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ABSTRAK 

Kanser ovari epitelial (EOC) mempunyai kadar kematian yang tinggi, sebahagian 

besarnya disebabkan oleh pengesanan lewat serta keterbatasan kaedah diagnostik 

semasa dalam membezakan jisim ovari malignan dan benigna. Kajian ini bertujuan 

untuk menilai prestasi diagnostik pelbagai biomarker serum dalam membezakan kes 

malignan daripada benigna, mengenal pasti biomarker utama berprestasi tinggi untuk 

diintegrasikan ke dalam model multi-biomarker, serta menilai kebolehlaksanaan 

biosensor K-SPR tanpa label bagi pengesanan biomarker secara pantas dan kos efektif 

di tempat rawatan. Sebanyak 34 sampel serum (benigna n = 18, malignan n = 16) telah 

dianalisis menggunakan immunoesei multipleks untuk mengukur kepekatan sepuluh 

biomarker (CA125, HE4, IL-6, TNFR2, CCL11, IL-2Rα, VCAM1, PRL, OPN, dan 

MIF), dan analisis lengkung ciri operasi penerima (ROC) dilakukan untuk menilai 

prestasi diagnostik serta membangunkan panel multi-biomarker. Seterusnya, subset 

sampel (n = 8) dianalisis menggunakan biosensor resonans plasmon permukaan 

berasaskan konfigurasi Kretschmann tanpa label (K-SPR) bagi menilai prestasi 

pengesanan linear biomarker terpilih. Keputusan menunjukkan bahawa CA125 

(peningkatan ~7.8 kali ganda) dan HE4 muncul sebagai biomarker paling dominan. 

HE4 menunjukkan kekhususan 100% tetapi sensitiviti sederhana (60%) (AUC = 

0.951). Bagi CA125, penggunaan nilai ambang 60 U/mL meningkatkan sensitiviti 

(93.75%) dan ketepatan (97.00%) berbanding ambang konvensional 35 U/mL 

(sensitiviti 68.18%, ketepatan 79.00%). OPN dan biomarker keradangan (IL-6, MIF, 

TNFR2) menunjukkan prestasi sederhana (AUC ≥ 0.70), menyokong peranan 

pelengkap, manakala CCL11, PRL, VCAM1 dan IL-2Rα menunjukkan prestasi 

diagnostik yang lemah. Panel CA125 + HE4 + IL-6 menunjukkan prestasi yang kukuh 

dan stabil (AUC = 0.979), manakala panel CA125 + HE4 + IL-6 + MIF mencapai 

klasifikasi sempurna (AUC = 1.000) tetapi menunjukkan kestabilan yang lebih rendah 

semasa pengesahan, mencadangkan kemungkinan overfitting. Dalam sampel serum K-

SPR, CA125 membezakan sampel benigna (<60 U/mL) daripada malignan (96.1–

716.36 U/mL) dengan lineariti yang tinggi (R² > 0.94). HE4 pula menunjukkan 

diskriminasi yang jelas antara sampel benigna (<46 pM) dan malignan (>61.55 pM) 

pada ambang 60 pM, serta menunjukkan lineariti yang kukuh (R² ≈ 0.95). 

Kesimpulannya, panel CA125 + HE4 + IL-6 menunjukkan kebolehpercayaan tertinggi 

dalam membezakan kanser ovari, manakala biosensor K-SPR bersepadu menunjukkan 

potensi yang tinggi sebagai alat diagnostik. Secara keseluruhan, gabungan pelbagai 

biomarker dengan teknologi biosensor ini berpotensi meningkatkan pengesanan EOC 

dengan kaedah yang lebih pantas, kos efektif dan mudah berbanding kaedah semasa. 

Walau bagaimanapun, pengesahan lanjut dalam kohort pesakit yang lebih besar 

diperlukan sebelum ia dapat digunakan secara meluas dalam amalan klinikal. 
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ABSTRACT 

Epithelial ovarian cancer (EOC) has a high mortality rate, largely attributable to late 

detection and limitations in current diagnostic methods for distinguishing between 

malignant and benign ovarian masses. This study aimed to evaluate the diagnostic 

performance of multiple serum biomarkers in differentiating malignant from benign 

ovarian masses, to identify high-performing anchor biomarkers for integration into a 

multi-biomarker model, and to assess the feasibility of a label-free K-SPR biosensor 

for rapid and cost-effective point-of-care biomarker detection. A total of 34 serum 

samples (benign n = 18, malignant n = 16) were analysed using multiplex 

immunoassay to measure ten biomarkers (CA125, HE4, IL-6, TNFR2, CCL11, IL-

2Rα, VCAM1, PRL, OPN, and MIF), and receiver operating characteristic (ROC) 

analysis was performed to evaluate their diagnostic performance and develop multi-

biomarker panels. Subsequently, a subset of samples (n = 8) was analysed using a 

label-free Kretschmann-based surface plasmon resonance (K-SPR) biosensor to assess 

the linear detection performance of selected biomarkers. The results showed that 

CA125 (~7.8-fold increase) and HE4 emerged as the strongest biomarkers. HE4 

demonstrated 100% specificity but moderate sensitivity (60%) (AUC = 0.951). For 

CA125, the 60 U/mL cut-off improved sensitivity (93.75%) and accuracy (97.00%) 

compared to the conventional 35 U/mL threshold (68.18% sensitivity, 79.00% 

accuracy). OPN and inflammatory markers (IL-6, MIF, TNFR2) showed moderate 

performance (AUC ≥ 0.70), supporting a complementary role, while CCL11, PRL, 

VCAM1, and IL-2Rα demonstrated poor diagnostic performance. The CA125 + HE4 

+ IL-6 panel demonstrated strong and stable performance (AUC = 0.979), while the 

CA125 + HE4 + IL-6 + MIF panel achieved perfect classification (AUC = 1.000) but 

exhibited lower stability upon validation, indicating possible overfitting. In K-SPR 

serum samples, CA125 differentiated benign (<60 U/mL) from malignant (96.1–

716.36 U/mL) samples with strong linearity (R²>0.94). HE4 showed clear 

discrimination between benign (<46 pM) and malignant (>61.55 pM) samples at a 60 

pM threshold, also exhibiting robust linearity (R² ≈ 0.95). In conclusion, the CA125 + 

HE4 + IL-6 panel demonstrated the highest reliability for distinguishing ovarian 

cancer, while the integrated K-SPR biosensor showed strong potential as a diagnostic 

tool. Overall, combining multiple biomarkers with this biosensor technology may 

improve EOC detection, offering a faster, more affordable, and simpler alternative to 

current methods. However, further validation in larger patient cohorts is required 

before it can be widely implemented in clinical practice. 
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than a definitive diagnostic classification threshold. Δθ values 
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Serum samples are centrifuged, and two types of samples are 

prepared: (1) spiked samples, generated by adding recombinant 

CA125 or HE4 to 30% healthy serum diluted with 70% PBS; 

and (2) clinical samples, consisting of 30% benign or malignant 

serum mixed with 70% PBS. 76 

Figure 3.4 Part 2 procedure: K-SPR measurement protocol and data output 

procedure.  Following sample preparation, 100 µL of the spiked 

or clinical sample is injected at a FR of 30 µL/min. After sample 

measurement, the sensor surface is regenerated by injecting 

regeneration solution at a FR 50 µL/min, followed by re-

equilibration with running buffer. Subsequently, diluted samples 

are injected at 30 µL/min for 5 minutes, and the K-SPR signal is 

continuously monitored. Flow cells are cleaned using PBS/T 

buffer, and raw data are plotted to calculate the incident angle 

shift (), which reflects biomolecular interaction levels at the 

sensor surface 77 

Figure 3.5 Statistical analysis workflow. The analysis was divided into two 
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controls, benign ovarian conditions, and malignant EOC, with 

corresponding biomarker cut-off values indicated by dashed 

horizontal lines.Serum levels of ten candidate biomarkers were 

measured in samples from benign ovarian cases (n = 18) and 
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Significant differences were observed for multiple biomarkers. 
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demonstrated significant differences (p<0.001, ***). MIF (cut-
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significant at p<0.01 (**). VCAM-1 (cut-off: 568,000 pg/mL) 
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contrast, IL-2Rα (cut-off: 340 pg/mL) showed no statistically 
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(values<-0.5) and positive loading on PC2. PRL weak loading 

in both components (B). Component scores were assigned to 

individual samples to distinguish between groups. The score 

plot of PC1 and PC2 shows a minor disparity between 

malignant (red dots) and benign (blue dots) ovarian masses. 

Four malignant samples (n=4) appeared within the benign 

cluster, while three benign samples (n=3) were located within 

the malignant cluster on the right side. 95 

Figure 4.3 PCA was performed on serum biomarkers to identify factors 

predictive of ovarian malignancy. The dataset included serum 

samples from 27 women: 12 with malignant and 15 with benign 

ovarian masses (7 cases were excluded due to outlier data 

values). (1) The cluster pattern remains consistent with the 

loading plot. The PCA score plot (2) of PC1 and PC2 

demonstrates a clear separation between malignant and benign 

ovarian masses, emphasized by a reference line. 97 

Figure 4.4 PCA was performed on serum biomarkers to identify factors 

predictive of ovarian malignancy. The dataset included serum 

samples from 28 women: 12 with malignant ovarian masses and 

15 with benign ovarian masses (7 cases were excluded due to 

outlier data values).(1) Data reduction was conducted using 
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identified as a strong biomarker (>0.5) for the disease state 
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progression over time (PC2). Meanwhile, CCL11 (values<- 0.5) 
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contribution to EOC biomarkers in PC1. Component scores 
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demonstrates a clear separation between malignant and benign 

ovarian masses, emphasized by a reference line. 99 
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Figure 4.5 Principal Component Analysis (PCA) of serum soluble factor 

levels, including CA125 and HE4 biomarkers, was performed to 

identify factors predictive of malignancy. Pre-treatment blood 

samples were collected from 28 women (excluding 7 outlier 

samples): 12 with EOC and 15 with benign ovarian masses. 

These samples were measured using a multiplex bead 

immunoassay (A). Data reduction was conducted using PCA, 

revealing that CA125 had a loading >0.5 in PC2, while HE4 had 

a loading >0.5 in PC1. The PCA score plot (B) was assigned to 

individuals based on their disease categories, resulting in clear 

separation between malignant (red) and benign ovarian masses 

(blue) emphasized by a reference line 101 

Figure 4.6 Log₂-transformed ROC–AUC analysis of ten serum biomarkers 

for discriminating malignant from benign ovarian masses. HE4 

(AUC = 0.951), CA125 evaluated at cut-off values of 35 U/mL 

(AUC = 0.942) and 60 U/mL (AUC = 0.806), OPN (AUC = 

0.847), IL-6 (AUC = 0.805), MIF (AUC = 0.775), TNFR2 

(AUC = 0.767), CCL11 (AUC = 0.146), VCAM-1 (AUC = 

0.682), and IL-2Rα (AUC = 0.678).HE4 and CA125 

demonstrated the strongest discriminatory performance, 

consistent with their established roles as core biomarkers in 

EOC diagnostics. In contrast, inflammatory and immune-

associated biomarkers exhibited moderate diagnostic accuracy, 

while CCL11, VCAM-1, and IL-2Rα showed limited 

discriminatory value when evaluated independently. 106 

Figure 4.7 ROC curves illustrate the diagnostic performance of multiple 

biomarker combinations derived from binomial logistic 

regression models. Panels evaluated include HE4+CA125, 

HE4+CA125+OPN, HE4+CA125+MIF, HE4+CA125+IL-6, 

HE4+CA125+TNFR2, CA125+HE4+IL-6+OPN, 

CA125+HE4+IL-6+MIF, and CA125+HE4+IL-6+TNFR2. The 

area under the curve (AUC) values indicates the discriminatory 

ability of each panel. Most combinations demonstrated excellent 

diagnostic performance (AUC>0.95), with the 

CA125+HE4+IL-6+MIF panel achieving perfect discrimination 

(AUC = 1.000). These findings demonstrate that integration of 

tumour-associated and inflammatory biomarkers improves 

classification accuracy relative to individual biomarkers. 109 

Figure 4.8 K-SPR reflectivity curves for varying concentrations of spiked 

CA125 protein at dual-wavelength: (A) 670 nm and (B) 785 nm. 

The x-axis represents the incident angle (θ) and the y-axis 

shows reflectivity (a.u.). Concentration range: 8–1000 U/mL. At 

670 nm. Figure (A) shows that at 670 nm, angle shifts (θSPR) are 

more pronounced and consistently spaced up to 500 U/mL, 

demonstrating higher sensitivity and rapid response. Figure (B) 

at 785 nm exhibits narrower curves and less distinct shifts at 
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higher concentrations, suggesting reduced responsiveness and 

earlier saturation beyond 250 U/mL 117 

Figure 4.9 Delta angle (Δθ) and calculated SSPR (SSPR   = Δθ / 

concentration) of the Au/11-MUA functionalized K-SPR 

biosensor for CA125 detection at dual wavelengths (670 nm and 

785 nm). 118 

Figure 4.10 The calibration curve illustrates the relationship between CA125 

concentration and the SPR delta angle (Δθ) measured at 670 nm 

and 785 nm. The linear plot in Panel (A) demonstrates the 

biosensor’s performance across a concentration range of 8–1000 

U/mL. The red-dashed box on the graph marks the Limit of 

Detection (LOD), which is identified at 8 U/mL, indicating the 

sensor’s ability to detect clinically relevant CA125 levels. Panel 

(B) presents a clear linear response within the range of 30–500 

U/mL, with high coefficients of determination (R²>0.94), 

confirming the biosensor’s suitability for accurate and 

quantitative detection within this range 120 

Figure 4.11 K-SPR reflectivity curves for varying concentrations of spiked 

HE4 protein at dual-wavelength: (A) 670 nm and (B) 785 nm. 

Each curve represents the relationship between incident angle 

(θ) and reflectivity (a.u.) across a concentration range of 3 - 300 

pM. Panel (A) shows that at 670 nm, angle shifts (ΔSPR) are 

more pronounced and consistently spaced up to 115 pM, 

demonstrating higher sensitivity and rapid response. Panel (B) 

at 785 nm exhibits broader curves and less distinct shifts at 

higher concentrations, suggesting reduced responsiveness and 

earlier saturation beyond 115 pM 123 

Figure 4.12 The calibration curve illustrates the relationship between HE4 

concentration and the SPR delta angle (Δθ) measured at 670 nm 

and 785 nm. The linear plot in Figure (A) demonstrates the 

biosensor’s performance across a concentration range of 3 - 300 

pM. The red-dashed box on the graph marks the Limit of 

Detection (LOD), which is identified at 3 pM, indicating the 

sensor’s ability to detect clinically relevant CA125 levels. 

Figure (B) presents a clear linear response within the range of 3 

- 46 pM, with high coefficients of determination (R²>0.91), 

confirming the biosensor’s suitability for accurate and 

quantitative detection within this range. 126 

Figure 4.13 The figure shows SPR reflectivity curves for benign serum 

samples containing CA125, measured at two incident 

wavelengths: (A) 670 nm and (B) 785 nm. The x-axis represents 

the incident angle (θ, degrees), while the y-axis shows the 

reflectivity (a.u.). Each curve depicts the optical response of an 

Au/11-MUA–functionalized SPR chip during the interaction 

between immobilized Anti-Mucin16 antibodies and CA125 
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present in the serum samples. At 670 nm (A), the resonance 

angle (θSPR) shifts from 71.1365° (26.12 U/mL) to 71.3011° 

(48.32 U/mL), while at 785 nm (B), θSPR shifts from 67.3555° 

(26.12 U/mL) to 67.4862° (48.32 U/mL) over the same 

concentration range. 129 

Figure 4.14 The figure shows SPR reflectivity curves for malignant serum 

samples containing CA125, measured at two incident 

wavelengths: (A) 670 nm and (B) 785 nm. The x-axis represents 

the incident angle (θ, degrees), and the y-axis shows the 

reflectivity (a.u.). Each curve corresponds to the optical 

response of an Au/11-MUA-functionalized SPR chip during the 

interaction between immobilized anti-Mucin16 antibodies and 

CA125 present in the serum samples. At 670 nm (A), the 

resonance angle (θSPR) increases markedly from 71.8858° (96.10 

U/mL) to 73.0059° (716.36 U/mL), and at 785 nm (B), θSPR 

increases from 67.6315° (96.10 U/mL) to 68.5380° (716.36 

U/mL) over the same concentration range. 130 

Figure 4.15 Linear regression plots of delta angle shift (Δθ) versus CA125 

concentration (U/mL) in benign (top panel A) and malignant 

(bottom panel B) serum samples, measured at dual-wavelength: 

670 nm (blue line, diamond marker) and 785 nm (orange line, 

square marker  Linear regression analysis of SPR response (Δθ) 

versus CA125 concentration in benign and malignant serum 

samples at dual-wavelength (670 nm and 785 nm). (A) Benign 

samples: CA125 concentration (U/mL) plotted against Δθ for 

670 nm (blue diamonds, blue line) and 785 nm (orange squares, 

orange line) measurements. Both wavelengths exhibit strong 

linear correlations, with 785 nm showing a slightly higher slope. 

(B) Malignant samples: CA125 concentration (U/mL) plotted 

against Δθ for 670 nm (blue diamonds, blue line) and 785 nm 

(orange squares, orange line). In malignant samples, 670 nm 

shows a markedly steeper slope than 785 nm, indicating higher 

sensitivity at elevated CA125 levels. Regression equations and 

coefficients of determination (R²) are shown for each 

wavelength. 132 

Figure 4.16 The figure shows SPR reflectivity curves for malignant serum 

samples containing HE4, measured at two incident wavelengths: 

(A) 670 nm and (B) 785 nm. The x-axis represents the incident 

angle (θ), and the y-axis shows the reflectivity (a.u.). Each curve 

corresponds to the optical response of an Au/11-MUA-

functionalized SPR chip during the interaction between 

immobilized Anti-HE4 Ab and HE4 present in the serum 

samples. At 670 nm (A), the resonance angle (θSPR) increases 

markedly from 71.3916° (27.11 pM) to 71.7193° (43.04 pM), 

and at 785 nm (B), θSPR increases from 67.2044° (27.11 pM) to 

67.4945° (43.04 pM) over the same concentration range. 135 
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Figure 4.17 The figure shows SPR reflectivity curves for malignant serum 

samples containing HE4, measured at two incident wavelengths: 

(A) 670 nm and (B) 785 nm. The x-axis represents the incident 

angle (θ), and the y-axis shows the reflectivity (a.u.). Each curve 

corresponds to the optical response of an Au/11-MUA-

functionalized SPR chip during the interaction between 

immobilized Anti-HE4 Ab and HE4 present in the serum 

samples. At 670 nm (A), the resonance angle (θSPR) increases 

markedly from 71.7336° (61.55 pM) to 72.8786° (804.56 pM), 

and at 785 nm (B), θSPR increases from 67.6182° (64.15 pM) to 

68.4305° (804.56 pM) over the same concentration range. 136 

Figure 4.18 Linear regression plots of delta angle (Δθ) shift versus HE4 

concentration (pM) in benign (top panel A) and malignant 

(bottom panel B) serum samples, measured at dual-wavelength: 

670 nm (blue line, diamond marker) and 785 nm (orange line, 

square marker  Linear regression analysis of SPR response (Δθ) 

versus HE4 concentration in benign and malignant serum 

samples at dual-wavelength (670 nm and 785 nm). (A) Benign 

samples: HE4 concentration (pM) plotted against Δθ for 670 nm 

(blue diamonds, blue line) and 785 nm (orange squares, orange 

line) measurements. Both wavelengths exhibit strong linear 

correlations, with 785 nm showing a slightly higher slope. (B) 

Malignant samples: HE4 concentration (pM) plotted against Δθ 

for 670 nm (blue diamonds, blue line) and 785 nm (orange 

squares, orange line). In malignant samples, 670 nm shows a 

markedly steeper slope than 785 nm, indicating higher 

sensitivity at elevated HE4 levels. Regression equations and 

coefficients of determination (R²) are shown for each 

wavelength 138 
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CHAPTER I  

 

 

INTRODUCTION 

1.1 OUTLINE OF CHAPTER 

This chapter presents an overview of the research background, with a primary focus 

on epithelial ovarian cancer (EOC). Special emphasis is placed on the detection of 

multiple biomarkers using advanced biosensing technologies, particularly the 

Kretschmann-Surface Plasmon Resonance (K-SPR) biosensor. The study explores the 

role of specific biomarkers in the development of EOC and evaluates their potential 

use in diagnosis. Although these biomarkers are considered crucial, there is currently 

limited knowledge regarding their expression patterns in malignant compared to 

benign conditions. This research aims to bridge that gap. In addition to the 

background, this chapter outlines the problem statement, research questions, 

objectives, hypotheses, and the novel contributions of the study. It also highlights the 

significance of the research. The chapter concludes with a summary emphasizing the 

study's potential impact and importance. 

1.2 RESEARCH BACKGROUND 

Ovarian cancer (OC) is an increasingly prevalent gynecological malignancy and ranks 

as the fifth most commonly diagnosed cancer among women worldwide (Akinyemi et 

al., 2025). In Malaysia, OC is among the top ten most common cancers affecting 

women (Hashim et al., 2021; Leong et al., 2022). Globally, an estimated 300,000 new 

OC cases and 185,000 related deaths were reported in 2020 (Rajapaksha et al., 2024). 

The Malaysian National Cancer Registry (MNCR) from 2017 to 2021 has documented 

2,513 newly diagnosed OC cases, with 54.4% identified at an advanced stage, mainly 
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due to the absence of noticeable early symptoms (National Cancer Registry, 2024). 

The estimated lifetime risk of developing OC among Malaysian women is 1.6%. 

Among the different histological subtypes, epithelial ovarian cancer (EOC) is 

the most lethal, accounting for over 95% of ovarian cancer cases worldwide (Atallah 

et al., 2023). Standard treatment for EOC typically involves a combination of surgery, 

chemotherapy, and targeted therapies; however, clinical outcomes vary considerably 

due to inter-individual differences in age, tumour grade, and disease stage. A major 

clinical challenge remains the frequent diagnosis of EOC at advanced stages, largely 

attributable to vague early symptoms and limitations in early-stage classification. This 

highlights the urgent need for rapid and accurate diagnostic tools capable of reliably 

distinguishing malignant from benign ovarian masses (Zhang et al., 2024). 

Currently, transvaginal ultrasound (TVUS) is widely used as a first-line 

diagnostic tool for ovarian cancer, demonstrating moderate to high sensitivity (52–

84.9%) and high specificity (84–98.5%). Its diagnostic performance improves 

substantially when combined with serum CA-125, achieving reported sensitivity and 

specificity of 89.4% and 99.8%, respectively (Solis Cano et al., 2021; Robertson, 

2009). Advanced imaging modalities such as computed tomography (CT) and 

magnetic resonance imaging (MRI) further aid tumour characterisation and disease 

staging; however, CT shows limited sensitivity for detecting lymph node involvement 

and residual disease. Although MRI offers high diagnostic accuracy (sensitivity up to 

98%, specificity 83%), its widespread use is constrained by cost and accessibility 

(Forstner, 2020; El-Ameen et al., 2020). In addition, FDG-PET/CT enhances the 

detection of disease progression and recurrence but exhibits variable accuracy for 

lymph node and peritoneal involvement and reduced sensitivity in early-stage disease, 

underscoring the need for complementary diagnostic approaches (Rusu et al., 2021; 

Alenazi et al., 2022). 

In parallel with imaging, serum biomarker detection remains central to ovarian 

cancer diagnostics. Traditional antibody-based immunoassays, including enzyme-

linked immunosorbent assay (ELISA), electrochemiluminescence immunoassay 

(ECLIA), and magnetic-bead assays, are widely used for the measurement of Cancer 
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Antigen 125 (CA125) and human epididymis protein 4 (HE4). Both biomarkers are 

FDA cleared for clinical risk assessment and management of ovarian cancer, but are 

not intended for use as sole diagnostic markers. (Boylan et al., 2017; Woo et al., 2020; 

Premera et al., 2023). However, the single-plex nature of these assays necessitates 

separate testing for each analyte, thereby limiting throughput and efficiency (Zhang et 

al., 2019). 

The use of CA125 and HE4 as core biomarkers ensures clinical relevance, 

regulatory alignment, and translational feasibility, enabling the diagnostic 

performance of additional biomarkers to be benchmarked against established 

standards of care. In contrast, reliance solely on less-studied biomarkers would limit 

clinical interpretability, as such markers often lack standardized cut-off values, 

regulatory acceptance, and defined clinical workflows. To address these limitations, 

multivariate index assays integrating CA125, HE4, and additional clinical parameters 

have been developed, including the Risk of Ovarian Malignancy Algorithm (ROMA), 

Risk of Malignancy Index (RMI), OVA1, and Overa, all of which have received FDA 

approval for clinical triage and referral of women with adnexal masses (Jacobs et al., 

1990; Moore et al., 2010; Wang et al., 2014; Premera et al., 2023). 

Pooled analyses report that ROMA achieves sensitivities ranging from>85–

97% with specificities of>80–91%, while RMI demonstrates sensitivities exceeding 

87% and specificities above 80%, outperforming CA125 alone (Jacobs et al., 1990; 

Moore et al., 2010; Wang et al., 2014). In addition, the triple-screen assay combining 

CA125, HE4, and a symptom index achieved a sensitivity of 79%, specificity of 91%, 

positive predictive value (PPV) of 83%, and negative predictive value (NPV) of 89% 

(Goff et al., 2011). 

Despite these advances, multivariate index assays are not intended as 

definitive diagnostic tools but primarily function as triage or referral tests. Their 

clinical utility is constrained by tumour heterogeneity, insufficient biomarker 

specificity, and biological overlap with benign conditions, which limit their suitability 

for population-based screening and reliable early-stage diagnosis (Zhang et al., 2019; 

Menon et al., 2021). These limitations have driven increasing interest in expanding 
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biomarker panels beyond tumour-associated antigens to better capture the biological 

complexity of EOC. 

Although CA125 and HE4 can be detected in serum during the early stages of 

ovarian cancer and may show elevation prior to clinical diagnosis in some patients, 

their sensitivity for early-stage disease remains limited when used as single markers. 

This limitation arises from tumour heterogeneity and overlaps with benign 

gynaecological and inflammatory conditions, whereby CA125 may remain within 

normal ranges in a substantial proportion of early-stage EOC cases, and HE4, despite 

higher specificity, also fails to reliably detect all early tumours. Consequently, 

combining CA125 and HE4 with additional biomarkers reflecting immune 

modulation, inflammation, and tumour microenvironment (TME) activity has emerged 

as a promising strategy to improve diagnostic accuracy. 

Emerging biomarkers, including inflammatory cytokines, chemokines, 

adhesion molecules, and hormonal regulators, have demonstrated significantly 

improved diagnostic performance when analysed in combination with established 

tumour markers such as CA125 and HE4. Accumulating evidence indicates that multi-

biomarker panels integrating tumour burden, immune response, and TME–related 

markers consistently outperform single-marker approaches for EOC detection. For 

example, a microsphere-based multiplex panel comprising CA125, chemokine 

CCL11, interleukin-2 receptor alpha (IL2Rα), vascular cell adhesion protein-1 

(VCAM1), and migration inhibitory factor (MIF) achieved 98.2% sensitivity and 

98.7% specificity for early-stage disease discrimination (Muinao et al., 2019).  

Similarly, panels integrating CA125, HE4, CEA, and VCAM1 reported 

sensitivities of 86% with specificities of 98% (Yurkovetsky et al., 2010), while 

CA125, HE4, and CEA achieved an AUC of 0.972 for malignant versus benign 

classification (Chen et al., 2018). Inflammatory-driven combinations have shown 

particularly strong performance, with IL6-based panels incorporating CA125 and HE4 

yielding AUC values exceeding 0.9 (Kampan et al., 2020), and the dual-marker 

combination tumour necrosis factor receptor-2 (TNFR2) and interleukin-6 (IL6) 

demonstrating perfect classification (AUC = 1.000) between malignant and non-
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malignant cases (Kampan et al., 2023). Additional pathway-diverse panels combining 

CA125, HE4, osteopontin (OPN), prolactin (PRL), and MIF reported AUC values up 

to 0.96, further supporting the benefit of integrating tumour antigens with immune, 

adhesion, and signalling biomarkers (Walker et al., 2021; Watrowski et al., 2022). 

Based on this evidence, a ten-biomarker panel comprising CA125, HE4, IL6, 

IL2Rα, TNFR2, CCL11, MIF, VCAM1, PRL, and OPN was selected based on 

established diagnostic relevance in EOC, representation of complementary biological 

pathways, and proven performance in prior multiplex immunoassay studies. Rather 

than introducing new biomarkers, the panel integrates tumour markers, inflammatory 

and immunosuppressive mediators, adhesion/angiogenesis factors, and hormonal 

signaling proteins to capture the biological heterogeneity of EOC (Al-Faze et al. 2024; 

Hanzek et al. 2023; Kumar & Ward. 2014; Kampan et al. 2023; Varricchi et al. 2018; 

Wang & Huang 2020; Ross & Cantrell, 2018; Song et al., 2023; Clendenen et al. 

2013; Guo et al. 2019; Mitchell et al. 2002). To support early detection and 

interpretation, these biomarkers are classified into functional categories that reflect 

their roles in tumorigenesis, immune modulation, and cellular signalling (Figure 1.1), 

providing a structured framework for multi-biomarker analysis. 

 

Figure 1.1 List of selected soluble protein biomarkers with their biological group 

Serum based biomarkers  

Cancer antigens/ Tumor-

associated antigens CA125&HE4 

 Inflammatory mediators / 

Cytokines/ chemokines IL6, IL2Rα, TNFR2, 

CCL11, MIF 

Adhesion molecules 

VCAM1 
 

Hormone: Heamatopoitin 

family receptor  Prolactin 

Osteoblasts OPN 
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Advances in immunosensing technologies have enabled the rapid and efficient 

analysis of multiple protein biomarkers, driving increasing interest in multiplex 

detection strategies for complex diseases such as EOC. Importantly, the novelty of the 

present study lies not in the discovery of new biomarkers, but in establishing an 

integrated diagnostic workflow that combines high-throughput multiplex 

immunoassay analysis with a targeted biosensor-based platform and evaluates its 

performance in a Malaysian clinical cohort. By assessing diagnostic accuracy, 

platform compatibility, and population-specific biomarker behaviour within a single 

cohort, this work addresses translational feasibility rather than biomarker novelty, 

aligning with current clinical diagnostic needs. Collectively, existing evidence 

demonstrates that integrated multi-biomarker panels consistently outperform single-

marker approaches in sensitivity and specificity, supporting their potential to enhance 

diagnostic accuracy and clinical decision-making in EOC. 

In parallel with these developments, surface plasmon resonance (SPR) 

technology has gained attention as a promising biosensing platform due to its label-

free detection, real-time monitoring, and high analytical sensitivity. Early SPR 

research in Malaysia focused on improving sensor sensitivity through material and 

structural optimization, with Fouad et al. (2016) demonstrating enhanced refractive 

index sensitivity using gold–dielectric multilayer configurations. Subsequent studies 

shifted toward chemical, biochemical, and biological sensing, including SPR-based 

approaches for dengue diagnostics (Zainuddin et al., 2018), reflecting growing 

biomedical relevance. Doctoral-level work further confirmed the technical maturity of 

SPR surface engineering in Malaysia, although applications largely remained within 

material science and environmental or chemical sensing rather than clinical 

diagnostics (Mustaqim et al., 2022). 

Kretschmann-based SPR (K-SPR) platforms have been refined for quantitative 

biomedical sensing, with Menon et al. (2019a, 2019b) reporting high-sensitivity and 

reproducible detection of clinically relevant analytes such as urea and glucose using 

gold and Au–Cr thin films. Building upon this validated approach, the present study 

employed K-SPR measurements at dual wavelengths of 670 nm and 785 nm, 

corresponding to the visible red and near-infrared regions where gold thin films 
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support stable plasmon excitation and sensitive biomolecular detection. Consistent 

with Menon et al. (2019), linear regression analysis confirmed a proportional 

relationship between SPR response and biomarker concentration, enabling accurate 

quantification and reliable differentiation between malignant and benign cases. The 

selected wavelengths were adopted based on instrumental availability and prior local 

validation within the established Malaysian K-SPR system, ensuring reliable 

refractive index sensitivity, methodological consistency, and comparability with 

previous Malaysian studies. Furthermore, benchmarking K-SPR findings against 

multiplex immunoassay results obtained from the same clinical cohort strengthened 

the translational relevance and analytical reliability of the platform. 

Collectively, these studies illustrate the progressive evolution of SPR research 

in Malaysia from sensor design and sensitivity enhancement toward chemical, 

biochemical, and early biomedical applications. Nevertheless, the majority of 

Malaysian SPR studies have concentrated on analytical optimisation, material 

development, or single-analyte detection, with comparatively few investigations 

evaluating structured clinical diagnostic workflows using patient-derived serum 

samples. 

Beyond the local context, international studies have demonstrated the 

translational feasibility of integrating biosensor technologies into clinical workflows. 

Notably, Klein et al. (2018) developed a multiplexed giant magnetoresistive (GMR) 

biosensor prototype capable of detecting CA125, HE4, and IL6, with the objective of 

enabling point-of-care (POC) detection of ovarian cancer. Building on this foundation, 

subsequent investigations between 2020 and 2023 reported multiple-array surface 

plasmon resonance imaging (SPRi) biosensors capable of detecting CA125, HE4, 

carcinoembryonic antigen (CEA), IL6, and aromatase in real serum samples from 

women with ovarian cancer and endometrial cysts. These studies, including that of 

Szymanska et al. (2023), further support the development of miniaturised, highly 

sensitive platforms suitable for bedside and POC applications. 

Against this background, the present study aims to establish a structured and 

clinically relevant diagnostic workflow for EOC by integrating serum biomarker 
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analysis across two complementary analytical platforms. Specifically, the study 

employs: (i) a high-throughput multiplex immunoassay (Luminex) to evaluate the 

diagnostic performance of a ten-biomarker(CA125, HE4, IL-6, TNFR2, CCL11, IL-

2Rα, VCAM1, PRL, OPN, and MIF) serum panel; and (ii) a targeted K-SPR 

biosensing approach was employed to assess the analytical feasibility and 

discriminatory capability of two clinically established anchor biomarkers, defined as 

lead biomarkers selected for subsequent biosensor validation based on their strong 

diagnostic performance.,  

Although the multiplex immunoassay quantified all ten biomarkers, the K-SPR 

evaluation was restricted to two analytes to align with the platform’s dual-channel 

capacity, thereby precluding direct one-to-one cross-validation of the full biomarker 

panel. This limitation reflects a hardware constraint rather than a methodological 

shortcoming. Accordingly, the study prioritised the translation of the most 

diagnostically robust biomarkers to the biosensor platform to preserve analytical 

reliability and clinical relevance. Future advancements in higher-channel or 

multiplexed SPR systems may enable comprehensive cross-platform validation of the 

entire biomarker panel. 

This study focused on clinically established biomarkers, namely CA125 and 

HE4, which have been extensively validated and remain central to ovarian cancer 

diagnostics. To the best of our knowledge, no prior study has directly compared 

multiplex immunoassay detection with K-SPR biosensor performance within the same 

clinical framework and patient cohort. Addressing this gap, the present study 

evaluated the capability of the K-SPR platform to differentiate between benign and 

malignant ovarian conditions within a Malaysian cohort. The selection of CA125 and 

HE4 was based on their strong clinical validation, established diagnostic utility, and 

suitability for biosensor-based detection. 

It is important to acknowledge that the K-SPR analysis was limited to these 

two biomarkers due to technical constraints, including limited reagent availability and 

the two-channel configuration of the current system, which restricts simultaneous 

multi-analyte detection. Therefore, this study should be interpreted as a proof-of-
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concept investigation, aimed at evaluating the analytical feasibility and diagnostic 

potential of K-SPR within a clinically relevant context. 

The investigation was intentionally designed as a sequential and integrated 

diagnostic development framework, rather than as two independent feasibility studies. 

Both analytical phases were guided by a unified objective: to enhance discrimination 

between malignant and benign ovarian masses and to translate validated biomarkers 

toward potential POC application. The use of the same serum samples across both 

platforms ensured biological consistency, preserved dataset continuity, and maintained 

a shared clinical context. 

 The study progresses through interconnected phases within a unified 

diagnostic pipeline. Phase I employs a multiplex immunoassay to quantify serum 

biomarkers and evaluate their individual and combined diagnostic performance. Phase 

II applies multivariable modelling to optimise biomarker panels and identify 

statistically robust anchor biomarkers based on discriminatory strength and clinical 

relevance. These validated anchor biomarkers, identified from the same serum cohort 

sample, are subsequently assessed in Phase III using the K-SPR platform to evaluate 

analytical performance, concentration-dependent linearity, signal response behaviour, 

and their ability to discriminate between malignant and benign cases.  

Demonstrating linear detection is fundamental to K-SPR performance, as 

proportional sensor responses to biomarker concentration changes enable accurate 

quantification within clinically relevant ranges and reliable discrimination between 

malignant and benign ovarian conditions. This capability is essential for translating 

biosensor technology into a clinically applicable diagnostic tool. 

By benchmarking K-SPR analytical behaviour directly against multiplex 

immunoassay findings within the same clinical framework, methodological continuity 

and translational coherence are maintained. The dual-platform approach therefore 

reflects a deliberate and complementary translational strategy rather than 

methodological inconsistency. Accordingly, this thesis represents a continuous 

diagnostic development pipeline from biomarker stratification and panel optimisation 
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to biosensor-based validation rather than two disconnected feasibility studies. Its 

primary contribution lies in local clinical validation and population-specific 

translational feasibility assessment of K-SPR technology. 

Overall, this work establishes a coherent and clinically oriented diagnostic 

framework for EOC that integrates multi-biomarker strategies with biosensor-based 

evaluation to support rapid, accurate, and translatable detection. By demonstrating 

analytical feasibility, diagnostic relevance, and workflow compatibility within a 

Malaysian clinical setting, the study addresses an important translational gap and 

supports the development of population-validated, POC-adaptable diagnostic 

approaches, particularly in resource-limited environments. 

1.3 STATEMENT OF THE PROBLEM 

Accurately differentiating malignant from benign ovarian masses in EOC remains a 

significant clinical challenge, largely due to the limitations of existing diagnostic 

methods and reliance on single biomarkers such as CA125. While multi-biomarker 

combinations have shown potential to enhance diagnostic accuracy, these strategies 

remain insufficiently validated within Malaysian populations. Although multiplex 

immunoassays are valuable for research, their high cost and limited feasibility in 

routine clinical use remain major constraints. Conversely, K-SPR biosensors provide a 

promising alternative, serving as a rapid and highly analytical sensitive bedside tool 

for EOC biomarker detection. However, their clinical use remains underexplored 

locally. As a result, a critical gap exists in developing a cost-effective, clinically 

relevant, and locally validated diagnostic workflow that integrates multi-biomarker 

strategies with biosensor-based platforms to support early and accurate EOC detection 

in the Malaysian healthcare setting. 

1.4 RESEARCH OBJECTIVE 

To reliably detect potential biomarkers (CA125, HE4, IL-6, TNFR2, CCL11, IL-2Rα, 

VCAM1, PRL, OPN, and MIF) that can discriminate between women with malignant 

and benign ovarian masses, the study objectives are outlined as follows: 
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1. To determine the differences in serum concentrations of ten protein biomarkers 

between malignant and benign ovarian masses using multiplex immunoassay 

and to evaluate their individual diagnostic performance (sensitivity, specificity, 

accuracy, and ROC–AUC). 

2. To develop and analyse multi-biomarker panels using multivariable modelling 

to identify high-performing anchor biomarkers for subsequent evaluation 

within a biosensor-based detection platform. 

3. To evaluate the linear detection performance of the K-SPR platform using 

selected anchor biomarkers to distinguish malignant from benign ovarian 

conditions and to assess its point-of-care (POC) potential. 

1.5 RESEARCH HYPOTHESIS 

We hypothesise that there are present differences in EOC biomarkers (CA125, HE4, 

IL-6, TNFR2, CCL11, IL-2Rα, VCAM1, PRL, OPN, and MIF) detection in a panel 

that can be exploited for improved diagnostic discrimination using both multiplex 

immunoassay and biosensor-based platforms. 

1. There are significant differences in serum concentrations of the selected 

protein biomarkers between malignant and benign ovarian masses, and at least 

one biomarker demonstrates significant diagnostic discrimination (based on 

sensitivity, specificity, accuracy, and ROC–AUC). 

2. There is significant diagnostic improvement achieved by multi-biomarker 

panels developed through multivariable modelling compared to individual 

biomarkers, and at least one biomarker demonstrates sufficient discriminatory 

strength to be selected as an anchor candidate for subsequent biosensor-based 

evaluation. 

3. The K-SPR biosensor platform exhibits significant linear detection responses 

for selected anchor biomarkers and generates distinguishable sensor signals 

between malignant and benign ovarian conditions, supporting its feasibility as 

a potential point-of-care (POC) diagnostic tool 
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1.6 RESEARCH QUESTION 

1. Are there statistically significant differences in the serum concentrations of ten 

protein biomarkers (CA125, HE4, IL-6, TNFR2, CCL11, IL-2Rα, VCAM1, 

PRL, OPN, and MIF) between malignant and benign ovarian masses, and do 

these biomarkers demonstrate clinically meaningful diagnostic performance as 

measured by sensitivity, specificity, accuracy, and ROC–AUC? 

2. Does the multi-biomarker panels developed through multivariable modelling 

improve differentiation between malignant and benign ovarian masses, and 

which biomarkers exhibit adequate diagnostic performance to be selected as 

anchor candidates for subsequent biosensor-based validation? 

3. Does the K-SPR biosensor platform demonstrate reliable linear detection 

performance for selected anchor biomarkers, enabling discrimination between 

malignant and benign ovarian conditions and supporting its potential 

application as a point-of-care (POC) diagnostic tool? 

1.7 NOVELTIES 

The novelty of this study lies primarily in its local validation and translational 

evaluation of K-SPR biosensor technology for EOC detection, rather than the 

development of new biomarkers or novel sensing platforms. This work represents one 

of the first systematic investigations of a ten-biomarker panel (CA125, HE4, IL-6, 

TNFR2, CCL11, IL-2Rα, VCAM1, PRL, OPN, and MIF) in Malaysian women with 

ovarian masses, addressing an important population-specific evidence gap. The 

study’s structured, two-phase workflow integrates multiplex immunoassay-based 

biomarker profiling with targeted biosensor assessment to establish analytical 

feasibility, linear detection performance, and clinical relevance. By benchmarking K-

SPR performance against established immunoassay results, the study demonstrates the 

practical potential of SPR-based detection in a real-world clinical context. This 

approach provides early translational validation, bridging conventional laboratory 

diagnostics with prospective POC applications, and highlights the utility of locally 

generated data for guiding the implementation of rapid, label-free biosensor 

technologies in population-specific settings.  
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1.8 SIGNIFICANCE OF THE RESEARCH  

EOC remains difficult to diagnose early due to its asymptomatic presentation and the 

limited sensitivity of single biomarkers such as CA125. This study addresses these 

challenges by evaluating a multiplex serum biomarker panel to enhance discrimination 

between malignant and benign ovarian masses and by demonstrating the analytical 

feasibility of K-SPR biosensing for clinically established anchor biomarkers. 

Benchmarking K-SPR against multiplex immunoassays strengthens its translational 

relevance as a label-free, cost-effective diagnostic platform. Validation within a 

Malaysian clinical cohort fills an important population-specific evidence gap and 

supports the development of accessible, POC adaptable diagnostic strategies that may 

enable earlier detection, improved clinical decision-making, and reduced healthcare 

burden from late-stage EOC.
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