies, 

HE4 showed 3.7% false positives in comparison to 21% for CA125.
122

 Given that 20% of 

ovarian cancers do not express CA125, it is notable that in more than 50% of such 

ovarian cancers, HE4 is expressed, leading to additional complementarity.
123

 Indeed, this 

composite serum marker combination demonstrated a much higher AUC of 0.91, 

compared to 0.85 for CA125 and 0.84 for HE4.
76

 Further, the composite marker 

combination yielded a sensitivity of 76.4% at 95% specificity (compared to 43.3% and 
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72.9% sensitivities at 95% specificity for CA125 and HE4, respectively when measured 

individually), with inclusion of additional biomarkers to the panel adding negligible 

increase in diagnostic performance.
123

 Additionally, in a study encompassing 65 ovarian 

cancer-related biomarkers in the circulation of women with adnexal masses, no other 

biomarker duplex panel could outperform the CA125/HE4 combination in an 

independent validation set, indicating its superiority as a biomarker panel.
124

 Utilizing a 

combination of this multi-marker panel, Moore et al. were able to correctly classify 

93.8% of ovarian cancer patients as high risk in a group of patients with suspected pelvic 

masses.
123

 Appropriate triaging can lead to high-risk patients being correctly referred to 

experienced oncologists, shown to lower morbidity, mortality and increased overall 

survival.
125

 Further, a risk of ovarian malignancy algorithm (ROMA), utilizing a 

combination of this biomarker panel along with menopausal status, achieved higher 

sensitivity compared to a risk of malignancy index incorporating CA125, imaging score 

from ultrasound, computed tomography and MRI along with the menopausal status.
126

 

Results from analysis of pre-clinical serum specimens obtained from 34 ovarian cancer 

patients suggest that CA125 and HE4 may offer evidence of ovarian cancer as early as 1 

to 3 years prior to clinical diagnosis indicating promising lead times for these 

biomarkers.
127

  

 Recent discovery efforts have utilized multiplex xMAP bead-based 

immunoassays for 96 serum biomarkers to discriminate ovarian cancer from healthy, 

benign and other neoplastic malignancies.
128

 Interpretation with a metropolis algorithm 

utilizing the Monte Carlo simulation (MMC) have resulted in a host of promising 

multiplex biomarker panels (Table 3-1), with high selectivity against non-ovarian cancer 



68 
 

conditions.
3
 The most promising biomarker panel comprising CA125, HE4, CEA and 

VCAM-1 demonstrated sensitivities of 86% and 95% for early and late stage diseases 

respectively at 98% specificity. Though additional validation is required to finalize the 

biomarker panel, among the top five biomarker panels exhibiting the highest sensitivity at 

98% specificity, CA125 and HE4 were predominant biomarkers
3
 and hence the 

combination was chosen here as the optimal proof-of-concept multiplex panel in this 

study (Table 3-1). 
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Table 3-1 Sensitivities for various biomarker panels at 95% specificity discovered with 

xMAP technology. Table reprinted with permission from American Society of Clinical 

Oncology, copyright 2008.
3
  

   

 

3.2.3 Human Epididymis Protein 4 

  

 The biomarker HE4 belongs to the WFDC2 family of proteins, made of two whey 

acidic protein (WAP) domains and a 4 disulfide core.
125

 HE4 is located on human 

chromosome 20q12-13.1 and is a 25 kDa protein belonging to the family of protease 
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inhibitors, involved in protective immunity. It was originally found in the distal 

epididymis epithelium with possible protease inhibitor functions during sperm 

maturation. 
122, 125

 Schummer et al. first noted over-expression of HE4 gene in ovarian 

cancers utilizing comparative cDNA hybridization.
129

 Immunohistochemical assessment 

indicated lack of HE4 expression in normal epithelium, in contrast to abundant 

expression in the cortical inclusion cysts lined by metaplastic Mullerian epithelium in 

ovarian cancers.
130

 Expression varied based on ovarian cancer subtype, with the highest 

expression noted for the serous and endometrioid subtypes, compared to lower and no 

expression in the clear cell and mucinous subtypes.
130

 Though over-expression  in 

ovarian epithelium has been noted for HE4 in comparison to other carcinomas and 

normal epithelium, the significance and function remains to be understood.
130

 Non-

ovarian expression of HE4 was minimal with the cultured medium from ovarian cancer 

cell lines expressing a secreted form consistent with higher quantities of HE4.
130

  

 Hellstrom et al. utilized HE4 expressed in mammalian cells to immunize mice and 

generate hybridomas specific to HE4.
131

 Utilizing 2H5 and 3D8 hybridomas, they 

generated monoclonal antibodies to distinct epitopes on HE4 and constructed a double 

determinant sandwich ELISA for HE4 with a detection level of 160 pg.
131

 Consistent 

with high level secretion noted in ovarian cancer cell lines, the HE4 serum levels were 

found elevated in 90% of women with ovarian cancer at diagnosis.
131, 132

 Serum HE4 

levels in ovarian carcinoma were found to have sensitivity and specificity equivalent to 

CA125, but with less frequent false positives in comparison.
131

 Moreover, HE4 is 

detectable in urine and can distinguish 90.5% patients with serous ovarian carcinoma 
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with sensitivity similar to blood, with a potential role in diagnosis and therapy 

monitoring.
133

 

3.2.4 Multiplexed immunoassays: Challenges, strategies and performance evaluation 

 Multiplexed immunoassays offer various advantages in terms of lowering sample 

and reagent requirements and permitting complex multi-marker signature analysis from a 

single sample through concomitant measurements of multiple proteins.
134

 Additional 

advantages include reduction in sample freeze/thaw cycles, reduced total analysis times 

and increased disease specificity derived from multi-marker panels.
134

 Though frequently 

reported in literature, multiplexed immunoassays are a relatively new class of analytical 

measurement systems where analytical validation for generating clinically pertinent 

information is still an active area of investigation.
135

 No formal FDA guidance document 

is available for multiplex immunoassay-based in vitro diagnostic development.
135

 

 Here, several technical and operational challenges must be overcome prior to 

investigation of clinical samples utilizing multiplexed immunoassays, to provide reliable 

diagnostic information. Particularly for antibody-based multiplexed systems, challenges 

include selection of high affinity ligands and calibrators along with interference and 

cross-reactivity leading to non-ideal interactions between antibodies, analytes and assay 

diluents.
136

 This in effect can significantly reduce assay sensitivity and increase 

imprecision.
137

 Beyond these constraints applicable to commonly utilized multiplex 

immunoassay formats, such as planar and bead based arrays, microfluidic systems pose 

additional challenges.
117

 Here, flow rates, reagent concentrations and incubation times 

optimized to deliver high quality analytical performance may not be extrapolateable 

under concomitant analysis conditions. Assessment criteria for high performance 
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multiplexed systems should include experiments designed to rule out reagent and diluent 

cross-reactivity and resultant interference.
136

 Rigorous analytical validation of the 

individual multiplexed immunoassays need to be demonstrated (LOD, inter and intra-

assay precision, dilution linearity and linear range, method validation).
135

 Here, it is 

desired that the analytical performance metrics of the 'singleplex' assays are retained 

following multiplexing. This may involve optimization of operational variables to 

minimize imprecision and inaccuracy with increase in noise upon multiplexing.
136

 

Despite the numerous reports of multiplexed immunoassays in the literature, only a few 

have been commercialized, indicating the complexity and the level of challenge for 

developing robust multiplexed assay systems for clinical use.
136

 

3.2.5 Cross-platform validation 

 Multiplex platforms utilized for biomarker discovery may significantly vary in 

analytical performance compared to the technological platform utilized for biomarker 

validation and clinical implementation.
138

 Such analytical performance differences may 

confound results from biomarker discovery applied to microfluidic platforms intended for 

validation and diagnostic use. Most commonly utilized bench scale antibody based 

multiplexed platforms include planar microarrays and flow-cytometric bead-based 

immunoassays that utilize suspended microspheres.
136

 Prior to translation of biomarkers 

discovered on such platforms to microfluidic platforms, and to compare the technical 

performance metrics between the systems with identical molecular-level recognition 

entities.
139

 Technological variations between platforms has been a potentially limiting 

factor in the biomarker diagnostic development pipeline.
135
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 Multi-institutional collaborative efforts for ovarian cancer multi-marker panel 

discovery have utilized flow cytometric bead-based approaches for identification of 

multiplexed biomarker panels for ovarian cancer.
128

 This system developed by Luminex 

Corporation utilizes microspheres as solid supports for immunoassays 

(www.luminexcorp.com). These microspheres are identified through spectral recognition 

permitted by internal dying of distinct proportions of orange and red fluorescent dyes.
140

 

Capturing antibodies specific to individual analytes and coupled to uniquely coded bead 

sets can be pooled together in a membrane-equipped microtiter plate for multiplexed 

analysis utilizing a sandwich immunoassay format akin to conventional ELISAs.
65

 

Following completion of the sandwich immunoassay, the pooled analyte-specific beads 

can be decoded by their unique analyte specific spectral signature.
140

 The individual 

analyte concentrations proportional to the signal intensity of the green reporter dye can be 

read utilizing a different detector.
140

 Here, the proportion of the internal red and orange 

dyes generate the spectral signatures to identify beads specific to the analyte of interest 

and green fluorescent intensity is proportional to the amount of analyte captured on the 

specific bead of interest. The system utilizes a flow cytometric approach to read 

individual beads, thus permitting multiplexing within a single well.
140

 The differences 

between the flow-cytometric bead-based approach for biomarker discovery and the p-

BNC platform are highlighted in Table 3-2. 
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Table 3-2  Technological differences in multiplexed sandwich immunoassays executed 

on the p-BNC and Luminex platforms. 

 

 

3.2.6 p-BNC approach for multiplexed detection of ovarian cancer biomarkers 

 In our efforts to bridge advances in microfluidic platforms with novel biomarkers 

for early detection and screening of ovarian cancer, we had previously reported on the 

adaptation of the integrated programmable bio-nano-chip (p-BNC) for serum CA125 

quantitation. The p-BNC is a multiplexable, miniaturized microfluidic immunoanalyzer 

platform with a small device footprint. In the p-BNC, high efficiency sequestration and 

quantitation of biological analytes from complex matrices occurs on the nano-nets of 

sensitized agarose microspheres positioned in individually addressable wells, housed in a 

microfluidic chip. The CA125 p-BNC developed is capable of precise and sensitive 

CA125 quantification and was found to be competitive with current gold standard 

methodologies, with demonstrated clinical suitability and short analysis times amenable 

to POC settings. Building up on our previous work, we demonstrate cross-platform 
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analytical comparison to establish suitability of the p-BNC for novel biomarkers 

discovered utilizing the flow cytometric bead-based xMAP system. We adapt the p-BNC 

for concomitant analysis of HE4 and CA125 with experiments designed to rule out 

interference and cross-reactivity resulting from molecular-level non-ideal interactions 

upon multiplexing. We further optimized p-BNC operational variables to account for 

increased noise from multiplexing and compared analytical performance metrics of the 

system prior to and post multiplexing. Following demonstration of cross-platform 

suitability, and robust multiplexing and analytical validation of the multiplexed 

biomarker panel on the p-BNC in this chapter, clinical suitability of the system to 

discriminate between ovarian cancer patient sera and healthy controls will be investigated 

in Chapter 4.  

3.3 MATERIALS AND METHODS 

3.3.1 Immunoreagents and buffers 

 All reagents utilized for performing immunoassays in the p-BNC were prepared 

in Phosphate Buffered Saline (PBS, Thermo Fisher Scientific, Rockford, IL, USA) 

containing 0.1% (w/v) Bovine Serum Albumin (BSA) obtained from Sigma Aldrich (St. 

Louis, MO, USA) as needed for reagent stability and blocking non-specific binding. 

Anti-CA125 monoclonal antibodies corresponding to the following clones M8072320 

and M8072321were obtained from Fitzgerald Industries International (Acton, MA, USA). 

Anti-HE4 antibodies 2D5 and 3H8 were donated by Fujirebio Diagnostics (Malvern, 

PA). Low cross-reactivity, calibrator grade CA125 antigen standards were acquired from 

Meridian Life Science Inc (Saco, MC, USA). The HE4 calibrators utilized in 'gold 

standard' ELISA standards were procured from Fujirebio diagnostics. Human serum 
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based Liquicheck® tumor marker controls were purchased from BioRad (Irvine, CA, 

USA) for precision studies. 

3.3.2 p-BNC construction and operation 

 The construction, operation, associated instrumentation and image analysis for the 

p-BNC were described previously in chapter 2. 

3.3.3 p-BNC multiplex assay execution 

 A typical p-BNC multiplexed assay was carried out by first localizing the 

microbeads on the silicon chip. Here, agarose microbeads for varying  analytes of interest 

were multiplexed along adjoining columns and identified by location for multiplexing. A 

custom microbead localizer was also available for automation (Biodot Inc, Irvine, CA, 

USA). The analyte specific beads (CA125 and HE4) and negative control beads (IL-6) 

were localized on to the silicon chip and the flow module assembly was completed.  

 Following a 1 minute high flow rate (2500 μL/min) priming step to ensure bead 

wetting and microbubble elimination, the serially diluted analyte cocktail standard of pre-

determined concentration in 0.1% PBS/BSA (referred to as PBSA hereon) or the serum 

sample was introduced to the bead array under a closed loop, recirculation format to 

minimize sample volume requirements. Any remaining uncaptured analyte following this 

step, was removed with a high stringency, high flowrate (2500 μl/min) PBS wash. The 

immunosandwich was completed in the agarose nano-nets with the introduction of a 

prediluted analyte-specific Alexa Fluor
®
 488 conjugated detecting antibody cocktail, 

followed by removal of excess antibody with a high stringency wash. Digital 

photomicrographs of the fluorescent beads were obtained to quantify the captured 

analytes.  
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3.3.4 CA125 xMAP assay 

 Polystyrene microbeads (Luminexcorp, Austin, TX) were conjugated to varying 

concentrations of CA125 capturing antibody utilizing a manufacturer recommended 2-

step carbodiimide coupling procedure. The detecting antibody was biotinylated following 

manufacturer protocols utilizing an EZ-Link Sulfo-NHS biotinylation kit (Pierce 

Biotechnology, Rockford, IL). The washed capture sandwich immunoassay was 

conducted on a filter bottom microplates (Millipore, Billerica, MA) utilizing standard 

protocols recommended by the manufacturer for varying concentrations of CA125 and 

the results were read utilizing the Luminex 200 (Luminex, Austin, TX) 

3.3.5 Analytical performance evaluation 

 The limit of detection (LOD) values were evaluated at 3 standard deviations from 

the mean for the blank. The inter- and intra assay precision values were evaluated over 3 

days utilizing standard tumor marker controls. All analytical performance metrics were 

evaluated in triplicate.  

3.4 RESULTS 

3.4.1 Cross-platform analytical performance comparison 

 To ensure successful translation of biomarkers discovered on flow cytometric 

bead-based systems to the p-BNC, unconfounded by technological variations between the 

systems, we compared the relative analytical performance metrics. Double determinant 

sandwich immunoassays were utilized for quantification in both systems and hence, to 

retain identical molecular level interaction, the capture and detection moieties along with 

the analyte standards were kept identical between the platforms. The matched antibody 

pair for CA125 p-BNC, screened from 36 antibody pair combinations in our previous 
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work was utilized to develop a flow cytometric bead-based assay for CA125 (Clone 

M8072321 M11 antibody for capture and clone M8072320 OC125 antibody for 

detection). Various capturing (5, 25, 50, 125 and 500 µg) and detecting (4, 50 µg/mL) 

antibody concentrations were assessed over 10 - 400 U/mL of CA125, to arrive at 

optimal reagent conditions (5 µg capture and 50 µg/mL detection) with the highest 

immunoassay slope (Appendix A). Method validation against gold standard ELISA 

resulted in good correlation (R
2
=0.99). Analytical validation of the CA125 xMAP

®
 assay 

resulted in LODs of 1.8 U/mL with intra- and inter-assay precision values of 9.6% and 

8.1% (%CVs) averaged over low (21.1 U/mL), medium (64.3 U/mL) and high (186 

U/mL) concentrations of standardized tumor marker controls. These analytical 

performance metrics compared between the CA125 xMAP
®
 immunoassay and the 

previously established CA125 p-BNC are shown in Table 3-3.   

Table 3-3 Platform performance metrics comparison between the CA125 immunoassay 

on the xMAP
®
 system and the p-BNC, utilizing identical antibody matched pairs and 

analyte standards.  

 

 The platform LODs were comparable, with the CA125 p-BNC exhibiting a slight 

but significantly lower value. Most importantly, utilizing identical molecular level 

capture and detection elements, the precision values on the p-BNC system were 

significantly lower (5-6 fold) compared to the xMAP
®
 system. Finally, the analysis times 
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of 43 minutes on the p-BNC were much lower than the typical 4-6 hours on the xMAP
®
 

system.   

3.4.2 HE4 p-BNC assay development and add-on to CA125 p-BNC 

 Towards concomitant analysis of CA125 and HE4 on the p-BNC platform, we 

adapted the p-BNC for HE4 quantitation. The p-BNC operational variables including 

capturing and detecting reagent concentrations, sample and detecting antibody flow rates 

and incubation times determine optimal performance qualified on the basis of 

immunoassay slope, linearity and precision. The HE4 antibodies 2H5 (capture) and 3D8 

(detection), directed toward mutually exclusive epitopes were utilized for HE4 

quantitation on the p-BNC (3.75 to 225 pM HE4 concentrations). The optimal capturing 

and detecting antibody concentrations were chosen as 107 ng/bead and 1:1000 dilution 

respectively based on aforementioned analytical response criteria. The CA125-specific 

agarose microbeads utilized as negative control to permit high specificity multiplexing 

showed no cross-reactivity (Figure 3-1, Inset).   
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Figure 3-1 Dose-response curve for HE4 immunoassay on the p-BNC. Raw 

photomicrograph (inset) illustrates high specificity multiplexing with no cross-reactivity 

from the CA125 beads.  

 

The reagent flow rates (750 µL/min) and incubation times (Sample-30 minutes/ Detecting 

antibody-10 minutes) previously established for the gold standard CA125 p-BNC were 

held constant due to the 'rate determining' nature of the CA125 assay on the p-BNC in the 

multiplexed immunoassay schema. The dose-response curve obtained for the optimized 

HE4 p-BNC is shown in Figure 3-1. The HE4 p-BNC, developed to perform optimally 

with CA125 operational variables demonstrated LODs of 2.8 pM with a short analysis 

time of 43 minutes, while demonstrating inter and intra-assay precision values of 5.1% 

and 5.8%, comparable to those of gold standard ELISAs. Method validation against gold 

standard ELISAs with advanced stage ovarian cancer patient sera (n=15) resulted in good 
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correlation (R
2
 = 0.94). These efforts resulted in a highly sensitive, precise, immunoassay 

for HE4 adapted to the p-BNC to complement our previous established CA125 p-BNC.  

3.4.3 Cross-reactivity analysis 

 

Figure 3-2 Capturing antibody specificity (A) Calibration curves for CA125 with both 

CA125 and HE4 capturing beads indicate no cross reactivity with HE4 over the entire 

range of concentrations analyzed. Raw data shown in the inset indicates no signal from 

HE4 beads. (B) Calibration curves for HE4 with both CA125 and HE4 capturing beads 

indicate no cross reactivity with CA125 over the entire range of concentrations analyzed. 

Raw data shown in the inset indicates no signal from CA125 beads. 

 

 To demonstrate high specificity measurements of the individual biomarkers under 

multiplexed mode and to permit robust measurements of clinical samples, we designed a 

series of experiments to demonstrate the specificity of the individual immunoassay 

components. To this end, the individual antigen and detecting antibodies were first 

analyzed on the p-BNC with capturing antibodies for both CA125 and HE4. Here, the 

signal on the non-specific capture antibody would indicate cross-reactivity between the 

antigen/detecting antibody with the capturing antibody. Additionally, a series of analyte 

concentrations were explored to understand the concentration dependent nature of this 

non-ideal interaction. The experimental results are presented in Figure 3-2 A, B. Here, 
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little to no cross-reactivity was observed between the non-specific capturing antibody 

with either the antigen or the detecting antibody over the entire range of analyzed 

concentrations, indicative of high capturing antibody specificity.  

 

Figure 3-3 Detecting antibody specificity (A) Calibration curves for CA125 with both 

CA125 and HE4 capturing beads and detecting antibody cocktail indicate no cross 

reactivity with HE4 over the entire range of concentrations analyzed. Raw data shown in 

the inset indicates no signal from HE4 beads. (B) Calibration curves for CA125 with both 

CA125 and HE4 capturing beads and detecting antibody cocktail indicate no cross 

reactivity with CA125 over the entire range of concentrations analyzed. Raw data shown 

in the inset indicates no signal from CA125 beads. 

 

 Upon establishing capturing antibody specificity and ruling out resultant non-

ideal interactions, the individual antigen and the detecting antibody cocktail were 

analyzed on the p-BNC with capturing antibodies for both CA125 and HE4 (along the 

entire range of analyte concentrations). Here, specificity of the detecting antibody reagent 

was ascertained with no signal on the non-specific capture antibody (Figure 3-3 A, B). 

Additionally, the CA125 and HE4 calibration curves for the capturing antibody 

specificity experiment detailed above (Figure 3-2 A, B) and the detecting antibody 

specificity experiment (Figure 3-3 A, B) were congruent with each other indicating little 
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to no evidence of cross-reactivity between the analyte-specific capturing antibody, 

antigen and the non-specific detecting antibody. 

 

Figure 3-4 Multiplexing specificity (A) Calibration curves for the singleplex and 

multiplex assays for CA125 on the p-BNC are congruent with each other indicating 

specific multiplexing with minimal cross-reactivity. (B) Calibration curves for the 

singleplex and multiplex assays for HE4 on the p-BNC are congruent with each other 

indicating specific multiplexing with minimal cross-reactivity. 

 

 The final multiplexed immunoassay utilizing the CA125-HE4 antigen cocktail 

assayed on the p-BNC with capturing antibodies specific to both analytes of interest and 

the detecting antibody cocktail was conducted and the dose-response curves obtained 

from these multiplexed experiments for these individual analytes are shown 

superimposed with their singleplex counterparts in Figure 3-4. Here congruent singleplex 

and multiplex assays rule out cross-reactivities leading to false signal elevation from 

interaction between the analytes and/or other possible combinations of non-specific and 

specific interactions on the capturing antibody with the analyte of interest.  
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 In summary, these experiments designed to individually demonstrate the 

specificity of the capturing antibody, detecting antibody and the individual analytes 

demonstrate robust, specific multiplexing with minimal interference on the p-BNC. 

3.4.4 Multiplexing wash time optimization 

 Following demonstration of high specificity multiplexing of CA125 and HE4 on 

the p-BNC, we then optimized the high stringency wash step following the completion of 

the multiplexed immunoassay. Here, to allow for the excess reagents introduced through 

multiplexing and consequent increase in noise, it was necessary to increase the wash 

times to permit high signal to noise ratios without adding to the total increase in analysis 

times. We determined that a total wash time of 3 minutes was sufficient to remove the 

excess reagents following the multiplexed immunoassay to deliver a high SNR without 

loss of performance. This resulted in a total analysis time of 44 minutes, a 1 minute 

increase to the individual singleplex immunoassay. 

3.4.5 Analytical validation of multiplexed assays 

 The analytical performance of the high specificity multiplexed immunoassays for 

CA125 and HE4 was completed following optimization of wash times to account for 

background resulting from increased reagent volumes. The dose-response curves for 

CA125 and HE4 in the multiplexed format for the optimized assay are shown in Figure 3-

5. Though minimal cross-reactivity was observed upon multiplexing, analytical 

performance metrics of the singleplex immunoassays cannot simply be extrapolated to 

the multiplexed immunoassays and here, we determined the limit of detection and 

precision values for the individual immunoassays.  
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Figure 3-5 Dose-response curve for (A) CA125 and (B) HE4 under multiplexing mode. 

Photomicrograph representing multiplexing based on spatial identification for CA125 and 

HE4 on the p-BNC 

 

 The LOD values for CA125 and HE4 in the multiplexed format were 4.3 U/mL 

and 5.3 pM respectively. The average precision values were 10.6% and 12.5% CV 

respectively for CA125 and HE4. Here, small increases in LOD and precision were noted 

for the multiplexed immunoassays compared to the individual immunoassays, though still 

within the acceptable range of precision for immunoassays. Despite negligible cross-

reactivity and wash time optimization to maximize signal to noise ratio, some residual 

consequences of these effects as observed for these analytical performance metrics. 

Nevertheless, the multiplexed p-BNC is capable of highly sensitive, multiplexed, robust 
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and precise measurements of CA125 and HE4 concomitantly, under 45 minutes, an 

important step qualifying the multiplexed p-BNC for measurement of clinical samples for 

these early disease biomarkers. 

3.5 DISCUSSION 

 Microfluidic diagnostic platforms capable of rapid, sensitive, multiplexed and 

specific quantitative measurements of disease-specific biomarkers have the potential to 

address the unmet clinical need for early detection and screening platforms for ovarian 

cancer. In this work, we utilize the programmable bio-nano-chip that synergizes advances 

in microfluidics, clinical chemistry, biomarker discovery and image analysis to create a 

multiplexed biomarker quantitation approach for ovarian cancer. Here, concurrent with 

advances in the field of ovarian cancer biomarker discovery, we adapted the CA125 and 

HE4 multiplexed panel on the p-BNC. We demonstrated the utility of the p-BNC as a 

suitable diagnostic platform for translation and validation of novel-biomarkers by 

comparing the technological performance of the system to the flow-cytometric bead-

based immunoassay discovery platform. High specificity multiplexing for sensitive and 

quantitative measurements of these ovarian cancer biomarkers was demonstrated on the 

p-BNC, indicating the suitability of the platform for further clinical validation. 

 Technological differences between biomarker discovery and validation platforms 

pose potential bottlenecks in the diagnostic pipeline.
135

 Hence, cross-platform 

performance comparison between the discovery and end-point diagnostic platform, as 

presented in this work is crucial to successful translation of novel biomarkers between the 

xMAP® and the p-BNC.
128

 The LODs between the systems were comparable, necessary 

for translation of low biomarker levels encountered in early detection and screening. The 
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imprecision values on the p-BNC were 5-6 fold lower than the corresponding values on 

the xMAP
®
 system. In xMAP

®
-based immunoassays, 10-30% of measurement variability 

has been attributed to variations in microsphere diameter.
136

 Carefully controlled in-

house procedures to manufacture monodispersed agarose microbeads for the p-BNC may 

offer additional advantages in terms of precision over discovery platforms, as noted in 

this study.
98

 Typically, high imprecision is noted for platforms utilized in discovery and 

much lower %CVs are needed for subsequent validation and clinical implementation.
138

 

Here, the precision values noted on the p-BNC surpass these expectations and this 

microfluidic platform has the potential to validate novel biomarkers along with serving as 

the end-point diagnostic at the POC, alleviating bottlenecks in the diagnostic pipeline. It 

is important to note that the molecular level interaction permitted by the antibodies is 

identical between the compared systems in this study. Given that immunoassay 

performance is strongly dependent on antibody affinities, this is essential to obtain a 'true 

platform comparison'. The high efficiency capture and sequestration of analytes allowed 

by the 3D architecture of the agarose microbead and avidity effects foster low detection 

limits and short analysis times.
99

 Additionally, high stringency washes following sample 

and reagent incubation permit reduction in background noise and consequently higher 

signal to noise ratio and precision. Uniformity of microbead sensors, automated operation 

and minimal user interaction are conducive to achieving high precision in the p-BNC. 

Biomarker performance following discovery is strongly dependent on analytical platform 

precision, critical in establishing biomarker utility.
71

 Finally, in addition to 

aforementioned analytical performance, the p-BNC offers short analysis times, minimal 



88 
 

user interaction and reliance on external laboratory infrastructure, methodological 

advances over the discovery platform, making it suitable for POC analysis.  

 Building up on our previous work in this area, the HE4 p-BNC was developed to 

perform optimally with the 'rate-limiting' CA125 p-BNC with LODs of 2.8 pM and, inter 

and intra-assay precision values of 5.1% and 5.8%. Performance metrics were 

comparable to current gold standard ELISAs with a short total analysis times of 43 

minutes. Moreover, incorporation of previously established biomarkers as negative 

control can serve as a potential strategy to eliminate reagents exhibiting cross-reactivity 

at a preliminary stage as evidenced in this work. 

 

Figure 3-6 Summary of ideal interaction leading to specific analyte quantitation and non-

ideal interactions upon multiplexing. Reprinted with permission from Journal of 

Proteome Research. Copyright 2008 American Chemical Society.
7
 

 

 Despite advantages offered by multiplexed immunoassays in terms of reduced 

reagent volumes and assay times, cross-reactivity and resultant interference from non-

ideal interactions upon introduction of antibody and analyte cocktails impact analytical 

performance of such systems (Figure 3-6). In this study, careful consideration was 

applied to specificity of each individual immunoassay component including the capturing 

antibody, detecting antibody and the analyte of interest. Robust quantitation of analytes 

under multiplexing mode was confirmed by negligible cross-reactivity from each 

individual assay component. The calibration curves for the singleplex and multiplex 
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immunoassays for the individual analytes juxtaposed on each other were congruent 

demonstrating the specificity of the multiplexed reagent ensemble qualifying the system 

for robust quantitative analytical measurements of clinical samples. These cross-

reactivity studies conducted for the CA125 and HE4 immunoassay components 

collectively rule out the host of possible non-ideal molecular interactions (Figure 3-6) 

that can confound specific analyte quantitation. Here, reagent screening based on well 

characterized molecular epitopes and removal of excess reagents with high stringency 

washes following addition of each immunoassay component (antigen/detecting antibody) 

have resulted in high specificity multiplexing with negligible cross-reactivity.  

 High stringency wash following the detection step, an operational variable on the 

p-BNC, was optimized to account for the increased reagent quantities, contributing to 

noise upon multiplexing. This optimization led to a total increase of one minute to reduce 

increased background from multiplexing. Corresponding reductions in imprecision were 

also noted. Analytical validation of the multiplexed system for concomitant 

measurements of CA125 and HE4 demonstrated slightly increased LODs and precision 

values compared to the corresponding singleplex assays, though still within the 

acceptable and desired range for multiplexed immunoassays. In planar multiplex assays, 

intra-assay imprecision has been reported to range from 4.2% to 67% and inter-assay 

imprecision from 9.4% to 56.0%.
7
 The CV values  noted in this study were below the 

lowest reported values for these systems, a notable and critical result in the context of 

biological variation monitoring. Additionally, 1.7-5.0 fold lower sensitivities have been 

reported for well designed multiplex immunoassays in the literature, compared to the 

corresponding singleplex assays, concordant with results noted in this study.
7
 Previous 
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efforts to multiplex CA125 and HE4 immunoassays, utilizing the xMAP
®
 system for 

identical antibody clones, resulted in significant cross-reactivity to dissuade clinical 

usage.
76

 Average CVs for the singleplex CA125 and HE4 assays were 18.9 and 26.6%, 

significantly higher than the values noted in this study for the corresponding multiplex 

assays.
76

 These results are consistent with expectations based on the comparisons 

presented between the p-BNC and flow-cytometric bead based approaches. Inefficient 

wash steps in micro-titer plate based systems compared to efficient removal of excess 

reagents in the p-BNC permit reduction in cross-reactivity on the p-BNC, even with 

identical antibody clones as reported here. Recent efforts into understanding biomarker 

capture utilizing confocal microscopy, indicate that 97.9% of analyte captured is 

transduced as signal and  only 2.1% of non-specific detecting antibody is present on the 

agarose microbead during single analyte capture, indicating the efficacy of wash step.
115

 

Though analyte-specificity is imparted at the molecular level by the epitope specific 

antibody, these preliminary results strongly suggest that even minimal cross-reactivity 

present for highly quality antibodies, can be significantly reduced due to advantages 

conferred by the inherent nature of the microfluidic platform itself.  

 Multiplexed immunoassays are a novel class of analytical systems and the 

extensive cross-reactive analysis and analytical validation presented in this work were 

undertaken to determine suitability of use for clinical analysis. Taken together, the 

collective body of work presented in this chapter supports the utility of the p-BNC for 

robust, quantitative measurements of ovarian cancer biomarkers towards diagnostic 

applications in ovarian cancer. 
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Chapter 4: Pilot Scale Clinical Validation of the Multiplexed p-BNC for 

Ovarian Cancer Diagnostics 

 

4.1 CHAPTER OVERVIEW 

 In the previous chapters, the p-BNC was adapted and qualified for rapid, 

sensitive, precise and specific quantitative measurements of the CA125-HE4 multiplex 

biomarker panel, indicating suitability for clinical validation and POC analysis. In this 

chapter, the utility of the multiplexed p-BNC to obtain clinically pertinent information 

will be evaluated utilizing a small pilot-scale clinical study. Here, sera obtained from 16 

women encompassing 8 surgically confirmed ovarian cancer patients and 8 age matched 

healthy controls are analyzed on this integrated, multiplexed p-BNC. Expression levels of 

individual biomarkers and the composite biomarker combinations in healthy and diseased 

sera will be evaluated and compared with previously published discovery studies. 

Correlation between the individual biomarker expression levels will be studied to 

understand the complementarity between the biomarkers for ovarian cancer diagnosis. 

Cut-off concentrations to demarcate diseased and healthy individuals, along with relevant 

values of sensitivities and specificities to evaluate diagnostic performance will be 

determined. A Risk Of Malignancy Algorithm (ROMA) will be utilized to interpret 

composite biomarker combination concentrations. The resulting diagnostic performance 

of the composite biomarker combination and the individual biomarkers will be  

interpreted utilizing area under the curve (AUC) values  of the corresponding Receiver 

Operating Characteristic curves (ROC). This proof-of-concept clinical study will be 

completed in an attempt to explore the utility of the p-BNC for delivering molecular 
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diagnostic signatures capable of distinguishing between advanced stage ovarian cancer 

patients and healthy controls. Results from this study will indicate feasibility for further 

investigation of early and pre-clinical stage samples in larger sample cohorts 

encompassing additional biomarkers on the p-BNC. 

4.2 MATERIALS AND METHODS 

4.2.1 Patient population, sample collection and processing 

Table 4-1 Characteristics of ovarian cancer patient sample population. Standardized 

notations for TNM staging and grading were utilized. 'NA' signifies no information 

available for that particular category. 

 

 The sample population utilized in this pilot study comprised 16 women; 8 patients 

diagnosed with ovarian cancer and 8 apparently healthy age-matched women as controls. 

Samples were obtained from a commercial sample bank for the proof-of-concept study 

through ProMedDx (Norton, MA, USA). These samples were collected following 

appropriate IRB reviewed procedures with informed patient consent. Sera obtained via 

standardized procedures were sent to the McDevitt laboratory for analysis. All ovarian 
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malignancies were surgically verified (ProMedDx). The samples were equally distributed 

between women of Caucasian (50%) and Hispanic (50%) ethnicities. A total of 7 out of 8 

patients were advanced staged (Stage III/IV) along with one early stage ovarian cancer 

patient (Stage Ic). Though staging information was available for all patients, grading and 

TNM staging was not available for everyone (Please refer to chapter 1 for staging and 

grading nomenclature). The median and mean age for women in this study population 

were 58.6 and 55 respectively with nearly identical statistics for the healthy controls due 

to age-matching. These selected patient samples and their characteristics are summarized 

in Table 4-1.  

Table 4-2 Characteristics of age matched, apparently healthy, negative controls utilized 

in this study. 

 
 

 

 The age matched health controls along with their sample IDs are listed in Table 4-

2. The histological classification of these epithelial ovarian tumors was not available. 

Grading information for tumors, where available, belonged to G3, the poorest 
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differentiated type of tumors with the worst prognosis among all grades. No concurrent 

non-ovarian malignant neoplastic conditions were reported for the selected patient 

population. 

4.2.2 p-BNC analysis  

 The experimental conditions optimized for concomitant analysis of CA125 and 

HE4 on the p-BNC in the previous chapter were utilized along with associated 

instrumentation and analysis methods. 

4.2.3 Statistical Analysis 

 The Risk of Ovarian Malignancy Algorithm (ROMA) described by Moore et al. 

was utilized to interpret values obtained from the CA125-HE4 multiplex panel on the p-

BNC.
125, 126

 Likewise, the CA125 and HE4 serum values obtained from multiplexed 

analysis were inserted into the applicable equation listed below based on the menopausal 

status of women to evaluate the predictive index (PI). 

Premenopausal women 

 Predictive Index (PI) = -12.0 + 2.38*Ln[HE4] + 0.0625*Ln[CA125] 

Postmenopausal women 

 Predictive Index (PI) = -8.09 + 1.04*Ln[HE4] + 0.732*Ln[CA125] 

Utilizing the PI obtained, the ROMA value (predictive probability) was calculated using 

the following equation 

 ROMA (%) = exp(PI) / [1+exp(PI)]*100 

Based on the ROMA values obtained for the samples analyzed, the cutoffs were 

determined.  
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 Statistical comparisons were performed utilizing the Mann-Whitney U-test. This 

non-parametric method was chosen due to the small sample size utilized in this study and 

due to its robustness for determining significance. For all comparisons, results associated 

with p<0.05 was deemed statistically significant.   

 The ROC curves were utilized to evaluate the diagnostic performance of the 

individual and multiplex assays on the p-BNC.
141

 For various biomarker cut-off values to 

distinguish populations with and without disease, values of true positives and false 

negatives generated are used to evaluate the clinical sensitivity and specificity.True 

positive rates (Sensitivity) are plotted against the false positive rates (100-specificity) for 

various cut-off points in the ROC curve. A test with perfect discrimination (100% 

sensitivity and 100% specificity) will be represented by a plot passing through the upper 

left corner on the ROC curve. The area under the curve (AUC) is represented for the 

ROC curves where perfect discrimination will yield an AUC of 1 and no difference (coin 

flip) will be represented by 0.5.  

 All statistical analysis were performed utilizing MedCalc® (Mariakerke, 

Belgium). 

4.3 RESULTS 

4.3.1 Programmable Bio-nano-chip for ovarian cancer diagnostics 

 A panel of biomarkers to encompass the heterogeneity and complexity of ovarian 

cancer has the potential to serve as a diagnostic solutions in combination with TVS for 

the early detection and screening of ovarian cancer. The p-BNC microfluidic platform is 

an integrated miniaturized immunoanalyzer capable of multiplexed measurements of 

biomarkers from complex sera. Immunological reactions occur in the nano-nets of 
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sensitized microbeads positioned in individually addressable wells housed in a 

miniaturized microfluidic module. Bridging biomarker discovery and microfluidic 

advances in this arena, we had previously described the adaptation of the p-BNC for 

concomitant analysis of CA125 and HE4, a promising multi-marker panel for early 

detection and screening of ovarian cancer. We demonstrated that the p-BNC was capable 

of highly specific, sensitive and precise multiplexed detection of these biomarkers with 

negligible cross-reactivity. Quantitative measurements of individual biomarkers on the p-

BNC showed good correlation with the corresponding gold standard systems but with 

shorter analysis times of ~45 minutes.In this work, we explore the clinical utility of the p-

BNC. Here, we utilized the optimized p-BNC for multiplexed analysis of CA125 and 

HE4 to discriminate between ovarian cancer patient sera and corresponding age-matched 

healthy controls. 

4.3.2 Clinical study  

 To determine the clinical utility of the multiplexed p-BNC for ovarian cancer 

diagnostics, sera obtained for 8 ovarian cancer patients and 8 age-matched healthy 

controls were assessed on the platform. In this group, 7 of 8 patients were diagnosed with 

advanced stage ovarian cancer and one patient with early stage cancer, where malignant 

status was surgically confirmed. Sera (250 µL) diluted four-fold were assessed to obtain 

quantitative measurements of CA125 and HE4 on the p-BNC utilizing previously 

optimized protocols as described in the methods section. Representative raw digital 

photomicrographs of a healthy and diseased sample are presented in Figure 4-1 

demonstrating multiplexing aided by spatial recognition. Custom image analysis methods 
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to quantify mean fluorescence intensities led to quantitative measurements of individual 

biomarkers.  

 

Figure 4-2 Relative concentrations of CA125 and HE4 in diseased sera (top) and age 

matched healthy controls (bottom) plotted on the same scale. Sample numbers are plotted 

on the x-axis. 
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4.3.3 Biomarker concentrations and cut-offs  

 Quantitative measurements of both CA125 and HE4 revealed upregulated levels 

of both biomarkers in diseased sera compared to corresponding age matched negative 

controls (Figure 4-2). No association was  found between CA125 and HE4 concentrations 

in diseased sera suggesting complementarity between these biomarkers for ovarian cancer 

detection. The mean and median concentrations of CA125 and HE4 in healthy and 

diseased sera are listed in Table 4-3. 

Table 4-3 Mean and median biomarker concentrations in sera of ovarian cancer and 

healthy controls. 

 

 The mean and median values obtained for CA125 and HE4 were in the range of 

expected concentration values reported in the literature.
126

 Both CA125  (p=0.0002) and 

HE4 (p=0.0003) were significantly elevated in ovarian cancer patient sera in comparison 

to the corresponding healthy controls. A dual dot plot indicating the biomarker cut-off 

concentration with the best separation between the ovarian cancer and the healthy groups 

for minimal false negatives and false positives is shown in Figure 4-3 for both 

biomarkers. CA125 exhibited 100% sensitivity and 100% specificity at a cut-off 

concentration of 17.1 U/mL. For HE4, at a cut-off concentration of 102.2 pM, the 

sensitivity and specificity were 100% and 87.5% respectively. Hence, both CA125 and 
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HE4 were capable of good discrimination between the cancer and healthy groups 

individually. Receiver Operating Curve (ROC) analysis of the individual biomarkers led 

to area under the curve of 1.00 for CA125 and 0.984 for HE4.    

 

Figure 4-3 (A) Dual dot plots for CA125 and HE4 with cut-off concentrations offering 

the best separation between the  healthy (0) and diseased (1) groups. Sensitivities and 

specificities at the cut-off biomarker concentrations are noted. (B) Receiver Operating 

Characteristic curves for CA125 and HE4 along with the corresponding area under the 

curve (AUC) values. 

 

4.3.4 CA125-HE4 composite biomarker combination 

 To evaluate the diagnostic performance of the CA125-HE4 composite biomarker 

combination, we utilized a dual marker algorithm utilizing CA125 and HE4 biomarker 
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concentrations proposed by Moore et al. to calculate the predictive probability designated 

as ROMA, to discriminate between women presenting with ovarian cancer and the 

corresponding age matched healthy controls.
125

 The ROMA (%) obtained utilizing this 

algorithm successfully discriminated (p=0.0002) between the healthy and ovarian cancer 

groups with 100% sensitivity and specificity (Figure 4-4, A). The cut-offs predicted for 

ROMA (28.1%) were concordant with values based on the literature.
125

 The ROC curves 

plotted for ROMA indicated AUCs of 1.00 for this biomarker combination.   

Figure 4-4 (A) Dual dot plots for CA125 and HE4 composite biomarker combination. 

The predictive probabilities were interpreted with the ROMA algorithm. Cut-off 

predictive probability values offering the best separation between the  healthy (0) and 

diseased (1) groups are noted along with corresponding sensitivities and specificities (B) 

Receiver Operating Characteristic curves for the multiplex biomarker combination along 

with the corresponding area under the curve (AUC) values. 

 

4.4 DISCUSSION 

 In this work, we conducted a pilot scale clinical study to explore the utility of the 

p-BNC, for discriminating ovarian cancer patient sera from comparative age-matched 

negative controls. To this end, we utilized the previously developed and optimized p-
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BNC for multiplexed detection of CA125 and HE4. We had previously demonstrated the 

capability of the p-BNC to simultaneously quantify these biomarkers with minimal cross-

reactivity. Good correlation with current gold standards along with low LOD values, 

imprecision and short analysis times were also demonstrated. 

 Utilizing this optimized p-BNC for multiplexed analysis of CA125 and HE4, we 

examined 16 subjects, comprising 8 ovarian cancer patients and 8 corresponding age-

matched healthy controls. We observed that both CA125 and HE4 were significantly 

elevated in the sera of advanced stage ovarian cancer patients, in comparison to the 

corresponding age-matched healthy controls. The biomarkers CA125 and HE4 were 

complementary biomarkers with no association between their expressed levels. High 

specificity and sensitivity were observed individually for both CA125 and HE4 at cut-off 

biomarker concentrations, concordant with expectations based on literature reported in 

this area.
125

 
123, 142

 Moreover, we utilized the Risk of Ovarian Malignancy Algorithm 

(ROMA) to interpret the diagnostic performance of the composite biomarker 

combination.
126

 Utilizing this predictive probability algorithm, we demonstrated that this 

biomarker combination was able to distinguish between advanced stage malignancy and 

healthy controls with 100% sensitivity and specificity. This study supports the clinical 

utility of the multiplexed p-BNC as a potential solution for ovarian cancer diagnostics. 

 This work was intended to serve as a proof-of-concept feasibility study to 

determine the clinical utility of the p-BNC. Hence, a small sample size with equal 

number of patients and healthy controls were assessed. However, ovarian  cancer is a low 

prevalence disease (1 in 2500 postmenopausal women).
8
 Hence, prior to determining 

clinical utility for diagnostic implementation in a predominantly high risk population, 
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will require assessment of atleast 500 patient samples, with a minimum of 100 patients 

with histologically confirmed ovarian cancer.
125

 Additional information pertaining to the  

histological classification of ovarian cancer subtypes encompassing the serous, mucinous, 

endometrioid and clear cell ovarian carcinomas concordant with their incidence in the 

normal population need to be incorporated. Finally, this study examined predominantly 

post-menopausal women with advanced stage and advanced grade cancers. To 

encompass the heterogeneity of the ovarian cancer in the general population, a larger 

study should include early and late stage cancers of varying grades, menopausal status 

and histological subtypes.  

 Both CA125 and HE4 have shown excellent diagnostic performance, reported in 

the literature individually for advanced stage cancers.
123

 The increased serum levels of 

both biomarkers is concordant with these previous findings. Additionally, CA125 has 

been found to be elevated in only 80% of ovarian cancers.
120

 However, in this study this 

biomarker was found elevated in all samples, bias probably resulting from the sample 

size employed. Nevertheless, HE4 has been shown to be upregulated in more than 50% of 

the cancers where CA125 is not expressed, making it a suitable complementary 

biomarker for ovarian cancer. 
143

 Moreover, HE4 is the only other biomarker to have 

lower false positives than CA125.
144

 The large false positive rates observed for CA125 in 

non-malignant and physiological conditions have pre-empted its utility for early stage 

ovarian cancer diagnostics and here complementarity afforded by HE4 strengthens the 

biomarker panel.
120

  However, no false positives were observed for CA125 in this study 

while one false positive was found for HE4. Additionally, as noted in this study, the 

individual biomarker levels were not associated with each other, offering further evidence 
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to the complementarity of these biomarkers. Though elevation due to false positives was 

not observed in the sample population analyzed for CA125, HE4 could potentially serve 

to balance such effects. This is further reflected in the weights assigned to these 

individual biomarkers in the ROMA algorithm.
126

 Here, HE4 is assigned a higher weight 

in pre-menopausal women where such false positives are frequently reported. 

 Though the CA125-HE4 multiplex panel has been evaluated in the literature for 

ovarian cancer early detection, recent efforts utilizing the flow-cytometric bead-based 

immunoassays as described in Chapter 3 have led to emerging panels of biomarkers that 

can offer improved sensitivities and specificities for pre-clinical disease.
125

 Improved 

PPVs are still needed for diagnosing pre-clinical disease, critical for implementation in 

the normal population. Such panels comprising 3-4 biomarkers are still being validated. 

Nevertheless, in most such biomarker panels, CA125 and HE4 were among the top 

biomarker contenders, highlighting the importance of the choice of this multiplexed 

panel.
128

 

 To evaluate the composite biomarker combination of CA125 and HE4, Moore et 

al. utilized a predictive algorithm that combines logarithmic values of CA125 and HE4 in 

addition to menopausal status of the women.
125

 This algorithm was chosen due to the 

prior training and validation in a large clinical study encompassing 500 women. It is 

important to note that utilizing this well-developed algorithm, interpreted with CA125 

and HE4 values obtained on the p-BNC, excellent diagnostic performance (AUC = 1.00) 

was obtained. Further, the cut-off's generated in this study for this ROMA index was 

found to be concordant with values obtained in several independent studies indicating the 

robustness of the quantitative values obtained.
125, 126, 142

 Algorithms utilizing longitudinal 
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values of these biomarkers may offer improved sensitivity and specificity and such 

algorithms are under development for CA125 and HE4 along with additional biomarkers 

from continuing discovery studies.
128

 

 Concurrent developments in the laboratory have also led to the development of a 

'clinical grade' p-BNC. The ‘clinical grade’ p-BNC retains identical microfluidic 

elements and most importantly, the programmable agarose microbead core, permitting 

translation of work presented in this thesis to the POC. Most importantly, the credit-card-

sized p-BNC can interface with and has co-evolved along with a compact (13.5 lbs) 

toaster size analyzer developed by our commercial partner which utilizes LED based 

optics along with a miniaturized CCD and a mechanical actuator that circumvent the need 

for a microscope and external pumps, as necessitated for a POC setup.
18

 In the 

completely integrated p-BNC, the loaded sample is accurately metered via a sample loop, 

following which the card is inserted into the battery-powered analyzer. Here, buffer 

containing blister packs are crushed and sample and reagents are released by actuation of 

a stepper motor and delivered to the nano-porous agarose beads housed in a stainless steel 

chip for assay sequence completion. Biohazardous wastes are contained in the waste 

chambers housed on the p-BNC. Upon assay completion, optical signal capture followed 

by automated image analysis results in an output displayed on the built-in screen.
19

 Lack 

of co-developed scaled instrumentation has been a limiting factor for similar high 

performance microfluidic systems to be commercialized and adapted to the POC
145

 and 

this potential to untether from traditional laboratory infrastructure is a particularly 

distinguishing feature of the p-BNC .  
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 The high quality analytical performance here reported for the p-BNC is achieved 

within 45 minutes, well suited for POC adaptation, permitted by the high surface area and 

capture efficiency of the 3D agarose nano-fibers compared to the traditional 2D 

platforms.
99

 Further reductions in assay times are anticipated with higher analyte capture 

efficiency permitted by optimal bead holder chip geometry design powered by 

computational fluid dynamics. Nevertheless, methods such as the p-BNC, that have co-

evolved along with scaled instrumentation, circumvent the need for centralized laboratory 

infrastructure necessitated by gold-standard ELISA, where turnaround times on the order 

of 24-48 hours are typical with three degrees of separation between the patient and the 

results.
19

 Additional limitations of the traditional systems include one-marker-at-a-time 

approach and barriers for POC adaptation. Here, high specificity multiplexing achieved 

on the p-BNC can help achieve reduction in sample volumes, reagent costs and reduced 

analysis times necessary for validating and generating complex biomarker signatures.  

 To demonstrate proof-of-concept, serum (as utilized in current gold standard 

systems) was chosen. However, to minimize sample processing and to facilitate POC 

analysis, we are now investigating the feasibility of whole blood samples obtained from a 

finger-stick to be applied directly to the p-BNC via capillary loading. 

 Given the preliminary nature of this work, though it may be premature to claim 

full clinical utility at this stage,  yet clearly the CA125-HE4 p-BNC can be envisioned to 

provide significant future utility in a variety of scenarios. High analytical precision 

permitted by the CA125-HE4 p-BNC will enable interpretation of biological variations 

unconfounded by analytical variations, necessary for multi-modal screening. Poor assay 

precision translates into poor biomarker performance and these results are important in 
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the light of high degree of variation in biomarker assay precision (2% to 58%) noted 

recently.
146

 Additionally, results obtained under 45 minutes can essentially permit TVS 

(if required) on the same day, pre-empting follow-up visits. Harnessing the multiplexing 

ability of the p-BNC, consistent with the MMP approach, we are currently placing newly 

discovered markers on to the p-BNC alongside CA125 and HE4 for increased PPV.
3
 

Such a system could be utilized for longitudinal monitoring of multiple markers (or TVS 

follow-up) as a potential screening modality. Here, the multiplexed p-BNC could serve to 

validate novel biomarker panels with limited quantities of precious pre-clinical samples. 

Finally, the p-BNC could potentially reduce the residence time in the ‘diagnostic 

pipeline’ paradigm by validating novel biomarkers on the system along with serving as 

the end-point diagnostic, a critical bottleneck involved in the development of novel 

biomarker-based diagnostics.
49

  

 Taken together, the collective body of work presented in this dissertation indicates 

strong promise towards the utility of the p-BNC for ovarian cancer diagnostics, with 

competitive analytical performance metrics, reduced assay time, high specificity 

multiplexing, excellent diagnostic performance and POC amenability, necessary for large 

scale implementation of early detection and screening methodologies.  
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Future Perspective 

 This thesis has laid the foundation to understanding biomarker sequestration in 

multiplex microfluidic systems and the framework for a potential pathway to validating 

novel IVD systems based on such platforms. Translational science is an emerging area of 

clinical science that attempts to bridge the gap between high performance microfluidic 

systems for specific clinical applications. Aligned with this emerging trend, this thesis 

has addressed problems pertinent to developing this novel class of analytical systems, 

well aligned with requirements of the clinical community. 

 Recent biomarker discoveries at the collaborating MD Anderson Cancer Research 

Center have resulted in the identification of novel biomarkers MMP-7 and CA 72-4, to 

improve the diagnostic accuracy of the multiplex panel utilized in this work. Based on 

preliminary validation, this biomarker panel is capable of distinguishing early stage 

ovarian cancer patients with malignant tumors from benign cases and healthy controls. 

Additionally, training algorithms have been developed that will utilize longitudinal 

values of these biomarkers rather than absolute quantitative values to yield better 

diagnostic power. 

 The results presented in this thesis have now formed the basis of a large clinical 

trial to be initiated as a part of the Cancer Prevention Research Initiative of Texas and the 

Ovarian Specialized Programs of Research Excellence. These trials will investigate the 

feasibility of early detection and screening utilizing CA125 and HE4, along with the 

newly discovered biomarkers, on the p-BNC utilizing samples obtained from UKCTOCS, 

the largest pre-clinical ovarian cancer sample bank in the world. These efforts to validate 



108 
 

newly discovered biomarkers on a potential end-point diagnostic platform (p-BNC) will 

reduce residence time in the diagnostic pipeline, permitting rapid translation of 

biomarkers for discovery to diagnostics. Concurrent microfluidic developments are 

addressing on-card sample processing to enable analysis of finger-stick samples on the p-

BNC to truly permit POC analysis. 
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