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Preface

Cancer today is one of the leading causes of mortality across the globe that can 

affect humans in more than 100 diverse forms. Conventional diagnostic approaches, 

biopsy for instance, have been used for several decades, but their limitations of 

being invasive and less sensitive have rendered them to be anachronistic. Seeing the 

upsurge in the incidence of cancer cases, its early diagnosis with high sensitivity in 

onsite mode has become extremely important.

This book contains 16 chapters that exclusively focus on different tactics of can-

cer diagnosis and prognosis. It provides a comprehensive fundamental understand-

ing of different tools for cancer detection based on different tumour biomarkers and 

cancer cells. A detailed account of state-of-the-art cancer diagnostic approaches 

starting from labelled biosensors, label-free biosensors, implantable biosensors, 

integrated microfluidics systems, lateral flow devices, and biosensors based on 

application of various nano-biomaterials has been well stated in this book. 

Furthermore, development procedures of these diagnostic approaches along with 

their benefits, shortcomings, and future prospects are described in detail. This vol-

ume encompasses several illustrations and writing style is pedagogical to enable 

better understanding. The book can be used not only in formal courses at senior 

graduate level but also for self-study as the writing is very simple, interesting, and 

informative. The approach of this book is to generate a meticulous outlook of avail-

able cancer biosensors with an insight of new prospects.

Necessary compromises have been made between depth and breadth of different 

topics to give away a book of reasonable size. However, no compromises have been 

made in terms of delivering relevant information so that readers get full advantage 

of being enlightened.

The authors have received help from their colleagues and friends in country and 

overseas throughout the process of editing this book. We are especially grateful to 

our laboratory students and post-doctoral fellows for their diligent assistance with 

myriad details of preparation and production. We also thank our families for giving 
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us the time, space, and freedom required to undertake and accomplish such an enor-

mous project. Yet again, we owe thanks to many others who have directly or indi-

rectly contributed to this book.

Guwahati, Assam, India Pranjal Chandra 

Singapore, Singapore  Yen Nee Tan 

New Delhi, Delhi, India  Surinder P. Singh 

Preface
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1Cancer Biomarkers: Important Tools 
for Cancer Diagnosis and Prognosis

Ganesan Padmavathi, Devivasha Bordoloi, Kishore Banik, 
and Ajaikumar B. Kunnumakkara

1.1  Introduction

Cancer is one of the deadliest forms of diseases causing more than eight million 

deaths annually worldwide. Cancer can affect any organ and part of our body. 

Developed countries were reported to have the highest incidence rate of all cancers 

and the incidence rate of lung, colorectal, breast, and prostate cancers is high in 

developing and undeveloped nations as well (Torre et al. 2016). Moreover, in recent 

years, cancer incidence is increasing exponentially due to the drastic changes in 

lifestyle. Supporting this fact, approx. 90–95% of all cancers are known to be caused 

by environmental and lifestyle factors. For instance, cigarette smoking and smoke-

less tobacco, poor diet, consumption of alcohol, sustained exposure to environmen-

tal pollutants, infections, stress, obesity, and physical inactivity are some of the 

well-known risk factors for several commonly occurring cancers (Anand et al. 

2008).

Depending on the cells, tissues, and organs involved, more than 200 types of 

cancers have been identified so far; among them cancers of lung, breast, colorectal, 

stomach, liver, cervical, head and neck, blood cells, etc. are the most commonly 

occurring cancers. Classification of cancer is extremely complex due to the occur-

rence of a wide variety of cancers arising in various tissues of the human body 

(Table 1.1). They can be categorized based on their primary site of origin or depend-

ing upon their tissue types (Guruvayoorappan et al. 2015). Notably, different body 

tissue types result in different tumors which can be either benign or malignant. 

Histologically, different types of cancers are grouped into six main classes:

mailto:ajai78@gmail.com
mailto:kunnumakkara@iitg.ernet.in
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Table 1.1 Different types of cancers

Cancers Types

Adrenal cancer –

Anal cancer –

Astrocytomas –

Bile duct cancer Cholangiocarcinoma

Bladder cancer –

Bone cancer Ewing sarcoma, osteosarcoma, and malignant fibrous histiocytoma

Brain cancer Atypical teratoid/rhabdoid tumor, embryonal tumors, germ cell tumor, 

craniopharyngioma and ependymoma

Breast cancer Ductal carcinoma in situ (DCIS)

Cancer of unknown 

primary

–

Cardiac (heart) tumors –

Cervical cancer –

Endometrial cancer –

Esophageal cancer –

Eye cancer Intraocular melanoma and retinoblastoma

Gallbladder cancer –

Gastrointestinal cancer Colorectal cancer, carcinoid tumor, and stomach cancer

Head and neck cancer Hypopharyngeal cancer, laryngeal cancer, lip and oral cavity cancer, 

mouth cancer, nasal cavity and paranasal sinus cancer, 

nasopharyngeal cancer, and salivary gland cancer

Kidney cancer Renal cell cancer, Wilms tumor, and transitional cell cancer

Leukemia Acute lymphoblastic leukemia (ALL), acute myeloid leukemia 

(AML), chronic lymphocytic leukemia (CLL), chronic myelogenous 

leukemia (CML), chronic myelomonocytic leukemia (CMML), and 

hairy cell leukemia

Liver cancer –

Lung cancer Non-small-cell and small-cell lung cancers

Lymphoma Cutaneous T-cell lymphoma, Hodgkin lymphoma, non-Hodgkin 

lymphoma

Malignant 

mesothelioma

–

Multiple myeloma –

Neuroblastoma –

NUT midline 

carcinoma

–

Ovarian cancer –

Pancreatic cancer –

Parathyroid cancer –

Penile cancer –

Pituitary tumor –

Prostate cancer –

Skin cancer Melanoma, Merkel cell carcinoma, basal and squamous cell skin 

cancer

G. Padmavathi et al.
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1.1.1  Carcinoma

Carcinoma, which refers to the malignancies of epithelial tissue, constitutes around 

80–90% of all cancer cases. They are mainly of two types such as adenocarcinoma 

and squamous cell carcinoma. The organs or glands affected by carcinoma are often 

capable of secretion including breast, lung, colon, prostate, and bladder 

(Guruvayoorappan et al. 2015; Cancer Types—National Cancer Institute).

1.1.2  Sarcoma

Sarcoma originates in supportive and connective tissues including bones, tendons, 

cartilage, muscle, and fat, for example osteosarcoma, chondrosarcoma, and leiomyo-

sarcoma (Guruvayoorappan et al. 2015; Cancer Types—National Cancer Institute).

1.1.3  Myeloma

Myeloma is another cancer type which originates in the bone marrow plasma cells and 

is mostly associated with the overproduction of immature white blood cells, for exam-

ple myelogenous or granulocytic leukemia, or lymphatic, lymphocytic, or lymphoblas-

tic leukemia (Guruvayoorappan et al. 2015; Cancer Types—National Cancer Institute).

1.1.4  Lymphoma

Lymphomas, the “solid cancers,” develop in the nodes or glands of the lymphatic 

system, particularly in spleen, tonsils, and thymus which are involved in the purifi-

cation of bodily fluids and production of lymphocytes (Guruvayoorappan et al. 

2015; Cancer Types—National Cancer Institute).

1.1.5 Leukemia

Leukemia begins in the blood forming tissue of the bone marrow and do not form 

solid tumors. The blood and the bone marrow develops abnormal white blood cells. 

Table 1.1 (continued)

Cancers Types

Soft-tissue tumors Kaposi sarcoma, gastrointestinal stromal tumors (GIST), 

rhabdomyosarcoma, and vascular tumors

Testicular cancer –

Thyroid cancer –

Uterine cancer –

Vaginal cancer –

Vulvar cancer –

1 Cancer Biomarkers: Important Tools for Cancer Diagnosis and Prognosis
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It is mainly classified into two types lymphoblastic leukemia and myeloid leukemia 

(Guruvayoorappan et al. 2015; Cancer Types—National Cancer Institute).

1.1.6  Mixed Types

Adenosquamous carcinoma, mixed mesodermal tumor, carcinosarcoma, and terato-

carcinoma are the mixed types of cancers (Guruvayoorappan et al. 2015; Cancer 

Types—National Cancer Institute).

1.2  Cancer Diagnosis

Cancer diagnosis has a great impact on the treatment outcome as late diagnosis is 

the major cause for treatment failure in most of the cancers (Richards 2009; Tørring 

et al. 2013). Therefore, numerous methods have been developed for the diagnosis of 

this disease including both invasive and noninvasive methods. Screening tests and 

imaging tests are the commonly employed techniques for cancer diagnosis where 

screening tests assist in predicting the risk of developing cancer in near future in the 

absence of any symptoms and imaging tests are useful in patients with symptoms of 

cancer (Fig. 1.1).

Imaging
techniques

Endoscopic
techniques

Biomarker
based

methods

Others

X-rays, CT scan,
isotope scan, ultrasound scan,
bone scan, MRI, PET etc.

Sigmoidoscopy, proctoscopy, laryngoscopy,
bronchoscopy, oesophagoscopy, cystoscopy,
gastroscopy, colonoscopy, laparascopy,
thoracoscopy, culdoscopy etc.

Immunohistochemistry, flow cytometry,
western blot, genomic and proteomic
approaches (next generation
sequencing) etc.

Biopsy, Screening tests (blood and
serum tests, white cell count (WCC),
erythrocyte sedimentation rate (ESR)
and serum biochemistry etc.

C
A

N
C

E
R

 D
IA

G
N

O
S

IS

Fig. 1.1 Tools available for cancer diagnosis

G. Padmavathi et al.
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1.3  Imaging Techniques

Various imaging techniques used for cancer diagnosis include X-rays, CT scans, 

ultrasound scans, isotope scans, MRI scans, and PET scans. These techniques allow 

us to know the site and size of the tumor.

1.3.1  X-Rays

X-rays are used to detect tumors from lung, bowel, and bones. Detection of tumor 

is based on the difference in the permeability to X-rays. For instance, in case of lung 

imaging, normal lungs produce a relatively dark shadow on the X-ray film as X-rays 

are easily permeable through air. However, this technique is not suitable for detect-

ing tumors from muscle and fat as they do not have any significant difference in 

permeability from that of normal muscle or fat tissues. Barium and iodine are used 

as contrasting materials that help in the X-ray imaging. Myelogram, radiographic 

screening, mammography, and angiography are some of the modified and sophisti-

cated X-ray imaging methods used in cancer diagnosis (Stephens and Aigner 2009).

1.3.2  Computerized Tomography (CT) Scan

In CT scan, a series of cross-sectional X-ray images are taken in different angles 

and these images are combined using computer to produce a more detailed three- 

dimensional image which will clearly show position, size, and shape of the organ 

and presence of any abnormal tumor with more accuracy than that of plain X-ray 

images. This helps in assessment of tumors from head, abdomen, chest, limbs, and 

major blood vessels. However, it requires highly specialized equipment and skilled 

personnel and therefore it is expensive (Stephens and Aigner 2009).

1.3.3  Isotope Scans

Similar to X-ray imaging, isotope scans also record the shadows of a radioactive source 

on a film plate. However, the radioactive isotopes are injected into peripheral veins and 

allowed to spread through bloodstream. This isotope scan reveals the position, size, 

shape, and abnormal cellular activity in a particular organ which could be the result of 

cancer. The radioisotope is selected depending on the type of organ being examined. 

For example, radioactive iodine is used for thyroid gland, technetium is used for bone, 

and radioactive gallium is used for lymph nodes (Stephens and Aigner 2009).

1.3.4  Ultrasound Scans

Other imaging techniques including X-ray, CT scan, and isotope scan use harmful 

radiations for imaging purpose. Though the technical advancements in recent years 

1 Cancer Biomarkers: Important Tools for Cancer Diagnosis and Prognosis
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tremendously reduced the dosage of radiation to be used, a better alternative would 

be more helpful to avoid any unwanted complications and side effects. Therefore, 

ultrasound waves are used as a safe alternative for these methods. Unlike the other 

methods, ultrasound waves can be used for imaging pregnant uterus or active ova-

ries as well. It produces images of tissues and organs comparable to that of CT scan; 

however it does not give more detailed information like CT scan. It relies on the 

change in reflection of sound waves by tissues of different nature or qualities. It is 

more suitable for detecting cyst type of lesions (Stephens and Aigner 2009).

1.3.5  Magnetic Resonance Imaging (MRI)

Similar to CT scan, MRI also produces three-dimensional cross-sectional images of 

the tissue being analyzed; however it uses a different principle. Computer-aided 

analysis of absorption and penetration of high-frequency radio waves by water mol-

ecules in a powerful magnetic field is the basis of MRI. It is considered to be better 

than CT scan for bone, muscle, brain, and spinal cord imaging. Moreover, it is pre-

ferred over the CT scan as it did not include the use of any damaging radiations such 

as X-rays. However, combination of both CT and MRI scans is used in cancer diag-

nosis as it would give more detailed information about the location, size, shape, 

consistency, and extent of spread of a tumor (Stephens and Aigner 2009).

1.3.6  Positron Emission Tomography (PET) Scan

Positron emission tomography (PET) scan is a more sophisticated noninvasive diag-

nostics where a radioactive drug (tracer) injected, swallowed, or inhaled is used to 

differentiate the cells with differential chemical activity. Cancer cells are found to 

be more active than the normal cells. For instance, increased uptake of glucose is 

associated with cancer cells than the normal cells. Such differential activities of 

cancer cells are used in PET scan to differentiate them from the normal cells unlike 

the other imaging techniques. It gives information about the extent of disease and 

metastatic status and also helps in knowing the response after therapy. Despite being 

the safest diagnostic technique, the use of PET is limited as it is highly expensive 

and less explored (Stephens and Aigner 2009).

1.4  Endoscopic Techniques

Endoscopes are used to analyze the internal organs such as esophagus, larynx, blad-

der, colon, lower bowel, rectum, anus, uterus, prostate, and peritoneal and pleural 

cavities. They help to visualize the organs, lesions, polyps, and tumors and also they 

are used for surgery and biopsy of tissues under study. Depending on the requirement, 

several types of endoscopies including rigid and flexible scopes such as sigmoidos-

copy, proctoscopy, vaginal speculum, laryngoscopy, bronchoscopy, esophagoscopy, 

cystoscopy, gastroscopy, colonoscopy, laparoscopy, thoracoscopy, and culdoscopy are 

G. Padmavathi et al.
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in practice. Most of these endoscopes contain a series of lenses, mirrors, and a light 

source which are aiding in visualization (Stephens and Aigner 2009).

1.4.1  Biopsy

Procedure of excising a small piece of tissue from tumor for analysis purpose is 

termed as biopsy and microscopic analysis of biopsy tissue is the ultimate test for 

diagnosing and characterizing cancer. It is also done for staging, grading, and clas-

sifying the type of cancers. In certain cases, biopsy is also used to decide the fate of 

treatment. Needle aspiration or “punch-out” biopsy, aspiration cytology, bone mar-

row biopsy, standard paraffin section biopsy, and frozen section biopsy are few of 

the methods used for biopsy (Stephens and Aigner 2009).

1.5  Screening Tests

Aforementioned, screening tests assist in predicting the risk of developing cancer in 

near future in the absence of any symptoms. They can be direct or indirect evidence 

of cancer. In general, cancer patients are known to have anemia due to reduced hemo-

globin and RBC counts, change in WBC count, increased erythrocyte sedimentation 

rate (ESR), and altered serum components. Therefore, methods that determine these 

properties would give preliminary information about the disease. Such tests include 

blood and serum tests, white cell count (WCC), erythrocyte sedimentation rate 

(ESR), and serum biochemistry. However, most of these parameters would be more 

evident only in advanced stages of cancer, thus requiring more promising methods 

for the diagnosis and prognosis of cancer (Stephens and Aigner 2009).

Moreover, all the above mentioned techniques have their own disadvantages like 

labor intensive, time consumption, lack of specificity, side effects, cost, and com-

plexity. Therefore, simple, cost-effective, and point-of-care methods are required 

for the early detection and treatment of cancer (Tothill 2009).

1.6  Importance of Tumor Biomarkers in the Management 
of Cancer

The common flaw in all the aforementioned diagnostic methods is the lack of accu-

racy. Therefore, for the past several decades researchers are involved in the identifi-

cation of biomarkers that are exclusive for cancer cells thus helping in differentiating 

the tumor cell from the normal one ultimately facilitating the diagnosis of any par-

ticular cancer with great accuracy and specificity. As a result, several hundreds of 

novel biomarkers have been identified to be involved in the development of various 

cancers. However, only very few have been used in clinic for the diagnostic and 

prognostic purposes. In general, biomarkers are the cellular components present in 

tumor cells, blood, urine, or other body fluids that are overexpressed due to the com-

mencement of disease (Rhea and Molinaro 2011).

1 Cancer Biomarkers: Important Tools for Cancer Diagnosis and Prognosis
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Development of cancer is a multistage process which generally occurs in three 

defined stages namely initiation, promotion, and progression and these stages are 

associated with several molecular alterations in genomic, proteomic, and metabolo-

mics levels (Fig. 1.2) (Pitot 1993; Hanahan and Weinberg 2011). Initiation occurs due 

to a defect in the cellular genome triggered by a genotoxic agent, whereas promotion 

involves an epigenetic change in genome expression and cell division (Tubiana 1989; 

Pitot 1993). Congregate evidences suggest that human cancers possess multiple 

genetic alterations caused by point mutations, recombinations, amplifications, dele-

tions, etc. affecting both oncogenes and tumor-suppressor genes. Furthermore, diverse 

regulatory elements are also found to be altered during the process of multistage 

tumor progression, which primarily include the control of proliferation, balance 

between cell survival and apoptosis, interaction with nearby cells and the extracellular 

matrix, induction of angiogenesis, and ultimately cancer cell migration, invasion, and 

metastasis (Compagni and Christofori 2000). For example, genetic and epigenetic 

modification of transcription factors such as NF-κB, STAT, Notch, and PPAR-γ; 

growth factors including EGF, FGF, VEGF, TGF-β, and TF; protein kinases such as 

JAK, PKA, PKB, PKC, EGFR, ERK, MAPK, IKK, and PTK; apoptotic proteins viz. 

caspases, Bax, Bid, and PARP; survival and proliferative proteins such as Bcl-2, 

Bcl-xL, c-myc, survivin, inflammatory cytokines including interleukins, interferons, 

TNF, COX-2, and prostaglandins; adhesion molecules such as ICAMs, VCAMs, and 

MMPs; cell cycle regulators including cyclins and cyclin-dependent kinases; tumor-

suppressor genes such as p53, BRCA1, BRCA2, and pRB; and oncogenes such as 

Ras, Raf, and Src are involved in the development of various cancers. Such molecular 

alterations are used as early diagnostic and treatment biomarkers for many cancers.

In addition, the molecules are regarded as diagnostic biomarkers if it explains the 

presence of a cancer and its type and the risk of developing cancer in future; prognostic 

biomarkers if it predicts the response of patient without treatment; predictive biomark-

ers if it predicts the outcome of treatment and tumor recurrence; and therapeutic bio-

markers which are used as target for cancer therapy. Next part of this chapter discusses 

the important tumor biomarkers and their impact on the management of cancer.

RADIATION

CHEMICALS

INFECTION

Accumulation
of mutations

Clonal
expansion

Cell
heterogeneity

NORMAL CELLS MUTATED CELLS INITIATED CELLS PRENEOPLASTIC LESION BENIGN TUMOR

Conversion

Progression

INVASION &
METASTASIS

MALIGNANT TUMOR

DNA REPAIR/CELL
DEATH

Fig. 1.2 Different stages of cancer progression
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1.7  Transcription Factors

Proper control of gene expression is essential for maintaining the integrity of a cell 

and for the better maintenance of body physiology. This control is achieved by 

extremely complicated and interlinked molecular pathways. Ultimately, expression 

of any particular gene is controlled by complex of transcription factor proteins. 

Therefore, deregulation of transcription factors would critically affect the gene 

expression leaving it unregulated which leads to several developmental abnormali-

ties and diseases including cancer. Deregulation of transcription factors was found to 

be constantly associated with the development of cancer. For example, NF-κB, a key 

transcription factor, is well known to be involved in the tumorigenesis of numerous 

malignancies. Similarly, other transcription factor families such as AP-1, ATF, FOS, 

HOX, JUN, MAF, and STAT also play a vital role in the initiation and progression of 

bladder cancer, breast cancer, colon cancer, endometrial cancer, esophageal cancer, 

gastric cancer, glioblastoma, leukemias, liver cancer, lung cancer, lymphomas, mela-

noma, mesothelioma, multiple myeloma, nasopharyngeal cancer, neuroblastoma, 

ovarian cancer, pancreatic cancer, prostate cancer, sarcomas, and thyroid cancer 

(Kontos et al. 2013; Ozanne et al. 2007; Vaiopoulos et al. 2010; Milde- Langosch 

2005; Greene et al. 2009; Pradhan et al. 2012; Kannan et al. 2012; Eychène et al. 

2008; Hurt et al. 2004; Rayet and Gélinas 1999; Subramaniam et al. 2013; Slattery 

et al. 2013; Gadducci et al. 2013; Karamouzis et al. 2007; Alharbi et al. 2013; Piérard 

and Piérard-Franchimont 2012; Kelly et al. 2011; Cantile et al. 2011). All these tran-

scription factors were known to greatly impact the biology of a tumor, thus proving 

to be potential biomarkers for either diagnosis or treatment. Supporting this fact, 

thyroid transcription factor 1 (TTF-1) is used as a biomarker in the diagnosis of thy-

roid and lung carcinomas as it is mostly specific to these organs. However, expres-

sion of TTF-1 was also reported in ovarian, endometrial, colon, and breast cancers 

signifying the requirement of additional confirming factors for the diagnosis purpose 

(Ordóñez 2012). Distal-less homeobox 2 (DLX2) is a homeodomain transcription 

factor protein that was shown to be associated with progression of gastric cancer 

marking it to be a potential biomarker for gastric cancer (Zhang et al. 2016). EN2, 

another homeobox-containing transcription factor, is used to diagnose prostate can-

cer as it is specifically detected in the urine of patients with prostate cancer (McGrath 

et al. 2013). Likewise, specificity protein (Sp) family of transcription factors was 

found to be potential therapeutic targets for pancreatic cancer (Sankpal et al. 2012). 

Therefore, it is apparent that differential expression of transcription factors would be 

an effective biomarker for the diagnosis and prognosis of various cancers if precise 

detection is achieved through simple and cost-effective techniques.

1.8  Growth Factors and Their Tyrosine Kinase Receptors

By definition, cancer is the uncontrolled growth of abnormal cells which is ultimately 

governed by deregulation of growth factor signaling networks. Colony- stimulating 

factors (CSF), epidermal growth factor (EGF), fibroblast growth factor (FGF), 
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10

hepatocyte growth factor (HGF), hepatoma-derived growth factor (HDGF), insulin, 

insulin-like growth factors (IGFs), interleukins, platelet-derived growth factor (PDGF), 

transforming growth factors (TGFs), tumor necrosis factor-alpha (TNF-α), and vascu-

lar endothelial growth factor (VEGF) are some of the growth factors that control pro-

liferation, cell cycle progression, cellular differentiation, and apoptosis when interact 

with their respective receptors. Receptors of growth factors are often tyrosine kinase 

proteins which get activated upon binding with specific ligands through auto-phos-

phorylation. Activated tyrosine kinase receptors further initiate the phosphorylation-

mediated activation of several downstream pathways including Raf/MEK/ERK and 

PI3k/Akt which in turn activates transcription factors ultimately leading to increased 

expression of proteins essential for survival, proliferation, and differentiation. Increased 

activation of these receptors in the absence of ligand was found to be the underlying 

mechanism for the development of cancer. In line with this, overexpression and/or 

mutation of epidermal growth factor receptor (EGFR), vascular endothelial growth 

factor receptor (VEGFR), platelet-derived growth factor (PDGFR), and insulin-like 

growth factor 1 receptor (IGF-1R) were associated with initiation and progression of 

numerous cancers (Wallace et al. 2007; Blume-Jensen and Hunter 2001; Porter and 

Vaillancourt 1998; Robertson et al. 2000). Moreover, some of the receptors are exclu-

sive for certain cancers marking them as potential biomarkers for diagnosis and treat-

ment. For instance, the chimeric tyrosine kinase receptors Bcr-Abl and PML-RARa 

are highly specific for chronic myeloid leukemia and acute promyelocytic leukemia 

(APL) respectively and are therefore used as diagnostic and therapeutic markers for 

these diseases (Sawyers 1999; De Braekeleer et al. 2014). Likewise, EGFR, HER2/

neu, and mutated ALK are also used as tumor biomarkers for non-small-cell lung can-

cer, breast cancer, and anaplastic large-cell lymphoma (Allred 2010; Zhao et al. 2013; 

Mossé 2016). All these findings suggest the immense potential of receptor tyrosine 

kinases (RTKs) in the diagnosis and treatment of various cancers. However, out of the 

numerous RTKs found to be involved in tumorigenesis, only very few are progressed 

into tumor biomarkers in clinic implicating the essentialness of more advanced research 

which would produce added simple point-of-care assays for cancer diagnosis.

1.9  Inflammatory Cytokines

The link between inflammation and cancer development has become apparent in recent 

years. Supporting this, bacterial and viral infection-induced inflammation was evi-

denced to increase the risk of cancer development (de Martel and Franceschi 2009; 

Grivennikov et al. 2010; Grivennikov and Karin 2011). Likewise, other risk factors of 

cancer such as tobacco smoke and obesity are also known to induce cancer through 

inflammation (Takahashi et al. 2010; Park et al. 2010; Khasawneh et al. 2009; 

Grivennikov et al. 2010). Also, the tumor microenvironment was proved to be filled 

with several immune cells including dendritic cells, macrophages, mast cells, natural 

killer cells, neutrophils, and T and B lymphocytes which play a key role in cancer initia-

tion and progression (Grivennikov et al. 2010; Grivennikov and Karin 2011; de Visser 

et al. 2006; Maletzki and Emmrich 2010). Moreover, the impact of inflammation on 
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cancer development was found to be mediated through proinflammatory cytokines pro-

duced by the immune cells in the tumor microenvironment (Grivennikov and Karin 

2011). Interestingly, it was also established that the inflammatory cytokines are actually 

involved in tumorigenesis rather than the immune cells. Inflammatory cytokines could 

be both anti-tumorigenic and pro- tumorigenic; however in most cases pro-tumorigenic 

cytokines dominate. For example, IL-1β, IL-6, IL-12, IL-17, IL-23, TRAIL, FasL, TNF-

α, VEGF, EGFR ligands, and TGF-β are few of the cytokines that aid in tumor growth 

(Grivennikov et al. 2010; de Visser et al. 2006; Maletzki and Emmrich 2010). Therefore, 

increased levels of these cytokines indicate high risk of cancer initiation and progression 

which would be helpful in the diagnosis and in predicting the prognosis of cancer. 

Accordingly, increased levels of IL-6 and TNF-α in the serum and tissue samples sig-

nify the risk of colorectal adenomas and associated poor prognosis. They are also proved 

to be a potent therapeutic target for colorectal adenomas. Similar impact was observed 

in liver cancer as well (Grivennikov and Karin 2011; Kim et al. 2008; Wong et al. 2009). 

In addition to the inflammatory cytokines, inflammatory cells and costimulatory mole-

cules in tumor cells are also being used as biomarkers for cancer diagnosis, prognosis, 

and treatment outcome. All these biomarkers are collectively known as inflammatory 

biomarkers. Further evidences reported that inflammatory cells including CD3 (cyto-

toxic T lymphocyte), CD8 (cytotoxic T lymphocyte), FOXP3 (regulatory T lympho-

cyte), CD68 (macrophages), and CD83 (dendritic cells); costimulatory molecules like 

PDL1, HLA, and HSP; and serum cytokines such as C-reactive protein (CRP), IL-6, 

and TNF-α are potential biomarkers for bladder cancer (Masson-Lecomte et al. 2014). 

Despite the identification of numerous potential inflammatory biomarkers, they failed to 

achieve successful clinical application due to unavailability of effective methods and 

assays, technical challenges, and improper validation of the results (Masson-Lecomte 

et al. 2014). Taken together, there is an urgent need for the development of effective 

methods for the detection of these inflammatory biomarkers which would have a great 

impact on cancer diagnostics.

1.10  FDA-Approved Tumor Biomarkers and Their 
Implications in Cancer Management

Aforementioned, tumor biomarkers can be of proteins, antibodies, nucleic acids, 

peptides, carbohydrates, or circulating tumor cells that can be either noninvasively 

assessed through circulatory body fluids, excretions, and secretions or assessed 

through biopsy or imaging of tissue (Henry and Hayes 2012; Scatena 2015). Among 

the several hundreds of biomarkers identified so far only very few have been 

approved by the Food and Drug Administration (FDA) and used in clinic for the 

diagnosis of specific cancers (Rhea and Molinaro 2011; Diamandis 2014). Some of 

the cancer biomarkers currently being used are listed below (Table 1.2) (Tumor 

Markers—National Cancer Institute):

• α-Fetoprotein (AFP) for non-seminomatous testicular cancer and hepatocellular 

carcinoma (Debruyne and Delanghe 2008; El-Bahrawy 2010; Wong et al. 2015)
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• ALK gene for non-small-cell lung cancer and anaplastic large-cell lymphoma 

(Zhao et al. 2015; Mossé 2016)

• BCR-ABL fusion gene for chronic myeloid leukemia, acute lymphoblastic leu-

kemia, and acute myelogenous leukemia (Sawyers 1999; Granatowicz et al. 

2015; Voncken et al. 1995)

• Beta-2-microglobulin (B2M) for multiple myeloma, chronic lymphocytic leuke-

mia, and some lymphomas (Bethea and Forman 1990)

• Beta-human chorionic gonadotropin (Beta-hCG) for choriocarcinoma and germ 

cell tumors (Sisinni and Landriscina 2015)

• BRAF V600 mutations for cutaneous melanoma and colorectal cancer (Lasota 

et al. 2014; Eklöf et al. 2013; Curry et al. 2012)

• BRCA1 and BRCA2 genes for ovarian cancer (Easton et al. 1995; Peshkin et al. 

2001; Liu et al. 2012)

• CA15.3/CA27.29, estrogen receptor/progesterone receptor for breast cancer 

(Harris et al. 2007; EBCTCG 2011; Bast et al. 2001)

Table 1.2 The important biomarkers used for the diagnosis of cancers

Biomarker Cancer Sample Normal level Reference

PSA Prostate 

cancer

Serum <20 ng/mL Kamalov et al. (2012)

CA15.3 Metastatic 

breast cancer

Serum <45 U/mL O’Brien et al. (1994), 

Nicolini et al. (2015)

ER/PR/HER2 Breast cancer Tumor 

tissue

<1% positive stain Yip and Rhodes 

(2014)

CEA CRC and 

lung cancer

Serum <5 ng/mL (the cutoff 

ranges from 2.5 ng/mL 

to 40 ng/mL for diff. 

studies)

Swiderska et al. 

(2014), Grunnet and 

Sorensen (2012)

CA 19–9 CRC Serum <23.9 U/mL (the cutoff 

varied between 37 U/mL 

and 1000 U/mL for diff. 

studies)

Zhang et al. (2015), 

Grunnet and 

Mau-Sørensen (2014)

CA 125 Ovarian 

cancer

Serum <35 U/mL Bottoni and Scatena 

2015

HE4 Ovarian 

cancer

Serum <150 pM Bottoni and Scatena 

(2015)

Tg Thyroid 

cancer

Serum <2 ng/mL 

(post-thyroidectomy)

Grebe (2009)

AFP HCC Serum 5–10 μg/L Debruyne and 

Delanghe (2008)

Calcitonin MTC Blood <10 pg/mL Bae et al. (2015)

CgA NET Serum/

plasma

<34.7 U/L 

(10.5 U/L-avg. value)

Bajetta et al. (1999), 

Singh and Law (2012)

Abbreviations: AFP Alpha-fetoprotein, CA 125 Cancer antigen 125, CA 15–3 Cancer antigen 

15–3, CA 19–9 Cancer antigen 19–9, CEA Carcinoembryonic antigen, CgA Chromogranin A, CRC 

Colorectal cancer, ER Estrogen receptor, HCC Hepatocellular carcinoma, HE4 Human epididymis 

protein 4, HER2 Human epidermal growth factor receptor 2, MTC Medullary thyroid cancer, NET 

Neuroendocrine tumors, PR Progesterone receptor, PSA Prostate-specific antigen, Tg Thyroglobulin
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• CA-125 and human epididymis protein 4 (HE4) for ovarian cancer (Bottoni and 

Scatena 2015)

• CA19–9 for pancreatic cancer, gallbladder cancer, bladder cancer, bile duct can-

cer, and gastric cancer (Swiderska et al. 2014; Zhang et al. 2015; Shukla et al. 

2006; Grunnet and Mau-Sørensen 2014; Wang et al. 2015)

• Calcitonin for medullary thyroid cancer (Bae et al. 2015; Brutsaert et al. 2015)

• Carcinoembryonic antigen (CEA) for breast, colorectal, gastrointestinal, lung, 

and pancreatic cancer (Harris et al. 2007; Duffy 2001; Grunnet and Sorensen 

2012; Ballesta et al. 1995; Yasue et al. 1994)

• CD20 and CD3 for non-Hodgkin lymphomas (Kakinoki et al. 2015)

• Chromogranin A (CgA) for neuroendocrine tumors (Singh and Law 2012; 

Bajetta et al. 1999)

• C-kit/CD117 for gastrointestinal stromal tumor (Yamaguchi et al. 2004)

• Cytokeratin fragment 21–1 for lung cancer (Wieskopf et al. 1995)

• EGFR gene for non-small-cell lung cancer (Zhao et al. 2013)

• Fibrin/fibrinogen degradation product (FDP) for bladder cancer (Burchardt et al. 

2000; Schmetter et al. 1997)

• HER2/neu for breast cancer, gastric cancer, and gastroesophageal junction ade-

nocarcinoma (Allred 2010; Vakiani 2015; Park et al. 2015)

• Immunoglobulins or M protein for multiple myeloma (Rajkumar and Kumar 

2016)

• KRAS for colorectal cancer and non-small-cell lung cancer (Allegra et al. 2009; 

Ying et al. 2015)

• Lactate dehydrogenase for germ cell tumors, lymphoma, melanoma, and neuro-

blastoma (Miao et al. 2013; Petrelli et al. 2015)

• Neuron-specific enolase (NSE) for small-cell lung cancer and neuroblastoma 

(Isgrò et al. 2015)

• Nuclear matrix protein 22 for bladder cancer (Burchardt et al. 2000)

• Programmed death ligand 1 (PD-L1) for non-small-cell lung cancer (Kerr et al. 

2015)

• Prostate-specific antigen (PSA) for prostate cancer (Lin et al. 2008)

• Thyroglobulin (Tg) for thyroid cancer (Trimboli et al. 2015; Whitley and Ain 

2004; Grebe 2009)

• Urokinase plasminogen activator (uPA) and plasminogen activator inhibitor 

(PAI-1) for breast cancer (Harris et al. 2007; Duffy et al. 2014)

Among these, few are used as diagnostic markers, few as prognostic, few as 

therapeutic, and few as predictive biomarkers for different cancers and assessed 

through either body fluids or biopsy. The following section briefs about few of the 

FDA-approved biomarkers and their use in cancer management.

1.10.1  Alpha-Fetoprotein (AFP)

Alpha-fetoprotein (AFP) is a plasma protein produced by yolk sac and fetal liver, 

highly expressed in maternal circulation during pregnancy and in human fetus. 

However, a tremendous reduction in the plasma levels of AFP is observed after birth 
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to attain the normal range. Elevated levels of AFP are observed in adults with hepa-

tocellular carcinoma (HCC) and non-seminomatous germ cell tumors. Therefore, it 

is used as tumor marker for diagnosis and follow-up of such cancers (Debruyne and 

Delanghe 2008; El-Bahrawy 2010). Evaluation of serum AFP level in high-risk 

patients is one of the conventional methods used for diagnosis and screening of HCC 

and considered as golden standard. Levels of AFP are measured by different immu-

noassays including radioimmunoassay (RIA), immunoradiometric assay (IRMA), 

ELISA, microparticle capture enzyme immunoassay (MEIA), nephelometry, and 

electrochemiluminescence (Debruyne and Delanghe 2008; Ruoslahti and Seppälä 

1971; Chayvialle and Ganguli 1973; Suzuki 1988; Mancal et al. 1988; Fiore et al. 

1988; Bernard et al. 1996; Blackburn et al. 1991). However, its diagnostic values are 

very limited due to lack of highly sensitive and specific assays for the detection of 

AFP. To overcome this issue, researchers introduced various AFP- related parameters 

such as AFP mRNA and AFP glycoforms. Interestingly, the AFP mRNA was found 

to have immense prognostic potential and AFP glycoforms to have diagnostic poten-

tial levels of which are measured by PCR-based techniques, isoelectric focusing, and 

lectin affinity electrophoretic methods (Debruyne and Delanghe 2008). Moreover, 

the FDA approved combination of lens culinaris agglutinin- reactive fraction of 

alpha-fetoprotein (AFP-L3, an isoform of AFP) with des-gamma-carboxy prothrom-

bin (DCP) and AFP for the surveillance of HCC (Wong et al. 2015).

1.10.2  ALK Gene Abnormalities

Anaplastic lymphoma kinase (ALK) is an important oncogenic receptor tyrosine kinase, 

mutations and chromosomal rearrangements of which are found to be frequently 

involved in tumorigenesis of several malignancies including anaplastic large-cell lym-

phoma (ALCL), non-small-cell lung cancer (NSCLC), and neuroblastoma (Zhao et al. 

2015; Mossé 2016). Expression of wild-type ALK is often found in developing neuronal 

tissues implicating its importance in the development of central and peripheral nervous 

system during fetal development and remarkably other normal tissues express no 

ALK. Therefore, abnormal expression and activation of ALK through point mutations 

or translocations are unique to the cancer cells and are thus being used as diagnostic, 

prognostic biomarkers and therapeutic targets for treating such neoplasms (Mossé 

2016). Identification of t(2;5)(p23;q35) translocation resulting in the fusion of ALK 

with nucleophosmin (NPM) in non-Hodgkin’s lymphoma led to the discovery of sev-

eral other gene fusions and mutations involving ALK (Morris et al. 1994; Mossé 2016). 

Moreover, the NPM-ALK gene fusion was found to be the signature translocation of 

CD30+ ALCL and thus possesses a great diagnostic significance for ALCL (Shiota et al. 

1995). Likewise, presence of another ALK fusion gene EML4-ALK in patients with 

congenital pulmonary airway malformation (CPAM) indicates the probability of devel-

oping lung adenocarcinoma in future, thus signifying its diagnostic potential for lung 

cancer (Tetsumoto et al. 2013). Expression of these fusion ALK genes is determined by 

IHC and molecular and cytogenetic techniques such as FISH (Mossé 2016). Moreover, 

due to their specificity, small-molecule ALK inhibitors exert significant anticancer 

G. Padmavathi et al.



15

properties and are used in the successful management of ALK-positive cancers impli-

cating the role of ALK as therapeutic target as well (Mossé 2016). In addition, mutations 

in the ALK gene have been found to be the biomarker for poor prognosis in neuroblas-

toma patients (Mossé 2016; Bresler et al. 2014; Janoueix-Lerosey et al. 2008). R1060 

between transmembrane and kinase domains of ALK, F1174, F1245, and R1275 muta-

tions in kinase domain are the few examples of germline and somatic mutations observed 

in ALK gene of neuroblastoma patients (Bresler et al. 2014).

1.10.3  BCR-ABL

BCR-ABL is a chimeric tyrosine kinase receptor constitutively activated in chronic 

myeloid leukemia (CML). It is produced as a result of t(9;22)(q34;q11) translocation 

involving the long arms of chromosomes 9 and 22. Notably, the t(9;22) is the first identi-

fied chromosomal rearrangement which was known to produce the Philadelphia chro-

mosome that was then considered as the driving factor for CML. Later, it was revealed 

that it is the fusion product of t(9;22) BCR-ABL that is responsible for the development 

of CML not the Philadelphia chromosome (Sawyers 1999; Granatowicz et al. 2015). 

Consequently, this chimeric protein is regarded as the characteristic feature of CML as 

approx. 95% of CML patients are found to carry the BCR-ABL oncogene. Therefore, 

ultimately the chimeric tyrosine kinase is used as a diagnostic biomarker for the detec-

tion of CML (Sawyers 1999; Granatowicz et al. 2015). In addition to serving as diagnos-

tic biomarker, the BCR-ABL fusion kinase also aids in targeted therapy. For instance, 

imatinib (INN), a first-generation tyrosine kinase inhibitor targeted against BCR-ABL 

fusion kinase in fusion- positive CML patients, resulted in significant reduction of cancer 

burden (Al-Hadiya et al. 2014; Waller 2014). Moreover, it also serves as a prognostic 

biomarker for CML, as increased expression of BCR-ABL is often associated with poor 

survival (de França Azevedo et al. 2014). Apart from CML, BCR-ABL is also found to 

be associated with acute lymphoid leukemia (ALL) (Voncken et al. 1995).

1.10.4  BRAF V600

BRAF is a non-receptor serine/threonine-protein kinase, abnormally activated by 

gain-of-function mutations resulting in the activation of RAS/RAF/MAPK path-

way. BRAF V600E is the most commonly found mutation of BRAF gene in a vari-

ety of cancers. Moreover, this BRAF V600 mutation is used as a prognostic and 

treatment target for colon cancer and melanoma (Lasota et al. 2014; Eklöf et al. 

2013; Curry et al. 2012).

1.10.5  BRCA1 and BRCA2

BRCA1 and BRCA2 are tumor-suppressor genes involved in DNA repair, muta-

tions in which are found to be associated with the development of breast and ovarian 
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cancers and are discovered as germline mutations to be carried to the progenies 

(Mazoyer 2005; Sopik et al. 2015; Campeau et al. 2008). Further, it has been con-

firmed that women with mutations in BRCA genes are highly prone to these can-

cers. For instance, women carrying BRCA mutations are 80–90% prone to these 

cancers (Sopik et al. 2015; Ferla et al. 2007). Moreover, around 30–50% of heredi-

tary breast and ovarian cancers are shown to have germline mutations in these 

tumor-suppressor genes. BRCA mutations accounts for 20–25% of hereditary 

breast cancers and 15% of ovarian cancers (Ferla et al. 2007; Szabo and King 1995; 

Pal et al. 2005; BRCA1 and BRCA2: Cancer Risk and Genetic Testing-National 

cancer institute). Therefore, analyzing the BRCA1 and BRCA2 status gives the 

essential information about the risk of developing breast and ovarian cancers impli-

cating the use of BRCA gene mutations as effective biomarkers for screening, diag-

nosis, and prognosis of such cancers (Peshkin et al. 2001; Liu et al. 2012).

1.10.6  CA15.3/CA27.29

Carbohydrate antigen 15.3 (CA15.3) and CA27.29 are mucin-like tumor-associated 

glycoproteins secreted into serum and are widely used for the diagnosis and prognosis 

of breast cancer (Nicolini et al. 2015; Bast et al. 2001; Harris et al. 2007). The level of 

CA15.3 antigen was found to be increased with tumor progression and more than 45 U/

mL of serum CA15.3 is regarded as an indicator of metastatic breast cancer (Nicolini 

et al. 2015; O’Brien et al. 1994). Besides breast cancer, CA15.3 was found to be overex-

pressed in ovarian, endometrial, and non-small-cell lung cancers as well (Molina et al. 

2008; Nicolini et al. 2015). Likewise, another MUC- 1- associated protein CA27.29 is 

also explored for its diagnostic potential. Interestingly, the diagnostic values of CA27.29 

were found to be similar to those of CA15.3. However, unlike the CA15.3, it fails to 

differentiate between different stages of breast cancer (Gion et al. 2001; Gion et al. 

1999; Nicolini et al. 2015; Hou et al. 1999). Moreover, these antigens are also used to 

predict the treatment outcome and to detect recurrence (Gion et al. 2001; Molina et al. 

1995). In the past few decades, several assays including Truquant BR radioimmunoas-

say (RIA), AxSYM Abbott, and ACS:180 BR were developed and used for the detec-

tion of these tumor antigens (Gion et al. 2001). However, more sophisticated and easy 

assays are being designed every year for better precision and sensitivity.

1.10.7  CA19.9

Similar to CA15.3 and CA27.29, another carbohydrate antigen secreted into blood 

known as CA19.9 is also approved by the FDA as tumor marker for pancreatic, 

gallbladder, bile duct, and gastric cancers (Swiderska et al. 2014; Zhang et al. 2015; 

Shukla et al. 2006; Grunnet and Mau-Sørensen 2014). In addition, the level of this 

antigen was found to be higher in colorectal carcinoma (CRC) than the benign 

colorectal diseases suggesting its pivotal role in the diagnosis of CRC in combina-

tion with carcinoembryonic antigen (CEA). Moreover, combined analysis of the 

levels of CA 19.9 and CEA is used as a prognostic biomarker for CRC (Zhang et al. 
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2015; Swiderska et al. 2014). Further, it is also used as a prognostic biomarker for 

bladder cancer (Wang et al. 2015).

1.10.8  CA125 and HE4

CA125, a membrane mucin glycoprotein also recognized as mucin 16 or MUC16, 

is a widely used FDA-approved tumor marker for monitoring the treatment response, 

follow-up, and diagnosing recurrence of ovarian cancer. Serum level of CA125 is 

considered to be elevated if higher than 35 U/mL as the level in healthy individuals 

was found to be <35 U/mL (Bottoni and Scatena 2015). Other than ovarian cancer, 

increased levels of this antigen were observed in cancers of biliary tract, breast, 

cervical, colon, endometrial, fallopian tube, liver, lung, pancreatic, stomach, and 

uterine, thus limiting its specificity as ovarian cancer biomarker (Bottoni and 

Scatena 2015). Moreover, diagnosis of ovarian cancer in the asymptomatic early 

stages often fails with CA125 marker as the expression of the antigen is very less in 

contrast to the more than 90% increase observed in stage II, III, and IV diseases 

(Bottoni and Scatena 2015). Therefore, to overcome the lack of specificity and sen-

sitivity of CA125, it is often used with human epididymis protein 4 (HE4), a small 

secretory protein recently approved for clinical use as biomarker for ovarian cancer. 

Around 80% of ovarian cancer patients were found to have elevated levels of HE4 

(>150 pM) and unlike CA125, HE4 helps in differentiating the benign tumors from 

cancers. However, despite the dominating specificity of HE4 over CA125, estima-

tion of both CA125 and HE4 serum levels is used in practice for accurate prediction 

of cancer (Bottoni and Scatena 2015).

1.10.9  Calcitonin

Calcitonin is an effective biomarker used for the diagnosis and follow-up of medul-

lary thyroid cancer (MTC) (Bae et al. 2015; Brutsaert et al. 2015). Calcitonin is a 

hormone secreted only by the C-cells of thyroid gland, thus making it unique for 

MTC diagnosis (Bae et al. 2015). Serum concentration of <10 ng/L is considered to 

be the normal basal calcitonin level and >100 ng/L is regarded as an indicative fac-

tor for early MTC. In addition, for the follow-up after treatment, serum calcitonin 

level <10 ng/L indicates no residual tumor tissue; levels ranging from 10 to 150 ng/L 

indicate possible local disease in the neck and >150 ng/L indicate the possible dis-

tant metastases (Costante et al. 2009).

1.10.10  Carcinoembryonic Antigen (CEA)

CEA is a glycoprotein produced during fetal development which mediates cell 

adhesion. However, it has been found to be absent or very less in healthy individuals 

as the production of CEA stops before birth. Interestingly, increased serum levels of 

CEA have been found in certain cancers, thus distinguishing the cancer patients 
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from healthy individuals. Therefore, CEA is widely used as a tumor marker for vari-

ous cancers including gastrointestinal cancers, breast cancer, lung cancer, and pan-

creatic cancer (Harris et al. 2007; Duffy 2001; Locker et al. 2006; Grunnet and 

Sorensen 2012; Ballesta et al. 1995; Yasue et al. 1994). Due to lack of sensitivity 

and specificity, use of the CEA assay is limited for cancer diagnosis. However, it is 

used for prognosis, early diagnosis of recurrence, and follow-up of cancer patients. 

Especially, it is most commonly used for predicting the tumor recurrence and prog-

nosis of colorectal cancers (Ballesta et al. 1995; Duffy et al. 2003).

1.10.11  CD20 and CD3

World Health Organization (WHO) classifies hematological malignancies based on 

the clinical manifestation, morphology, immunophenotype, and molecular genetics 

of the disease (Kakinoki et al. 2015). For example, CD20, a glycosylated phospho-

protein expressed by the B-cells, thus known as B-lymphocyte antigen CD20, is 

used as a unique immunomarker for classifying B-cell lymphomas (Kakinoki et al. 

2015). Likewise, CD3 was found to be unique for T-cell lymphoma. Therefore, both 

CD20 and CD3 immunomarkers are used for the diagnosis of B- and T-cell lympho-

mas, respectively (Kakinoki et al. 2015).

1.11  Estrogen Receptor, Progesterone Receptor, and Human 
Epidermal Growth Factor Receptor 2

The estrogen, progesterone, and HER2/neu receptors are the most commonly used 

predictive and prognostic biomarkers of breast cancer. Immunohistochemistry 

(IHC) and fluorescent in situ hybridization (FISH) techniques are used to detect the 

expression levels of these receptor proteins (Allred 2010). HER2 receptor has been 

found to be highly overexpressed in approx. 25% of breast cancer cases and such 

cases were treated by HER2-targeted therapies like trastuzumab. Therefore, know-

ing the HER2 status of the tumor is helpful in deciding the therapeutic regimen 

(Dean-Colomb and Esteva 2008; Allred 2010). In addition to breast cancer, analyz-

ing the HER2 status was found helpful in improving the treatment of gastric and 

gastroesophageal junction (GEJ) adenocarcinomas as well (Vakiani 2015; Park 

et al. 2015). Likewise, estrogen receptor is a nuclear receptor involved in the regula-

tion of cell growth and differentiation and approx. 75% of all breast tumors are 

found to be ER positive (ER+). The estrogen hormone activates ERα which results 

in the growth of ER+ breast cancers. Further, it has been found to be associated with 

better prognosis marking ERα to be a prognostic factor for breast cancer, expression 

level of which is analyzed by radiolabeled biochemical ligand (i.e., estrogen)-bind-

ing assays (LBAs) and IHC. Moreover, it is also used as a predictive biomarker and 

therapeutic target for hormonal therapies such as tamoxifen and aromatase inhibi-

tors (Keen and Davidson 2003; Clark 2000; Allred 2010). In addition to ERα, 

another ER known as ERβ is also used as a prognostic marker especially for 
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ERα- negative breast tumors (Tan et al. 2016). Similar to ER, progesterone receptor 

(PR) is also a nuclear receptor used as a predictive biomarker for treatment outcome 

of hormone therapy of breast cancer expression which is also detected by LBAs and 

IHC. Interestingly, around 50% of ER+ breast tumors are found to be PR+ as well 

and ~75% of ER/PR+ cancers respond positively to hormonal therapy (Keen and 

Davidson 2003; Elledge and Fuqua 2000; Allred 2010; Yip and Rhodes 2014). 

Further studies reported expression of PR to be an essential factor for better out-

come of endocrine therapy (Keen and Davidson 2003; Elledge and Fuqua 2000). 

Taken together, it is apparent that it is indispensable to know the ER/PR/HER2 

status of breast cancer which would serve as prognostic and predictive biomarkers 

and as therapeutic targets for endocrine and targeted therapies.

1.11.1  Prostate-Specific Antigen (PSA)

Prostate-specific antigen (PSA) or human kallikrein 3 (hK3) is a secreted serum 

protein encoded by KLK3 gene which is used as diagnostic and prognostic bio-

marker for prostate cancer (PCa). It was first discovered in 1970 and approved by 

the FDA as a biomarker for PCa in 1986 (Filella and Foj 2016). Increased level of 

PSA is associated with increased possibility of prostate cancer. In general, the PSA 

level in prostate cancer patients will be >20 ng/mL (Kamalov et al. 2012). However, 

it varies with age of the patient and size of prostate giving false positives and over-

diagnosis (Filella and Foj 2016). To overcome these issues, novel techniques are 

being used for the screening and detection of PCa where the PSA levels are used in 

addition to other factors. Prostate Health Index (PHI) was approved by the FDA for 

screening of PCa in men aged more than 50 with 4–10 μg/L of PSA level and a non- 

suspicious digital rectal examination (DRE). Calculating a 4Kscore using kalli-

krein panel is another method used for PCa screening. The panel is used to measure 

the levels of four kallikreins namely PSA, free PSA, intact PSA, and kallikrein-

related peptidase 2 (hK2). The given 4Kscore with the patient age, DRE, and 

biopsy history is used to evaluate the risk of PCa; however this technique is yet to 

be approved by the FDA (Gupta et al. 2010; Vickers et al. 2008, 2010a, b, 2011; 

Filella and Foj 2016).

1.11.2  Thyroglobulin (Tg)

Thyroglobulin is a prohormone for liothyronine (T3) and thyroxine (T4) produced 

by thyroid follicular cells. Interestingly, normal and well-differentiated malignant 

thyroid cells are known to be the only source of Tg signifying it to be a highly spe-

cific marker for thyroid-related abnormalities such as cancers (Trimboli et al. 2015; 

Whitley and Ain 2004). Expression of this protein is assessed by immunohisto-

chemical analysis of tissue specimen as it is mostly confined to the thyroid follicle 

cells. However, depending on the thyroid size, a small fraction of Tg enters circula-

tory system as well, concentration of which is measured through various 
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immunoassays (Whitley and Ain 2004; Grebe 2009). Further, the concentration of 

circulatory Tg was shown to be increased during thyroid inflammation, hemor-

rhage, Graves’ disease, and follicular cell-derived cancers (Grebe 2009). The serum 

level of Tg serves as an effective biomarker for advanced thyroid carcinoma of fol-

licular origin and is highly tumor specific in patients undergoing thyroidectomy 

where Tg is used for follow-up and diagnosing residual or recurrent disease (Grebe 

2009). Additionally, it is used to predict the treatment outcome. For example, in 

practice, postoperation, TSH-stimulated serum Tg level is measured to predict the 

possibility of cure. TSH-stimulated Tg level <1 ng/mL between 6 and 12 months 

following the initial treatment signifies the probable cure. However, despite the 

predictive and prognostic potentials, diagnostic values of Tg are highly limited as 

the preoperative serum concentration in small thyroid carcinoma patients is compa-

rable with that of healthy individuals (Grebe 2009).

1.11.3  Assays for the Detection of Tumor Markers

Different types of cancers have been identified with various tumor markers like 

modified DNA, RNA, proteins, hormones, antigens, antibodies, oncogenes, and 

tumor-suppressor genes. Several assays were designed for detecting these molecu-

lar markers in patient samples with a range of sensitivity and specificity. This sec-

tion of the chapter discusses various assays used for the detection of tumor 

biomarkers.

Biomarkers can be intracellular or extracellular. Intracellular markers are needed 

to be released from the cells and enriched (to increase the concentration) before 

analysis (Tothill 2009). In practice, immunoassays like ELISA and immunohisto-

chemistry and enzyme activity assays are mostly used for the detection of cancer 

markers. However, immunoassays are very expensive and time consuming. Besides, 

it is less sensitive during early stages of disease due to low concentration of markers 

(Tothill 2009). Therefore, several new methods like DNA probes and biosensor- 

based and aptamer-based techniques have been developed for more sensitive, spe-

cific, simple, cost-effective, and point-of-care detection of tumor biomarkers (Zhang 

et al. 2016).

1.11.4  Development of Novel Biomarkers

Technical advancements in science, developed numerous latest technologies and 

genomics and proteomics approaches that are used for the identification of novel 

potential tumor markers (Fig. 1.3). Better understanding of the biology of tumori-

genesis is essential for the identification of biomarkers. Advanced sequencing tech-

niques such as high-throughput DNA sequencing, RNA-seq, transcriptome 

sequencing, microarray technologies such as DNA microarrays, tissue microarrays, 

gene expression arrays, antibody microarrays, and mass spectroscopy are of great 
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use in understanding the tumorigenesis process and in the identification of candi-

date tumor markers. However, tight thresholds, clear study design, and proper vali-

dation are essential to avoid any misinterpretation, bias, or false positives. Analytic 

validity, clinical validity, and clinical utility are three major factors to be considered 

during the development of novel tumor biomarkers (Henry and Hayes 2012; Pepe 

et al. 2001).

 Conclusion
Most of the cancers are incurable as they are diagnosed in the advanced stage due 

to lack of good biomarkers. Several decades of research identified hundreds of 

tumor biomarkers; however their clinical usage is very limited due to their non-

specificity and accuracy. As cancer is a multiple molecular disorder there is an 

urgent need for developing novel biomarkers for the diagnosis of cancers at an 

early stage and to identify different stages and grades of cancer to develop person-

alized treatment protocols. Unlike the conventional methods, the new era of cancer 

diagnosis shows promising results with specific biomarkers for the diagnosis and 

prognosis of cancer. However, more rigorous studies are required in this area to 

develop highly specific and accurate biomarkers for the better management of this 

disease.

Phase 1- Preclinical Exploratory Studies
(Identify possible biomarkers by IHC, western
blots, microarrays, mass spectroscopy etc.)

Phase 2- Clinical Assay Development for
Clinical Disease (Development of a non-

invasive detection method)

Phase 3- Retrospective Longitudinal
Repository Studies (Check capability of the

biomarker for detecting preclinical
disease)

Phase 4- Prospective Screening Studies
(Analyze the possibility of early detection but

not the stage or nature of cancer)

Phase 5- Cancer Control Studies (Check the
overall effect of biomarker screening on the

cancer burden)

Fig. 1.3 Phases of 

development of novel 

biomarkers for early 

diagnosis of cancer (Pepe 

et al. 2001)
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2.1  Introduction to Transcription Factors and Diseases

The survival of cellular life depends on the accurate and coordinated maintenance 

of biological processes at the single-cell level such as cell-cycle progression, dif-

ferentiation, metabolism, development, and programmed cell death (Rudel and 

Sommer 2003; Hanahan and Weinberg 2011; DeBerardinis and Thompson 2012). 

Consequently, simultaneous regulation of complex intracellular programs is heavily 

reliant on the precision of gene expression at the transcriptional level. Eukaryotic 

gene expression begins typically with the assembly of transcription-related protein 

complexes and cofactors on DNA before genetic information is transcribed into 

messenger RNA molecules, through the recruitment of RNA polymerase and cofac-

tors, allowing for downstream protein translation (Lee and Young 2000). Sequence- 

specific DNA-binding transcription factors (TFs) are an integral part of the 

transcriptional machinery that regulate gene expression rates through the recogni-

tion and binding to precise DNA motifs (enhancer regions or response elements) 

resulting in either transcriptional activation or repression (Robertson et al. 2006) 

through further interaction with co-regulators and histone modifiers (HATs, HDACs) 

(Schaefer et al. 2011). Whole-genome studies have predicted 2000–3000 TFs in the 
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human genome (Babu et al. 2004; Kummerfeld and Teichmann 2006; Venter et al. 

2001), and bioinformatics, transcriptome analysis estimates that TFs account for 

~8–10% of human genes expressed (Messina et  al. 2004; Kummerfeld and 

Teichmann 2006).

DNA-binding transcription factors are typically modular and generally con-

tain a DNA-binding domain (DBD) which controls DNA binding and gene speci-

ficity, and a transactivation domain (TAD) to regulate transcription through 

interaction with protein factors of the transcriptional machinery. The basis of 

DNA selectivity lies within the DBD, which can be classified based on structure 

and function. Three classes are most prolifically expressed in humans: the C2H2 

zinc finger, homeodomain, and helix-loop-helix families (Vaquerizas et al. 2009). 

TADs are generally disordered and less structured than DBDs within TF fami-

lies, allowing for promiscuity in protein interaction and cofactor recruitment. 

Distinct categories of TADs are observed in different classes of TFs and are 

grouped based on the amino acid composition: acidic, isoleucine-rich, proline-

rich, and glutamine-rich domains (Mermod et  al. 1989; Okuda et  al. 2016; 

Mognol et al. 2016; Hibino et al. 2016). In addition, the nine amino acid transac-

tivation domain (9aaTAD) is a class common to eukaryotic transcription factors 

(Piskacek et al. 2007). Table 2.1 shows seven of the most cited TFs in the litera-

ture to date (Vaquerizas et al. 2009).

As expected, the deregulation of proper transcriptional activity has been associ-

ated with many human diseases. For example, mutations in the transcription fac-

tors HNF1beta, HNF1alpha, and HNF4alpha have been linked to maturity-onset 

diabetes of the young (MODY) by respectively affecting differentiation processes 

in the pancreas and decreasing glucose-dependent insulin secretion in beta-cells 

(Maestro et  al. 2007). The autoimmune regulator AIRE, a transcription factor 

expressed in the thymus, is responsible for the identification and negative selection 

of self-reactive T-cells, and its inactivation causes type-I autoimmune polyendocri-

nopathy syndrome (APS-1) (Kyewski and Klein 2006). Aberrant gene expression 

from deregulated transcription factors can occur at the genetic level as a result of 

increased TF expression (increased copy number from gene duplication, epigene-

tic modifications, or chromosomal translocations), or at the protein level (post-

translational modifications or a derailment in biochemical pathways like protein 

turnover rates). Examples include translocation of the AML1 (or RUNX1) tran-

scription factor (resulting in oncogenic fusion proteins like AML1-ETO) com-

monly associated with several forms of leukemia (Licht 2001; Lukasik et al. 2002), 

and the HPV (human papillomavirus)-related viral protein E6 which, when present 

in cells during viral infections, facilitates the degradation of the tumor-suppressor 

p53 and promotes cervical carcinogenesis (Mantovani and Banks 2001). 

Additionally, mutations in cis-acting regulatory DNA elements as well as inactivat-

ing mutations within the reading frame of a gene can affect mRNA splicing, pro-

tein translation, or protein structure, and have all been described and linked to 

disease phenotypes (Lee and Young 2013).
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2.2  Transcription Factors in Cancer

Cellular transformation and the development of cancer have been acutely linked to 

numerous transcription factors responsible for distinct cellular processes. The 

tumor-promoting c-Myc transcription factor is the most frequently amplified onco- 

protein in human cancers (Lin et  al. 2012). c-Myc recognizes and binds DNA 

enhancer motifs (E-boxes) through heterodimerization with another TF, Max 

Table 2.1 List of most cited transcription factors and their involvement in health and diseases

Transcription 

factor Description References

p53 Master tumor suppressor that regulates cellular programs 

that decide cell fate (e.g., growth arrest, senescence, 

apoptosis) in response to genetic aberrations. It is 

frequently mutated in many forms of human cancer.

Lane (1992), 

Vousden and Lane 

(2007), Vogelstein 

et al. (2000)

Estrogen 

receptor 

(ER)

Nuclear receptor family transcription factor activated by 

the steroid hormone estrogen. Responsible for the 

maintenance of reproductive, immune, cardiac, and skeletal 

systems. Overexpressed in many types of breast cancer, 

constituting a common prognostic and treatment target.

Ascenzi et al. 

(2006)

FOS Forms the AP-1 complex with c-jun and regulates many 

cellular processes that govern differentiation, growth, 

and survival. Often implicated in cancer and also 

involved in cancer-related processes such as hypoxia, 

angiogenesis, and epithelial-mesenchymal transition.

Milde-Langosch 

(2005)

MYC A potent oncogene frequently active during 

tumorigenesis through mutagenesis, chromosal 

translocation and deregulated protein biochemistry. 

Binds DNA through basic helix-loop-helix domain to 

regulate cell fate. Overexpressed in many cancers.

Meyer and Penn 

(2008)

JUN Forms homo- or heterodimeric (c-fos) transcription 

factors. Often required in cellular transformation due to 

proliferative and anti-apoptotic signals. Associated with 

increased aggressiveness, tissue invasion, and metastatic 

cancer phenotypes.

Eferl and Wagner 

(2003)

Androgen 

receptor 

(AR)

Nuclear receptor transcription factor that responds to 

androgenic hormones. Often required for the 

development and maintenance of male sexual organs. AR 

activity is strongly associated with prostate cancer 

development and progression.

Heinlein and Chang 

(2004)

SP1 Zinc finger TF involved in many cellular processes such 

as cellular growth and differentiation, chromatin 

remodeling, immune system, and apoptosis.

Beishline and 

Azizkhan-Clifford 

(2015)

NF-κB Modulates the inflammatory response of the innate 

immune system through dimerization with members 

within the NF-κB family in response to biochemical 

signals. Displays a double-edged role in cancer 

development depending on cellular context.

Gilmore (2006)
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(myc- associated factor x) (Blackwood and Eisenman 1991), to elevate expression of 

genes involved in cell proliferation and metabolism, promoting cell growth (Ji et al. 

2011). Furthermore, tumorigenic cellular programs have also been ascribed to 

simultaneous activation of transcriptional networks. Elevated transcriptional activ-

ity of TAL1 is observed in 40% of all T-ALL (T-cell acute lymphoblastic leukemia) 

cases and has been reported as a master regulator of transcriptional circuitries 

involving other TFs including RUNX, GATA3, HEB, and E2A (Sanda et al. 2012).

The rest of this chapter focuses on three transcription factors: the p53 tumor sup-

pressor, estrogen receptor, and NF-κB; their roles in cancer; as well as past and 

current technologies designed at targeting them for diagnostic purposes.

2.2.1  The p53 Tumor Suppressor

The p53 tumor suppressor (also known as the guardian of the genome) is a master 

regulator that sits at a central node within a sophisticated network of cellular pro-

grams (Lane 1992). It functions primarily as a transcription factor that acts to safe-

guard the genomic integrity of an organism by inducing biochemical pathways that 

ultimately determine cell fate (including cell cycle arrest, apoptosis, senescence)

p53 responds to upstream stress signals and prevents cellular transformation caused 

by genetic aberrations (Vogelstein et al. 2000). Stress signals that activate p53 take 

many forms but typically result in DNA mutations or chromosomal damage when 

left unchecked. Examples include DNA or chromosomal breakages, ionizing radia-

tion, hypoxia, dNTP depletion, and glucose starvation (Bieging et al. 2014).

p53 shares significant homology with its family members, transcription factors 

p63 and p73, and they are each organized to carry several critical domains including 

an N-terminal transactivation domain (TAD), a proline-rich domain (PD), a well- 

ordered DNA-binding domain (DBD), an oligomerization domain (OD), and an 

unstructured carboxy-terminal domain (CTD) (Vousden and Lane 2007). In addi-

tion, p63 and p73 possess a sterile α-motif (SAM) domain that participates in 

protein- protein interactions (Thanos and Bowie 1999). The physiological functions 

of p53’s unstructured CTD have been highly controversial and both early reports 

and in vitro experiments have suggested an auto-inhibitory role possibly through 

interacting with the DBD (Hupp et al. 1992; Goh et al. 2010). However, recent ani-

mal and biochemical studies reveal more evidence of the CTD’s involvement in 

p53-DNA interaction, particularly in the selectivity and coordinated binding of p53 

to DNA response elements and also in the precise induction of p53 response in cells 

(Laptenko et  al. 2015, 2016). There are also postulations that the CTD can help 

mediate sequence-specific p53-DNA binding through weak interactions between 

the positively charged lysine-rich regions and the negatively charged phosphate 

DNA backbone (Friedler et al. 2005). This interaction may also facilitate the sens-

ing of DNA damage and expedite DNA repair (Reed et al. 1995). The DNA-binding 

core of p53 is responsible for interacting with DNA in a sequence-specific manner 

through a highly ordered domain that is well conserved within the protein family 

(Belyi et al. 2010). The DBD core structure consists of a β-sandwich scaffold con-

sisting of two antiparallel β-sheets projecting a loop-sheet-helix motif and two 
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additional large loops that make DNA contacts (Cho et al. 1994). p53 functions as a 

TF by recognizing and binding cognate DNA elements known as p53 response ele-

ments (p53-RE) which contain two palindromic half-site decamers, each carrying 

the consensus sequence 5′-RRRC(A/T)(T/A)GYYY-3′ (where Y = pyrimidine and 

R = purine) separated by a spacer ranging from 0 to 13 base pairs (el-Deiry et al. 

1992). A stable complex (dimer of dimers) is formed with each monomer contacting 

a 5-bp quarter site when p53 tetramerizes on DNA, resulting in a close to 100-fold 

increase in binding affinity over monomeric units alone (Balagurumoorthy et  al. 

1995). The DNA core motif C(A/T)(T/A)G within each decamer half-site, in par-

ticular, has been shown to have a profound influence on p53 DBD binding (Wang 

et al. 2009a). Wild-type p53 is known to regulate hundreds of gene targets, through 

transcriptional activation or repression, by interacting with DNA REs located across 

the entire genome. More than 200 RE sites have been established as empirically 

verifiable p53 response elements (Menendez et al. 2009; Riley et al. 2008; Zeron- 

Medina et  al. 2013), with thousands more possible p53-binding sites identified 

through predictive algorithms and whole-genome studies (Tebaldi et  al. 2015; 

Smeenk et al. 2008; Chang et al. 2014; Sammons et al. 2015). Furthermore, the low 

intrinsic thermodynamic stability of the p53 core (9-min half-life at body tempera-

ture), a likely result of evolutionary adaptations, has been linked to structural plas-

ticity, allowing for interaction with diverse protein partners and DNA sequences 

(Joerger and Fersht 2010). Indeed, gene expression regulating p53-REs have shown 

considerable degeneracy in sequence and size, seen in noncanonical motifs like 

half- and three-quarter sites (Jordan et al. 2008; Tebaldi et al. 2015).

In the classical p53 response, cellular stress stimuli result in the activation of p53 

modifiers like ATM (ataxia telangiectasia mutated), ATR (ataxia telangiectasia and 

Rad3-related protein), and CHK1/2 (checkpoint kinase 1/2) serine/threonine 

protein- kinase which phosphorylates p53 at key residues leading to the stabilization 

of intracellular protein levels, nuclear accumulation, and increased transcriptional 

activity on target genes (Cheng and Chen 2010). Acetylation of lysine residues 

found in the DBD and CTD, through the recruitment of histone or lysine acetyl-

transferases, can further contribute to this process (Dornan and Hupp 2001; Lambert 

et al. 1998). The precision of p53 gene target selection is regulated at many levels 

including p53 post-translational modifications (such as phosphorylation, acetyla-

tion, and ubiquitination of precise residues) (Meek and Anderson 2009), histone 

remodeling factors (HATs, HDACs), as well as p53-protein interaction (protein 

cofactors and p53 isoforms) (Khoury and Bourdon 2011; Beckerman and Prives 

2010). The result is a downstream augmentation of canonical p53 cellular responses 

through the upregulation of classic gene targets including p21, GADD45, and 14–3-

3σ which mediate growth arrest and DNA repair (Hermeking et al. 1997; Chin et al. 

1997; el-Deiry et al. 1993), as well as Puma, Bax, and Noxa that induces apoptosis 

(Nakano and Vousden 2001; Miyashita and Reed 1995), all by virtue of high- affinity 

p53-REs (Weinberg et al. 2005).

Transcriptional upregulation is also achieved through the ablation of an auto- 

regulated negative feedback mechanism mediated by Mdm2, a p53 target gene 

product. p53 activity is kept low under normal cellular conditions by Mdm2, a ubiq-

uitin E3-ligase capable of inactivating p53 through TAD binding and sequestration, 
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followed by cytosolic translocation and ubiquitin-dependent proteasome degrada-

tion through the modification of lysine residues with poly-ubiquitin chains (Kussie 

et al. 1996; Lohrum et al. 2001). Overexpression of Mdm2 leads to the attenuation 

of the p53 response and promotes cancer development. High levels of Mdm2 are 

found in several types of human malignancies and hence it constitutes a promising 

therapeutic and prognostic target in cancer (Rayburn et al. 2005; Andre et al. 2014).

The crucial role of p53  in cancer development is obvious when examining 

Li-Fraumeni patients who carry germline mutations in the p53 encoding TP53 

gene, resulting in cancer predisposition at a young age (particularly sarcomas 

and cancers of the breast, brain, and adrenal glands) (Malkin 2011). The derail-

ment of p53 pathways leading to constitutive proliferative, or pro-survival, cel-

lular signals can be seen in almost all human cancers, particularly in above 50% 

of cases where p53 exists in TP53 mutations which results in mutation-inacti-

vated forms with compromised transcriptional functions. In human breast cancer, 

TP53 is one of the most frequently mutated genes (up to 80% in certain sub-

types), and demonstrates a correlation between mutation type (e.g. insertational/

deletion or missense mutations) and molecular subtype (Powell et al. 2014; 

Ciriello et al. 2015). In 75% of TP53 mutations which results in fully translated 

proteins carrying a single-amino acid mutation, 95% reside in the DNA-binding 

core domain causing varying extents of structural perturbations, abating wild-

type DNA binding (Bullock and Fersht 2001). Several particular mutations, 

known as the “hotspot” mutations, occur most frequently in human cancers 

(G245S, R273H, R248Q, R175H, R282W, and R249S). In addition to losing the 

ability to bind canonical p53 DNA REs and transcribing p53 target genes (loss of 

function), these mutants are also known to possess tumorigenic functions (onco-

genic gain-of-function) and provide poor disease prognosis (Joerger and Fersht 

2007; Powell et al. 2014). In particular, mutants R273H and R175H have been 

shown to associate with other DNA-binding transcription factors to increase 

tumor aggressiveness and metastasis through numerous mechanisms such as 

exerting a dominant-negative effect over tumor-suppressing TFs (p63, p73) or 

associating with oncogenic TFs (eg. ETS2) to induce pro-survival programs and 

promote chromosomal instability (Lu et al. 2013; Martinez et al. 2016; Solomon 

et al. 2012; Song et al. 2007). Indeed, the requirement for TP53 mutation as an 

early initiation event in pathogenesis shows almost complete penetrance in high-

grade serous ovarian carcinoma (Vang et al. 2016), where mutant p53 contributes 

to anoikis resistance (Cai et al. 2015) and tissue invasion (Iwanicki et al. 2016).

2.2.2  Estrogen Receptor (ER)

The intracellular estrogen receptors (ERα and ERβ) belong to the class of nuclear 

receptor (NR) superfamily of ligand-regulated transcription factors and respond to 

the sex steroid hormone estrogen. It functions primarily in the maintenance of the 

female reproductive system, but also in physiological processes including skeletal, 

neuroendocrine, cardiovascular, and immune systems (Swedenborg et al. 2009).
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ER, like other members of the NR family, show highly conserved functional 

domains which comprise an N-terminus transactivation domain (AF-1), a DBD, a 

hinge domain containing the nuclear localization signal, and a C-terminus ligand- 

binding and transactivation domain (LBD and AF-2) (Le Romancer et al. 2011). 

ERα and ERβ have high homology within their DBD (~96%) and differ functionally 

by their N-termini transcriptional activity (AF-1 domain) which regulates hormone- 

independent transcription (Kuiper et  al. 1996). Both forms of ER are expressed 

widely in many tissues and their relative expression in cells determines tissue-spe-

cific responsiveness to the presence of estrogen (Thomas and Gustafsson 2011). 

Additionally, numerous amino acid residues on ER are susceptible to post- 

translational modifications which influences transcriptional function, DNA selectiv-

ity, and interaction with ER-coregulators (Le Romancer et al. 2011).

Estrogen-dependent tumorigenesis has been linked to the development of many 

cancer types including breast, ovary, colon, and prostate (Shang 2007), and is 

largely ascribed to the transcriptional activity of ERα which is responsible for medi-

ating pro-survival and proliferative signals (Liang and Shang 2013). In contrast ERβ 

has been reported to inhibit estrogen-dependent cell growth and also displays ERα 

antagonism when ectopically expressed in ERα-positive breast cancer cells, reduc-

ing cell proliferation (Strom et  al. 2004). Estrogen exists predominantly as 

17β-estradiol (E2) in cells, but can also take other forms like estrone (E1) and estriol 

(E3). Long-term exposure to estrogenic compounds, such as in hormone replace-

ment therapy (HRT), constitutes a major risk factor in developing breast cancer 

(Narod 2011). Upon ligand binding, estrogen receptors are activated through 

homodimerization, further allowing binding to estrogen response elements (ERE) 

in the nucleus. Receptor dimerization has also been reported to result in interaction 

with other transcription factors (such as p53, NF-κB, RUNX1), allowing ER to 

regulate gene expression in the absence of estrogen REs (Jerry et al. 2010; Stender 

et al. 2010).

2.2.3  Nuclear Factor Kappa B (NF-κB)

The nuclear factor NF-κB, originally discovered as a transcriptional regulator of 

immunoglobulin kappa-light-chain-activated B cells, is now known to be widely 

expressed in many cell types and mediates the inflammatory response, as part of the 

innate immune system, as well as cellular growth and death (Wan and Lenardo 2009).

The family of NF-κB transcription factors contains five members (RelA, RelB, 

c-Rel, NF-κB1, and NF-κB2) and regulates transcription in a modular way by form-

ing homo- and heterodimers with each other in virtually every possible permutation. 

All members are evolutionarily conserved and carry the approximately 300-residue 

Rel homology domain (RHD) responsible for dimerization, nuclear localization, 

and DNA interaction (Wan and Lenardo 2009). RelA, RelB, and c-Rel each contain 

one or more C-terminal transactivation domains (TA) (May and Ghosh 1997) but 

are usually inhibited in quiescent cells by interacting with members of the IκB fam-

ily (inhibitors of NF-κB). In addition to obscuring the nuclear localization signals 
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on NF-κB proteins and preventing nuclear translocation when bound (Jacobs and 

Harrison 1998), IκB family proteins (IκBα, IκBβ, IκBε, IκBγ, IκBζ, BCL-3, and 

precursors p105 and p100) (Wan and Lenardo 2009) all carry characteristic ankyrin 

repeats responsible for associating with RHD DNA-binding domains and render 

NF-κB proteins transcriptionally inactive (Verma et  al. 1995). Release from IκB 

inhibition is required for NF-κB transcriptional activity and occurs in part through 

proteasome-dependent degradation of the inhibitors. The process is catalyzed 

through the poly-ubiquitination of lysine residues on IκB molecules by unique 

E3-ligases (SCFβTrCP, beta-transducin repeat-containing protein) through the recog-

nition of a specific double-phosphorylated substrate catalyzed by IKK complexes 

(IκB kinase) (Karin and Ben-Neriah 2000). The remaining two NF-κB family pro-

teins, NF-κB1 (p105) and NF-κB2 (p100), lack a transactivation domain and are 

synthesized as precursors that remain inactive through the negative self-regulating 

ankyrin repeats they carry. These inhibitory domains are cleaved during the matura-

tion process resulting in the active forms, p50 and p52 (Hayden and Ghosh 2012). 

Homodimers of p50 and p52 act as transcriptional repressors as they bind κB DNA 

elements but lack a transactivation domain. NF-κB TFs recognize and bind DNA 

motifs containing the κB consensus sequence 5′GGGRNYYYCC3′ (where 

R = purine, Y = pyrimidine, and N = any nucleotide) (Chen et al. 1998). Additionally, 

precise transcriptional response and DNA-binding selectivity are also achieved 

through post- translational modifications of NF-κB complexes and from different 

combinations of heterodimerization, resulting in cellular context-dependent activ-

ity. For instance, phosphorylation of serine 536 on RelA can result in IκBα dissocia-

tion, nuclear accumulation, and enhanced transcriptional activity (Sasaki et  al. 

2005), but also enhances RelB association, leading to decreased κB DNA sites bind-

ing in the nucleus (Jacque et al. 2005).

In the classical pathway of NF-κB activation, upstream receptor-mediated sig-

nals (for example Toll-like receptor (TLR) stimulation from bacterial cell wall 

lipopolysaccharides or tumor necrosis factor receptor (TNFR) activation) lead to 

activation of IKK complexes which phosphorylate and target IκB family mem-

bers to the proteasome, hence liberating NF-κB for nuclear localization and acti-

vation of inflammatory responses. While acute inflammation can lead to activation 

of cytotoxic immunity against transformed cells, chronic inflammation has been 

associated with pro-tumorigenic outcomes. Stimulation of NF-κB pathways can 

result in pro- survival signals in cells as a response to withstand physiological 

causes of the inflammation (Hoesel and Schmid 2013). Furthermore, release of 

ROS (reactive oxygen species) by neutrophils can also cause DNA damage and 

propagate cancer- driving mutations (Liou and Storz 2010). RANK (receptor acti-

vator of NF-κB) belongs to the TNF receptor family and is etiologically linked to 

some forms of metastatic bone tumors and mammary carcinoma through the 

activation of NF-κB signaling (Hanada et al. 2011). Recent studies using mouse 

models have presented RANK receptor and its ligand RANKL as potential diag-

nostic and therapeutic targets of breast cancer in carriers of BRCA1 mutations 

(Nolan et al. 2016). Furthermore, NF-κB signaling is also reported to drive can-

cer aggression by regulating EMT (epithelial mesenchymal transition) and can 

contribute to metastasis as well as angiogenesis by upregulating VEGF and 
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increasing tumor vascularization (vascular endothelial growth factor) (Huber 

et al. 2004; Xie et al. 2010).

2.3  Detecting Transcription Factors in Cancer Diagnostics

As illustrated in the sections above, transcription factors in general (and in particu-

lar p53, ER, and NF-κB) are acutely linked to cellular transformation and cancer 

development by eliciting erroneous cellular programs or transcriptional functions 

through TF-DNA interaction. The ability to qualitatively and quantitatively assess 

DNA-binding functions of transcription factors using clinical samples will undoubt-

edly provide valuable information on disease prognosis or opportunities for early 

disease detection. For example, stabilization of ERα proteins associated with cer-

tain unique DNA-binding properties may result in the early detection of pro- survival 

cells (Fan et al. 2015). Oncogenic point mutations in NF-κB and RelA have also 

been detected in Hodgkin lymphomas, likely carrying altered but specific DNA-

binding signatures (Hoesel and Schmid 2013).

Conventional and early methods for detecting TF-DNA binding are crude and 

often only semiquantitative. They are also labor intensive, have low throughput and 

sensitivity, and frequently require the use of radioactive materials to increase signal- 

to- noise detection. Examples include electrophoretic mobility shift assay (EMSA) 

which involves the electrophoretic separation of protein-DNA complexes using non-

denaturing agarose or polyacrylamide gels followed by visualization. TF-DNA com-

plexes can be further “super-shifted” when the overall molecular weight of the 

complex is increased by the addition of a TF-specific antibody. DNA fragments are 

often radioactively labeled to increase the detection limit and sensitivity of the assay 

(Fried 1989). In DNase footprinting assay, DNA fragments mixed with a protein of 

interest (a transcription factor) are later subjected to restriction endonuclease diges-

tion. Binding of a protein to a specific region on the DNA provides protection from 

endonuclease activity resulting in different fragmentation patterns and allows the 

identification of DNA sequence involved in binding (Brenowitz et  al. 1986). As 

before, 32P-labeled DNA can be used (through PCR amplification using radioactively 

labeled primers) for increased signal detection. Enzyme-linked immunosorbent assay 

(ELISA) is a common serological diagnostic technique which involves the use of 

protein-specific antibodies. In the classic approach, antigens (or targets of interest) are 

first immobilized on a solid matrix (typically a polystyrene microtiter plate) through 

either adsorption or a “capture” antibody (sandwich ELISA). Next, an antigen-target-

ing “detection” antibody is added followed by an enzyme-linked (e.g., horseradish 

peroxidase, HRP) secondary antibody which produces a chromogenic or fluorogenic 

signal when mixed with the appropriate substrate solution, giving an indication of the 

amount of antigen present in the sample (Lequin 2005). In ELISA, the “capture” and 

“detection” moieties can be replaced by many protein- protein or protein-chemical 

interacting modules, including streptavidin, biotin, peptides, protein affinity tags, and 

nucleic acids, making this technique modular and flexible. Jagelska and colleagues 

reconfigured the classic ELISA format to measure p53-DNA binding by immobiliz-

ing biotin-conjugated p53 DNA response element onto streptavidin-treated plates. 
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p53-containing samples were then added and detected using a p53-specific antibody 

(Jagelska et al. 2002). Although ELISA is amenable to high-throughput applications 

and can be highly specific, the success is heavily reliant on the availability of good 

antibodies and faces caveats like moderate sensitivity and low signal-to-noise. In the 

following sections, we examine new technologies developed more recently to inter-

rogate transcription factors functionally and their ability to bind DNA sequence—spe-

cifically through the unique integration of materials, reagents, and techniques.

2.4  Optical Biosensor for Detecting Transcription Factors

Optical biosensors are powerful tools for the functional study of transcription fac-

tors due to their high specificity, sensitivity, and cost-effectiveness as compared to 

conventional bioassays like EMSA and DNase footprinting (Garner and Revzin 

1981; Galas and Schmitz 1978). Optical biosensors typically comprise optically 

labeled probes and optical transducers to facilitate the detection of protein func-

tions. In the last decade, technological development of optical biosensors has expe-

rienced significant growth in studying sequence-specific TF-DNA interactions due 

to the increase demands for direct, real-time, and label-free sensing. Three different 

types of optical sensing techniques including colorimetric, fluorescence, and sur-

face plasmon resonance (SPR) have been employed extensively for this purpose and 

are discussed here.

2.4.1  Fluorescence Assays

Fluorescence assays are one of the most widely applied optical techniques to study 

protein-DNA interactions. Noureddine and coworkers developed a fluorescent 

microsphere-based technique termed MAPD (microsphere assay for protein-DNA 

binding) that can measure p53-DNA binding in a multiplexed platform. Microspheres 

carrying individual fluorescent signatures are annealed with different p53 response 

elements of varying binding affinities (p21, PUMA, consensus sequence A and C, 

GADD45, and non-binding control DNA) and exposed to p53-activating drug 

(doxorubicin)-treated whole-cell lysates containing endogenous p53  in a multi-

plexed reaction. Using fluorescently tagged antibody to detect bead-bound p53 mol-

ecules, a profile of relative fluorescence intensity detailing p53 binding levels (from 

DNA binding) for each respective microsphere-RE is generated, showing the degree 

of sequence-specific DNA interactions (Noureddine et al. 2009). MAPD assay was 

highly sensitive and could accurately discern the binding affinities of wild-type and 

mutant p53 (R175H and S121F) towards different REs as well as sequences carry-

ing single-nucleotide mutations (SNPs). Additionally, MAPD binding data also cor-

related to results from luciferase transactivation reporter assay in cells, demonstrating 

biological relevance (Noureddine et al. 2009). In another study that targets the p53 

pathway, Goh and colleagues developed a biosensor using a conditionally fluoresc-

ing molecular rotor conjugate. Molecular rotors are a unique class of fluorescent 

chemicals that can undergo twisted intramolecular charge transfer (TICT), 
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according to an optical property of conditional fluorescence when excited in a steri-

cally restrictive molecular environment (due to a red-shifted fluorescence emission 

instead of non-radiative torsional relaxation (Grabowski et  al. 2003)). Julolidine 

rotor, when conjugated to the 12.1 peptide sequence (p53 N-terminal analogue that 

binds Mdm2 protein), behaved as a switchable molecular sensor for the presence of 

Mdm2 proteins. Experimental and computational data shows that the binding- 

induced alpha helix of the peptide-rotor conjugate can be subtly altered through 

single-amino acid substitution to suit the modality of protein-protein interaction and 

fluorescence turn-on sensitivity (Goh et  al. 2014). Through the use of a cell- 

penetrating fluorophore with the aggregation-induced emission (AIE) property, the 

application was further developed for detecting p53 transcriptional activity in live 

cells through microscopy imaging by visualizing the increase in Mdm2 production 

following p53 induction (Geng et al. 2015). In a separate microscopy technique, 

streptavidin-coated magnetic beads conjugated to different DNA-REs displayed 

preferential binding when exposed to different variants of the p53 transcription fac-

tor (binding-competent wild-type p53 or inactivated mutant p53) visualized through 

the use of a fluorescently labeled anti-p53 antibody. The authors further demon-

strate a multiplexing function by attaching different fluorescent dyes with unique 

DNA sequences (Ong et al. 2012). In a similar concept from a seperate technolgy 

with higher throughput capabilities, biotinylated single-nucleotide polyphormic 

p53 proteins are microarrayed on neutravidin-dextran coated glass slides function-

ally assessed through binding to fluorescently, or radioactively labelled GADD45 

DNA-RE (Boutell et al. 2004).

The basic concept of fluorescence resonance energy transfer (FRET) describes 

energy transfer between two chromophores where a donor chromophore in the 

ground state initially transfers energy to an acceptor chromophore through non-

radioactive dipole-dipole coupling (Jares-Erijman and Jovin 2003). Here, the prox-

imity between acceptor and donor chromophore plays an essential role in producing 

an effective energy transfer, typically in the range of 10–100 Å. Apart from dis-

tance, the spectral overlap integral (the effective overlap between acceptor chromo-

phore’s absorption/excitation spectrum and emission spectrum of the donor 

chromophore) is another key determinant of FRET efficacy. The efficiency of 

energy transfer (E) decreases very rapidly with increasing distance (r) between the 

donor and acceptor, according to the relationship E α [1 + (r/R0)
6]−1, where R0 is the 

distance at which E is 50%.

Ambra and coworkers developed a FRET-based protein-DNA binding assay for 

the successful detection of an active form of NF-κB, p50 (Giannetti et al. 2006). 

FRET was harnessed to study TF-DNA binding interaction between p50 proteins 

and double-strand DNA (dsDNA) immobilized in a glass capillary. The comple-

mentary sequence of the single-stranded DNA (ssDNA) is labeled with a Cy5 dye, 

and the p50 protein with a black hole quencher (BHQ-3), constituting an effective 

FRET pair. A change in fluorescence intensity occurs when p50 interacts with the 

DNA duplex. Accordingly, the optimal emission wavelength of Cy5-labeled DNA 

(670 nm) overlaps effectively with the excitation wavelength of BHQ-3 quencher 

(636 nm) when p50 binds DNA, resulting in a 90% drop in fluorescence intensity 

relative to pure Cy5 alone. Despite the effectiveness of this assay, fluorescence 
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labeling of proteins may limit its practical application, making label-free methods 

more attractive. Xingfen et al. developed a label-free FRET-based assay to study 

interactions between NF-κB and its target DNA (Liu et al. 2013). In this study, bind-

ing of the NF-κB protein to its DNA response elements shields it from digestion by 

exonuclease III (Fig. 2.1). The fluorescent cationic conjugated polymer (CCP) then 

interacts with the DNA duplex through strong electrostatic interactions with the 

DNA phosphate backbone, resulting in highly efficient FRET activity due to the 

presence of intercalated SYBR green by dsDNA that remains intact from p50 pro-

tection. In the absence of a sequence-specific binding protein, the enzyme digests 

the DNA duplex into single-stranded DNA fragments, preventing FRET activity. 

Furthermore, by using label-free hairpin DNA molecules containing two protein- 

binding site (PBS) as detection probes, an even lower detection limit of 1 pg/mL 

(with low error rates) has been achieved to detect NF-κB in HeLa cell nuclear 

extract. In another application, graphene oxide (GO) was used as the fluorochrome 

quencher. In this study, a FAM-labeled ssDNA carrying an NF-κB recognition site 

at the stem region of the hairpin conformation associates strongly onto the surface 

of the GO matrix (due to π-stacking interacting forces between the GO sheet and 

nucleotide bases) leading to fluorescence quenching. However, addition of NF-κB 

which binds to the κB consensus site on the hairpin leads to DNA desorption from 

the GO surface and FAM emission (Liu et al. 2012).

Certain fluorescence applications for sensing protein-DNA interactions can be 

labor intensive and unsuitable for complex biological samples. Molecular beacons 

are a class of facile, yet sensitive autonomous molecular sensors. In an early study, 

Heyduk and Heyduk developed a FRET-based molecular beacon for the detection of 

CAP proteins (a bacterial TF). The technique involves the use of a pair of DNA 
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Fig. 2.1 Schematic illustration for the detection of DNA-binding protein (NF-κB) using hairpin 

DNA (hpDNA) and cationic conjugated polymer (CCP) (reproduced with permission from Liu 

et al. (2013), Copyright Elsevier, 2012)
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fragments each carrying a CAP-binding half-site conjugated to either an acceptor or 

a donor fluorochrome. In addition, each pair of half-sites carry a short complemen-

tary overhang which will only anneal when brought into proximity of each other 

during TF binding resulting in FRET and fluorescence activity. The background 

signal from spontaneous annealing of half-sites is kept low by making adjustments 

to probe concentration and complementary sequence (Heyduk and Heyduk 2002). 

Fang and colleagues developed a molecular beacon variant consisting of a hairpin-

shaped single-stranded oligonucleotide labeled with a fluorophore/quencher pair at 

opposite ends. The oligonucleotide probe is designed to adopt a stem-and-loop 

structure in solution, bringing the fluorophore and quencher in close proximity 

which results in fluorescence quenching (Wang et  al. 2009b; Fang et  al. 2000). 

Additionally, the loop portion contains a sequence that is complementary to a target 

sequence which upon hybridization to target nucleic acids changes from a hairpin 

shape to the more rigid rodlike double helix. This conformational change forces the 

two arms of the hairpin to straighten, hence separating fluorophore and quencher 

and resulting in fluorescent activation (Vallée-Bélisle and Plaxco 2010; Tyagi 2009). 

The early utility of molecular beacons confined to ssDNA or ssDNA-binding pro-

teins detection soon expanded to include more targets. Alexis and team developed a 

TF beacon strategy (Wang et al. 2009b; Stojanovic and Kolpashchikov 2004) based 

on the concept of structure-switching oligonucleotide probes. Accordingly, DNA 

probes conjugated to a fluorophore and quencher probe at two specific residues are 

designed with sequences that allow switching between two states of stem-loop 

structures in constant equilibrium. In the “non-binding” state, the formation of two 

smaller stem-loops results in the adjacent placement of dye and quencher leading to 

fluorescence quenching. In a second “binding- competent” conformation, the oligo-

nucleotide probe takes a larger single stem-loop structure where the quencher is 

positioned distally from the fluorophore and also displays a TF-binding site at the 

stem region (Fig.  2.2). The addition of appropriate transcription factors 
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Fig. 2.2 Transcription factor (TF) beacons for the quantitative detection of DNA binding activity. 

DNA sequences containing the recognition site for a specific DNA-binding protein (here shown as 

red stem for TATA-binding protein (TBP)) are engineered into switches alternating between “non- 

binding” (left) and “binding-competent” (right) conformations. Binding of the protein to response 

element site present only in the “binding-competent” form shifts the switch’s conformational equi-

librium and stabilizes it in this form, which is associated with an increase in fluorescence due to 

the separation of dye and quencher (reproduced with permission from Vallée-Bélisle et al. (2011), 

Copyright American Chemical Society, 2011)
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(TATA-binding protein, NF-κB, and Myc-Max heterodimers) stabilizes and shifts 

the equilibrium towards the ‘binding-competent’ form, leading to an increase in 

fluorescence activity. Additionally, the authors show that either conformation within 

the equilibrium can be stabilized by altering the probe’s DNA sequence at the stem 

region (Vallee-Belisle et al. 2011).

In an even more sophisticated application of molecular beacon sensors, Zhang 

and coworkers describe a procedural method which generates a self-perpetuating 

signal amplification. The method begins with the protection of a specific DNA site 

from exonuclease III digestion through NF-κB (p50) binding. This leads to the lib-

eration of a single-stranded ‘reporter DNA’ fragment which hybridizes with a stem-

loop beacon probe (carrying a quencher/fluorophore pair) resulting in a dsDNA 

fragment containing a restriction endonuclease site not present before. Cleavage of 

this restriction site releases the fluorophore into the solution (hence increasing the 

fluorescence signal) and simultaneously releases the reporter DNA fragment, allow-

ing it to target another stem-loop DNA probe, creating a self- perpetuating signal 

cycle (Fig. 2.3) (Zhang et al. 2016).

In another study, fluorescent readout from real-time qPCR cycling was used to 

sensitively and exponentially amplify detection signals from p53-DNA binding 

experiments. Double-stranded DNA probes each consisting of a different p53 
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Fig. 2.3 Schematic representation of the TMDA fluorescence assay. Exonuclease III protection of 

DNA1/DNA2 duplex from NF-κB binding results in the release of reporter DNA fragments which 

hybridizes with stem-loop DNA (and fluorophore/quencher pair), constituting a Nb.BbvCI restric-

tion site. Cleavage of this site releases free fluorophore into solution and returns reporter DNA 

fragment for hybridization process again (reproduced with permission from Zhang et al. (2016), 

Copyright Elsevier, 2016)
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response element (p21, PUMA, RGC, P2XM) placed adjacent to a qPCR quantifi-

able tag were used to detect sequence-specific DNA binding by immuno-capturing 

p53-DNA complexes before bound DNA are eluted and analyzed. Specific binding 

towards each RE was quantified by normalizing RE-binding signals against back-

ground signals from binding non-consensus DNA (qPCR tag alone), conveying 

absolute sequence-specific DNA binding values, and correlated well with pub-

lished affinity constants. Furthermore, binding to different REs can be multiplexed 

in a single reaction by “barcoding” each RE with a unique qPCR tag that can be 

subsequently addressed with different primer sets (Goh et al. 2010). More recently, 

Sha et al. designed an elaborate sensor based on hairpin DNA cascade amplifier 

(HDCA). A dsDNA containing NF-kB p50 response element is first mixed with a 

specially designed ssDNA trigger in the presence of Ag+ to form a triplex. In the 

presence of p50, the triplex is destabilized leading to the release of the ssDNA trig-

ger. The released trigger is then able to activate the HDCA, leading to the hybrid-

ization of specific hairpin probes, which in turn acts as an effective template for the 

formation of fluorescent CuNPs (Sha et  al. 2016). This fluorescence-based bio-

sensing strategy is ultrasensitive, achieving a detection limit of 0.096 pM with very 

high reproducibility.

2.4.2  Surface Plasmon Resonance

Surface plasmon resonance (SPR) relies on changes in refractive index at the sur-

face/solution interface upon the binding of analyte for real-time measurements. 

SPR has been frequently applied for real-time monitoring of TF-DNA binding. To 

study the conformational effects of ligand binding on estrogen receptor alpha (ERα) 

and the induced selectivity towards different DNA elements (ERE or nonspecific 

DNA), SPR was combined with quartz crystal microbalance with dissipation moni-

toring (QCM-D) (Peh et al. 2007; Su et al. 2006). Here, it was observed that specific 

ERα-ERE complexes adopted a more compact conformation as compared to non-

specific complexes. QCM-D thus allowed for the study of conformational changes 

arising from ER-DNA interactions. Further evaluation of the binding capacity of 

ERα to ERE revealed that ligand binding affected viscoelasticity and structural con-

formations of protein-DNA complexes. SPR was used in this study to complement 

QCM as a tool for direct quantitative analysis of protein-DNA binding, as well as to 

elucidate ligand-dependent ERα binding capacity.

Apart from a direct detection of TF-DNA binding, additional surface modifica-

tions can allow for multiple detection modes and additional utility. As demonstrated 

by Wang et al., a sandwich assay format was adopted to achieve low detection limits 

and simultaneous measurement of total proteins using cancer cell lysates. In addi-

tion, wild-type p53 and mutant p53 were interrogated simultaneously by a dual- 

channel SPR technique. The surface of the SPR chip was co-immobilized with both 

the consensus dsDNA, to which wild-type p53 has high affinity, and monoclonal 

antibodies allowing the capture and quantitation of both wild-type and mutant p53 

proteins (Wang et al. 2009c). This technique offers several advantages such as low 
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detection limits for p53 proteins (10.6 pM for wild-type p53 and 1.06 pM for total 

p53 proteins), high specificity, and the feature of quantifying mutant p53 levels 

through signal differences between wild-type and total p53 proteins. Moreover, the 

dynamic range of the assay is impressive, allowing accurate measurement of p53 

over a wide concentration range (Fig. 2.4).

2.4.3  Colorimetric Assay

Colorimetric assays are highly applicable as point-of-care diagnostics due to their 

instrument-free nature. Generally, noble metals such as gold or silver nanoparti-

cles are suitable as colorimetric indicators due to their excellent extinction coef-

ficients and strong distance-dependent optical properties (Wang et al. 2009c; Liu 

et al. 2009; Thaxton et al. 2006). Numerous colorimetric techniques have been 

developed for the sensitive and visually enabled analysis of metal ions, small 

molecules, proteins, as well as transcription factor-DNA binding. For example, 

colorimetric assays have been designed to sense estrogen receptor (ER) and speci-

ficity protein 1 (SP1) using metal nanoparticle probes (Tan et al. 2010a, b, 2011, 

2013, 2014; Seow et al. 2015). One example is the measurement of ERα binding to 

its response elements (ERE), which for the purpose of this scheme, involved half-

sites of the full response element conjugated on metal nanoparticles. Interaction of 

ER with nanoparticle- ERE probes leads to a decrease in aggregation (red spheres) 
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Fig. 2.4 Schematic diagram showing SPR-based detection of wild-type p53 through consensus 

DNA response elements (left), and total p53 proteins using monoclonal antibodies (right) in sepa-

rate fluidic channels over a gold sensor chip functionalized with dextran (reproduced with permis-

sion from Wang et al. (2009c), Copyright American Chemical Society 2009)
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of DNA-metal nanoparticles from the introduction of steric protection forces 

between the nanoparticles in the presence of salt (Fig. 2.5).

Yan and group reported a user-friendly and sensitive colorimetric method to 

detect NF-kB p50 with an isothermal exponential amplification reaction (EXPAR) 

approach. Sequence-specific binding of p50 to a specially designed dsDNA results 

in the blocking of exonuclease III activity at a position which preserves and releases 

a ssDNA “DNA trigger” molecule to initiate the EXPAR cycle. DNA triggers anneal 

with an EXPAR ssDNA template allowing the synthesis of the antisense strand (in 

the presence of DNA polymerases) and the introduction of a nicking endonuclease 

site in between two copies of DNA triggers (Fig. 2.6). Endonuclease activity at this 

site leads to the release of a DNA trigger molecule which participates in another 

EXPAR cycle, creating an exponential increase in ssDNA trigger molecules which 

eventually serves as reporter oligonucleotides by aggregating AuNP probes through 

sequence complementarity and producing a color change (Fig. 2.6) (Zhang et al. 

2012). However, in the absence of an appropriate DNA-binding protein, exonucle-

ase III quickly degrades the DNA duplex preventing EXPAR amplification and 

resulting in no AuNP aggregation.

Fig. 2.5 Schematic diagram of AuNP colorimetric sensing of ER-DNA binding principle. Gold 

nanoparticles (AuNPs) are modified to carry either half of an ERE sequence (v1 and v2) with a 

3-base complementary overhang and will aggregate spontaneously when mixed (middle). Addition 

of KCl salt reduces charge repulsion between DNA-AuNPs and promotes rapid particle aggrega-

tion and a consequent solution color change from red to purple (left). Addition of ERα results in 

DNA binding to full ERE sequence and exerts steric force to stabilize AuNPs resulting in solution 

color to remain red (right) (reproduced with permission from Tan et  al. (2010b), Copyright 

American Chemical Society, 2010)
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2.5  Electrical Biosensors for Transcription Factor Detection

Electrical biosensors which include electrochemical sensors and electronic sensors are 

usually accurate, fast, and sensitive methods for molecular sensing. In addition, they 

provide operating simplicity, the option for miniaturization, cost- effectiveness, and 

have attracted much attention in the area of point-of-care diagnostics.

Electrochemical biosensors based on DNA-mediated charge transport offer an 

interesting approach to study transcription factor-DNA binding. Gorodetsky et al. 

demonstrated the use of DNA-modified microelectrodes to rapidly detect nanomo-

lar concentrations of TATA-binding proteins (TBP), a ubiquitous transcription 
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Fig. 2.6 Schematic diagram showing EXPAR-based colorimetric assay. Binding of p50 leads to 

the protection of dsDNA and subsequent release of trigger DNA molecule cycling and signal ampli-

fication in further EXPAR reactions. Trigger ssDNA also acts as reporter oligonucleotides that pro-

mote AuNP aggregation through DNA hybridization producing a colorimetric readout (reproduced 

with permission from Zhang et al. (2012), Copyright American Chemical Society, 2012)
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factor (Gorodetsky et al. 2008). The double-stranded TBP-specific REs were immo-

bilized on microelectrodes via Au-S chemistry and the distal ends of REs were 

modified with redox-active Nile Blue to give electrochemical signals. The binding 

of TBP bends the duplex RE and decreases the DNA-mediated reduction of Nile 

Blue, thus lowering the electrochemical signal. This electrochemical sensor can 

also be easily modified and applied to other TFs. It is also worth highlighting that 

the use of a microelectrode array can further allow the multiplexed detection of a 

panel of TFs on a single chip.

Besides electrochemical biosensors, metal oxide semiconductor field-effect tran-

sistor (MOSFET) is another popular electrical biosensor consisting of four terminals 

including the source, gate, drain, and substrate. Operation of the MOSFET depends 

on the electric field to control the size and shape of a channel from the source to the 

drain. Upon exposure to an analyte, a gate modulates the flow of electrons through 

the channel, thereby inducing changes in the drain current. Based on this principle, 

Han et al. pioneered the design of a field effect transistor (FET)-based biosensor to 

evaluate the DNA binding activity of wild-type and mutant p53 proteins. The 

MOSFET was immobilized with p53-specific GADD45 REs. As shown in Fig. 2.7, 

a significant increase in drain current was observed upon the addition of 100 nM 
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Fig. 2.7 Real-time monitoring of mutant p53 using MOSFET. Plot of drain current versus time in 

response to mutant p53 (R248W) and wild-type p53 on a single MOSFET device at an applied 

voltage of 2.0 V (reproduced with permission from Han et al. (2010), Copyright Elsevier, 2010)
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wild-type p53, whereas addition of mutant p53 protein (R248W) gives no response 

(Han et al. 2010). This label-free method also allows real-time monitoring of p53-

DNA binding. However, no detailed calibration has yet been performed to determine 

the limit of detection for this MOSFET; thus more studies are necessary to further 

apply this technology.

More recently, transcription factor biosensing at the level of single molecules has 

been successfully achieved by Squires et al. using a solid-state nanopore platform. 

Nanopores are label-free and ultrasensitive biosensors that are usually used to char-

acterize biopolymers such as DNA, RNA, or proteins at the single-molecule level. 

An electrical field is applied to the nanopore to guide movement of the biopolymer 

into the nanopore, thus allowing the study of individual molecules. The ability to 

rapidly measure hundreds of samples and to resolve fine structural features alludes to 

the potential of nanopores in TF sensing. In this study, the DNA-binding domain of 

the early growth response protein 1 (EGR1), also known as zinc finger protein zif268, 

was used as the model TF (Squires et al. 2015). zif268-DNA binding was detected 

according to current blockage sublevels and duration of translocation through the 

nanopore. It was also demonstrated that different binding modes of zif268 will give 

rise to distinct current blockage patterns, demonstrating the feature of characterizing 

TF protein conformation. This unique nanopore technique provides a novel way to 

study transcription factor-DNA binding at the single-molecule level and will undeni-

ably unveil new information about detailed molecular interaction.

2.6  Other Sensing Technology

In this section, we briefly visit TF sensing techniques using alternative detection 

methods as well as powerful protein sensing methods that could be repurposed for 

the functional sensing of transcription factors.

As an alternative to ELISA, Oberlander et al. developed a scintillation proximity 

assay (SPA) to measure total p53 protein in cell extracts. SPA beads are embedded 

scintillants, which give out light when they come close to radioactive compounds. 

The SPA beads are first immobilized with capture antibodies, and in the presence of 

p53 proteins, associate with biotinylated anti-53 antibodies. Addition of 35S-labeled 

streptavidin triggers the SPA, allowing photometric detection. This assay is sensi-

tive enough to detect very low levels of p53 (50–300 pg) in small volumes of bio-

logical extracts, but requires the use of harmful radioactive labels (Oberlander et al. 

2010). In a more recent EXPAR-based TF sensing technique, Ma and coworkers 

describe the detection of NF-κB p50 activity with remarkable sensitivity (10 fM) 

through the use of a dual-EXPAR scheme and G-quadruplex DNAzyme as reporter 

molecules. Binding of NF-κB p50 to a unique dsDNA provides protection from the 

nuclease activity of exonuclease I and III, sequentially added to disintegrate 

unbound DNA molecules. Intact DNA copies remaining serve as a template for 

RNA polymerase, producing RNA trigger molecules. RNA triggers then prime 

EXPAR ssDNA templates for DNA polymerization, producing a DNA duplex con-

taining two trigger copies and an HRP-mimicking DNAzyme separated by nicking 

endonuclease sites. Cleavage of these sites releases more DNA trigger molecules (to 
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initiate additional EXPAR cycles), a DNAzyme reporter molecule and the initial 

RNA trigger-EXPAR DNA template-bound fragment for elongation by DNA poly-

merase again; hence constituting a self-perpetuating signal amplification cycle. 

DNAzyme reporter molecules produced eventually catalyze a luminol-dependent 

chemiluminescence signal in the presence of hemin (Ma et al. 2014).

A powerful technique that is highly amenable for detecting TF-DNA interaction 

was developed by Langer et al. and involves a biochip with electrically actuated 

DNA levers able to sensitively detect hydrodynamic conformational changes. This 

biochip consists of four individually addressable flow channels on a glass substrate 

(Langer et al. 2013). Within each channel, six gold microelectrodes are immobilized 

with Cy3-labeled dsDNA.  When positive potential is applied, the Au electrode 

attracts the negatively charged DNA molecules, leading to fluorescence quenching. 

When the potential is reversed, the DNA reverts back to an upright state, leading to 

fluorescence recovery. An epifluorescence setup is used to measure the change in 

fluorescence intensity during the DNA switching process. By applying designated 

capture sequences to the DNA fragment’s distal ends, the DNA levers can specifi-

cally bind target proteins from solution. Protein binding slows down the DNA 

switching motion which is correlated to its hydrodynamic size. In addition, this 

method led to the development of an analytical model that predicts the hydrody-

namic diameter of the bound protein from the kinetics of DNA-protein motion. This 

approach has also been successfully applied to detect post-translational modifica-

tions such as phosphorylation and glycosylation of proteins. Other notable advan-

tages include microelectrode arrays for multiplexing and low sample consumption 

through the use of microfluidics.

2.7  Concluding Remarks

The last decade has witnessed a rapid advancement in the integration of biology, 

chemistry, and physics to yield novel, highly sensitive hybrid biosensors. This par-

allels the trend seen for latest-generation DNA-sequencing technologies that con-

tinue to push the limits of throughput and accuracy. The different detection methods 

reviewed here offer unique advantages each but present their own caveats. The 

popularity of fluorescence assays can be attributed to their high sensitivity, specific-

ity, and multiplexing feasibility, but often require special labels. SPR techniques are 

label-free and provide real-time monitoring of binding kinetics but are less sensi-

tive, and require extensive optimization and instrumentation. While colorimetric 

assays are more amenable as point-of-care detection tools due to their instrument- 

free and visually permissive detection modes, they often face the limitations of 

sample solution color. Electrical sensors can be highly sensitive down to the single- 

molecule level, but are prone to environmental interferences and may require expen-

sive setups or complicated fabrication of sensor chips. Further integration, coupled 

with exciting advances in site-specific protein labeling (Proft 2010; Ravikumar 

et al. 2015), will advance the development of next-generation biosensors. These will 

find important use in multiplexed liquid biopsies to detect the ever-increasing num-

ber of clinically significant biomarkers.
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3.1  Introduction

Cancer is a group of associated diseases which involved abnormal cell growth pos-

sessing the potential to intrude or spread to other parts of the body. It is believed to 

be one of the most grave and fatal diseases responsible for large number of deaths 

worldwide. According to estimated data from the International Agency for Research 

on Cancer (IARC), 8.2 million cancer deaths were reported in addition to nearly 

14.1 million new cancer cases worldwide in 2012. The situation is expected to be 

more aggravated by 2030 where roughly 1.5 times growth in new cancer cases and 

cancer deaths is estimated simply due to the growth and aging of the population 

(retrieved from Global Cancer Facts and Figures from American Cancer Society 

from http://www.cancer.org/research/cancerfactsstatistics/global, Cancer Facts and 

Figures  2016 from American Cancer Society, http://www.cancer.org/acs/groups/

content/@research/documents/document/acspc-047079.pdf, Siegel et al. 2016). In 

one other report released by World Health Organization (WHO), the numbers of 

new cancer cases are expected to rise by about 70% over the next 20 years. It has 

also been reported that diagnostic and treatment costs for cancer patients cause 

about $263.8 billion annually in the USA only (retrieved from Cancer: Facts, 

Causes, Symptoms and Research from http://www.medicalnewstoday.com/info/

cancer-oncology).

The cause of cancer diseases is dependent on various internal and external fac-

tors including inherited immune conditions, and genetic mutations and unhealthy 

diet, tobacco-chewing habit, and infections, respectively. These factors may act 

http://www.medicalnewstoday.com/info/cancer-oncology
http://www.medicalnewstoday.com/info/cancer-oncology
http://www.cancer.org/acs/groups/content/@research/documents/document/acspc-047079.pdf
http://www.cancer.org/acs/groups/content/@research/documents/document/acspc-047079.pdf
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together or in sequence to cause cancer. However, a careful consideration of our 

diet, and prevention of heavy consumption of alcohol and tobacco use, may curb the 

chances of cancer diseases completely. On the other hand, substantial proportion of 

certain cancers caused by infectious agents, such as human papillomavirus (HPV), 

hepatitis B virus (HBV), hepatitis C virus (HCV), human immunodeficiency virus 

(HIV), and Helicobacter pylori (H. pylori) could be evaded through vaccination, or 

by treating the infection. For instance, avoiding excessive sun exposure and indoor 

tanning devices may prove to be fruitful in skin cancer and which could save more 

than five million skin cancer patients that are diagnosed annually (retrieved from 

Cancer Facts and Figures 2016 from American Cancer Society, http://www.cancer.

org/acs/groups/content/@research/documents/document/acspc-047079.pdf).

In many cancers, masses of tissues are formed called solid tumors unlike leuke-

mia where generally there is no solid tumor formation. Generally, the tumors are 

categorized as benign and malignant tumors. The first type of tumors are stagnant 

and demonstrate limited growth with less harmful characteristics and symptoms, 

whereas the later ones are highly dangerous which manage to circulate throughout 

the body using the blood or lymphatic systems, damaging healthy tissue in a process 

called invasion, and feed on new blood vessels during the whole process which is 

termed as angiogenesis. In response to these conditions, certain benign (noncancer-

ous) and cancerous cells produce special type of substances called as cancer mark-

ers (or tumor markers). In cancer cells, the production of tumor markers occurs at 

much higher levels in cancerous conditions which are secreted into the blood, urine, 

stool, tumor tissue, or other tissues or bodily fluids as compared to normal cells. 

Some tumor markers are associated with only one type of cancer, whereas others are 

associated with two or more cancer types. The tumor markers immediately stand out 

as superior prognostic or diagnostic tools for various types of cancer. There are 

some limitations to the use of tumor markers. Nevertheless, it is also sometimes 

possible that noncancerous conditions can cause the levels of certain tumor markers 

to increase. Therefore, it is usually recommended to combine the measurements of 

tumor markers with other tests, such as biopsies, to diagnose accurate condition of 

cancer (Bigbee and Herberman 2003; Sethi et al. 2013; Andriole et al. 2009).

There are nearly more than 100 types of cancers including carcinoma, sarcoma, 

lymphoma, leukemia, melanoma, multiple myeloma, brain and spinal cord tumors, 

neuroendocrine tumors, germ cell tumors, and carcinoid tumors. The types and 

names of cancer are usually originated for the organs or tissues where the cancers 

form. Nevertheless, the measurements of these tumor markers play critical roles in 

early determination of the type and the stage of the cancer in a patient which greatly 

improve the odds of successful treatment and survival (retrieved from What Is 

Cancer? From National Cancer Institute from https://www.cancer.gov/about- cancer/

understanding/what-is-cancer). Most of the tumor markers are proteins and a com-

plete list of these protein markers can be found elsewhere (Polanski and Anderson 

2006). Besides protein tumor markers, some chemical substances have also been 

utilized to detect the cancer disease successfully. Cancer diagnostic science is cur-

rently undergoing an exemplary shift with the incorporation of molecular biomark-

ers as part of routine diagnosis panel via many detection techniques. Accordingly, 

the sensitive and reliable detection of cancer biomarkers provides an effective way 

S.A. Zaidi
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for cancer screening and diagnosis, as well as evaluating the pathogenic processes, 

pharmacological responses to a therapeutic intervention, and prognosis of different 

cancers. Many different analysis techniques such as cytometric methods, poly-

merase chain reaction (PCR)-based methods, single-carbon nanotube field effect 

transistor, and fluorescence measurement have been developed (Jemal et al. 2005; 

Paterlini-Brechot and Benali-Furet 2007; Kang et al. 2007; Teker 2008).

However, one of the most sought criteria of any tumor marker detection technique 

is its high sensitivity, low cost, easy processing, and facile miniaturization of the 

diagnostic devices. Thus, immunosensors which use specific interaction between 

antigen and antibodies are emerging as a preferable approach in the clinical applica-

tions owing to their merits such as low cost and ease of miniaturization. Hence, until 

now, several immunoassay methods including fluorescence immunoassay (Matsuya 

et al. 2003; Cesaro-Tadic et al. 2004), enzyme-linked immunosorbent assay (ELISA) 

(Yates et al. 1999; Voller et al. 1978), chemiluminescence immunoassay (Fu et al. 

2006), radioimmunoassay (Goldsmith 1975), mass spectrometric immunoassay (Hu 

et al. 2007; Aebersold and Mann 1997), electrophoretic immunoassay (Schmalzing 

and Nashabeh 1997), and polymerase chain reaction assay (Saito et al. 1999) have 

been carried out on the clinical serum sample measurements. Among several immu-

noassay techniques, electrochemical immunoassays have shown considerable poten-

tial owing to its intrinsic advantages including high sensitivity with antibody labeling, 

simple instrumentation, low cost, and easy portability. On the other hand, in some 

clinical applications, generally, a small tag is employed for antibody labeling, result-

ing in poor sensitivity. Thus, signal amplification strategies to improve the electro-

chemical response have been utilized. Furthermore, many approaches, especially the 

applications of various types of nanomaterials, are being utilized for greater sensitiv-

ity resulting from ultralow amount of target tumor markers (Zhong et al. 2010).

Since last two decades, nanomaterials (approximately less than 100 nm in size) 

have attracted tremendous interest among scientists owing to their extraordinary 

features such as magnetic, electrical, and optical properties; high specific surface 

area; and robust mechanical strength. There are various classes of nanomaterials 

which essentially depend on the number of dimensions lying within the nanometer 

range. Due to enormous influence of morphologies, and size of nanomaterials on 

their properties and applications, substantial efforts have been put forward for the 

controlled synthesis of nanostructured materials with novel morphologies (Chen 

and Chatterjee 2013; Zaidi and Shin 2015a, b, 2016a, b; Yusuf et al. 2015; Zaidi 

2013; Ibrahim et al. 2012; Dar et al. 2012). Therefore, a wide variety of nanomateri-

als have also demonstrated their potential and appropriateness in the preparation of 

various nanocomposites (Umar et al. 2012; Zaidi and Shin 2014).

Among various nanostructured nanomaterials, graphene has attracted tremen-

dous attention since its discovery, in fundamental and applied research because of 

its unique 2D honey comb structure with sp2 bonded carbon atoms, tunable surface 

chemistry, high surface area, and excellent electronic property (Pumera et al. 2010; 

Novoselov et  al. 2004). The hybridization of graphene and other nanomaterials 

composites offers a fascinating platform for the utilization of electrochemical sens-

ing applications with improved synergistic electro-catalytic properties (Liu et  al. 

2011). Hence, graphene and related nanocomposite have been employed in 
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catalysts, sensors, energy storing, and many clinical studies such as cancer bio-

marker detection areas (Chen et al. 2012a).

In this review chapter, various graphene-based electrochemical sensors are discussed. 

We intend to summarize the selective work comprehensively which has been performed 

in this area. Hence, this review chapter is categorized into many sections based on vari-

ous types of biomarkers and their detection methods exploited by using a wide variety 

of nanomaterials in combination of graphene. Each report is highlighted separately for 

the better understanding of synthesis strategy and its analytical performance.

3.2  Graphene-Engineered Surface and Their Applications 
for Protein-Based Biomarker Detection

3.2.1  Carcinoembryonic Antigen (CEA) Determination

Carcinoembryonic antigen (CEA), a glycoprotein, is one of the most extensively 

used clinical tumor markers. It is most often associated with colorectal cancer since 

its description in 1956; however, the CEA level in serum is usually being associated 

with different types of malignancies including ovarian carcinoma (Gould et  al. 

2000), breast cancer (Sahin et al. 1996; Kramer et al. 1998; Cameiro et al. 1998), 

lung cancer (Iwazawa et al. 2000; Hernandez et al. 2002), and cystadenocarcinoma 

(Kazuya et al. 1999). The determination of CEA amount is also an excellent indica-

tor for tumor diagnoses of hollow organs such as gastrointestinal and respiratory. 

Thus, it is essential to develop a facile, sensitive, selective, and rapid method for 

CEA determination in serum in clinical research. Several works have appeared 

which employed many different sandwich-type immunosensor or simple immuno-

sensor for the reliable detection of CEA as discussed below.

A label-free immunosensor for the susceptible detection of CEA using gold 

nanoparticle–thionine–reduced graphene oxide (AuNPs–TH–rGO) nanocomposite 

was synthesized (Kong et al. 2011). The nanocomposite was coated on glassy car-

bon electrode (GCE) and anti-CEA was immobilized over it. The sensor was char-

acterized completely via scanning electron microscopy (SEM), ultraviolet–visible 

(UV–vis) spectrometry, electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV), and differential pulse voltammetry (DPV) studies. The forma-

tion of antigen–antibody complex displayed proportional decrease in the response 

current of CEA concentration in the range of 10–500 pg mL−1 and a detection limit 

(LOD) of 4  pg mL−1 was achieved. Su et  al. (2011) studied an electrochemical 

immunosensor based on multiarmed starlike platinum nanowires (PtNWs) with bio-

molecular assembly as signal tags (CEA and horseradish peroxidase (HRP)) on an 

anti-CEA-functionalized graphene-sensing platform. The PtNWs provide better 

platform for conjugation of CEA and HRP. Two different supporting electrolytes, 

namely newborn cattle serum (NBCS) and acetate buffer solution (ABS, pH5.5), 

were used for competitive format assay. Both systems offered high LOD values of 

5.0 pg mL−1 vs. 1.0 pg mL−1 in the linear concentration range of 0.01–60 ng mL−1 

vs. 0.002–80 ng mL−1 toward CEA standards in the NBCS in comparison with ABS.

Tang et  al. (2011) generated electrochemical signal for CEA when the catalytic 

recycling of the product for the antigen–antibody interaction by glucose oxidase 
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(GOx)-conjugated gold–silver hollow microspheres (AuAgHSs) coupled with an arti-

ficial catalase and Prussian blue nanoparticles (PB) on a graphene-based immunosens-

ing platform was employed in a dual-amplification approach as shown in Fig.  3.1. 

Firstly, catalytic oxidation of glucose is performed with the help of GOx which pro-

duced H2O2. Later on, the PB assisted in reducing the generated H2O2. This sensor 

worked in a wide linear dynamic range of 0.005–50 ng mL−1 and a LOD of 1.0 pg mL−1 

for CEA was obtained. Chen et al. (2012b) demonstrated an assay for CEA based on a 

sandwich-type immunoassay protocol. In this work, horseradish peroxidase-labeled 

anti-CEA, as secondary antibodies (Ab2), were immobilized on nanogold-patterned 

graphene oxide nanoscales (AuNPs-GO) in combination of biofunctionalized core-

shell magnetic nanostructures. The magnetic nanocore had a shell composed of poly(o-

phenylenediamine) (PPD) and metallic silver and exhibited enhanced adsorption 

properties for the attachment of anti-CEA antibody selective to CEA. The discussed 

immunosensor allowed the detection of CEA at a concentration as low as 1.0 pg mL−1.

A similar dual-amplification approach was also employed by Zhou et al. (2012a) for 

the detection of CEA. Different types of monoclonal anti-CEA antibodies functional-

ized with nanoplatinum including multiarmed starlike platinum nanowires, hollow 

platinum nanospheres, and Pt nanostructures were used over gold nanocores (Pt@Au) 

as nanolables on the carbon nanospheres to prepare GOx-modified immunosensor. 

Using the functional Pt@Au nanolabels as molecular tags, the assay was implemented 

relative to glucose–hydroquinone system with a sandwich-type immunoassay. Among 

Fig. 3.1 (Top) Preparation process of anti-CEA-AuAgHS-GOD, (bottom) fabrication process of 

the electrochemical immunosensor, and (middle) the principle of signal dual-amplification (repro-

duced with permission from Elsevier publications from Tang et al. (2011))
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many nanolabels, Pt@Au nanostructures offered excellent analytical features with 

broad linear CEA concentration range from 0.001 to 120 ng mL−1 and the value of 

LOD was measured to be 0.5 pg mL−1. Zhou et al. (2012b) designed a sandwich-type 

immunosensor for the detection of CEA using hollow platinum nanosphere (HPtNs)-

labeled horseradish peroxidase-anti-CEA conjugates (HRP-anti-CEA) as molecular 

tags and anti-CEA-assembled carbon nanosphere- graphene hybrid nanosheets (CNS-

GNS) as sensing probes. The direct electrolytic reduction and wet chemistry methods 

were employed to synthesize the probes, respectively. Among several labeling strate-

gies, the improved dynamic concentration range between 0.001 ng mL−1 and 100 ng 

mL−1 with a LOD value of 1.0 pg mL−1 was obtained with HPtN labeling for CEA.

A simple immunoreaction for the determination of CEA was employed by Zhu 

and coworkers (Zhu et al. 2013). AuNP-decorated graphene composites (AuNPs–

GN) were successfully synthesized followed by successful adsorption of HRP- 

labeled anti-CEA antibody (HRP-anti-CEA) and HRP over it. The synthesized 

materials were drop-coated on a GCE. The proposed sensor current change was pro-

portional to the CEA concentration from 0.10 to 80 ng mL−1 with a LOD of 0.04 ng 

mL−1 under optimized experimental conditions. A highly sensitive sensor using a 

sandwich-type strategy was developed by Sun et al. (2013). In this work, primary 

antibody (Ab1) was immobilized over a complex of graphene and 3-D AuNPs, 

whereas Ab2 was functionalized on nanoporous silver (NPS) for detecting CEA. To 

prepare the immunosensor, HRP-Ab2/TH/NPS signal label was used to capture CEA 

in the range between 0.001 and 10 ng mL−1. A LOD value of 0.35 pg mL−1 and low 

limit of quantitation (LOQ) of 0.85 pg mL−1 were achieved by the proposed sensor.

Shi et  al. (2014) utilized a label-free electrochemiluminescence (ECL) aptasensor 

using ECL property of cadmium sulfide-graphene (CdS–GR) nanocomposites with per-

oxydisulfate as the coreactant, for CEA. For easy immobilization of aptamer, fast elec-

tron transfer, and enhanced signal amplification, AuNPs were assembled on L-cysteine 

(L-Cys) during fabrication of sensor. The ECL intensity of proposed sensor was found 

proportional to the CEA concentration in the range of 0.01–10.0 ng mL−1 with a LOD of 

3.8 pg mL−1. The analytical application of sensor was shown for the recoveries of CEA 

in the real human serum samples in the range of 85.0–109.5% under RSD values of 

nearly 3.4%. Huang et al. (2015) used Ag/Au nanoparticle-modified graphene sheets 

(GS) for the immobilization of Ab1 and as a tracer to label Ab2 to fabricate electrochemi-

cal immunosensor for CEA monitoring. The 1,5-diaminonaphthalene (DN) molecules 

were employed for antibody immobilization onto GS. The sensor revealed a linear cali-

bration range between 10 and 1.2 × 105 pg mL−1 with a LOD of 8 pg mL−1.

Cryogel, a highly macroporous material, is fabricated under freezing and thaw-

ing process. The cryogenic conditions impart high loading capacity of immobilized 

agents such as enzyme owing to high surface area. Thus, Samanman et al. (2015) 

exploited the cryogenic conditions in order to prepare a composite of AuNPs, gra-

phene, and chitosan (AuNPs-GP-CS) and coupled it to a silver deposition which 

acted as a redox mediator over Au electrode. Under optimized conditions, the 

decrease in the redox peak of silver was directly proportional to the CEA concentra-

tion in the range of 1.0  ×  10−6–1.0  ng mL−1 which offered a LOD value of 
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2.0 × 10−7 ng mL−1. Unlike non-cryogel sensor, the proposed sensor exhibited 1.7 

times higher sensitivity and 25 times lower detection limit which were attributed to 

high loading capacity of cryogels. Gao et al. (2015) studied the host–guest chemis-

try for nonenzymatic immunoassay for ultrasensitive electrochemical detection of 

CEA.  For the preparation of sensor, β-CD-functionalized graphene nanosheet 

(β-CD-GS) was coated on electrode followed by immobilization of adamantine- 

modified Ab1 (ADA-Ab1) by supramolecular host–guest interaction. Finally, 

β-cyclodextrin-functionalized Cu@Ag (Cu@Ag-β-CD) core-shell nanoparticles 

were used as labels which could be captured by ADA-modified Ab2 (ADA-Ab2). 

This assembly resulted in high loading of Cu@Ag nanoparticles with enhanced 

electrical conductivity and high catalytic activity. This immunosensor exhibited 

worked quite well in broad CEA concentration range (0.0001–20  ng mL−1) and 

offered a LOD of 20 fg mL−1.

Pang et al. (2015) utilized a nanocomposite made up of GO/carboxylated multi-

wall carbon nanotubes/gold/cerium oxide nanoparticles (GO/MWCNTs-COOH/

Au@CeO2) as antibody carriers and sensing platforms over GCE, where the ECL 

property of CeO2 NPs was exploited first time. The characterization of the sensor 

materials was carried out with various techniques as shown in Fig. 3.2. The pro-

posed immunosensor displayed the wide linear concentration range of CEA (0.05–

100 ng mL−1) and the low LOD value of 0.02 ng mL−1.

Feng et al. (2016) developed a sensitive electrochemical immunosensor for simul-

taneous detection of CEA and alpha-fetoprotein (AFP) using Cu2O-GO-β- CD-anti-

AFP and β-CD-graphene oxide-ferrocenecarboxylic acid (GO-β-CD-Fc-anti- CEA) 

as the distinguishable signal probes and GO-AuNPs as the sensor platform. The lin-

ear ranges from 0.001 ng mL−1 to 80 ng mL−1 for AFP and CEA with the LOD values 

of 0.0002 ng mL−1 for AFP and 0.0001 ng mL−1 for CEA were achieved. Wang et al. 

(2016) proposed a nonenzymatic sandwich-type immunosensor preparation approach 

by employing silver nanoclusters and GO nanocomposite (AgNCs/GO) as signal 

amplification tag for sensitive detection of CEA. This tag was functionalized with 

Ab2 to capture Ab1 for the detection of CEA. The BET surface areas of the GO and 

the AgNCs-GO nanocomposites were estimated to be 107 and 327 m2 g−1, respec-

tively, which revealed that inclusion of AgNCs offered high surface area for enhanced 

antibody immobilization and signal response. The designed immunosensor offered a 

LOD of 0.037 pg mL−1 with large linear range from 0.1 pg mL−1 to 100 ng mL−1 for 

CEA. Zhao et al. (2016) reported a novel ECL immunosensor for detection of CEA 

where poly (diallyldimethylammonium chloride) (PDDA), AuNPs, and anti-CEA 

were successively assembled on the surface of rGO-BaYF5:Yb, Er nanocomposites. 

The ECL assay revealed about high response of CEA in a linear range of 0.001–

80 ng mL−1 with a LOD value of 0.87 pg mL−1. Lee et al. (2017) also prepared a 

sandwich-type CEA electrochemical immunosensor by immobilizing anti-CEA 

between the Ab1 and HRP-conjugated Ab2 onto AgNPs-rGO-modified-SPEs. The 

proposed sensor exhibited a linear range of 0.05–0.50  mg mL−1 and a LOD of 

0.035 mg mL−1 in comparison to non-sandwich counterpart, which provided a linear 

range of 0.05–0.40 mg mL−1, with LOD value of 0.042 mg mL−1.
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3.2.2  Prostate-Specific Antigen (PSA) Determination

PSA is a protein produced by cells of the prostate gland. The elevated level of PSA 

in blood is associated with prostate cancer; however, a number of benign (not can-

cerous) conditions also cause a man’s PSA level to rise. Thus, it is necessary to 

determine the accurate and selective method for PSA analysis.

Yang and Gong (2010) demonstrated an interesting strategy where the percolation 

threshold of the graphene film was utilized for the fabrication of facile and robust PSA 

detection immunosensor. The signals generated from resistance change before and after 

PSA binding onto anti-PSA antibody-modified graphene were recorded. It is known that 

the conductivity of the graphene film varies significantly with a small change of the 

graphene concentration; thus, the resistance change of the immunosensor before and 

after PSA binding onto anti-PSA antibody-modified graphene was recorded as the sig-

nal. The substantial resistance change in the signals was demonstrated owing to conduc-

tivity of graphene which varied with a small change of the graphene concentration, 

within the range of 0.1 ng to 100 ng mL−1 with a LOD of 0.08 ng mL−1. Furthermore, 

the immunosensor was quite selective which yielded less than 10% of the resistance 

change in the presence of interfering species unlike the absence of interfering agents.

Li et al. (2011a) discussed the fabrication of ferrocene-functionalized iron oxide 

(Fe3O4) as label on GS for PSA detection. Firstly, the dopamine (DA) was anchored 

onto Fe3O4-functionalized GS sheets. Later, the ferrocene monocarboxylic acid (FC) 

and Ab2 were conjugated through the exposed amine functionalities of DA to obtain 

labels. During analysis, the immunosensor showed large sensitivity and broad linear 

range (0.01–40 ng mL−1), with low LOD (2 pg mL−1) via redox properties of FC along 

with good reproducibility and stability. Additionally, this method was found suitable 

for other material immobilization such as fluorescence dyes of Fe3O4 in order to pre-

pare various labels for immunosensing applications. Xu et  al. (2011) proposed an 

ECL sandwich immunosensor for sensitive detection of PSA with a multiple signal 

amplification strategy from functionalized graphene and enzyme-antibody-conju-

gated gold nanorods as the sensor platform. The as- synthesized gold nanorods were 

serviced as carriers to load more Ab2 and GOx. The CS-functionalized graphene-

modified GCE was employed to increase the loading of Ab1 and catalyzed the cathodic 

ECL reaction which was further amplified by the gold nanorods and the enzyme-cat-

alyzed reaction. The gold nanorods were not only used as carriers of Ab2 and GOx but 

also catalyzed the ECL reaction of luminol, which further amplified the ECL signal of 

Fig. 3.2 SEM images of (A) GO/MWCNTs-COOH, (B) GO/Au@CeO2, (C) MWCNTs-COOH/

Au@CeO2, and (D) GO/MWCNTs-COOH/Au@CeO2 (the inset is EDS of GO/MWCNTs-COOH/

Au@CeO2); (E) XRD patterns of as-synthesized GO/MWCNTs-COOH/Au@CeO2 (the insets are 

(a) MWCNTs-COOH and (b) GO); (F) FT-IR spectrometer analysis of GO/MWCNTs-COOH/

Au@CeO2; (G) the ECL intensity-potential curves of different materials: GO/MWCNTs-COOH/

Au@CeO2 (curve a), GO/MWCNTs-COOH/Au (curve b), GO/Au@CeO2 (curve c), MWCNTs- 

COOH/Au@CeO2 (curve d), MWCNTs-COOH/CeO2 (curve e); (H) the ECL intensity–time 

curves of CeO2 (reproduced with permission from ACS publications from Pang et al. (2015))
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luminol in the presence of glucose and oxygen. The as-proposed low-potential ECL 

immunosensor exhibited high sensitivity and specificity on the detection of PSA in the 

range from 10 pg mL−1 to 8 ng mL−1 and the LOD was found to be 8 pg. mL−1.

Yang et al. (2011) developed a sandwich-type electrochemical PSA immunosen-

sor using primary anti-PSA antibody immobilization on quantum dot (QD)-

functionalized GS. A broad linear concentration range from 0.005 to 10 ng. mL−1 

with 3 pg. mL−1 LOD was obtained. In addition, the proposed sensor showed repro-

ducibility, stability, selectivity, and satisfactory analysis of PSA in human serum 

samples. Yang et al. (2015) designed a sensitive sandwich ECL biosensor in order 

to determine the prostate PC-3 cancer cells by covalently immobilizing the anti- 

PSA antibody as capture probe and bis(2,2′-bipyridine)-4′-methyl-4- 

carboxybipyridine- ruthenium (N-succinimidyl ester-bis(hexafluorophosphate) 

(Ru1)-labeled wheat germ agglutinin (WGA) lectin as a signal probe on a GO-coated 

GCE. The WGA was utilized owing to its easy availability as compared to an anti-

body, and has an affinity for cells via the specific binding capacity to 

N-acetylglucosamine (GlcNAc) of N-glycans on the cell surface. The ECL response 

of this biosensor was found to be logarithmically proportional to the concentration 

of PC-3 cells over a range from 7.0 × 102 to 3.0 × 104 cells mL−1 and a LOD value 

of 2.6 × 102 cells mL−1 was calculated for PC-3 cells. Furthermore, the ECL biosen-

sor also exhibited a LOD value of 0.1 ng mL−1 for the determination of PSA.

3.2.3  α-Fetoprotein (AFP) Determination

α-Fetoprotein (AFP), which is widely employed as a diagnostic biomarker for hepa-

tocellular carcinoma, is a major plasma protein produced by the yolk sac and the 

liver (Tamura et al. 2009). The AFP expression is also often associated with hepa-

toma and teratoma.

Du et al. (2010) proposed a sandwich-type electrochemical immunosensor for 

the dual-amplified detection of cancer biomarker α-fetoprotein (AFP) by using a GS 

sensor platform and functionalized carbon nanospheres (CNSs) labeled with 

HRP-Ab2. The incorporation of porous CNSs assisted in easy diffusion of guest 

molecules through interconnected micropores and a large amount of enzyme could 

be immobilized onto support platform. The application of graphene and CNS label-

ing were largely responsible for sevenfold increase in detection signals. The pro-

posed biosensor exhibited good linearity in the concentration range from 0.05 to 

6 ng mL−1 and offered a LOD of 0.02 ng mL−1 for AFP. Wang and Xue (2013) pre-

pared a AFP-sensitive immunosensor where HRP-conjugated anti-AFP antibody 

was immobilized on graphene-modified GCE via diazonium chemistry. A linear 

relationship between current responses and concentrations of AFP was achieved 

between 0.1 ng mL−1 and 2 ng mL−1 and LOD was estimated to be 0.03 ng mL−1.

3.2.4  Breast Cancer Biomarker Determination

In this section, determination methods for proteins related to breast cancer are 

discussed.
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In breast cancer patients, human epidermal growth factor receptor 2 (HER2) and 

epidermal growth factor receptor (EGFR) are two over-expressed biomarkers. For 

their accurate and selective detection, Myung and colleagues (Myung et al. 2011) 

prepared rGO-encapsulated NPs-based field-effect transistor (FET) biosensors 

using monoclonal antibodies (mAbs) against HER2 or EGFR, respectively. The fab-

rication of biosensor and real-time detection of cancer biomarkers have been shown 

in Figs. 3.3 and 3.4.

The sensitivity of the rGO-NP devices functionalized with HER2 mAbs was 

determined by measuring the changes in conductance as the solution concentration 

of HER2 was varied from 10 fM to 1 μM and LOD was measured to be 1 pM. The 

selectivity of proposed biosensor was investigated in the presence of bovine serum 

albumin (BSA). It was observed that conductance is not changed on addition of 

BSA and LOD of 100 pM was observed in the presence of BSA. For EGFR device, 

similar trends were obtained with HER2, with the LOD being 100 pM for EGFR 

and 10 nM in the presence of BSA.

Synthesis of graphene and subsequent doping with the heteroatoms (electron- 

donating or electron-receiving elements) to tailor electronic and surface properties 

have aroused great interest for material scientists in the last decade. Among many 

doping methods, N-doped graphene shows the possibility of opening the band gap 

Fig. 3.3 Fabrication process of biomolecular sensor based on graphene-coated NPs. (a) Schematic 

diagram of GO assembly on amine-functionalized NPs and TEM image of NPs coated with GO. 

(b) Fabrication of a metal electrode on the oxide substrate and surface modification for the assem-

bly of GO-NP. (c) Photoresist (PR) patterns on the metal electrodes. (d) GO-NP assembly in the 

centrifuge tube. (e) Removal of PR patterns and reduction of GO coated on the NP surface (repro-

duced with permission from Wiley publications from Myung et al. (2011))
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and provides enhanced conducting influence by substitution of N atoms in the open 

vacancies and edges of GS that provide pathways for efficient electron transfer pro-

cesses. Hence, the nitrogen-doped GS (N-GS) offered much higher electroconduct-

ibility than the GS. Considering the high conductivity and fast electron facilitation, 

N-GS have been increasingly utilized in electrochemical sensing (Wang et al. 2010; 

Shahzad et al. 2015).

The breast cancer susceptibility gene (BRCA1) is commonly expressed in vari-

ous types of cancer such as pancreatic cancer, stomach cancer, and colon cancer. 

Thus, Ren et al. (2014) demonstrated dual-amplification sandwich immunosensor 

(DASI) design for ultrasensitive and precise detection of the breast cancer suscep-

tibility gene (BRCA1) based on the combination of BRCA1 antigen-modified 

N-GS, hydroxypropyl chitosan, and Co3O4 mesoporous nanosheets. The immuno-

sensor showed a wide linear response range of 0.001–35 ng mL−1 and a LOD value 

of 0.33  pg mL−1 was calculated. Abdul Rasheed and Sandhyarani (2014) also 

developed a graphene-based electrochemical DNA sensor for BRCA1 gene. To 

fabricate the immunosensor, capture probe (DNA-c) and reporter probe (DNA-r) 

DNAs were hybridized onto a target probe DNA (DNA-t) in a sandwich arrange-

ment on a graphene- modified GCE. The sensor was found to be stable, reproduc-

ible, and sensitive and it could detect up to 1 fM BRCA1 gene (5.896 fg mL−1).

Fig. 3.4 Real-time detection of cancer marker, HER2. (a) The preparation of rGO-NP device.  

(b) Surface functionalization of rGO for immobilizing the antibody. (c) Measuring conductance of 

the devices when the target protein is introduced. (d) The sensitivity of the biosensor (relative 

conductance change, %) in response to the concentration of HER2 with VDS (voltage drain to 

source) = 1 V and Vg (gate voltage) = 0 V. (e) The selectivity of the biosensor in response to PBS 

buffer, BSA with 50 μg mL−1 and HER2 (100 pM and 1 μM). (f) Sensor sensitivity (relative con-

ductance change, %) as a function of the HER2 concentration with VDS = 1 V and Vg = 0 V. All 

experiments were performed multiple times (sample number, n = 30) to collect statistical data 

(with error bars) and confirm the reproducibility and robustness of the biosensing system (repro-

duced with permission from Wiley publications from Myung et al. (2011))
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Akter et al. (2016) designed a nanostructured immunosensor by immobilizing a 

monoclonal anti-CA 15–3 antibody on the GO-modified cysteamine (Cys) self- 

assembled monolayer (SAM) on an Au electrode (Au/Cys) through the amide bond 

formation between the carboxylic acid groups of GO/Py-COOH and amine groups 

of anti-CA 15–3. It was followed by Ab2-conjugated MWCNT-supported ferritin 

labels (Ab2-MWCNT-ferritin) which were prepared through the amide bond forma-

tion between amine groups of Ab2 and ferritin and carboxylic acid groups of 

MWCNTs. The proposed nanoimmunosensor provided a LOD value of 0.01  U 

mL−1 in human serum samples in DPV analysis.

3.3  Chemical Marker Determination

Besides many valuable protein biomarkers, some simple chemical makers have also 

been detected for various cancer diseases. For instance, to prevent breast cancer and 

to maintain the genetic process, interaction of 17β-estradiol with tumor-suppressor 

genes BRCA1 and p53 is considered very crucial. Furthermore, the concentration of 

17β-estradiol is also vital to reduce the risk of breast cancer. It has been reported 

that higher (more than pg) amount of 17β-estradiol in blood and urine samples of 

postmenopausal women affects the genetic cycle and increases the chance for breast 

cancer. Thus, Dharuman et al. (2013) constructed anti-estradiol antibody-modified 

electrical rGO-AuNP composite on the ITO surface for the label-free immunosens-

ing of 17β-estradiol (E2) selectively in the presence of similar structured estrone 

(E1) and estriol (E3) successfully. The prepared composite was characterized com-

pletely using many techniques. Under tuned conditions, the LOD of anti-estradiol- 

antibody was calculated to be 0.1 fM and dynamic concentration range of 

1  ×  10−3–0.1  ×  10−12  M for 17β-estradiol was obtained without any signal 

amplifiers.

Nitric oxide (NO) is a naturally produced free radical in the human body. Besides 

its beneficial effects such as angiogenesis, apoptosis, cell cycle, invasion, and 

metastasis, it has been shown to exhibit tumoricidal effects also. Thus, it is neces-

sary to create a specific probe for NO detection. Bai et al. (2017) used sonochemical 

approach for simultaneous exfoliation of graphite and the reduction of gold chloride 

to produce highly crystalline G-Au nanocomposite. The electrochemical detection 

of NO was investigated by linear sweep voltammetry analysis, utilizing the G-Au- 

modified GCE in a linear range of 10–5000 μM which exhibited a LOD of 0.04 μM 

without any interference.

Recently, Shahzad et al. (2017) proposed an interesting approach in which vari-

ous sulfur-doped reduced graphene oxide (SrGO) products were synthesized via an 

eco-friendly biomass precursor “lenthionine” through a high-temperature doping 

process. The obtained products were employed for the sensitive determination of a 

cancer biomarker, 8-hydroxy-2′-deoxyguanosine (8-OHdG). The various sulfur- 

doped rGO nanomaterials were coated on GCE. The synthesis scheme of SrGO and 

CV analysis results obtained from various modified electrodes has been assembled 

in Figs. 3.5 and 3.6.
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It was found that high amount of sulfur-doped rGO (SrGO-HD) performed well 

as compared to mild amount of sulfur-doped rGO (SrGO-MD) which was attributed 

to the strong electron-donating ability of sulfur (n-type doping), strong catalytic 

activity of the doping sites in S-doped graphene, relatively high conductivity, high 

electrode surface area, and high adsorption capacity of 8-OHdG. The SrGO-HD- 

modified GCE sensor exhibited robust sensitivity (∼1  nM), very wide detection 

window (20–0.002 μM), and reproducibility. Furthermore, the sensor was selective 

toward 8-OHdG in the presence of some common interfering species such as ascor-

bic acid (AA), uric acid (UA), guanine (G), and deoxyguanosine (dG) and excellent 

recoveries for the detection of 8-OHdG biomarker in various spiked 8-OHdG urine 

samples were also achieved under optimized experimental conditions.

Recently, it was reported that several types of tumor cells have generated more 

hydrogen peroxide (H2O2) than their normal counterparts due to their (1) higher 

ROS production or (2) lower ROS scavenging capacities originating from the abnor-

mal growth of the tumor, and therefore, the level of H2O2 generated from living 

cancer cells can be utilized as a valuable biomarker of many types of cancer for 

early-stage recognition (Hu et al. 2005; Sun et al. 2016). For electrochemical detec-

tion of H2O2, Xi et  al. (2016) presented a functionalized hollow-structured 

Fig. 3.5 Synthesis of S-doped reduced graphene oxide: (a) Graphite; (b) oxidation of graphite to 

get graphite oxide (GO); (c) sonication of GO to get exfoliated graphene oxide; (d) mixing of pre- 

reduced graphene oxide with lenthionine; (e) final product after high-temperature thermal treat-

ment to obtain S-doped reduced graphene oxide (reproduced with permission from Elsevier 

publications from Shahzad et al. (2017))
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nanosphere (HNS) based on Pd NP-decorated double-shell-structured N-doped gra-

phene quantum dots (NGQDs)@N-doped carbon (NC) HNSs, with ultrafine Pd NPs 

and “nanozyme” NGQDs as dual-signal-amplifying nanoprobes. The sensor showed 

an expanded linear response range up to 1.4 mM (R2 = 0.999), with a sensitivity of 

0.59 mAcm−2.mM−1 and a LOD of 20 nM.

For the detection of H2O2, Bai et al. (2016) studied a green and facile one-step 

synthesis approach for the preparation of rGO-Ag nanocomposite utilizing the 

extract of a medicinal mushroom, Ganoderma lucidum. It was shown that higher 

amount of polysaccharides in the extract is responsible for easy reduction of GO 

and AgNO3 to produce rGO-Ag nanocomposite. The fabricated sensor exhibited 

two linear concentration ranges of 1–100 μM and 100–1100 μM with the LOD of 3 

and 56  nM for H2O2, respectively, in amperometry analysis. On the other hand, 

LOD of 136 nM was obtained through LSV technique.

Fig. 3.6 (a) Typical cyclic voltammograms of bare GCE, rGO/GCE, SrGO-MD/GCE, and 

SrGO-HD/GCE in 1 mM [Fe(CN)6]
3−/4−, (1:1) solution containing 0.1 M KCl at scan rate of 100 mV 

s−1; (b) typical EIS analysis of various modified GCE. Experimental condition: 0.1 M PBS (pH-7.2) 

with 0.01 M [Fe(CN)6]
3−/4− system, frequency range: 100 mHz–100 kHz, potential: 0.2 V, AC volt-

age: 5 mV; (c) cyclic voltammograms of bare GCE, rGO/GCE, SrGO-MD/GCE, and SrGO-HD/

GCE in the presence of 10  μM 8-OHdG in 0.1  M PBS (pH7.2) at a scan rate of 100  mV s−1  

(reproduced with permission from Elsevier publications from Shahzad et al. (2017))
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3.4  Miscellaneous Biomarker Determination

This section deals with some miscellaneous biomarker determination using 

graphene- based immunosensors.

A novel ECL immunosensor for cancer antigen 125 (CA 125) was fabricated by 

Zhang et  al. (2013) using a 3D paper device where gold–silver nanocomposite- 

functionalized graphene (GN–Ag–Au) was employed as sensing substrate. For ECL 

signal amplification, CdTe quantum dot-coated carbon microspheres (QD@CMs) 

were used as bionanolabels. The ECL intensity of CA was found to be logarithmi-

cally proportional in the range of 0.008–50 U mL−1 with a LOD value of 2.5 mU 

mL−1. Nucleolin, a multifunctional phosphoprotein, exists in the nucleolus, nucleus, 

and cytoplasm of the cell. It is usually correlated with the rate of functional activity 

of the nucleolus in exponentially growing cells. Its overexpression in cancer cell 

surface can distinguish cancer cells and normal ones in as low as 1000 cells. 

Therefore, Feng et al. (2011) realized a label-free electrochemical sensor for nucle-

olin using aptamer AS1411 and 3,4,9,10-perylene tetracarboxylic acid (PTCA)-

functionalized graphene owing to high binding affinity and specificity of AS1411 to 

the overexpressed nucleolin on the cancer cell surface. The detection is ranged from 

1 × 103 to 1 × 106 cells mL−1, with a correlation coefficient (R2) of 0.988, and the 

value of LOD was estimated to be 794 cells mL−1.

The overexpression of cyclin A2 is considered another excellent prognostic bio-

marker in early-stage breast cancer, liver cancer, lung cancer, soft-tissue sarcoma, 

leukemia, and lymphoma. Feng et al. (2012) developed a label-free electrochemical 

impedance detection of cyclin A2 in cancer cells with outstanding sensitivity and 

selectivity by using porphyrin noncovalent-functionalized graphene-modified GCE, 

one specific hexapeptide P0 (RWIMYF) as detection probe, and Tween 20 for pre-

venting nonspecific binding. The LOD of the proposed sensor was calculated to be 

0.32 pM with a correlation coefficient (R2) of 0.996. The fabricated sensor was 

capable not only to detect cyclin A2  in cancer cell extracts but also differentiate 

cancer cells from normal ones in many real sample analysis including complex 

starved cell extracts. Following similar strategy, Wu et al. (2014) proposed another 

label-free ECL immunosensor for the determination of cyclin A2 based on ECL 

graphene-upconversion nanoparticle hybrid (rGO-UCNPs). For the preparation of 

the immunosensor, rGO-UCNPs as the novel ECL emitter and a poly (ethylene 

glycol) (PEG)-modified specific hexapeptide P0 (PEG-RWIMYF) as the recogni-

tion probe were utilized. The proposed sensor worked well in the detection range 

from 100 fM to 10 nM for cyclin A2 with a LOD value of 10.5 fM (0.52 pg mL−1).

Squamous cell carcinoma antigen (SCC-Ag) was first found in the uterine as 

cervical squamous cell carcinoma (SCC) by Kato and Torigoe (Kato and Torigoe 

1977). The serum level of SCC-Ag is usually increased in parallel to the growth of 

the tumor size or the recurrence of the disease. Therefore, measurement of the 

serum level of SCC-Ag has been used clinically for the diagnosis and management 

of SCC in various organs. Therefore, Li et al. (2011b) adopted a magneto-controlled 

microfluidic device in which anti-SCC antibody (SCC-Ab)-functionalized magnetic 

mesoporous nanogold/TH/NiCo2O4 hybrid nanostructures as immunosensing 
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probes (P1-Ab) and HRP-SCC-Ab conjugate-labeled nanogold/GS as signal tags 

(P2-Ab) were employed for sensitive electrochemical determination of SCC-Ag. 

The sandwich immunocomplex which was formed due to inclusion of analyte 

SCC-Ag between the probe and signal tags was attached to the microfluidic device 

with the aid of an external magnet. The assay was performed in newborn calf serum 

(NBCS) containing 2.5 mM H2O2 based on the labeled peroxidase on the P2-Ab 

toward the catalytic reduction of H2O2. Using proposed sensor, the current enhance-

ment was shown to be proportional to the concentration of SCC-Ag from 2.5 pg 

mL−1 to 15 ng mL−1 with LOD of 1.0 pg mL−1.

Gao et al. (2014) also fabricated a nonenzymatic sandwich-type electrochemical 

immunosensor for SCCA based on N-GS and carbon-supported Pd-Au binary NPs 

(Pd–Au/C) which were employed to increase the capacity of capturing Ab1 and 

label Ab2, respectively. The experimental results showed that the prepared Pd–Au/C 

exhibited high electrocatalytic activity toward H2O2 which was used to detect 

SCCA. The proposed sensor yielded a broad linear working range between 0.005 

and 2 ng mL−1, whereas a LOD of 1.7 pg mL−1 was obtained in addition to good 

reproducibility (4.2%) and stability (5.8%).

Recently, microRNAs (miRNAs) which are responsible for flow of biological 

information through DNA RNA-protein have drawn tremendous great attention due 

to their altered expression level in various cancers which can be either tumor sup-

pressor whose downregulation brings about malignant cell phenotype or oncogenic 

(oncomirs) of which upregulation results in malignancies. Among many tumor sup-

pressors and oncomirs, Kilic et al. (2015) developed a voltammetric and impedimet-

ric detection of microRNA-21, mir-21, from cell lysates by using graphene-modified 

disposable pencil graphite electrodes (GME). The inosine-substituted antimi-

croRNA- 21, antimir-21 probe, and InP (inosine-substituted Probe) were adsorbed 

onto the surface of GME followed by solid-phase hybridization of InP with mir-21. 

The DPV result showed a 2.77 times lower detection limit of 2.09 mg mL−1 (3.12 

pM) as compared to unmodified GME. The proposed sensor was successfully uti-

lized for analyzing mir-21 in the cell lysates of mir-21-positive breast cancer cell 

line (MCF-7) in contrast to mir-21-negative hepatoma cell line (HUH-7) without 

any purification steps.

Angiogenin, a 14.4-kDa polypeptide, belongs to the pancreatic ribonuclease 

family. It is capable to stimulate blood vessel formation strongly and its concentra-

tion in serum is elevated in patients affected by various types of cancers. Hence, a 

label-free and highly sensitive electrochemical aptasensor (ferrocene-5′-CGG ACG 

AAT GCT TTG ATG TTG TGC TGG ATC CAG CGT TCA TTC TCA-(CH2)6-

(SH)-3′) for angiogenin detection based on a conformational change of aptamer and 

amplification by poly(diallyldimethylammonium chloride) (PDDA)-functionalized 

AuNP graphene modified on GCE was developed by Chen et al. (2015). The devel-

oped sensor was fully characterized and it offered outstanding response to angio-

genin in a linear range from 0.1 pM to 5 nM with a LOD of 0.064 pM.

Nuclear matrix protein 22 (NMP22) is a typical biomarker for bladder cancer. 

The level of NMP22 in healthy person is less than 10 U mL−1 while it would increase 

among 80% of bladder cancer patients. For the sensitive and selective determination 
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of NMP22, Ma and coworkers (Ma et  al. 2015) fabricated a biosensor based on 

rGO–tetraethylene pentamine (rGO–TEPA) and trimetallic AuPdPt-NPs. In the bio-

sensor preparation, rGO–TEPA worked as signal amplification and for antibody 

anchoring AuPdPt-NPs provided a suitable platform besides its excellent conductiv-

ity and large surface area. The proposed immunosensor offered a wide linear range 

from 0.040 to 20 U mL−1, LOD of 0.01 U mL−1, and short analysis time of 2 min.

3.5  Conclusion and Future Outlook

In conclusion, the potential applications of graphene and its derivatives for detec-

tion and quantification of cancer biomarkers have been discussed. Additionally, we 

also highlighted and described several works where graphene surface was tailored 

in various ways in order to achieve highly amplified sensing platforms for different 

types of biomarkers overexpressed by carcinoma cells. Based on the works dis-

cussed in abovementioned sections, it was observed that the biosensing of cancer 

biomarkers was dependent on the synergistic properties of the graphene-based sens-

ing entities that are capable to act simultaneously for imaging as well as amplify the 

signal response generating from the biosensor properties. Additionally, the synthe-

sis strategies and bio-quantification of cancer biomarkers/cells were described in 

details focusing the attention toward specific biomarkers responsible for numerous 

types of well-known cancer. However, it is worth mentioning that most of the fabri-

cation strategies are quite complicated and their stability and reproducibility may be 

big challenges for researchers.

The science of graphene as a support material is growing rapidly beyond imagi-

nation; however, there are many challenges and hurdles that need to be overcome. 

The synthesis of GO and rGO is challenging, as there is always a need to look into 

more facile, robust, and efficient preparation methods for GO, graphene, and their 

composites. Furthermore, another issue may be related to the biocompatibility of 

graphene for its utilization in biosensing technologies, especially in vivo biosensor 

(Yusuf et al. 2015). Thus, as it was discussed, the ability of graphene-based materi-

als to conjugate their outstanding chemical and physical features into remarkable 

sensing properties appears to be a solid milestone. Indeed, researchers around the 

world are continuing to explore the wide range of sensing strategies opened by gra-

phene in the last few years due to its proven adaptability and functionality in differ-

ent cancer microenvironments. For the near future, the ultimate goal is to develop 

graphene-based devices capable of simultaneously detect multiple cancer biomark-

ers (Cruz et al. 2016; Kierny et al. 2012).

Nevertheless, there are many hurdles which need to be overcome, yet we can 

expect that graphene-based cancer biomarker diagnostic system is going to be a 

powerful tool after tailoring the surface properties using nanostructured immunoas-

says for the individual based on their sequenced genome, their occupation, and their 

lifestyle which would definitely revolutionize the cancer-based biosensing field and 

unravel the complexity associated with early diagnosis of malignant tumors, and 

onset of inherited diseases, subsequently allowing for proper treatment. It can be 

envisioned that graphene-based immunosensors have bright future.
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4.1  Introduction

Cancer is caused by the synthetic action of internal and external factors, including 

genetic mutations, environmental pollution, and unhealthy diet. According to the 

world cancer report published by the World Health Organization, cancer has become 

a leading cause of death worldwide with expected 21.7 million new cancer cases 

and 13 million cancer deaths in 2030.

Early diagnosis has a vital impact on improving disease-free survival and reduc-

ing the mortality of cancer patients. The commonly used tool for the diagnosis of 

cancer is imaging test, which includes CT scans, MRI, X-ray tests, nuclear medi-

cine scans, ultrasound and endoscopy, etc. (Cao et al. 2017). However, imaging tests 

can only find big tumors or large groups of cancer cells. It takes millions of cancer 

cells to make a tumor big enough to show up on an imaging test. Besides, biopsy test 

is usually needed to avoid misjudgment and certify the statement of imaging test.

Compared with imaging tests and biopsy, biomedical sensors or biosensors with 

noninvasive sample collection play an increasingly important role in cancer diagno-

sis and prognosis. Biosensors bearing the capacity of detecting a few cancer cells or 

even a single have to be a robust technology for the early diagnosis of cancer. For 

instance, Sun et al. developed an excellent platform for the capture and identifica-

tion of circulating tumor cells on an electrospray-fabricated chitosan nanoparticle 

surface (Sun et al. 2015b). This platform can be regarded as a biosensor with a soft 
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hydrophilic interface by using DNA aptamer as the specific capture probe. As low 

as ten viable cancer cells (MCF-7) were successfully captured and detected in the 

sample solution containing 106 white blood cells. With biosensors, the identification 

and detection of the cancer-indicative biomarkers in body fluids is another way to 

get a view of a patient’s cancer. Reported ultrasensitive biosensors for the detections 

of low-abundance biomarkers have demonstrated great potential for early diagnosis 

of cancers. Das et al. reported an electrochemical biosensor for the ultrasensitive 

detection of circulating tumor DNAs of mutated KRAS genes, which are associated 

with lung cancer, colorectal cancer, and ovarian cancer (Das et al. 2015). The bio-

sensor was fabricated on a microchip with a 3D-nanostructured microelectrode, and 

employed peptide nucleic acid as the clamp probe for target DNAs. The biosensor 

was able to detect target mutant DNA directly in patient serum samples and pro-

duced the same accuracy as polymerase chain reaction (PCR). It responded rapidly 

(in 15 min) with high selectivity, and the use of a chip-based platform allowed a 

point-of-care test.

On the other hand, more than 70% of cancer death occurred in the economically 

developing countries, which contain 82% of the world’s population. The availability 

and use of diagnostic tests is a major concern in these middle-income and low- 

income areas. Therefore, it is of great significance to develop economical biosen-

sors when diagnosis can’t be easily determined by imaging studies in the developing 

areas.

In this chapter, the content focused on the development of cost-effective and 

ultrasensitive biosensors for the early diagnosis of cancers by utilizing G-quadruplex- 

based output and isothermal amplification technology.

4.2  Label-Free Biosensor

Jonsson et  al. firstly proposed the term “label-free” (Jonsson et  al. 1991). In his 

study, surface plasmon resonance (SPR) was utilized for the study of real-time bio- 

specific interaction, which was defining as “label-free” since SPR could monitor 

changes of the refractive index in the vicinity of reaction surface and was indepen-

dent of the chemical nature of the sample being analyzed. So in SPR systems, no 

specific reporters were needed for the signal readout. Label-free biosensor (LFB) 

mentioned in this chapter, by definition, do not require the covalent labeling of 

reporter elements (fluorescent, colorimetric, or electrochemical) to facilitate mea-

surements. There is a subtle difference between a noun and a verb in the same word 

“label.” It refers to the verb in the term “label-free biosensor” throughout this 

review.

In a LFB system, the signal reporter or ligand dispersing in homogeneous solu-

tion can noncovalently bind to the probe-target conjugate and subsequently generate 

light-up or enhanced signal output. Compared with labeled systems such as enzyme- 

linked immunosorbent assay (ELISA), the main advantage of LFBs is that they 

avoid conjugation and purification of signal markers even hazardous radioactive 

materials (Guo et al. 2015c, 2016a). Such label-free systems are inexpensive, and 
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usually independent on high-price instruments. As illustrated in Fig. 4.1, there is a 

representative comparison between labeled and label-free nucleic acids sensor. 

Figure 4.1a depicts a typical molecular beacon probe with a hairpin structure and 

two terminal-modified functional moieties, a fluorophore and a quencher (Tyagi and 

Kramer 1996). The fluorophore is internally quenched due to the fluorescence reso-

nance energy transfer; after binding to the nucleic acid of target sequence, the fluo-

rophore and quencher is separated with restored fluorescence emission. While 

Fig. 4.1b depicts a label-free molecular beacon probe without modified moieties, 

which have been replaced with a partly complementarily stem structure (Guo et al. 

2013). The hairpin structure will be opened when the probe is challenged with 

nucleic acid of target sequence, resulting in the liberation of guanine-rich sequence 

(pink color) and formation of G-quadruplex structure. A fluorescent ligand that can 

specifically bind to the G-quadruplex structure will generate light-up or enhanced 

intensity in fluorescence.

The two kinds of modes demonstrated equivalent performance, but the price of 

labeled molecular beacon probe is >10-fold higher than that of label-free probe. It 

also takes a longer turnaround time to synthesize the labeled probes. The LFBs 

displayed another advantage of separation-circumvented operation in some cases. 

ELISA is a conventional clinical technique for cancer biomarker assay, which 

involves at least one antibody with covalent-labeled reporter. As shown in Fig. 4.2, 

the basic steps of a typical ELISA include surface binding for separation and washes 

to remove unbound materials. Careful washes are required to get consistent results. 

ELISA can be quite complex when multiple layers of antibodies are employed with 

various intervening steps. In contrast, the LFBs based on aptamer and target-induced 

structural transformation performed a simple mix-and-detect procedure.

Aptamer is single-stranded DNA or RNA that specifically binds to the target, 

including small molecule, protein, and even whole cell (Liu et al. 2009). Due to its 

high affinity and specificity, aptamer has been considered as a great alternative of 

antibodies and has been employed in many analyses (Zhang et al. 2016). Our group 

has been devoting efforts to screening aptamers through the systematic evolution of 

ligands by exponential enrichment process, and developing label-free methodolo-

gies for the detections of small molecules, metal ions, nucleic acids, proteins, and 

a b

FRET
fluorophore

Labeled biosensor Label-free biosensor

quencher
ligand

G-quadruplex

Fig. 4.1 (a) Molecular beacon labeled with fluorophore and quencher for the detection of nucleic 

acids. (b) Label-free molecular beacon based on G-quadruplex structure and binding-responsive 

reporting ligand
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cancer cells using aptamers (Wang et al. 2016a, b; Yang et al. 2016). The works of 

Tan’s group also greatly promoted the acknowledgement of aptamers and contrib-

uted to a broad scope of the biomedical applications of aptamers, which can be 

learned from their recent reviews (Lyu et al. 2016; Tan et al. 2013; Zheng et al. 

2015). VEGF, known as vascular endothelial growth factor, is centrally involved in 

promoting tumor growth and metastasis. VEGF is overexpressed in neoplasms, and 

circulating VEGF levels have a significant correlation with the metastatic disease. 

Lin et al. designed an aptamer-based luminescent LFB for rapid and facile detection 

of VEGF in a microchip (Lin et al. 2016b). As shown in Fig. 4.3, in the absence of 

VEGF, the label-free probe was in an inactive state with a hairpin DNA structure 

that cannot interact with ligand reporter, a luminescent iridium (III) complex of 

selective binding affinity towards G-quadruplex; in the presence of VEGF, VEGF 

washingtarget

AB 1 AB 2 Reporter target

Fig. 4.2 Schematic procedure of ELISA for the detection of target

VEGF165

other targets

G
G

G G
GG Ir

Ir

Ir

Ir

Ir

Ir

Ir
partial complementary sequence
to G-quadruplex sequence

G-quadruplex sequence aptamer for VEGF165 protein

Ir(III) complex

Fig. 4.3 The detection principle of the LFB for VEGF assay based on aptamer. Reprinted with 

permission from Lin et al. (2016a), © 2016 American Chemical Society
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bound to the aptamer sequence and induced a structural transition to form a 

G-quadruplex structure, which could activate the ligand through noncovalent inter-

action with light-up luminescent signal.

Most of the reported LFBs depend on the principle of target-induced structural 

transition of nucleic acid probes because of the use of structural-specific signal 

ligands. In a label-free sensing system, signal ligand can noncovalently bind to a 

specific DNA structure, and enhanced fluorescence will be produced only after the 

formation of the specific DNA structure (Guo et al. (2016b). For example, the well- 

known SYBR Green I, an asymmetrical cyanine dye with negligible intrinsic fluo-

rescence, but it exhibits thousand-fold enhancement of fluorescence when 

preferentially binding to double-stranded DNA (dsDNA) (Jin et al. 1994). SYBR 

Green I has been demonstrated a successful case for label-free DNA detections in 

quantitative PCR (Schneeberger et al. 1995) and loop-mediated isothermal amplifi-

cation (Dhama et al. 2014) due to its excellent property.

Among the several nucleic structures, G-quadruplex is the most widely used 

signal transducer in label-free sensing applications and has stimulated significant 

improvement in LFBs in terms of vibrant binding activities, multiple signal output 

modes, and versatile roles in a variety of designing strategies (Guo et al. 2016c).

4.3  LFBs Based on G-Quadruplex

G-quadruplex (G4) possesses a kind of guanine-rich DNA structure that was origi-

nally found in telomeres as a biophysical oddity (Wright et al. 1997). As shown in 

Fig. 4.4a, G4 is formed by the stacking of two or more G-quartets, which are assem-

bled with four guanines through Hoogsteen-type base pairing. Monovalent cations 

G

G

G

NH HN

N

O OOH

G-tetrad

a b

ligand

OH

N
G

G

G

GG

G G

GG

Fig. 4.4 (a) Depiction of G4 structure and its interaction with ligand through π-stacking binding 

mode. (b) Chemical structure of the G4-selective ligand PPIX
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such as K+/Na+ can coordinate to the O6 atoms of guanines and stabilize the negative 

potential in the central channel of G4. The converging arrangement of four guanines 

provides a large and exposed surface of G-tetrad, which accommodates many 

ligands in a well-known π-stacking mode (Patel et  al. 2007). For example, in 

Fig. 4.4b, protoporphyrin IX (PPIX) is a kind of macrocyclic fluorophore with simi-

lar molecular dimension with G-tetrad, it can stack onto the terminal G-tetrad of G4 

with 1:1 or 2:1 stoichiometry. Binding to G4 will result in a >16-fold increase in 

fluorescence (Li et al. 2010).

The vibrant binding activities of G4s contributed to multiple signal output modes 

and a variety of design strategies based on G4s, thereby promoting the applications 

of G4s in LFBs. There are mainly two kinds of G4-responsive ligands that are usu-

ally employed as signal reporters in LFBs.

The first kind of ligands is fluorescent compounds endowed with binding- 

responsive emission property towards G4. Since fluorescent dye was firstly employed 

to characterize the G4 structure (Sun et al. 1997), numerous fluorescent compounds 

with binding affinity to G4s have been found or synthesized. Fluorophores bind to 

G4s via noncovalent interactions including π-stacking, loop recognition, groove rec-

ognition, and intercalation (Largy et al. 2013). These dyes exhibited positive or nega-

tive responses in fluorescence intensity when binding to G4s, which have been 

employed as signal indicators in many G4-based LFBs. Representative groups of 

G4s-binding fluorescent ligands include cyanine dyes (thiazole orange and its deriva-

tives, SYBR Green I, DODC, ETC, etc.) (Allain et al. 2006; Granotier et al. 2005; 

Monchaud et al. 2006; Paramasivan and Bolton 2008; Xu et al. 2010; Yang et al. 

2009); benzimidazole derivatives (Maiti et al. 2003); EtBzEt derivatives (Jain and 

Bhattacharya 2011); ethidium derivatives (Guo et al. 1992); triphenylmethane dyes 

(Bhasikuttan et al. 2007; Kong et al. 2009); carbazoles (Chang et al. 2003; Dumat 

et al. 2011); porphyrins (Han et al. 1999; Li et al. 2010; Wei et al. 2008); aggregation-

induced emission (AIE) luminogens (Hong et  al. 2008; Luo et  al. 2001); natural 

compounds (Arora et al. 2008); quercetin (Sun et al. 2006); isaindigotone derivatives 

(Tan et al. 2009); metal complexes (Ma et al. 2009; Shi et al. 2010); lanthanide com-

plexes (Alzeer et al. 2009; Galezowska et al. 2007); heterocyclic derivatives (Mergny 

et al. 2001; Teulade-Fichou et al. 2003); anthracyclines (Manet et al. 2011a); and 

sabarubicin (Manet et al. 2011b). Wu et al. recently synthesized a new compound 

bis(methylpiperazinylstyryl)phenanthroline that showed strong binding affinity to 

G4s with up to 150-fold fluorescence enhancement (Wu et al. 2016). The good prop-

erties made it an excellent candidate serving as a label-free fluorescent indicator in 

G4-based LFBs. The abundant pool of G4-binding dyes has promoted the develop-

ment of LFBs for the detection of small molecules, metal ions, nucleic acids, or 

proteins (Ma et al. 2013). Our group has devoted continuous efforts to the develop-

ment of LFBs using G4-specific fluorescent ligands for the sensing of ions (Guo 

et al. 2015a, b), nucleic acids (Guo et al. 2013, 2014a), protein (Guo et al. 2014b), 

enzyme activity (Guo et al. 2015c; Zhou et al. 2015, 2016), etc.

Human platelet-derived growth factor BB (PDGF-BB) is considered as a potential 

biomarker for cancer diagnosis, since that it stimulated autocrine growth of different 

types of tumor cells and was often overexpressed in human malignant tumors. 
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Wei et al. reported a fluorescence LFB for PDGF-BB detection (Wei et al. 2015). As 

shown in Fig. 4.5a, two DNA fragments integrating the sequences of split G4 and 

PDGF-BB aptamer were used as the recognition probe and the G4 selective ligand 

N-methyl mesoporphyrin IX (NMM) was employed as the label-free signal reporter. 

In the presence of target PDGF-BB, the aptamer parts of the two DNA fragments can 

simultaneously bind to PDGF-BB, resulting in the adjacency of the two split-G4 to 

form a complete G4 structure. Enhanced fluorescence emission signal was reached 

after the formation of complete G4 and activation of the G4-responsive dye NMM. As 

low as 3.2 nM PDGF-BB can be monitored by this LFB.

Sialic acid binding immunoglobulin-like lectin-5 (Siglec-5) was considered as a 

potential biomarker of granulocytic maturation and acute myeloid leukemia pheno-

type. Lin et  al. developed a fluorescence LFB for sensitive detection of Siglec-5 

based on target-induced structural transition and G4 formation (Lin et al. 2016a). A 

G4-binding luminescent iridium(III) complex was employed as the label-free signal 

ligand. As shown in Fig. 4.5b, the DNA probe of hairpin structure consisted of three 

parts of sequences: the Siglec-5-binding aptamer sequence (black), the G-rich 

sequences (green), and the blocking sequences (blue). Siglec-5 could bind to the 

aptamer sequence of the DNA probe, resulting in conformation change and forma-

tion of G4 structure with the assistance of monovalent cation K+. The selective bind-

ing of the iridium complex to G4 brought out an enhancement in its luminescence. 

The LFB demonstrated a sensitive performance with a detection limit of 0.27 nM.

The second kind of ligands is a catalytic compound, the iron (III)-protoporphyrin 

IX complex (hemin). As shown in Fig. 4.6, hemin is an active cofactor of oxidative 

enzymes such as catalases and peroxidases. Hemin itself can also catalyze peroxida-

tion reactions albeit at much lower levels compared to hemin-containing enzymes. 

However, it exhibits peroxidase activity larger by two orders of magnitude after 

noncovalently binding to G4s (Travascio et al. 1998). The G4/hemin complex can 

be regarded as a kind of catalytic DNAzyme, which has been employed as an ampli-

fying reagent in many colorimetric and chemiluminescence methods as a label-free 

reporter.

=PDGF-BB Aptamer

a b

=T25 Spacer Sequences

+

=G-quadruplex Forming Sequences=Complementary Sequences

=PBA1/B-DNA =PBA2 =PDGF-BB

=Siglec-5

=K+

=G-quadruplex-selective probe

=NMM

Fig. 4.5 (a) Illustration of the LFB for PDGF-BB assay based on target-induced split-G4 forma-

tion. Reprinted with permission from Wei et al. (2015), © 2015 Elsevier. (b) The G4-based LFB 

for Siglec-5 detection using aptamer as recognition unit and iridium(III) complex as signal ligand. 

Reprinted with permission from Lin et al. (2016a), © 2016 American Chemical Society
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As shown in Fig. 4.7a, G4/hemin can catalyze the oxidation of ABTS2− by H2O2, 

and this is accompanied by a color change from colorless to green. The effect has 

been used in colorimetric assays for Hg2+ (Hao et al. 2014; Li et al. 2009), CEA 

(Zhou et al. 2014), lysozyme (Li et al. 2007), thrombin (Li et al. 2008), DNA (Jiang 

et al. 2014), enzyme activity (He et al. 2012), and others. The 3-3′-diaminobenzi-

dine tetrahydrochloride and 3,3′,5,5′-tetramethylbenzidine (TMB) (Kolpashchikov 

2008; Yin et  al. 2009) can also be used as oxidizable substrates for colorimetric 

readout in G4-based LFBs. As shown in Fig. 4.7b, the G4/hemin DNAzyme can 

also catalyze the generation of chemiluminescence through oxidation of luminol by 

H2O2 (Xiao et al. 2004). Chemiluminescent sensors based on the use of G4/hemin 

have a large potential in analytical chemistry due to their ultrahigh sensitivity and 

label-free signal output mode (Freeman et al. 2011). On the other hand, the G4/

hemin complex formed near the surface of electrodes may cause dielectric changes 
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due to surface plasmon resonance. It can act as a label-free electrocatalytic reporter 

in redox reactions for an electrochemical signal (Pelossof et al. 2012).

Shi et al. developed a LFB for the facile detection of human leukemic CCRF- 
CEM cells based on target-induced formation of G4 structure (Shi et  al. 2014). 

Hemin and ABTS2− were used as the ligand and substrate, respectively, for the con-

struction of DNAzyme system to give a label-free colorimetric readout. As shown 

in Fig. 4.8, light-up signal was realized through the assemblage of two G-rich frag-

ment for a G4 architecture and subsequent activation of the DNAzyme system. An 

oligonucleotide of integrating cancer-binding aptamer and G-rich sequences was 

employed as the DNA probe. The DNA probe was tail-hairpin structured due to the 

self-complementary, resulting in the geographical segregation of the two G-rich 

fragments. While the presence of human leukemic CCRF-CEM cells induced the 

cell-aptamer conjugation and structural transformation of the DNA probe, resulting 

in the formation of G4 and construction of the DNAzyme system. A light-up colo-

rimetric signal would be achieved as the consequence of the oxidation of ABTS2−. 

The G4-based LFB achieved a simple, fast, washing-free, specific, and quantitative 

performance for colorimetric assay of human leukemic CCRF-CEM cells.

By employing aptamer and G4 as the recognition unit and output unit, respec-

tively, LFBs have provided an economical and facile way for the detections of can-

cer biomarkers and even cancer cells. At the same time, urge requirement for early 

diagnosis of cancer demanded a more sensitive capacity of LFBs.
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Isothermal amplification technique bearing the capacity of detecting ultralow 

abundance of biomarkers would make the early diagnosis possible, and had demon-

strated tremendous potential for ultrasensitive detections in recent reported works 

(Zhao et al. 2015).

4.4  Ultrasensitive Detection Based on Isothermal 
Amplification

As a common and indispensable amplification technique in molecular biology, PCR is 

a thermal-cycling process with the assist of a heat-stable DNA polymerase (Saiki et al. 

1988). PCR can exponentially amplify the target DNA but suffered dozen times of 

alternative heating and cooling steps. In a basic PCR protocol, defined series of tem-

perature steps were set on a thermal cycler. It is time-consuming and instrument-depen-

dent, which limits the applications in resource-limited regions for point-of-care assay.

It merits mention that the enzyme-assisted or catalytic isothermal amplification 

(ITA) possesses comparable sensitivity to PCR but does not require the lengthy 

thermo-cycling steps and special instruments. Moreover, ITA can be utilized not 

only for the biosensing of nucleic acids, but also for proteins, small molecules, ions, 

and even cells. As shown in Fig. 4.9, by searching “isothermal amplification” in the 

PubMed database, the number of published articles has increased steadily and an 

obvious increase was observed in the past decade.
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This term “isothermal amplification” was first proposed by Gingeras et  al. in 

1990, when his group devised a self-sustained amplification system (3SR) under 

isothermal conditions by using three nucleases: reverse transcriptase, RNase H, and 

T7 RNA polymerase (Guatelli et al. 1990). When operated at 37 ° C consistently, 

105-fold amplification would be achieved in 15 min, which should require more than 

85 min in the PCR system. The pioneering work done by Gingeras et al. has inspired 

various ingenious strategies of ITA using the versatile polymerases and nucleases in 

molecular biotechnology. For example, restriction enzyme HincII bears the ability to 

nick the target single-stranded DNA (ssDNA) of recognition site at a dsDNA. The 

exo− Klenow polymerase is 5′–3′ exonuclease-deficient polymerase with strand dis-

placement activity. It could extend the 3′-end of a partly complementary dsDNA and 

displace the downstream strand. By using the two specific enzymes, a strand dis-

placement amplification (SDA) method was designed (Walker et al. 1992). As shown 

in Fig. 4.10, the target nucleic acid served as primer and bound to the complementary 

part of template DNA, forming a partly complementary strand with recognition 

sequence at the overhang. With the assistance of exo− Klenow polymerase, the primer 

was extended from 3′ end and a recognition site was formed. Then HincII nicked the 

primer strand, the exo− Klenow polymerase started work again from the nick and 

displaced the downstream ssDNA. Amplified amounts of ssDNAs can be produced 

after multiple polymerization, displacement, and nicking cycles.

In 2000, a more effective ITA, loop-mediated isothermal amplification, was 

developed by Notomi et al. using Bst DNA polymerase (Notomi et al. 2000; Tomita 

et al. 2008). The Bst DNA polymerase has a strong strand displacement activity and 

lacks 5′-3′ exonuclease activity. As schematically shown in Fig. 4.11, the elaborate 

insertion of the complementary sequence into the primer was the key point to form 

loop structure, which enabled anneal-free binding. And the Bst DNA polymerase 

with strong displacement activity enabled DNA elongation and release of new 

strands, which resulted in multiplied output of DNAs. Without tedious thermo- 

cycling process, it can accumulate more than 109 copies in less than an hour. Besides, 

due to the employment of six distinct probing sequences on the primers, the nucleic 

acids sensor based on loop-mediated isothermal amplification exhibited higher 

selectivity than PCR and other amplification methods.

As Zhao et al. summarized in his review (Zhao et al. 2015), ITA-based methods 

were usually designed based on the enzymatic activities of DNA replication or diges-

tion. Theoretically, numerous isothermal amplifying methods could be developed by 
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Fig. 4.10 Depiction of strand displacement amplification
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combinational employment of polymerases and nucleases in the library of DNA 

enzymes. For examples, Guan et al. developed a ITA sensing strategy for the ultrasen-

sitive detection of sequence-specific ssDNA using S1 nuclease (Guan et al. 2014). As 

low as 50 pM target ssDNA in 0.5 μg/mL DNA could be detected. Su et al. developed 

a low-background ITA-based method by using two enzymes, exonuclease I and DNA 

polymerase, for the detection of hepatitis RNA (Su et al. 2014). The linear range was 

50 zM ~ 50 nM with a quantitative limit of 50 zM (10−21 mol/L), which was lower 

than general PCR method. Chen et al. developed an ultrasensitive electrochemilumi-

nescence method based on rolling circle amplification (RCA) for the detection of 

microRNA (Chen et al. 2016). Three-way DNA junction and phi29 DNA polymerase 

were employed in his strategy and a detection limit of 22  aM (10−18  mol/L) was 

achieved. Min et al. developed a label-free ITA strategy for the detection of microRNA 

using exonuclease III (Exo III) and AIE fluorophore (Min et al. 2015). Samples in the 

urine of patient with bladder cancer were successfully detected and a detection limit 

of 1 pM was achieved in consistent temperature (37 °C).

ITA is more than a technique, it is a methodology.

The combination of G4 and ITA will definitely make for low-cost and ultrasensitive 

detections of biomarkers, and promote the early diagnosis of cancer in a more practical 

way in developing areas. In the following contents we try to introduce the latest works 

to illustrate the applications of G4&ITA-based methods for early cancer diagnosis.

4.5  Low-Cost and Ultrasensitive Detection of Biomarkers 
Based on G4 and ITA

4.5.1  Assay of Gene Mutation

Mutations in important genes can cause abnormal behaviors of cells, which always 

induces cancer (Bertram 2000). For examples, mutations in BRCA1 and BRCA2 

genes indicate high risk of developing breast cancer; mutations in the Rb tumor 
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Fig. 4.11 Principle illustration of the loop-mediated isothermal amplification. (a) Design of the 

four primers with six probing regions towards target DNA. (b) Producing step of the dual-loop 

structure, which was resulted from DNA polymerase reaction and strand displacement. (c) Cycling 

amplification and elongation step for multiplied output. Reprinted with permission from Tomita 

et al. (2008), © 2008 Nature Publishing Group

Y. Guo et al.



95

suppressor gene are related to eye cancer and several other types of cancers. 

Mutations in the TP53 tumor suppressor gene are the most frequent genetic altera-

tions in human cancer and commonly compromise the gene’s tumor suppressor 

activity (Vogiatzi et al. 2016). Li et al. developed an ITA-based method for the colo-

rimetric detection of TP53 gene by employing SDA and G4 (Li et al. 2013). As 

shown in Fig. 4.12, the hybridization between target TP53 DNA and the stem-loop 

probe could induce the formation of G4 structure and initiation of polymerase-

assisted strand displacement, thus liberating the target DNA for anther amplification 

circle. The specific binding of hemin to multiple numbers of G4 structure resulted 

in magnified colorimetric output by using ABTS− as catalytic substrate. A detection 

limit down to 25 fM was achieved by this ultrasensitive LFB.

Xu et al. developed a colorimetric method for ultrasensitive detection of TP53 

gene based on G4 and ITA (Xu et al. 2016). As shown in Fig. 4.13a, in step 1 and 2, 

target DNA hybridized with the stem-loop probe and opened its 3′-end for binding 

to a C-rich DNA template. Step 3 is polymerase and nickase-assisted SDA; in this 

step target DNA was also released for another amplification circle. The amplified 

G-rich DNAs in step 3 formed G4 structures in reaction buffer and catalyzed the 

generation of colorimetric signals by using hemin as binding ligand and ABTS2− as 

substrate. As low as 10 fM TP53 DNA could be detected at consistent temperature 

(37 °C) in only 1 h. K-ras gene is a proto-oncogene, the mutation of which is usually 

found in the development of cancers, including leukemia, colorectal cancer, and 

lung cancer. The detection of K-ras mutation is of great importance for the 
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diagnosis and therapy of primary or metastatic cancer. Based on the similar strategy, 

Xu et al. developed an ultrasensitive LFB for the colorimetric detection of proto- 

oncogene K-ras based on G4 and SDA (Xu et al. 2017). As shown in Fig. 4.13b, the 

ssDNA of target gene can open the stem-loop probe, liberating the binding arm for 

the primer. Then in the presence of the nicking endonuclease and DNA polymerase 

with strand displacement capacity, large amount of G4 DNA were produced in the 

SDA process. By using hemin as ligand, G4/hemin DNAzyme was formed to cata-

lyze the oxidation of ABTS2− for label-free and colorimetric signal output. The 

ultrasensitive method exhibited a linear range from 0.01 to 150 nM with a detection 

limit of 10 pM.

4.5.2  Assay of microRNA

MicroRNA (miRNA) is a class of noncoding small RNAs with 18–25 nucleotides, 

which functions as posttranscriptional regulator by hybridizing with the specific 

sequences (specifically the 3′-untranslated region) of the target mRNA to modulate 

gene expressions (Tavazoie et al. 2008). Aberrant expressions of miRNAs are impli-

cated in tumorigenesis and proliferation. It has been universally considered that 

miRNA is an ideal biomarker for cancer diagnosis (Baker 2010).

For instance, the lethal-7 (let-7) family of miRNAs remains highly sequence- 

conserved and is one of the key miRNA regulators in the development of cancers 

(Bussing et al. 2008). The let-7 family functions as a tumor suppressor and is down-

regulated in human cancer cells including lung cancer (Takamizawa et al. 2004), 

hepatocellular carcinoma (Shimizu et  al. 2010), and gastric cancer (Tang et  al. 

2016). The expression of let-7 miRNAs can be regarded as indicators for cancer 

diagnosis. Zheng et al. designed a G4-based method for the label-free and ultrasen-

sitive detection of let-7d miRNA by utilizing two ITA technologies, SDA and RCA 

(Zheng et al. 2016). As low as 1.5 × 10−13 M miRNA can be detected as a result of 
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multiple amplifications. As shown in Fig. 4.14, after target let-7d miRNA opened 

the stem-loop structure through sequence-specific hybridization, three circles of 

SDA amplifications preceded for enlarged generation of the RCA primers (yellow 

color). Massive G-rich sequences could be produced by employing plenty primers 

and using a C-rich RCA template. G4-responsive NMM was employed as the fluo-

rescent indicator for label-free signal output.

MiRNA-141 is affiliated with miRNA-200 family which is involved in the for-

mation of cancer stem cells and regulation of epithelial-mesenchymal transition. 

Dysregulation of miRNA-141 is depending on the type of cancers: miRNA-141 is 

overexpressed in nasopharyngeal carcinoma, classic papillary thyroid carcinoma, 

bladder cancer, and colorectal cancers, while downregulated in gastric cancer, pan-

creatic cancer, osteosarcoma, hepatocellular, esophageal cancer, breast cancer, and 

renal cell carcinoma (Gao et al. 2016). The quantitative detection of the expression 

level of miRNA-141 can provide information for the diagnosis of one specific type 

of cancers (Zhao et al. 2013). Wang et al. developed a colorimetric method for label- 

free and ultrasensitive detection of miRNA-141 based on catalytic G4 DNAzyme 

and SDA technique (Wang et al. 2013). The detection principle was mainly based 

on a SDA strategy, but with an improved sensitivity since the elaborate design of the 

template. As shown in Fig. 4.15, there were two recognition sites for the nicking 

Si Target S2 S5
CT

NMM Klenow polymerase Nicking anzyme Phi29 polymerase

Fig. 4.14 Scheme of the LFB for the detection of let-7d miRNA based on G4 and SDA/

RCA. Reprinted with permission from Zheng et al. (2016), © 2016 Nature Publishing Group
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endonuclease and an identical sequence of the complementary sequence for target-

ing miRNA-141. As a result, numerous short oligonucleotides of the same sequence 

of target miRNA-141 were synthesized and bound to the complementary sequence 

in the template, functioning as target in another amplification cycle. Finally, G-rich 

oligonucleotides were vastly produced in the C-rich part of the template during the 

SDA process, which can bind to hemin and form the catalytic G4/hemin DNAzyme 

to generate colorimetric signals by catalyzing the H2O2-mediated oxidation of 

ABTS2−. The quantitative concentration by this label-free and ultrasensitive colori-

metric method was in the range from 1 fM to 100 nM.

Zhang et al. developed an ultrasensitive assay for miRNA-141 based on G4 and 

duplex-specific nuclease (DSN)-assisted ITA (Zhang et  al. 2017). As shown in 

Fig. 4.16, DSN displays an isothermal cleavage activity towards dsDNA and DNA 

in DNA-RNA hybrid duplexes. In this strategy, two stages of DSN-assisted 
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recycling amplification were designed in this assay. Two types of molecular beacon 

probes were designed, MB1 and MB2. The MB1 contained RNA (green part) and 

DNA (black part) sequences, MB2 is a DNA probe. In the presence of miRNA-141, 

it opened MB1 and triggered the DSN-catalyzed digestion of the DNA part of MB1, 

resulting in release of miRNA-141 and the RNA part of MB1. Subsequently, 

miRNA-141 and RNA part initiated DSN-assisted amplification by opening MB1 

and MB2, respectively, in the next amplification cycle. Finally, numerous G4 struc-

tures would form since G-rich DNAs were liberated from MB2. The G4-specific 

dye, malachite green (MG), was employed for label-free signal output. The method 

showed a wide dynamic linear range from 1 pM to 10 μM with a detection limit of 

1.03 pM, and demonstrated a practical potential for cell lysate samples.

Wang et al. also reported a DSN-assisted amplification approach for ultrasensitive 

detection of miRNA-122 using catalytic G4/hemin for chemiluminescence signal out-

put (Wang et al. 2016c). MiRNA-122 is a liver-specific miRNA, which accounts for 

72% of total miRNAs in adult human liver and is frequently reduced in hepatocellular 

carcinoma (Coulouarn et al. 2009). MiRNA-122 was identified as a potential diagnos-

tic biomarker in patients with hepatocellular carcinoma and hepatic disorders. As 

shown in Fig. 4.17, this approach comprises a G4-based label-free signal output mode, 

a polydopamine nanosphere (PDA)-based chemiluminescence resonance energy 

transfer (CRET) platform, and a DSN-assisted ITA. In the absence of target miRNA 

(pathway B), the chemiluminescence signal produced by the G4/hemin-luminol sys-

tem would be quenched due to the CRET between PDA. In the CRET process, PDA 

acted as energy acceptor and the excited luminol by G4/hemin DNAzyme acted as 

energy donor. While in presence of target miRNA-122, miRNA- 122 can drag the 

G4-contained DNA from the surface of PDA due to the selective hybridization 

between it and the complementary sequence of the probe. Then the hybridization was 

followed by a degradation process by DSN. The complementary DNA part in the 
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DNA–miRNA heteroduplex would then be degraded by DSN, releasing G4 DNAs 

and miRNA-122 for another amplification cycle. After binding to hemin, the G4/

hemin DNAzyme catalyzed the H202-mediated oxidation of luminol, generating 

enhanced chemiluminescence signals. The method allowed quantitative detection of 

target miRNA in the range of 80 pM–50 nM with a detection limit of 49.6 pM.

4.5.3  Assay of the Activity of Cancer-Related Enzyme

Telomerase is a ribonucleoprotein reverse transcriptase that catalyzes the addition of 

the telomeric repeats (TTAGGG)n onto the end of chromosomal DNA (Buys 2000). 

Telomerase activity is unregulated in greater than 85% of human tumors, such as 

breast, colon, lung, prostate, ovary, stomach, and skin, whereas it is found at relatively 

low levels in normal cells. The inhibition of telomerase activity has been proposed as 

a potential approach for the treatment of human cancers. This makes telomerase a 

promising biomarker in cancer diagnosis and therapy. Quach et al. developed a ITA 

method for rapid detection of telomerase activity based on elongation of G-rich DNA 

(Quach et al. 2013). As shown in Fig. 4.18, telomerase had polymerase activity and 

could synthesize TTAGGG repeat units from the 3′ end of the primer. The elongated 

G-rich ssDNA were able to form multiple G4 structures in the presence of K+, result-

ing in fluorescence enhancement upon binding to G4-responsive dye. This method 

was simple, highly sensitive, and can produce results in only 5 min. Telomerase activ-

ity in 4 HeLa cells can be easily detected using this assay.

DNA methylation, a crucial epigenetic modification of the genome, plays a piv-

otal role in gene expression, cellular differentiation, and pathogenesis of various 

human diseases. This is closely associated with the activity of DNA methyltransfer-

ase. Alterations of the methyltransferase activity may lead to aberrant DNA methyla-

tion patterns. Abnormalities of DNA methylation normally occur before other signs 

of malignancy and can be used for early diagnosis. Recent researches have demon-

strated that DNA methyltransferase can be a predictive biomarker in various types of 

cancer (Chen et al. 2017; Pronina et al. 2017). Xue et al. developed a Exo III-assisted 

ITA method for amplified detection of methyltransferase activity (Xue et al. 2015). 
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As shown in Fig. 4.19, Exo III exhibits 3′ → 5′ exodeoxyribonuclease activity spe-

cific for dsDNA. It degrades dsDNA from blunt ends, 5′-overhangs or nicks, releas-

ing 5′-mononucleotides from the 3′-ends of DNA strands. Once the stem-loop DNA 

was methylated by methyltransferase, the GATC sequence was then recognized and 

cleaved by the Dpn I that cleaved only when its recognition site was methylated. The 

released ssDNA acted as trigger to activate the Exo III- mediated ITA on the magnetic 

microbead, liberating numerous G4 DNAs. The G4-specific dye, ZnPPIX, was 

employed as the label-free signal reporter for fluorescence output. A very low detec-

tion limit down to 2.0 × 10−4 U/mL was obtained based on this method.

4.5.4  Assay of Protein Biomarker

Many different tumor protein biomarkers have been characterized and are in 

clinical use. Some are associated with only one type of cancer, whereas others 

are associated with two or more cancer types. Such as human epidermal growth 

factor receptor (EGFR) and transcription factor. EGFR is involved in tumor cell 

proliferation, adhesion, migration, apoptosis, and differentiation, and it is 
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overexpressed in gastric cancer, glioblastoma, anal cancers, and squamous-cell 

lung carcinoma (Gravalos and Jimeno 2008). Transcription factor modulates the 

gene expression by binding to the regulatory region of target DNA and regulating 

the transcription of target gene. Bours et  al. observed high expression of the 

NF-κB inhibitor IκB in the ovarian carcinoma cell line OVCAR-3 (Bours et al. 

1994). For ultrasensitive detection of the transcription factor (NF-κB), Ma et al. 

developed a label-free chemiluminescence method for the assay of NF-κB based 

on G4 and SDA (Ma et al. 2014). As shown in Fig. 4.20, NF-κB could bind to the 

recognition site of the dsDNA thus prohibiting the digestion by Exo III and exo-

nuclease I. Then the dsDNA probe would be transcribed by T7 RNA polymerase 

to produce abundant RNA, which acted as the primer of SDA template. In the 

final stage, more DNA primers and G-rich DNAs can be produced in the SDA 

procedure. In the presence of hemin, the assembled G4/hemin DNAzyme cata-

lyzed luminol for chemiluminescence signals. The detection limit of this method 

reached 6.03 × 10−15 M. And the linear range expanded from 10−14 to 10−9 M.

Platelet-derived growth factor (PDGF) is a mitogenic protein which is released 

from platelets, regulates cell growth and division in blood vessel formation. PDGF is 

frequently overexpressed in tumor cell lines, particularly glioma and sarcoma. 

Reported works have found that antagonism of PDGF resulted in inhibited growth of 

glioma cell lines (Westermark et al. 1995), suggesting that quantification of PDGF 

can be for the diagnosis of tumorigenesis and proliferation. Li et al. constructed a 

cascade amplification strategy for the sensitive detection of PDGF (Li et al. 2016). 

As shown in Fig. 4.21, the strategy contained three amplification stages: the target-

activated SDA and the dual RCA-SDA process. A self-complementary DNA with the 

aptamer sequence was employed as the recognition probe. Upon binding to the target 
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PDGF, the probe transformed to a three-way junction with 5′-overhang. Then the 

3′-end of the three-way junction acted as the primer of SDA and released a large 

amount of primer 1. Next, the primer 1 activated the first RCA- SDA process. Since 

the template 1 contained the recognition site of Nt.BbvCI, as well as the complemen-

tary sequences of primer 1 and primer 2, a large amount of primer 1 and primer 2 can 

be yielded in the first RCA-SDA process. In the second RCA-SDA process, the 

primer 2 hybridizes with template 2 and triggered the amplification stage, generating 

numerous G4 DNAs. In the presence of G4-specific fluorescent dye NMM, enhanced 

fluorescence intensity would be detected. An ultralow detection limit of 

3.8 × 10−16 mol/L was reached based on the cascade amplification strategy.

4.5.5  Assay of Cancer-Related Small Molecule

Evidences have shown that extracellular adenosine triphosphate (ATP) and adenos-

ine receptors are overexpressed by tumor cells to enhance the tumor growth. And 

studies suggested that accumulation of extracellular ATP and adenosine can activate 

the receptors and induce pro-tumorigenesis, tumor immune escape, and cancer cell 

proliferation (Stagg and Smyth 2010). Therefore, there is positive correlation 

between the concentration of extracellular ATP/adenosine and status of cancer. By 

employing G4-specific dye ThT, Exo III and ATP aptamer, Wang et al. developed a 

fluorescence LFB for ultrasensitive detection of ATP (Wang et  al. 2016e). As 

depicted in Fig. 4.22, the LFB was based on target-induced structure transition and 

Exo III-assisted ITA. The probe was a dual-strand complex with an overhanging 

part of ATP aptamer, which contributed steric hindrance and protected the DNA 

hairpin against the digestion by Exo III. After binding to the target ATP, the aptamer 

DNA will be released from the complex, and thus initiated the Exo III-assisted ITA 
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Fig. 4.21 Schematic illustration of the constructed three-stage amplification method for the 

detection of PDGF. Reprinted with permission from Li et al. (2016), © 2016 Elsevier
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process. The stem-loop probe will be hydrolyzed and the blocked G-rich sequences 

will be liberated from the hairpin DNA, resulting in formation of multiple G4 struc-

tures and enhanced fluorescence of ThT. The signal-to-noise ratio of the sensing 

system was calculated to be 22.4 with a detection limit of 280 pM.

Sun et al. constructed an amplified fluorescence LFB for the ultrasensitive analysis of 

adenosine based on Exo III-assisted ITA and hybridization chain reaction (HCR) (Sun 

et al. 2015a). The biosensor consisted three steps as shown in Fig. 4.23. In the first step, 

a streptavidin-magnetic mircobead functionalized with aptamer- contained dsDNA was 

employed to achieve a low background. After adding adenosine to the sensing system, 

adenosine bonded to the aptamer DNA, resulting in release of ssDNA. In the second 

step, the released ssDNA hybridized with the stem- loop DNA and formed dsDNA with 

blunt 3′-terminus. Exo III then catalyzed the digestion of the stem-loop DNA, releasing 

the trigger strand (pink). In the last step, the trigger strand initiated the assembling pro-

cess of HCR, forming amplified amount of split G4 structures and generating enhanced 

intensity in the fluorescence of G4-specific dye NMM. This method exhibited a high 

sensitivity towards adenosine with a detection limit of 4.2 × 10−7 mol/L, and showed 

distinguish capacity for adenosine in urine samples from cancer patients.

4.6  Conclusion and Perspective

In the past decades, increasing efforts have been made to develop isothermal ampli-

fication technologies for the ultrasensitive and economic detections of biochemical 

samples. Furthermore, the employment of G4 in LFBs contributed to advantages of 

multiple signal outputs and a variety of design strategies. Prospectively, low cost, 
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high sensitivity, time-saving, as well as visual assay can be simultaneously realized 

based on G4 and ITA, which shows great potential for early diagnosis of cancer in 

developing areas.

However, there were also some inevitable drawbacks and limitations in the 

G4&ITA-based assays. It was generally known that many fluorescence dyes are sus-

ceptible to environment. The fluorescence emission property of some dyes can be 

affected by ionic strength, temperature, metal ions, proteins et al. in the environment. 

Especially in the label-free system, the dyes were homogeneously dispersed and sepa-

rated with oligonucleotides probes. Meanwhile, the versatile G4 can also display a 

disruptive behavior due to its binding activities towards various kinds of ligands 

including metal ions, organic compounds, proteins, nanomaterials, and even cells. 

The respective binding of G4-responsive dyes and G4s to the interference compounds 

in the matrix might lower the sensitivity or cause false signals. Besides, the amplifica-

tion strategies have become more and more sophisticated to get a higher sensitivity, 

which always suffered complicated steps and operations. So, the G4-based label-free 

system is more fragile than labeled system due to an increased uncertainty.
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Fig. 4.23 Illustration of the detection principle of fluorescence biosensor for the ultrasensitive 

detection of adenosine based on aptamer, Exo III-assisted ITA and HCR. The recognizing (a), 

amplifying (b) and HCR assembling (c) steps of this ultrasensitive LFB. Reprinted with permis-

sion from Sun et al. (2015a) query, © 2015 Elsevier
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Except requirement for sample pretreatment, ratiometric detection may be an 

effective alternative to circumvent this vulnerability. As the two different signal 

indicators both have response to analyte, ratiometric methods have the advantages 

to eliminate the negative effect in complex environment and give more precise mea-

surement. Increasing efforts are being devoted to develop ratiometric sensors for 

DNA (Guo et  al. 2016a; Liu et  al. 2016), proteins (Chang et  al. 2016; Hu et  al. 

2016), and small compounds (Zhao et al. 2016; Zhu et al. 2016). For instance, our 

group developed a ratiometric LFB for fluorescence detection of DNA by using two 

kinds of binding-responsive dyes (Guo et al. 2016a). The ratio calculation of dual- 

signal intensities contributed to a better sensitivity and selectivity compared with 

single-signal intensity.

Though the cited works in this chapter showed excellent performances including 

low cost, ultrahigh sensitivity and selectivity, they all focused on single target. It is 

worth noting that, some biomarkers are associated with only one type of cancer, 

whereas others are associated with two or more cancer types. For example, miRNA-

 122 is a tumor suppressor specific in hepatocellular carcinoma, while miRNA-141 

shows correlations with nasopharyngeal carcinoma, bladder cancer, colorectal can-

cers, gastric cancer, pancreatic cancer, osteosarcoma, breast cancer, and renal cell 

carcinoma. Squamous cell carcinoma antigen is mainly involved in the malignant 

behavior of squamous cell cancers, while carcinoembryonic antigen is a wide- 

spectrum tumor marker expressed in many types of cancer cells. Besides, there can 

be opposite correlation between the same biomarker with different types of cancer. 

For instance, miRNA-141 is overexpressed in colorectal cancers, but downregulated 

in gastric cancer. On the other hand, abnormal levels of some biomarkers are cor-

related to more than one kind of disease. For example, miRNA-29 exhibits dysregu-

lation in lung cancer, chronic lymphocytic leukemia, Alzheimer disease, and cardiac 

ischemia. Abnormal AFP levels account to not only tumors, but also neural tube 

defects, omphalocele, and ataxia telangiectasia. Adenosine performs extremely 

important roles not only in tumor proliferation, but also in inflammation, brain isch-

emic damage, and Huntington’s disease.

Therefore, a comprehensive and logical understanding of the combinational 

parameters is in urgent need for the clinical diagnosis and study of cancers. DNA 

logic gate and DNA computation provide an ideal solution to untangle the multi-

ple and confused test parameters for a clear conclusion (Pei et al. 2010). In a logic 

gate- based assay strategy, a single conclusion can be obtained based on both nega-

tive and positive responses. For instance, Guo et al. proposed a three-target DNA 

logic circuit, which could be applied for intelligent assay of multiple DNA/RNA 

targets (Guo et al. 2014a). In a logic strategy, an “INHIBIT” system can be applied 

for the simultaneous assay of a positive biomarker and a negative biomarker. 

Undoubtedly, the employment of G4 and development of ITA were for the low-

cost and time- efficient advantages for the early diagnosis of cancers. For an 

improved performance of more cost-saving and time-saving, we think intelligent 

assay based on DNA logic gates and DNA computation must be promising and 

useful.
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4.7  Summary Table

Label-free and ultrasensitive biosensors for biomarker assay based on G4 and ITA

Biomarker Enzyme

G4 ligand/substrate 

and signal

Detection 

limit 

(mol·L−1) Reference

DNA 

mutation

TP53 exo− Klenow 

fragment

Hemin/

ABTS2− colorimetric
25 × 10−15 Li et al. (2013)

c-erbB-2 Exo III Thioflavin 

T/— fluorescence
20 × 10−15 Chen et al. 

(2014)

T790M DNA ligase

phi29 DNA 

polymerase

Thioflavin 

T/— fluorescence
6.9 × 10−10 Lee et al. (2016)

TP53 exo− Klenow 

fragment

Nt.BbvCI

Hemin/

ABTS2− 

colorimetric

10 × 10−15 Xu et al. (2016)

K-ras exo− Klenow 

fragment

Nt.BbvCI

Hemin/

ABTS2− 

colorimetric

10 × 10−12 Xu et al. (2017)

miRNA miRNA-141 Nt.Bst.NBI

VentR DNA 

polymerase

Hemin/ABTS2− 1 × 10−15 Wang et al. 

(2013)

let-7a miRNA T4 DNA 

ligase

exo− Klenow 

fragment

Nt.Alwl

Hemin/

ABTS2− 

colorimetric

1.0 × 10−21 Bi et al. (2013)

miRNA-21 exo− Klenow 

fragment

Nb.BbvCI

Hemin/

ABTS2− 

colorimetric

1.7 × 10−12 Yan et al. 

(2015)

miRNA-21 VentR DNA 

polymerase

Nt.Bst.NBI

8–17 

DNAzyme

Hemin/TMB 

chronoamperometry
0.5 × 10−18 Cheng et al. 

(2016)

miRNA-122 Duplex-

specific 

nuclease

Hemin/luminol 

chemiluminescence
4.9 × 10−11 Wang et al. 

(2016c)

let-7b miRNA exo− Klenow 

fragment

Nb.BbvCI

T4 DNA 

ligase

phi29 DNA 

polymerase

NMM/— 

fluorescence
3.2 × 10−12 Wang et al. 

(2016d)

let-7d miRNA exo− Klenow 

fragment

Nb.BbvCI

phi29 DNA 

polymerase

NMM/— 

fluorescence
1.5 × 10−13 Zheng et al. 

(2016)

miRNA-141 Duplex-

specific 

nuclease

MG/— fluorescence 1.0 × 10−12 Zhang et al. 

(2017)
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Biomarker Enzyme

G4 ligand/substrate 

and signal

Detection 

limit 

(mol·L−1) Reference

Enzyme Telomerase Telomerase SYBR Green 

I/— fluorescence

4 cells Quach et al. 

(2013)

Methyltrans-

ferase

Exo III

Dpn I

ZnPPIX/— 

fluorescence
2.0 × 10−4 U/

mL

Xue et al. 

(2015)

Protein Trans cription 

factor

Exo III

exonuclease I

T7 RNA 

polymerase

VentR DNA 

polymerase

Nt.Bst.NBI

Hemin/luminol 

chemiluminescence
6.0 × 10−15 Ma et al. (2014)

PDGF Nt.BbvCI

exo− Klenow 

fragment

Phi29 

polymerase

NMM/— 

fluorescence
3.8 × 10−16 Li et al. (2016)

Small 

molecule

Adenosine Exo III NMM/— 

fluorescence
4.2 × 10−7 Sun et al. 

(2015a)

ATP Exo III ThT/— 

fluorescence
28 × 10−11 Wang et al. 

(2016e)
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5.1  Introduction

Biosensors are compact analytical devices that mimic natural chemoreception 

schemes: biological components react with the analyte of concern to produce bio-

chemical information, readily translated into an electric signal by a chemical trans-

ducer (Fig. 5.1). In context, the analytical characteristics of any device depend upon 

the intra-component properties and inter-component correlations: specificity is 

assigned by the biological system used, response times are determined by the trans-

ducer, miniaturization comes mostly inherent by the nanosize of the biological moi-

eties, and intrinsic signal amplification capabilities are determined by the 

bioelement-transducer interface (Palchetti and Mascini 2010; Shruthi et al. 2014). 

Since 1960s, when Leland C. Clark, Jr. in 1960s used an oxygen probe as a glucose 

meter (Clark and Lyons 1962), the realization of the biosensor concept has been 

almost explicitly linked with the biomedical sector, where prospects, expectations, 

and deliverables could be readily translated into a worthwhile market-based rate of 

return in the portfolio of products.
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As diagnosis, monitoring, and therapy of diseases, especially cancer, shifts now-

adays to a more molecular-based approach, biosensor technology may provide a 

suitable platform for real-time and personalized health monitoring. Fast responses, 

miniaturized sensor size, biocompatibility, rapid label-free detection, easy device 

tailoring, ultra-low detection limits, high reliability of measurements, and low 

development costs are appealing to patients, physicians, and the medical industry 

alike. The versatility of biosensor platforms offers a significant advantage in person-

alized and/or targeted monitoring: in concept, mush verified in practice, as well, any 

analyte can be correlated with a variety of suitable bioelements, which, in turn, can 

be paired to any transducer (and vice versa) and packaged according to any needs to 

yield a variety of devices with a larger variety of device characteristics. There exists 

the feasibility of engineering wearable or implantable point-of-care biosensors for 

monitoring clinical parameters, such as protein changes, biomarker concentrations, 

and drug targeting (Pantelopoulos and Bourbakis 2010; Jin et al. 2017). The devel-

opment of unobtrusive, recurrent, and long-term nanomonitors can serve adequately 

early diagnosis of alarming health trends, while operating under strict medical spec-

ifications, several ergonomic constraints, and significant hardware resource limita-

tions (Vasan et al. 2013).

The state-of-the-art in emerging concepts is presented herein, strategies and 

techniques in developing biosensor systems for cancer research and diagnosis. 

Critical issues, technology bottlenecks, and challenges are, also, discussed.

5.2  Construction of Biosensor Platforms

Most methods used for biosensor fabrication derive from the vast experience 

acquired in semiconductors and microelectromechanical systems. Briefly, bottom-

 up and top-down approaches are used (Prakash et al. 2017). The former involves the 

management of basic building blocks or materials. For example, self-assembly 

techniques use thermodynamic energy minimization processes to induce phase seg-

regation and yield polymer structures (Ma et al. 2016; Prakash et al. 2009); more 

advanced tools such as optical tweezers (Song et  al. 2010; Suei et  al. 2015) or 
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Fig. 5.1 Overview of biosensor architecture, general device assembly concepts, and basic mecha-

nisms employed in the transduction of the biochemical information into a measurable signal
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atomic force microscopy (Ozkan et al. 2016) enable greater accuracy for pick-and- 

place approaches. Top-down approaches rely on the machining of advanced materi-

als through lithography and etching (Prakash et al. 2017). The processes used for 

the immobilization of the biological system on the transducer surface depend 

strongly on surface-species interactions; thus, the ability to control and manipulate 

surface properties (charge, stress, etc.) is a critical parameter in biosensor design.

The target analyte determines the biological system to be used. Apart from affin-

ity, other criteria that may apply in bioelement selection include, inter alia (Siontorou 

and Batzias 2013): (a) kinetic parameters for the analyte-bioelement interaction; 

fast kinetics could provide fast response times in the event that the speed at which 

the biochemical information is transduced is equally fast (otherwise, the signal 

might be missed); (b) non-toxicity of interaction products, in order to avoid detector 

biofouling or patient intoxication; (c) reversible interaction in order to ensure the 

regeneration of the biochemical layer; (d) tight ligation of the bioelement onto the 

transducer surface to avoid leaching; (e) sufficient bioelement ruggedness to avoid 

denaturation. Evidently, matching the target analyte to a bioelement is not of critical 

concern; matching the bioelement to the conditions under which the biosensor will 

operate and to the aims and scopes of detection (i.e., the sensitivity and selectivity 

requisites) may prove problematic. These parameters should be taken into consider-

ation when designing the diagnostic system, since any optimizations that will be 

applied at device testing might prove unsuccessful (Siontorou et al. 2010).

Nanotools now available can offer several alternatives for engineering biological 

moieties to suit any need, analytical or regulatory. Their coupling to a transducer 

may come in many forms, mostly as electrochemical, optical, or mass-based, 

depending on the type of biological response (Fig. 5.2). Frequently, hybrid trans-

duction (e.g., electrochemical and optical) schemes may be used for signal optimi-

zation purposes. Many strategies have been proposed for enhancing the performance 

of the detectors, both material-based and instrumental. Some examples are given 

here below.
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Electrochemical sensors are compact devices of low resource settings; amenable 

to size reductions, they exhibit excellent linearity and repeatability and generally 

have a long life span, typically 1–3 years. Electrochemical sensors monitor changes 

in ion current, potential, conductance, or impedance (Bollella et al. 2017). Many 

devices have been suggested for targeting low molecular weight species, proteins, 

and cells. Recent advancements allow even for specific epitope targeting, such as 

the carbohydrate sites on cell surfaces; Cheng et al. (2009) developed a detection 

system for glycans on carcinoma cell surface. Signal enhancement may be achieved 

in a variety of ways. Strategies for accelerating the electron transfer with carbon 

nano-forms (nanotubes, nanofibers, nanosheets) have been proposed (Siontorou 

et al. 2016). Nanomaterials can be, also, used as tag molecules in hybrid transducers 

(Ding et  al. 2008; Lai et  al. 2011). Especially in electrochemiluminescent, these 

molecular tags behave as quantum dots and signals can be further amplified using 

ordered assembly or click chemistry, whereas the tags can be directly synthesized as 

dendrimers or polymers. If electrochemical transduction is preferred, gold nanopar-

ticles can be added to produce conductive domains. Velev and Kaler (1999) have 

introduced this strategy when working on a conductivity immunoassay of proteins 

using antibody-functionalized latex spheres positioned between two interdigitated 

microelectrodes; the device could be miniaturized further to structure on-chip pro-

tein arrays with a picomolar detectablity. Silver-enhanced labelling may, also, prove 

quite useful. For example, Liu et al. (2010) used the silver enhancement technique 

in a conductimetric biochip, with a dual response: at a sub-threshold region, using 

electron hopping between silver islands and the electrolyte for conduction, and at an 

above-threshold region that employed direct flow of electrons. As the two regions 

use different conduction mechanisms and produce different slopes, the dynamic 

range of >40 dB produced gave a detection limit of 240 pg/mL. Single-walled car-

bon nanotubes can be easily fit into electrochemical systems to provide increased 

sensitivity to enzymatic reactions.

Optical transducers utilize light absorption, fluorescence, luminescence, total 

internal reflection, or surface plasmon resonance (SPR) for simple (Jeronimo et al. 

2007) or multiplexed detection (Fan et  al. 2008). Optical fibers and waveguide 

devices are used to improve sensitivity of the sensors by enhancing the interaction 

between the guided light and the sensor surface. Pu et al. (2010) proposed a new 

amplification strategy using hybrid nanomaterials (oligomeric silsesquioxane-based 

fluorescent nanoparticles) as signal amplifiers for biological imaging. These materi-

als have fluorescent arms that can be chemically modified to adjust their emission 

wavelength, charge, and diameter according to needs; their signal amplification 

capabilities allow for the use of small quantities of indicator dyes for high-quality 

biological imaging. Similarly, semiconductor nanoparticles exhibit easily tunable 

absorbance and fluorescence. Jokerst et al. (2009) developed a microfluidic device 

for the multiplexed detection of cancer antigen 125 (CA125), carcinoembryonic 

antigen (CEA), and Her-2/Neu (C-erbB-2); the biosensor was based on fluorescence 

transduction of a quantum dot antibody probe immobilized on a microporous aga-

rose bead array supported within a microfluidic system. The integration of semicon-

ductor nanoparticles surpassed the response of standard molecular fluorophores by 

C.G. Siontorou et al.



119

30-fold. On the other hand, magnetic nanoparticles may offer certain advantages, 

especially in DNA-based platforms. Bi et al. (2009) used bio-barcode- functionalized 

magnetic nanoparticles as DNA hybridization platform to avoid cross-reactivity and 

lower detection limits; a femtomolar detection limit was achieved without any pre-

concentration process.

Mass-based transducers detect the mass changes induced by the biochemical 

interaction. They consist of a piezoelectric crystal which oscillates at a particular 

frequency under an electric field. The mass of the crystal and the electrical fre-

quency applied influence the frequency of oscillation of the crystal. Applications in 

cellular biology research involve mostly cell-surface interactions and morphologi-

cal changes (Saitakis and Gizeli 2012). The process of transforming healthy cells to 

cancerous usually brings about changes in the morphology of cells and the arrange-

ment of the cytoskeleton; these changes are expressed in dynamic cell adhesion 

processes and viscoelasticity modifications that can be monitoring in real time with 

a piezoelectric system (Zhou et  al. 2011). The resistance vs. frequency changes 

provided a cell viscoelastic index that could be used to distinguish normal (HMEC) 

from malignant (MCF-7) mammary epithelial cells; during cell adhesion, malignant 

cells became softer, expressing a lower index compared to that of the healthy cells. 

The mechanical properties of cells were studied by applying centrifugal force dur-

ing the interaction of cells on the surface of a quartz crystal microbalance, embed-

ded in the rotor of centrifuge together with its driver (Webster et al. 2014). Apart 

from improving sensitivity, the viscoelastic properties of the cellular surfaces could 

be also measured. Su et al. (2013) developed a piezoelectric system for the direct 

detection of cancer biomarkers based on a lead titanate zirconate ceramic resonator 

as transducer. The dual sensing device had two resonators connected in parallel, one 

as the sensing unit and the other as the control unit; thus, they managed to minimize 

environment interference and compensate for temperature fluctuations. The device 

exhibited high sensitivity (0.25 ng/mL for prostate-specific antigen and α-fetoprotein) 

and fast analysis time (<30 min) of 1 μL samples. This ceramic resonator-based 

platform can be readily coupled to different chemical interfaces, for simple or mul-

tiplex detection.

Calorimetric biosensors are less common in cancer diagnostics, but 

nanotechnology- based modifications have broadened their range of applications. 

These systems measure enthalpy changes to monitor exothermic reactions, provid-

ing, indirectly, information about the concentration of the substrate (Bohunicky and 

Mousa 2011). Medley et  al. (2008) developed a calorimetric biosensor based on 

aptamer-linked gold nanoparticles that could differentiate between acute leukemia 

cells and Burkitt’s lymphoma cells. Their work demonstrated the feasibility of 

developing calorimetric platforms with aptamer-based recognition elements with 

the ability to discriminate between normal and cancer cells.

Microfluidic laboratory on-chip sensors may improve substantially patient care. 

Lab-on-chip technology integrates multiple steps of different analytical procedures, 

large variety of applications, sub-microliter consumption of reagents and samples, 

and portability (Gambari et al. 2003). Electrochemical detection based on paper- 

based microfluidic devices is also promising. Such devices could be developed as 
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portable, easy-to-use, and low-cost point-of-care testing systems (Lu et al. 2012). 

Photolithography arranges microfluidic channels on cellulose fiber-based paper, 

while screen-printing fabricates electrodes on paper (Pires et al. 2014). The surface 

of the screen-printed electrodes can be functionalized with enzymes or DNA strands 

that serve as capture probes for the target analytes.

The use of luminescent nanocrystals (quantum dots) as molecular labels opened 

new horizons in cellular labeling and visualization (Tothill 2009). The nanocrystals 

can be attached to molecules for tracking intracellular components or used for anti-

body labeling. Their narrow emission peaks and spectroscopic properties support 

multiplexed analysis. Moreover, they exhibit high emission quantum yields that 

improve signal/noise ratios and increase the reliability of measurements.

Biosensor technology has indeed reached a level where state-of-the-art processes 

can offer amply a huge variety of engineering solutions for the manufacture of 

advanced micro- and nanosensors. Some examples are presented in the following 

sections. Still, physics present certain insurmountable constraints. The critical 

dimensions of micro- and nanofluidic-based systems are comparable to the scales of 

physical processes engaging small molecules. The minimization of detectable con-

centration levels and detection times are only limited by mass transport phenomena 

and reaction kinetics (Prakash et al. 2017; Siontorou and Batzias 2013). Reliability 

of detection is further reduced by nonspecific adsorption, matrix effects, Debye 

length, and streaming potential (Siontorou et al. 2010). Nanosensors exhibit ultra- 

low detection limits because the screening of ions is reduced in packed spaces that 

are largely inaccessible by proteins, such as the corners between the nanowire and 

the substrate (Shoorideha and Chuia 2014). This corner effect exists in most bio-

sensing structures, regardless of their scale; but at the nanoscale the effect becomes 

more important.

5.3  Biosensor Systems for Cancer

Using biosensors to monitor the levels of individual proteins secreted and/or 

expressed by cancerous cells may provide useful information to the health practitio-

ner regarding cellular states. More than 160 types of biomarkers may be proven 

effective in diagnosing, staging, and treating early-stage cancer. For example, moni-

toring the levels of carcinoembryonic antigen (CEA) before and after treatment can 

be used to identify early recurrences or previously metastases (Kobayashi et  al. 

2012). Biosensor-based point-of-care monitoring could aid cancer management and 

facilitate earlier diagnosis. The systems developed are numerous, mostly on simple 

detection, although there are few platforms for multiplex analysis (Table 5.1). The 

detection limits achieved range between femto- and nano-scales, depending on the 

biosensor components used, such as carbon nanotubes, gold nanoparticles, quantum 

dots, and magnetic particles.

Antigen- and antibody-based biological systems are generally preferred due to 

the inherent specificity of antibody-antigen interactions. Kojima et al. (2003) devel-

oped an arrayed immunosensor with antibodies against α-fetoprotein immobilized 
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Table 5.1 Detection of tumor biomarkers with various biosensor platforms

Biomarker

Detection 

method Biosensor principle

Detection 

limit References

α-Fetoprotein 

(AFP)

Electrochemical Arrayed 

immunosensor with 

antibodies 

immobilized in a 

plasma- polymerized 

film

Kojima 

et al. (2003)

Prussian blue with 

screen-printed 

amperometric sensor

5 ng/mL Guan et al. 

(2004)

α-Fetoprotein 

(AFP) and 

carcinoembryonic 

antigen (CEA)

Electrochemical Dual immunosensor 1 ng/mL Wilson 

(2005)

Streptavidin- 

functionalized 

silver- nanoparticle- 

enriched carbon 

nanotube tag

0.093 pg/mL 

(AFP), 

0.061 pg/mL 

(CEA)

Lai et al. 

(2011)

Breast cancer 

susceptibility gene 

(BRCA1)

Electrochemical cDNA immobilized 

chitosan-co- 

polyaniline 

functionalized matrix

0.05 fM Tiwari and 

Gong 

(2009)

Mesoporous carbon 

nanospheres–

toluidine blue 

nanocomposite

3.97 ng/mL Fan et al. 

(2013)

Cancer antigen 

125 (CA-125)

Electrochemical Direct 

electrochemistry of 

horseradish 

peroxidase on titania 

sol-gel immunosensor

1.29 units/mL Dai et al. 

(2003)

Cancer antigen 

15–3 (CA15–3)

Optical Gold nanorod -based 

plasmonic sensor

0.0249 units/

mL

Chen et al. 

(2015)

Carcinoembryonic 

antigen (CEA)

Electrochemical Direct 

electrochemistry of 

horseradish 

peroxidase on 

modified silica gel 

immunosensor

0.4 ng/mL Tan et al. 

(2006)

Thionine-doped 

magnetic gold 

nanospheres as labels 

and horseradish 

peroxidase as 

enhancer

0.01 ng/mL Tang et al. 

(2008)

Electrochemi- 

luminescence

Ru(bpy)3
2+-graphene-

Nafion composite

0.002 pg/mL Hao et al. 

(2012)

Ferritin Piezoelectric Gold chip 

immunosensor

0.1 ng/mL Chou et al. 

(2002)

(continued)
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Table 5.1 (continued)

Biomarker

Detection 

method Biosensor principle

Detection 

limit References

Human chorionic 

gonadotrophin 

(hCG)

Optical Fluorescence 

immunosensor

25 units/mL Nakamura 

et al. (2001)

Human epidermal 

growth factor 

receptor 2 (HER2)

Electrochemical Label-free capacitive 

aptasensor coupled to 

non-Faradaic 

Impedance 

Spectroscopy

0.2 ng/mL Qureshi 

et al. (2015)

Human prolactine 

biomarker 

(hPRL-3)

Electrochemical Phage-modified 

light-addressable 

potentiometric sensor

0.04 nM Jia et al. 

(2007)

Interleukin 6 

(IL-6)

Electrochemical Direct 

electrochemistry of 

horseradish 

peroxidase on carbon 

nanotubes gold-

modified surfaces

0.5 pg/mL Malhotra 

et al. (2010)

Mucin 1 (MUC1) Electrochemical Magnetic beads 

coupling screen-

printed array

0.07 nM Florea et al. 

(2015)

Prostate-specific 

antigen (PSA)

Piezoelectric Microcantilever 

immunosensor
0.2 μg/mL Wu et al. 

(2001)

Optical SPR with colloidal 

gold nanoparticles

0.15 ng/mL Besselink 

et al. (2004)

Gold layered 

dielectric-metal 

nanoparticles 

immunosensor

0.1 ng/mL Hirsch et al. 

(2003)

Micromechanical 

silicon nitride 

cantilevers

0.2 ng/mL Wu et al. 

(2001)

Electrochemical Direct 

electrochemistry of 

horseradish 

peroxidase on carbon 

nanotubes gold-

modified surfaces

0.5 pg/mL Mani et al. 

(2009)

Amine-terminated 

DNA aptamers were 

coupled to sulfo-

betaine gold 

electrodes

1 ng/mL Jolly et al. 

(2015)

Electrochemi- 

luminescence

Carbon nanotubes- 

chitosan/gold 

nanoparticles

0.6 pg/mL Zhang et al. 

(2012)
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in a plasma-polymerized film. Dual systems for α-fetoprotein and carcinoembry-

onic antigen have been, also, proposed with either conventional platforms (Wilson 

2005) or functionalized nanoparticles (Lai et  al. 2011). Prostate-specific antigen 

(PSA) can be reliably detected with an anti-PSA antibody. The most successful 

platforms developed involve microcantilever-based transducers (Wu et  al. 2001) 

and surface plasmon resonance (SPR)-based sensors (Hirsch et al. 2003), in which 

PSA antigen binding to antibody changes the vibrational frequency in an extend 

analogous to antigen concentration. Jia et al. (2007) developed a light-addressable 

potentiometric sensor using a phage recognition element for human prolactine bio-

marker (hPRL-3) and human breast cancer cell line MDA-MB-231; the results 

showed that the biosensor developed was more applicable to cancer cells detection. 

The major constraints of immunosensor platforms include the reduced thermal and 

physical ruggedness of the biological moieties and the difficulty in regenerating the 

antibody-based systems (Mittal et al. 2017); both limit considerably the reliability 

of the sensors, especially towards the limits of detection.

Aptamers and nucleic acids have been also proposed for cancer biosensing, offer-

ing almost endless different sequences that can express high affinities for their tar-

gets. A combinatorial chemistry-based technology that uses exponential enrichment 

for the systematic evolution of ligands can be used to generate specific nucleic acid 

probes from a library of RNA and DNA oligonucleotides. Despite the low success 

rates and time-consuming attributes of this technology (Mittal et  al. 2017), many 

relevant biosensors have been developed, focused on the discovery of new cancer 

biomarkers for early diagnosis, such as the breast-specific protein NY-BR-1, and the 

cancer testis antigens CAGE-1 and NY-ESO-1 (Bohunicky and Mousa 2011). The 

latter are either detected by the cytotoxic T-lymphocytes of cancer patients or induce 

a serological immune response in the autologous host; these markers could be used 

for the development of anti-cancer vaccines (Balafoutas et al. 2013).

Aptasensors usually employ sandwich type methods, where the aptamers are 

attached to the transducer surface and analytes are attracted from liquid samples to 

yield high efficiencies. A second antibody with a measurable label is then bound to 

the attracted analytes; this label is readily detected by electrochemistry or other 

methods. For example, Mucin1 has been detected in real serum samples using a 

screen-printed array biosensor with magnetic beads and alkaline phosphatase label-

ing (Florea et al. 2015); the detection limit achieved was 0.07 nM within a linear 

Table 5.1 (continued)

Biomarker

Detection 

method Biosensor principle

Detection 

limit References

Vascular 

endothelial growth 

factor (VEGF165)

Electrochemical A label-free 

electrochemical 

aptasensor based on 

ordered mesoporous 

carbon-gold 

nanocomposite- 

modified screen-

printed electrode

1 pg/mL Tabrizi et al. 

(2015)
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range between 0 and 0.28 nM. Label-free schemes have been also reported. An apta-

sensor on carbon−gold nanocomposite-modified screen-printed electrode has been 

recently proposed for the detection of vascular endothelial growth factor VEGF165 in 

the serum of patients with lung cancer (Tabrizi et al. 2015). The sensor measures the 

changes in the interfacial charge transfer resistance of the electrode induced by the 

interaction of the immobilized anti-VEGF165 aptamer with the sample VEGF165 

marker. In another study, a label-free capacitive aptasensor was developed for the 

human epidermal growth factor receptor 2 (HER2) protein using anti-HER2 DNA 

aptamers functionalized on interdigitated microelectrodes (Qureshi et al. 2015). The 

aptamer-protein complex induced concentration-dependent changes in the values of 

impedance/capacitance. Jolly et  al. (2015) used impedimetric methods and an 

aptamer platform for detecting PSA in real blood samples. The authors compared 

two different methods in order to elucidate how the sensitivity and selectivity are 

impacted by surface chemistry. A thiolated DNA aptamer interacted with mercapto-

ethanol-modified gold electrodes; alternatively, amine- terminated DNA aptamers 

were coupled to anti-fouling sulfo-betaine gold electrodes. Although both fabrication 

processes were long and cumbersome, the detectability achieved was 1 ng/mL with 

sulfobetaine-probes and 10 μg/mL with mercaptoethanol-modified electrodes.

Light emission/absorption-based determination of biomarkers is a wide research 

field, mostly focused on nanoparticles, which involve photostable synthesis and 

provide noise-free fluorescence signals (Mittal et  al. 2017). Chen et  al. (2015) 

developed a combined detection assay for cancer antigen 15–3 (CA15–3) and cop-

per level in serum using a gold nanorod-based plasmonic sensor. Manikandan et al. 

(2014) compared several surface-enhanced Raman spectroscopy substrates pro-

duced by in situ nucleation of gold nanohexagons on graphene nanosheets, gold 

nanoparticles, and gold-conjugated graphene nanomaterials; these nanomaterials 

enhanced Raman scattering to such a degree that human breast normal, cancer, and 

cancer stem cells could be discriminated. Cytotoxic studies indicated that graphene 

nanomaterials hardly enter cell; results on gold nanoparticles were inconclusive.

Some implantable electrochemical biosensors have been reported, designed to 

measure and transmit a specific response towards an analyte at the molecular level. 

A two or three electrode systems are commonly used, coupled to the appropriate 

enzyme. Apart from the use of nanomaterials to modify electrodes, some studies 

have been published on the development of devices with nanometric geometry 

(Goncalves et al. 2011), where one-dimensional structures serve as working elec-

trodes for measuring femto- or pico-ampere activities. Various electrodes such as 

single-walled carbon nanotubes (Baughman et  al. 2002) or boron-doped silicon 

nanowires (Goncalves et al. 2011) have been used in the construction of nanode-

vices. Hoeben et al. (2008) used a reduced scale of redox enzymes to electrochemi-

cally study a small amount of molecules. The measurements, made on lithographically 

fabricated 70 nm gold nanoelectrodes, showed successfully for the first time a dis-

tinct catalytic activity from less than 50 enzymes molecules. Cordeiro et al. (2015) 

developed an implantable biosensor for the continuous and simultaneous monitor-

ing for glucose, lactate, and pyruvate. The sensor has been implanted in rats for 

evaluation; the brain levels of the carbohydrates could be monitored at the milli-

molar range. Zhang et  al. (2016) developed a silicon-based 16-site implantable 
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25-mm long microelectrode array chip fabricated by standard lithography. The sen-

sor was implanted in nonhuman primates for monitoring in real time the electro-

chemical activity of dopamine.

Flexible microelectrode arrays are expected to revolutionize point-of-care 

devices. Polyimide thin films have been proposed for implantable probe develop-

ment. These films are deposited onto a carrier substrate; using anodic release, the 

carrier substrate discharges the polyimide structures in saline solution (Cheung and 

Renaud 2006). However, biocompatible interfaces between the implanted sensor 

and the surrounding tissue have not been demonstrated yet. The use of anti- 

inflammatory and biodegradable coating might interfere with analyte detection 

compromising the reliability of the measurements (Siontorou et al. 2010).

Optical platforms have been also proposed for in vivo sensing. Parameters such as 

fluorescence intensity and lifetime enhance sensitivity and offer long-term stability. 

Much work has been published on fluorescence resonant energy transfer-based biosen-

sors for glucose, where the intensity of the signals is proportional to glucose levels 

(Khan et al. 2008). A transdermal system for continuous glucose monitoring has been 

reported by Ballerstadt et al. (2006). To further reduce invasiveness, transdermal glu-

cose monitoring uses functionalized fluorescent microparticles injected in the patient 

(Shibata et al. 2010). Although promising, this approach is not suited for point-of-care 

continuous applications as a video camera and external light excitation are needed for 

image analysis. Valdastri et al. (2011) presented a miniaturized fluorescence biosensor 

suitable for long-term implantation. The device uses phototransistors as detectors and 

achieves fluorescence excitation and detection by driving a laser diode light source 

(Fig. 5.3). The signals are amplified and transmitted across the skin to a mobile device. 

Yet, the functionality of the sensor has been demonstrated only in vitro. Tong et al. 

(2016) studied the optical functionality, in vitro and in vivo, of a thermally hydrocar-

bonized porous silicon optical rugate filter, along with its stability and biocompatibility. 

The material proved to be cytotoxic, regardless of its surface chemistry, possibly due to 

the mitigation of reactive oxygen species levels during the pre-incubation of the film.

Magnetic resonance platforms have been also proposed. Harris et  al. (2008) 

developed an in vivo sensor for measuring proteinase activity related to cancer. In 

external casing

power supply
wireless electronics

laser diodephotodetectors

hydrogel waveguide

optical filters
measurement chamber

a

excitation light

bioelement

analyte

fluorescent protein 1 fluorescent protein 2

bioelement-analyte 

complex

low energy transfer high energy transferb

Fig. 5.3 (a) Architecture of the implantable fluorescent-based electrochemical biosensor. (b) The 

fluorescent resonant energy transfer concept: when two fluorescent proteins are covalently attached 

to the bioelement, a limited energy transfer from one protein to the other is recorded; the binding 

of the analyte to the bioelement induces conformation changes to the latter that result in bringing 

the two proteins closer and, thus, allowing for the transfer of a higher amount of energy (adopted 

from Valdastri et al. 2011)
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this platform, protease-cleavable ligands coated a nanoparticle to mask a cell inter-

nalization signal embedded in the ligand (Fig. 5.4). When metalloproteinases are 

present in the matrix, the ligand is cleaved and the internalization signal is expressed. 

The presence of a tumor induces locally a high expression of proteases that drive the 

particles inside the tumor cells. Similar systems with other reporter proteases or 

with a combination of proteases and specific linkers could be developed for multiple 

cancer types. Daniel et al. (2009) developed an implantable biosensor that could 

sense the microenvironment. The sensor is built on a semi-permeable membrane 

containing nanoparticle magnetic relaxation switches. Ectopic tumors were pro-

duced in mice using a cell line that secreted a model cancer biomarker. After 1 day, 

tumor-bearing mice exhibited a transverse relaxation time that was 20 ± 10% lower 

than the healthy-control mice. The applicability of these devices in the verification 

of successful tumor resection may be realized quite soon.

5.4  Challenges in Implantable Sensor Development

In vivo monitoring has not been yet realized in a substantial extent. However, research 

in molecular therapy targets specific malfunctioning molecules and pathways in can-

cer. For example, kinase inhibitor imatinib proved promising for the management of 

internalization signal

cleavable linker

masking peptide

metalloproteinasses
retention in tumor

dispersed nanoparticles aggregated nanoparticles

analyte
b

a

Fig. 5.4 Schematic representation of magnetic resonance platforms: (a) The magnetic nanopar-

ticles are masked with protease-cleavable ligands to prevent internalization until the mask is 

removed by tumor-associated metalloproteins; the nanoparticles can then be efficiently internal-

ized by the adjacent tumor cells. (b) Dispersed bifunctional particles exhibit a high relaxation time; 

when bound to the target analyte, they aggregate, quantitatively lowering the signal (adopted from 

Harris et al. 2008; Daniel et al. 2009)
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chronic myeloid leukemia and gastrointestinal stromal tumors whose growth is 

related to the expression of specific kinase mutants (Sawyers 2004). The efficiency 

of the inhibitor needs to be evaluated at the level of protein interactions. Biosensors 

based on fluorescence resonance energy transfer (FRET) may provide the technol-

ogy for monitoring kinase inhibition in live cells, even for in  vivo applications. 

Numerous FRET-based biosensors have been recently published for the detection of 

oncogene-related kinase activities (Wang et al. 2005; Zhang and Allen 2007), and for 

other molecules that indicate cancer migration and invasion (Wang et al. 2008).

One major challenge in in vivo systems is powering. Inductive links for powering 

remotely devices has already reached the market. Size reductions in inductors for 

in vivo applications remain an open topic. The use of micro-fabricated inductors 

demonstrates the greatest potential (Olivo et al. 2014). Less power consuming and 

autonomous platforms have been reported. For example, nanoparticle magnetic 

relaxation switches have been developed for in vivo sensing (Daniel et al. 2009). 

The sensor is covered by a semi-permeable membrane that allows the selective dif-

fusion of cancer biomarkers or drug molecules into the surface of the sensor.

Further, biocompatibility issues have not been adequately addressed. Their role in 

device engineering is inevitably dual: to prevent foreign body reaction and sensor foul-

ing. Many polymeric materials, such as polyallylamines, horseradish peroxidase, or 

polyethylene glycol derivatives, have been suggested as coating materials but proven 

unsuccessful (Norton et al. 2007). Wang et al. (2013) have recently proposed the use of 

hydrogels from poly(lactic-co-glycolic) acid microsphere dispersed in poly(vinyl alco-

hol); preliminary in  vivo testing results were very promising but more research is 

required with different biosensor systems in order to evaluate its efficiency.

Notwithstanding, a very interesting field has been recently introduced: nano- 

biolectronics. In brief, nanomaterials are integrated with biology and electronics in 

order to overcome existing challenges in biosensors. The downsizing of electronic 

transducers affords them a more nature-relevant and biocompatible character that is 

expected to bring sensitivity to near-nature levels (Zhang and Lieber 2016). Nano- 

bioelectronic devices are used to study neural circuits at the cellular and subcellular 

level. Nanowire-nanotube heterostructures can penetrate cell membranes for mini-

mally invasive recordings; when coupled with phospholipid functionalization, these 

nano-probes can facilitate spontaneous membrane penetration and a tight mem-

brane seal of high resistance (Duan and Lieber 2015). Intracellular sensing becomes 

possible, opening new avenues in cancer diagnostics.

5.5  Conclusions and Future Prospects

Clinical biosensors have undoubtedly much to offer in cancer diagnosis. Recent 

progress in the development of multiplexed platforms is promising, while the sensi-

tivity and selectivity of nanosensors might prove quite advantageous for novel 

approaches in early diagnosis and therapy monitoring. Lab-on-chip platforms show 

a steady potential towards rapid commercialization of point-of-care and implantable 

systems. Nanomaterials, particularly quantum dots, can facilitate the tracking of 

cancer cells or drug molecules. Integrating nanomaterials and biosensors might 
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improve cancer imaging and drug delivery. Personalized health care systems might 

be a reality in the near future.

Biosensor technology presents the potential not only to serve the to-date cancer 

diagnostic strategy, but also to propose and support new, more efficient schemes. 

For example, cancer is usually expressed, at the molecular level, with a set of bio-

markers; multiplexed platforms could be developed to provide reliable information 

for a wide dynamic range of many different biomarkers at ultra-low detectability. 

Further, the development of a diagnostic tool to inform on the borders of a tumor 

pre- or peri-operatively, could improve therapeutic success rates.

Notwithstanding, several issues need careful consideration when designing bio-

sensor platforms. Despite progress in microfluidics, miniaturized transducers, and 

materials, the assembly of the biosensor components into a fully integrated device 

that could autonomously perform the analysis process has not been realized yet; pos-

sibly, the emerging nano-bioelectronics technology could support this goal. Also, as 

single-cell analysis is just started to post as requisite for early cancer diagnosis, nano-

platforms developed have not proved capabilities for detecting reliably just a limited 

number of biomolecules within a given cell. In addition, personalized medicine goes 

beyond disease diagnosis; more clinical information is required for a detailed molec-

ular profiling, especially for the stage of tumorigenesis, the appropriate treatment 

regime, or in monitoring for disease recurrence. Thus, there exists the need for devel-

oping biosensors that could rapidly screen for DNA mutations and gene products.

Drug discovery and delivery may present another field where biosensing might 

prove beneficial and efficient. In vivo drug kinetics are affected by the properties of 

the active ingredient and how these properties are modified in vivo by transport, 

binding, or metabolism. This approach requires new strategies for reliably predict-

ing drug delivery properties early in pharmaceutical development, so that the most 

efficient and suitable compounds move to clinical studies. This is especially true for 

the new therapeutic classes of gene-based drugs, although the proteomic informa-

tion now available from gene expression data offers new prospects in both cancer 

management and biosensor development.
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6.1  Introduction

Biosensors are analytical devices with one or more biologic recognition elements 

that are specific for a certain target analyte of interest. Clinical diagnosis and disease 

prevention are the major applications of biosensor technology (Mascini and 

Tombelli 2008). It has several benefits over conventional diagnostic analysis includ-

ing simplicity of use, specificity for the target analyte, and capability for continuous 

monitoring and multiplexing (Mascini and Tombelli 2008; Yu and Irudayaraj 2007). 

Point-of-care testing is known as medical diagnostic process which is conducted to 

the near patient and outside the clinical laboratory that don’t involve the use of labo-

ratory staff. The diagnosis device should be cheap and disposable to provide the 

benefits to the large part of the population in developing countries. Recently, with 

the printed electronics and roll-2-roll technologies tools have been developed that 

could potentially make diagnostics available to a much wider population (Gates 

et al. 2005). Electrochemical detection method is considered as one of the major 

sensing methods in microchip-based biosensors as it facilitates miniature sensing 

system and could be practically applied to a portable biosensing device for next- 

generation point-of-care biomedical testing (Gubala et al. 2012; Sharma et al. 2015; 

Rusling et al. 2010; Mahato et al. 2016). The tests need only simple instruction to 

use and detect multiple analytes or biomarkers in patient body fluids.

Enzyme labels are most commonly used in electrochemical biosensors for signal 

amplification (Hu et al. 2014; Nistor et al. 2002). Also nanomaterial-based highly 

sensitive biosensors have been newly developed (Chandra et al. 2015). The enzyme- 

based biosensors are most famous because of its high and reproducible signal 

mailto:dutta.gorachand@gmail.com


134

amplification. But the direct electron transfer between enzyme label and electrode 

is a formidable challenge because of the large electron-hoping distance between the 

electrode and the redox center of the enzyme label and the signal amplification by 

enzymatic reaction not enough to obtain ultrasensitive biomolecule detection which 

is urgent for early and rapid diagnosis of diseases (Bourdillon et al. 1996 and Chen 

et al. 2007). To overcome this limitation, mediated electron transfer could be used 

where a redox mediator can help in fast transfer of electron from enzyme label to 

electrode, i.e., enzyme label-based electrochemical-enzymatic (EN) redox cycling. 

Chemical amplification can significantly enhance the signal level without signifi-

cantly changing the background level (Park and Yang 2014). High signal-to- 

background ratios can be obtained using an enzymatic reaction or a nanocatalytic 

reaction plus a redox cycling reaction. Redox cycling is a process that can repeti-

tively generate or consume signaling species in the presence of reversible redox 

species. The reversible two reactions, i.e., oxidation and reduction in a redox cycling 

process, can be observed either enzymatically, chemically, or electrochemically 

(Yang 2012). Electrochemical-electrochemical (EE) redox cycling, electrochemical- 

chemical (EC) redox cycling, or electrochemical-chemical-chemical (ECC) is 

effective in regenerating the signaling species and provides a very high and repro-

ducible electrochemical signal (Yang 2012; Sen et al. 2012; Xia et al. 2014). In EE 

redox cycling, two close proximity electrodes are used for redox cycling of a signal-

ing species, and in EC redox cycling, an extra chemical (i.e., reducing agent) is used 

to cycle the redox species which is generated on the electrode surface during elec-

trochemical reaction. In ECC redox cycling two chemicals are used to cycle the 

electrochemically redox species and signal-to-noise ratio for ECC redox cycling is 

much better than EC redox cycling (Park and Yang 2014; Akanda et al. 2011).

A combination of redox cycling and electrochemical detection can play an important 

role in the development of ultrasensitive and reproducible biosensors for point-of-care 

testing. Point-of-care testing of biomarkers in clinical samples is of great importance for 

rapid and cost-effective diagnosis. However, up to now it is extremely challenging to 

develop an electrochemical POCT technique retaining both simplicity and very high sen-

sitivity. However, many DNA or RNA sensors were reported with ultrahigh sensitivity but 

the detection procedures are quite complicated, which is unacceptable for next-generation 

point-of-care testing (Deng et al. 2017; Tiwari et al. 2016). Electrochemical biosensors 

are most suited to determine the biomarkers in “real-life” samples due to their low cost, 

high sensitivity, portable field-based size, and rapid diagnosis. But in most cases electro-

chemical signals are mass transfer limited of their signaling species to the electrode. 

Signaling species can be effectively regenerated and consumed by redox cycling and pro-

vides a reproducible and steady-state electrochemical signal and an ultrahigh detection 

scheme can be designed based on redox cycling technique. Accurate measurement of 

cancer biomarkers in their very early stage (benign) facilitates the categorization of tumor 

cells. Redox cycling-based electrochemical biosensors could be a promising tool for 

early-stage cancer diagnosis before the malignant stage and can save the patient life.

The present review pays attention to a novel electrochemical concept based on 

different redox cycling schemes to develop next-generation POC devices for 
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Table 6.1 Most reported electrochemical redox cycling techniques for highly sensitive cancer 

detection

Types of redox 

cycling Schematic representation

Reason for signal 

amplification References

Electrochemical- 

enzymatic (EN) 

redox cycling

Substrate

Enzyme

e–

M+ M

Redox mediator (M+/M) 

helps in fast transfer of 

electron from enzyme label 

to electrode

Singh et al. 

(2013)

Electrochemical- 

electrochemical 

(EE) redox 

cycling

e–

e–

M+ M

Repetitive generation and 

consumption of M and M+ 

into the anode and cathode 

compartment, respectively, 

significantly enhanced the 

detection signal

Yasukawa et al. 

(2012), Han 

et al. (2014)

Electrochemical- 

chemical (EC) 

redox cycling

e–

A+

Reductant

A

Reductant helps 

regeneration of signaling 

species (A) on the 

electrode surface and 

enhances the detection 

signal

Akanda and Ju 

(2016), Das 

et al. (2015), 

Cheng et al. 

(2014), Zhang 

et al. (2016a, 

b), Wang et al. 

(2014)

(continued)

early-stage detection of cancer biomarkers. Different redox cycling mechanisms are 

discussed that are used for over the past few years for cancer diagnosis. Also mul-

tiple detection of cancer biomarkers at single diagnostic platform is focused that 

may lead to a better interpretation (Table 6.1).
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Table 6.1 (continued)

Types of redox 

cycling Schematic representation

Reason for signal 

amplification References

Chemical-

chemical (CC) 

redox cycling

A+

B+

Reductant

A

B

Two chemical reaction 

(one by reductant and 

another by substrate A) 

effectively regenerates the 

electroactive species B

Haque et al. 

(2015)

Electrochemical- 

chemical- 

chemical (ECC) 

redox cycling

e–

A+

M+

Reductant

A

M

CC redox cycling 

regenerates the signaling 

species M which is 

electrochemically oxidized 

on the electrode surface

(i) Substrate (A) 

generated by 

nanomaterial, 

Das et al. 

(2006), Peng 

et al. (2016)

(ii) Substrate 

(A) generated 

by enzyme, 

Akanda et al. 

(2012, 2014), 

Shuai et al. 

(2016)

6.2  Cancer Biomarkers

At the nineteenth century ectopic hormones and isoenzymes were known as cancer 

markers. In the last few decades due to the development of monoclonal antibody 

and recombinant DNA technology, there was a virtual explosion of discovery of 

cancer biomarkers. Some tumor markers are used as the indication of cancer in mass 

screening program. In China, alpha-fetoprotein (α-AFP) measurement is used for 

hepatocellular carcinoma screening. In Japan, urinary vanillylmandelic acid and 
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homovanillic acid measurements have been used for neuroblastoma in children 

<1 year. Direct or indirect biomarker detection such as CA-125 for ovarian cancer, 

prostate-specific antigen (PSA) for prostate cancer, myoglobin creatinine kinase 

isoenzyme (CKMB), and cardiac troponins (cTnI and cTnT) for cardiac injury helps 

for effective screening, lower hospitalization rate, and cost saving.

6.3  Different Redox Cycling for Cancer Diagnosis

Over the past few years many types of redox cycling schemes have been used in 

biosensor for cancer diagnosis to improve the detection signal and to obtain an 

ultrahigh detection limit. Many enzyme-based sensors are introduced combined 

with redox cycling (Ertek et al. 2016; Park et al. 2014). Electrochemical-chemical 

(EC) redox cycling was used widely in biosensor for highly sensitive and selective 

protein detection. NaBH4, hydrazine, or nicotinamide adenine dinucleotide (NADH) 

were used as reductant for EC redox cycling. But NaBH4 and hydrazine can elec-

troxidize readily on highly electrocatalytically active electrodes (i.e., gold elec-

trode) and increases the background level. NADH electrooxidation on gold is slow 

and minimizes the background level (Kwon et al. 2008). A tyrosinase-responsive 

nonenzymatic redox cycling was developed for highly sensitive CEA detection 

(Fig. 6.1). A chitosan-coated immunosensor electrode was fabricated by covalently 

binding capture antibody. EC redox cycling scheme was incorporated for this study 

Phenol

GCE

IgG

NADH NAD+

IgG

Catechol o-QI

e–

O2

Chitosan

CEA

Fig. 6.1 Schematic 

representation of a 

tyrosinase-responsive 

electrochemical-chemical 

(EC) redox cycling for 

CEA detection (adapted 

from Akanda and Ju 

(2016))

6 Electrochemical Redox Cycling Amplification Technology for Point-of-Care Cancer



138

using phenol as a substrate and NADH as a reducing agent. Tyrosinase converted 

low electroactive phenol to highly electroactive catechol and the catechol was elec-

troxidized to its oxidized product ortho-quinoneimine (o-QI). o-QI can be chemi-

cally reduced by reducing agent NADH.  The signal-to-background level was 

significantly high due to low electroactivity of phenol and high oxidation overpo-

tential of NADH. The detection range of this EC redox cycling-based immunoassay 

was 1.0 pg/mL–0.1 μg/mL and the detection limit was 100 fg/mL. Because of very 

good reproducibility and high sensitivity, the proposed immunoassay method could 

be suitable in clinical diagnosis.

Enzyme-linked immunosorbent assay (ELISA) is a powerful tool for biomarker 

detection (Qureshia et al. 2012). However, the electron transfer rate between electrode 

and enzyme level is not so fast because of large electron hopping distance between 

electrode and redox center of enzyme. To overcome this limitation for highly sensitive 

protein detection, many electron-mediated enzymatic redox cycling schemes have 

been developed. Detection of cancer antigen 125 (CA-125) in human serum was stud-

ied by Singh et al. (2013) based on EN redox cycling using GOx as an enzyme label, 

Ru(NH3)6
3+ as a redox mediator, and glucose as a substrate (Fig. 6.2). Ru(NH3)6

3+ 

undergoes a fast outer-sphere electron transfer reaction at indium-tin oxide (ITO) 

electrodes and at the same time a fast electron transfer reaction with redox enzyme 

glucose oxidase (GOx) occurred. The EN redox cycling- based highly sensitive detec-

tion of cancer antigen 125 (CA-125) in human serum helped to detect 0.1 U/mL with 

0-min incubation period and can be useful for near- patient cancer diagnosis.

A chemical-chemical (CC) and electrochemical-chemical-chemical (ECC) redox 

cycling for ultrasensitive detection of cardiac troponin-I (cTnI) in human serum was 

reported (Fig.  6.3). A highly OSR-philic (outer-sphere reactions) Ru(NH3)6
3+/

Ru(NH3)6
2+ couple, highly ISR-philic (inner-sphere reactions) tris(2-carboxyethyl)

phosphine (TCEP), and a OSR- and ISR-philic p-quinone imine/p-aminophenol 

(QI/AP) couple were used for the high, selective, and reproducible signal amplifica-

tion (outer sphere to inner sphere). The formal potential of AP/QI is very close to 

ITO

IgG

Glucose Gluconic acid

IgG

Avidin

CA-125

Ru(NH3)6
2+Ru(NH3)6

3+

e–

Fig. 6.2 Schematic view 

of a GOx label-based 

electrochemical enzymatic 

(EN) redox cycling for 

CA-125 detection (adapted 

from Singh et al. (2013))
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Ru(NH3)6
3+/Ru(NH3)6

2+couple; as a result Ru(NH3)6
3+ was reduced to Ru(NH3)6

2+ by 

AP and AP oxidized to QI. TCEP reduced QI to AP which can be reoxidized by 

Ru(NH3)6
3+ and regenerated Ru(NH3)6

2+. Many Ru(NH3)6
2+ were generated during 

10-min incubation period and amplified the detection signal. Chronocoulometry 

and cyclic voltammetry were used for electrochemical signal measurements. The 

detection limit of cTnI was 10 fg/mL, which is quite lower than healthy persons and 

patients with myocardial infarction.

Development of a pure enzyme-free sensor with excellent stability is undoubt-

edly important for commercialization and next-generation point-of-care testing. 

Chemiluminescence immunoassay (Zhang et  al. 2016a, b), radio immunoassay 

(Ledecky et al. 2013), and fluorescence immunoassay (Akter et al. 2016) without 

enzyme were developed. But many enzyme-free sensors suffer from sluggish elec-

trode kinetics or poor signal stability and high detection limit. Also these sensors 

require complicated detection protocols or lack of ultrahigh detection limit in bio-

logical samples. Authors also reported sensitive protein detection using a transducer 

which was modified by a highly electroactive material to amplify the detection sig-

nals (Zhu et al. 2015). But in maximum, the modification procedures were compli-

cated and background signal was very high due to highly electroactive materials.

To obtain very high signal amplification for early-stage prostate-specific antigen 

(PSA) detection, Das et al. (2006) first time established an enzyme-free nanocatalyst- 

based electrochemical redox cycling assay (Fig. 6.4). In this work, NaBH4 was used 

for the catalytic reduction of p-nitrophenol (NP) to p-aminophenol (AP) and the 

reduction of electrochemically generated p-quinone imine (QI) to AP. The ferroce-

nium ion (Fc+) was used as a redox mediator. The detection limit was 1 fg/mL which 

is comparable with bio-barcode assay.

APP

ITO

IgG
Ru(NH3)6

2+Ru(NH3)6
3+

e–

AP QI

TCEP TCEP=O

IgG

“O
ut

er
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ph
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g

Avidin

cTnI

Fig. 6.3 Schematic 
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Recently, a similar study was made by Peng et al. (2016) to investigate a pure 

enzyme-free redox cycling immunoassay for the detection of carcinoembryonic 

antigen (CEA) based on Fe3O4/AuNPs label which revealed that p-nitrophenol (NP) 

can be catalytically reduced by reducing agent NaBH4 to p-aminophenol (AP) and 

can take part in redox cycling with oxidant Fc+ (Fig. 6.5). Based on this study, a 
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AP QI
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Fig. 6.4 Schematic view 

of a Au nanocatalyst 

label-based 

electrochemical-chemical- 

chemical (ECC) redox 

cycling assay for PSA 

detection (adapted from 

Das et al. (2006))
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Fig. 6.5 Schematic 

representation of a Fe3O4/

AuNP label-based 

electrochemical-chemical- 

chemical (ECC) redox 

cycling assay for CEA 

detection (adapted from 

Peng et al. (2016))
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sensitive and reproducible determination of CEA was done in the range of 0.001–

30 ng/mL with a detection limit of 0.39 pg/mL.

Cell-free nucleic acids that originated from the mutated sequences shed by tumor 

cells which are present at very high levels in the blood of cancer patients could be 

detected and it is more challenging to differentiate the nucleic acids that originate 

from healthy cells and the mutated sequences shed by tumor cells. A EC redox 

cycling-based nanostructured microelectrode (NME) sensor was developed to 

detect the cell-free nucleic acids that originated from the mutated sequences shed by 

tumor cells (Fig. 6.6). The NMEs were functionalized with PNA probes which are 

specific to the mutant nucleic acid. An electrocatalytic reporter pair Ru(NH3)6
3+ and 

Fe(CN)6
3− was used for read out the signal. If target presents in the analyte solution, 

it would bind to the capture PNA probe and the negatively charged phosphate back-

bone of nucleic acids attracts electrostatically the positively charged Ru(NH3)6
3+. A 

negative bias potential was applied which reduced the Ru(NH3)6
3+ to Ru(NH3)6

2+ 

and at the same time the Fe(CN)6
3− which was present in solution chemically oxi-

dized Ru(NH3)6
2+ back to Ru(NH3)6

3+ (EC redox cycling). The repetitive generation 

and consumption of Ru(NH3)6
3+ and Ru(NH3)6

2+ allowed a high electrocatalytic cur-

rent. This new ultrahigh sensitive chip-based assay can detect selectively the pres-

ence of mutations within 15  min using a collection of samples taken from lung 

cancer and melanoma patients. The detection range was 1 fg/μL–100 pg/μL with 

1 fg/μL detection limit.

MicroRNA (miRNA) detection plays an important role in various cancer disease 

diagnosis and in the research of miRNA function (Xia et al. 2015). The miRNA 

detection is important because of its complicated regulatory functions and plays a 

vital role in various life processes. Shuai et al. (2016) developed an ultrasensitive 

e–

a b c

Ru(NH3)6
2+

Fe(CN)6
3- Fe(CN)6

4-

Ru(NH3)6
3+

Ru(NH3)6
3+

Fig. 6.6 Schematic view of (a) target mutant nucleic acid hybridization on PNA probe-modified 

nanostructured microelectrodes (NMEs), (b) negatively charged phosphate backbone of nucleic 

acids attracted electrostatically the positively charged Ru(NH3)6
3+, (c) electrochemical-chemical 

(EC) redox cycling for signal readout (adapted from Das et al. (2015))
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electrochemical-chemical-chemical (ECC) redox cycling-based biosensor for miR- 

21 detection, a potential biomarker for breast cancer, based on tungsten oxide- 

graphene composites coupling with catalyzed hairpin assembly target recycling 

(Fig. 6.7). The enzyme substrate (APP) produced the ascorbic acid (AA) by enzy-

matic reaction with ALP and took part in the ECC redox cycling with ferrocene 

methanol (Fc) and tris (2-carboxyethyl) phosphine (TCEP). The regeneration of AA 

produced a significant electrochemical response. The detection range was 0 fM–100 

pM and the detection limit was 0.05 fM. This proposed sensor was able to quantify 

the cancer miRNAs in clinical diagnostic and prognostic.

A novel electrochemical biosensor based on EC redox cycling with triple-signal 

amplification for the detection of human miRNAs from cancer cell-specific total 

RNA extracts was developed (Fig. 6.8). Redox cycling amplification, a bimetallic 

Pd–Pt-supported graphene-functionalized screen-printed gold electrode, and two 

stem-loop-structured DNAs as target capturers significantly enhance the detection 

signal. The enzyme substrate 1-naphthyl phosphate disodium salt (p-NPP) produced 

electroactive 1-naphthol (p-NP) by enzymatic reaction with ALP.  The reducing 

agent TCEP reduced the electrochemically oxidized product (p-NP = O) and regen-

erated many p-NP. The linear range of detection was 10 fM–0.1 nM with a detection 

limit of 3.55 fM. The proposed EC redox cycling-based immunoassay was suffi-

ciently selective and specific to discriminate the target cancer miRNA from homolo-

gous miRNAs and noncomplementary miRNAs which is suitable for the design of 

next-generation point-of-care electrochemical biosensors.

Over the last few years, the demands of the point-of-care chip-based immuno-

sensors have steadily increased due to its ease of use and the fact that low volume of 

sample is required for diagnosis (Gubala et al. 2012). Recently, many electrochemi-

cal biosensors were developed based on electrochemical-electrochemical (EE) 

redox cycling, where two working electrodes are separated from each other between 

GCE
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TCEP TCEP=O
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Fig. 6.7 Schematic view 

of an ultrasensitive 

electrochemical-chemical-

chemical (ECC) redox 

cycling-based biosensor 

for miR-21 detection 

(adapted from Shuai et al. 

(2016))
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a nanogap and regenerate the electroactive species by redox reaction on anode and 

cathode electrodes and amplify the detection signal. Yasukawa et al. (2012) reported 

a highly sensitive immunosensor chip based on dual-amplification system combin-

ing an electrochemical-redox cycling and coulometric signal transduction using a 

galvanic cell (Fig.  6.9a–c). A sandwich immunocomplex was formed on a mic-

roparticle. In the events of antigen-antibody binding the β-galactosidase (β-gal)-

conjugated secondary antibody bound to the immunosurface. β-Gal produced 

4-aminophenol (AP) by enzymatic reaction with p-aminophenyl-β-D-

galactopyranoside (APG) into the anode compartment consisting of a comb type of 

an interdigitated array (IDA) electrode. Because of the coupled reduction of silver 

ions the AP was oxidized to quinone imine (QI) resulting in the deposition of silver 

metal on the cathode GC electrode. Another comb of IDA reduced QI to AP and 

silver was deposited corresponding to the degree of AP oxidation by EE redox 

cycling which led to an enhancement of the stripping signal. The reproducible and 

highly sensitive immunoassay can detect 10 pg/mL CEA in human serum. Recently, 

Haque et al. (2015) demonstrated a similar enzymatic Ag-deposition scheme com-

bined with redox cycling which is more simple than Yasukawa et  al.’s study 

(Fig. 6.9d). A chemical-chemical (CC) redox cycling was used for the deposition of 

metallic silver by reduced β-nicotinamide adenine dinucleotide (NADH). The 

highly sensitive CC redox cycling-based sensor was effective for selective detection 

of a cardiac biomarker, creatine kinase-MB, in human serum.

Han et  al. (2014) introduced an electrochemical redox cycling-based three- 

dimensional interdigitated array (3D IDA) electrode for the sensitive detection of 

SPGE
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e–

s

p-NPP
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Fig. 6.8 Schematic 

illustration for (a) miRNA 

hybridization on Fe3O4@

PDA–probe DNA1 and 

enzymatic conversion of 

1-naphthyl phosphate 

disodium salt (p-NPP) into 

electroactive 1-naphthol 

(p-NP) by alkaline 

phosphatase (ALP) 

enzyme, (b) Pt/Pd/

RGO-modified screen- 

printed gold electrode 

(SPGE) for 

electrochemical-chemical 

(EC) redox cycling for 

enhancement of the 

electrochemical signal 

(adapted from Cheng et al. 

(2014))

6 Electrochemical Redox Cycling Amplification Technology for Point-of-Care Cancer



144

cardiac troponin I in human serum (Fig. 6.10). The chip-based 3D IDA immunosen-

sor had an indium tin oxide (ITO) working electrode modified with electroactive 

ferrocene (Fc). Alkaline phosphatase (ALP) and p-aminophenyl phosphate (APP) 

were used as an enzyme label and enzyme substrate, respectively. The enzyme prod-

uct p-aminophenol (AP) electrochemically oxidized to p-quinone imine (QI) on the 

Fc-grafted generator electrodes and QI reduced back to AP on the surface of collec-

tor electrode. The repetitive generation of AP by EE redox cycling significantly 

enhanced the detection signal and 100  fg/mL cTnI could be detected in human 

serum. The parallel design of immunosensors could be suitable for multiple target 

detection on a single chip in “real-life” patient sample.

Cost-effective and sensitive diagnosis is the ultimate goal for the next-generation 

point-of-care testing of biomarkers (Vashist et  al. 2015). Recently, many 

APG
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W2 W1 W2 W1

AP QI AP
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d
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Fig. 6.9 Schematic 

illustration of (a) sandwich 

immunocomplex formation 

on a microparticle and 

enzymatic conversion of 

p-aminophenyl-β-D-

galactopyranoside (APG) 

to p-aminophenol (AP), 

and (b) electrochemical- 

electrochemical (EE) redox 

cycling for regeneration of 

AP, (c) silver deposition on 

cathode glassy carbon 

electrode corresponding to 

the degree of AP oxidation 

by EE redox cycling which 

leads to an enhancement of 

the stripping signal 

(adapted from Yasukawa 

et al. 2012). (d) Schematic 

view of an electrochemical 

immunosensor using 

enzymatic silver deposition 

by chemical-chemical 

(CC) redox cycling and 

readout of the 

electrochemical signal by 

electrooxidation of the 

deposited silver (adapted 

from Haque et al. (2015))
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lateral- flow strip-based biosensors are developed because of its simplicity of use 

and ease of miniaturizing for POCT devices (Toubanaki et  al. 2016; Ang et  al. 

2016). But maximum sensors suffer from sensitive detection. A redox cycling-based 

lateral- flow immunostrip for one-step ultrasensitive detection with serum was 

developed for early-stage point-of-care cancer diagnosis (Fig. 6.11). In a noble ECC 

redox cycling technique β-galactosidase (Gal), 4-amino-1-naphthyl β-D-

galactopyranoside (AN-GP), and 4-amino-1-naphthol (AN) were used as enzyme 

label, substrate, and electroactive product, respectively, with ultrahigh detection of 

cTnI (100 fg/mL after 11 min) and a minimum interference effect. This immunos-

trip was practically applied for real clinical samples with high accuracy.

An electrochemical-chemical redox cycling-based genosensor was developed 

using gold nanoparticle (Au NP)–DNA complex (Fig. 6.12). Ru(NH3)6
3+ was cap-

tured by Au NP–DNA complex via electrostatic force. The applied negative bias 

potential reduced the Ru(NH3)6
3+ to Ru(NH3)6

2+ and an externally added chemical 

Fe(CN)6
3− chemically oxidized Ru(NH3)6

2+ back to Ru(NH3)6
3+ (EC redox cycling) 

and increased significantly the cathodic signal. A 0.3 U/mL DNMT1 (human DNA 

(cytosine-5)–methyltransferase 1 from crude lysates of cancer cells) could be 

detected in human serum in the range of 1 U/mL–40 U/mL.

A highly sensitive and simple electrochemical aptasensor was introduced for the 

determination of mucin 1 (associated with colon, breast, ovarian, lung, and pancre-

atic cancers) based on p-aminophenol redox cycling (Fig.  6.13). A competitive 

assay was developed where biotinylated mucin 1 and streptavidin-alkaline phospha-

tase were captured by an anti-mucin 1 aptamer-modified electrode. Electrochemically 

active p-aminophenol was produced from the reaction between p-aminophenyl 

phosphate substrate and streptavidin-conjugated alkaline phosphatase. The result-

ing p-aminophenol was electrooxidized on electrode surface and reproduced by 

tris(2-carboxyethyl) phosphine. The repetitive generation of AP by EC redox 

cycling significantly enhanced the detection signal. The mucin 1 competed with the 
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Fig. 6.10 Schematic 

representation of a 
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cTnI detection using 

enzymatic reaction and 

electrochemical- 

electrochemical (EE) redox 

cycling (adapted from Han 

et al. (2014))
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Fig. 6.11 Schematic view of an electrochemical lateral-flow immunostrip for cTnI detection 

using enzymatic reaction and electrochemical-chemical-chemical (ECC) redox cycling (adapted 

from Akanda et al. (2014))
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Fig. 6.12 Schematic representation for DNTMT1 detection based on recycling of Ru(III) redox 

using electrochemical-chemical (EC) redox cycling (adapted from Zhang et al. (2016a, b))

G. Dutta



147

conjugates which is already bound to the anchored aptamer and the detection signal 

was decreased with an increase in mucin 1 concentration. The detection range was 

0.5–6 nM and the detection limit was 0.1 nM.

6.4  Multiplex Detection Using Redox Cycling

Recently, there has been more and more interest in electrochemical biosensor for 

detection of multianalytes with high sensitivity, low cost, and excellent selectivity 

for next-generation point-of-care testing (Spindel and Sapsford 2014; Chandra 

2013). Redox cycling scheme could make it possible to perform highly sensitive 

detection of several biomarkers with printed electronics. With the rise of printed 

electronics and roll-2-roll technologies tools have been developed that could bring 

the redox cycling-based sensor technology to a much wider population. Multianalyte 

detection immunosensors have been developed to facilitate the detection of several 

biomarkers from one sample. Different capture probes could be immobilized on a 

single chip to allow the multiple detection within same sample for fast and sensi-

tive point-of-care testing.

Zheng et al. (2013) developed a simultaneous multiplex detection and classifica-

tion of both acute myeloid leukemia and acute lymphocytic leukemia cells based on 

nanobiotechnology electrochemical approach using redox cycling reaction for sig-

nal enhancement. Dual-aptamer-functionalized graphene–Au multilayered nano-

structures on a glassy carbon electrode surface were used for high detection 

sensitivity and selectivity. The hybrid electrochemical nanoprobes were conjugated 

with distinguishable cell-targeting aptamers and redox tag, and signal-amplifying 

enzyme. This simple and unique method has several advantages including opera-

tional simplicity, low cost, high sensitivity, excellent selectivity, and ease of 

miniaturization.
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TCEP TCEP=O
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Fig. 6.13 Schematic view 

of a highly sensitive 

electrochemical aptasensor 

based on electrochemical- 

chemical (EC) redox 

cycling for mucin 1 

detection (adapted from 

Wang et al. (2014))

6 Electrochemical Redox Cycling Amplification Technology for Point-of-Care Cancer



148

6.5  Wash-Free Detection of Cancer Biomarkers Based 
on Redox Cycling Immunoassay

Immunoassays using affinity binding between antigen and antibody have been 

widely used in bioassays because of their high sensitivity and selectivity. In recent 

years, point-of-care testing (POCT) of biomarkers in clinical samples has been of 

great importance for rapid and cost-effective diagnosis. Many methods have been 

developed to this end; many of them have limitations in terms of simplicity, rapid-

ness, cost-effectiveness, and ultrasensitivity (Milligan and Ghindilis 2002; Rishpon 

and Ivnitski 1997; McNeil et al. 1995; Ramón-Azcón et al. 2010). Washing pro-

cesses are essential in most heterogeneous labeled assays; if a wash-free scheme is 

combined with the assays, this could significantly simplify the detection procedure 

and reduce the assay time. Recently, Dutta et al. developed a redox cycling-based 

wash-free immunoassay that allowed fast, sensitive, and single-step detection of 

biomarkers in serum with low interference using electrochemical-enzymatic (EN) 

redox cycling (Dutta et al. 2014, 2015). After a sample solution was mixed with a 

solution for enzymatic reaction, no operation was required prior to the electrochem-

ical measurement. The discrimination between a bound and an unbound label was 

obtained with single-enzyme-based proximity-dependent electron mediation: a 

bound labeled probe allowed faster electron mediation between an enzyme label 

and an electrode than an unbound one (Fig. 6.14).
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Fig. 6.14 Schematic 
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After immobilization of biotinylated IgG on the electrode surface a sample solu-

tion was prepared with enzyme-conjugated IgG and enzyme-substrate, which was 

mixed with serum or blood spiked with different concentrations of target antigen. 

The mixed solution was then injected into the electrochemical cell. The sensing 

electrode was already modified with capture antibody. The main interfering species 

ascorbic acid effect was eliminated by ascorbate oxidase (AOx) during the 10-min 

solution incubation. Concentration-dependent signal was obtained after a 10-min 

incubation period. The signal data was increased with increase in the target concen-

tration, although the concentration of injected enzyme-conjugated IgG was the 

same. The surface concentration of bound enzyme-conjugated IgG was increased 

with increase in target concentration. Therefore, the increased signal indicated that 

a surface-bound enzyme allowed faster electron mediation than an unbound enzyme. 

The main advantage of the immunoassay was that the single solution-based wash- 

free detection can significantly simplify the assay procedure and reduce the assay 

time (Table 6.2).

 Conclusions
Biosensors offered fast, simple, and cost-effective detection capabilities for can-

cer diagnosis. Redox cycling-based biosensor significantly improved the signal 

amplification and opened a new avenue for early-stage cancer detection. The 

main challenges of point-of-care testing require implementing complex analyti-

cal methods into low-cost technologies. The main future prospects of redox 

cycling technology are to develop a simple and cost-effective electrochemical 

sensor for real sample analysis before the malignant stage and that can save the 

patient life. Also, the principle of redox cycling-based electrochemical sensors 

becomes appealing if we can develop an assay for low-cost disposable systems 

that can be possibly integrated with a mobile electronic device. This is particu-

larly true for countries with less developed health care infrastructure. A low-cost 

disposable chip and redox cycling amplification approach could make it possible 

to perform highly sensitive detection of cancer biomarkers with printed electron-

ics. The redox cycling technology helps to detect several interesting targets at the 

same time on a printed chip by amplifying the signal 102 to 105 times. The elec-

trochemical-chemical (EC) redox cycling or electrochemical-chemical-chemical 

(ECC) redox cycling method combined with a washing-free technique could 

generate a stronger impact on point-of-care cancer diagnosis.
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7Hyperbolic Metamaterial-Based 
Ultrasensitive Plasmonic Biosensors 
for Early-Stage Cancer Detection

G. Strangi, K.V. Sreekanth, and M. Elkabbash

7.1  Introduction

7.1.1  Biosensors: Background, Significance, and Challenges

Optical biosensors are analytical devices that detect bioanalytes immobilized on the 

device surface via monitoring a given characteristic of light, e.g., intensity, wave-

length, and phase. Commonly, optical biosensors detect changes in the refractive 

index of their environment; that is, they are refractometers (Homola et al. 1999). In 

order to properly attribute changes in refractive index to bioanalytes, the sensing 

domain should be restricted to the immobilized bioanalytes only. To do so, refrac-

tometers based on guided waves have been used as biosensors, where the superstrate 

(upper surface) of the waveguide is functionalized to immobilize a certain bioana-

lyte. Guided waves are waves that are forced to propagate in a given plane of propa-

gation. These waves have an evanescently decaying field in the superstrate and thus 

allow for selective detection to immobilized biomolecules.

Coupling to a waveguided mode usually require total internal reflection (TIR) 

inside an optical waveguide due to momentum (or phase) mismatch between the 

propagation constants inside and outside the guide. The momentum mismatch is 

mailto:giuseppe.strangi@case.edu
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directly related to the refractive index of both the waveguide and the superstrate. The 

field evanescently decays due to the momentum mismatch. The evanescent field is 

the sensing element, i.e., transducer. Particularly, changes in the refractive index of 

the superstrate can be sensed by the evanescent field which in turn changes in the 

propagation condition of the field inside the guide. This is because the propagation 

conditions inside the waveguide are dependent on the refractive index of the wave-

guide and the superstrate. By using the evanescent field for detection, it is possible to 

constrain the sensing domain to the immobilized analytes (Gauglitz and Proll 2008).

An important class of guided waves are surface plasmon polaritons (SPPs). In this 

case, the wave is guided at the interface between a metal and a dielectric under strict 

conditions. In general, a wave can be confined (and guided) at an interface between two 

media if the field is evanescently decaying in both media. For an SPP, the field is eva-

nescently decaying inside the metal because of its high imaginary refractive index 

component which rejects the penetration of an electromagnetic wave. In order for the 

field to be evanescently decaying inside the dielectric, an SPP can only exist if the wave 

momentum is mismatched with that of the dielectric such that the field is totally inter-

nally reflected. Such SPPs are also refractometers that are extremely sensitive (Zeng 

et al. 2014; Borisoy and Wolfbeis 2008) to changes in the refractive index of the super-

strate. Changes in the refractive index of the superstrate result in a change in the surface 

wave propagation constant, i.e., momentum component at the interface, as its interface 

confinement depends on the momentum mismatch with the dielectric superstrate.

In order to excite SPPs, a momentum matching scheme is employed due to its 

momentum mismatch with its superstrate. This can be achieved using a prism illumi-

nated at its critical angle of TIR. In such case, the evanescent field from the total inter-

nally reflected beam is capable of exciting the surface wave due to its higher momentum 

which caused its TIR in the first place. Another method is to fabricate a diffraction 

grating on the metal supporting SPPs. The diffracted light of nonzero order has higher 

momentum than the incident light and is capable of exciting an SPP. In both cases, 

once an SPP is created a drop-in reflection (absorption mode) exists within a relatively 

narrow spectral range for a given angle of incidence. This mode is due to the excitation 

of an SPP where light is absorbed due to the losses inside the metal. Although SPP 

momentum is mismatched with the incident medium light momentum, the momentum 

coupler which couples the momentum to the SPP can out-couple it to the free space. 

For that reason, SPP excited via a momentum coupler is a leaky wave. To achieve 

complete absorption of light which provides a strong mode, light must be critically 

coupled to the SPP. Critical coupling takes place when the absorption rate (due to SPP 

losses in the metal) is equal to the leakage rate effectively canceling any leakage to free 

space. However, strong coupling of light to an SPP mode using a grating is not possible 

because for a given wavelength and angle of incidence only one diffraction order can 

couple to the surface wave and thus critical coupling is difficult to achieve.

The previous discussion sheds the light on the current problems facing tradi-

tional SPP biosensors.

First of all, using momentum coupling via Kretschmann configuration requires 

bulky optical elements, a prism, which makes it not suitable for point-of-care (POC) 

applications. While grating-coupled SPP sensors are not bulky, their sensitivity is an 

G. Strangi et al.
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order of magnitude lower than prism-coupled SPPs. Additionally, while SPPs are 

only sensitive to their immediate superstrate as they employ their evanescent field 

for detection, an SPP sensor is a label-free sensor which cannot distinguish between 

the target molecules and parasitic molecules resulting in possible false-positive sig-

nals. Finally, while SPP sensors have shown their ability to detect highly diluted 

analytes, the sensitivity of these sensors is not high enough to detect dilute analytes 

of low molecular weights (<500 Da). If the sensitivity of SP sensors is increased, 

POC clinical evaluation, early cancer screening, and real-time diagnosis of diseases 

will be possible.

A further improvement in sensitivity was demonstrated using phase-sensitive 

interferometry techniques (Wu et al. 2004). Recent progress in microfabrication and 

nanofabrication has encouraged the development of novel label-free plasmonic bio-

sensors, particularly metamaterials, which can overcome the limitations of conven-

tional plasmonic sensors (Brolo 2012; Kravets et al. 2013).

7.1.2  Hyperbolic Metamaterials: Background and Opportunities

To address these concerns, a new sensing platform is needed. In order to circumvent 

the limits of traditional materials, research in metamaterials has intensified in the 

past decade. Metamaterials are a class of engineered materials that do not exist in 

nature and exhibit exotic and unusual electromagnetic properties. One of the most 

promising applications of metamaterials is in biosensing (Anker et  al. 2008). 

Recently, metamaterial-based plasmonic biosensor that exhibits hyperbolic disper-

sion, commonly known as hyperbolic metamaterials (HMMs), has shown extreme 

sensitivity for low concentrations of low-molecular-weight bio-analytes (Kabashin 

et  al. 2009; Sreekanth et  al. 2016a, b). The dispersion relation of homogenous, 

isotropic materials is k k k
cx y z

2 2 2
2

2
+ + =

w
 which implies an elliptical dispersion. For 

a uniaxial anisotropic material, the dielectric response is given by the tensor 

e e e e= éë ùûxx yy zz, , , yielding a hyperbolic dispersion relation 
k k k

c
x y

zz

z

xx

2 2 2 2

2

+
+ =

e e
w

.

 

HMMs are a class of artificial materials that enjoy hyperbolic dispersion (Fig.7.1a) 

because the out-of-plane dielectric component εzz = ε⊥ has an opposite sign to the 

in-plane dielectric components εxx = εyy = ε∥ (Poddubny et al. 2013; Hoffman et al. 

2007; Sreekanth et  al. 2013a, b). If  εzz is negative, the material is type I HMM 

(Fig. 7.1(i) and (ii)), and if it is positive, the material is type II HMM (Fig. 7.1 (iii) 

and (iv)). To realize hyperbolic dispersion in different wavelength ranges of interest 

from the UV, visible, near-IR to mid-IR, appropriate choice of metal and metallic 

filling fraction should be used. For different HMM structures, the optical phase 

diagram in which effective medium response with the wavelength and the fill frac-

tion of metal are shown in Fig. 7.1b (Cortes et al. 2013). It is evident that all struc-

tures show both type I and type II hyperbolic dispersion behavior in a broadband 

wavelength region. Importantly, Harish et  al. experimentally realized the 
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topological transition behavior (elliptical to hyperbolic dispersion) in HMM, by 

studying the short-living excitonic states of the chromophores placed in close prox-

imity to the HMM (Krishnamoorthy et  al. 2012). An important consequence of 

hyperbolic dispersion is that these materials can support waves propagating inside 

them with infinitely large momentum in the effective medium limit; on the other 

hand such waves are evanescent and decay away exponentially in superstrate (Cortes 

et  al. 2013). Since these modes enjoy really high momentum, they can only be 

excited using a momentum coupler just like the case of SPPs. Coincidently, the first 

HMM used in biosensing was type I HMM consisting of an assembly of Au nanorods 

electrochemically grown into a substrate-supported, thin-film porous aluminum 

oxide template (Kabashin et al. 2009). By employing prism coupling scheme, they 

could excite a guided mode propagating that exhibited a refractive index sensitivity 

of 32,000  nm/RIU, exceeding the sensitivity of traditional SPP sensors by two 

orders of magnitudes. The origin of such high sensitivity is due to the modification 

of the coupling condition as the effective dielectric constant of the nanorods modi-

fies by the presence of bioanalytes. In addition, the strength of the field associated 

with that mode is at maximum within the metamaterial itself. Given the nanoporous 

nature of the nanorods, bioanalytes are able to intercalate inside the metamaterial 

itself allowing for augmented sensitivity.

A more recent work used type II HMM that consists of multi-stack of metal/

dielectric bilayers (Sreekanth et al. 2016a, b). Each bilayer supports a propagating 

SP wave coupled evanescently to its adjacent bilayer which in turn supports a prop-

agating SP, allowing propagation inside the material as well as on the interface of 

each bilayer (Avrutsky et al. 2007). This high-momentum guided mode is called 

bulk plasmon polaritons (BPPs) indicating that it is propagating inside the bulk of 

the material while maintaining the properties of a propagating surface wave that 

polarize its dielectric superstrate. Such BPP enjoys extremely high momentum and 
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(b) Optical phase diagrams for (i) Ag/Al2O3 multilayer system, (ii) Ag/TiO2 multilayer system, (iii) 

AlInAs/InGaAs multilayer system in the mid-IR region, and (iv) silver nanowires in an alumina 

matrix. (Fig. 7.1b is reproduced with permission from Cortes et al. (2013))
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is shown experimentally to be very sensitive to any change in the dielectric constant 

within the range of its evanescently decaying field in the superstrate. The excitation 

of these high-k modes was achieved by grating coupling method (Sreekanth et al. 

2013a, b, 2014). The extremely high photonic local density of states (LDOS) of 

BPPs overcomes the leakage problem of coupled light. While a grating allows for 

coupling and out-coupling light to and from the HMM, light will preferentially 

propagate inside the HMM in the form of BPPs due to its high LDOS.

Furthermore, exciting BPPs by a grating coupler can excite multiple modes 

which satisfy the momentum matching condition. This is because a HMM can sup-

port multiple BPP modes. Particularly, a HMM with n bilayers supports n − 1 BPP 

modes. Furthermore, a grating can efficiently diffract light over several diffraction 

orders. These modes have different sensitivity for bioanalytes with different molec-

ular weights and thus provide an extra step towards transducer-based specificity.

7.2  Grating-Coupled HMM

7.2.1  Dispersion Analysis of HMM

In this section, we investigate the dispersion properties of surface transvers mag-

netic (TM) modes of HMM.  As illustrated in the inset of Fig.  7.2a, the studied 

HMM geometry consisted of five bilayers of Au/SiO2 stack. The calculation assumes 

that the light is incident from an isotropic medium, with a permittivity, ε1 = 1, and a 

permeability, μ1 = 1 (region I), to an indefinite medium, HMM (region II). The prin-

cipal dielectric tensor components of HMM (εα, εβ and εγ) are in the (αβγ) plane. The 

coordinate system of the HMM is considered in such a way that in-plane compo-

nents are εα = εβ = εll and out-of-plane component is εγ = ε⊥. The TM mode surface 

wave dispersion relation is analyzed by considering a rectangular coordinate system 

(xyz). The magnetic field components of two regions are solved at the boundary, 

z = 0, and we then directly obtain the dispersion relation for surface TM mode, 

which is given by (Yan et al. 2007)
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Since the HMM is assumed as nonmagnetic with μy = 1 and unit cell dimension 

of the HMM belongs to effective medium approximations, we use effective medium 

theory (EMT) to calculate the principal dielectric tensor components of HMM 

(Cortes et al. 2013),
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In Eqs. (7.2) and (7.3), (td, εd) and (tm, εm) represent the thickness and dielec-

tric permittivity of SiO2 and gold, respectively. Drude free electron model 
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 was used to obtain the optical constants of gold, with ωp, 

ω, and τ being the plasma frequency of gold, excitation frequency, and relaxation 

time, respectively. In the calculation, the dielectric permittivity of SiO2 was set to 

be 2.1 (Palik 1985) and used thicknesses of thin films were 15 nm (gold) and 28 nm 

(SiO2). The term εzz, in Eq. (7.1), is given by εzz = ε⊥cos2θ + εllsin2θ, with θ being the 

orientations of the boundary surfaces of HMM (in Fig. 7.2a, the angle made by the 

z- and γ-axes), and θ can be varied from –π/2 to π/2. There is a special condition for 

the existence of surface TM mode in the designed configuration, which is given as 

(Yan et al. 2007)
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The uniaxial dielectric permittivity components (εll and ε⊥) of HMM (five bilay-

ers of gold and SiO2) acquired using EMT are displayed in Fig. 7.2b. According to 

Fig. 7.2b, five bilayers of gold and SiO2 show hyperbolic dispersion at λ ≥ 308 nm. 

This is because the real parts of εll and ε⊥ provide negative and positive values at 

λ ≥ 308 nm, respectively. In addition, the imaginary values of both components are 

positive. This response predicts the existence of surface TM mode in the designed 

HMM, which is the first mandatory condition as given in Eq. (7.4). We then plot 

(using Eq. (7.1)) the dispersion diagram of inverse wavelength versus wavevector 

projected into the interface plane of the HMM. As shown in Fig. 7.2c, the dispersion 

diagram is plotted for different orientations of the boundary surfaces of HMM. One 

can see that the orientation angle has a significant effect on the dispersion of 
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HMM. In particular, the wavevectors are independent of orientation angle at longer 

wavelengths, whereas wavevectors show extensive change with orientation angles 

at shorter wavelengths. Also, note that smaller angles provide higher wavevectors. 

In Fig. 7.2c, we plot the 2D color map of the effective index (neff = real(kx)/k0) of 

HMM, as a function of orientation angle and wavelength. It further confirms that 

higher effective index values are possible for shorter wavelengths and at smaller 

orientation angles. It should be noted that the effective index values are almost zero 

after 60°. This is because no surface TM modes exist in the HMM above 60°, which 

is the second condition, mentioned in Eq. (7.4). At 300 nm, the calculated critical 

angle (θc), an angle at which no more surface TM modes exist in HMM, is 65°. Our 

analysis shows that the dispersion properties of the HMM can be controlled by 

changing the orientation of the boundary surface of HMM.

7.2.2  Excitation of BPP Modes of HMM

The bulk plasmon modes of HMM were excited using a grating coupling technique. 

An essential condition for the excitation of surface mode is that the wavevectors of 

the grating diffraction orders must be greater than those of the incident light. In our 

case, multiple modes are possible for a given grating period that satisfy the momen-

tum matching condition to bulk plasmon modes. Once the required condition is 

satisfied, energy is transferred to bulk plasmon modes. According to grating 

coupling condition, k n k n mk k mkspp g g
2

0
2

0
2 2

0 0

2
2sin sin cosq q f± + ( ) , where θ, ϕ, n0, 

k0 = 2π/λ, and m are the incident grazing angle, azimuthal angle, refractive index of 

the incident medium, vacuum wavevector, and grating diffraction orders, respec-

tively. kg = 2π/Λ is the grating wavevector with grating period, Λ. We considered 

p-polarized beam and ϕ = 0  in our all experiments. Alternatively, this mechanism 

can be explained that it is possible to diffract light and produce a wide range of 

wavevectors entering into the HMM, by introducing a subwavelength periodic dif-

fraction grating on top of the HMM. The coupling of generated wavevectors with 

the surface modes can happen due to the existence of impedance mismatch at the 

various openings (Yan et al. 2007).

By following this excitation mechanism, we designed and fabricated a grating- 

coupled HMM (GC-HMM), to excite the surface as well as bulk plasmon modes of 

HMM.  GC-HMM is a combined structure of subwavelength metallic diffraction 

grating and HMM. As shown in Fig. 7.3a, the fabricated multilayer is an Au-TiO2 

HMM with individual layer thickness of 32 nm and 16 nm for Au and TiO2, respec-

tively. HMM was made by sequential deposition of the thin films of TiO2 and Au on 

a glass substrate by means of RF sputtering of TiO2 target and thermal evaporation 

of Au pellets, respectively. Electron beam lithography was used to pattern sub- 

wavelength 1D diffraction lines on top of the PMMA spin-coated HMM. We then 

directly deposited a 20 nm thick silver layer on the patterned PMMA grating. A 

SEM image of as-prepared pattern is shown in Fig. 7.3b. The measured average 

period and slit width of the grating pattern are 500 nm and 160 nm, respectively. 
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A very thin (10 nm) layer of TiO2 was deposited between HMM and grating, in 

order to avoid the direct contact of grating with HMM.

By using a variable angle spectroscopic ellipsometer, the reflectance spectra of 

the samples as a function of excitation wavelength were acquired. In our measure-

ments, the incident-grazing angle was fixed at 50ο and the polarization of the beam 

was set to be TM polarized. A detailed experimental analysis is performed by com-

paring different samples. Result of a reference sample (Ag grating on a TiO2/glass 

substrate) is shown in Fig.  7.3c. In this case, two low-quality factor resonances 

(reflectance minima) are observed at visible wavelengths (from 350 to 450 nm), 

which confirms the existence of surface plasmon polaritons in the sample. We then 

plot the reflectance spectrum of a control sample (Ag grating on a single bilayer of 

Au/TiO2) in Fig.  7.3d. In comparison with reference sample, the control sample 

shows extra three resonances at longer wavelengths such as 700, 1000, and 2000 nm, 

in addition to SPP resonances. These three resonances confirm the existence of gap 

plasmon modes supported by the control sample. Our main result is shown in 

Fig. 7.3e, which is the reflectance spectrum of an Au-TiO2 GC-HMM. In contrast to 
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grating, (c) reflectance spectrum of reference sample, (d) reflectance spectrum of control sample, 
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Fig. 7.3d, the resonance at wavelengths 700, 1000, and 2000 nm is very narrow and 

deeper. The high-quality factor mode at these wavelengths represents the highly 

confined bulk plasmon polariton (BPP) modes of GC-HMM. The resonance wave-

length of these modes is red shifted when the number of bilayer is increased from 1 

to 6, which is due to the coupling of individual gap plasmon modes. In order to 

prove that these modes are guided modes, we measured the reflectance of GC-HMM 

for different angles of incidence (Fig. 7.4a). We noticed that resonance wavelength 

of all modes was blue shifted as the incident angle was increased. This is because 

the modal index (effective index) of the modes varies with incident angle. 

Specifically, the excitation of the modes occurred at higher resonance angle, as the 

excitation wavelength in all BPP mode wavelength bands decreases. That means, 

resonance wavelength blue shifted with increase in angle of incidence. However, 

with decrease in excitation wavelength, the blue shift is decreased. Therefore, for 

higher incident angles, the reflectance dip became deeper and narrow. Also note that 

a smaller resonance angle variation is required to excite the BPP modes of longer 

wavelength band modes whereas a higher resonance angle variation is necessary for 

shorter wavelength band modes (Fig.  7.4c). This is the reason why blue shift 

decreased when the BPP mode wavelength is deceased from longer wavelength 

band mode to shorter wavelength band mode. In short, the excitation of the modes 

in type II HMM via a grating coupler results in multiple modes that satisfy the 

momentum matching condition.
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Fig. 7.4 Characterization of HMM-based biosensors. (a) Excitation of the BPP modes of 

Au-Al2O3 HMM (type II) via grating coupling, (b) Excitation of the BPP modes of Au nanorod 

HMM (type I) via prism coupling, and (c) angular reflectance spectrum of BPP mode band: (a) 

mode band 1 (1250–1300 nm), (b) mode band 2 (850–900 nm), (c) mode band 3 (650–700 nm), 

and (d) mode band 4 (530–580 nm) (Fig. 7.4b is reproduced with permission from Kabashin et al. 

(2009))
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7.3  Development of Plasmonic Biosensors

7.3.1  Design and Fabrication

Since the BPP modes show unique spectral and angular features in each BPP mode 

band, the spectacular properties of GC-HMM could be utilized to develop a poten-

tial plasmonic biosensor platform, working for a broad wavelength range from vis-

ible to near infrared. Therefore, we developed a miniaturized biosensor platform, 

which is a microfluidic channel-integrated GC-HMM. The refractive index sensing 

mechanism is based on the coupling condition between the grating surface modes 

and BPP modes. As the refractive index of the surrounding medium changes, one 

can observe a shift in resonance wavelength and resonance angle.

As illustrated in Fig.7.3a, the sensor device is a combination of a metallic diffrac-

tion grating and a HMM. For the realization of a biosensor, we fabricated a gold- 

Al2O3 HMM, which consists of 16 alternating thin films of gold and aluminum 

dioxide (Al2O3) with thickness 16 nm and 30 nm, respectively. HMM shows type II 

hyperbolic dispersion at λ ≥ 520 nm. For exciting the BPP modes of HMM, a 2D 

sub-wavelength metallic hole array grating was designed and fabricated (Sreekanth 

et al. 2016a, b). To improve the coupling between HMM and grating, a very thin 

(10 nm) Al2O3 spacer layer was deposited on the HMM before making the grating. 

The patterned sub-wavelength hole array in PMMA has an average period of 500 nm 

and hole diameter of around 160 nm. Then, we sputtered a 20 nm thick gold on the 

sample to make gold diffraction grating so that a thiol-based surface chemistry can 

be used for biosensing.

7.3.2  Spectroscopic Characterizations

We acquired the reflectance spectra as a function of excitation wavelength as well 

as incident angle to determine the bulk plasmon modes in the fabricated Au-Al2O3 

HMM. As discussed above, bulk plasmon modes have large modal indices because 

they are the entire family of gap plasmon modes of a multilayer. Therefore, strong 

mode confinement and shorter propagation length are possible, so that these modes 

can provide high quality (Q) factor. In Fig. 7.4a, we plot the reflectance spectra as a 

function of excitation wavelength for different angles of incidence. The deepest nar-

row resonance observed at 1120, 755, and 580 nm wavelength represents the highly 

confined BPP modes of the HMM and the calculated Q-factors for longer to shorter 

wavelength modes are 29.5, 26, and 23, respectively. It shows that Q-factor increases 

with the increase in excitation wavelength. This system would be useful for the 

design and development of multi-analyte biosensors since the mode at longest 

wavelength provides the maximum Q-factor and the mode at shortest wavelength 

provides the minimum Q-factor. However, type 1 HMM based on Au nanorods 

exciting BPPs by a prism coupler results in a single mode at near-infrared frequen-

cies (Fig. 7.4b) (Kabashin et al. 2009). We further acquired the reflectance spectra 

of the HMM as a function of incident angle. As shown in Fig. 7.4c, with an increase 

of excitation wavelength in each BPP band, a decrease in coupling angle variation 
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with a maximum for the shorter wavelength band and a minimum for the longer 

wavelength band is observed.

7.4  Calibration of Sensor Device

7.4.1  Interrogation Schemes

Since surface plasmon resonance sensors operate mainly on prism and grating cou-

pling techniques, two interrogation schemes are commonly employed, which are 

spectral and angular scans. Therefore, we use both spectral and angular scan interro-

gation schemes to study the detection limit and sensitivity of the GC-HMM sensors.

7.4.2  Spectroscopic and Angular Scan

By injecting aqueous solutions of glycerol with different weight ratios into the sensor 

microchannel (sample volume 14 × 2 × 0.05 mm3), first we determined the detection 

limit of the sensor in both spectral and angular scan interrogation schemes. We moni-

tored the wavelength and angular shift as the sensing parameters to record the cor-

responding extremely small bulk refractive index changes. In Fig. 7.5a, c, we plot the 
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Fig. 7.5 (a), (b) Calibration test for spectral interrogation scheme. (a) Sensor (type II HMM) 

response by injecting different weight percentage of glycerol (0.1 to 0.5% w/v) in the channel. (b) 

Response of type I HMM-based sensor with changes of the refractive index of the environment 

using different glycerol–water solutions and inset shows the reflectivity spectrum modifications 

with the changes of the refractive index by 10−4 RIU. (c) Sensor (type II HMM) response in angu-

lar interrogation scheme by injecting different weight percentage of glycerol (0.1–0.5% w/v): (i) at 

1250 nm, (ii) at 850 nm, (iii) at 650 nm, and (iv) at 530 nm (Fig. 7.5b is reproduced with permis-

sion from Kabashin et al. (2009))
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reflectance spectra of the sensor with different weights of glycerol in distilled water 

(0.1–0.5% w/v), for spectral and angular scan interrogation schemes, respectively. 

As it is clear from Fig. 7.5a, resonance wavelength is red shifted and the quality fac-

tor of the resonance declined with increase in the weight ratio of glycerol concentra-

tion. Also, in Fig. 7.5c, a positive angular shift with increase in glycerol weight ratio 

was obtained. These results indicate the ability of the sensor to detect extremely 

small refractive index changes. One can also see that both spectral and angular shift 

varied between the different modes. This is because the transverse decay of the field 

in the superstrate strongly varies from one mode to another (Sreekanth et al. 2016a, 

b). The sensor has its highest performance at the lowest concentration because the 

shift varies nonlinearly with glycerol concentrations. In order to do a detailed sensi-

tivity analysis, the spectral and angular sensitivity of the device at each BPP mode 

band was calculated, which is useful for the determination of the spectral and angular 

detection limit of the sensor device. For this purpose, 0.5% glycerol concentration is 

considered as a reference with bulk refractive index difference between DI water and 

0.5% (w/v) glycerol in DI water is around 0.0006 (Weast 1987). A maximum spectral 

and angular sensitivities are recorded at 1300 nm, which are around 30,000 nm/RIU 

and 2500°/RIU, respectively. However, the minimum values are obtained for the 

mode at 530, which are 13,333  nm/RIU and 2333°/RIU for spectral and angular 

sensitivity, respectively. The figure of merit (FOM) of the sensor can be calculated 

using the expression, (Δλ/Δn) (1/Δω), where Δλ is the wavelength shift, Δn is the 

refractive index change, and Δω is the full width of the resonant dip at half-maxi-

mum. This is an important biosensing parameter that determines the sensitivity with 

which very small wavelength changes can be measured, by considering the sharpness 

of the resonance. The FOM of the sensor for the mode from visible to NIR wave-

lengths are 206, 357, 535, and 590, respectively. In addition, the reported refractive 

index sensitivity and FOM of type 1 HMM-based sensor are 32,000 nm/RIU and 

330, respectively (Fig. 7.5b) (Kabashin et al. 2009). Interestingly, there is a flexibility 

in the selection of a mode for the identification of specific biomolecules because the 

sensor shows different sensitivities and FOM for each mode. On the other hand, there 

is an option that higher sensitivity mode can be used for the detection of smaller 

molecular weight biomolecules and lower sensitivity mode can be used for the detec-

tion of heavier molecular weight biomolecules.

7.5  Biomolecule Sensing

In this section, we demonstrate the proof-of-concept biosensing experiments using 

both spectral and angular interrogation schemes. Here, we only consider the mode 

at 1300 nm because it shows maximum sensitivity.

7.5.1  Smaller Molecule Detection

Small molecules such as D-biotin (molecular weight = 244 Da) are selected as a 

bioanalyte to demonstrate the capabilities of the sensor device for the detection of 

lower molecular weight biomolecules (<500 Da). Importantly, it is a model system 
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for small-molecule compounds such as cancer-specific proteins, hormones, and 

therapeutics. Another motivation is that circulating tumor cells overexpress small 

proteins (<500 Da) very early that are extremely difficult to detect with currently 

available sensing technologies. To study the binding kinetics of biotin, the well- 

known streptavidin-biotin affinity model was used (Sreekanth et al. 2016a, b). The 

refractive index change caused by the capture of biotin at the sensor surface was 

monitored as the resonant wavelength and angular shift in the reflectance spectra. 

We used a single-injection procedure (in batch mode) in which different concentra-

tions (100 pM–10 μM) of biotin in phosphate-buffered saline (PBS) were injected 

into the sensor microchannel. Experiment is performed in such a way that the 

reflectance spectra of the sensor were recorded after a reaction time of 40 min for 

each concentration and PBS was then introduced into the channel to remove the 

unbound and weakly attached biotin molecules. In Fig.  7.6a, b, we show the 

responses of the sensor in spectral and angular interrogation schemes, by injecting 

different concentrations of biotin. Due to the increase in refractive index by the 

capture of biomolecules, a red wavelength shift in wavelength scan and a positive 

angular shift in angular scan were obtained. A nonlinear variation of the response 

with biotin concentration was observed in both interrogation schemes (Fig. 7.6c, 

d). In Fig. 7.6e, we provide the binding kinetics of 10 pM biotin in PBS with time 

progress. A discrete step in resonance wavelength over time is evident from the 

plot, which confirms the binding of biotin molecules on the sensor surface with 

time progress. Note that the variability in the step size is due to statistical 
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reproduced with permission from Kabashin et al. (2009))
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fluctuations where larger or smaller numbers of binding events occurred. It is also 

reported that type I HMM- based sensor can detect biotin at concentrations as low 

as 10 μM using a standard analytical chemistry protocol (Fig. 7.6f). It shows that 

sensitivity can be increased further by six orders of magnitude by using type II 

HMM.

7.5.2  Heavier Molecule Detection

To demonstrate close to single-molecule sensitivity of the sensor device, we then 

performed experiments to detect high-molecular-weight macromolecules such as 

cowpea mosaic virus (CPMV, molecular weight = 5.6 × 106 Da), in the absence of 

surface functionalization. CPMV is a plant virus, which was prepared by following 

the method described in Wen et  al. (2015). The importance of the detection of 

CPMV is that it is a safe model system to mimic infectious disease. We used varying 

concentrations (1 fM–1 nM) of CPMV prepared in PBS. The response of the device 

is monitored by recording the reflectance spectrum after a reaction time of 20 min 

and PBS was injected into the channel to remove unbound and weakly attached 

CPMV. As shown in Fig. 7.7a, b, a large wavelength and angular shift even for 1 fM 

CPMV were recorded, and the sensor saturated very quickly due to the very high 

molecular weight of CPMV. By recording the reflectance spectrum over time, the 

binding of 100 fM CPMV on the sensor surface is investigated (Fig.  7.7c). An 

increase in angular shift with time was obtained, which is due to statistical fluctua-

tions where larger or smaller number of binding events occur. In this study, the 

angular resolution of the instrument was set to be 0.5° and the spectrum was 

recorded every 60 s. For simplicity, only limited spectra are shown in Fig. 7.7c. It is 

evident that the angular shift almost saturated at 15–20 min. No considerable shift 

was noticed after 20 min. A maximum angular shift of 3° was obtained for 100 fM 

CPMV after 20 min. Our future work direction is to detect viruses in complex media 

(blood or other body fluids and tissue samples), which is important for the commer-

cial implementation of the device.

0.8a b c

0.6

0.4

R
ef

le
ct

an
ce

R
ef

le
ct

an
ce

R
ef

le
ct

an
ce

0.2

pbs
1 fM CPMV
100 fM CPMV
1 pM CPMV
10 pM CPMV
1 nM CPMV

pbs pbs after 5 min
after 7 min
after 8 min
after 10 min
after 15 min
after 20 min

after 3 min
100 fM CPMV after 1 min1 fM CPMV

100 fM CPMV
10 pM CPMV
1 nM CPMV

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
20 25 30

Angle of incidence (degree)

35 40 20 25 30
Incident angle (degree)

35 401200 1250 1300 1350
Wavelength (nm)

Fig. 7.7 Response of higher molecular weight macromolecules to the binding of CPMV: (a) 

Response of the sensor in wavelength interrogation scheme for different concentrations of CPMV 

in PBS. (b) Response of the sensor in angular interrogation scheme for different concentrations of 

CPMV in PBS. (c) Proof-of-concept heavier molecule binding experiment using CPMV

G. Strangi et al.



169

7.5.3  Quantification of Absorbed Molecule on the Sensor 
Surface

The quantification of the absorbed biomolecules on the sensor surface is very 

important to study the binding kinetics of molecules. Therefore, we have analyzed 

the sensitivity of the wavelength and angular shift to the number of adsorbed mol-

ecules on the sensor surface. For different concentrations c of biotin in PBS, we 

considered the saturation values of the wavelength (Δλ) and angular (Δθ) shift, 

which occurs approximately after 45  min. In the sensing region, the number of 

bound molecules N(c) depends on the shift of the resonance wavelength and angle. 

Note that we cannot directly measure the precise value of N(c), but we can reliably 

estimate an upper bound Nmax(c) based on the sensor parameters, such that the actual 

N(c) ≤ Nmax(c) at any concentration. The estimated upper bound is Nmax(c)  =  8.4 

c × 1015 M−1. In Sreekanth et al. (2016a, b), we showed that there was a nonlinear 

relationship between Nmax(c) and Δλ(c), and Nmax(c) and Δθ(c), the shift in reso-

nance wavelength and angle at concentration c. By using a phenomenological 

double- exponential fitting function, this behavior could be accurately represented, 

and we find an analogous functional relationship between Nmax(c) and Δθ(c), and 

Nmax(c) and Δλ(c), which is as follows:

 
N A e A emax

/ /= -( ) + -( )1 2
1 21 1D Dl b l b

 (7.6)

 
N A e A emax

/ /= -( ) + -( )1 2
1 21 1D Dq b q b

 (7.7)

where A1, A2, β1, and β2 are fitting parameters. In the case of very few adsorbed 

molecules, this function could show limiting behavior at small Δλ and Δθ, which 

should be linear. In Fig. 7.8, we plot the experimental Nmax versus Δλ and Δθ results 

for biotin and solid lines represent the best fits of Eqs. (7.6) and (7.7). It should be 

noted that at the smallest probed concentration (1 fM) of CPMV, the estimated value 

for Nmax is approximately eight adsorbed particles, which indicates that our sensor is 

close to the single-particle detection regime.
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7.6  Summary and Outlook

In summary, we discussed the basic principles of optical biosensing via SPPs and its 

shortcoming. Hyperbolic metamaterials which are artificial materials that enjoy 

hyperbolic dispersion of light support a different type of SPPs called BPPs which 

are surface waves that can also propagate through the bulk of the material and enjoy 

extremely high momentum and local density of photonic states. Such HMMs have 

reported to exhibit extreme sensitivity for angular and spectral sensitivities reaching 

32,000 nm/RIU and 2500°/RIU, respectively, and figure of merit of 590, allowing 

for detection of low-molecular-weight biomolecules at low concentration.

Type I HMM biosensor based on Au nanorod arrays is a promising system as it 

can be grown on approximately large areas (~ 2 cm2) and allow it to enjoy high 

fabrication tolerance due to the sub-wavelength nature of its components. In addi-

tion, there is a lot of room for improving the metamaterial parameters such as the 

height and surface area of the nanorods in order to increase the number of attached 

bioanalytes. In addition, transducer-based enhanced selectivity is possible by modi-

fying the nanorod period such that only bioanalytes with certain sizes can permeate 

through the material and experience the enhanced local field.

On the other hand, due to the thin metal film nature of type II HMMs based on 

metal-dielectric bilayers it is possible to excite its bulk modes using the grating 

coupling configuration which overcomes the bulkiness problem of biosensors rely-

ing on prisms stated in the introduction. Furthermore, the existence of multiple BPP 

modes and multiple diffraction orders allows for multimodal excitation of resonant 

modes at different angles of incidence and wavelength ranges.

Such multimodal differential response offers a promising opportunity to design 

an assay for the selective detection of higher and lower molecular weight biomole-

cules in highly diluted solutions, i.e., transducer-based selectivity. Both miniaturiza-

tion and transducer-based selectivity are two important features for new-generation 

lab-on-a-chip sensors.

Furthermore, embedding of the HMM in biocompatible matrices (for example, 

silk) could also allow for transcutaneous implantation. The transducer-based selec-

tivity is important in sensing applications because it brings specificity properties to 

ligand-free sensors and adds specificity features to ligand-functionalized sensors. 

Although the reported sensitivity of HMMs is extremely high, it is still capable of 

operating within a wide range of molecule concentrations for low-molecular-weight 

analytes: from highly diluted concentrations (10 fM) to the more concentrated 

multi-analyte samples (1 μM). A further improvement in sensitivity of lower molec-

ular weight biomolecules is possible by using differential phase shift (Zeng et al. 

2015) and Goos-Hanchen shift (Yin and Hesselink 2006) interrogation schemes. 

These will be the future work directions.

An effective point-of-care biosensor should also be affordable. One main drawback 

is the reliance on nanofabrication techniques to create the grating. In future, efforts will 

be dedicated to lithographically free nanophotonic platforms. Not only would the fab-

rication costs be dramatically reduced, but also the sensing area could be significantly 

enlarged, allowing for a large-area biosensor and multichannel sensing platform.
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Abbreviations

4MBA 4-Mercaptobenzoic acid

A1AT Alpha-1-antitrypsin

Ab Antibody

AFP Alpha-fetoprotein

AgNP Silver nanoparticle

AuNP Gold nanoparticle

AuNR Gold nanorod

AuNR@Ag Silver-coated Gold nanorod

AuNS Gold nanosphere

CEA Carcinoembryonic antigen

CTC Circulating tumour cells

Cy5 Cyanine 5

DNA Deoxyribonucleic acid

DTNB 5,5-Dithiobis(2-nitrobenzoic acid)

EGF Epidermal growth factor

ELISA Enzyme-linked immunosorbent assay

EpCAM Epithelial cell adhesion molecule

ErbB2 Erythroblastic leukaemia viral oncogene homolog 2

ERL Extrinsic Raman label

HCPCF Hollow core photonic crystal fibre

HER2 Human epidermal growth factor receptor 2

HGNs Hollow gold nanosphere

IGF-1 Insulin-like growth factor 1
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iMS Inverse molecular sentinel

LDA Linear discriminate analysis

LDR Ligase detection reaction

LOD Limit of detection

LSPR Localized surface plasmon resonance

mAb Monoclonal antibody

MB Magnetic beads

MCH Mercaptohexane

MGITC Malachite green isothiocyanate

miRNA microRNA

MNP Magnetic nanoparticle

MS Molecular sentinel

MSC Molecular sentinel-on-chip

MSTP Methyl sulphanyl thiophenol

MUC4 Mucin protein 4

NiFe@Au Gold shell-coated nickel-iron alloy magnetic nanoparticle

pAb Polyclonal antibody

PATP p-Aminothiophenol

PCA Principal component analysis

PCI Plasmonic coupling interference

PEG Polyethylene glycol

PNTP p-Nitrothiophenol

PSA Prostate-specific antigen

RNA Ribonucleic acid

RR Raman reporter

SEHGNS Silica-encapsulated hollow gold nanosphere

SERRS Surface-enhanced resonance Raman scattering

SERS Surface-enhanced Raman scattering/spectroscopy

Si Silica

SNP Single-nucleotide polymorphism

TSNW Triangular shaped nanowire

VEGF Vascular endothelial growth factor

WHO World Health Organization

8.1  Introduction

Cancer, which is hailed as the “Emperor of all maladies,” is the leading cause of 

millions of deaths worldwide every year. Approximately, 1.7 million new cancer 

cases are diagnosed each year in the United States (American Cancer Society. 

Cancer Facts & Figures 2015). According to the WHO, the world witnessed around 

8.2 million deaths in 2012 due to cancer and related illness (Cancer, Fact sheet No: 

297; WHO). For the past 5–6 decades, governments, pharma companies and private 

institutions throughout the world have invested billions and trillions of dollars for 
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carrying out extensive research to understand the basics of cancer and to develop 

new technologies for diagnosing and treating cancer, with the sole goal of achieving 

a universal “cure” for cancer. Remarkable progress in basic cancer research over the 

years has strengthened our understanding of what cancer is and presently the 

research is focussed on developing diagnostic tools to detect cancer at its nascent 

stage. Despite the success that has been achieved over the past few years in develop-

ing new-generation anticancer therapeutics and treatment strategies, the mortality 

rate due to cancer and cancer-related diseases has not decreased significantly. This 

led scientists worldwide to switch the focus of research more towards developing 

novel tools and techniques for screening and detection of cancer at an early stage 

when the disease has not metastasized. It is very important to understand that the 

earlier the detection of a disease, the higher is the chance of survival and recovery. 

The outcome of a specific cancer treatment strategy greatly depends on the stage of 

the cancer at the time of diagnosis. In most cases, majority of the patients coming to 

the clinic turn up with late or terminal stages of cancer, where even the most 

advanced of the treatment strategies fail to save the patient. According to the Cancer 

Stat Fact Sheet of National Institute of Health, USA, patients diagnosed with stage 

3 or stage 4 breast cancers, cervical cancers, ovarian cancers, prostate cancers and 

colon cancers have a 5-year survival rate of 28%, 16%, 28%, 28% and 13%, respec-

tively, while for those diagnosed at stage 1 or stage 2 of the same five cancers, the 

5-year survival rates are 99%, 91%, 92%, 100% and 90%, respectively (Cancer Stat 

Fact Sheets, NIH). This clearly shows the importance for developing novel screen-

ing technologies for specific, sensitive, cost-effective and accurate early detection of 

cancer in a short period. The tremendous potential of the various novel cancer treat-

ment modalities that have been mentioned before can only be realized to its full 

extent when the cancers are detected early while it is still localized. This will not 

only decrease the mortality rate, but will also reduce morbidity and costs (Etzioni 

et al. 2003).

Thus, scientists have come up with new technologies for early diagnosis of can-

cer. Detection of biomarkers in body fluids such as blood, plasma, serum, urine and 

saliva, and also in cells and tissues, has emerged as a promising early cancer detec-

tion technology (Satish et al. 2016). According to the National Cancer Institute, a 

biomarker is “a biological molecule found in blood, other body fluids, or tissues 

that is a sign of a normal or abnormal process, or of a condition or disease” (NCI 

Dictionary of Cancer Terms, National Cancer Institute). The biochemical nature 

of a biomarker is diverse ranging from proteins, nucleic acids, peptides and anti-

bodies up to collection of proteomic and metabolomic signatures that play very 

important roles for detection, monitoring and subsequent treatment of a variety of 

diseases including cancer (Henry and Hayes 2012; Mayeux 2004). This whole new 

field of early cancer diagnosis based on detection of circulating biomarkers in body 

fluids is referred to as “liquid biopsies” (Cree 2015). With progress in the field 

of nanotechnology and sensor technology, novel nanobiosensors have been devel-

oped for more specific and selective detection of cancer biomarkers (Altintas and 

Tothill 2015; Brian and Shaker 2011). Several technologies have been developed 

for designing biosensors based on fluorescence (Vuori et al. 1991; Xu et al. 1992), 
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chemiluminescence (Brown et al. 1985), electrochemical assay (Hayes et al. 1994; 

Pallela et al. 2016), gel-based techniques, protein microarrays (Cho et al. 2006) and 

enzymatic methods (Butler 2000), which can be used as diagnostic tools for the 

detection of disease biomarkers (Brian and Shaker 2011). However, most of these 

biosensor platforms have certain limitations. These techniques suffer from low 

reproducibility, large sample volume requirement, poor specificity, low sensitivity, 

elaborate and tedious procedures, time consumption and expensiveness and above 

all most of these techniques fail to get translated into point-of-care diagnostic plat-

forms for rapid and early detection of diseases. Colorimetric and absorbance- based 

assays such as ELISA, which is the most favoured and readily used immunoassay, 

suffer from low detection limits, limited multiplexing capabilities and issues related 

to variations in results with changes in pH, buffer and ionic strength (Butler 2000). 

Fluorescence-based detection platforms provide high sensitivity as compared to 

other methods, but the broad spectral overlaps and frequent quenching of the fluo-

rescence significantly affect the performance and output of these assays (Strianese 

et al. 2012). To overcome these limitations scientists are working on the develop-

ment of reliable, cheap, easy-to-perform diagnostic platform that has the potential 

to simultaneously detect multiple target analytes (multiplexing) with high sensitiv-

ity and specificity in a short period of time so that it can be used as a potential point-

of-care diagnostic tool. Surface-enhanced Raman scattering or SERS has emerged 

as a powerful alternative spectroscopy-based detection technique having the advan-

tages of high sensitivity, excellent multiplexing capabilities, ease of performance 

and reliability (Kyle et al. 2011). In the past 2–3 decades, SERS has been exten-

sively studied and researched and SERS-based techniques have been developed for 

detection and monitoring of a range of target analytes starting from environmental 

pollutants ranging up to biomarkers for diagnostic purposes (Stephen and George 

2009). Detection of any disease at an early stage increases the chance of recovery 

and also provides the physician an opportunity to properly treat and monitor the 

disease. Further, simultaneous detection of multiple biomarkers is considered to be 

crucial for an accurate and specific diagnosis of a complex disease such as cancer. 

The high specificity and excellent multiplexing capabilities of SERS have proved 

to be highly beneficial for early detection of cancer and thus a large number of 

scientific reports and articles have come up in the past few years focussing on the 

development of novel diagnostic platforms based on SERS (Marc et al. 2013). This 

chapter discusses about several SERS-based diagnostic methodologies developed in 

the last few years for detection of cancer.

8.2  Raman Spectroscopy and SERS

The wide application of Raman spectroscopy in the field of biosensing and diagnos-

tics (Mahadevan and Richards 1996) that have been observed in the last few decades 

is due to the unique property of this optical spectroscopic technique to rapidly detect 

and identify different chemical compounds and materials based on the interaction of 

electromagnetic radiations with the material. When light (monochromatic radiation) 

is incident on a sample, it interacts with the sample in a manner such that the incident 
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photons can either get reflected or absorbed or scattered. In case of scattering, the 

incident photons can get scattered elastically or inelastically. Majority of the photons 

get scattered elastically in which there is no change in energy or frequency between 

the incident photon and scattered photon (Rayleigh scattering) (Amer 2010). 

However, there is a small fraction of photons (1 × 10−7) which gets scattered at fre-

quencies or energies different from that of the incident photons (Amer 2010). Such 

type of scattering is referred to as inelastic scattering and the phenomenon is known 

as Raman effect, named after its discoverer Sir C. V. Raman. The Raman- scattered 

photons can have either lower energy (Stokes Raman scattering) or higher energy 

(anti-Stokes Raman scattering) as compared to incident photons depending on the 

nature of the vibrational state of the molecule. This difference in the energy between 

the incident photons and the inelastically scattered photons corresponds to the vibra-

tional energy levels of the scatterer and is characteristic of the nature or type of bonds 

present in the scattering molecule, thereby unique for each molecule. As a result, 

every molecule that is capable of inelastic scattering has its own unique vibrational 

spectrum referred to as the Raman fingerprint, which gives information regarding the 

identity and molecular structure of a sample (Gremlich and Yan 2001). In compari-

son to fluorescence spectrum, a Raman spectrum consists of peaks that are discrete, 

highly resolved and 101–102 times narrower in width as compared to fluorescent 

emission peaks, which makes Raman spectroscopy an excellent and powerful detec-

tion tool for high-level multiplexing operations. In spite of all these properties and 

advantages over other conventional detection platforms, Raman spectroscopy found 

very few practical applications specifically in the field of biological sciences. This is 

because Raman scattering is a very weak scattering process with only one in 106–1010 

incident photons getting scattered inelastically (Willard et  al. 1974). The Raman 

scattering cross sections of molecules are usually 14 orders of magnitude lower than 

that of fluorescent molecules, thereby resulting in very weak scattering intensity 

(Willard et al. 1974). However, this limitation of Raman spectroscopy was overcome 

by the discovery of a new optical phenomenon known as surface-enhanced Raman 

scattering or spectroscopy (SERS), when in 1974 scientists for the first time observed 

the intensification of Raman signals of pyridine adsorbed on roughened silver elec-

trodes (Fleischmann et al. 1974). Further research into this field along with develop-

ment of new disciplines like nanotechnology and plasmonic science revealed that the 

weak intensity of Raman signals could be significantly enhanced to a detectable 

range by placing the molecular species of interest on or near the surface of nanor-

oughened metals or plasmonic nanostructures, especially made up of gold or silver 

(Nie 1997; Ko et al. 2008; Jaiswal et al. 2014). This process of enhancing the inten-

sity of Raman spectra of a molecule by using a metal surface is known as SERS 

(Doering et al. 2007; Haynes et al. 2005; Sharma et al. 2012). This enhancement in 

the intensity of Raman spectrum is the outcome of the enhanced electric field caused 

due to the localized surface plasmon resonance (LSPR) of metal nanostructures. On 

exposure to electromagnetic radiation, the conduction band electrons at the surface 

of the metal nanostructure start to oscillate due to absorption of energy. This oscilla-

tion is referred to as localized surface plasmon. When the frequency of localized 

surface plasmons matches the frequency of the incident electromagnetic radiation, it 

results in resonance which is known as LSPR. This LSPR increases the absorbance 
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as well as scattering properties, and also enhances the electromagnetic field at the 

surface of the nanostructure (Jeanmaire 1977). The target molecules or Raman labels 

that are adsorbed on the surface of the plasmonic nanostructure or are placed in close 

proximity to the surface experience this enhanced electromagnetic field, thereby 

resulting in increase in the intensity of the Raman scattering (Willets and Van Duyne 

2007; Jensen et  al. 2008). In addition to enhanced electromagnetic field, charge 

transfer mechanisms (Albrecht and Creighton 1977) and surface-enhanced reso-

nance Raman scattering (SERRS) (Schatz et al. 2006) also contribute towards signal 

intensification by SERS. SERS have the potential to cause signal enhancements by 

108–1014 orders of magnitude which is extremely helpful in the detection of target 

analytes at nano- or picomolar range.

8.3  SERS-Based Biosensor Platforms

Basically, there are two modes or platforms for SERS-based biosensors: an extrin-

sic/indirect SERS platform and an intrinsic/direct SERS platform (Driscoll et al. 

2013). Extrinsic or indirect SERS-based biosensing refers to the detection of one or 

multiple target analytes via excitation of strong Raman scattering reporter mole-

cules (Raman tags) that are coupled to the surface of target analytes (Driscoll et al. 

2013). Detection of the strong Raman signals of the Raman tags indirectly indicates 

the presence of the target analyte to which it is bound. On the other hand, intrinsic 

or direct SERS-based biosensing involves detection of target analytes directly by 

measuring the excited Raman signals of the target analytes without the use of a 

Raman label. Plasmonic nanostructures made up of gold or silver are used as the 

label-free SERS-active substrates which significantly enhance the Raman signal of 

the analytes adsorbed on its surface, thereby facilitating direct detection of the ana-

lytes (Driscoll et al. 2013).

Immunoassay is the most preferred and widely used assay technique for develop-

ment of biosensor platforms. An immunoassay consists of antibodies as capture or 

detection agents that specifically bind to its cognate antigen (a target protein) and help 

in its detection. Majority of the SERS-based biosensors are based on immunoassay 

platforms that can be performed either as a solution-based colloidal immunoassay or 

as a solid substrate/chip-based immunoassay (Porter et al. 2008). In a solution-based 

colloidal immunoassay, the target analyte or protein of interest is detected using gold 

nanoparticles functionalized with a specific antibody and a Raman label. This com-

plex is then bound by a metallic nanoparticle conjugated to another antibody specific 

to the same target protein, thereby forming sandwich immunocomplex aggregates, 

which can then be probed with a laser directly in solution or can be pelleted down first 

and then excited with a laser for measurement of the Raman spectra of the reporter 

molecule. On the other hand, solid substrate/chip- based sandwich immunoassay plat-

forms (Fig. 8.1) consist of a solid substrate or chip fabricated with a plasmonic mate-

rial such as gold or silver. This plasmonic substrate is then immobilized with capture 

antibodies that specifically bind to the target antigen. Upon antigen binding to the 

immobilized capture antibodies, these complexes are probed using SERS-active 

reporter plasmonic nanoparticles labelled with a Raman tag and conjugated with an 

S. Roy and A. Jaiswal



179

antibody specific for the same target antigen, thereby forming sandwich immunocom-

plexes on the solid plasmonic substrate, which can then be interrogated with a laser 

for SERS measurements (Porter et al. 2008).

8.4  SERS-Based Immunoassays for Detection of Different 
Cancer Biomarkers

SERS-based immunoassay works on the principle of binding of antibody-tagged 

SERS probe to specific biomarkers and detection using Raman spectroscopy. The 

several biomarkers associated with different cancer types and the SERS platform 

used for individual biomarkers are summarized in Table 8.1. The detailed descrip-

tion for individual SERS-based biosensors is discussed below.

gold substrate

linker molecule capture
antibody

Au

Au

Au

ERL

gold
nanoparticle

antigen (analyte) ERL
measure

SERS

Raman
reporter

detection
antibody

a

b

c

Fig. 8.1 A schematic showing the outline of a general SERS-based sandwich immunoassay plat-

form: (a) a capture substrate to specifically extract and concentrate antigens from solution; (b) 

surface-functionalized gold nanoparticles (ERLs) to bind to captured antigens selectively and gen-

erate intense SERS signals; and (c) sandwich immunoassay with SERS readout. Reproduced with 

permission from Wang et al. (2011a, b). Copyright 2011 American Chemical Society
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8.4.1  SERS-Based Immunosensor for VEGF Biomarker Detection

Li et al. demonstrated the detection of vascular endothelial growth factor (VEGF) 

biomarker from the clinical samples of breast cancer patients using an ultrasensitive 

SERS-based plasmonic immunosensor (Li et al. 2013a, b). VEGF is a very impor-

tant biomarker for tumour-associated angiogenesis and upregulation of the expres-

sion of VEGF or its receptors has been reported in different types of human cancer 

(Pradeep 2005). The immunosensor consisted of Au triangle nanoarray chip as the 

SERS-active substrate to which the capture antibodies (anti-VEGF) were immobi-

lized. SERS-active sandwich nanoparticle probes were constructed by conjugating 

a Raman reporter malachite green isothiocyanate (MGITC) to a gold nanostar fol-

lowed by SiO2 coating. The detection antibodies were then conjugated onto these 

Au@Raman reporter@SiO2 sandwich nanoparticle probes. In the presence of the 

target biomarker protein in clinical sample, the biomarker (VEGF) gets sandwiched 

between the capture antibody on the nanoarray platform and the detection antibody 

on the SERS probes, thereby creating a 3D hierarchical structure with a confined 

plasmonic field (Fig. 8.2). This confined plasmonic field leads to the generation of 
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Fig. 8.2 Schematic illustration of conjugation of the (a) SERS probe (sandwich nanoparticle) to 

the detection antibody and (b) Au triangle nanoarray chip to the capture antibody. (c) Schematic 

illustration of the operating principle of SERS immunosensor for biomarker detection. The struc-

ture of the VEGF biomarker is created by PyMOL with a four-digit code: 1VPF. Reproduced with 

permission from Li et al. (2013a, b). Copyright 2013 American Chemical Society
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high-density electromagnetic “hot spots” between the Au triangle platform and 

sharp-tipped Au nanostars upon light excitation. As a result, the Raman reporter 

molecules that are sandwiched between these structures experience the enhanced 

electromagnetic field and ultimately lead to significant enhancement in the Raman 

intensity facilitating biomarker detection.

8.4.2  SERS-Based Immunosensor for Simultaneous Detection 
of p53 and p21

Simultaneous detection of p53 and p21 is of great clinical importance for early 

diagnosis and monitoring of several types of cancer. The tumour-suppressor gene 

p53 is mutated in almost 50% of human cancers (Sherr 2004) and plays a very cru-

cial role in regulating cell cycle progression. In normal circumstances, when the p53 

gene is not mutated, it activates the expression of p21 gene which is a cyclin- 

dependant kinase inhibitor that too is associated with normal regulation and control 

of cell cycle (El-Deiry 1993; Anttila et  al. 1999). However, during pathological 

conditions such as cancer when the p53 gene is mutated, it fails to activate p21 as a 

result of which the expression of p21 is lowered and the cell cycle becomes deregu-

lated. Hence, the levels of expression of both of these genes are very crucial in keep-

ing the cell cycle in check and can act as indicators or markers for cancer. Studying 

the expression levels of p21 gene has gained a lot of attention from the scientific 

community because it directly sheds light on the status of the p53 gene, whether it’s 

mutated or not. Studies have shown that p53 overexpression in the absence of p21 

expression (i.e., p53 positive/p21 negative) could be used as a useful marker in the 

diagnoses of epithelial ovarian cancer (Werness et al. 1999), colorectal cancer (Viale 

et al. 1999) and hepatocellular carcinoma (Shi et al. 2000). So, from a diagnostic 

point of view, detection platforms capable of multiplexed detection of both p53 and 

p21 protein in a single assay from a clinical sample are readily sought after for early 

cancer diagnosis. Wu et al. have reported a highly reproducible and sensitive SERS- 

based immunoassay platform for simultaneous detection of p53 and p21 protein in 

human serum (Wu et al. 2013). They developed two sets of SERS nanotags using 

gold@silver core-shell nanorods (Au@Ag NRs) as the plasmonic nanostructure 

conjugated to two different Raman reporter molecules 4-mercaptobenzoic acid 

(4MBA) and 5,5-dithiobis (2-nitrobenzoic acid) (DTNB). The 4MBA-Au@Ag NRs 

were conjugated with rabbit anti-p53 antibody and DTNB-Au@Ag NRs were con-

jugated with rabbit anti-p21 antibody for the detection of p53 and p21, respectively 

(Fig. 8.3). When mixture of p53 and p21 proteins in different combinations was 

used, the sensor was able to achieve a sensitivity of 1 pg/mL.

8.4.3  Breast Cancer

Human epidermal growth factor receptor 2, also known as HER2, is known to be 

over-expressed on the surface membrane of breast cancer cells, thus making this 

receptor protein a powerful biomarker for breast cancer detection and diagnosis 
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(Krishnamurti and Silverman 2014). SERS-based detection of HER2 on breast 

cancer cells has been reported where antibody-conjugated gold nanorods (Park 

et al. 2009) and nanospheres (Lee et al. 2009) coupled with Raman reporter were 

used as the SERS-active nanoprobes for imaging and detection of HER2 on the 

surface of MCF7 cells (human breast adenocarcinoma). In another study, Yang 

et al. reported the use of anti-HER2 antibody-conjugated silver nanoparticles cou-

pled with a Raman reporter p-mercaptobenzoic acid for detection of HER2 on 

breast cancer cells (Yang et  al. 2011). Lee et  al. reported a SERS-based multi-

plexed cellular imaging method for simultaneous imaging, detection and quantifi-

cation of different breast cancer phenotypic markers (Lee et  al. 2014). They 

developed SERS nanotags using antibody-conjugated silica-encapsulated hollow 

gold nanospheres (SEHGNs) coupled with different Raman reporters. They used 

MGITC, RBITC and RuITC for detection and quantification of three different 

breast cancer biomarkers namely epidermal growth factor (EGF), ErbB2 and insu-

lin-like growth factor-1 (IGF-1) receptors, on the surface of MDA-MB-468, KPL4 

and SK-BR-3 human breast cancer cell lines, respectively. The SERS-tagged 

SEHGNs were able to label the different cancer cells specifically based on the 

distribution of the individual biomarker proteins enabling quantification of bio-

markers and identification of cancer cell phenotype.

8.4.4  Lung Cancer

Carcinoembryonic antigen (CEA) is a well-known biomarker for lung cancer, 

whose levels are found to be elevated in the blood of chain smokers (Begent 1984). 

In addition to lung cancer, high levels of CEA have also been reported in the serum 

of individuals suffering from colorectal, gastric, pancreatic, breast and medullary 

thyroid carcinomas (Thomson et al. 1969). So, rapid and sensitive detection of this 
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biomarker is very crucial for accurate diagnosis and management of a number of 

cancer types. H Chon et al. have reported the development of a SERS-based immu-

nosensor using antibody-conjugated hollow gold nanospheres and magnetic beads 

for rapid, specific and sensitive detection of CEA from clinical samples (Chon et al. 

2009). Instead of a solid substrate platform for immobilization of the immunocom-

plex, the authors developed a colloidal assay platform without any immobilization. 

Magnetic beads conjugated to polyclonal anti-CEA antibodies were used as sup-

porting substrates and Raman reporter-coupled hollow gold nanospheres conju-

gated to monoclonal anti-CEA antibodies were used as SERS-active probes. Simple 

mixing of these magnetic beads and SERS probes with the clinical sample contain-

ing the target biomarker resulted in the formation of sandwich immunocomplexes 

in solution, which were then separated using a magnet for SERS measurements 

(Fig. 8.4). Formation of immunocomplex resulted in the enhancement of the Raman 

signal of the reporter due to SERS by multiple closely placed hollow gold nano-

spheres on the surface of magnetic beads, thereby leading to the specific detection 

of the target biomarker. Absence of any biomarker did not let any reporter nanopar-

ticles to bind with the magnetic beads and thus no SERS was observed. This col-

loidal based SERS immunoassay platform reported a LOD of about 1–10 pg/mL for 

CEA, which is 100–1000 times more sensitive than ELISA. In a follow-up study by 

the same group, the authors reported multiplexed detection of two lung cancer bio-

markers, CEA (LOD of 5 ng/mL) and AFP (LOD of 20 ng/mL), simultaneously in 
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patient serum using the same colloidal based SERS immunoassay platform (Chon 

et al. 2011). The quick assay time of less than 1 h, ease of performance and high 

specificity and accuracy make this SERS-based colloidal immunoassay platform 

very suitable and ideal for being developed into a reliable point-of-care diagnostic 

tool for early cancer detection.

In a recent study, Li et al. reported a SERS-based microfluidic platform with a 

LOD of 0.1pM for rapid and sensitive detection of CEA by employing bifunc-

tional nanocomposite probes for magnetic focussing-coupled SERS detection (Li 

et al. 2015). Gold shell-coated nickel-iron alloy magnetic nanoparticle (NiFe@

Au) conjugated to anti-CEA capture antibody was used as the capture probe and 

Raman label-coupled Au nanoparticle conjugated to anti-CEA detection antibody 

was used as the SERS-active probe. In the presence of target biomarker CEA, 

formation of sandwich immunocomplexes between capture and detection probes 

took place which was then magnetically focussed to a particular spot on a micro-

fluidic platform for further SERS measurement (Fig. 8.5). Magnetic focussing of 

the plasmonic immunocomplexes to a specific spot caused aggregation of a num-

ber of AuNPs resulting in formation of “hot spots” that ultimately enhanced the 

Raman signal of the reporter for successful detection of the biomarker up to 

0.1 pM level.
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Fig. 8.5 Illustration of SERS detection of cancer biomarker CEA using functional nanoprobes 

consisting of Au-coated NiFe magnetic nanoparticle (NiFe@Au), Ab1, capture antibody; Ab2, 

detection antibody; and RL, Raman label. Reproduced with permission from Li et  al. (2015). 

Copyright 2015 American Chemical Society
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8.4.5  Liver Cancer

Alpha-fetoprotein (AFP) is considered as an important biomarker for hepatocellular 

carcinoma (Zhao et al. 2013). An elevated level of AFP in blood is an indicator of 

liver cancer. So, accurate and early detection of AFP in clinical samples is of utmost 

importance for determining the correct stage of the cancer as well as for monitoring 

the progression of the disease upon treatment. In a study, Wang et al. reported a 

solid substrate-based SERS immunoassay for rapid and specific detection of AFP at 

very low concentrations (Wang et  al. 2013a, b). They utilized Raman reporter- 

labelled AuNPs conjugated to anti-AFP antibody as a SERS-active probe (antiAFP- 

MBA- AuNP) that formed a sandwich immunocomplex upon incubation with 

AFP-precoated glass slide modified with gold colloid. The assay could detect AFP 

at a concentration as low as 100 pg/mL, thus showing the high sensitivity of this 

SERS-based method for biosensing applications. Combining SERS-based immuno-

assay platforms with other detection technologies have also been studied and 

reported for detection of cancer. One such example is the development of a diagnos-

tic chip by combining the features of gradient microfluidic device with SERS-based 

immunoassay. Lee et al. developed a programmable, highly reproducible and fully 

automated gold array-embedded gradient microfluidic chip for fast and highly sen-

sitive detection of AFP using SERS-based immunoassay (Lee et al. 2012). The gra-

dient microfluidic device was developed using a glass substrate embedded with gold 

microarray wells, which served as the detection platform for the SERS-based 

immunoassay. The surfaces of the gold wells were immobilized with anti-AFP 

monoclonal antibody for capture of target biomarker AFP. Hollow gold nanospheres 

(HGNs) labelled with a Raman reporter MGITC and conjugated with anti-AFP 

polyclonal antibody were used as the SERS nanoprobes for sandwich immunocom-

plex formation. The target antigen AFP and SERS nanoprobes were injected sequen-

tially into the microfluidic channels through two separate inlets and were allowed to 

incubate for specific periods of time. Upon incubation, Raman spectra of the formed 

immunocomplexes were measured using Raman spectrometer for the purpose of 

detection and quantitation (Fig. 8.6). It was observed that when the target biomarker 

protein AFP was not present, there was a very weak SERS signal indicating the 

presence of few HGNs in the solution due to nonspecific binding. However, with 

sequential increase in AFP concentration (0–10 ng/mL), the intensity of the Raman 

peaks in the 1560–1650 cm−1 range increased concomitantly, thereby demonstrating 

highly specific detection as well as excellent sensitive quantitation of AFP with a 

LOD of 0–1 ng/mL. This SERS-based opto-fluidic sensor with high sensitivity and 

quick assay time of less than 1 h can be coupled with a handheld portable Raman 

spectrometer for rapid multiplexed detection of different cancer biomarkers in a 

point-of-care diagnostic setup.

Similarly, Dinish et al. developed a highly sensitive biosensing platform for mul-

tiplexed detection of cancer biomarkers by combining SERS with hollow core pho-

tonic crystal fibre (HCPCF) (Dinish et al. 2013). HCPCFs, due to its improved light 

confinement properties, allows for much better interaction between the guided laser 

and the target analyte. This results in improved sensitivity of this platform when 
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coupled with SERS for detecting bioanalyte even at very low concentration. Using 

this platform, the authors reported the multiplexed detection of two hepatocellular 

carcinoma biomarkers, alpha-fetoprotein (AFP) and alpha-1-anti-trypsin (A1AT), 

in a very low sample volume of 20 nL. The biomarkers were immobilized on the 

inner surface of the hollow photonic fibre and were then detected using biomarker- 

specific antibody-conjugated SERS nanotags. Two different Raman reporters were 

used in the SERS nanotags for simultaneous detection of two different biomarkers. 

Multiplexed detection of biomarkers provides great help in accurate diagnosis and 

monitoring of complex diseases like cancer, where stage of detection is very crucial 

in determining the fate of the patient.

8.4.6  Prostate Cancer

Prostate-specific antigen (PSA) has been extensively used as a biomarker for the 

diagnosis and monitoring of prostate cancer in men (Lilja et al. 2008). PSA is a 

33 kDa serine protease produced by the prostate gland whose normal level in blood 

lies between 4 and 10 ng/mL. It has been found to exist either in a free form (fPSA) 

or in a complex with alpha 1-anti-chymotrypsin (PSA-ACT complex) in the serum 

(Lilja et al. 2008). The ratio of the concentration of these two forms in serum is 

clinically very important because the chances of getting prostate cancer increase 

with decrease in fPSA levels (Stenman et  al. 1991; Lilja et  al. 1991). Thus, 
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Fig. 8.6 Layout of a gold array-embedded gradient chip for the SERS-based immunoassay. The 
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monitoring the level of different forms of PSA specifically would enable early diag-

nosis of prostate cancer. Working towards this goal, Grubisha et  al. developed a 

solid substrate- based SERS immunoassay platform for rapid and highly sensitive 

detection of PSA at concentrations as low as 1 pg/mL in human serum (Grubisha 

et al. 2003). A gold colloid-coated glass slide immobilized with anti-PSA capture 

antibodies served as the solid assay substrate onto which SERS probes consisting of 

Raman reporter-coupled AuNP conjugated to anti-PSA detection antibodies formed 

immunocomplexes in the presence of PSA in test sample. Increased intensity of 

Raman signal of the reporter molecule as measured by a Raman spectrophotometer 

upon immunocomplex formation directly correlated with the concentration of PSA 

present in the sample. In another interesting study, Liu et al. demonstrated a SERS- 

based approach for detection of PSA by exploiting the serine protease activity of 

PSA (Liu et al. 2006). The authors developed a peptide-nanoparticle hybrid SERS 

probe by combining plasmonic nanocrescent particles with peptides and Raman 

reporters, in which the peptides used had a high sensitivity for PSA and the plas-

monic nanocrescents acted both as substrate and SERS enhancer for the Raman 

reporter. Proteolysis of the peptide by PSA upon enzyme-substrate complex forma-

tion was detected in the form of enhanced Raman signal of the reporter molecule 

due to SERS, which indirectly reported the presence of PSA in the test sample. This 

assay technique was capable of detecting PSA in nanomolar concentration range 

(0–420 nM) in very small sample volumes (femtoliter).

8.4.7  Pancreatic Cancer

Pancreatic cancer is another deadliest cancer and a leading cause of cancer-related 

deaths worldwide (Siegel et al. 2013). Detection of pancreatic cancer at an early 

stage is very crucial for accurate diagnosis and for determining the disease outcome. 

However, due to lack of reliable disease biomarkers, most cancers, especially pan-

creatic cancer, remain undetected at early stages which ultimately lead to rapid pro-

gression of the disease to a malignant stage resulting in mortality (Hidalgo 2010). 

Several studies have reported aberrant expression of MUC4, a mucin protein in 

pancreatic adenocarcinoma cell lines and tissues (Chaturvedi et al. 2008; Moniaux 

et al. 2007). This protein is not detected in normal pancreas and chronic pancreatitis, 

thus making this protein a potential biomarker for early detection and prognosis of 

pancreatic cancer. Detection assays based on conventional approaches such as 

ELISA and RIA have been unsuccessful in detecting MUC4 in the sera of clinical 

samples (Wang et al. 2011a, b). However, Wang et al. reported for the first time 

sensitive detection of MUC4 (LOD of 33 ng/mL) in the serum of pancreatic cancer 

patients using a solid substrate SERS-based immunoassay format (Wang et  al. 

2011a, b). A gold substrate and Raman reporter (4-nitrobenzene thiol)-tagged gold 

nanoparticles were conjugated with anti-MUC4 monoclonal antibody 8G7 (reactive 

against the tandem repeat of MUC4) independently. MUC4 protein, if present, 

attaches to the antibody-conjugated substrate further leading to the binding of the 
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SERS-tagged nanoparticles to it, which was subsequently detected using Raman 

spectroscopy. This SERS-based detection method was also successful in showing 

the importance of MUC4 as a reliable biomarker for pancreatic cancer detection and 

monitoring because the Raman measurements clearly indicated a significantly 

higher SERS response for MUC4 in the sera of pancreatic cancer patients in com-

parison to sera from healthy individuals and patients suffering from benign 

pancreatitis.

8.5  Label-Free SERS Assays of Biofluids for Cancer 
Detection

In addition to SERS-based sandwich immunoassays incorporating extrinsic Raman 

labels for cancer detection, label-free SERS assays have also been developed for 

studying and analyzing the biochemical composition of different human biofluids 

in diseased conditions, especially cancer. Biofluids like whole blood, plasma, 

serum, saliva, urine, semen and even tears are rich sources of clinically important 

biomolecules such as nucleic acids, lipids, carbohydrates, amino acids and pro-

teins, whose levels can be important biomarkers for disease detection and monitor-

ing. Studies have already shown that pathologic conditions are often associated 

with abnormal levels of many of such biomolecules in the biofuids (Bauca et al. 

2013). So, a systematic study and analysis of these complex physiological fluids 

from a therapeutic or diagnostic point of view can be very helpful in understanding 

and mapping the differences in expression of different biomolecules in response to 

specific disease conditions, which can ultimately be translated into a diagnostic 

setup for detection, monitoring and management of different diseases, most impor-

tantly cancers. In this regard, researchers have utilized SERS for developing a non-

invasive, easy-to- perform, “label-free” diagnostic platform for detecting potential 

biomarkers in the biofluids of patients suffering from different types of cancers 

(Bonifacio et  al. 2015). The basic principle on which a label-free SERS assay 

works is that it utilizes a plasmonic metal nanostructure as the SERS-active sub-

strate to detect and measure the different biomolecules that are present in the sam-

ple by simply enhancing the intensity of the Raman signals of these biomolecules 

that adsorb on the surface of the plasmonic nanostructure to a detectable range. 

Since each biomolecule has its own unique Raman signal known as the Raman 

fingerprint, the spectroscopic measurements result in the generation of a Raman 

spectral map of the specimen biofluid where individual peaks can be mapped to a 

specific biomolecule and its intensity to its concentration, thereby giving a detailed 

picture about the biochemistry of that fluid sample (Bonifacio et al. 2015). These 

Raman spectral maps are then analyzed using highly specialized and advanced 

diagnostic algorithms such as principal component analysis (PCA) and linear dis-

criminate analysis (LDA) to determine the specific biochemical differences 

between normal and pathological conditions with more than 80–90% sensitivity 
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and specificity (Bonifacio et  al. 2015). The comparative analysis of this SERS 

results from a normal healthy person and a diseased patient will enable distinction 

between the presence and absence of cancer as well as staging of the disease. Such, 

label-free SERS assay has been used for early-stage detection and screening of 

different types of cancers, such as colorectal cancer (Lin et al. 2011; Feng et al. 

2015), gastric cancer (Feng et  al. 2011; Ito et  al. 2014), nasopharyngeal cancer 

(Feng et al. 2010; Lin et al. 2014a, b), cervical cancer (Feng et al. 2013), esopha-

geal cancer (Lin et al. 2014a, b; Li et al. 2013a, b; Huang et al. 2014), oral cancer 

(Kah et al. 2007), lung cancer (Yang et al. 2014; Li 2012) and prostate cancer (Li 

et al. 2014; Del Mistro et al. 2015) using serum, plasma, urine and saliva.

8.6  Detection of Circulating Tumour Cells in Whole Blood 
Using SERS

According to the “seed and soil” theory of circulating tumour cells, cancer cells are 

often shed from the solid tumours and they circulate in the bloodstream of the 

patient (Fidler 2003). Detection of these very-low-titre circulating tumour cells 

(CTCs) directly from blood has gained a lot of attention in cancer diagnostics for 

easy, simple and rapid detection and monitoring of cancer. CTCs are believed to be 

a rich source for new prognostic markers and thus are very crucial for determining 

the correct stage of the cancer (Mathot and Stenninger 2012). Use of SERS-based 

techniques for detection of CTCs is currently being researched for developing next- 

generation cancer diagnostic platforms. Michael et al. have developed a simple and 

sensitive no-wash assay for direct detection of circulating tumour cells in whole 

blood by using a combination of magnetic particles and Nanoplex SERS biotags 

(Sha et al. 2008). As a proof-of-concept experiment, they showed the rapid detec-

tion of breast cancer cell line SKBR3 spiked into whole blood by using magnetic 

particles conjugated to anti-EpCAM antibody (epithelial cell adhesion molecule 

antibody), and SERS biotags conjugated to anti-her2 antibody (human epidermal 

growth factor receptor-2). In the absence of SKBR3 cells, there was no significant 

Raman signal from the whole blood. However, in the presence of SKBR3 cells, a 

strong Raman signal was detected showing that the magnetic bead–EpCAM and 

SERS tag–her2 conjugates bound specifically to the target breast cancer cells in 

whole blood and thus helped in its detection. A LOD of 50 cells/mL with a 99.7% 

confidence level was reported. In another study (Wang et al. 2011a, b), CTCs were 

detected in the peripheral blood of patients suffering from squamous cell carcinoma 

of the head and neck using SERS probes conjugated to epidermal growth factor 

ligands (EGF). Identification and detection of very low litres of circulating chronic 

lymphocytic leukaemia cells in minimally processed blood samples of cancer 

patients have also been reported using SERS-based colloidal assay platforms 

(Nguyen et al. 2010). Nima et al. demonstrated SERS-based detection of single- 

breast cancer cells in unprocessed human blood using silver-coated gold nanorods 
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(AuNR@Ag) (Nima et  al. 2014). They developed four sets of AuNR@Ag, each 

conjugated to a unique Raman reporter molecule and a specific antibody to identify 

four different breast cancer markers (EpCAM, CD44, keratin 18 and IGF-I receptor 

β) (Fig. 8.7). This SERS-based CTC detection assays have the potential to be devel-

oped into future point-of-care diagnostic platforms for successful on-site cancer 

detection and diagnosis because of their operational simplicity, high specificity and 

rapid detection ability.
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Fig. 8.7 (a) Schematic diagram (preparation steps) and Raman spectra (acquisition time 50 s) for 

the four families of SERS nano-agents. A colour was assigned to a non-overlapping peak from 

each SERS spectrum as follows: Blue: AuNR/Ag/4MBA/anti-EpCAM, red: AuNR/Ag/PNTP/anti- 

IGF- 1 Receptor b, green: AuNR/Ag/PATP/anti-CD44, magenta: AuNR/Ag/4MSTP/anti-keratin18. 

Abbreviations are as follows: 4MBA54-mercaptobenzoic acid, PNTP5p-nitrobenzoic acid, 

PATP5p-aminobenzoic acid, 4MSTP54-(methylsulphanyl) thiophenol. (b) Schematics of breast 

cancer cell surface targeting by four nano-agents and SERS/PT detection technique. (c) Schematics 

of 2D multi-colour SERS data correlation with nano-agents’ distribution on cell surface. 

Reproduced with permission from Nima et al. (2014). Copyright 2014 Nature
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8.7  Detection of Cancer-Specific Gene Sequences 
and Single-Nucleotide Polymorphisms Using SERS

Studies have revealed that cancers are associated with mutations or changes in 

sequences of specific genes that lead to the development and progression of the 

disease (Bertram 2000). These mutations can either be in a single base of a gene 

referred to as single-nucleotide polymorphism (SNP) or in multiple bases (Bertram 

2000). Each cancer type has its own set of specific SNPs and gene mutations that 

are very helpful in detection and diagnosis of a particular type of cancer. Hence, 

development of diagnostic platforms for detection of cancer specific genes and 

SNPs, in particular, has received attention from the scientific community and a 

number of reports have come up with different types of assays for such purpose. 

Among these, SERS-based detection assays employing nucleic acid hybridization 

as the basic tool for detection have gained popularity as an emerging alternative for 

rapid, specific, highly sensitive and multiplexed detection of cancer-specific genes 

and SNPs. Mustafa et al. reported the development of a SERS substrate for detec-

tion of the breast cancer susceptibility gene, BRCA1, by immobilizing a mono-

layer of 5′-mercaptohexane- labelled ssDNA (BRCA1) probe along with a MCH 

spacer (SH-(CH2)6-ssDNA/MCH) on a silver-coated glass slide (Culha et  al. 

2003). Rhodamine B-labelled BRCA1 ssDNA was used as the SERS-active target 

probe which upon incubation with the SERS substrate hybridized specifically with 

the immobilized capture probes, thereby causing a significant enhancement in the 

Raman intensity of the reporter dye rhodamine B, as measured through Raman 

spectroscopy. Detection of alternative splice variants of the BRCA1 gene has also 

been reported using a multiplex SERS-based sandwich assay platform (Sun et al. 

2008). A SERS-active substrate was developed using a gold-coated glass slide onto 

which thiolated capture strands (CS) for four different splice variants of BRCA1 

were immobilized. The four alternative splice variants of BRCA1 were used as 

target strands (TS) that hybridized with their complementary capture strands form-

ing a CS-TS complex on the gold substrate. Next, SERS-active probes (DNA-

AuNP- RTag) consisting of AuNPs conjugated with specific probe strands and four 

different Raman reporter molecules were used that specifically hybridized with 

corresponding CS-TS complex through overhanging complementary sequences 

resulting in the formation of a sandwich complex (Fig. 8.8). This complexation 

ultimately led to the enhancement of the Raman intensity of the reporter mole-

cules, thereby facilitating multiplexed detection of four different splice variants of 

BRCA1 simultaneously in a single-assay platform with a detection sensitivity of 

up to 1 fM.

SERS has also been used for the detection of SNPs associated with different 

cancer types. Detection of point mutations in K-RAS oncogene associated with 

colorectal cancer using ligase detection reaction-coupled SERS (LDR-SERS) tech-

nique has also been reported (Huh et al. 2009, Lowe et al. 2010).
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8.8  SERS-Based Molecular Sentinel (MS) Technology

Another novel technology that has emerged as a powerful diagnostic tool in recent 

years is the molecular sentinel (MS) probe for detection of nucleic acid targets of 

interest (Wang and Vo-Dinh 2009; Ngo et  al. 2013). Vo-Dinh’s group at Duke 

University has pioneered the technique of molecular sentinel technology by design-

ing oligonucleotide-based Raman-active probes for SERS detection of target nucleic 

acids. A molecular sentinel (MS) nanoprobe is made up of two components, an oli-

gonucleotide sequence made up of 30–45 nucleotides which is arranged in a hairpin 

loop structure and a plasmonic nanoparticle such as silver. One end of the hairpin 

probe is labelled with a Raman reporter and the other end of the probe is modified 

with a thiol group so that it can be conjugated to the metal nanoparticle surface. The 

loop region of the probe is designed in such a way that the sequence of the loop is 

complementary to a target nucleic acid sequence. The MS nanoprobes exist in a 

‘closed state’ when the target gene sequence is not present. The Raman reporter 

remains close to the plasmonic metal surface and as a result produces a strong SERS 
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Fig. 8.8 DNA detection with a sandwich complex for BRCA1 alternative splice variants. (1) 

Immobilization of capturing strands (CS); (2) immobilization of 6-mercapto-1-hexanol to reduce 

nonspecific binding; (3) hybridize target strands (TS) to CS; (4) hybridize DNA-AuP-RTag probes 

to the overhanging region of TS; (5) silver enhancement. (a), (b) and (c) represent multiplex detec-

tion using DNA sequences specific to BRCA1 alternative splice variants. Reproduced with permis-

sion from Sun et al. (2008). Copyright 2008 American Chemical Society
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signal upon excitation with a laser. However, in the presence of the target gene 

sequence, the MS nanoprobes shift to an ‘open-state’ configuration due to comple-

mentary hybridization between target sequence and probe sequence. This results in 

the displacement of the Raman label from the surface of the metal nanoparticle lead-

ing to significant quenching of the SERS signal. This reduction in the SERS signal 

indicates the presence of the target DNA sequence in the sample (Fig. 8.9). Using 

these SERS-based MS nanoprobes as detection tools, Vo-Dinh’s group demonstrated 

for the first time multiplexed detection of two breast cancer biomarkers erbB-2 and 

ki-67 in a homogenous solution, thus showing the high specificity and selectivity of 

the MS nanoprobes (Wang and Vo-Dinh 2009). This method also eliminated the 

washing steps usually required after hybridization reactions, thus reducing the time 

of the assay and also making it simple and suitable for diagnostic purposes.

Taking this technology further, Vo-Dinh’s group reported the development of another 

novel technique known as ‘molecular sentinel-on-chip’ (MSC) for SERS- based DNA 

detection. A molecular sentinel-on-chip comprises a well-designed and fabricated plas-

monic substrate which acts as the SERS enhancer, onto which MS hairpin probes are 

immobilized. The group fabricated triangular shaped nanowire (TSNW) arrays of silicon 

coated with a thin layer of gold on a 6-inch wafer as the plasmonic substrate. The TSNW 

were arranged on the wafer surface with a controlled spacing of around 10 nm between 

each nanowire in order to create ‘SERS hot spots’. The MS probes were immobilized 

near or inside these gaps (Fig. 8.10a). Using such a molecular sentinel-on-chip plat-

form, Vo-Dinh and group showed the SERS-based detection of the Ki-67 gene sequence 

(Fig. 8.10a) which is a critical breast cancer biomarker (Wang et al. 2013a, b). In another 

study, the same group demonstrated SERS-based multiplexed detection of two nucleic 

acid transcripts—interferon alpha-inducible protein 27 (IFI27) and interferon-induced 

protein 44-like (IFI44L) using MSC technology (Ngo et al. 2014)—thus establishing 

the multiplexing abilities of this technique that can be applied for simultaneous detec-

tion of multiple cancer biomarkers for diagnostic purposes.
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Fig. 8.9 Schematic showing the operating principle of SERS-based molecular sentinel (MS) 

nanoprobes. Reproduced with permission from Ngo et  al. (2013). Copyright 2013 American 

Chemical Society
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DNA.  Reproduced with permission from Wang et  al. (2013a, b). Copyright 2013 The Royal 
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In addition to MS nanoprobes and MSC technology for SERS-based nucleic acid 

detection, Vo Dinh and his group have recently reported the development of another 

plasmonic based nanobiosensing platform known as the “inverse molecular sentinel” 

(iMS) nanoprobe technology for nucleic acid detection (Wang et al. 2015). The iMS 

technology is based on a ‘OFF-to-ON’ SERS signal switch mechanism which is just 

the opposite of the ‘ON-to-OFF’ signal switch mechanism of MS technology. The 

group developed a iMS nanoprobe consisting of a silver-coated gold nanostar 

(AuNS@Ag) as a SERS enhancer linked to a DNA probe. Similar to the MS nano-

probe, the DNA probe consisted of a hairpin loop structure whose one end is attached 

to the plasmonic nanostar through a thiol-metal linkage and the other end is labelled 

with a Raman reporter. In the absence of the target sequence, a single- stranded 

‘placeholder sequence’ binds to the hairpin probe and disrupts the hairpin loop struc-

ture, thereby moving the Raman label away from the nanostar surface. As a result, in 

this ‘open’ configuration there is very low SERS intensity (OFF state). However, 

when the target sequence is present, it first binds to an overhanging region of the 

probe-placeholder complex and starts to displace the placeholder sequence through 

a branch migration process ultimately releasing the placeholder from the probe. This 

allows the probe sequence to return back to its hairpin loop conformation (‘close’ 

configuration), thereby bringing the Raman label closer to the surface of the plas-

monic nanostar, resulting in a strong SERS signal (ON state) (Fig. 8.11). Using this 
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iMS nanobiosensor platform, the group reported multiplexed detection of two impor-

tant breast cancer biomarkers—miR-21 and miR-34a miRNA—from total small 

RNA extracted from breast cancer cell lines in a single sensing platform with high 

sensitivity. Different amounts of total small RNA (250 ng, 500 ng and 1 μg) extracted 

from MCF-7 breast cancer cell line were probed with a 10 μL nanoprobe mixture 

containing 5 pM of miR-21 nanoprobes and 10 pM of miR-34a nanoprobes, for 

simultaneous multiplexed detection of these two biomarkers (Wang et al. 2016).

8.9  Plasmonic Coupling Interference-Based SERS 
Nanoprobes (PCI-SERS) for Detection of miRNA 
and Other Nucleic Acids

Nucleic acid (DNA/RNA) detection using SERS-based nanosensors employing a 

technique referred to as plasmonic coupling interference (PCI) has been developed 

by Wang et al. (Wang and Vo-Dinh 2011). Plasmonic coupling refers to the combi-

nation of the plasmons of closely spaced nanoparticles resulting in an intense 

enhancement of the SERS signal of a reporter molecule. In this study, a novel target 

label-free platform has been developed for detection of human miR-21 sequence, 

which is known to be associated with a number of cancers and other diseases 

(Krichevsky and Gabriely 2008). Plasmonic silver nanoparticles (AgNPs) function-

alized with thiolated oligonucleotides were used as the capture probes (Capture- 

NPs) and complementary Raman-labelled reporter probes (Reporter-NPs). In the 

absence of target sequence (miR-21), Capture-NPs and Reporter-NPs could easily 

assemble into aggregates in solution through complementary nucleic acid hybrid-

ization. This brings the plasmonic nanoparticles in close proximity to cause a sig-

nificant enhancement of the SERS intensity of the Raman reporter label located 

within inter-particle hot-spot domains through plasmonic coupling. However, when 

the target sequence (miR-21), which has the same complementary sequence for the 

capture probes as the reporter probes, is added to the solution, it acts as a competitor 

and hence competes with the reporter probes for binding to the capture probes. 

Binding of target sequence to the capture probes prevents formation of nanoaggre-

gates and hence interferes with the plasmonic coupling effect (PCI). This results in 

the decrease of the SERS intensity of the Raman reporter, which can be used as a 

parameter for target sequence detection. As this SERS-PCI-based sensing technique 

involves simple experimental procedures this could potentially act as a point-of- 

care diagnostic tool for cancer detection.

8.10  Limitations

Over the years, SERS-based biosensing has emerged as a powerful tool for specific 

and sensitive detection of disease biomarkers from a diverse range of biological 

specimens at very low concentrations, which have opened up the possibility of 

using this technique for point-of-care diagnostic purposes. However, there are some 
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limitations that have slowed down the translation of SERS-based biosensors from 

research laboratories to on-site clinics for point-of-care diagnosis. One such limita-

tion is interference of fluorescence emissions from laser-excited complex target bio-

logical specimens as well as Raman-active targets that has the possibility to mask 

the potential SERS signals of Raman reporters, thereby making it very difficult to 

discern and identify the correct Raman peaks of target analytes and markers. In 

addition to fluorescence, elastic scattering from different components of biological 

fluids and intracellular structures also contribute to background signals that impact 

the resolution of the Raman spectra. Finally, as SERS-based detection is dependent 

on the use of a Raman spectrometer for laser excitation and subsequent detection, it 

makes the overall cost high. However, nowadays, handheld Raman spectrophotom-

eter is developed which has the potential to incorporate assay, sensing, detection 

and read-out components in a single platform, and thus can significantly reduce the 

cost and also make operation simpler that can then be easily used at on-site loca-

tions for point-of-care diagnosis.

8.11  Summary and Outlook

This chapter summarizes the application of SERS-based biosensors for cancer detec-

tion and diagnosis. We have presented the different intrinsic and extrinsic SERS-

based biosensors reported in last few years for sensitive detection of cancer cells 

and related biomarkers. The high sensitivity combined with excellent multiplexing 

ability has made SERS a very powerful spectroscopic based detection technique, 

especially for developing novel biosensors and diagnostic platforms for detection of 

biomolecules and biomarkers of clinical significance that can ultimately help in the 

early diagnosis, treatment, monitoring and management of diseases such as cancer. 

The high accuracy rate, specificity, ease of performance and non-invasiveness of 

SERS-based detection technique and the development of portable handheld Raman 

spectrometer as the detection device make it a very promising tool for potential 

next-generation point-of-care diagnostic applications. Future research should there-

fore be devoted towards the translation of SERS-based diagnostic techniques for 

on-site disease diagnosis using portable handheld Raman spectrophotometer.
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9.1  Introduction

Whilst antibodies remain the most popular and trusted choice for molecular recog-

nition, they may still pose challenges for biosensing applications due to their high 

cost, low reproducibility and large size. One long championed alternative to anti-

bodies are nucleic acid aptamers. Nucleic acid aptamers are single-stranded DNA or 

RNA sequences that can bind to a target with high affinity and specificity. Nucleic 

acid aptamers, due to their varied advantages, have been gaining significant impor-

tance in both diagnostic and theranostic applications. Among various diseases, early 

diagnosis of cancer is one of the biggest concerns for patients and healthcare profes-

sionals worldwide. For the case of cancer, it is crucial to be able to deliver treatment 

whilst monitoring therapy response in real time. This is required in order to prevent 

over- or under-dosing the patients whilst treatment occurs. One of the most com-

monly used techniques for cancer diagnosis is to detect biomarkers (cancer-related 

proteins, small molecules and cancer cells) found in body fluids specific for a par-

ticular cancer type. In this chapter, we present a discussion on the use of aptamer-

based biosensors (termed as “aptasensors”) for cancer diagnosis. The development 

of aptamer-based biosensor devices is an interdisciplinary field and relies on very 

distinct aspects such as characterisation of bio-recognition probes with their respec-

tive analytes, immobilisation onto electrode surfaces, development of anti-fouling 

surface chemistries, sensor design and fabrication and microfluidics. Special atten-

tion is given to different types of surface chemistry used for the development of 
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simple, sensitive and cost-effective aptasensors. Utilisation of aptamers is an 

encouraging tool for the development of point-of-care (PoC) biosensors for the 

detection of different types of cancer. In the view of unparalleled merits of aptam-

ers, recent achievements and future perspectives of the applications of aptamers are 

also discussed.

9.1.1  Nucleic Acid Aptamers

Nucleic acid aptamers are short single-stranded DNA or RNA oligonucleotides, 

which have gained massive attention as bioreceptors in biosensing applications 

(aptasensors) or medical therapy (Hianik and Wang 2009; Iliuk et al. 2011). Their 

specificity is similar or higher than that of antibodies, with dissociation constants 

(Kd) in the range of nanomolar (nM) to picomolar (pM) levels. An important advan-

tage of their use in the development of biosensor devices is their high affinity and 

specificity to proteins and other molecules with low molecular weight, for example, 

toxins (Castillo et al. 2012; Wang et al. 2011). When compared with their biological 

counterparts, aptamers have several advantages; for instance, aptamers are more 

stable than antibodies, making them suitable for applications in special conditions 

such as high temperature or extreme pH.

Furthermore, aptasensors can be regenerated without loss of integrity and selectiv-

ity (Mairal et  al. 2008; Tombelli et  al. 2005). One very interesting property of an 

aptamer is the conformational change that it undergoes once bound to its target, a 

property which has been widely utilised within biosensing applications (Jolly et al. 

2015a; Radi et al. 2006). The aptamers reported to date are known to form loops, 

stems, hairpins, triplexes or quadruplex structures. For instance, the DNA aptamer 

specific to prostate-specific antigen (PSA), a protein biomarker for prostate cancer, 

forms a stable single-loop configuration. On the other hand, the DNA aptamer specific 

to alpha- methylacyl- CoA racemase (AMACR), another protein biomarker for pros-

tate cancer, forms multiple-loop structures (Savory et al. 2010; Yang et al. 2014). The 

formation of loops is due to the specific interactions between nucleotides, adenine and 

thymine or guanine and cytosine present in DNA aptamer chains. Quadruplexes are 

nucleic acid sequences that are rich in guanine and are able to form a four- stranded 

structure. The DNA aptamer specific to thrombin forms a quadruplex structure, which 

is further stabilised by the presence of a cation, especially potassium, which sits in a 

central channel between each pair of tetrads (Macaya et al. 1993).

Aptamers can be easily chemically modified with various functional groups, 

such as thiol, amine or azide as well as biotin groups. This modification allows the 

immobilisation of aptamers to various solid supports. For example, modification of 

aptamers with thiols allows their association on the gold surface using Au–S inter-

actions (Jolly et al. 2015a) or modification with azido groups via click chemistry 

(Hayat et al. 2013). In another case, one end of DNA or RNA aptamers can be modi-

fied with biotin and binding of these biomolecules through solid support is realised 

via avidin, streptavidin or neutravidin bridges (Cavic and Thompson 2002; Centi 

et al. 2007; Liss et al. 2002; Ostatná et al. 2008).
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Aptamers were introduced in 1990 by two independent research groups: Tuerk 

et al. used the term SELEX (generalised scheme of systematic evolution of ligands 

by exponential enrichment) for selecting RNA ligands against T4 DNA polymerase; 

and Ellington et al. coined the term in vitro selection (Ellington and Szostak 1990; 

Robertson and Joyce 1990; Tuerk and Gold 1990). In contrast to antibodies that are 

obtained by molecular biology techniques, aptamers are prepared by a synthetic 

method using an in vitro selection procedure. Once an aptamer sequence is identi-

fied, it can be synthesised with high purity, reproducibility and relatively low cost. 

Although aptamers have a greater advantage over antibodies, they still possess a 

number of limitations, for example, degradation by nucleases (DNAse and RNAse) 

or protein fouling in serum due to DNA-binding proteins (Keum and Bermudez 

2009; Sylvia et al. 1975).

A generalised SELEX method is presented in Fig. 9.1. The SELEX approach 

starts with a random library containing 1013–1016 ssDNA or RNA sequences (Iliuk 

et al. 2011; Song et al. 2008). The library is incubated with a target to initiate the 

first cycle of selection. This is typically followed by iterative cycles of absorption, 

recovery of bound DNA/RNA and amplification. Isolation of the bound DNA/RNA 

Initial library of random nucleic acid

Target

1. Library generation

2. Binding/Separation

10~20
rounds

Elution

Washing

3. Amplification

Aptamer

Fig. 9.1 Generalised scheme of systematic evolution of ligands by exponential enrichment 

(SELEX)
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is the most critical step to ensure purity and selectivity. For example, the aptamer- 

target complex can be separated by filtration through nitrocellulose or by affinity 

chromatography from the unbound DNA/RNA sequences. The bound aptamers are 

then eluted and amplified by RT-PCR (for RNA libraries) or PCR (for DNA librar-

ies) to generate new pools for the next selection cycle. An ideal aptamer selection 

procedure requires around 10–15 cycles.

9.1.2  Aptamer Assay Configuration

The first application of aptamers for biosensing was reported in 1996 where an opti-

cal aptasensor based on fluorescence-labelled aptamers was developed, for the 

detection of immunoglobulin G (IgG) (Davis et al. 1996). Since then, several apta-

sensors have been developed using different transduction techniques. Replacing the 

antibodies in a classical ELISA configuration has enabled the development of 

sophisticated assays, which are more robust, reproducible and economical. The high 

specificity of aptamers and the possibility of developing aptamers against different 

binding sites of target analyte offer high variability of assay configuration (Fig. 9.2) 

(Hianik and Wang 2009; Song et al. 2008). Like an antibody-based assay, aptamer- 

based assays can have different configurations to design the biorecognition events. 

analyte

aptamer

antibody

a
b

c

d

Fig. 9.2 Examples of different assays based on aptamers. (a) Capture of the analyte by immobil-

ised aptamers. (b) Sandwich-type assay with aptamers using two aptamers specific to two different 

sites of the analyte. (c) Capture of the analyte by the immobilised aptamers whilst a secondary 

antibody is used to detect in a modified ELISA format. (d) Capture of analyte by an immobilised 

antibody whilst aptamer is used as a secondary probe in a modified ELISA format
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Various assay configurations for aptamers have been reported. Nonetheless, the 

assay can be generalised into two categories: single-site binding and dual-site bind-

ing. The first simple, single-site binding assay consists of the attachment of aptam-

ers onto a support and the interactions of aptamer/target can be directly monitored 

(Fig. 9.2a).

Although the single-site binding format is simple, fast and cheap, it may still 

impose problems with sensitivity and/or selectivity. Whereas, sandwich assay or 

dual-site binding assays consist of capturing the target by specific aptamer method 

followed by interactions with another aptamer or antibody (Fig. 9.2b–d). Again, a 

dual-site binding assay may enable detection of the target with high sensitivity and 

selectivity. However, such an assay involves several incubation steps, making it time 

consuming and expensive (Song et al. 2008).

9.2  Immobilisation Techniques

In order to fabricate a successful biosensor, surface engineering of the sensor trans-

ducer plays a key role. Surface chemistry has been demonstrated as a tool to engi-

neer biosensor surfaces and is one of the most crucial aspects of biosensor 

construction. A proper control of the immobilisation step is essential in order to 

have good sensitivity, selectivity and stability of the biosensor (Campuzano et al. 

2006). Broadly, immobilisation techniques could be divided into physical adsorp-

tion, covalent binding, affinity and entrapment. These techniques pose advantages 

and disadvantages, some of which are listed in Table 9.1.

A presentation on aptamer immobilisation strategy is presented based on the type 

of surface immobilisation coupled with the type of electrode surface. Briefly, we 

report the different types of aptasensors for the detection of cancer, based on physi-

cal adsorption, self-assembled monolayers (SAM) and polymer-based approach. 

Furthermore, with the advancements in the field of nanotechnology, exciting and 

powerful tools for the development of aptasensors have been developed. And there-

fore, this chapter further describes the different types of nanoparticles used for the 

fabrication of sensitive aptasensors for cancer diagnosis.

9.2.1  Physical Adsorption of Aptamers

Physical adsorption is a type of direct immobilisation technique of aptamers on a 

substrate via weak, liable bonds. The interactions involved are non-covalent such 

as van der Waals, hydrogen bonding, electrostatic and hydrophobic interactions. 

Although adsorption is one of the simplest and cost-effective methods to immo-

bilise aptamers onto a surface of interest, it may result in a random orientation 

of the aptamer on the surface. Random orientation may lead to reduced activity 

along with reduced surface density. Furthermore, the interaction of aptamers via 

weak bonds could be easily broken, resulting in the loss of aptamers, limiting the 

immobilisation strategy. Nevertheless, Su et al. in 2007 reported the adsorption of 
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low-molecular-weight ATP-binding DNA aptamers onto a microcrystalline cellu-

lose membrane (Su et al. 2007). In 2015, Li et al. developed an optical aptasensor 

for the detection of multiple cancer in vitro and in vivo (Li et al. 2015). The study 

reports an aptasensor that binds specifically to the cell surface mucin 1 (MUC1) 

marker, which is overexpressed in a number of malignant tumours including pros-

tate cancer and breast cancer (Gaidzik et  al. 2013; Kimoto et  al. 2013; Li et  al. 

2015). In 2013, Choi et al. developed a chemiluminescent-based aptasensor for the 

detection of PSA by immobilising DNA aptamers conjugated with fluorescent dye 

on magnetic Fe3O4 graphene oxide nanoparticles via π–π stacking. The aptamer 

Table 9.1 General characterisation of immobilisation techniques

Immobilisation 

strategy

Type of 

interaction Advantages Disadvantages References

Physical Non-covalent 

interactions 

such as van der 

Waals, 

hydrophobic, 

electrostatic 

interactions

It is the simplest 

method which is 

rapid, simple and of 

low cost

It may result in 

random 

orientation of 

probe followed by 

instability of layer 

in different 

conditions like 

change in ionic 

strength of buffer, 

pH or other 

reagents

Du et al. 

(2012), 

Gulbakan 

et al. (2010)

Covalent, e.g. 

self-assembled 

monolayer 

(SAM)

Involves 

chemical bond 

between the 

probe and the 

electrode 

surface

It ensures good 

stability (bond can be 

broken under extreme 

conditions), results 

into well-ordered 

layer, high degree of 

control and thickness 

of electrode surface, 

high sensitivity and 

orientation

It may need prior 

modification of 

probes and linker 

molecules. It can 

be a slow, 

irreversible 

process and 

expensive

Li et al. 

(2012), Zhu 

et al. (2012)

Affinity Specific 

interactions 

such as those 

between biotin 

and avidin or 

streptavidin

Appreciable 

orientation, ensures 

high functionalization 

through specificity 

and well controlled

It employs the use 

of biocompatible 

linkers and ends 

up being 

expensive

Ma et al. 

(2013), 

Zhang et al. 

(2013)

Entrapment or 

encapsulation

Involves 

trapping of 

probes within a 

polymer like 

pyrrole, 

chitosan, 

dopamine and 

acrylamide

Results in high 

entrapment of probes, 

high thermal stability, 

stability against 

nucleases, no 

covalent modification 

needed, well- 

controlled polymer 

growth

Could result in 

leaching of probes 

and reduced 

binding efficiency

Prabhakar 

et al. (2007), 

Jolly et al. 

(2016b)
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labelled with a dye (Cy3) was immobilised on the surface of oxidised mesoporous 

carbon nanospheres via π–π stacking for an optical detection technique using fluo-

rescence (Choi and Lee 2013).

To address the drawback of the random orientation of aptamers, Tzouvadaki 

et  al. in 2016 reported the development of ultrasensitive memristive aptasensor 

based on a physical adsorption method for electrochemical detection of PSA. The 

immobilisation strategy was a combination of physical adsorption and affinity 

method where the silicon nanowires were first activated with hydroxyl groups by 

exposing the nanowires to piranha solution. First, a physically absorbed layer of 

biotin was prepared on the silicon nanowire. Later, the nanowire was incubated with 

streptavidin where it specifically binds to biotin on the surface. Finally, biotinylated 

aptamers were used to occupy the free spaces of streptavidin leading to the con-

trolled orientation of DNA aptamers. The combined effect of memristor and immo-

bilisation strategy led to detection down to attomolar levels (Tzouvadaki et  al. 

2016). On the other hand, Liu et  al. reported a PSA aptasensor based on gold 

nanoparticles encapsulated by graphitized mesoporous carbon and bovine serum 

albumin (BSA) was used as a blocking molecule to reduce non-specific binding. 

Physical adsorption of nanoparticles on glassy carbon electrodes followed by 

affinity- based DNA aptamer immobilisation was used for the fabrication process. 

Differential pulse voltammetry (DPV) was used as a measurement technique with a 

limit of detection (LOD) of 7.58 pM (Liu et al. 2012).

Feng et  al. in 2011 demonstrated a reusable graphene-based electrochemical 

aptasensor for the detection of nucleon on the cell surfaces of cancer cells using 

electrochemical impedance spectroscopy (EIS). The study reports the use of 

3,4,9,10-perylene tetracarboxylic acid (PTCA), a water-soluble perylene derivative 

that can strongly bind on the graphene surfaces via hydrophobic and π–π interac-

tions. Thereafter, amine terminated AS1411 aptamer was conjugated with free car-

boxylate groups of PTCA via ethyl(dimethylaminopropyl) carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS) chemistry. The aptasensor developed successfully 

differentiated cancer cells from non-cancerous cells (Feng et al. 2011).

9.2.2  Aptamers and Self-Assembled Monolayers

There are many techniques reported for aptamer immobilisation depending on the 

electrode surface and application. Specifically for gold electrode surfaces, self- 

assembled monolayer (SAM) is one of the most commonly reported techniques 

because it results in highly controlled density and thickness of the transducer sur-

face (Hong et al. 1999). The key aspect to take into consideration for the immobili-

sation of oligonucleotide-based probes on gold surfaces is to have an optimum 

density (Keighley et al. 2008). Thiols, sulphides and disulphides have demonstrated 

very high affinity towards gold by forming a covalent bond between the sulphur and 

gold atoms, making alkane thiol-based SAMs very popular (Bain et al. 1989; Bain 

and Whitesides 1989; Love et al. 2005). For instance Su et al. reported a lab-on- 

paper electrochemical cyto-device to demonstrate detection of cancer cells together 
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with multi-glycan profiling on living cancer cells. In such an approach thiolated 

DNA aptamers specific to K562 cancer cells were directly immobilized on a three- 

dimensional macroporous Au-paper electrode (Su et al. 2015). More recently, Rahi 

et al. have reported a relatively simple aptasensor for the detection of prostate can-

cer based on electrodeposited gold nanospheres using an arginine template to 

achieve a 50 pg/mL detection limit using differential pulse voltammetry technique. 

Again a thiolated anti-PSA DNA aptamer was used to bind to the gold surface fol-

lowed by incubation with 6-mercapto hexanol (MCH) to cover the free gold spaces 

and to obtain a well-aligned monolayer (Rahi et al. 2016).

Sulphur in the proximity of gold undergoes the following reaction:

 
RSH Au RS Au H e+ Û - + ++ -

 

The sulphur–gold reaction is spontaneous with 80–90% coverage within the 

first few minutes, but a well-organised layer is formed in no less than 12–16 h 

(Schreiber 2000). The formation of well-organised SAMs depends not only on fac-

tors such as presence of contaminants and surface quality (roughness and purity), 

but also on the length of alkanethiols (Finklea 1996). The higher kinetics for longer 

alkyl thiols could be attributed to amplified van der Waals interactions (Darling 

et al. 2002). In 2005, Love et al. determined the maximum density of alkane thiol 

on gold surfaces to be 4.64 × 1014 molecules/cm2 with a gap of 4.99 Å between two 

adjacent molecules. The time-dependent well-organised SAM formation under-

goes two main steps where there is spontaneous assembly within the first few min-

utes. In the early stages, alkane thiols lie flat on the gold electrode surface through 

physisorption, called the ‘lying-down’ phase (Camillone et al. 1994). Thereafter 

follows a chemisorption process where a crystalline or a semi-crystalline structure 

is formed due to van der Waals forces resulting in lateral movement until a tilt 

angle of about 30° between the hydrocarbon chains is achieved (Love et al. 2005). 

It is worth mentioning that the ability of the thiols to move laterally along the gold 

surface results in the formation of well-ordered layering and healing the defects 

(Ulman 1996).

In such a process, the terminal groups of the alkanethiol affect the SAM proper-

ties that define its interaction with biological molecules. Chun et  al. reported an 

electrochemical aptasensor for the detection of HER2, which is a breast cancer bio-

marker. The group fabricated the aptasensor by using first a SAM layer of 

3- mercaptopropanoic acid (MPA). Thereafter, the carboxylate group of MPA was 

used to covalently attach amine-terminated anti-HER2 DNA aptamer using EDC/

NHS activation step (Chun et al. 2013). Another anti-HER2 aptasensor based on 

gold micro capacitor electrodes was reported to develop a label-free capacitive apta-

sensor for breast cancer biomarker (Qureshi et al. 2015). A similar surface chemis-

try was also reported to develop an aptasensor for the detection of human liver 

hepatocellular carcinoma cells using electrochemical methods (Kashefi-Kheyrabadi 

et al. 2014). In recent years, various nanomechanical systems have been developed 

(Eom et al. 2011). For instance, by monitoring the changing frequencies or deflec-

tion of microcantilevers, cantilever-based biosensors can be fabricated (Boisen et al. 

2011). Such an approach was utilized to develop label-free microcantilever array 
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sensor in static mode to detect lung cancer cells with a detection limit down to 

300 cells/mL. Thiol chemistry was utilized to form a SAM on eight identical micro-

cantilever gold surfaces, by using thiolated DNA aptamer specific to lung cancer 

cells, followed by backfilling with MCH (Chen et al. 2016).

Furthermore, the tailoring of the SAM layers has led to the establishment of 

mixed SAMs. Exploring different SAM layers, Jolly et al. demonstrated an optimised 

SAM of co-immobilised thiol-terminated sulfo-betaine and 11- mercaptoundecanoic 

acid (MUA) that can be used to create enhanced anti- fouling properties. Thereafter, 

carboxylate groups of MUA were used to bind an amine-terminated anti-PSA 

DNA aptamer using EDC/NHS activation step (Jolly et  al. 2015b). In 2010 Wu 

et al. reported a ternary SAM on screen-printed gold electrodes as a potential anti-

fouling SAM for amperometric detection of oligonucleotides. Ternary SAM here 

comprised of an optimised ratio of thiolated oligonucleotide probe and 1,6-hexan-

edithiol (HDT) and further passivated with 1-mercapto-6- hexanol (MCH). Based 

on similar surface chemistry with screen-printed electrodes, Miodek et al. demon-

strated the development of an electrochemical aptasensor for the detection of throm-

bin (Miodek et al. 2015). Thrombin is a protein biomarker that plays an important 

role in cardiovascular diseases and inflammatory process and can indicate many 

pathological conditions, including cancer (Yeh et al. 2014). Furthermore, by tuning 

the composition of mixed SAMs, the amount of functional groups can be moni-

tored for the efficient efficacy of biosensors. In fact, it is worth mentioning that 

by carefully selecting the spacer molecules, desired hydrophobicity or hydrophi-

licity as well as significant chemical reactivity could be achieved. Such a strategy 

could impede non-specific binding and therein improve the electrochemical signals 

(Herne and Tarlov 1997).

9.2.2.1  Silane-Based SAM and Aptamers
Deviating from metallic electrode surfaces for the development of aptasensors, non- 

metallic surfaces have also gained a lot of interest for the development of point-of- 

care devices. Different surface chemistries, mostly based on silane layers, have been 

demonstrated for the conjugation of bioreceptors. Sagiv (1980) demonstrated for 

the first time a chemisorbed monolayer using siloxane chemistry on a silicon sur-

face. Since then, many reports have been published on bioconjugation techniques 

using different types of silane (Bañuls et al. 2013; Haensch et al. 2010). For instance, 

Sharma et al. demonstrated the development of electrochemical aptasensor by cova-

lent attachment of amine-terminated DNA aptamers on 3-(2-aminoethylamino) pro-

pyl trimethoxysilane on indium tin oxide (ITO) surfaces via a glutaraldehyde linker. 

The developed aptasensor was used to detect lung cancer cells in the concentration 

of 103–107 cells/mL with a detection limit of 103 cells/mL within 60 s (Sharma 

et al. 2012). More recently, Pasquardini et al. developed an innovative single-photon 

avalanche diode (SPAD) system for the detection of vascular endothelial growth 

factor (VEGF), which is a circulating protein biomarker for cancer detection. The 

system employs the immobilisation of thiol-terminated anti-VEGF DNA aptamer 

via covalent bond on the SAM of 3-mercaptopropyltrimethoxysilane on silicon 

dioxide wafers. A secondary detector antibody labelled with horseradish peroxidase 
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(HRP) was used to complete the sandwich assay with a demonstrated stability of the 

SAM up to 42 days (Pasquardini et  al. 2015). A simple microfluidic assay was 

reported by Jolly et  al. for an aptamer-based ELISA for both quantification and 

glycoprofiling of PSA for prostate cancer diagnosis. The group utilised an amine- 

terminated anti-PSA DNA aptamer immobilised in a microfluidic channel on a 

SAM of 3-glycidyloxypropyl) trimethoxysilane on glass surfaces. A secondary anti-

body or a lectin is used to quantify, by chemiluminescence, both the amount of PSA 

and its glycosylation levels (Jolly et al. 2016a).

9.2.3  Nanomaterials and Aptasensors

In the past decades, there has been a considerable interest in nanomaterials for their 

application in medicine and biology. Nanomaterials have been used as a physical 

approach to improving the pharmacokinetic and pharmacodynamic properties of 

different drug molecules, increasing their therapeutic benefit and, at the same time, 

minimizing side effects. Since then, the applications of these structures increased 

and nowadays have become one of the biggest research fields. Nanoparticles are 

particulate dispersions or solid particles with a size range from 1 to 100 nm. They 

are the fundamental components to fabricate nanostructures and were well described 

as smaller than the world of everyday objects described by Newton’s laws of motion, 

but bigger than an atom or a simple molecule that is governed by quantum mechan-

ics (Horikoshi and Serpone 2013).

The major goal in designing nanoparticles is their controlled size and surface 

properties for specific applications. Once control parameters are achieved, nanopar-

ticles can be introduced into medicine and biology in different ways, for example as 

drug delivery, fluorescent biological labels, probing DNA structure, detection of 

pathogens and proteins, tissue engineering, imaging contrast and, one of the newest 

applications, aptasensors. Due to all these possibilities, nanomaterial has been 

applied on biosensor development. The different structures and properties already 

improve the sensitivity lowering the LOD down to femtomolar levels and opening 

new possibilities for biosensing applications (Li et al. 2010). Using these nanoma-

terials, different signal transducers are employed for detection.

Given that a biosensor’s signal is generally proportional to the surface coverage, 

most methods of increasing the sensitivity of label-free biosensors revolve around 

surface modification to increase probe loading. An obvious method is simply multi-

plex detection with an array of sensors, but this often has the disadvantage of 

increasing the required sample volume and electronic complexity. Alternatively 

forming meso- and microporous surfaces with methods such as electrodeposition 

can provide increased surface area whilst still maintaining low sample volumes. 

One of the simplest ways to now increase surface area is to anchor nanoparticles to 

the surface. These nanoparticles may be formed from metals, oxides, semiconduc-

tors and conducting polymers, but it is the use of gold nanoparticles (AuNPs) which 

has attracted most attention for biosensing applications, in particular for biosensors 

based on optical and electrochemical transduction.
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Nanomaterials are classified into different approaches, as based on the dimension or 

type of material that is produced (Hett 2004): in the first case, one- dimensional system 

such as thin film or monolayer, two-dimensional nanoparticles as carbon nanotubes 

(CNTs) single- or multi-walled carbon and three-dimensional nanoparticles as den-

drimers and quantum dots (QDs). However, classifying them as a function of the mate-

rial will be a better approach for discussing their application on biosensors.

Intentionally produced nanomaterials are divided into metallic (iron oxide, gold, 

silver), carbon structures (fullerene, carbon nanotubes), ceramic (silica, alumina), 

semiconductor (QDs), organic (protein based, DNA based, liposomes, polymers, 

dendrimers) and hybrid (magneto liposomes) (Estelrich et al. 2014). From all the 

possibilities, this topic will focus on nanomaterials that are commonly applied to 

aptasensors.

9.2.3.1  Carbon-Based Materials
These nanomaterials commonly take the form of hollow spheres or tubes with many 

potential applications, including improved films, surface coatings and applications 

in electronics (Wang et al. 2016). The biosensing applications are very wide, includ-

ing aptasensors. For instance, Zhang et al. (2014) reported an electrochemical apta-

sensor for thrombin. Thrombin plays an important role in cardiovascular diseases 

and inflammatory process and can indicate many pathological conditions, including 

cancer (Yeh et al. 2014). In this study a glassy carbon electrode modified with a 

graphene and porphyrin nanocomposite was used to immobilise thrombin aptamer 

via aptamer/graphene π–π stacking interactions and aptamer/porphyrin π–π stack-

ing simultaneously. The result displays a linear response with a LOD of 0.2 nM. This 

aptasensor benefits from the synergetic effects of graphene, a nanomaterial with 

high conductivity and high surface area, its ability to interact with porphyrin and the 

aptamer specificity (Zhang et al. 2014).

Recently, Nawaz et  al. functionalized carbon nanotubes (CNTs) resulting in 

CNTs bearing benzoic acid and subsequently fabricated films on carbon. This 

assembly method offers an efficient protocol by using water as a solvent and one 

simple step for fabrication using a very small amount of CNTs. These modified 

electrodes were used to develop a DNA aptamer-based biosensor to detect mucin 1 

(MUC1), a prevalent gene associated with breast cancer with a LOD of 0.02 U/mL 

(Nawaz et al. 2016).

Dendrimers are three-dimensional nano-sized polymers synthesized as spherical 

structures and the number of terminal groups increases exponentially as a function 

of the number of layers. Polyamidoamine dendrimers (PAMAM) are some of the 

most used and commercialised structures (Baker 2009). For instance Zhang et al. 

used gold electrode modified with PAMAM dendrimer to immobilise thrombin 

aptamer for the development of an EIS-based aptasensor (Zhang et al. 2009).

9.2.3.2  Metal Nanoparticles
Metal nanoparticles include noble metals, heavy metals, iron and metal oxides, such 

as titanium dioxide, that have unique physicochemical properties depending on 

their size and material, an easy and simple functionalisation, conductance and a 
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high surface-to-volume ratio (Borghei et  al. 2016). These properties provide an 

enhanced application for the commonly used biosensing techniques, particularly 

optical techniques.

Gold nanoparticles (AuNPs) should be highlighted as they are the most exten-

sively studied nanomaterial and led to the development of numerous methods for 

molecular diagnostics, imaging, drug delivery and therapeutics because of their 

unique properties (Doria et al. 2012). For biosensing, AuNPs present excellent bio-

compatibility that allows using them for interfacing biological events. They can 

attach to biological probes, as described before, such as antibodies, enzyme, lectins, 

nucleic acids and glycans. AuNPs are already used as imaging and therapeutic 

agents (Borghei et al. 2016). In addition, because of their versatility in biological 

and medical applications, AuNPs have been investigated as signal enhancement 

probes for biosensors. Furthermore, AuNP conductivity permits direct electron 

transfer between many electroactive species and electrodes, which enables to use 

them for signal amplification, enhancing the analytical performance compared to 

other biosensor designs. Another important property is the high surface area. The 

diameter of AuNPs varies between 1 and 100 nm, offering a structure that increases 

the amount of biomolecules anchored on the surface, maintaining their bioactivity 

and increasing the sensitivity (Cao et al. 2011; Javier et al. 2008).

The application of AuNPs in medicine started almost two decades ago. In 2008, 

Javier et al. reported a platform for molecular specific using aptamer-based gold 

nanoparticles as contrast agents. They demonstrated an approach for prostate- 

specific membrane antigen (PSMA) detection obtaining reflectance images of cell 

lines treated with the anti-PSMA aptamer-gold conjugates (Javier et al. 2008). More 

recently, Borghei et al. reported a simple but highly sensitive colorimetric method 

based on aptamer/cell interaction for the detection of cancer cells. Cancer cells were 

able to uptake specific aptamers having affinity with receptors that are over- 

expressed in cancer cells. Such a process resulted in the removal of the aptamers 

from the solution, and leaving no free aptamers that can hybridise with complemen-

tary ssDNA/AuNP probes, leaving the solution red. Whereas in a negative control, 

with the absence of target cells or presence of normal cells, ssDNA/AuNP probes 

were able to hybridise with free aptamers and produced a purple solution. A linear 

response for MCF-7 cells was obtained with a LOD of 10 cells. This strategy can be 

extended to detect other receptors from different cancer cells (Borghei et al. 2016).

Quantum dots (QD) and magnetic beads (MB) are other nanoparticles very fre-

quently reported for specific bio-application for molecular diagnostics and cancer 

applications. A QD is a semiconductor nanostructure that confines the motion of 

conduction in three spatial directions. QD has a discrete quantized energy spectrum; 

changing the size of QDs changes their optical properties and this property is the 

highlight of QDs. Due to these reasons, most of the transducers involved with QDs 

are optical. An example of QD application for biosensing is conjugate MUC1 

aptamers with QDs to recognise MUC1 peptide. The strand includes additional 

bases capable of hybridisation with the complementary ssDNA sequence that car-

ries the label. QD irradiation and FRET were observed for these MUC1-targeted 

probes down to 1 pM/μL (Singh et al. 2016).
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MBs comprise a ferromagnetic elemental, alloy, oxide or composite structure. 

According to their material, they are divided into paramagnetic, antiferromagnetic 

and ferromagnetic (Xiao et  al. 2016). As with QDs, optical biosensing is often 

developed for these nanomaterials due to their properties. Mostly, affinity-based 

method like avidin/biotin or streptavidin/biotin is used for the immobilisation of 

aptamers on magnetic beads. For instance, in 2006, Herr et al. developed an aptamer- 

conjugated MB for selective collection and detection of leukaemia cells. The study 

reports the conjugation of two types of aptamer-modified nanoparticles: aptamer- 

modified MB for target cell extraction, while aptamer-modified fluorescent nanopar-

ticles for the detection using fluorescent imaging. By doing so, leukaemia cells were 

extracted from complex samples including whole-blood samples (Herr et al. 2006). 

In 2014, Hu et al. proposed a simple optical aptasensor for cancer biomarker AGR2 

detection using UV–vis spectrometry. In this case, the aptasensor is sandwich- typed 

AuNPs/DNA/MBs where the aptamers/MBs target proteins and DNA probes on the 

AuNPs compete with proteins to hybridise with catchers. As a result, the increasing 

number of target proteins reduces the possibility of the sandwich structure forma-

tion with a picomolar range of detection limit (Hu et al. 2015). The sum of different 

properties allows an extraordinary performance of the aptasensor.

Researchers have also demonstrated the use of bivalent metal ions (M2+) for bio-

sensing applications. Immobilisation of aptamers to the electrode surface can also 

be performed via histidine-tag/M2+/Nα,Nα-bis(carboxymethyl)-l-lysine hydrate 

(ANTA) chemistry. During this process, bivalent metal ions such as Cu2+ bound to 

ANTA anchored on the surface by a tetravalent chelation, leaving two available 

coordination sites for linking of histidine-modified aptamers. ANTA/Cu2+ form a 

stable complex and the binding of Cu2+ to the ANTA-modified self-assembled 

monolayer was studied by Stora et  al., showing a dissociation constant of 5 nM 

obtained with impedimetric measurements (Stora et al. 1997). Because of the high 

affinity to the histidine sequence, the complex of ANTA with Cu2+ but also with 

other metal cations such as Ni2+, Zn2+ and Co2+ is widely used in protein purification 

methods and is known as ‘immobilised metal-ion affinity chromatography’ (IMAC) 

(Kronina et al. 1999; Ueda et al. 2003). The binding of histidine-modified mole-

cules can be reversible; however, it needs a presence of highly concentrated 

(~0.2 μM) imidazole solution (Haddour et al. 2005).

Such strategy based on His-tag/M2+/ANTA chemistry has already been described 

in the case of immunosensors (Chebil et al. 2010) and aptasensors (Xu et al. 2013) 

and in both cases a wide linear response range was obtained. For example, the apta-

sensor based on ANTA/Cu2+ complex allowed to detect thrombin protein with a 

detection limit of 4.4 pM (Xu et al. 2013).

9.2.3.3  Assay Designs with Nanoparticles and Aptamers
The integration of nanoparticles with biosensors is also divided into immobilisation, 

amplification or both at the same time, as illustrated in Fig. 9.3. For example, AuNPs 

can be immobilised on different carbon-based matrices such as a carbon nanotube, 

graphene or graphene oxide, gold surfaces or other polymers (Sardar et al. 2009). 

This is an effective method to increase the amount of probes immobilised, 
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especially thiol molecules which present high affinity to bind AuNPs. Moreover, 

due to the availability of high surface area of nanoparticles, the amount of biomol-

ecules anchored is increased, consequently amplifying the signal.

Furthermore, metal NPs can be used to mediate reactions amplifying the signal. 

For example, capture probes can be first immobilised on a substrate. Thereafter, 

AuNPs modified with target probes are introduced for specific recognition, result-

ing in signal amplification. Using AuNPs as a well-established model, with the 

properties previously described and, additionally, due to their high absorption coef-

ficient as well as the ability to enhance electromagnetic fields and fluorescence, 

allows exploring these particles in many different ways for biosensing purposes, 

especially in the development of optical, electrochemical and piezoelectric biosen-

sors (Sardar et al. 2009). The different transducers can be applied to many biologi-

cal probes, including aptamers.

For instance, Chai et al. in 2011 reported the use of SAMs to deposit AuNPs 

on electrode surfaces. The study reports a simple strategy to immobilise 

nanoparticle aptamer antibody analyte

D

C

B

A

Fig. 9.3 Examples of different assays based on the use of nanoparticles, where nanoparticles can 

be either used to modify the surface of electrode or used as a label for amplification
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streptavidin- coated AuNPs on the surface of gold by employing a SAM of 1,3-pro-

panedithiol. Thereafter, biotinylated DNA aptamer specific to PDGF-BB was 

immobilised using the conventional affinity interaction between streptavidin and 

biotin. Such a platform was used to capture the target PDGF-BB and finally a sec-

ondary label was used as a detector. The label comprised of AuNPs modified with 

N-(aminobutyl)-N- ethylisoluminol (ABEI) and DNA aptamers. The binding event 

of the sandwich assay was monitored by electrochemiluminescence method. The 

signal amplification by the AuNP was specific, simple and stable, with a detection 

limit as low as 2.7 × 10−14 M being achieved (Chai et al. 2011).

Other proteins, such as thrombin, have been extensively studied. Fang et al. pro-

posed an electrochemiluminescence (ECL) aptasensor where aptamers labelled 

with AuNPs were first immobilised onto ITO electrode surface and, after catching 

the thrombin, signal aptamers tagged with ECL labels were attached to the assem-

bled electrode surface. As a result, a sandwich-type assay was formed achieving 

10  nM as LOD (Fang et  al. 2008). Thrombin can also be detected using other 

approaches. Screen-printed electrodes (SPE) are economical electrochemical sub-

strates with advantageous properties, such as disposability and simplicity and can 

be used for the rapid in situ analysis. Yeh et al. developed a system with a carbon 

SPE capture thrombin and an amplifier for recognising thrombin which is the mul-

tiple molecules of anti-thrombin antibody-modifying AuNPs. The electrochemical 

response presented a LOD of 1.5 pM (Yeh et al. 2014).

The whole cell can be captured by the aptasensor with good selectivity once they 

usually have specific proteins on the surface. Mucin 1 is a tumour maker protein in 

human breast carcinoma MCF-7 cells. An assay used aptamers to bind tumour 

markers on the surface of cancer cells, in this case, MCF-7 cells. Nanoporous mate-

rials modified with mucin 1 aptamers attach on the cell improving the biosensor 

performance and exhibiting a detection limit of 38 cells/mL (Yan et al. 2013).

Optical transducers are also applied in cancer diagnosis using aptasensors. 

Colorimetric detection is a signal transducer based on absorbance curves with low 

cost, fastness and a point-of-care compatible testing technique for cancer cells. 

Wang et al. recently designed a specific detection for MCF-7 cells with mucin 1 

aptamer, the same samples previously described. But, in this case, the aptamer and 

PtAu nanoparticle with high catalytic activity were able to differentiate cancer cells 

from non-cancer cells and different cancer cell types with a LOD of 10 cells/mL in 

phosphate buffer solution and in the serum samples (Wang et al. 2015). Different 

nanoparticles can be used based on their properties. In some cases, nanoparticles 

can be combined. For example, Ye et al. published an interesting study with bimetal-

lic nanoparticle (Cu–AuNP) combined with an iodide-catalysed system. The 

nanoparticle was modified with aptamers to human leukaemia CCRF-CEM cells, 

thus indirectly inducing the colorimetric signal variation of the system. The LOD of 

5 cells in 100 μL shows a strategy that can be extended to other cancer cell assays 

(Ye et al. 2015).

Similar strategies have been developed for other optical transducers. Surface- 

enhanced Raman scattering (SERS) was applied to detect vascular endothelial 

growth factor (VEGF). A different strategy involves silver nanoparticle-ornamented 

9 Nucleic Acid-Based Aptasensors for Cancer Diagnostics



220

gold nanoparticle pyramids (Ag–AuNPs) using an aptamer-based sensor that was 

ultrasensitive with a LOD of 22.6 aM. Limits lower than this have already been 

achieved with optical techniques (Zhao et al. 2015). Vance and Sandros presented 

an application of surface plasmon resonance imaging (SPRi) system to detect 7 zM 

(or 5 fg/mL) of C-reactive protein (CRP), in this case, combining aptamer-modified 

quantum dots (QDs) and microwave-assisted surface functionalisation (Vance and 

Sandros 2014).

Deviating from conventional nanoparticles, graphene oxide (GO) has also been 

used to develop aptasensors based on a fluorescence technique. By using the inher-

ent capability of the ring in DNA guanine residues to absorb on the surface of gra-

phene oxide by π–π interactions, He et  al. demonstrated the development of an 

aptasensor that characterises epithelial malignancy by targeting MUC1. In such an 

approach, an anti-MUC1 labelled with a fluorescent dye (Cy5) was adsorbed on the 

GO resulting in close proximity of the dye to the surface. Consequently, a quench-

ing effect is observed via energy transfer from dyes to GO. However in the presence 

of the target, the aptamer changes conformation resulting into increased distance 

between the dye and the GO, inducing the fluorescence restoration. The aptasensor 

was successfully tested in both buffer and blood serum with a detection limit of 

28 nM (He et al. 2012). A similar strategy of using GO and the quenching effect was 

used for the detection of hepatocellular carcinoma, where the aptasensor was able to 

detect human liver cancer cell lines SMMC-7721 with a detection limit of 200 cells 

in 200 μL buffer (Xie et al. 2014).

9.2.4  Polymer-Based Aptasensors

The cost has always been a crucial factor in the development of novel biosensor 

devices for medical purposes. In order to reduce the cost of biosensor fabrication, 

the adoption of noble metals and their cleanroom processing are required to be kept 

at a minimum (Kiilerich-Pedersen et al. 2011). These factors have led to a shift from 

the use of gold and platinum to degradable polymer materials. As a result, the appli-

cation of polymers is experiencing an increasing importance over traditional sys-

tems, especially within the area of immobilisation of aptamers for the detection of 

damages within target DNA (Liao et al. 2008; Radi 2011). Moreover, the develop-

ment of novel polymeric materials led to a new trend within the area of biosensors 

for cancer diagnostics. The necessity for introducing the adoption of polymers 

aroused with the requirement of individualised and tailored methods of treatment 

for a more heterogeneous disease such as cancer (Luk and Zhang 2014). Polymer- 

based biosensors offer the ability of theranostic applications (emergence of therapy 

and diagnostics imaging into a single package), with their additional advantage of 

possessing excellent biocompatibility (Luk and Zhang 2014). These polymer-based 

nanomaterials demonstrate desirable biodegradability and structural versatility. 

Except at high concentrations, biopolymers are typically non-toxic and naturally 

degrade into safe materials (Clawson et al. 2011; Hu et al. 2010).
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It is worth mentioning that depending on the type of polymer, different immobili-

sation strategies for aptamers have been reported. For example, a reagent-less elec-

trochemical transduction-based aptasensor for the detection of PSA was developed: 

the study demonstrated the elimination of any redox labels by adopting a quinone- 

containing conducting polymer (Souada et  al. 2015) on glassy carbon electrode 

surface. Short amine-terminated DNA aptamers have been first immobilised on the 

quinone-based conducting copolymer via EDC/NHS chemistry. When subjected to 

PSA, a strong current decrease (‘signal-off’) was generated due to heavier mole-

cules of PSA compared to aptamer strands on the probe surface. This was next 

switched to a current drop (‘signal-on’) by the hybridisation of probe aptamer with 

its complementary strand DNA which breaks PSA–aptamer interactions. As a result, 

the developed switch signal system was able to detect PSA in ng/mL range and also 

evaluated the PSA–aptamer dissociation constant (Kd), of ca. 2.6 nM. This dual- 

check system provided a full assurance of a perfectly specific recognition event 

(Souada et al. 2015).

There are many conducting polymers like polypyrrole (PPy), polythiophene and 

polyaniline that have been used for biosensor construction. Among them, PPy is 

one of the most extensively used conducting polymers in the design of bioanalyti-

cal sensors apart from polythiophene and polyaniline (Peng et  al. 2009; 

Ramanavi ius et al. 2006). This is due to its copious properties such as redox activ-

ity (Han et al. 2005), ion exchange and ion discrimination capacities (Johanson 

et al. 2005; Weidlich et al. 2005), strong absorptive properties (Azioune et al. 2005; 

Chehimi et al. 1999), catalytic activity (Khomenko et al. 2005) as well as biocom-

patibility (Wang et al. 2004). PPy as a polymer can be further characterised by its 

high electrical conductivity, hydrophilic character and high stability in water 

(Andrade 1985). In fact, its low oxidation potential enables a pyrrole polymer film 

to be grown from aqueous solutions which is compatible with most of the biologi-

cal elements (Asavapiriyanont et al. 1984). Researchers have also worked on the 

modification of pyrrole monomers in order to provide enhanced anti-fouling prop-

erties. For example, in 2002 Rodrigez et  al. synthesised pyrrole modified with 

biotin set apart by polyethylene glycol chain which prevented biosensor against 

non-specific interactions. More recently, Jolly et al. (2016c) reported the develop-

ment of an aptasensor for AMACR detection using a voltammetry detection tech-

nique. In the study, a simple and efficient electrochemical patterning of 

amine-bearing PEG derivatives on PPy films has been developed. Such a method 

paved way to simple pyrrole monomer modification and demonstrated enhanced 

anti-fouling properties of PPy with PEG.  His-tagged DNA aptamers specific to 

AMACR were then immobilised via coordination chemistry with copper ions. A 

very low detection limit of 1.4 fM was established in human plasma samples. The 

progression of a tumour and its transformation to different stages can be related to 

platelet-derived growth factor (PDGF), especially PDGF-B chain. Recently in 

2016, Lee et al. fabricated an aptasensor based on multidimensional hybrid con-

ductive nanoplate for the detection of the PDGF. PDGF has emerged as a critical 

cancer biomarker as it is associated with diverse cancers and other diseases (Lee 
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et al. 2016; Shih et al. 2004). The sensor was fabricated by using multidimensional 

hybrid carboxylated polypyrrole plates (MHCPPs) that were functionalised with 

the PDGF-B-specific DNA aptamer. The vertical decoration of the polypyrrole 

nanosheets has managed to maximise the active surface area of the MHCPPs. The 

strategy demonstrated a dramatic increase in the interaction between the developed 

MHCPP-based sensor and the PDGF-BB analyte. Detection limit as low as 1.78 fM 

has been achieved for PDGF-B, by using field-effect transistor (FET)-type aptamer 

sensor (Lee et al. 2016).

Polymer-based approaches have also penetrated graphene-based FETs and are 

witnessing a rapid development growth and even considered as an alternative for 

post-silicon electronics. Kwon et  al. demonstrated how to grow polypyrrole- 

converted nitrogen-doped few-layer graphene (PPy-NDFLG) on copper substrates 

which provided the recognition of the target molecules at really low concentrations 

of 100 fM. Such a process was carried out using a combined technique of chemical 

vapour deposition and vapour deposition polymerisation. The developed platform 

was used to immobilise amino-terminated anti-VEGF RNA aptamer using Schiff- 

base reaction via glutaraldehyde-conjugated 1,5-diaminonaphthalene (DAN) 

(Kwon et al. 2012).

Development of aptasensor based on single-polymer-based nanowire has also 

been reported. Huang et al. in 2011 reported a single-step electrochemical depo-

sition of single-PPy nanowire between two gold electrode junctions in a pat-

terned polymethylmethacrylate (PMMA) nanochannel. A different immobilisation 

strategy was utilised where a mixture of pyrrole monomer and aptamer was used, 

with the aptamers encapsulated within the polymer without any covalent bond-

ing. By using microfluidic systems the group demonstrated the detection of 

immunoglobulin E (IgE) and mucin 1 (MUC1) with their specific aptamer. Mucin 

1 is a protein biomarker which has been reported to be over-expressed in almost 

all human epithelial cell carcinomas like breast cancer, ovarian cancer and lung 

cancer (Croce et al. 2003; Hough et al. 2000; Maeshima et al. 1997). The detec-

tion of the protein immunoglobulin E (IgE) was achieved within a range from 

0.01 to 100 nM and the aptasensor performed excellent sensitivity with a fast 

response and rapid stabilisation time (∼20 s). A detection limit of 2.66 nM was 

obtained for MUC1 using conductance measurements, which is significantly sen-

sitive compared to commercially available MUC1 diagnosis assay (800  nM) 

(Huang et al. 2011).

Although conducting polymers have always been in the interest for the develop-

ment of electrochemical biosensors, there are also reports on the use of non- 

conducting polymers such as chitosan. For instance, Tahmasebi et  al. adopted 

carbon nanotube (CNT)-based polymer materials in order to provide a sensitive 

electrochemical aptasensor for the detection of PSA using EIS technique. The study 

demonstrates the benefits of nanomaterials composed of carboxylic acid- 

functionalised CNTs and chitosan for the immobilisation of PSA aptamer on probe 

surface with a LOD of 22  pM.  The experimental results also proved the higher 

aptamer immobilising capability of chitosan-CNT composite when compared to 

CNTs or chitosan alone (Tahmasebi and Noorbakhsh 2016).
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9.2.4.1  Molecular Imprinting and Aptamers
In response to the challenges faced by the conventional methods of protein imprint-

ing for biosensor studies, molecular imprinting has adopted new approaches to 

overcome its limitations (Menger et al. 2016). One of the approaches is to incorpo-

rate aptamers within the molecularly imprinted polymers (MIPs). A study carried 

out on an aptamer-MIP hybrid receptor for the detection of prostate-specific anti-

gen in 2016 reported much more sensitive recognition characteristics compared to 

that of the aptamer alone (Jolly et al. 2016b). The MIP cavity that had been devel-

oped was observed to act synergistically with the enclosed aptamer forming a 

hybrid receptor which provided much sensitive recognition characteristics (termed 

as ‘apta-MIP’). A simple strategy was demonstrated by using dopamine monomers 

and PSA-specific thiolated DNA aptamers. A thiolated anti-PSA DNA aptamer 

was complexed with PSA prior to being immobilised on the gold electrode surface. 

Thereafter, a controlled electropolymerisation of dopamine around the complex 

enabled the entrapment of the complex. The PSA was then removed from the tem-

plate and the fabricated sensor was used to study the subsequent rebinding of 

PSA. The study has adopted EIS as a method of evaluation by looking into capaci-

tance changes, where the apta-MIP sensor showed a detection limit of 1 pg/mL of 

PSA (Jolly et al. 2016b). Within the same year, another novel method of lumines-

cent ‘double recognition’ for the detection of ENR (enrofloxacin) was developed. 

This method also had two stages of recognition. Firstly, ENR-specific biotinylated 

aptamers were immobilised on a surface of up-conversion nanoparticles (UCNPs) 

in order to capture and concentrate ENR as the initial imprinting recognition safe-

guard. This was then followed by the polymerisation of methacrylic acid mono-

mers neighbouring the aptamers of ENR, which interacted with the residual groups 

of ENR by using MIP techniques as the second recognition safeguard. The sensor 

demonstrated detection and quantification limits of 0.04 and 0.12 ng/mL, indicat-

ing the feasibility of the method for the detection of ENRs in real samples (Liu 

et al. 2017).

The studies have shown that MIPs offer an exchange rate of the target aptamer 

that is significantly higher than that of the antibodies. However, the recent methods 

of using MIPs have been only developed for the detection of a limited range of pro-

teins. As a result, the research in MIPs still requires improvement in terms of sensi-

tivity and the application on real samples (Menger et al. 2016).

9.3  Outlook

Nucleic acid aptamers represent a challenging and fascinating venue and a possible 

replacement of antibodies for both therapeutics and diagnostics. Indeed early tech-

nology for the application of aptamers for sensing applications has its own limita-

tions but it has continued for more than two decades with the integration of many 

modifications and advancements in the field. Aptamers, although they have been 

raised against a number of targets over the last two decades, are expected to see 

further improvement in their variety, affinity, diversity and half-lives. Therapeutic 
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use of aptamers is a well-established field; for example, aptamer compound named 

Pegaptanib was approved as a drug for clinical use for endovascular age-related 

macular degeneration (Gragoudas et al. 2004). Conversely, in the field of diagnos-

tics, especially diagnostic systems based on biomolecular binding events, are still 

under the dominancy of immunoassays. However, the diagnostic field is now show-

ing that with the use of aptamers, some of the limits of current diagnostic tools can 

be circumvented, such as flexibility for signal transduction and detection (Liu et al. 

2009). For instance, the ability of the aptamers to distinguish small differences 

between proteins sharing similar surface homology may allow aptamers to differen-

tiate cells based on cancerous and non-cancerous. The use of natural and synthetic 

nucleotides is still developing and paving the way towards advanced biosensor 

development. Developments in biochemistry and molecular biology have led to a 

deeper understanding of the role of nucleic acids and showed that the functions they 

play are far greater than originally expected. This leads to a new world of biosensing 

applications, where nucleic acid-based biosensing approaches can have an unparal-

leled impact on clinical diagnosis, prognosis and monitoring. It can be seen from the 

plethora of reported literature how researchers from different fields are coming 

together to realise high-throughput aptamer-based biosensors for use with complex 

matrix samples such as clinical or environmental. The ease of manipulation of oli-

gonucleotides, controlled surface chemistry approaches and ‘straightforward’ 

charge distribution make them optimal bioreceptors for biosensing applications. 

Moreover, the commercialisation of biosensors has been fuelled right after the first 

glucose test in a PoC format.

However, the process of commercialisation of aptamer-based biosensors for the 

detection of cancer biomarkers is still at an early stage (proof of concept) and 

requires further developments. There is still not a self-contained answer to why 

nucleic acid aptamers have not yet penetrated into the clinical laboratories (Baird 

2010). Although there are several challenges that need to be addressed for real clini-

cal application, one of the most important is related to the conformational change of 

aptamers. Most of the aptamers generated via SELEX is known to have well-known 

interaction between the aptamer and its target which is dependent on the conforma-

tion of aptamers. However, such a conformation is largely affected by chemical and 

physical environment. As a result, the aptamers selected through in vitro SELEX 

procedures might have decreased or completely lose their binding efficiency. 

Overall, the development of aptamer-based biosensors for biomarker detection is 

expected to attract increasing interest because of its ease of synthesis and the pos-

sibilities of multiple modifications. Furthermore, there are many successful reports 

that have been published for cancer diagnosis; however, most of them have been 

carried out either in ideal buffer solutions or in vitro cultures. There are very few 

reports that have shown the tests with real cultures or in animals.

These studies not only demonstrate the enormous potential, but also prove how 

they can be used for a wide range of other biomarkers for various diseases that 

exploit target/probe features similar to those of the systems that have been reported 

previously. It has become apparent that the aptasensor field has reached a new level 

of maturity where it has been employed to detect multiple biomarkers. Aptasensors 
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have already shown their specificity and versatility to be applied to different sur-

faces and systems with different transducers. The use of nanoparticles combined to 

aptamers addressing the increase of sensibility opens the door to new detection 

levels not previously conceived. The future of these approaches aims to develop a 

multiplexing platform with the capacity to distinguish different biomarkers with 

ultra-low levels.

Nevertheless, the sensitivity of an aptasensor is affected not only by the surface 

chemistry used but also the analytical method used for the detection. Furthermore, 

the development of a multiplexed platform for parallel sensing of different biomark-

ers of cancer would help assist clinicians with deeper information on the pathologi-

cal and physiological state of the patient (in particular the disease). Such a device 

could be represented as a point-of-use device that can provide a first assessment of 

the patient’s state which would accelerate the diagnosis and or prognosis speed. Not 

only limited to diagnosis, the device can be used for surveillance purposes in order 

to monitor patients at risk or those being treated (either post-surgery or during medi-

cation). In the near future, it is likely that cancer detection using aptamers will 

undoubtedly benefit from the integration of novel aptamers with miniaturised trans-

ducer platforms, and therefore in some regard revolutionise the cancer diagnostics 

on a global platform.
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10.1  Introduction

The widespread incidence of disease, high death rate, and relapse has significantly 

increased the concern for development of better cancer diagnosis and treatment. 

Breast cancer being the most prevalent form of cancer among women, prostate 

cancer (PCa) has turned out to be one of the most common lethal cancer type 

among men aged 50–80 years old (Oesterling et al. 1993). Tumors develop in the 

prostate gland of the male reproductive system causing significant pain during 

urinating and sexual intercourse. Other than lung and skin cancer, prostate cancer 

is the most common cancer prevalent among American men. As per American 

Cancer Society’s estimate for prostate cancer, there are ~180,890 new cases and 

~26,120 deaths in the United States for year 2016. According to recent statistics, 

~1 out of 7 men will be diagnosed with prostate cancer during his lifetime (Siegel 

et al. 2016). PCa is very difficult to detect in its early stage which is the cause for 

increased mortality rates every year (Schröder et al. 2009). Hence, in such a con-

dition where there is an alarming increase of PCa cases, it is important that the 

disease is accurately detected at an early stage to improve patient outcomes in 

terms of morbidity, mortality, and relapse (Zieglschmid et al. 2005). This demands 

for an effective diagnosis and prognosis tools with improved sensitivity and speci-

ficity towards PCa.
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DNA mutation induces development of a malignant tumor inside prostate gland. 

Currently used clinical diagnosis tools for PCa includes magnetic resonance imag-

ing (MRI), transrectal ultrasonography, digital rectal inspection, Prostate biopsies, 

computed tomography (CT) scan, and biochemical assays (Brock et  al. 2015; 

Crawford and De Antoni 1993; Kang et al. 2015; Haese et al. 2008; Elabbady and 

Khedr 2006; Ghai and Toi 2012; Najeeb et al. 2014). Among these, biochemical 

assays are used for initial disease screening (Kang et al. 2015). Prostate-specific 

antigen (PSA) is the most widely used serum marker for the clinical diagnosis of 

PCa as their serum levels will be elevated during malignant conditions 

(>4.0 ng mL−1) (Crawford and De Antoni 1993; Kang et al. 2015). Many of these 

traditional diagnostic methods are less effective to detect cancer at a very early 

stage. The quest for primary diagnosis of cancer with better sensitivity and preci-

sion has led to an increased work on the detection of numerous biomarkers includ-

ing molecular DNA and RNA markers (Ploussard et  al. 2011; Stuopelyte et  al. 

2016; Velonas et al. 2013).

The past few years witnessed a rapid growth in nanotechnology and its applica-

tion in various sectors (Kang et al. 2015; Huang et al. 2011; Bellan et al. 2011). 

Tremendous attempts have been made to synthesize and study nanomaterials of 

desirable properties. Nanomaterials have been widely used to construct biosensing 

devices with improved performance and cost-effectiveness due to their inimitable 

physical, chemical, optical, magnetic, and mechanical properties (Huang et  al. 

2011; Bellan et al. 2011). Several nanoscale structures, such as single-walled car-

bon nanotubes (SWCNTs), silicon nanowires (SiNWs), or metal oxide nanowires 

(e.g., indium oxide (In2O3) NWs), have been fabricated for their use in more sensi-

tive and precise prostate cancer detection (Zheng et al. 2005; Chikkaveeraiah et al. 

2009; Li et al. 2005). Nanomaterials in the form of nanowires, nanorods, and nano-

tubes offer high surface-to-volume ratios and are highly sensitive and can be fur-

ther surface modified with well-known methods, making it a propitious platform 

for sensitive detection of biomarkers (Huang et al. 2011). These nanomaterials can 

contribute to design transducers that help in biosensing by converting the bio-

chemical recognition events to electrical/optical/piezoelectric signals (Huang et al. 

2011; Bellan et al. 2011). Based on the presence of various transducing systems 

present, several types of nanobiosensors have been reported (Guardia and Garrigues 

2012).

10.2  Conventional vs. Advanced Cancer Diagnosis

Conventionally, cancer diagnosis begins with a detailed clinical history of the per-

son. It involves a complete physical examination, combined with laboratory testing 

of various body fluids i.e. blood, urine, saliva, and semen etc. Prostate biopsy fol-

lowed by histological examination remain standing as gold standard for the diagno-

sis of prostate cancer (Brock et  al. 2015). However, high false negatives are 

associated with more than 50% of cases, remains a current limitation in existing 
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prostate cancer screening. In the current clinical setting, patients with clinical symp-

toms and negative prostate biopsy are advised to repeat the screening test by 5 years 

(Welch et al. 2007). Repeated biopsies impart significant morbidity, anxiety, and 

pain to the patient and moreover adds to the unavoidable cost. An elevated level of 

PSA in patient serum is widely used as a protein marker for PCa screening. However, 

the specificity and sensitivity of PSA test is very low resulting in high false-negative 

(15%) and false-positive (66%) diagnosis (Catalona et al. 1991, 1994; Bretton 1994; 

Thompson et al. 2004; Schroder et al. 2000). These limitations have initiated an 

extensive investigation for alternate markers with superior selectivity such as PCA3 

for prostate cancer that might help to reduce the number of unnecessary biopsies 

(Loeb and Partin 2011). Imaging techniques using X-rays, ultrasound, CT scans, or 

MRI are often combined with biochemical assays and biopsies for better screening 

as well as disease diagnosis (Sanz et al. 2004; Reske et al. 2006; Mintz 2014; Jadvar 

2015). In addition to the traditional diagnostic methods, technological advance-

ments have led to the introduction of newer technologies that uses radioisotopes for 

cancer detection in situ, i.e., ProstaScint-scan, positron emission tomography (PET) 

scanning, and CT with PET (Sanz et al. 2004; Reske et al. 2006; Mintz 2014; Jadvar 

2015). One of the highly advanced technologies like 68Ga-prostate-specific mem-

brane antigen (PSMA) PET/CT which was recently approved by Food and Drug 

Administration for human trial are capable of molecular imaging of PSMA as PCa 

biomarker, with improved sensitivity for early cancer detection (Jadvar 2015). 

Among the various detection methods, biochemical assays offer a more rapid, easy, 

and cost-effective strategy for disease diagnostic platforms. Several researches 

around the globe are involved in the discovery of new biomarkers for precise detec-

tion of cancer. Studies on molecular diagnostics have been increased exponentially 

over recent times, wherein specific DNA and RNA signatures have been identified 

to detect specific cancer types with great precision from body fluids (Alhasan et al. 

2016; Fabrisa et al. 2016; Geybels et al. 2016). This is often referred to as “liquid 

biopsies,” as they are collected via a minimal invasive route, like a needle prick. 

Newer biosensing platforms with the incorporation of reliable biomarkers could 

improve diagnostic accuracy to maximize the efficiency of subsequent therapies for 

the diagnosed patients.

10.3  Nanobiosensing Technologies for Prostate Cancer 
Diagnosis

Nanobased biosensing technologies are highly promising and guaranteed to exhibit 

improvements in their selectivity for cancer biomarkers (Mouli et al. 2010; Ma et al. 

2009). Several studies have demonstrated their effectiveness for the development of 

next-generation diagnostics, contributing towards more accurate diagnosis (Park 

et al. 2013a, b; Hwang et al. 2013; Singh et al. 2014a). The present chapter discusses 

mainly electrochemical, mass-based, microfluidics, field effect transistors, and 

optical- based nanobiosensing technologies for prostate cancer detection (Fig. 10.1).
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10.3.1  Electrochemical-Based Nanobiosensing Technologies

Electrochemical biosensors are the most widely used systems for development of 

rapid, easy, and cost-effective point-of-care diagnostics (Hammond et  al. 2016). 

Ample amount of investigations have been focused on the development of miniatur-

ized easy-to-use portable electrochemical systems that can easily incorporate inex-

pensive electrodes with simple electronics to perform rapid measurements. Recent 

progress in nano-biotechnology enabled the development of a variety of reproduc-

ible coatings of the active biomolecules such as enzymes on the miniature trans-

ducer element suitable for sensing application. Nanomaterials are often advantageous 

to provide high surface area for immobilization of biomolecules to electrode surface 

for the fabrication of ultrasensitive electrochemical biosensors with better electronic 

and electrocatalytic properties (Singh et  al. 2009, 2010, 2011, 2012a, b). 

Electrochemical biosensor works due to easy electron transfer that occurs between 

the active redox centers of biomolecules and the working electrode. The use of 

nanostructured coatings on working electrodes greatly increases the electrical 
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conductivity because of thin-layer phenomena with abundant no. of redox reaction 

sites (Streeter et al. 2008).

The detection efficiency of the sensor is greatly influenced by the electrode mate-

rial, the surface modification/properties, or its dimensions. Electrochemical sensor 

design usually involves a reference electrode, a counter electrode, and a working/ 

redox electrode. Ag/AgCl electrodes are commonly used in electrochemical sensors 

for reference. The working electrode serves as transducer though counter electrode 

establishes a connection with the electrolytic solution. Nobel metals (viz., platinum, 

gold, silver), carbon (e.g., graphite), and silicon compounds which are chemically 

stable and conductive are commonly used as electrodes depending on the analyte. 

Biosensing devices require a variety of biomolecules as recognition elements, e.g., 

enzymes, antibodies, nucleic acids, aptamers, cells, and microorganisms (Eggins 

2002; Chaubey and Malhotra 2002). Many of the earlier studies focused predomi-

nantly on enzymes for electrochemical detection techniques owing to their specific 

binding proficiencies and biocatalytic activity (Eggins 2002; D’Orazio 2003; 

Schoning and Poghossian 2002). However, rigorous attempts are being made to 

develop ultrasensitive devices using specific antibodies and DNA/RNA probes, 

aptamers. Surface density, stability, and specificity of the recognizing elements are 

extremely important for the improved sensitivity of device. Appropriate arrange-

ment of molecule could be achieved through different molecular ways, i.e., lang-

muir-blodgett (Cabaj et  al. 2010), self-assembled monolayers or layer-by-layer 

(LbL) as well as electrolytic deposition (Cabaj et al. 2012). However, the retention 

of molecular activity is often challenged in the process of deposition.

The researches by Giaver, and Kronick and Little began the introduction of 

antibody- based biosensors into being from 1970s (Giaever 1973; Kronick and Little 

1975). Among several applications, an electrochemical immunosensor fabricated 

using Graphene sheet–methylene blue nanocomposite was employed for detection 

of PCa by analyzing PSA levels. Silver-hybridized mesoporous silica nanoparticles 

(NPs) were used as electrode and hydroquinone as a mediator with an observed 

limit of detection (LOD) of 13 pg mL−1 (Wang et al. 2013). Sarkar et al. performed 

the immunobased detection of free PSA (f-PSA) using immunolabeled magnetic 

beads premixed with horseradish peroxidase (HRP)-labelled secondary antibodies 

on a 3-electrode screen-printed sensor (Sarkar et  al. 2008). The amperometric 

response of the HRP labels was used to measure the target concentrations on the 

beads upon addition of hydrogen peroxide substrates, with LOD of <0.1 ng mL−1 

fPSA. Chen et  al. stated that the nanoscale-spacing of immobilized antibodies 

affects the sensitivity of the sensor critically. They used gold nanoparticles (AuNPs) 

to further amplify the sensing signal which resulted into extremely high sensitivity 

along with LOD of 1 pg mL−1 (Xiaoqing et  al. 2014). Nanoparticle probes, i.e., 

carbon nanotubes (CNTs), can be used to load large number of biomolecules/multi-

enzymes for target protein signal amplification. Signal amplification can also be 

achieved by labelling multienzymes with magnetic beads, polymer beads, and 

streptavidin-biotin complexes; however, the sensitivity of the detection system can 

be limited by nonspecific binding of bioconjugates other than the antigenic sites. 

Wang et al. used multi-enzyme-labelled CNTs for ultrasensitive detection of DNA 
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and protein (IgG) at fM level with the immobilized antibodies and thousands of 

alkaline phosphatase enzymes on the surface (Wang et  al. 2004). In subsequent 

work, they used an LbL approach in conjunction with square wave voltammetry to 

achieve LOD of 67 aM (tenfold increase) for IgG in buffer (Munge et al. 2005). 

Topkaya et al. developed a carbon graphite-based electrochemical DNA biosensor 

for detection of hypermethylation of the glutathione S-transferase P1 gene, prostate 

cancer-specific marker (Topkaya et al. 2012). In a study reported by Jolly et al., thio-

lated DNA aptamer was complexed with PSA prior to being immobilized on the 

surface of a gold electrode. The aptamer-molecularly imprinted polymer-based sen-

sor showed high sensitivity with linear response from 100 pg mL−1 to 100 ng mL−1 

of PSA and LOD of 1 pg mL−1, which was threefold higher than alone aptamer 

sensor for PSA (Jolly et al. 2016). Tang et al. developed an electrochemical sensor 

to offer triple sensitivity amplification for detection of PSA using conductive 

reduced graphene oxide-Au nanocomposites coating on the Au-poly modified 

glassy carbon electrode. Specific peptides (CEHSSKLQLAK-NH2) immobilized on 

modified electrodes underwent enzymatic cleavage upon reaction with PSA and 

resulted in a flux. The designed biosensor presented a wide linear range from 

1.0  fg mL−1 to 100 ng mL−1 with an ultralow LOD of 0.11 fg mL−1 (Tang et al. 

2016a, b).

10.3.2  Mass-Based Nanobiosensing Technologies

Mass-sensing biosensors; quartz crystal microbalance (QCM) and surface acoustic 

wave (SAW) are highly promising candidates as they can detect transductions based 

on small changes in mass with high sensitivity, fast response, and low cost (Velusamy 

et al. 2010). QCM-based detection is widely used as they are relatively facile, cost- 

effective method and provides direct label-free detection with enhanced sensing 

characteristics. Mass analysis generally depends on the use of piezoelectric crystals 

which vibrates at specific frequencies and change in this frequency upon binding of 

the analyte is electrically measured. In this technology, device uses the piezoelectric 

effect to measure physical changes in mass due to bio-recognition events and con-

vert it to electrical signals by piezoelectric crystal transducer elements of the sensor. 

However, this area of biosensing still needs more exploration to demonstrate their 

successful application in high background samples, i.e., serum (Prakrankamanant 

2014).

Basically, a mass sensor disc is covered by a metallic deposit on the top and bot-

tom sides referred to as front and back electrodes, respectively. The disc is coupled 

to an oscillating circuit that applies an alternating electrical field to the crystals, 

inducing an oscillation at their center. The application of electrical potential causes 

a displacement of the crystal atoms parallel to the surface, and any change in these 

oscillation frequencies could be directly monitored by a frequency counter. 

Sauerbrey was the first who recognized the potential usefulness of the piezoelectric 

technology and demonstrated the relationship between mass and resonant frequency 

(Sauerbrey 1959). The capture of analyte in turn results in an increase of crystal 
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mass ((Δm)) and a proportionate decrease in frequency (frequency change, Δf) from 

initial frequency oscillation (f0). Biosensor transducer crystal surfaces are coated 

with biomolecules such as a DNA probe or antibody that determines the sensitivity 

and specificity of the device.

Quartz crystal microbalances have emerged as versatile biosensors offering high 

sensitivity and label-free detection in former few years. The use of NPs viz., AuNPs 

in QCM sensors have been stated to enhance the sensitivity of electromechanical 

assays in the detection of human IgG and aflatoxin B1 at clinical levels as amplifica-

tion agents in a dynamic mode quartz crystal microbalance biosensor (Chu et al. 

2006; Jin et al. 2009). Uludag and Tothill demonstrated high sensitivity for PSA 

with LOD of 0.29 ng mL−1 by performing a sandwich assay using antibody- modified 

NPs in QCM platforms (Uludag and Tothill 2010). This platform exhibited higher 

sensitivity compared to 4.0 ng mL−1 of the gold standard method and can be applied 

clinically revealing the high potential for prostate cancer diagnosis and prognosis. 

Wang et al. successfully developed a mass-sensing BioCD Protein Array for clinical 

detection of PSA PCa Patient Serum in a 96-well anti-PSA microarray. They could 

demonstrate LOD of 4 ng mL−1 PSA concentrations in full serum as tested in three 

patient samples (Wang et al. 2011). Schlensog et al. reported a special type of SAW 

sensors named Love-wave biosensor to decrease energy dissipation of acoustic 

wave into the liquid by using a surface layer of shear horizontal waves (Schlensog 

et  al. 2004). SAW sensor was fabricated by immobilizing a single strand DNA 

aptamer as ligand (Zhang et al. 2015) to detect Human thrombin with high sensitiv-

ity and specificity. In another work, a microfluidic Love-wave biosensor was devel-

oped to specifically detect PSA in real time using DNA aptamer-beacon bearing a 

stem-loop structure which changes the selective target-induced assembly. A novel 

hybrid sandwich immunoassay which is the combination of mass and optoplas-

monic transduction was reported to detect PSA biomarkers in serum at clinically 

relevant levels. Antibody-labelled AuNPs that act as a mass and plasmonic label; a 

silicon cantilever that works as a mechanical resonator and plasmonic signal 

enhancer from the nanoparticles. LOD of 1 × 10−16 g mL−1 in serum was attained 

with both biomarkers, at a significantly higher sensitivity by detecting ultra-low 

magnitudes at the order of seven in comparison with routine clinical practice with 

extremely low, ∼10−4 false-positive and false-negative rates (Kosaka et al. 2014). 

Another study utilized signal transduction biosensor as a novel electrical sensor for 

identifying PSA where surface stress changes occurred due to antigen–antibody- 

specific binding using micro-fabricated self-sensing nanomechanical membrane 

(Omidi et al. 2014).

10.3.3  Microfluidics-Based Nanobiosensing Technologies

Microfluidic-based technologies are generally called as lab-on-a-chip systems or 

micro-total-analysis system (μTAS) and deals with the flow of micrometer-size chan-

nels on miniaturized forms of traditional laboratory systems (Manz et al. 1990). In 

recent years, biosensor nanotechnology is rapidly developing and has become 

10 Nanobiosensing Technologies for Prostate Cancer Diagnostics/Prognostics



240

widespread in the biomedical engineering. A prodigious number of studies have been 

developed for advanced nanobiosensing devices that can replace the conventional 

laboratory processes performed by technicians and experts in large-scale integration 

laboratories (Haeberle and Zengerle 2007; Samiei et al. 2016). Among them, micro-

fluidic systems provide high throughput, controlled flow carrier, enhance the blend-

ing of various samples, sensitivity, and require less volume of reagents. Microfluidics 

technique is known to be interdisciplinary technology as it comes by the amalgama-

tion of various streams, i.e., physics chemistry, biochemistry, biotechnology, bioelec-

tronics, engineering, and nano-technology (Wang et al. 2009).

Scheming and construction of microfluidics biosensing devices require careful 

considerations to improve the fabrication procedures, especially the wettability and 

compatibility of the devices. Nanolithography and nanostructured patterning tech-

niques are being used to fabricate microfluidic devices by utilizing silicon as sub-

strate as silicon microfabrication is very well established technique but has been 

ignored in microfluidic fabrication for biosensing applications. Various materials, 

i.e., silicon, glass, and PDMS polymer hybrids, can be used to fabricate microfluidic 

devices but polymeric materials have the advantages due to excellent conducting 

and thermal properties, biological compatibility, and adequate transparency for bio-

sensing applications. Schematic diagram of microchannels using polydimethylsi-

loxane (PDMS) wall is shown in Fig. 10.2.

Microfluidic actuators with inlet–outlet valves and pumps can be fabricated on 

the chip by attaching multilayers of PDMS which is an elastomeric material (Unger 

et al. 2000). Microchannel architecture is used to build basic elements of the micro-

fluidic sensor systems, which is shown in Fig. 10.3.

Augustsson et al. established a microfluidic acoustophoresis method for detec-

tion as well as separation of prostate cancer cells from white blood cells via forces 

generated in microfluidic channels, and the recovery ranged from 93.6 to 97.9% 

with purity ranging from 97.4 to 98.4% for cells fixed with paraformaldehyde, and 

for nonfixed cells recovery ranged from 72.5 to 93.9% with purity ranging from 79.6 
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to 99.7% (Augustsson et al. 2012). Madaboosi et al. presented a system that allows 

the integrated detection of fPSA in PDMS-based microfluidic immunoassay system 

(Madaboosi et al. 2014). Automated microfluidic device was fabricated using lithium 

tantalate substrate with SiO2 film, two set of inter-digital transducers, Au for immo-

bilization of the biorecognition layer, aptamer beacon and PDMS channels for real-

time detection of PSA. The fabricated device showed the detection range between 

10 ng mL−1 and 1 μg mL−1, with LOD of 10 ng mL−1 (Zhang et al. 2015). Islam 

et al. implemented a simple, reusable, and efficient microfluidic channel to detect 

cancer cells directly from blood without any fluorescent tags, surface functionaliza-

tion, or pre-processing of the blood except dilution for the detection of tumor cells 

using the electrical measurement of each single cell from the samples. As per the 

authors the surface nanotexture of the microfluidic channel retarded the metastatic 

renal cancer cells’ translocation by 50%. This interesting phenomenon increased 

tumor cell detection efficiency by 14% in nanotextured microchannel compared 

to plain channel (Islam et al. 2015). Tang et al. proposed a cost-effective electro-

chemical array of 256 sensors with 32 individually addressable microelectrodes by 

creating hydrophobic well via print and peel method to avoid cross- contamination. 

This system was used to determine PSA, PSMA, interleukin-6 (IL-6), and plate-

let factor-4 (PF-4) in serum and clinically relevant LODs (0.05–2 pg mL−1) was 

achieved. They developed the high-throughput system which could detect multiple 

cancer biomarker proteins in serum. Protein capture using magnetic NPs from 5 μL 

samples provided a viable strategy for multiplexed detection by minimizing nonspe-

cific binding (Tang et al. 2016a, b). Hughes et al. fabricated a completely integrated 

microfluidic assay to protein measurements of endogenous PSA isoforms in human 

prostate cancer cell lysate and crude sera from metastatic prostate cancer patients 

and achieved LOD 1.1 pg (Hughes et  al. 2012). A multiplex RT-PCR assay was 

developed for rapid screening of alterations in prostate cancer genes at miRNA 

levels by integrating it with microfluidic-based on-chip electrophoresis (Moltzahn 

et al. 2011). Kirby et al. developed system to capture circulating tumor cells (CTCs) 

isolated from castrate-resistant prostate cancer patients by integrating immunocap-

ture microfluidic device that combines an anti- PSMA antibody with a 3D geometry 

that captures CTCs while minimizing nonspecific leukocyte adhesion. This device 

showed a 2–400-fold higher sensitivity compared with the commercially available 

CellSearch® (Kirby et al. 2012).

10.3.4  Field Effect Transistor-Based Nanobiosensing 
Technologies

Integration of semiconducting nanomaterials and biological materials provides an 

attractive interface for emerging applications, such as chemical/biological sensors, 

for health monitoring devices. The nanostructure of composites as a channel and a 

sensing material plays a crucial role in the performance of field effect transistors 

(FETs) (Cui et al. 2001; Duan et al. 2012; Singh et al. 2014b). Therefore, it is highly 

desirable to prepare elaborate composite that can allow the fabrication of high 
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performance FETs and provide high sensitivity and selectivity in detecting specific 

chemical/biological targets (Byeon et al. 2016). Among the silicon-based biosen-

sors, FET based on ion selectivity (ISFET) is known to be the utmost popular elec-

tric biosensor because of its excellent properties, i.e., sensitivity, rapidity, 

miniaturization, and cost-effectiveness.

As innumerable nanostructures, having been utilized to enhance the efficacy and 

sensitivity of most of the detecting devices, nanobiosensing technologies has 

become the perfect for the incorporation of biological materials, particularly for the 

construction of cost-effective, and ultrasensitive FET devices and provide high 

functionality by binding target in the confined gated region. The typical three- 

terminal structure containing the drain, source, and gate are shown schematically in 

Fig. 10.4. Electrical channel of conduction and the conductivity of the charge carri-

ers is controlled by using electric field by FET system. The conductance of the 

channel between source and drain is generally modulated by voltage at gate termi-

nal. The size and shape of conducting channel can affect the flow of charge carriers 

between source and drain. In biosensor construction, FET comprises nanomaterials- 

based channel between the source and drain and nanomaterials surface functional-

izes with biomolecule to create an electric field via biomolecular event.

A novel, real-time back-gate Si nanobelt FET device was fabricated for the early 

diagnosis of PSA using complementary metal oxide semiconductor (CMOS) manu-

facturing technology and provided high surface-to-volume ratio and back-gate con-

trol of the shrank nanobelt structure by the local-oxidation of silicon. Authors also 

demonstrated the feasibility of nanobelt FET for clinical diagnosis and prostate can-

cer in the future (Wu et al. 2011). In another report, Wu et al. fabricated n-type silicon 

nanobelt-based immuno FET device for detection of prostate cancer biomarkers by 

immobilizing PSA-antibody molecules on nanobelt FET utilizing the aldehyde 

groups of glutaraldehyde linked to the amino groups of 3- aminopropyltriethoxysilane 

(APTES) and detected PSA concentration up to 5 pg mL−1 levels. Arginine mole-

cules between glutaraldehyde and APTES were inserted to enhance the sensitivity of 

a nanobelt FET immunosensor and improved the LOD by 50 fg mL−1 with the detec-

tion range of 50  fg mL−1 to 500 pg mL−1 and suggested that this label-free PSA 

nanobelt-based FET immuno device might be useful for tool for future prostate can-

cer screening due to excellent electrical properties (Wu et al. 2012). A dual- channel 

PDMS microfluidic integrated CMOS-compatible SiNW FET arrays were developed 
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by Lu et al. and showed the ultrahigh sensitivity of PSA with LOD of 1 fg mL−1 in 

buffer which showed better performances and high selectivity than other reported 

techniques. The sensor was applied to the real samples and revealed LOD of 

10 fg mL−1 in undiluted human serums and due to its outstanding characteristics and 

miniaturization this sensor provides great prospects for a point-of-care test (POCT) 

(Lu et al. 2015). Exceedingly responsive n- and p-type CMOS- compatible SiNW 

arrays were constructed by integrating on a single chip for PSA detection. CMOS 

compatible anisotropic self-stop etching technique was used to eliminate the require-

ment for a hybrid method. When n- and p-type nanowires incorporated together it 

provided an exceptional means of internal control for sensing signal confirmation 

which revealed complementary electrical response for instantaneous and multiplexed 

detection of PSA marker at atto-molar levels. The SiNW array was exposed to the 

artificial and clinical sample of blood serum at different pH and demonstrated LOD 

as 1 fg mL−1 which indicates the realistic advancement of quick, high-performance, 

and cost-effective diagnostic devices (Fig. 10.5) (Anran et al. 2014).
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Fig. 10.5 (a) Schematic showing the layout of the SiNW device arrays on the chip with the opti-

cal image; (b) photograph of a SiNW-FET device; (c) sensing graph (Anran et al. 2014)
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Zheng et al. also fabricated a SiNW-FET array for the detection of multiple can-

cer markers (Zheng et al. 2005). Reduced graphene oxide (RGO) was self- assembled 

on an aminated FET device followed by immobilizing PSA antibodies for detection 

of PSA-antichymotrypsin (PSA-ACT) complex and achieved LOD of 100 fg mL−1 

(Kim et al. 2013). Molybdenum disulfide (MoS2) FET-based biosensors were fabri-

cated for PSA detection. Unlike other FET devices, hydrophobicity property of 

MoS2 provides simplification in designing of sensor and improves sensitivity as 

there is no need to add another dielectric layer. Off state current of the device 

showed a significant decrease as a function of increased PSA concentration and 

detected 1 pg mL−1 below the clinical cutoff level of ~4 ng mL−1 (Lee et al. 2014). 

SWCNT-based FET immunosensor was fabricated to detect the prostate cancer bio-

marker, osteopontin (OPN) by electrophoretically depositing SWCNT on sub-

strates, and antibodies were immobilized using EDC-NHS chemistry through the 

binding with NH2 groups of NHS ester on the carboxy functionalized SWCNTs. 

SWCNT-FET device showed excellent ohmic contact between SWCNTs and 

source/drain electrodes with each step of functionalization and exhibited the detec-

tion range 1 pg mL−1–1 μg mL−1 with LOD of 0.3 pg mL−1 in human serum and PBS 

(Sharma et al. 2015). Li et al. reported detection of PSA using n-type In2O3 nanow-

ires and p-type CNT by covalently attaching antibodies to In2O3 NW surfaces via 

the onsite surface synthesis of phosphonic acid−succinylimide ester and attained 

LOD of 5  ng  mL−1 (Li et  al. 2005). Hypermethylation of the glutathione-S- 

transferase pi gene, which is epigenetic alteration in prostate cancer, is detected 

using ssDNA biomarker by fabricating dual gate field effect transistor (DGFET). 

Authors designed a 64-sensor array model arranged in 8 × 8 arrays with reference 

bias voltage and analyzed five different DGFET sensor structures with ssDNA bio-

marker and sensitivity was improved by enhancing drain current (Shobha and 

Muniraj 2014).

10.3.5  Optical-Based Nanobiosensing Technologies

Optical biosensing technologies are very powerful alternative to conventional ana-

lytical techniques and the variation in the phase, amplitude, polarization, or fre-

quency of the input light in response to the physical or chemical change produced 

by the biorecognition process induces the transduction -osch et al. 2007; Sant et al. 

2003). There has been an exponential growth in the field of optical biosensors in the 

last era due to the several advantages, i.e., high-selectivity and specificity, multi-

plexed sensing, rapidity, miniaturized design, and online measurements (Meharvar 

et al. 2000).

Light source, optical transmission medium (fiber, waveguide, etc.), immobilized 

biolmolecules, and optical detection system (Prasad 2003) are the basic components 

of an optical biosensor. Multiplexed sensors also can be fabricated on to single chip 

in compact sensing designs by integrating several passive and active optical compo-

nents in optics technology (Knoll 1998). Optical biosensors are progressively 

impacting analytical technologies for clinical diagnosis due to the selectivity and 
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sensitivity for the real-time detection of very low levels of clinical samples (Nath 

and Chilkoti 2002). Interdisciplinary tactic with microelectronics, MEMS, micro/

nanotechnologies, molecular biology, nanotechnology, chemistry, and physics are 

needed for the execution of these analytical devices (Narayanaswamy and Wolfbeis 

2004).

To diagnose prostate cancer at attomolar level, Truong et al. fabricated an ultra-

sensitive method using Rayleigh light scattering spectroscopy of individual gold 

nanorods (AuNRs) sensors. AuNRs with an aspect ratio of ~3.5 were proved best by 

measuring the refractive index sensitivity for Localized Surface Plasmon Resonance 

(LSPR) sensing. AuNRs were immobilized onto the glass substrate by conjugating 

with the PSA-ACT complex antibody and found the LOD 1 aM and established the 

promising potential of AuNRs for clinical diagnosis (Truong et  al. 2012). Silver 

nanoparticles when exposed to electromagnetic radiation demonstrated the unique 

optical properties of LSPR and revealed the quantification of extremely low levels 

of PSA, a prostate cancer biomarker (No et al. 2008). AuNP-conjugated anti-PSA 

antibody-based LSPR as a novel approach was developed recently to detect pros-

tatic disease. Stability of particles was increased by pegylation of AuNPs by EDC- 

NHS chemistry and they found a significant increase in the absorbance and intensity 

of the particles with extinction peak at 545/2 nm, which was shifted by ~1 nm after 

conjugation and further shifted 3 nm for a solution of 100 nM unlabeled antigen and 

improved the sensitivity of PSA in the assessment of prostate disease (Jazayeri et al. 

2016). Paralleled LSPR lab-on-a-chip was presented for the first time by the amal-

gamation of plasmonics, nanofabrication, microfluidics, and surface chemistry and 

offered parallel, real-time inspection of 32 sensing sites distributed across 8 inde-

pendent microfluidic channels. They demonstrated LOD of 500 pg mL−1 in a com-

plex matrix consisting of 50% human serum (Acimovic et al. 2014). Keeping in the 

view of the enzymatic activity characteristic of PSA for the specific peptide sequence 

HSSKLQ, which it recognizes and cleaves, Cho et  al. fabricated a novel 

Au-nanoparticle-based biosensor via a sequence-specific peptide cleavage reaction 

using fluorescein isothiocyanate/peptide-conjugated AuNP complexes. They could 

detect PSA successfully in the detection range of 10 pM–100 nM and revealed that 

this approach is far better than immunoassay in terms of the performance, facile 

nature, and simplicity (Choi et al. 2013). MoS2 nanosheet (2-D layered nanomate-

rial) having higher fluorescence-quenching ability than graphene was used to fabri-

cate aptamer-functionalized MoS2 nanosheet fluorescent biosensor to detect 

PSA. The authors claimed that binding of the aptamer to the target PSA induced a 

firm aptamer structure resulting into weak interaction of aptamer with MoS2 

nanosheet very weak and released the aptamer from the nanosheet surface and 

restored the quenched fluorescence. They revealed the LOD as 0.2 ng mL−1 and 

applied the sensor to detect PSA in human serum as well (Kong et al. 2015). Barnett 
et al. developed lateral flow assays using paramagnetic particles for the measure-

ment of PSA in serum samples and achieved LOD of 0.8 ng mL−1 using the resonant 

coil magnetometer. They compared the data obtained in a pilot study from the anal-

ysis of serum samples with commercially available immunoassays and showed 

good agreement (Barnett et  al. 2014). Nanocrescent particles and peptides with 
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artificial tag molecules incorporated hybrid optical probe were used for real-time in 

situ detection of active proteases present in patients’ seminal fluid and serum as it is 

crucial for early-stage cancer screening and cell signaling pathway study. They 

observed that the individual nanoparticles react with the specific peptides which 

results into no cross reaction and minimizes false detection. Hence, high-fidelity 

and high-signal-to-noise-ratio cancer nanoprobe formed and can be easily inte-

grated with nano/microfluidic devices (Liu et al. 2007). Surface-enhanced Raman 

scattering (SERS) active nanoparticles were used for molecular imaging and 

advancement, proof of principle experiments has been carried out over the last years 

(Zhang et  al. 2011). A very interesting study using a novel wash-free magnetic 

immunoassay technique was conducted recently for PSA detection via SERS-based 

microdroplet sensor and found the LOD as 0.1 ng mL−1 with 174 droplets per min-

ute and stated this approach as fast, very sensitive, and wash free (Gao et al. 2016). 

Multicellular tumor spheroids (MTS), the best describes 3-D cell cultures are 

becoming progressively used as tumor models and offer an excellent in vitro screen-

ing system that mimics to a great extent the microenvironment prevailing in tumor 

biology. Camus et al. recently used SERS to measure the viability of MTS grown 

from prostate cancer cells and showed that they could monitor the loss of viability 

by measuring pH and redox potential in MTS (Camus et  al. 2016). Rodríguez- 
Lorenzo et al. developed a method for PSA detection with inverse sensitivity unlike 

other sensors. Silver ions grow on silver nanostar surface with low concentration of 

GOx and at high GOx concentrations the nucleation of silver nanoparticles occurred 

in solution, not on the surface of silver nanostars which resulted into small peak 

shift and found LOD up to 4 × 10−20 M in whole serum (Rodríguez-Lorenzo et al. 

2012). In another report, Liu et  al. also demonstrated glucose oxidase (GOx)-

catalyzed growth of AuNPs for ultrasensitive detection of PSA, and confirmed four 

orders of magnitude more sensitivity in comparison to ELISA (Liu et  al. 2014). 

Bio-bar-code, the combination of scanometric detection with magnetic microparti-

cles, was demonstrated for detecting PSA with a LOD of 3 aM, more than six orders 

of magnitude of clinically accepted, conventional assays (Nam et al. 2003). Recently, 

in a very interesting study researchers stated that there is a dramatic reduction in the 

zinc content of prostate tissue associated with the inability of cancer cells to accu-

mulate the ion, with the development of malignancy. They developed a fluorescence- 

based sensor to detect mobile zinc and used a transgenic mouse model of prostate 

adenocarcinoma and revealed that the progression of prostate cancer can be moni-

tored by watching the decrease in zinc content in the prostates of tumor-bearing 

mice (Ghosh et al. 2010).

10.3.5.1  Challenges and Future Prospects
Prostate cancer diagnosis in clinics currently faces many problems that need atten-

tion. One of the most important concerns is the unavailability of a proper bio-

marker for diagnostic screening. PSA screening is no longer valid with its reduced 

sensitivity. Clinical diagnosis of PCa still depends on PSA for initial testing and 

later confirmation by many imaging and biochemical tests. While most of these 

tests can effectively detect cancer in a patient it gives minimal information 
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regarding its aggressiveness. A proper stratification of patients based on their death 

risk should be carried out to prevent patients with low risk from go through unnec-

essary treatments, pain as well as high cost. Diagnosis of cancer using molecular 

biosensors is an emerging field for designing highly sensitive, quick, easy-to-use, 

and reliable procedures for early and precise detection of cancer. Nanomaterials 

and other technologies such as aptamers combined with micro/nanofluidics are 

highly promising to evolve as an ideal diagnostic biosensing platform. In conjunc-

tion with cost- effectiveness, it is very vital to construct devices that actually can 

detect early cancer using multiple cancer biomarkers at low concentrations in real 

biological fluids. Samples such as saliva is easy to obtain yet, the detection of 

markers are very challenging due to their presence in very low concentrations. 

Given that early cancer diagnose allows for successful treatment and recovery in 

patients, stratifying them according to the need is crucial for “Personalized 

Medicine” and Point-of-Care Testing. Possibility of detecting a cancer at very 

early stage, before even the development of a tumor, is still a challenge which 

could be explored in future.

 Conclusions
The chapter emphasizes on the significance of nanobased biosensing technolo-

gies for detection of prostate cancer and development of future point-of-care 

devices. Although immense studies based on nanobiosensors and molecular can-

cer markers have been carried out, their efficacy in clinics still needs to be dem-

onstrated. Further evolution of such nano devices with multiplexing of molecular 

biomarkers for cancer detection can aid in early and fast diagnosis, less sample 

volume requirement, and cost-effectiveness. As future medicine shifts towards 

personalized care, there is an increasing demand for such “tiny” biosensing 

devices that can be easily carried to any site for a faster and highly sensitive can-

cer detection at POC or even at home.
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11.1  Introduction

The abnormal and uncontrolled cell growth due to an accumulation of specific 

genetic and epigenetic defects is referred as “Cancer.” The genetic defects can origi-

nate from both environment and hereditary. This unregulated cell growth leads to 

the formation of a tumor. As the cancer progresses, the tumor begins to spread to 

other body organs and systems and this spreading is sometimes so fast that by the 

time of cancer detection, it becomes incurable. It is reported that, in 2004, about 7.4 

million people lost their lives and this number is expected to increase to 12 million 

by 2030. As per the World Health Organisation (WHO) documentation, 30% of 

people could have been saved if their cancer could be detected earlier (www.who.

int/, 2010). Among various cancers, prostate and breast cancer are most common 

type of cancers occurring in men and women, respectively. Prostate cancer is the 

second largest cause among all cancer-related deaths in male population and breast 

cancer contributes to about 23% of the cancer cases, worldwide (Mahfoud et al. 

2014).

The detection of cancer biomarkers is considered as a most valuable tool for 

early cancer detection. The National Cancer Institute (NCI) defines a biomarker as 

“a biological molecule found in blood, other body fluids, or tissues that is a sign of 

a normal or abnormal process or of a condition or disease.” Biomarkers are typically 

detected in human fluids such as blood, serum, urine, or cerebral spinal fluid, but 

they can also be present in or on tumor cells. Biomarkers are further classified as 

prognostic markers and predictive markers. The prognostic markers are used for the 

useful selection of patients for treatment; however the response to a treatment can’t 

http://www.who.int
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be predicted. On the other hand, the predictive markers are useful for the evaluation 

of the benefits of specific clinical intervention (Mehta et al. 2010). Thus, the bio-

marker detection can help in staging the accurate pretreatment, determining the 

response of cancer to chemotherapy treatment, and monitoring the disease progres-

sion (Basil et al. 2006).

Presently, clinicians are dependent on conventional techniques like chromatogra-

phy, enzyme-linked immunoassay (ELISA), magnetic resonance imaging (MRI), 

biopsy, thermography, radioimmunoassay (RIA), immunohistochemistry (IHC), 

and many more, depending upon the requirement (Michaelson et al. 2002). Though 

these techniques are effective but at the same time suffer limitations like false- 

positive or -negative results which can give wrong interpretation, often require 

sophisticated, bulky, and costly equipments, which make them unsuitable for rou-

tine screening applications or point-of-care diagnostics (Johnson and Kotowski 

1993; Acevedo et al. 2002; Kanyong et al. 2016). As a solution to these problems, 

the researchers are now looking for better detection methods which can be sensitive 

and fulfil the need of point-of-care diagnosis. Biosensors since their inception have 

revolutionized the research domain in the area of detection of important analytes, 

ranging from agricultural to medical applications. A biosensor consists of three 

components: analyte, bioreceptor, and transducer. All these three components work 

in coherence to give significant signal. An analyte is any molecule of interest that 

needs to be detected. The bioreceptor is the molecule of biological origin, specific 

to an analyte, which interacts with it and undergoes biological reaction to produce a 

signal. The bioreceptors could be any biological entity like enzymes, antibodies, 

aptamers, DNA, whole cells, etc., that has specificity towards a particular analyte. 

The transducer converts the biological signal produced by the interaction of target 

analyte and bioreceptor into a measurable signal. Thus, the principle of a biosensor 

is recognition of a target molecule or a specific event by a biological molecule, and 

the extent to which the target is recognized is detected by a transducer. The biosen-

sors exhibit attractive features like sensitive, specificity, selectivity, quick response, 

and cost-effectiveness. Moreover, these can be used for all kinds of reagent matrices 

like blood, serum, urine, milk, saliva, etc. Among various types of transducers, elec-

trochemical transducers are more frequently being used due to their easy handling, 

simplicity, possibility of miniaturization, fast response, and relatively lower device 

costs (Chandra 2013). Owing to these inherent properties, the electrochemical 

transducers are considered as most suitable for construction of on-site detection 

devices. Their application has diversification in many fields, including food safety, 

green energy, biomedical and environmental monitoring (Truong et  al. 2011; 

Cesarino et al. 2012; Chen and Chatterjee 2013; Singh et al. 2013, 2016a).

Over the last decade, integration of nanotechnology with biosensors has had a 

great impact and significant advances have been made in this area due to their high 

surface area, advantageous electronic properties and electrocatalytic activity as well 

as proper biocompatibility of nanomaterials. However, all these properties are size 

and shape dependent, which can be tuned depending upon the type of application to 

be explored. Nanomaterials and their composites offer the prospects which help in 

interfacing of biological recognition events with electronic signal transduction and 
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that might result in the design of a new generation bioelectronic devices. The differ-

ent kinds of nanoparticles play different roles in different sensing systems. These 

can be used for “electronic wiring” of biorecognition element to an electrode sur-

face, as “catalysts” to promote electrochemical reaction, and as “labels and ampli-

fiers”. The electrochemical nanobiosensors are emerging field of biosensors, where 

the advantages of electrochemical biosensing in combination of nanotechnology 

has resulted in the generation of low cost, robust, reliable, easy-to-use, and ultrasen-

sitive diagnostics.

In this book chapter, authors have addressed the advancements made in the area 

of electrochemical sensing of prognostic diagnosis of prostate and breast cancers 

and role of nanotechnology in enhancing the sensing capabilities of sensors.

11.2  Prostate Cancer

Prostate cancer accounts for about 10% of all deaths from cancers and is the sixth 

leading cause of cancer deaths among men worldwide (Grönberg 2003). Serum- 

based prostate-specific antigen (PSA) is the most widely used biomarker of prostate 

cancer (Kingsmore 2006). PSA is a serine protease, produced by the prostate epi-

thelium to maintain liquefaction of seminal fluid (Nadler et al. 1995; Webber et al. 

1995). The detection and monitoring of PSA assumes a great significance for early 

prognosis of cancer (Garnick 1993). The occurrence of prostate tumor leads to the 

release of relatively high concentrations of PSA into the circulatory system (Sarkar 

et al. 2002). On an average, an above cutoff value of 4.0 ng/mL (and more recently 

2.5 ng/mL) is generally categorized as PSA positive and indicates the need of biopsy 

for confirmation (Catalona et  al. 1999). PSA testing is also used to evaluate the 

patient’s response to ablation therapy (e.g., radical prostatectomy) and to monitor 

the chances of disease recurrence (Healy et al. 2007). Due to the above reasons, it is 

important to develop ultrasensitive biosensing platforms with capability of detect-

ing very low concentrations of serum PSA.

Currently, most PSA testing takes place at dedicated, centralized laboratories on 

large, automated high-throughput systems. Numerous analyzer-run PSA assays are 

currently available in the marketplace (Healy et  al. 2007; Shi and Yeh 2012). 

Immunosensor platforms are also used for the sensitive detection of PSA, like 

ELISA, electrochemiluminescence, fluorescence, electrochemical and surface 

Plasmon resonance spectrometry (Triroj et al. 2011; Uludag and Tothill 2012; Liu 

et al. 2013; Lang et al. 2014). Due to the experimental complexity of their operation, 

the above techniques can only be executed by trained personals for which long 

analysis times are invariably required. In comparison, the biosensors can be seen as 

an ideal (point-of-care) POC solution as they can offer rapid, sensitive, and bedside 

analysis, particularly for the risk stratification and assessment of cancer markers 

(Ivnitski et al. 1999).

The quantitative biosensing of PSA can also be carried out using optical methods 

including fluorescent labeling (Song et al. 2010), surface-enhanced Raman scattering 

(SERS) (Ma et al. 2014), and surface Plasmon resonance (SPR) (Jang et al. 2009). 
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The electrical and electrochemical signal transduction methods have also been devel-

oped for the above said purpose, which employ silicon nanowire field- effect transis-

tors (Chen et  al. 2011), gold nanorods (Choi et  al. 2010), two- dimensional 

molybdenum disulfide nanosheets (Kukkar et  al. 2016), and single-walled carbon 

nanotubes (SWNTs) (Okuno et al. 2007). Despite many efforts that have been made 

in developing the sensors for PSA detection, certain challenges still need to be 

addressed such as their miniaturization, simplification of the fabrication steps, and 

cost reduction. Majority of these issues are related to the bulk component and high 

cost of optical detection methods. FETs and related electronic device architecture are 

possibly the best solutions for designing of portable, stable, and precise biosensing 

devices. Some of the important developments made in the area of electrochemical 

biosensing of PSA are depicted in Figs. 11.1, 11.2, 11.3, 11.4, 11.5, 11.6, 11.7, 11.8, 

11.9, 11.10, 11.11, 11.12, 11.13, 11.14, 11.15, and 11.16.

Immunosensors employing highly specific molecular interaction between anti-

gen and antibodies are most widely used approaches. A wide variety of immunosen-

sors have been developed for PSA detection using different immobilization 

substrates and transducers. An electrochemical immunosensor has been developed 

by covalently immobilizing the anti-PSA antibodies and redox mediator (thionine) 

onto AuNPs (gold nanoparticles) incorporated polyamidoamine dendrimer which 

was then deposited on multiwalled carbon nanotubes/ionic liquid/chitosan nano-

composite (Kavosi et al. 2014). The schematic of this immunosensors is shown in 

Fig. 11.1.

The amplification of immunoassay was facilitated due to the electron transfer 

process, accelerated by the AuNPs along with the sandwiching of the antigen between 

the immobilized anti-PSA and horseradish peroxidase (HRP)-labeled anti- PSA sec-

ondary antibody. A detection limit of 1 pg/mL for PSA was achieved through the 

enhanced electrocatalytic reduction of H2O2 by HRP in the presence of antigen. The 

signal was measured by differential pulse voltammetry technique. The promising 

results of biosensor as compared to ELISA signified its practicability towards devel-

oping other electrochemical immunosensors for clinical investigations.

Another label-free and highly selective three-dimensional electrochemical 

immunosensor using a highly conducting graphene/Au nanocomposite electrode 

has been reported for PSA detection (Jang et al. 2015). The stepwise schematic for 

the development of biosensor is portrayed in Fig.  11.2. The nanocomposite was 

prepared using aerosol spray technique, followed by the drop casting of antibody 

solution onto its surface to form the modified electrode. The immunosensor showed 

a linear activity in the range of 0–10 ng/mL with detection limit of 0.59 ng/mL. The 

sensor also exhibited high sensitivity, selectivity, stability, and reproducibility. In a 

recent study, the use of antibody-conjugated thin films of tetracyanoquinodimeth-

ane (TCNQ)-doped copper-MOF (Cu3(BTC)2) over a screen-printed gold electrode 

has been demonstrated for electrochemical sensing of PSA (Bhardwaj et al. 2017). 

The TCNQ doping improved the conductance of Cu3(BTC)2 thin films resulting in 

a highly sensitive sensing format which could deliver a dynamic linear range of 
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detection 0.1–100 ng/mL with a low detection limit of 0.06 ng/mL even in the pres-

ence of other proteins.

For achieving real-time ultrasensitive detection of PSA to aid in early diagnosis 

of prostate cancer along with assessing the chances of disease recurrence after treat-

ment, microcontact-PSA imprinted capacitive biosensor has been developed (Ertürk 

et al. 2015). Figure 11.3 shows the schematic and preparation of this microcontact 

imprinted biosensor. The imprinted antigen-based biosensor chips were compared 

Fig. 11.1 Illustration of the stepwise process for PSA immunosensor fabrication (adapted from 

reference Kavosi et al. 2014)
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with anti-PSA antibody-immobilized electrode for capacitance-based detection per-

formance. A detection limit of 8.0 × 105 ng/mL was observed in case of microcon-

tact imprinted sensor compared to 6.0 × 104 ng/mL for anti-PSA electrodes. Thus, 

the attainment of reproducible, sensitive, selective, and real sample compatible 

results with the developed biosensing chips emphasized its potential applications 

for the real-time detection of analyte even at very low concentration.
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Fig. 11.2 Schematic illustration of (a) 2D GR–Au and 3D GR–Au electrodes, (b) the formation of 

crumpled GR–Au composites via aerosol spray pyrolysis, and (c) fabricating step of 3D label- free 

PSA immunosensor using crumpled GR–Au composites (adapted from reference Jang et al. 2015)
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Fig. 11.3 Schematic representation of the microcontact imprinting of PSA onto the capacitive 

biosensor. (a) Preparation of the glass cover slips (protein stamps), (b) preparation of the capaci-

tive gold electrodes and micro-contact imprinting via UV polymerization (adapted from reference 

Ertürk et al. 2015)
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As an alternate to environment-sensitive natural antibodies, the chemically and ther-

mally stable artificial plastic antibodies produced using Protein Imprinted Materials 

(PIM) in conformation controlled manner are being currently investigated in biosensor 

development. Such devices for PSA quantification can be coupled with low cost poten-

tiometric electrochemical measurement (Rebelo et al. 2014). Using the concept, it is 

possible to detect PSA in serum samples with the antigens level of >10 ng/mL. The 

Protein Imprinted Materials with charged binding sites (C/PIM) can be produced by 

surface imprinting of covalently attached protein over graphene layers as shown in 

Fig. 11.4. The binding sites were labeled using charged monomers, followed by their 

self-organization around the protein particles through polymerization. These imprinted 

materials were then used as ionophores in PVC membranes for detection of PSA up to 

a sensitive level of 2 ng/mL. Thus, this system was suggested for the development of 

simple and inexpensive potentiometric immunosensors for PSA.

Last few decades have witnessed the miniaturization of biomedical devices. 

In this development, the semiconductor nanowire field-effect transistors 

(NWFETs) have attracted significant interest due to their nano-dimensions, 

intrinsic electronic properties, and the label-free real-time detection mode. In 

an example of AuNPs- modified silicon nanowire NWFETs, a new approach 

was used based on covalent immobilization of the fragmented antibodies on 

the thiol-modified silicon (Fig.  11.5) (Presnova et  al. 2017). An ultralow 

detection limit of 23  fg/mL was achieved for PSA with an analysis time of 

1 min.
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In another work exploring a similar approach, a polycrystalline silicon nanowire 

field-effect transistor (poly-Si NWFET) was developed as a biosensor. The involved 

strategy employed the use of a sidewall spacer to create nanoscale patterns, thereby 

avoiding the requirement of costly lithography tools (Fig.  11.6). This technique 

with advantages of simplicity and low cost could allow the prediction of cancer 
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Fig. 11.5 Schematic illustration of stepwise functionalization of silicon surfaces with AuNPs 

(adapted from reference Presnova et al. 2017)
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recurrence and the poly-Si NWFET device offers real-time, label-free, and ultrahigh- 

sensitivity detection of PSA in human serum. The detection limit of the above 

microfluidic channel incorporated sensor for PSA was better than 5 fg/mL and the 

detections were possible only in buffer but also in human serum samples (Huang 

et al. 2013).

Recently, a research has been published to demonstrate a FET-based immuno-

sensor for highly sensitive detection of PSA. In the process, the few-layered MoS2 

nanosheets were channelled in the FET microdevice (Fig. 11.7). Subsequently, the 

chemically reduced anti-PSA antibodies were immobilized on the MoS2 channel. 

The antibodies were deliberately reduced to expose their hinge-region disulfide 

bonds. This approach was suggested to offer realization of a robust and site-directed 

immunosensing device through bio-interfacing of the sulfhydryl groups (−SH) in 

the reduced antibody with surface S atoms of MoS2. The device was validated as an 

effective immunosensor with a low detection limit (10−5 ng/mL) over a wide linear 

detection range (10−5–75 ng/mL).

Electrochemiluminescence (ECL)-based immunosensors have also been 

explored for the visual quantification of free PSA in serum. In one of the examples, 

the ferrocene carboxylate nanocrystals were entrapped in functionalized graphene 

on the cathodic ECL of peroxodisulfate (Zhang et al. 2014). The peroxodisulfate 

casted on the glassy carbon electrode (GCE) shows enhanced ECL which decreased 

in the presence of antigen PSA due to the formation of antigen–antibody complex. 

Figure 11.8 shows the schematic of the above developed immunosensor. This ECL-

based immunosensor could exhibit high detection limit of 1.7 pg/mL along with 

selectivity and stability.

An ECL immunosensor based on the use of potassium niobate-Au NPs@bis-

muthsulfide nanosheets-modified GCE (KNbO3–Au NPs@Bi2S3/GCE) has been 

proposed in the recent literature (Li et al. 2015). The authors of this work explored 

W
or

ki
ng

 E
le

ct
ro

de

R
ef

er
en

ce
 E

le
ct

ro
de

D
S

SiO
2

Silicon

C
ou

nt
er

 E
le

ct
ro

de Na+ intercalated MoS2

Na+

S

V I

Bath sonication

Biointerfacing
and

Assay development

30 min

Electrochemical
synthesis

from Mo sheet
Exfoliated MoS2

Disulfide linkage between Free
Sulfur of MoS2 with Sulfur of

Reduced Antibody

Mo

Fig. 11.7 Schematic of the few-layered MoS2 nanosheets-based FET microdevice for PSA 

(adapted from reference Kukkar et al. 2016)

11 Developments in the Electrochemical Bionanosensors for the Predictive 



262

GCE

hv

PSA

anti-P
S

A

BSA

KNbO3

a

b

KNbO3-Au NPs

KNbO3-Au NPs@Bi2S3

HAuCl4•3H2O

NH3•H2O Bi2S3

Bi2S3 *

Bi2S3 
·- SO4

·- SO4
2-

S2O8
2-

Electron
transfere-

e- e-

Bi2S3

Fig. 11.9 Schematic for fabrication of ECL-based KNbO3–Au NPs@Bi2S3/GCE immunosensor 

(adapted from reference Li et al. 2015)

FCC3+
FCC3+

FCC2+ FCC2+

fPSA antigen

fPSA

hv

hv

GCE

Graphene PDDA FCC nano-Au anti-fPSA

GCE

+e

+

+ +
+++

-

- -

---

S2O8
2- S2O8

2-

SO4
·-

1(O2)2
*
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first time the bismuthsulfide nanosheets as luminophores in ECL sensors. The use 

of cross-linked antibodies provides the enhanced specificity, sensitivity, and stabil-

ity of the immunosensor. The inverse correlation between the ECL signal and the 

PSA concentration was observed which displayed a detection limit of 3 pg/mL in 

real samples. The fabrication process and sensing protocol of the above example are 

depicted in Fig. 11.9.
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The application of silver nanoparticles-doped Pb (II) metal-organic framework 

(MOF) has also been documented for the ECL immunosensing of PSA (Ma et al. 

2016a, b). The above β-cyclodextrin-based MOF (Pb(II)-β-CD) showed excellent 

ECL behavior and exceptional reducing capacity towards silver ions. As specific 

recognition moieties, the anti-PSA antibodies were immobilized onto Ag@Pb(II)-

β-CD-modified GCE (Fig. 11.10). The specific binding of PSA with the immobi-

lized antibodies resulted in a decreased ECL signal within a linear PSA concentration 

range of 0.001–50 ng/mL, showing a low detection limit of 0.34 pg/mL.

The use of EuPO4 nanowire has also been suggested for the development of ECL 

immunosensors for the PSA. The EuPO4 nanowire possesses strong cathodic ECL 

activity, high quantum yield, and low toxicity (Ma et al. 2016a, b). In the process, 

the chitosan mediated dispersion of EuPO4 nanowires and the anti-PSA antibodies 

were covalently bonded via the exploitation of amine groups of chitosan (Fig. 11.11). 

The ECL emission of EuPO4 nanowires inhibited upon specific binding of PSA 

GCE

pb (II)-β-CD Ag@pb (II)-β-CD

AgNO3

Anti-PSA

BSA

PSA

Fig. 11.10 Schematic of ECL-based immunosensor developed using Ag@Pb(II)-β-CD-modified 

GCE (adapted from reference Ma et al. 2016a, b)

BSA Antigen

Ab
EuPO4/CS

Fig. 11.11 Schematic illustration of the ECL immunosensor fabrication based on EuPO4/CS film 

(adapted from reference Ma et al. 2016a, b)
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Fig. 11.12 Schematic diagram of the fabrication process of ECL-PB biosensor for the determina-

tion of PSA (adapted from reference Qi et al. 2014)

molecules due to steric hindrance effect. The proposed ECL immunosensor exhib-

ited remarkable stability, selectivity with a low detection limit of 177.3 fg/mL.

Even though the immunoassays exhibit high sensitivity and selectivity, they 

require the use of monoclonal or polyclonal antibodies. The generation of antibod-

ies is itself costly and labor intensive. Lately, the researchers have been exploring 

short peptides as optional recognition molecules for PSA. The short peptides are 

small sized, easier to synthesize at lower cost, and resistance to harsh operating 

conditions. In this category, a novel peptide-based electrogenerated chemilumines-

cence biosensor (ECL-PB) has been developed (Qi et al. 2014). The schematic of 

the developed biosensor and the related sensing mechanism have been depicted in 

Fig. 11.12.

This glassy carbon electrode-based sensing platform was fabricated by facilitat-

ing self-assembly of the ferrocene carboxylic acid tagged peptide (Peptide-Fc) along 

with ECL emitting species tris(2,2′-ripyridine) dichlororuthenium(II) (Ru(bpy)3 2+) 

onto Nafion incorporated gold nanoparticles. The presence of the PSA molecules 

induced the cleavage of the peptide leading to the release of the quencher and subse-

quently increasing the ECL intensity. An extremely low limit of detection 8 × 10−13 g/

mL was achieved with the above biosensor due to signal amplification attributes of 
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the AuNPs and background suppression with the use of Fc as ECL quencher. The 

work demonstrated a promising strategy that can be employed for developing enzy-

matic cleavage-based highly selective and sensitive biosensing platforms.

In another peptide-based biosensing approach for PSA, a “signal-on” assay was 

reported employing ferrocene (Fc)-labeled peptide, immobilized onto the Fe3O4@

Au magnetic beads (Xie et al. 2015). The presence of PSA cleaved and released the 

Fc region which led to the formation of a host–guest complex of Fc with 

b- cyclodextrin (b-CD). The subsequent containment of the above complex onto the 

electrode surface produced electrochemical signal in proportion to the PSA concen-

trations; the detection limit was 1 ng/mL.

Aptamers have also been investigated in the development of electrochemical 

sensors for the PSA. These types of sensors are rather new entry to the list of immu-

nosensing techniques for the PSA. One example of the aptamer sensor is shown in 

Fig. 11.13 (Jolly et al. 2015).

The sensing platform was composed of self-assembled monolayers of 

6- mercaptohexanol (MCH) and thiolated-DNA aptamer on the gold surface. 

The identification of the PSA by the above sensor was recorded by monitoring 

the changes in the charge transfer resistance (Rct) across the interface. A partial 

screening of aptamer charge by the analyte PSA was reasoned for such type of 

signal variations. This was probably the first of its kind DNA-aptamer biosensor 

for PSA that was developed using thiol-based simple surface chemistry. It 

offered highly sensitive detection of PSA up to 1 ng/mL in very cost-effective 

manner.
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Fig. 11.13 Self-assembled monolayers with DNA aptamers on gold surface. (a) Thiolated 

aptamer with MCH; (b) amine terminated aptamer with sulfo-betaine; (c) structure of the thiol- 

modified sulfo-betaine (adapted from reference Jolly et al. 2015)
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11.2.1  Other Markers for Prostate Cancer

Though PSA is a widely used biomarker to screen prostate cancer in man, there are 

some limitations regarding its cancer specificity and sensitivity and specificity. 

Therefore, need has been realized to develop new generation of prostate cancer 

biomarkers based upon serum, urine, and tissue-based assays. These new biomark-

ers have been suggested to supplement the PSA testing. Several of such biomarkers 

are now commercially available and helping in genomic assays. The following text 

summarized the important information on such new molecules:

11.2.1.1  Prostate Health Index (phi) and Prostate Cancer  
Antigen 3 (PCA3)

A PSA subtype “phi” has been recognized as a diagnostic biomarker in men who 

have a serum PSA level of 2–10 ng/mL (Crawford et al. 2014). PCA3, a noncod-

ing messenger RNA, can reach to an elevated level in more than 90% of men with 

prostate cancer. This marker is under normal levels in normal prostatic glands. 

PCA3 can be determined in urine and therefore presents valuable diagnostic 

information. PCA3 diagnostic test was approved by the FDA in 2012 and now 

complements the PSA test. This combined diagnosis strategy is useful to decide 

the requirement of re-biopsy and follow-up of the patients as active surveillance 

(Salami et al. 2013).

11.2.1.2  ConfirmMDx
As prostate biopsy may also lead to false-negative results to as high as 25%, there 

are chances of undue risks and associated complications, such as bleeding, sepsis/

bacteremia, infection, urinary symptoms/retention, endocarditis, and sexual dys-

function. Therefore, there is a need for precise tests to screen the subjects which 

really needs to be re-biopsied. In such cases, ConfirmMDx provides an epigenetic 

assay to help distinguish patients with true-negative biopsy from the ones who may 

have occult cancer. This test is helpful to detect an epigenetic field effect to diagnose 

the “cancerization” process at DNA level. Cancer lesions are generally surrounded 

with the field effect which can show their presence despite the normal appearance 

of cells. The detection of such a field effect helps in to determine the rule in, or rule 

out of the cancers. The test also provides useful data and information that can help 

the physicians and surgeons to advice upon the requirements of repeated biopsies 

(Wojno et al. 2014).

11.2.1.3  Prostate Core Mitomic Test (PCMT) and TMPRSS2-ERG
This test is useful to diagnose a large-scale depletion in mitochondrial DNA. Such 

a diagnosis is helpful to determine the cellular change in case of any undiagnosed 

prostate cancer. The test extends to the study of presence of malignant cells in nor-

mal-appearing prostate tissue (Yu et al. 2010; Sartori and Chan 2014). Another valu-

able test of TMPRSS2-ERG gene (a fusion between the transmembrane protease 

serine 2 (TMPRSS2) gene and the v-ets erythroblastosis virus E26 oncogene homo-

log (avian) (ERG) gene) offers the determination of predominant variant in 
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approximately 40–80% of prostate cancers. The quantitative levels of urine 

TMPRSS2-ERG have been suggested to be associated with the clinically significant 

prostate cancer. A check of its levels may help to stratify the disease aggressiveness 

using PSA density (Tomlins et al. 2011).

In case of prostate cancer diagnosis, it might be of great help to combine differ-

ent biomarker assays. It may improve the predictive accuracy than with the study of 

individual markers. Therefore, it is considered to enhance the prediction probability 

of prostate cancer risk if the post-DRE urine TMPRSS2-ERG, urine PCA3, and 

serum PSA level can be carried out in tandem. This kind of a clinical methodology 

can help in cancer management in a more effective way (Willard and Koochekpour 

2012).

11.2.1.4  PTEN Gene and ProMark
PTEN is a tumor suppressor gene which is involved in cell cycle regulation. Its 

dysregulation is consistently associated with poor prognosis in prostate cancer. The 

determination of PTEN can be helpful to assess the risk of cancer progression and 

its recurrence after therapy. The PTEN is also associated with advanced localized or 

metastatic disease and death. PTEN is generally tested with fluorescence in situ 

hybridization (FISH) test, in conjunction with prostate biopsy tests. The quantifica-

tion of its partial (hemizygous) or complete (homozygous) deletions indicates the 

rate of disease progression (Krohn et al. 2012).

The testing of ProMark offers a chance to determine the requirement of biopsy. 

Its quantification with immunofluorescent imaging could classify the tumors while 

differentiating indolent from aggressive disease (Gaudreau et al. 2016).

11.2.1.5  Urinary Biomarkers
There is an increasing need to discover accurate noninvasive tests for prostate can-

cer diagnosis to allow the stratification of patients. Urine is an ideal sample to 

develop noninvasive testing protocols because of the easy collection. Prostate cells 

are directly released into the urethra through prostatic ducts; therefore there is a 

definite feasibility of using urine for the noninvasive detection of PCa. Lately, the 

detection of some RNA biomarkers in urinary exosomes has also been associated 

with a great potential for noninvasive detections. The important urinary biomarkers 

include PCA3 and TMPRSS2-ERG. The recent FDA approval of PCA3 has led to 

its use in clinical practice. A combination of both of the markers has also been 

suggested.

11.3  Breast Cancer

Cancer is one of the deadliest and costliest (in terms of treatment) diseases, afflict-

ing all communities worldwide. Though most of the cancers are life threatening, but 

among various types of cancers, breast cancer is the most common invasive type of 

cancer occurring in women globally. It is the second most common type of cancer 

worldwide and is second leading cause of cancer death in women (DeSantis et al. 

11 Developments in the Electrochemical Bionanosensors for the Predictive 



268

2014). Early detection of breast cancer is therefore key to the most effective and 

timely therapy. Presently used techniques like MRI, mammography, biopsy, molec-

ular breast imaging, radioimmunoassay (RIA), and immunohistochemistry (IHC) 

are 80–90% efficient in breast cancer diagnosis; however, these techniques are asso-

ciated with some limitations like false-positive or false-negative results, biased or 

wrong interpretations, etc. As a result, there is a need for low cost, effective, and 

selective biosensors which have inherent properties like rapid response, selectivity, 

and high sensitivity. The use of biosensor technology can play instrumental role in 

early cancer detection which will result in effective treatment and improvement in 

overall chance of survival. In biosensing, though various types of transducers can be 

used, but electrochemical transduction is generally a choice due to their ease of 

operation and their selectivity.

11.3.1  Biosensors-Based Detection of Cancer Biomarkers

The carboxylic acid-functionalized single-walled carbon nanotube-modified screen- 

printed electrodes (SWCNT-SPEs) have been explored for the electrochemical 

monitoring of direct DNA hybridization related to the specific sequences on breast 

cancer 1 (BRCA1) (Li et  al. 2012). Breast Cancer 1 (BRCA1) gene is a human 

caretaker gene which is expressed in the cells of breast and other tissues. In genetic 

research and clinical prospect, the breast cancer 1 (BRCA1) DNA mutant detection 

in disease-related gene fragments is considered as a critical parameter. Approximately 

80% of inherited breast and ovarian cancers occur due to mutations in BRCA1 gene 

(Tutt and Ashworth 2002; Sifri et al. 2004). The carbon-based structures are consid-

ered very often for the modification of electrode/chip surfaces due to their large 

surface area, fast heterogeneous electron transfer, and long-range electron transfer. 

These features make these carbon-based nano/materials suitable for electroanalyti-

cal applications. For signal monitoring, the differential pulse voltammetry (DPV) 

was used. The signal got generated from the oxidation of guanine in the presence of 

DNA hybridization between BRCA1 probe and its complementary target. A gra-

phene-based electrochemical DNA biosensor has also been reported for the detec-

tion of BRCA 1 gene using sandwich configuration in which a capture probe 

(DNA-c) and reporter probe (DNA-r) DNAs got hybridized to target probe DNA 

(DNA-t) (Rasheed and Sandhyarani 2014). The DNA-r was conjugated to gold 

nanoparticle and the oxidation of gold nanoparticle was used for the electrochemi-

cal detection of DNA-t using cyclic voltammetry (CV) and chronoamperometry. 

The genomagnetic electrochemical assay has also been used for label-free detection 

of BRCA1 using pencil graphite electrode (PGE), carbon paste electrode (CPE), 

and also magnetic CPE (m-CPE) (Wang et  al. 2001). Apart from carbon- based 

structures, other materials have also been reported to be effective in detection of 

BRCA biomarker. A recyclable electrochemical sensing platform has been reported 

by Yang et al. (2016a, b) for the detection of BRCA. The schematic illustration of 

recyclable electrochemical sensing platform is shown in Fig. 11.14. The sensing is 

based on the hybridization of target sequence with ferrocene-labeled DNA-gold 
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nanospheres (FcNS) and horseradish peroxidase-labeled DNA/Au nanospheres 

(HRPNS) concatamers, and the host–guest interaction between cucurbit [7] uril 

(CB [7]) adsorbed on the electrode surface. The same group has used host–guest 

interaction in the development of a recyclable DNA detection system (Yang et al. 

2016a, b). Cucurbit[n]urils, a cage-like macromolecule with high symmetry, is 

composed of glycoluril units and has a hydrophobic cavity and ferrocene (Fc) has 

strong affinity towards cucurbit [7]uril (CB [7]). The use of FcNS and HRPNS con-

catamers served as dual signal amplifiers. Since the complex between Fc and CB [7] 
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Fig. 11.14 Schematic illustration of recyclable electrochemical sensing platform for BRCA DNA 

detection (adapted from reference Yang et al. 2016a, b)
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can get easily dissociated with change in pH (Kaifer et al. 2012), this strategy has 

been exploited to make the sensing platform recyclable.

The gold nanoparticles/multiwall carbon nanotube-ionic liquid electrode 

(AuNPs/MW-CILE) was fabricated for the detection of human epidermal growth 

factor receptor 2 (HER2) (Arkan et al. 2015). HER2 is a tyrosine kinase receptor 

and belongs to the epidermal growth factor receptor (EGFR) family and its over 

expression is an indicator for the breast cancer. About 15–20% breast carcinomas 

have an overexpression of human epidermal growth factor receptor-2 (HER2), and 

in case of aggressive breast tumor with increased levels of HER2, the survival 

chances of the patient is very less (Ludovini et  al. 2008; Reix et  al. 2016). The 

immunosensing in this study has been performed using change in impedance on the 

interactions of antibody with antigen, as the signal. Impedance spectroscopy is sim-

ple and is based on sampling of the impedance when reactions take place at the 

electrode/matrix surface. Depending upon the type of complex formation and matrix 

used, the impedance can increase or decrease when interfaces take place. In this 

reported study, the MW-CILE electrode was modified using self-assembly of car-

boxylated AuNPs via 1,6-hexanedithiol (HDT) as a cross linker. The fabricated 

AuNPs/MW-CILE-based impedimetric immunosensor was used for the determina-

tion of HER2 in the sera of several breast cancer patients.

A copolymer of chitosan and polyaniline (PANI), (CHIT-co-PANI) was used for 

fabrication of an electrochemical breast cancer biosensor (Tiwari and Gong 2009). 

The copolymer was coated on indium–tin-oxide (ITO) and a complementary DNA 

(cDNA) probe (42 bases long) associated with the breast cancer susceptible gene 

BRCA1 was immobilized. The increase in the logarithm of molar concentration of 

the single- stranded target DNA (ssDNA) resulted in decreased amperometric cur-

rent due to formation of hybridized complex on the electrode surface. The electro-

chemical technique is one of the promising approaches for the early detection of 

breast cancer susceptible gene-1 (BRCA1; 5592 bp) specific cDNA probe (Tilley 

et al. 1989). However, the performance of electrochemical biosensors is dependent 

on physicochemical properties of the electrode materials and sensing element 

immobilized over the electrode surface.

Sezginturk reported an impedometric biosensor using vascular endothelial 

growth factor receptor-1 (VEGFR1) for the determination of vascular endothelial 

growth factor (VEGF) (Sezgintürk 2011). The VEGF-R1 is a disulfide-linked 

dimeric protein with two 905 amino acid residue polypeptides and it binds VEGF 

with high affinity. Since VEGF is associated with recurrence, it is used as a marker 

for unfavorable prognosis in case of breast cancer. The patients with metastasis have 

higher levels of serum VEGF. For the study, the VEGF-R1 was immobilized using 

covalent linkage with self-assembled monolayers of mercapto propionic acid on 

gold electrodes. This impedance-based biosensor exhibited very high affinity to 

VEGF, and showed good reproducibility and repeatability. The Kramers–Kronig 

transforms showed impedance data very stable and linear.

The protein G-functionalized magnetic beads (MBs) were used for the detection 

of MUC1 using sandwich immunoassay (Taleat et al. 2013), Fig. 11.15. The deter-

mination of serum MUC1 level is very important in the early detection of breast and 
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ovarian cancer. The magnetic beads are employed as the platforms for the immobi-

lization and immunoreaction process. The MUC1 protein was captured by a pair of 

primary and secondary antibodies. Then it was labeled with horseradish peroxidase 

(HRP)-conjugated third antibody and was trapped at graphite-based screen-printed 

electrodes. The electrochemical sensing was done by differential pulse voltammetry 

(DPV) using acetaminophen (APAP) as the redox mediator.

The two co-expressing tumor markers, human mucin-1 (MUC1) and carcinoem-

bryonic antigen (CEA) have been detected by Li et al. using electrochemical immu-

noassay (Li et al. 2010). These two biomarkers are expressed on the surface of the 

cancer cells at the same time and are most commonly used for monitoring the meta-

static breast tumor. The co-determination of these biomarkers can result in more 

precise prognostic diagnosis (Molina and Gion 1998). For the electrochemical 

detection, anodic stripping voltammetry was employed and electrode surface was 

modified with cadmium nanoparticles. The electrochemical signal originating from 

the stripping of cadmium ions was recorded as sensing signal for the detection of 

MUC1 and CEA. Authors affirmed that since the breast cancer cell MCF-7 can be 

easily distinguished from other kinds of cells such as acute leukemia cells CCRF- 

CEM, etc., this cytosensor is capable of monitoring the breast cancer cell MCF-7 in 

a wide range (104–107 cell mL−1).

A genosensor array was fabricated using PEGylated DNA probe for the detec-

tion of breast cancer biomarker estrogen receptor-α in a PCR product prepared from 

the genetic material extracted from 20 MCF7 breast cancer cells (Henry et al. 2010). 

a b

c d

Ab1 immobilization Blocking with BSA

MUCI Ag Secondary Ab HRP-labeled Ab3

DPV measurement

0
0

9

18

0.3
E (V)

I (
mA

)

0.6

e

f

Fig. 11.15 Sandwich immunosensor preparation for MUC1 detection: (a) primary antibody 

attachment on MBs surface; (b) MBs free binding sites blocking using BSA; (c) incubation with 

MUC1 antigen solutions and Ab1/MUC1 Ag complex formation on the MBs; (d) reaction with 

Ab2, (e) incubation with Ab3 labeled with HRP; (f) DPV measurements of MBs-bound MUC1 in 

the presence of acetaminophen/H2O2 (adapted from Taleat et al. 2013)
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The estrogen receptor-α capture probes and bipodal aromatic polyethylene glycol 

(PEG) alkanethiol were co-immobilized in a ratio of 1:100 and detection was probed 

using electrochemical technique and surface plasmon resonance. The use of alkane-

thiol helps in the improvement of organization of the DNA monolayer and provides 

protection against nonspecific binding and electrode fouling (Peeters et al. 2008). 

The detection of ErbB2protein, which is known to be associated with disease like 

breast cancer has been reported using magnetic immunosensor (Eletxigerra et al. 

2015). The immunosensing was performed in sandwich format in which a specific 

capture antibody was immobilized covalently on the magnetic beads, schematic 

presented in Fig. 11.16. These modified magnetic beads were incubated with a solu-

tion consisting of antigen and horse radish peroxidase (HRP)-labeled detector 

Mouse anti-ErbB2 --- HRP
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ErbB2
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HRPred
HRPOX

HQred HQOX

e-

e-

e-

Magnetic
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Fig. 11.16 Schematic representation of the ErbB2 sandwich magnetoimmunosensor
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antibody. The magnetic beads were then captured on the surface of screen-printed 

electrodes for amperometric studies. The developed magnetosensor showed effi-

ciency in detecting the ErbB2 in intact breast cancer cells also.

A sandwich-type electrochemical immunosensor has been fabricated for the 

determination of Sloan–Kettering breast cancer (SKBR-3) breast cancer cell using 

reduced graphene oxide (rGO) as an immobilization platform for primary Herceptin 

antibody (Anti-HCT) (Amouzadeh Tabrizi et al. 2017). SKBR-3 breast cancer cell 

is one of the important breast cancer cells that has Her2 antigen on its plasma 

membrane (Serena Cecchetti et al. 2015; Jeong et al. 2016). Various composites of 

reduced graphene oxide were used as electrochemical labels for secondary her-

ceptin antibody. In recent years, rGO has emerged as one of the potential materials 

that can be used for biomedical applications due to its biocompatibility, high sur-

face area, low processing cost, and ease in its functionalization (Singh et al. 2016a, 

b). The sensing was done using differential pulse voltammetry (DPV) technique 

and the immunosensor exhibited high selectivity, liner range responsibility, and 

good stability.

A composite of graphene oxide and gold nanorod was used for fabrication of 

electrochemical nanobiosensor for plasma miRNA-155, which is an emerging novel 

biomarker for cancer (Azimzadeh et al. 2016). Similar to HER2, overexpression of 

miR-155 is an indication of breast cancer. An early detection and prognosis of the 

breast cancer strongly relies on the exact and selective quantification of the miR- 

155 in the serum/plasma. Sun et al. studied the miR-155 level in patients suffering 

from breast cancer (Sun et al. 2012). Their study demonstrated increased levels of 

serum miR-155 in breast cancer patients (n  =  103) compared with healthy subjects 

(n  =  55) (p < 0.001). Authors also studied change in its concentration after surgery 

and after four cycles of chemotherapy to evaluate the effects of clinical treatment on 

serum levels of candidate miRNAs. The serum miR-155 concentration decreased 

after treatment which proved its importance in diagnosis of breast cancer. The elec-

trochemical nanobiosensor showed dynamic linearity in the range 2.0  fM–13 

8.0 pM with detection limit of 0.6 fM. The nanobiosensor could easily discriminate 

between complementary target miRNA, single-, three-base mismatch, and non- 

complementary miRNA.

11.4  Concluding Remarks

As cancer is not a single disease but a composite of multiple diseases, a viable strat-

egy for its early detection may not depend solely upon the plasma tumor markers. 

There is a requirement of detecting a batch of biomarkers instead of a single one. 

These biomarker may include tumor antigens as well as the antibodies against those 

tumor antigens. The immune responses of the human body against the tumor anti-

gens could be an efficient way for disease detection. The application of antigens and 

autoantibodies for multiple marker detection strategy offers the advantages of indi-

vidual markers and results in both improved sensitivity and specificity over a single 

marker. Ironically, the recent research in this area has focussed more on the 
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sensitivity at the expense of specificity. However, there are some vital signs of sig-

nificant development in multiplexed sensing to improve the overall accuracy of the 

prostate cancer screening process.

There are several techniques available nowadays for the clinical analysis of 

prostate- specific biomarkers, including ELISA, electrochemiluminescence, fluores-

cence, colorimetric, surface plasmon resonance spectrometry, and mass spectrom-

etry. The biosensors have also come up as a potential tool for the easy and 

point-of-care type of testing of various cancers. There seems an exciting market in 

the area of such biosensors to be employed for the detection of more biomarkers and 

also for the multiplexed analysis of several markers within a single lab on chip.

The electrochemical biosensors could play an important role in the development 

of viable point-of-care diagnostic devices for the cancer biomarkers. These devices 

are extremely useful for obtaining results in a fast, simple, and low cost fashion 

with the aid of compact (handheld) analyzers. Different nanoplatforms can be con-

jugated with biorecognition elements, such as antigens, autoantibodies, and DNA, 

to yield remarkable sensitivity essential for early cancer detection. There exists a 

potential opportunity for the electrochemical devices with nanoscale materials to 

offers multiplexing capability for simultaneous measurements of multiple cancer 

markers.
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QCM Quartz crystal microbalance

RT-PCR Reverse transcription polymerase chain reaction

RIV Restriction of intramolecular vibration

RIR Restriction of intramolecular rotation

SPR Surface plasmon resonance

TAMRA Carboxytetramethylrhodamine

TPE Tetraphenylethene

12.1  Introduction

For decades, protein biomarkers have been employed for early diagnosis and screen-

ing of cancers, even before the tumor tissues can be detected by imaging techniques, 

such as CT imaging, MRI, PET, or endoscopy. Until 2013, 23 protein biomarkers 

have been approved by the Food and Drug Administration (FDA) for clinical appli-

cations (Füzéry et al. 2013). As recommended by FDA, the most reliable detection 

methods for these protein biomarkers are based on immunoassays such as ELISA, 

immunohistochemistry, immunomagnetic-capture, or immune-fluorescence, and 

several standard protocols have been established for a routine examination. In par-

ticular, ELISA is prevalently used in regular health screenings for detection of bio-

markers such as AFP, CEA, and PSA.  Despite their effectiveness, the current 

immunoassays suffer from some major drawbacks such as the susceptibility to tem-

perature and the batch-to-batch variation in the production of antibodies.

More recently, the range of biomarkers for cancer diagnosis has been expanded 

to circulating tumor DNAs (ctDNAs), circulating tumor cells (CTCs), and cell- 

surface receptors, due to the advances in the analytical diagnostic techniques. The 

above in vitro diagnostics can be used to access the development of cancer or to 

evaluate the efficacy of therapeutic treatment (Krishnamoorthy 2015; Zhang et al. 

2015). However, the above diagnostics of cancer biomarkers are usually performed 

in a well-equipped laboratory. It is still challenging to achieve point-of-care diag-

nostics of the cancer biomarkers with adequate sensitivity at remote and resource- 

limited clinical sites. Motivated by the “Precision Medicine Initiative” announced 

by the U.S. President Obama in January 2015, many efforts have been devoted to 

developing next-generation, point-of-care sensing devices for detecting cancer bio-

markers to overcome the current limitations of immunoassays.

Oligopeptides are short biopolymers of 5–20 amino acids linked by peptide 

bonds. Because of their diversity in chemical functionality and structure, oligopep-

tides are able to bind a wide range of targets with high specificity. Oligopeptides are 

promising candidates to replace antibodies as molecular receptors in biosensors 

(Iqbal et al. 2000; Dover et al. 2009). Short oligopeptides have several advantages 

over antibodies owing to the following features. (1) The oligopeptides are more 

robust and resistant to harsh environments. (2) The oligopeptides can be synthesized 

with high purity (Merrifield 1963) and immobilized on solid surfaces with a single 

anchoring point. As a result, it is much easier to immobilize oligopeptides on solid 
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surfaces with a well-defined orientation, either by a reaction between a thiol group 

and a gold surface (Jaworski et al. 2008; Cerruti et al. 2009), or through the forma-

tion of thiazolidine ring between N-terminal cysteine and an aldehyde decorated 

surface (Bi et  al. 2008). (3) The oligopeptides screened from random libraries 

(phage library or one-bead-one-compound library) are able to serve as ligands that 

specifically bind to target biomarkers. (4) The sequences of oligopeptides can be 

rationally designed to serve as substrates for enzymes (e.g., proteases or kinase). 

Due to the above advantages, numerous of oligopeptide-based biomedical sensing 

devices have been developed. In this chapter, we aim to introduce recent advances 

in oligopeptide-based biomedical sensing devices for detection of protein biomark-

ers, CTCs, proteases, and kinase. In addition, the oligopeptide chips will also be 

introduced to achieve high-throughput screening of target molecules. Lastly, to 

identify the margins of the tumor tissues in a surgery, the application of oligopeptide 

probes for biomedical imaging of tumor tissues will also be discussed.

The major challenge of using oligopeptide as a receptor is how to identify a spe-

cific amino acid sequence that provides the strongest multivalent binding among all 

possible combination. One way is using known binding sites of proteins that bind to 

the target. For example, Kuang et al. developed a trinitrotoluene (TNT) sensor by 

using an oligopeptide HSSYWYAFNNKTGGGGWFVI as a sensitive layer on 

single- wall carbon nanotubes (Kuang et al. 2010). The role of HSSYWYAFNNKT 

is to bind to single-wall carbon nanotubes (SWNTs), and the role of GGGG is a 

spacer. The four amino acids residues WFVI were derived from the binding site of 

the honeybee odor binding protein ASP1, which binds to TNT. Similarly, Sankaran 

et al. developed a QCM-based biosensor using an oligopeptide SLMAGTVNKKGEF, 

which was derived from an odorant binding protein from Drosophila (a fruit fly), as 

a sensitive layer to detect alcohols (Sankaran et al. 2011). However, this method is 

limited because binding sites of the odorant binding proteins are only known for a 

few targets. To address this issue, biopanning processes using random libraries will 

be elaborated below.

12.2  Oligopeptides Screened from Phage Library

Phage library was evolved as a genetic technique to study protein–protein binding 

interactions (Smith 1985). In this technology, the most commonly employed bacte-

riophage is filamentous phage (shaped like a rod filament), including M13, f1, fd, 

etc. Figure 12.1a shows the structure of an M13 phage, which is composed of circu-

lar single-stranded DNA (ssDNA) encapsulated in approximately 2700 copies of 

the major coat protein capsid, called pVIII (Mullen et al. 2006). The surface exposed 

a coating protein pIII, which is located at one end of the rod-like phage particle. The 

M13 phage can be engineered with random oligopeptide sequences by shot-gun 

cloning of random oligonucleotide segments at the 5′ end of the pVIII or pIII genes 

of filamentous phage (Hopp et al. 1988; Cwirla et al. 1990; Smith and Scott 1993). 

Phage display screening is a powerful tool to identify a specific oligopeptide 

sequence that provides the strongest binding to the target.
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Figure 12.1b shows the experimental procedure of phage display screening. 

Briefly, phage panning is carried out by incubating a phage library containing bil-

lions of phages with random peptides with a plate (or bead) coated with the target, 

washing away the unbound phage, and eluting the specifically bound phage with an 

excess of a known ligand for the target or by lowering pH. The eluted phage is then 

amplified by infecting Escherichia coli (E. coli) and the replicated phage is col-

lected for the next round of panning. Additional binding/amplification cycles are 

conducted to enrich the phage that expresses the most desirable oligopeptide 

sequence. After 3–4 rounds, individual clones are characterized by DNA 

sequencing.

Over decades, the binding capability of oligopeptides screened from phage library 

has been proven when various targets have been used, such as inorganic nanoparticles 

(Whaley et al. 2000; Lee et al. 2002), small organic molecules (Goldman et al. 2002; 

Construction of
phage library

pIII

pVI pVIII

ssDNA

M13 Phage

Phage library Selection

1 2

a

b

6 5

4
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Asp-Thr-Arg
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PurificationssDNA sequencing

Amplification

3

Elution

Repeat
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Fig. 12.1 Schematic illustration of (a) the structure of an M13 phage and (b) phage display 

screening procedure. Reproduced with permission from reference Ding and Yang (2013a)
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Takakusagi et al. 2005; Jaworski et al. 2008; Cerruti et al. 2009), and proteins (Parmley 

and Smith 1988; Scott and Smith 1990; Smith and Scott 1993). In the pioneer works, 

phage display was used to select oligopeptides that specifically binds to certain tar-

gets, such as antibodies, enzymes, and receptors on cell surfaces, by using panning 

process (Parmley and Smith 1988; Smith and Scott 1993). For example, random pep-

tide phage libraries were used for mapping the epitopes (Cortese et al. 1995). When 

an antibody is used as the screening target, the consensus sequence of the oligopep-

tides identified from random phage library are often easily recognized in the sequence 

of the natural antigen, thus allowing the epitope recognized by the antibody to be 

mapped (Cwirla et al. 1990; Scott and Smith 1990; Felici et al. 1991). Later, phage 

library was used to identify oligopeptide sequences to bind specifically to certain pro-

tein molecules. For example, Devlin et al. successfully identified oligopeptides con-

taining a His-Pro-Gln (HPQ) motif that selectively binds to streptavidin (Devlin et al. 

1990). However, in this study, the binding affinity of the oligopeptide to streptavidin 

is unknown because phage particles, rather than oligopeptides, were used in the bind-

ing experiment. Pillutla et al. identified oligopeptides which can bind to insulin recep-

tor by using phage library (Pillutla et al. 2002). They also studied interactions between 

insulin and insulin receptor in the presence of oligopeptides by using radioreceptor 

assays. To study the binding kinetics, an oligopeptide, GAMHLPWHMGTL, was 

identified from phage library panning against Bowman–Birk inhibitor (BBI) (Fields 

et al. 2012). Then the oligopeptide was synthesized, and the binding kinetics between 

BBI and the oligopeptide was studied by using a surface plasmon resonance (SPR) 

platform. They also used oligopeptide-modified magnetic particles to isolate BBI 

from soybean extracts. The above studies show that phage library is a powerful tool to 

identify oligopeptides which bind to target proteins with high affinity and specificity. 

More recently, to explore the application of oligopeptides in biosensors, one oligopep-

tide receptor, PPLRINRHILTR, was identified from phage library to capture hCG, a 

hormone biomarker for pregnancy tests and for some cancer diagnosis (Ding and 

Yang 2013a, b). Using a phage library, Stevens’ group identified an oligopeptide, 

WSRVGYW, which was utilized for detection of HIV-1 protease together with another 

peptide ligand LLEYSL (Herpoldt et al. 2015). Zou and Yang identified an oligopep-

tide SHSLPASADLRR that can bind to penicillinase, an enzyme evolved in bacteria 

to resist the antibiotic activity of penicillin (Zou and Yang 2016). This oligopeptide 

can be either utilized for detection of penicillinase in an SPR biosensor or to work as 

a penicillinase inhibitor to reduce the resistance of bacteria toward β-lactam 

antibiotics.

12.3  Oligopeptides Screened from One-Bead One- 
Compound (OBOC) Library

Although phage display has been proven as a powerful tool to screen oligopeptide 

ligands that specifically bind to target molecules, the nonuniform amplification of 

eluted phages by infecting the host of E. coli is still a concern (Derda et al. 2010, 
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2011). The one-bead-one-compound (OBOC) oligopeptide library which is pio-

neered by Lam and his coworkers provides an alternative approach to discover 

oligopeptide ligands (Lam et al. 1991, 1997, 2003). Figure 12.2 shows a sche-

matic illustration for constructing an OBOC oligopeptide library based on the 

standard solid-phase synthesis of oligopeptides and a mix-and-split approach for 

combinatorial chemistry. For example, the resin beads (~100 μm) were divided 

into three pools and conjugated with an amino acid of tyrosine (Y), lysine (K), 

and leucine (L), respectively. Next, the resin beads from all pools were combined 

and randomly split into three new pools before the second round of amino acid 

conjugation. This mix- and- split procedure was repeated until a full-length oligo-

peptide library was obtained. Interestingly, by using this OBOC oligopeptide 

library, Lam and his coworkers also identified an oligopeptide sequence of HPQ 

that exhibited high binding affinity toward streptavidin (Lam et al. 1991). This 

result is similar to that when a phage library is used (Devlin et  al. 1990). By 

expanding this method, the diversity of OBOC oligopeptide library can achieve 

up to 108, which is close to that of phage library. However, most of OBCB librar-

ies are smaller in size (e.g., 105–106) due to the cost, yield, and time consumption 

(Gray and Brown 2014).

Next, the OBOC library consisting of millions of beads was subjected to a 

biological panning against protein molecules or whole cells. For the on-bead 

assays, a standard enzyme-linked colorimetric assay could be used to identify the 

beads that exhibit high binding affinity to the target molecules, and the bearing 

oligopeptides can be sequenced by Edman degradation using an oligopeptide 

microsequencer (Lam et al. 1991). Because of the Edman degradation proceeds 

from the N-terminus of the oligopeptide, this sequencing method will not work 

for the cyclic or branched oligopeptides or the N-terminal amino acid has been 
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Fig. 12.2 Schematic illustration for constructing an OBOC oligopeptide library via mix-and-split 

approach. An example of the combinatorial synthesis of tripeptides composed of tyrosine (Y), 
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chemically modified. To address this issue, several approaches have been pro-

posed by incorporating interior tags of bilayer beads (Liu et al. 2002; Wang et al. 

2005). Although the Edman degradation- based sequencing is still considered as 

gold standard, it is still time- consuming compared to the DNA sequencing tech-

niques used in phage display. With the advances in oligopeptide sequencing tech-

nology, matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS) has been evolved as a fast and accurate tech-

nique (Lee et al. 2010).

More recently, the OBOC approach has been miniaturized and automated by 

using a microfluidic system (Wang et al. 2014, 2015). In this approach, the OBOC 

library was constructed to screen an oligopeptide ligand of YVEYHLC which spe-

cifically binds to a tumor marker aminopeptidase N (APN), a key protein bio-

marker in tumor angiogenesis. Figure 12.3 shows the architecture of the integrated 

microfluidic system, in which the mixture of OBOC library, the biotinylated APN, 

and the streptavidin-conjugated magnetic beads are introduced. After applying a 

magnetic field, the target-binding positive beads carrying a magnetic bead can be 

separated and then subsequently sorted into the micro-wells in a one-well-one-

bead manner, and the oligopeptides can be sequenced by in situ MALDI-

TOF-MS. The OBOC approach offers more flexibility in designing of the library 

with unnatural blocking materials, such as the d-amino acids, β-amino acids, or 

peptoids, which resist the proteolytic cleavage of the oligopeptides in presence of 

proteases (Aina et al. 2007).
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Fig. 12.3 Schematic illustration of the architecture of the integrated microfluidic system for on- 

bead screening, sorting, and sequencing. Reproduced with permission from reference Wang et al. 

(2014)
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12.4  Oligopeptides as Recognizing Components in Cancer 
Diagnosis

Oligopeptides are promising candidates to replace antibodies as a molecular recog-

nizing component to capture or bind to a target molecule in a biosensor. In the point- 

of- care cancer diagnosis, the most common targets are circulating protein biomarkers 

or the protein receptors on the surface of tumor cells. To this end, two sensing con-

figurations have been reported in the literature. In the first case, the oligopeptides are 

immobilized on a solid surface to serve as recognition component to capture target 

molecules or tumor cells. In the second case, the fluorescent labeled oligopeptides 

bind to the targets and the sensing can be performed in homogeneous solution.

12.4.1  Oligopeptides Recognizing Protein Biomarkers

The sequence-specific oligopeptides-protein recognition has been attracting much 

attention because the synthetic oligopeptides can be easily modified or immobilized 

at well-defined sites. The binding affinity between the oligopeptides and protein bio-

markers are crucial in developing oligopeptide-based biosensors. To evaluate the 

binding affinity, a recombinant antibody fragment, Fab57P, which specifically binds 

to the tobacco mosaic virus (TMV) coat protein, was used as a target molecule 

(Andersson et al. 2009). An oligopeptide CH3CO-EBiotinRGTGSYNRSSFESSSGLV- 

CONH2 (P1), derived from the amino acids 134–151 of TMV coat protein, was 

immobilized on the sensor chip of imaging surface plasmon resonance (iSPR) among 

other oligopeptides CH3CO-EBiotinKSYNRSSFETNSGLT-CONH2 (P2), CH3CO-

EBiotinNKTSFSPPPLSI-CONH2 (P3), and CH3CO- EBiotinRGSGTRSYSNEGFSSLSV- 

CONH2 (P4) to capture Fab57P. The kinetic assay shows that P1 exhibits the highest 

binding affinity with a dissociation constant (KD) of 0.95  nM, which is 13.7 and 

389-fold lower than that of P2 and P3. By combining the above oligopeptides, an 

affinity array consisting P1, P2, P3, P1 + P2, and P2 + P3 was developed to extend 

the dynamic range for protein quantification (Fig. 12.4).

In another approach, a ratiometric fluorescent biosensor was developed by using 

an 18 amino acid oligopeptide RGTGSYNRSSFESSSGLV to detect Fab57P. The 

oligopeptide was labeled with an environmentally sensitive fluorophore (6- bromom

ethyl- 2-(2-furanyl)-3-hydroxychromone) with a two-band emission. Since the 

emission properties of the fluorophore are sensitive to the changes in the local envi-

ronment induced by the binding event, the change of emission intensity of the fluo-

rophore will be detected when the labeled oligopeptide binds to the target molecule 

of Fab57P (Fig. 12.5).

More recently, Stevens’ group screened out an oligopeptide of WSRVGYW 

that bound to HIV-1 protease by using a phage library (Herpoldt et al. 2015). To 

explore the feasibility of detecting HIV-1 protease, this oligopeptide was conju-

gated with a fluorophore of Alexa Fluor 647 (AF647). Another oligopeptide 
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Fig. 12.5 Schematic illustration of ratiometric fluorescent biosensor based on the binding of fluo-

rescently labeled oligopeptide and the target protein. This figure was modified after the reference 

Enander et al. (2008)
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LLEYSL, an inhibitory oligopeptide isolated from thermolysin hydrolysate of 

oyster proteins, was tagged with a quencher of Black Hole Quencher-3 (BHQ-3). 

Once the oligopeptides bound to HIV-1 protease, the fluorescence of AF647 was 

significantly quenched due to Förster resonance energy transfer (FRET) effect 

(Fig. 12.6). This approach employs two independent recognition events of oligo-

peptides to the target molecule of HIV-1 protease to improve the specificity of the 

biosensing. Moreover, this approach does not require multiple wash steps in con-

ventional ELISA assays, making it easier to be streamlined for bench-top diag-

nostic assays.

Since the labeling of fluorophores or quenchers may hamper the binding affinity 

between the oligopeptide and the protein target, developing label-free biosensors is 

still appealing. For example, an SPR biosensor has been reported by using oligo-

peptides to detect human chorionic gonadotropin (hCG), a glycoprotein hormone 

produced by placental trophoblasts. hCG is a common biomarker for the diagnosis 

of pregnancy (Tsampalas et  al. 2010; Haarburger and Pillay 2011) and several 

cancers such as prostate cancer, testicular cancer, trophoblastic cancer, and gesta-

tional choriocarcinoma (Bagshawe 1992; Acevedo et al. 1995; Birken et al. 2001). 

Therefore, detection of hCG in serum or urine is often carried out during routine 

medical screening. The most commonly used hCG diagnostic kit is based on lat-

eral-flow immunoassays that rely on a pair of specific anti-hCG antibodies (Wong 

and Tse 2009). If hCG exists in a test sample, hCG will bind to a probe antibody 

labeled with gold nanoparticles (or other dyes) and form an antigen–antibody com-

plex. Subsequently, this complex can be captured by a surface-immobilized anti-

body to form a sandwich-type structure, and a positive line will appear. This 

lateral-flow immunoassay is simple to use and it can readily give qualitative results 

with a limit of detection (LOD) around 20 mIU/mL in urine samples. However, the 

production of antibodies is expensive and tedious, and the labeling of the probe 

antibodies would deteriorate the binding affinity between the probe antibodies and 

a

peptide sensor 1 peptide sensor 1

peptide sensor 2

FRET

LLEYSL-BHQ-3

WSRVGYW-AF647 WSRVGYW-AF647
HIV-1 protease HIV-1 protease

b

Fig. 12.6 Schematic illustration for the detection of HIV-1 protease by using a pair of oligopep-

tide probes. The oligopeptide sensor 1 (WSRVGYW) is labeled with a fluorophore of AF647, and 

the oligopeptide sensor 2 (LLEYSL) is labeled with a quencher of BHQ-3. In the presence of 

HIV-1 protease, the fluorescence of AF647 is quenched via FRET effect. Reproduced with permis-

sion from reference Herpoldt et al. (2015)
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the target molecules. To detect hCG in a label-free configuration, an oligopeptide 

sequence of PPLRINRHILTR with highest binding affinity was identified from 

phage library to capture hCG, and this oligopeptide is incorporated in an SPR bio-

sensor as the capture component (Ding and Yang 2013a, b). The SPR results reveal 

the dissociation constant (KD) is 0.9 nM, showing a relatively high binding affinity 

between the oligopeptide and the hCG.  Although SPR biosensor is a label-free 

technique, the detection of an optical shift in resonance angle (Lofas 1995) requires 

delicate instrumentation, which constrains the SPR biosensors for point-of-care 

applications.

To circumvent these limitations, the authors developed a label-free method for 

the detection of hCG by using liquid crystals (LCs) (Ding and Yang 2013a, b). 

LCs are birefringent materials which have been widely used in flat-panel dis-

plays because the orientation of LCs can be easily tuned by surface anchoring 

(Kahn 1973; Jerome 1991) or by applying an electric field (Haas et al. 1970). 

Abbott and his coworkers discover that LCs are able to transduce the presence of 

proteins on solid surfaces into optical signals without any labeling procedure 

(Gupta et al. 1998). Afterward, numerous LC-based immunosensors have been 

developed using antibodies as a capture component (Lockwood et  al. 2008; 

Carlton et al. 2013). However, the immobilization of antibodies also disrupts the 

homeotropic LC orientation when its surface density exceeds a critical value 

(9.6 × 10−3 molecule/nm2) (Alino and Yang 2011). This is unfavorable because a 

higher surface density of immobilized antibody (it is often required to achieve a 

lower LOD) would result in false positive result in a diagnosis. Oligopeptide is a 

good candidate to replace antibodies because it has a smaller size, and it will not 

disrupt LC orientation easily before binding to target molecules. Figure  12.7 

shows a schematic illustration of an LC biosensor using oligopeptides to capture 

hCG (Ding and Yang 2013a, b). First, the oligopeptide with a sequence of 

PPLRINRHILTRGGG–biotin (derived from the phage library) was immobilized 

on a glass slide via biotin-streptavidin conjugation. When the hCG molecules 

were captured by the oligopeptide, the presence of hCG easily disrupted the ori-

entation of LCs and a colorful spot was observed under crossed polarizers. In 

contrast, the optical image of LC biosensor remained dark if no hCG was pres-

ent. In this oligopeptide/LC-based sensing architecture, only a pair of polarizers 

is required to report the diagnostic signal. This feature is advantageous for point-

of-care biomedical diagnostics in remote clinical sites where resources are 

limited.

Alternatively, the cancer biomarkers can be detected using electrochemical bio-

sensors, in which oligopeptides are used as sensitive layers. For example, an oligo-

peptide probe (also called “peptamer”) was designed to incorporate a pair of Cu(II) 

ion binding sites, a pair of cucurbituril (Q8) affinity motifs, and an integrin affinity 

binding site (Fig. 12.8a) (Li et al. 2016). This oligopeptide probe was first immobi-

lized on the electrode and underwent conformational transition in the presence of 

Q8 and the target of integrin. This conformational transition led to enhanced bind-

ing of Cu(II) ions, which successively catalyzed a signal amplification reaction 

(Fig. 12.8b, c).
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12.4.2  Oligopeptides Recognizing Tumor Cells

The circulating tumor cells (CTCs) are the cells shed from tumor tissues into the 

blood stream. As the CTCs in the patient’s blood reveal the progression and metas-

tasis of the tumor, the detection of CTCs in a “liquid biopsy” is important for cancer 

diagnosis, prognosis, and evaluation of therapeutic implications. Compared to con-

ventional tissue biopsies, the detection of CTCs is advantageous because it is non-

invasive (or minor-invasive), and it facilitates routine blood tests to monitor the 

patients’ disease status over time, making it possible to evaluate the efficacy of 

Negative

5CB
5CB

Oligopeptide Liquid crystalhCG

6μm
6μm

Positive

Fig. 12.7 The optical images of positive and negative output when the LC biosensors were 

observed under crossed polarizers. The schematic illustration of the LC orientation is shown below 

in the presence or absence of hCG. The concentration of hCG is 10 IU/mL in buffer solution. The 

scale bar is 1 mm. Reproduced with permission from reference Ding and Yang (2013b)
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patient’s therapy. However, identification and counting of CTCs from blood are still 

challenging due to their low abundance in comparison with normal blood cells. For 

example, the abundance of CTCs is around 1–10  cells per mL of whole blood, 

which contains a few millions of white blood cells and a billion of red blood cells 

(Paterlini-Brechot and Benali 2007; Yu et al. 2011). To achieve high sensitivity and 

specificity, enrichment steps are commonly required in commercially available test 

kits (Paterlini-Brechot and Benali 2007). For example, the immunomagnetic beads 

or ferrofluids (colloidal iron) are employed in the magnetic-activated cell sorting 

(MACS) system or CellSearch system, respectively, to capture epithelial cells 

expressing antigen proteins such as EpCAM, BerEP4, and cytokeratins (CK). Next, 

the CTCs can be isolated by immunolabelling in a negative selection by using a 

fluorescent antibody to CD 45 to rule out leucocytes combining a positive selection 

by using fluorescent antibodies to CK markers (CK-8, 18, and 19) which are spe-

cific to epithelial cells (Mostert et al. 2009). One of the major drawbacks of this 

method is the interference of epithelial non-tumor cells. Alternatively, the CTCs can 

be identified through the detection of genetic mutations that are specific for tumor 

cells by using molecular biotechnologies such as RT-PCR (Mostert et al. 2009).

Over decades, many cancer-targeting oligopeptides have been isolated from 

combinatorial oligopeptide libraries (e.g., phage libraries, bacterial libraries, and 
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Fig. 12.8 Schematic illustration of the oligopeptide-based electrochemical biosensor for detec-

tion of integrin, a biomarker for tumor invasion. (a) Design of the oligopeptide probe. (b) Assay 

procedure for the electrochemical biosensor. (c) Reaction of the catalytic signal amplification. 

Reproduced with permission from reference Li et al. (2016)
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OBOC libraries) for the diagnostic and therapeutic applications (Gray and Brown 

2014). The selected oligopeptides specifically bind to the cellular target proteins 

(e.g., HER2, EGFR, and IL-6 receptor, EphA2, EphB4) that are excessively 

expressed in tumor cells. At the beginning, the cancer-targeting oligopeptides were 

used for either in vivo imaging of the tumor tissues (Kumar et al. 2007, 2010) or 

delivery of therapeutic agents (e.g., drugs or oligonucleotides) (Cheng et al. 2011; 

Schafer et al. 2011). More recently, the cancer-targeting oligopeptides have been 

reported to capture CTCs from blood samples in vitro. For example, Lam and his 

coworkers identified a tripeptide-based peptidomimetic ligand, LLP2A, by using an 

OBOC peptidomimetic library (Peng et al. 2006). The LLP2A exhibits high binding 

affinity against α4β1 integrin, which is excessively expressed in cancer cells and 

plays important roles in cancer metastasis and development. The LLP2A-coated 

beads show a capability to capture Jurkat cells (an immortalized line of human T 

lymphocyte) from peripheral blood mononuclear cells (PBMC) at a dilution of 

1:100,000 (Peng et al. 2006; Aina et al. 2007). In another study, an oligopeptide of 

VRRDAPRFSMQGLDACGGNNCNN was identified from de novo designed pep-

tide pool, showing an equilibrium dissociation constant (KD) of 1.98 × 10−9 mol L−1 

against EpCAM, which is comparable to that of anti-EpCAM (Bai et al. 2014). This 

EpCAM-binding oligopeptide was immobilized onto iron oxide magnetic nanopar-

ticles (MNPs) to isolate the CTCs from blood samples for downstream analysis, and 

the capture efficiency of CTCs can reach above 90% compared to the anti-EpCAM 

modified MNPs. Up to now, several oligopeptides have been reported in the litera-

ture to isolate cancer cells from whole blood, as listed in Table 12.1.

12.5  Oligopeptides for In Vitro Protease Assays

Proteases exist ubiquitously in all living forms and play important roles in regulat-

ing numerous biological and physiological processes (e.g., food digestion, blood 

clotting, cell apoptosis, and disease development) by catalyzing the hydrolysis of 

peptide bonds in proteins or peptides (Pan et al. 2012; Vickers et al. 2013). Many 

Table 12.1 Oligopeptides capturing cancer cells

Oligopeptides Target cancer cells Method Reference

cDGWGPNca Ovarian cancer cell lines OBOC 

library

Aina et al. 

(2005)

pA peptide (cNGQGEQca) A549 non-small-cell lung 

cancer cells

OBOC 

library

Lau et al. 

(2006)

QMARIPKRLARH LNCaP cells (human 

prostate cancer cell line)

OBOC 

library

Aggarwal et al. 

(2005)

SAKTAVSQRVWLPSHRGGEP B-cell lymphoma cell line Phage 

library

McGuire et al. 

(2006)

YSAYPDSVPMMS Ovarian cancer cells Phage 

library

Scarberry et al. 

(2008)

aThe letters in lower case represent dextrorotatory amino acids
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diseases such as cardiovascular disease (Krizkova et  al. 2011; Jin et  al. 2015), 

Alzheimer disease (Vassar et al. 1999), and cancers (Harris et al. 2006; Chen et al. 

2013) are correlated with dysfunction or overactivity of proteases. Therefore, moni-

toring of protease activity is important for both of disease diagnosis and screening 

of protease inhibitors for developing new drugs. Rather than directly detecting pro-

tease molecules by immunoassays, quantification of protease activity often attracts 

more attention. The quantification of protease activity is more challenging, because 

the differentiation of protease-cleaved peptide fragments usually requires bulky and 

expensive instrumentation, such as high performance liquid chromatography 

(HPLC) (Zhang et al. 2014), gel electrophoresis (Lefkowitz et al. 2010; Zhao et al. 

2012), or mass spectrometry (Na et al. 2013; Vosyka et al. 2013). Moreover, the 

above techniques are end-point analytical methods, which do not provide real-time 

data of the proteolytic activity of proteases. To overcome these limitations, many 

efforts have been made to quantify the protease activities by using rationally 

designed oligopeptides incorporating the cleavage site of the particular protease of 

interest.

12.5.1  Förster Resonance Energy Transfer (FRET)

Figure 12.9 shows the schematic illustration of FRET-based protease assay. The oli-

gopeptide substrate is labeled with a pair of energy donor and acceptor. In a general 

scenario, the donor/acceptor pair can be both fluorophores (e.g., fluorescein/TAMRA) 

(Zauner et  al. 2011), or a fluorophore/quencher pair (e.g., 5-FAM/BHQ- 1) (Lock 

et al. 2016). When the distance between the donor and acceptor is less than 10 nm, 

the energy of an excited state donor can be transferred nonradiatively to a proximal 

ground state acceptor via resonant dipole–dipole interactions (Kim and Kim 2012). 

In the presence of proteases, the oligopeptide is cleaved and the donor and acceptor 

are separated. As a result, the energy transfer is disrupted, resulting in a restoration 

of the fluorescence. This FRET-based protease assay is successful because it is able 

to monitor the proteolytic activity in a real-time manner, and numerous of protease 

activity assay kits based on this principle are commercially available.

However, the use of organic fluorophores suffers from some drawbacks such as 

fast photo-bleaching, pH sensitivity, photo/chemical susceptibility, and relatively 

small Stokes shifts. To improve the performance of this FRET-based protease assay, 

quantum dots (QDs) have been conjugated to the oligopeptide substrates to replace 

organic fluorophores as energy donors (Medintz et al. 2006). The use of QDs is advan-

tageous because their photoemission spectra can be easily tuned by controlling the 

size so as to overlap the absorption spectra of the acceptor. Besides, the QDs typically 

have broad absorption spectra with large molar extinction coefficients 

(0.5–5 × 106 M−1 cm−1) and higher quantum yield (65–75%) (Kim and Kim 2012). 

The design of the oligopeptide linker is crucial in the performance of the FRET- based 

protease assay. Figure 12.10 shows a schematic illustration of an FRET-based prote-

ase assay using QDs as a signal reporter (Medintz et al. 2006). In this configuration, 
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the oligopeptide was attached to the QD through the self-assembly of amino-terminal 

hexahistidine (His6) on dihydrolipoic acid (DHLA)-modified QD. Moreover, a helix-

linker spacer was included to provide rigidity, and push the cleavage site away from 

the QD surface to facilitate the proteolytic reaction. As an acceptor, organic fluoro-

phores or quenchers (e.g., Cy3 or QXL-520) were attached to the oligopeptide at the 

carboxyl-terminal cysteine. As shown in these studies, it is essential to control the 

center-to-center distance between the donor (QD) and the acceptor (dye/quencher) to 

achieve optimized FRET. As a result, the length of the oligopeptide linker needs to be 

rationally designed to match the Förster radius (R0).

12.5.2  Aggregation-Induced Emission (AIE)

Aggregation-induced emission (AIE) is an intriguing phenomenon discovered by 

Luo et al. (Luo et al. 2001). Unlike conventional fluorophores quenched by aggrega-

tion (aggregation-caused quenching, ACQ), the AIEgens (the luminogens exhibit-

ing AIE attributes) are non-emissive if they are dissolved in a good solvent 

(Fig. 12.11). In contrast, when the AIEgens are aggregated in a poor solvent, the 

AIEgens become emissive due to the restriction of intramolecular vibration (RIV) 

and/or restriction of intramolecular rotation (RIR) mechanisms (Mei et al. 2014). 

Over decades, several AIEgens and their derivatives, including tetraphenylethene 

(TPE), hexaphenylsilole (HPS), and 10,10′,11,11′-tetrahydro-5,5′-bidibenzo[a,d]

[7]annulenylidene (THBA), have been synthesized and applied to biosensing (Wang 

et al. 2010; Ding et al. 2013; Kwok et al. 2015).

For instance, an oligopeptide bearing a recognition/cleavage sequence to a 

particular protease was conjugated to the TPE core to construct an AIE-probe 

(Fig. 12.12a) for detecting the protease activity (Shi et al. 2012). The oligopep-

tide with a sequence of DEVDK was conjugated to the hydrophobic TPE core 

(an AIEgen) via “click” chemistry. The oligopeptide is hydrophilic, rendering a 

good solubility of this AIE-probe in aqueous solution. In this case, the fluores-

cence of the AIE-probe is low due to the RIV and RIR mechanisms. In the 

Non-emissive Emissive

Dissolved state Aggregated state

Fig. 12.11 Schematic illustration of an AIE phenomenon
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presence of caspase-3 (a protease responsible for the apoptosis of cells), this 

protease recognized the sequence of DEVD and cleaved the oligopeptide at the 

carboxyl-terminal of aspartic acid (D), and the z of DEVD was released, result-

ing in the aggregation of the hydrophobic residue of K-TPE due to its poor solu-

bility in aqueous solution (Fig. 12.12b). After aggregation, the fluorescence of 

the TPE core recovered. In this way, the AIE-probe enables a “turn-on” strategy 

to monitor the proteolytic activity of caspase-3 either in a buffer solution or in 

living cells.

12.5.3  Gold Nanoparticles (AuNPs)

In the recent years, gold nanoparticles (AuNPs) have been emerging into promising 

scaffolds for the fabrication of biosensors (Zhou et al. 2015). The color of the col-

loidal gold strongly depends on the size, shape, and the refractive index of the sur-

rounding medium due to the effect of localized surface plasmon resonance (LSPR) 

(Underwood and Mulvaney 1994; Burda et al. 2005). The radiation of electromag-

netic field induces the polarization of the electron cloud on the surface of spherical 

AuNPs, causing intense light absorption at a specific wavelength (Fig.  12.13a) 
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Fig. 12.12 (a) Molecular structure of the AIE-probe, DEVDK-TPE, for protease assay. (b) 

Schematic illustration of the AIE probe for protease assay. Reproduced with permission from ref-

erence Shi et al. (2012)
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(Kelly et al. 2003). In particular, the color of the colloidal gold changes from red to 

blue when the dispersed AuNPs are aggregated together (Fig.  12.13b) (Aili and 

Stevens 2010).

Numerous colorimetric biosensors have been reported to detect proteases based 

on the analyte-induced aggregation or dispersion of the AuNPs (Guarise et al. 2006; 

Laromaine et al. 2007; Ding et al. 2014). For example, the oligopeptide sequence is 

rationally designed with a recognition and cleavage site to a particular protease, and 

a pair of anchoring points (e.g., cysteine and lysine) to induce cross-linking between 

the AuNPs and thus causes the aggregation of AuNPs (Fig. 12.14a). In this case, a 

distinct color change (from red to blue) of the colloidal gold can be observed by the 

naked eye. When the oligopeptide linker was pretreated with a protease (e.g., throm-

bin, lethal factor, or trypsin), the cleaved oligopeptides could not induce the 
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Fig. 12.13 (a) Schematic illustration of the localized surface plasmon resonance (LSPR). (b) 

UV-vis spectra of dispersed (red dashed line) and aggregated (blue solid line) AuNPs. The TEM 

images of dispersed and aggregated AuNPs are also shown, respectively. Reproduced with permis-

sion from reference Aili and Stevens (2010)
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aggregation of the AuNPs, and the color of the colloidal gold did not change 

(Fig. 12.14b). This colorimetric assay is advantageous because the presence of the 

analyte can be easily interpreted by the naked eye. However, this two-step protease 

assay is not applicable for real-time protease assay. To address this issue, Stevens’ 

group demonstrated a new strategy for designing an oligopeptide with (1) a cysteine 

anchoring point, (2) a cleavage site, and (3) an assembly directing actuator of Fmoc 

to promote physical assembly of the AuNPs through π-stacking interactions 

(Laromaine et al. 2007). When the oligopeptide is cleaved, the Fmoc is removed and 

the AuNPs are re-dispersed due to the electrostatic repulsion (Fig. 12.15).

More recently, synthetic biomarkers have been designed by conjugating an 

oligopeptide- based reporter to iron oxide nanoworms (NWs) to achieve long circula-

tion time in vivo (Warren et al. 2014). The oligopeptide contains the cleavage sites of 

particular proteases. After i.v. administration, the NWs accumulated in the diseased 

tissues where the proteases (e.g., thrombin or MMP-9) were excessively expressed. 

Next, the aforementioned oligopeptides were cleaved, and the synthetic reporters 

were released into the blood stream and finally collected from the urine after renal 

clearance. Thereafter, the collected reporters were detected by using ELISA or lateral 

immunoassay, which enables the point-of-care diagnostics of the synthetic reporters.

Oligopeptide linker

Dispersed AuNPs

Dispersed AuNPs Dispersed AuNPs

Aggregated AuNPs

Protease

HS-
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HS-

-SH

-SH
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Fig. 12.14 Schematic illustration of the AuNP-based colorimetric protease assay. (a) In the 

absence of protease, the oligopeptide linkers trigger the aggregation of AuNPs and result in blue 

colour. (b) In the presence of protease, the oligopeptide linkers are digested, resulting in non-

aggregated AuNPs showing red colour
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In conclusion, this chapter aims to summarize recent advances of oligopeptides 

for biomedical sensing applications, which promote the development of biomedical 

sensors for “point-of-care” cancer diagnosis. In general, in a biosensing device, the 

oligopeptides are able to serve as a recognition component that selectively binds to 

a target molecule, or to serve as a substrate for a protease to recognize and cleave. 

In the first case, combinatorial libraries (e.g., phage library and OBOC library) are 

employed to identify the oligopeptide with high binding affinity to the target mole-

cule. In the second case, the oligopeptides are conjugated to other reporting 
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components (e.g., organic dyes, QDs, AuNPs, and NWs) to generate detectable sig-

nals after the proteolytic reaction. The development of biomedical sensing devices 

by using oligopeptides offers new approaches for rapid and sensitive detection of 

biomarkers which would benefit the disease diagnosis at remote clinical sites where 

the resources are limited.
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13.1  Introduction

Immunoassays are applied for medical diagnostics, food safety testing, drug discov-

ery, biological researches, etc. (Wild 2005) and they show some of the most remark-

able activities in the field of lab-on-a-chip systems and micro total analysis systems 

(Bange et  al. 2005; Chin et  al. 2007; Henares et  al. 2008; Tachi et  al. 2007). 

Miniaturization of immunoassay systems enables rapid and highly sensitive analy-

sis with a small amount of sample and reagents.

Since the first study of chip-based immunoassay (Chiem and Harrison 1997), 

immobilization of antibody on the surface of microbeads has contributed to the 

improvement of detection sensitivity and assay time (Sato et al. 2000, 72; Moorthy 

et al. 2004; Haes et al. 2006; Shin et al. 2007; Thompson and Bau 2010). This is 

called the bead-bed format. We have published papers on the subject of the 

mailto:tokeshi@eng.hokudai.ac.jp
mailto:babaymtt@apchem.nagoya-u.ac.jp
mailto:kasama.toshihiro@kk.alumni.u-tokyo.ac.jp
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bead- bed format immunoassay devices, in which the capability of this format to 

detect human disease markers has been demonstrated (Sato et al. 2001, 2002, 2004; 

Kakuta et al. 2006; Ohashi et al. 2009; Ihara et al. 2010). However, there exist some 

difficulties for this format in liquid handling, though highly sensitive detection and 

rapid assay are achieved. In order to pack the microbeads inside the microchannel, 

it is necessary to apply relatively high pressure. In addition, the removal of bubbles 

from liquid is difficult. Therefore, the development of novel immunoassay chips is 

desired for clinical applications such as point-of-care (POC) testing (Delamarche 

et  al. 2005; Linder et  al. 2005; Hosokawa et  al. 2006; Gervais and Delamarche 

2009). On the other hand, three-dimensional (3-D) hydrogel-based immunoassay 

chips have been reported (Zubtsov et al. 2006; Sung et al. 2009). They showed that 

the immobilization of antibodies within 3-D hydrogel structures offers several 

advantages, such as high immobilization capacity and high antibody activity, over 

2-D immobilization.

In this chapter, we introduce two types of new immunoassay microdevices, both 

of which can overcome difficulties mentioned above. One is 3-D hydrogel struc-

tures holding antibody-immobilized microbeads. Another device is 3-D hydrogel 

structures with chemically bonded antibodies.

13.2  Microbead-Embedded Immunoassay Devices

13.2.1  Fabrication Procedure of Microbead-Embedded 
Immunoassay Devices

Antibody-immobilized beads were prepared with polystyrene beads (1 μm in diam-

eter) and antibody solution in a 1.5 mL microtube. The antibody solution was added 

to the microbeads, and the suspension was rotated gently at room temperature, fol-

lowed by overnight incubation at 4 °C. After the incubation, the antibodies were 

immobilized on the microbeads, but there was space among the antibody molecules 

for nonspecific adsorption of proteins such as antigen and detection antibody. In 

order to prevent nonspecific adsorption, the microbeads were immersed in 1% BSA 

for 45 min at room temperature.

Photocross-linkable prepolymer, photoinitiator, and Millipore water were 

mixed in another 1.5 mL microtube and the mixture was stirred using a vortex 

mixer. The mixture was added to the antibody-immobilized microbead solution. 

Then, the mixture was stirred gently at room temperature. This solution was used 

to fabricate microbead-embedded immunoassay devices. Fabrication steps of the 

devices are shown in Fig. 13.1. First, 250 nL of the solution was injected into the 

microchannel by using a pipette. Second, UV light (365 nm, 20 mW) was irradi-

ated through a photomask covering the microchannel. This process took approxi-

mately 10 s. The exposed areas became hydrogel structures which included many 

antibody- immobilized microbeads. Third, the non-polymerized solution was 

sucked by using a vacuum pump, and the surface of the microchannel was flushed 
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with PBS. Finally, 1% BSA in PBS was injected and then kept in the microchan-

nel for 1 h at room temperature. BSA prevented nonspecific binding of antigens 

and detection antibodies to the surface of the microchannel and hydrogel struc-

tures. After removing the BSA solution, the microchannel was flushed with 

PBS. Although the hydrogel structures were physically fixed between the roof 

and the floor of the microchannel, they did not move or break during the 

immunoassay.

13.2.2  Assay Procedures

First, 250 nL of the sample solution was injected into the microchannel with a 

pipette. After incubation, free antigen molecules in the sample solution were 

sucked with an aspirator, and then the microchannel was flushed three times with 

PBS. Second, 250 nL (1 μg mL−1) of the fluorescent-labeled detection antibody 

solution was injected into the microchannel. After the incubation, the microchan-

nel was flushed three times with PBS to remove the free fluorescent-labeled sec-

ondary antibody molecules. Finally, the fluorescence signal from the microbeads 

in hydrogel structures was detected by using a fluorescence microscope equipped 

with a CCD camera and three lasers (488, 532, and 632.8 nm). By using ImageJ 

software, the fluorescent intensity per unit area was calculated for each hydrogel 

structure.

Sample introduction Photolithography Immunoassay device

Polystyrene beads
Immobilized with 1st antibody (φ1μm)

Prepolymer & photoinitiator

UV irradiation Photomask

Fig. 13.1 Fabrication steps of the microbead-embedded immunoassay devices

13 Microfluidic Immunoassay Devices as Next-Generation Cancer and Medical



308

13.2.3  Immuno-Pillar Device

Firstly, we developed pillar-like hydrogel structure by using a photomask shown in 

Fig. 13.2. We call this immunoassay chip the immuno-pillar device (Ikami et al. 

2010). Each immuno-pillar has a dimension of 200 μm in diameter and 40 μm in 

height. The arrangement of five immuno-pillars is shown in Fig. 13.3.

13.2.3.1  Immunoassay of Disease Markers
First, we evaluated the performance of the immuno-pillar device for standard 

C-reactive protein (CRP) solutions (1% BSA in PBS). CRP is a well-known dis-

ease marker relating cardiac events and inflammation. The calibration curves for 

Fig. 13.2 Picture of 

photomask prepared for 

fabricating the immuno-

pillar devices

Inlet 1 mm

6.5 mm

400 μm

200 μm

Outlet

1 mm
Fig. 13.3 Schematic representation 

of the immuno-pillar device
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standard CRP solutions are shown in Fig. 13.4a–c. In our assay procedures, total 

assay time was calculated by adding all the times for the incubations, washings, 

and detection. The fluorescence intensity represents the average of the fluores-

cence signal intensities of 3–5 immuno-pillars. The error bar denotes their stan-

dard deviation. The background is the sum of the autofluorescence of plastic 

substrate, antibody-immobilized microbeads, and UV curable resin. The total 

assay times were 4 min, 8 min, and 12 min, respectively. Despite the very short 

assay times, fluorescence signal and CRP concentration have positive correlation. 

The calibration curve of (B) (total assay time: 8 min) was very similar to that of 

(A) (12 min). From (A), (B), and (C) (4 min), the limit of detection (LOD), which 

gave a signal at 3 SDs (standard deviations) above the background, was estimated 

to be 100  pg  mL−1; the slope of the calibration curve of (C) was gentle. The 

immuno-pillar devices demonstrated the ability to detect disease marker with high 

sensitivity and rapidity in spite of easy assay procedure. For actual diagnosis of 

several diseases, the cutoff values of CRP concentration are higher than 

100 pg mL−1 (Gabay and Kushner 1999). Also, we could change the detection 

range of the immuno-pillar device by using a lower concentration of fluorescence-

labeled secondary antibody or a lower power of the excitation laser beam (data not 

shown). In particular, shifting the detection range to higher sample concentrations 

is easier than that to lower concentrations. The features of the immuno-pillar 

device of rapid assay and high sensitivity were derived from the immuno-pillar 

itself and the 1 μm diameter polystyrene microbeads for the immobilization of 

capture antibodies. The pore size of the immuno-pillars was likely 100  nm or 

more because the fluorescence beads with diameter of 100 nm leaked from the 

immuno-pillars in our preliminary experiments. The diffusion kinetics of the anti-

gen and antibody within the immuno-pillars was not slow (Fig. 13.5). Therefore, 

protein molecules such as the antigen and antibody could easily penetrate into the 

immuno-pillars and could diffuse within the immuno- pillars. According to our 

calculation for the present experimental conditions, the number of microbeads 

within the immuno-pillar was estimated to be about 32,700. By using the surface 

of these microbeads, the number of reaction sites for an antigen–antibody reaction 

was dramatically increased.

Next, we tested the performance of the immuno-pillar device for serum samples 

which were spiked with the known concentrations of CRP. Figure 13.4 d–f shows 

the calibration curves for serum samples with CRP.  The immuno-pillar devices 

showed good performance also for serum samples. Influence of proteins in the 

serum may cause the scattering of the signal intensity in the high-concentration 

region. The LOD for the total assay time of 4, 8, and 12 was 100 pg mL−1.

In addition, we also evaluated the performance of the immuno-pillar devices for 

the standard and serum samples of alpha-fetoprotein (tumor marker) and prostate- 

specific antigen (prostate cancer marker). These results are summarized in 

Table 13.1. In summary, we can conclude that the immuno-pillar devices had great 

potential for tests of serum samples and would be suitable as an immunoassay 

device for POC diagnostics because it was quick, had high sensitivity, was easy to 

use, and needed only small sample and reagent volumes.
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Fig. 13.4 Calibration curves obtained with CRP of standard samples (a–c) and of serum samples 

(d–f) (adapted from reference Ikami et al. (2010)). Total assay times were (a) 12 min, (b) 8 min, 

(c) 4 min, (d) 12 min, (e) 8 min, and (f) 4 min. The dashed line represents the signal level at 3 SDs 

above the background
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13.2.3.2  Multiplex Immunoassay of Disease Markers
The immuno-pillar devices are also available to perform multiplex assay. For exam-

ple, if the immuno-pillars hold three kinds of microbeads (three different antibodies 

are immobilized), a triplex assay becomes possible. Schematic illustration of the 

immuno-pillar device for the triplex assay is depicted in Fig.  13.6a. Fabrication 

process of this immuno-pillar device is the same as that of the above-mentioned 

devices. Therefore, the number of each kind of microbeads in the immuno-pillar is 

one-third, ca. 10,000. We fabricated a suitable immuno-pillar device and performed 

triplex simultaneous assay for CRP, AFP, and PSA. 250 nL of serum solution which 

was spiked with CRP, AFP, and PSA was used as the sample. 250 nL of the mixture 

solution of fluorescence dye-labeled antibodies was used as the detection antibody 

solution. The incubation time was constant at 5 min. Thus, the assay for one sample 

a b c d

e f g h

Fig. 13.5 Fluorescence images of the immuno-pillar at the fluorescence-labeled antibody immer-

sion time of (a) 40, (b) 60, (c) 80, (d) 100, (e) 120, (f) 140, (g) 160, and (h) 180 s (reproduced with 

permission from reference Ikami et al. (2010))

Table 13.1 Detection sensitivity of the immuno-pillar devices (adapted from reference Ikami 

et al. (2010))

Sample Tota assay time

4 min 8 min 12 min

CRP In 1% BSA-PBS ~100 pg mL−1 ~100 pg mL−1 ~100 pg mL−1

In serum ~100 pg mL−1 ~100 pg mL−1 ~100 pg mL−1

AFPa In 1% BSA-PBS ~100 pg mL−1 ~100 pg mL−1 ~100 pg mL−1

In serum ~1 ng mL−1 ~1 ng mL−1 ~100 pg mL−1

PSAa In 1% BSA-PBS ~5 ng mL−1 ~1 ng mL−1 ~100 pg mL−1

In serum ~5 ng mL−1 ~5 ng mL−1 ~100 pg mL−1

Triplex In serum — — ~100 pg mL−1

aIn the assay of AFP and PSA, the concentration of the fluorescent-labeled detection antibody solu-

tion was 50 μg mL−1 and 50 μg mL−1, respectively
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was finished in 15 min. The results of the multiplex assay are shown in Fig. 13.6b. 

All three calibration curves showed the positive correlations between the fluores-

cence signal and the sample concentration, and the LOD for each was 100 pg mL−1. 

It should be noted that the LODs for three markers in the multiplex assay were 

almost the same as that of the single assay. From this analysis, we could conclude 

that the immuno-pillar devices had great potential also for multiplex assay of serum 

samples. Moreover, optimization of the number of microbeads and/or the concen-

trations of detection antibodies may lead to the shortening of assay time.

13.2.3.3  Immunoassay of Toxins in Food
Immuno-pillar devices could be applied to detect toxins in dairy products (Jin et al. 

2013). Here we attempt to detect staphylococcal enterotoxins (SEs) in milk by using 

chicken immunoglobulin IgY anti-SE antibody as capture antibody. IgY antibodies, 

unlike mammalian IgG antibodies, do not combine with protein A because they pos-

sess a different structure of the Fc region, thereby avoiding nonspecific reactivity 

against Staphylococcus aureus. We performed detection tests against SEs in milk. 

The total assay time was approximately 12 min. The calibration curves for SEs are 

summarized in Fig. 13.7. These results show that fluorescence intensities increased 

in a dose-dependent manner for SEs (0–100  ng/mL) in milk. In all cases, each 

immuno-pillar device could detect the corresponding SEs with high sensitivity. The 

LODs for SEA, SEB, SEC, SED, and SEE are summarized in Table 13.2. High 

specificity of the SE immuno-pillar devices was confirmed by measuring the cross- 

reactivity against the comparative antigens of 100 ng mL−1.

13.2.3.4  Multiplex Immunoassay of Toxins in Food
Several kinds of SEs often coexist in polluted foods. Therefore, we evaluated the 

ability of the immuno-pillar devices to detect SEA, SEB, and SED simultaneously 

(Kasama et al. 2015a). These are the three worst factors of SE poisoning. In order to 

simulate contaminated milk, standard, native SEs with more than 95% purity were 

diffused in commercially available milk. The resulting calibration plots for SEA, 
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Fig. 13.6 (a) Simplified schematic of the immuno-pillar device for the triplex assay. (b) 

Calibration curves of CRP, AFP, and PSA (adapted from reference Ikami et al. (2010))
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SEB, and SED were obtained (Fig. 13.8). The tests for three replicates per sample 

were performed. The values and SDs of the fluorescence intensity were calculated 

from these results. The LOD for each SE was calculated to be 15.6 pg mL−1, which 

is lower than not only those of common SE detection methods (Jin et al. 2013; Rose 

et al. 1989; Kuang et al. 2013), but also those of the immuno- pillar devices for single 

assays of SEA and SED (Jin et al. 2013). Relaxation of self-quenching (Chen and 

Knutson 1988) enhances fluorescence intensity, resulting in lower LODs. In the 

immuno-pillars, the antibody-immobilized microbeads formed clusters via hydro-

phobic interaction between the antibodies. In the case of multiplex immunoassay 

devices, microbead clusters were composed of three kinds of microbeads supporting 

each anti-SE antibody. Consequently, the distance between the same fluorescence-

labeled antibodies was relatively extended in the multiplex immunoassay devices. 

The LOD for each SE is much lower than the lowest SE concentration in major food 

poisoning outbreaks (380 pg mL−1) (Asao et al. 2003). Therefore, contaminated food 

that may potentially cause a food poisoning outbreak could be immediately identi-

fied by immunoassay by using the immuno- pillar devices.
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Fig. 13.7 Calibration plots of standard SEs in milk (reproduced with permission from reference 

Jin et al. (2013)). All tests were performed in triplicate, and error bars show standard deviation 

calculated from fluorescence intensities of 3–5 immuno-pillars. Dashed lines represent the signal 

levels at 3 SDs above the background

Table 13.2 Detection limits of immuno-pillar device (ng mL−1) (adapted from reference Jin et al. 

(2013))

SEA SEB SEC SED SEE

Immuno pillar device (in PBS) 0.01 0.1 0.1 0.1 0.1

Immuno pillar device (in milk) 0.1 0.01 0.1 0.1 0.1
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13.2.4  Immuno-Wall Device

13.2.4.1  Immunoassay of Disease Markers
In order to improve the efficiency of bound-free (BF) separation, we modified the 

structure of immuno-pillars. Here, we propose immuno-wall device which has a 

long and thin hydrogel object inside a microchannel (Fig.  13.9) (Kasama et  al. 

2014). Unreacted antigens and fluorescence-labeled antibodies were completely 

removed by just immersing the device in a washing buffer (PBS with 0.5% Tween 

20) for 1 min. In addition, the long structure also allowed us to analyze fluorescence 

intensity by using inexpensive desktop fluorescence scanner instead of expensive 

fluorescence microscopes.

First, we compared the efficiencies of BF separation of the immuno-wall and 

immuno-pillar devices. We prepared DyLight 650-conjugated anti-rabbit IgG anti-

body solution (50 μg mL−1), which did not react to the antibody immobilized on the 

microbead surface. The devices underwent immersion in the solution (30 s) and the 

washing buffer (several minutes). After that, fluorescence intensity was measured 

by using a fluorescence microscope. The results are shown in Fig. 13.10. This figure 

shows that the unreacted fluorescence-labeled antibodies exited from the immuno- 

wall within 1 min by simply immersing the device into a washing buffer. In contrast, 

fluorescence-labeled antibodies could not exit from the immuno-pillar even after 

9-min immersion. In order to completely remove non-reacted antibodies from 

immuno-pillars, it is necessary to squeeze the immuno-pillar by aspiration.

The long structure of the immuno-wall devices allowed us to determine fluo-

rescence intensity by simple fluorescence scanner. Recently, we have developed 

microchip- optimized fluorescence scanner (Fig. 13.11). This scanner scanned on 

a line of 20 mm length and 100 μm width and obtained the profile of fluorescence 
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intensity within 1 min. It was easy to scan across the immuno-wall devices hav-

ing the dimension of 4  mm in length. In contrast, it was difficult to scan the 

immuno- pillar devices as small as 200 μm in diameter because this reader had no 

objective lens.

By using the immuno-wall devices and the fluorescence scanner, CRP assays 

for human sera were performed. The total assay time was 10 min. CRP in human 

sera were quantitatively analyzed and the calibration curve was obtained 

(Fig.  13.12). The fluorescence intensity was obtained by averaging the fluores-

cence signal intensities of 3–5 areas of the immuno-wall. We achieved the LOD of 

10 ng mL−1. In addition, the present immunoassay system provided good quantita-

tive capability between 10 ng/mL and 10 μg mL−1, offering the application possi-

bility for rapid CRP test.
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Antibody-immobilized
Polystyrene Bead

Immuno-wall
•  Thickness: 40 μm
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Fig. 13.9 Photograph and 

schematic of the immuno- 

wall device (reproduced 

with permission from 

reference Kasama et al. 

(2014)). Free antigens and 

fluorescence-labeled 

antibodies were easily 

removed from both sides 

of the immuno-wall
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Fig. 13.10 Efficiencies of 

bound-free separation. The 

dashed line shows the 

autofluorescence intensity 

of the immuno-pillar and 

immuno-wall devices 

(reproduced with 

permission from reference 

Kasama et al. (2014))
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13.3  Immuno-Wall Devices with Chemically Bonded 
Antibodies

13.3.1  Fabrication Procedure of Immunoassay Devices 
with Chemically Bonded Antibodies

Until now, we presented the immuno-pillar devices and immuno-wall devices which held 

antibody-immobilized microbeads in their pores. In this section, we fabricate the immuno-

wall devices with another photocross-linkable polymer, BIOSURFINE®-AWP (Toyo 

Gosei Co., Ltd.), which has pendant azide group. Picture and schematic of the 
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Fig. 13.12 Calibration 

curve for CRP in human 

serum. Sigmoidal curve 

was calculated by the 

four-parameter logistic 

equation. The 

immunoassay was carried 

out three times at each 

concentration (reproduced 

with permission from 

reference Kasama et al. 

(2014))

Scanning Line

Immuno-wall

Fluorescence
Reader

Fig. 13.11 Photograph of 

the fluorescence reader. 

Specification of the reader 

is as follows: weight = 

2.1 kg, dimension 

(W × H × D) = 130 × 95 × 

260 (mm), and maximal 

excitation 

wavelength = 637 nm. In 

the inset, the dashed line 

represents the scanning 

area (length = 20 mm, 

width = 100 μm) 

(reproduced with 

permission from reference 

Kasama et al. (2014))
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immuno-wall device made with BIOSURFINE®-AWP is shown in Fig. 13.13. The device 

fabrication process is as follows. High-concentration (10 mg mL−1) streptavidin in PBS 

was mixed with an equal volume of BIOSURFINE®-AWP in a microtube. The mixture 

was introduced into the microchannel by using the pipette. Then, the mixture was irradi-

ated with UV light (320 nm, 20 mW) for 5 s through a photomask covering the microchan-

nel. The irradiated BIOSURFINE®-AWP was cross-linked each other. At the same time, 

streptavidin molecules were photo- immobilized to the BIOSURFINE®-AWP. After the 

UV irradiation, the uncured BIOSURFINE®-AWP was sucked by using an aspirator. 

Then, immuno-wall remained at the center of the microchannel. Finally, the microchannel 

was washed with washing buffer. In order to immobilize capture antibody, 1 μL of bioti-

nylated antibody solution was introduced into the microchannel and the device was settled 

for 60 min at room temperature. Although the diffusion of proteins including IgG antibody 

was observed in the immuno-wall, mostly analytes were captured at the side surface of the 

immuno-wall because of ultrahigh-density immobilization of capture antibody. On the 

other hand, large substances including cell debris could not penetrate the immuno-wall.

13.3.2  Precision Medicine of Lung Cancer

Lung cancer is the leading cause of cancer-related mortality worldwide. 

Approximately 85% of lung cancers are classified as non-small-cell lung cancer 

(NSCLC) (Ferlay et al. 2015). Somatic mutations of epidermal growth factor recep-

tor (EGFR) are detected in approximately 10–16% of NSCLC patients in the United 

States and Europe (Rosell et al. 2009) and 30–50% in Asia (Sequist et al. 2007). 

Approximately 90% of these mutations are the substitution of leucine 858 by argi-

nine in exon 21 (L858R point mutation) (Sequist et al. 2007) and the in-frame dele-

tions in exon 19, especially the E746-A750 deletion (Sequist et al. 2007). Several 

studies revealed that these mutations have sensitivity to EGFR-tyrosine kinase 

inhibitors (TKIs) (Lynch et al. 2004; Paez et al. 2004). Therefore, EGFR mutation 

testing in the clinical setting has been important. Direct sequencing of PCR 

Antibody-
immobilized
photo-reactive
polymer

Inlet

4 mm

40 μm

Outlet
Injection-molded cyclic
olefin polymer substrate

Fig. 13.13 Photograph of the immuno-wall device made with azido-unit pendant polymer (repro-

duced with permission from reference Kasama et al. (2015b))
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products is one of the commonly used methods worldwide. However, its clinical 

application is limited due to the sensitivity depending on the proportion of tumor 

cells in the specimens.

By using the immuno-wall devices, the sandwich-type fluorescence immunoassay 

procedure was performed for the sediment lysates obtained from pleural effusion sam-

ples of three NSCLC patients. Their tumors had E746-A750 deletion-mutated EGFR, 

L858R point-mutated EGFR, or wild-type EGFR, respectively. The sediments in the 

pleural effusion were gathered by centrifugation, and then lysed with lysis buffer. 

Mutated EGFR-specific antibodies and total-EGFR antibody were immobilized to the 

immuno-walls. Another total-EGFR antibody was employed as detection antibody.

The immunoassay results are summarized in Fig. 13.14. Total assay time was 

less than 20 min. We can obviously recognize that the devices detected mutated 

EGFRs specifically. This means that the patients having responses to the EGFR- 

TKI are successfully distinguished.

13.3.3  Precision Surgery of Brain Tumors

Since the glioma tends to infiltrate into the normal brain tissue, it is difficult to 

define the edges of glioma. Therefore, the gliomas are not fully resectable, resulting 

in recurrence and eventual fatality. Because R132H mutation in IDH1 is observed in 

patients with grade II and III gliomas with approximately 65% (Suzuki et al. 2015; 

Gorovets et al. 2012; Hartmann et al. 2009; Parsons et al. 2008; Arita et al. 2015; 

Horbinski 2013), IDH1 mutation testing should help us to define the tumor bound-

ary from the normal brain. However, the current methods for analyzing the genetic 

Targets of the immuno-wall devices

E746-A750
deletion
mutation

E746-A750
deletion mutation

L858R point
mutation

L858R point
mutation Total EGFR
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D
N

A
 s

eq
ue

nc
e 

of
 E

G
F

R
in

 th
re

e 
lu

ng
 c

an
ce

r 
pa

tie
nt

s

Fig. 13.14 Immunoassay results (reproduced with permission from reference Kasama et  al. 

(2015b)). Bright-field images (insets) and fluorescence images of the immuno-wall devices are 

shown. The red frames of pictures show the results being positive. The side surfaces of immuno- 

walls exposed to the sediment lysates emitted fluorescence signals
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status of glioma tissue are time consuming, 60 min at least. This makes it difficult 

to test IDH1 mutation during the surgery. In order to solve this problem, we fabri-

cated the immuno-wall devices with R132H mutant IDH1-specific capture antibody 

and performed immunoassay for a lysate of glioma tissue obtained from brain tumor 

patients. The total-IDH1 antibody was adopted as the detection antibody.

The representative immunoassay results for a glioma and its edge tissue are 

shown in Fig.  13.15. The fluorescence was observed only on the immuno-wall 

device used for the center of tumor, which means that we can define the boundary 

between the glioma and normal brain.

a1

b1

a2

b2

Fig. 13.15 Tumor boundary detection using the immuno-wall devices (adapted from reference 

Yamamichi et al. (2016)). The tumor region in a patient was roughly estimated by the magnetic 

resonance imaging before tumor removal surgery (A1 and B1). Two specimens were collected 

(stars in A1 and B1). A specimen obtained from the center of the tumor (star in A1) tested positive 

in the assay using the immuno-wall device (A2). On the other hand, a specimen obtained from the 

edge of the tumor (star in B1), which appeared normal, tested negative (B2)

13 Microfluidic Immunoassay Devices as Next-Generation Cancer and Medical



320

13.4  Summary

Microfluidic immunoassay devices have inherent advantages such as portability and 

reduced sample and reagent consumption. In addition, the microchannel can restrict 

molecular diffusion, resulting in the rapidity and high sensitivity of the immunoas-

say. We believe that these unique features allow us to use microfluidic immunoassay 

devices in the POC cancer diagnosis.

Here we have introduced the immuno-pillar devices and the immuno-wall 

devices. It has been demonstrated that these microfluidic immunoassay devices 

have great potential for practical immunoassay and POC cancer diagnostics. Also, 

the precision medicine and precision surgery have been realized. This implies that 

the microfluidic immunoassay devices have possibility of changing the process of 

diagnosis.
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14Point-of-Care Device with Plasmonic 
Gold Nanoarray Sensing Chip 
for Biomarker Detections

Xiaodong Zhou, Ten It Wong, Ling Ling Sun, and Jie Deng

14.1  Introduction

LSPR is generated on metal nanostructures upon the illumination of light whose 

energy can be absorbed by the nanostructures and cause collective electron charge 

oscillations on its surface. LSPR traps the light on the metal nanostructures surface 

within tens of nanometers, where the light is strongly enhanced by tens to hundreds 

of times. LSPR is particularly beneficial for chemical or biological detections. 

Because the sizes of the chemical or biological molecules are usually in a few nano-

meter range, they will be attached to the metal nanostructure surface roughly within 

the coverage of the strong LSPR field, thus the LSPR signal variation is relatively 

specific to the molecule attachment, i.e., the molecules not bound to the metal nano-

structure will not much affect the detection signal, thus raw samples could possibly 

be tested without wash or purifications (Anker et al. 2008; Lee and El-Sayed 2006; 

Sherry et al. 2005).

There are two methods to use LSPR for biosensors. One is to detect the shift of 

the LSPR absorption due to the refractive index change upon molecule binding. 

This is a direct assay that requires less time and cost; however, for some applica-

tions, the sensitivity might not be enough. The other is to utilize the LSPR to excite 

the fluorescent labels in a sandwich assay, because the labeled sandwich assay is 

intrinsically more sensitive than direct assay, and LSPR field is 10–100 times 

stronger than the incident light, the LSPR amplifies the fluorescent labels and 

mailto:donna-zhou@imre.a-star.edu.sg
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achieves quite high sensitivity. Since both methods can be applied on the develop-

ment of a point-of-care device, the selection of detection methods is based on sen-

sitivity requirements for different applications. The development of a LSPR-based 

point- of- care device has a flow chart illustrated in Fig. 14.1. The first step is to 

identify the nanoparticles and the related bioassay that can meet the requirement of 

the specific application. After which, some plasmonic simulation is required to 

identify the plasmonic peak and the LSPR field distribution, thus the suitable light 

source can be found and the size, shape, and inter-distance of the nanoparticles can 

be optimized.

LSPR can be generated by metal nanoparticles in solution, or metal nanostruc-

tures (random or periodic nanoslits, nanobars, nanoholes, or nanopillars/islands) on 

a substrate (Kuwata et al. 2003; Mayer and Hafner 2011; Murphy et al. 2005). We 

established our point-of-care device with periodic gold nanoarray on glass sub-

strate, because the substrate-based LSPR chip can be washed with incorporated 

microfluidic channels to reduce nonspecific binding, the periodic nanostructures 

have much narrower LSPR bandwidth that helps improving the detection sensitiv-

ity, and gold resists oxidation and extends the shelf-life of the fabricated sensing 

chips. Furthermore, gold functions with different kinds of biomolecules and eases 

the biofunctionalization of the nanostructures. However, periodic gold nanostruc-

tures are difficult to be fabricated, so we have developed a whole process of fabri-

cating the gold nanopillar or nanohole array on glass.

According to the simulated plasmonic field as well as the simulated and charac-

terized LSPR wavelength of the nanochips (Ghaemi et al. 1998; Wu et al. 2012a; 

Wu et al. 2012b), the bioassay is established on the top of the gold nanoarray, and a 

microfluidic channel with samples flow through the nanochip will be fabricated. 

The microfluidic chip can be actuated and detected by the automated point-of-care 

device, and the point-of-care device will also quantify and report the concentration 

of the biomarker in the specimen.

14.2  Nanochip Design, Fabrication, and Characterizations

14.2.1  Design of the Gold Nanoarray

We first designed the gold nanopillars and gold nanoholes with various pitches and 

sizes, and the relation of the LSPR peak location to the size, pitch of the gold nano-

hole arrays are shown in Fig. 14.2. The gold nanostructures can be designed by 

plasmonic simulations according to the Maxwell equations, which are applicable 

for the electromagnetic field and transmission/refraction/absorption calculations for 

metal nanoparticles larger than several nanometers. Commercial software available 

Nanostructure
simulation 

Nanochip
fabrication

Assay 
decision

Microfluidic
chip 

Biofunction
-alization

Point -of-care
development

Fig. 14.1 The development process of a LSPR-based point-of-care device
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for such simulations includes COMSOL, CST Microwave, etc. For the ease of mass 

productive nanofabrication of the sensing chips, we simulated the gold nanopillar 

and nanohole arrays on glass substrate, by setting the frequency-dependent dielec-

tric constant of gold using the data from Palik handbook (Palik 1998), and the 

refractive indices for quartz, air, and water were taken as 1.52, 1.0, and 1.33, 

respectively.
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Fig. 14.2 Plasmonic peak and electromagnetic field for water side light illumination. (a) is at 

various gold nanohole dimensions with a fixed pitch of 400  nm; (b) gold nanohole array 

(p = 400 nm, R = 75 nm, T = 100 nm) showing the α and β modes; (c–e) the α peak shifts of gold 

nanohole array in (b), when only varies the pitch, diameter, or gold thickness, respectively; (f) The 

gold nanopillar array simulation with p = 320 nm, R = 75 nm, and T = 50 nm
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For biosensing, the gold nanoarray will be immersed in buffer with its reflective 

index similar to water. Plasmonics are generated at the top rims (at the water–gold 

interface) and the bottom rims (at the gold–glass interface) of the gold nanostruc-

tures, and plasmonics on the top rims contributes more to the biosensing. The simu-

lated top rim plasmonic field intensity is presented in Fig. 14.2a for gold nanohole 

arrays with a fixed pitch of 400 nm and various radii (R) and thicknesses (T). The 

gold nanohole array with R = 75 nm and T = 100 nm yields the strongest plasmonic 

field of 9.538 × 105 W/m2 (in our simulations, the incident power was 1 nW within 

a quarter of a single nanohole area, i.e., 200 nm × 200 nm area). Figure 14.2a also 

indicates that the strongest plasmonic signal is at the rim of the gold nanoholes, and 

this intensity drops to a half when X-axis distance is 6  nm away from the rim. 

Figure 14.2b further demonstrated that two plasmonic modes α (at around 647 nm) 

and β (at around 730 nm) will be generated at the top and bottom rims of the gold 

nanoholes, respectively. In comparison, in Fig. 14.2b, 100 nm gold film on the glass 

substrate presents no obvious plasmonic peaks.

The influences of the pitch, diameter, and thickness to the wavelength of the α 

mode in Fig. 14.2c–e indicate that the pitch will influence the absorption the most, 

and 400 nm is the most suitable pitch for having a plasmonic peak at around 647 nm 

which is suitable for red fluorescent dye excitations. Figure  14.2c–e shows that 

200 nm of pitch variation (from 300 to 500 nm) will cause a linear peak wavelength 

shift of 180 nm (from 555 to 735 nm), 50 nm of diameter variation (from 125 to 

175 nm) will cause a wavelength shift of 10 nm (645–655 nm), while 50 nm of 

thickness variation (from 50 to 100 nm) will cause a wavelength shift of 27 nm 

(from 620 to 647 nm). It is also well known that engineering errors are unavoidable 

in the gold nanostructure fabrications. So for different nanohole parameters, the 

plasmonic peak absorption variation of the α mode can be roughly estimated by Δλ 

= (∂λ/∂p) × Δp + (∂λ/∂D) × ΔD + (∂λ/∂T) × ΔT, with ∂λ/∂p = 0.9, ∂λ/∂D = 0.2 and 

∂λ/∂T = 0.54.

The gold nanopillar array with p = 320 nm, R = 75 nm, and T = 50 nm is also 

used in our work, and its transmission, refraction, and absorption peaks in Fig. 14.2f 

present two plasmonic peaks at 540 and 690 nm. For our work of using green light 

to excite the quantum dot (QD) label in the sandwich assay, this kind of gold nano-

pillar array provides twice stronger plasmonic field (by comparing the insets in 

Fig. 14.2b, f), thus outperforms the gold nanohole array of p = 400 nm, R = 75 nm, 

and T = 100 nm.

14.2.2  Gold Nanoarray Fabrication

Based on our design, the gold nanohole array (with p  =  400  nm, R  =  75  nm, 

T = 100 nm) and gold nanopillar array (with p = 320 nm, R = 75 nm, and T = 50 nm) 

are our targets for nanofabrication. For point-of-care device, the gold nanoarray is 

expected to be disposable, thus the mass fabrication of the gold nanochip is a key 

enabling technology for point-of-care devices. We have developed a mass fabrica-

tion method as illustrated in Fig. 14.3. It includes two parts, the first is the nickel 
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GOLD NANOPATTERN
MASS FABRICATION 

Nano patterns design for electron
beam lithography. 

Electron beam resist coating on
silicon substrate. 

Electron beam lithography process
and development. 

Metal seeding layer, coating on the
sample. 

Nickel plating process and separation
of the nickel mold and substrate. 

Photoresist coating on glass wafer
and use the sample together with

the nickel mold  for nanoimprinting.  

Nanoimprinting and follow by UV
curing inside UV oven.  

Gold depostion and then the lift-off
process.  

RIE to remove the residual of
photoresist.
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Fig. 14.3 Mass fabrication of metal nanostructures on glass wafer. The left side indicates the 

nickel mold fabrication process, while the right is the gold nanostructure mass fabrication 

process

mold fabrication, and the second part the gold nanoarray mass fabrication via nano-

imprinting (Wong et al. 2013).

Electron-beam (e-beam) lithography is a technology of using focused e-beam to 

expose the resist which is sensitive to the e-beam (Altissimo 2010; Chen 2015). The 

e-beam lithography can reach a resolution of a few nanometers, and it is a revolu-

tionary nanotechnology for obtaining precise and controllable nanostructures in any 

shape. E-beam lithography has been heavily applied in industry and nanotechnol-

ogy research, for fabricating the accurately designed nanopatterns in plasmonics, 

semiconductors, surface property modified materials such as for anti-fouling or 

anti-fogging, and photonic waveguides. Although nanoimprinting can replace the 

e-beam lithography in some cases, its master mold is produced by e-beam 

lithography.

In our work, the e-beam lithography is used to fabricate the nanochips in two 

ways: the first is the fabrication of the gold nanostructure array directly by e-beam 

lithography (Song et al. 2015a), the other is to make a nickel mold which is used to 

get the gold nanostructure array through nanoimprinting (Wong et al. 2013; Song 

et al. 2015a; Song et al. 2015b). In either case, for reducing the cost of nanochip 

fabrication, e-beam lithography is conducted with 25 pieces of 1 cm × 1 cm dies 

arranged on one 4″ wafer. The chip arrangement is shown in Fig. 14.4a. Each die 

has its central 1.8 mm × 1.8 mm area filled with fabricated 140 nm × 140 nm sized 
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nanohole or nanopillar array. We fabricated the nanoarray in square shape because 

e-beam writes the squares slightly faster, and after nanofabrication, the gold 

nanopatterns will have some round corners anyway.

The main caveat of the e-beam lithography, however, is its slow writing speed, 

which substantially increases the cost. E-beam writing time includes the beam set-

tling time (i.e., the alignment time and beam shift time, as well as the time for beam 

adjustment) and e-beam resist exposure time. According to the size of the nanopat-

terns, we optimized process and managed to reduce the e-beam resist exposure time 

by using the writing voltage of 100 keV, field size of 300 μm, lower dot map of 20k, 

and a comparatively high current of 800 pA on a single Gaussian beam (ELS-7000) 

e-beam writing system. We did a series of experiments to compare, and found that 

a minimum dose of 178 μC/cm2 for positive ZEP e-beam resist is required, in order 

to get a reasonably high quality e-beam pattern for nanopatterns with 150 nm size. 

Compared with the normally used current of 200 pA and dosage of 320 μC/cm2 for 

e-beam writing on the ZEP, 800 pA current and 178 μC/cm2 dose combination will 

reduce the resist exposure time to 1/7 (Deng et al. 2016). This is very important, 

because for the 4″ wafer e-beam writing shown in Fig. 14.4a, even with our acceler-

ated e-beam writing recipe, it took 32 h to complete. For the negative e-beam resist 

NEB22, it can be exposed at 800 pA current with 110 μC/cm2 dosage. Following the 

140 nm

140 nm

Pitch = 400 nm for
nanohole array,
Pitch = 320 nm for
nanopillar array   

1.8 mm

1.8 mm

………….

…
…

…
…

…
…

…
Diameter = 4 inch

1 cm

1 cm

a

b c

Fig. 14.4 (a) The arrangement of nanochips on a 4″ wafer with 25 dies, and scanning electron 

microscope (SEM) images of the fabricated gold (b) nanopillar and (c) nanohole arrays under 

10,000× magnification, where the scale bar represents 2 μm
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e-beam exposure, the e-beam resist was developed for a few minutes to get the 

nanopatterns.

In order to reduce the cost while keeping the high precision of the designed gold 

nanohole array, nanoimprinting technology was adopted for the nanochip fabrica-

tion, because nanoimprinting can achieve sub 5 nm resolution with high throughput 

for nanolithography (Austin et al. 2004).

After the nanoarray pattern was written by e-beam lithography on silicon wafer, 

the wafer was used for electroplating to get a nickel mold. To fabricate the nickel 

mold, a thin metal seed layer was coated on the patterns to initiate the electroplating 

process. Two-step plating was adopted: at the beginning 12 μm of nickel was slowly 

electroplated on the silicon wafer at a low current density of 0.7 A/dm2, followed by 

a high current density of 12 A/dm2 to electroplate up to 300 μm of nickel. After 

which, the nickel mold was separated from the silicon wafer. Trion plasma etching 

system with O2 gas was used to clean the nickel mold for 3 min, and the silicon 

wafer was recycled (Wong et al. 2013).

To nanoimprint, UV curable photoresist was selected, taking its advantage of using 

a lower pressure (10 bar) and lower temperature (as low as room temperature) for the 

imprinting process compared with thermal nanoimprinting (30–40  bar, >100  °C), 

which greatly reduces the rate of wafer breakage in nanoimprinting. The nickel mold 

was first coated with an anti-sticky layer of (Heptadecafluoro-1,1,2,2-tetra hydro-

decyl) trichlorosilane (FDTS), then it was nanoimprinted on the UV curable photore-

sist coated on a 4″ glass wafer with the photoresist cured by UV light source.

After nanoimprinting, the nickel mold was easily demolded, and was cleaned for 

reuse. Reuse of the nickel mold is critical, because the mold is generally fabricated 

through e-beam lithography which is the major cost for the process to fabricate the 

nanochips. The cost saving for fabricating the nanochip is tremendous if a nickel 

mold can be reused, and nickel mode is reported to be durable for 10,000 times of 

imprinting without obvious damage (Rai-Choudhury 1997).

The residue of the UV curable photoresist on the glass wafer was removed by 

etching in an Oxford reactive ion etching system. The glass wafer was place in a 

Dexton Explorer e-beam deposition machine, to first deposit a few nanometer 

(<5 nm) of chromium to enhance the adhesion of the gold on glass, then deposit the 

gold film on the top of the chromium layer. Finally, the resist was lifted off at room 

temperature to obtain the gold nanoarray.

The fabricated gold nanopillar or nanohole arrays on the 4″ glass wafer were diced 

into 1 cm × 1 cm chips by diamond blade using a Disco dicing saw. The fabricated pat-

terns were viewed under scanning electron microscope (SEM) or atomic- force micros-

copy (AFM) for checking their morphology and quality. The fabricated gold nanopillar 

and nanohole arrays are presented in Fig. 14.4b and Fig. 14.4c, respectively.

14.3  Point-of-Care Device Based on LSPR Wavelength Shift

A point-of-care device using the LSPR wavelength shift is developed for the mea-

surement of cardiac troponin I (cTnI) in serum, as illustrated in Fig.  14.5. In 

Fig. 14.5a, white light transmitted through an optical fiber bundle was collimated 
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and illuminated on the top of the gold nanohole array (p = 400 nm, R = 75 nm, and 

T = 100 nm) placed inside a transparent flow cell made of thermoplastic elastomer 

(Fig. 14.5b). The transmitted light spectrum was collected by another fiber bundle 

and recorded by a UV-vis spectrometer HR2000+ (Ocean optic, Dunedin, FL, USA) 

in the range of 300–1000 nm. Each frame of transmission was collected using an 

acquisition time of 20 ms, and the final spectrum was produced by averaging 100 

frames within 2 s. Spectra were analyzed and evaluated using OriginPro 9, and the 

transmission peaks were identified using a Lorentz-based method (Ding et al. 2015).
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Fig. 14.5 The point-of-care device based on the LSPR shift of a nanohole array (reproduced with 

permission from reference Ding et al. (2015)). (a) Optical setup for the nanohole sensor detection. 

(b) A liquid cell seals the gold nanohole array (with p = 400 nm, R = 75 nm, and T = 100 nm filling 

a sensing area of 1.5 mm × 1.5 mm) for the optical detection. (c) is the bioassay on the gold sur-

face, (d) shows the transmission spectrum of the nanochip upon cTnI (at 30 ng/mL concentration) 

binding, and (e) is the characterization curve of the detected cTnI concentration versus the LSPR 

peak shift
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The direct assay in Fig. 14.5c was established by first forming an amine-reactive 

self-assembly monolayer (SAM) incubating the nanochips in ethanolic solution of 

0.4 mM of 10-carboxy-1-decanethiol and 1.6 mM of 1-octanethiol for 12 h at room 

temperature, then washed thoroughly with pure ethanol and dried in room tempera-

ture. Then the chip was incubated in a mixture of sulfo-N-hydroxysuccinimide 

(sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Bio- 

Rad, Hercules, CA, USA) to activate the carboxylic group of the SAM for 15 min. 

Next, 50 μL of 200 μg/mL anti-troponin antibody 560 (Hytest, Finland) in acetate 

buffer at pH 4.5 was spotted on the chip surface and incubated for 30 min. Finally, 

the sensor chip was immersed in 1  M of ethanolamine-HCl solution (Bio-Rad, 

Hercules, CA, USA) for 15 min to deactivate the unreacted esters, followed by a 

rinse with deionized water and dried with nitrogen gas at room temperature. The 

sensing chip is blocked by 1% bovine serum albumin (BSA) solution for 15 min to 

prevent the nonspecific binding, then 50  μL of human cTnI standard in serum 

(Phoenix Pharmaceuticals, CA, USA) in the concentrations of 75, 30, 7.5, or 2.5 ng/

mL was applied and incubated for 30 min. The sensor chip was rinsed with PBS 

solution three times after incubation, and inserted into the measurement cell con-

taining PBS buffer to record its transmission spectrum.

The binding of the cTnI on anti-troponin antibody on the sensor chip will shift 

the plasmonic peak at the wavelength of 644.07–654.85 nm (Fig. 14.5d). The peak 

at 644.07 nm is the α peak in Fig. 14.2b which has the plasmonic field concentrated 

on the gold–water interface where the bioassay is anchored. Thus the LSPR bio-

sensing for this plasmonic peak monitoring is relatively sensitive. Figure  14.5e 

shows the characterization curve for cTnI detection, with error bars obtained by 

measuring the same troponin concentrations with three individual nanochips.

The performance of this point-of-care device is found to have a full half- magnitude 

width (FHMW) of 32.84 nm, figure of merit (FOM) of 10.5, σ of signal at 0.017 nm, 

and signal-to-noise ratio equals to 256 (at 7.5 ng/mL troponin in serum), and the limit 

of detection (LOD) based on three times of σ is identified to be 0.55 ng/mL.

14.4  Point-of-Care Device Based on Fluorescent Label 
Enhancement

We have developed several sandwich bioassays based on plasmonic-enhanced fluo-

rescent labels to respectively detect the prostate specific antigen (PSA) for prostate 

cancer, thrombin for blood clots, and procalcitonin (PCT) for sepsis. When estab-

lishing such a bioassay, a few factors are considered. The first is that the distance of 

the fluorescent label should be around 10–20 nm to the gold nanostructure surface, 

so that the dyes are enhanced by the plasmons instead of being quenched by the 

strong plasmons. The second is that the excitation wavelength of the dye must be 

close or slightly shorter than the LSPR generated by the gold nanostructures, so as 

to make sure that the light being used to excite the fluorescent dyes are amplified by 

the plasmon. Here we use quantum dot (QD) as labels, because compared with 

organic fluorescent dyes, the QDs are about 20 times brighter, and they have a 

broadband of excitation wavelength range (Song et al. 2015a).
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These three kinds of biomarkers are all detected with a sandwich assay on the 

gold nanoarray surface using the QD as fluorescent label. However, they are still 

slightly different. The first type of assay demonstrated for PSA detection is to use 

the tris(2-carboxyethyl) phosphine (TCEP) solution to cleave the PSA monoclone 

capturing antibody (cAb) into a half and utilize the –SH link to bind the PSA captur-

ing antibody, which is an effective way to reduce the distance between the QD label 

and the gold surface (Song et al. 2015a). The second is to use aptamer to capture the 

thrombin, because compared with capturing antibodies, aptamers are relatively 

cost-effective and with high repeatability, durability, reproducibility, and it is rela-

tively easy for the surface regeneration when the nanochip is planned to be reused 

(Song et al. 2015b). The third is to use the whole PCT capturing antibody to capture 

the PCT on the gold surface (Sun et al. 2016). All these three kinds of bioassays can 

be detected by a microscope or a camera, and further the point-of-care device can 

be fabricated based on imaging of the fluorescent labels.

14.4.1  Bioassay for PSA Detection with Cleft Antibody

PSA is a US FDA approved cancer biomarker indicating the risk and existence of 

prostate cancer for males, with a cutoff value of 4 ng/mL for prostate cancer screen-

ing. Since the antibody is about 14 nm high, a standard sandwich assay will make 

the QD labels probably more than 30 nm above the gold nanostructure surface and 

hinder the enhancement by the plasmons. In order to further reduce the distance 

between the QDs and the gold surface, in our method, the whole capturing anti-

body was cleft into a half by TCEP solution (Song et al. 2014). This was achieved 

by adding 5 μL of TCEP into 50 μL of 250 μM cAb in PBS (1.26 mg/mL, 8.4 μM). 

After incubating at room temperature for 30 min to allow the mixtures to fully 

react, G25 column was used to purify the cleft cAb. The cleft cAb solution was 

stored at 4 °C, and diluted to 50 μg/mL in 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (HEPES) buffer (prepared by mixing 10 mM HEPES with 150 mM 

NaCl) before use.

Compared with the whole capturing antibody, the cleft antibody is about half of 

its size, and since the –SH link will be attached to the gold surface, the cleft cAb are 

with their fragment antigen-binding sites facing upwards on the gold surface. The 

cleft cAbs in an orientation controlled state have more binding sites compared with 

the randomly orientated whole cAb, which will further increase the sensitivity for 

biosensing. With the cleft cAb, a sandwich assay of “cleft cAb – PSA – biotinylated 

dAb – QD with streptavidin” was immobilized on the gold surface (Fig. 14.6a), and 

the distance of the gold nanostructure to the QD is about 20–25 nm, which is within 

the distance for the QDs to be effectively excited by plasmons (Song et al. 2015a). 

The QD-655 has an emission peak at the wavelength of 655 nm. Practically, we 

used green light at the wavelength of 540 nm to illuminate the chip from the bioas-

say side and detect the QD emission from the same side of the chip. As the light 

sheds from the top of the chip, the plasmonic fields for the gold nanohole array 

(p = 400 nm, R = 75 nm, and T = 100 nm) and gold nanopillar array (p = 320 nm, 
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R = 75 nm, and T = 50 nm) are shown in Fig. 14.2b and Fig. 14.2f, respectively. The 

simulations show that at the wavelength of 540 nm, the gold nanopillar array can 

generate 25 times field enhancement. For the gold nanohole array, it is about 12 

times. However, the maximum plasmonic fields are at the bottom rims of the gold 

nanopillar or nanohole array, and the bottom rim intensities are twice of the fields at 

the top rims.

Before surface modification of the gold nanochips, nanochips were cleaned by 

UV/O3. After water rinse, 30 μL of cleft cAb in HEPES was dripped on the nano-

chip and soaked overnight in fridge at 4 °C, then it was rinsed by HEPES. BSA 

solution (3 mg/mL) was applied on the chip for 10 min for surface blockage, and 

HEPES buffer was used to rinse the chip three times to remove the unbound cleft 

cAb (step (ii) in Fig. 14.6a).

To attach PSA to the cleft cAb, PSA solution was prepared in HEPES buffered 

saline (HBS), with the concentrations of 100 ng/mL, 50 ng/mL, 10 ng/mL, 5 ng/mL, 

1 ng/mL, 100 pg/mL, and 0 pg/mL, where 0 pg/mL was used as a negative control 

for PSA detection. 30 μL of PSA was dripped onto the cleft cAb decorated nano-

chip. After 1 h incubation at room temperature, the chip was rinsed three times with 

HBS. To detect the PSA concentration, 20 μL of biotinylated dAb at the concentra-

tion of 20  μg/mL was applied on the chip, incubated for 30  min, and rinsed by 

HBS. Finally, 15 μL of 20 nM streptavidin conjugated QD-655 was pipetted to the 

nanochip, and the chip was washed after 30 min, enabling the binding of the bioti-

nylated dAb to QDs with streptavidin (step (iii) in Fig. 14.6a).
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Fig. 14.6 (a) The sandwich assay established on gold nanoarray surface with the TCEP cleft cAb. 

(b, c) are the AFM images of the biofunctionalization steps (i)–(iii) in (a), for gold nanopillar array 

(p  = 320 nm, R  = 75 nm, and T  = 50 nm) and nanohole array (p  = 400 nm, R  = 75 nm, and 

T = 100 nm), respectively. Reproduced with permission from reference Song et al. (2015a)
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Each step of the nanochip immobilization was characterized by wet AFM with 

the quantitative imaging mode (QITM) to minimize the lateral forces applied to the 

sample. The AFM results in Fig. 14.6b for nanopillars and Fig. 14.6c for nanoholes 

show that for the assay using a PSA concentration of 100 ng/mL, the QDs are aggre-

gating on the top of the gold surface. This is because the biotin molecules on one 

QD are conjugated to the streptavidin molecules on another QD, and cause the QDs 

to conjugate one to another. The height of the QDs piled on the gold surface is com-

parable to the height of QDs closely packed on the available flat gold surface. The 

QD aggregation can be reduced by stringent rinse of the chip after QD attachment, 

changing the buffer of the QDs to reduce their self-aggregation, or further diluting 

the concentration of the QD solution.

The surface modified nanochip is detected under a Nikon Ti Eclipse fluorescent 

microscope. In this system, the light from the 130 W mercury lamp passes through 

a band-pass filter 540/25 nm on the filter cube, and the filtered green light hits the 

nanochip with liquid side facing the light. The light reflected from the nanochip, 

including the QD emission and the scattered light, will pass through the long pass 

filter 605/25  nm on the filter cube for detection. The red QD emission light at 

655  nm will concurrently enter an EMCCD camera to capture the fluorescent 

images, and a spectrograph connected to a CCD detector for QD emission spectral 

record. Both CCDs are cooled down to −70 °C to minimize the signal noise. The 

input slit for spectral detection is 500 μm wide.

In Fig. 14.7a for the PSA with the QD sandwich assay on the gold nanopillar 

array, the bright-field images of the nanochips look similar for all PSA concen-

trations, while the dark-field QD fluorescent images have bright signal in the 

nanopillar area while is almost totally dark on glass. This indicates that a strong 

QD signal is observed at 100 ng/mL of PSA, and the chip with PSA as low as 

5  ng/mL can be discerned by eyes in the dark-field image. The nonspecific 

binding is low, as indicated by the black control chip (blank) in dark-field 

images. Figure 14.7b is the characterization curve for PSA concentrations for 

gold nanopillar array, plotted with the count intensity normalized to 100 ng/

mL. Longer integration time helps to suppress the noise and enhance the weak 

signal, thus at 100 ms, lower LOD of 100 pg/mL is achieved according to the 

three-time noise level. The signal is nonlinear for the integration time of 20 ms 

due to the insufficient signal integration. Co-effect of the QD aggregation at a 

high PSA concentration (Fig. 14.6b) and tweezers effect of the plasmonic field 

(Juan et al. 2011) also contributes to the nonlinearity of the 20 ms characteriza-

tion curve.

For the gold nanohole array, the QD bioassay existed on both the gold nano-

hole array and its outside gold film, and the uneven gold nanoparticles on the 

gold film also help enhance the QD excitation to a certain extent. The gold 

nanohole area in Fig. 14.7c showed a much stronger fluorescence emission than 

the outside gold film. In our control experiment, the totally dark image repre-

senting low nonspecific binding in the bioassay. In Fig. 14.7d, at the fluores-

cence integration time of 20 ms, the response of the QD emission on the gold 

X. Zhou et al.



335

nanoholes is nonlinear to the PSA concentration and 1 ng/mL of PSA can be 

detected, while on the gold film the QD emission is very low and is relatively 

linear to the PSA concentration.

The gold nanopillar array outperforms the gold nanohole array with better linear-

ity of the PSA detection curve, higher sensitivity, and lower noise level, because at 

the wavelength of 540  nm, the calculated plasmonic field intensity for the gold 

nanopillar array is in average 20–25% higher than that for the gold nanohole array. 

Furthermore, the gold nanopillars also have a much higher surface and volume cov-

erage of the QDs enhanced by the plasmonic field than the gold nanoholes. 

According to Fig. 14.2, only the adjacent area within a distance of 10 nm to the top 

and bottom rims of a gold nanohole or nanopillar is significantly enhanced by plas-

mons. Based on the geometry of our designed gold nanoholes and nanopillars, the 

surface coverage of the QDs that can be excited by plasmons is about 10.21% for 

square gold nanoholes and 34.45% for gold nanopillars, while the volume coverage 

of the plasmonic field for QD excitation is about 0.515% for the square gold nano-

holes, and 11.81% for the gold nanopillars. This infers that plasmonic enhancement 

of the QD emission is the determinant of the QD bioassay’s performance. Once the 

gold nanostructures are designed with the strongest plasmonic peak coincident with 

the QD excitation wavelength, the QD bioassay’s performance will be greatly 

improved.
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Fig. 14.7 (a) The bright-field and dark-field fluorescent images for gold nanopillar array (left 
shows glass area, right shows the gold nanopillar area) of QDs on chips for various PSA concentra-

tions, with 100 ms integration time. (b) is the characterization curve of the QD assay on nanopillar 

array. (c) The dark-field images (left shows glass area) with integration time of 100 and 20 ms for 

gold nanohole array. (d) is the characterization curve of the QD assay on gold nanohole array. 

Scale bars for all images in (a) and (b) are the same. Reproduced with permission from reference 

Song et al. (2015a)
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14.4.2  Bioassay for Thrombin Detection with Aptamer

Thrombin is suitable for sandwich detection, because it has two aptamer binding 

sites: the fibrinogen recognition exosite (FRE) for a 15-mer oligonucleotide (APT15) 

binding and the heparin binding site for a 29-mer oligonucleotide (APT29) binding 

(Fig. 14.8). The two binding sites locating at opposite positions of thrombin enable 

the construction of sandwich assay for sensitive and selective thrombin detection by 

optical or electrochemical methods (Song et al. 2015b).

Figure 14.8 shows a schematic drawing of the sandwich bioassay on the gold 

nanohole array chip. 5′-Thiol 15-mer primary aptamer (APT15-SH: 5′-HS-C6- 

TTTTTTTTTT-GGTTGGTGTGGTTGG-3′) was first established on gold surface, 

then the surface was blocked by thiolated poly(ethylene glycol) (PEG-750) and pep-

tide-ethylene glycol mixed matrix (mixture of CV3T-EG4 and PEG-750) to reduce 

the nonspecific binding. Thrombin was applied, and the bound thrombin was stained 

by the QD-655 and biotinylated 29-mer secondary aptamer (APT29: 5′-biotin- 

AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3′) mixture (APT29-QD655).

In detail, before functionalizing the nanochip, the purchased APT15-SH with 

disulfide protection should be pretreated by cleaving the dithiol protecting group, 

which was performed by diluting 20 μL of aptamer (100 μM) into 100 μL DI water, 

adding 9 μL of TCEP (6 mM) for 30 min, and purifying with a 1 mL G-25 column. 

The APT15-SH was diluted to 1 μM with DI water before use.

To prepare the APT29-QD655, 2 μL of QD655-streptavidin conjugate (1 μM) was 

added into 100 μL of Tris buffer 1 (pH 7.4, 50 mM Tris·HCl, 100 mM NaCl, 5 mM 

KCl), and APT29-biotin (100  μM) was also diluted to 100  nM by Tris buffer 1. 

120 μL of the diluted aptamer was mixed with 100 μL of the above diluted QD655. 

The mixture was kept at least for 10 min for its conjugation.

The gold nanohole array (p = 400 nm, R = 75 nm, and T = 100 nm) chip was 

cleaned by UV/O3 for 8 min, followed by dripping 70 μL of APT15-SH (1 μM) for 

15 h. After thoroughly cleaning with water, the chip was immersed in 10 mM 

PEG- 750 solution (α-methoxy-ω-mercapto PEG, 750 Da, Rapp Polymere GmbH, 
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hole array (p = 400 nm, R = 75 nm, and T = 100 nm). Reproduced with permission from reference 

Song et al. (2015b)
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Germany) for 10 min and washed with deionized water. The chip was soaked in 

a mixture of 20% CV3T-EG4 (Peptidesynthetics, UK)–80% PEG-750 in deion-

ized water (1 μM) for 30 min and rinsed with water, after which the chip is ready 

for use.

Thrombin samples with various concentrations were prepared in Tris buffer 1. 

30 μL of thrombin was pipetted on the above surface modified nanohole array and 

kept for 1  h at room temperature. Then the chip was rinsed with Tris buffer 2 

(pH 7.4, 50 mM Tris·HCl, 0.1% tween 20) for three times, and stained by 20 μL of 

APT29-QD655 for 30 min. The chip was rinsed thoroughly with Tris buffer 2, and 

finally the fluorescent signal was read by a fluorescent microscope. The sensor chip 

can be regenerated by soaking in Glycine solution (10 mM, pH 1.5) for 2 min.

The AFM characterization of the bioassay in Fig. 14.9a shows that the gold 

nanohole array surface after APT15-SH and blocker anchoring, the aptamers 

aggregated at the nanohole sides with sizes of 50–150 nm and height of 20 nm, 

due to the end-to-end DNA stacking interactions occurring on duplex DNA, or 

ssDNA whose local density is close to duplex DNA (Kosaka et  al. 2013). The 

aptamer islands occurred on the edges of the gold nanoholes for their lowest sur-

face tension. After the QDs sandwich assay is established, the thrombin and QDs 

occupies and closely packed on the top of the aptamer islands, with a maximum 

height up to 150 nm, and a smaller aptamer island will have a lower QD aggrega-

tion height.

On the gold film surface, QDs form a uniform layer with only a few nanometers 

high, which implies an easier immobilization of DNA on the flat gold surface than 

gold nanohole array surface. The QD signal in the bioassay on the nanoholes is 

much stronger than gold film, due to the plasmonic on the gold nanoholes and the 

blocker layer which is favorable to gold nanoholes.

As presented in Fig. 14.9b, the thrombin can at least be detected by naked eyes 

under the Nikon Ti Eclipse fluorescent microscope (used and described for the 

abovementioned PSA detection) at the thrombin concentration of 10 ng/mL. The 

more sensitive way to quantify the bioassay is the fluorescent spectrum as plotted 

in Fig. 14.9c with 100 ms integrated time. The unnoticeable signals on the control 

of the gold nanohole array and the gold film testified the low nonspecific binding 

of the assay.

The characterization curves of these bioassays together with their standard devi-

ations are plotted in Fig. 14.9d, showing the fluorescent intensity inside the gold 

nanohole array drops almost linearly as the thrombin concentration decreases. The 

prolonged integration time improves the sensitivity, and the LODs for the integra-

tion time periods of 20, 50, and 100 ms are, respectively, 5, 2, and 1 ng/mL, accord-

ing to their respective three-time noise levels. Considering the sparse aptamer 

islands in Fig. 14.9a, the sensitivity of the bioassay can be increased with longer 

aptamer incubation time for achieving a ssDNA monolayer or a higher density 

aptamer layer. The sensitivity can also be increased by designing the plasmonic 

peak of the nanohole array close to the QD excitation wavelength or reducing the 

QD aggregation by stringent rinsing.
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14.4.3  Bioassay for Procalcitonin Detection with Whole Antibody

Procalcitonin (PCT) is a 116 amino acid residue peptide with molecular weight of 

about 13  kDa and a precursor of calcitonin. Because cytokines and endotoxin 

released during bacterial infections inhibit the final step synthesis of calcitonin, 

PCT level will increase in patients with bacterial infections. PCT increase is an 

early and highly specific indicator to clinically relevant bacterial infections and sep-

sis (such as C-reactive protein (CRP) and white blood cell count), and a low serum 

PCT level accurately rules out the diagnosis of bacteremia (Chirouze et al. 2002). 

PCT-guided antibiotic therapy, which the physicians follow an antibiotic treatment 

algorithm based on the PCT value, has demonstrated a significant reduction com-

pared with standard therapy in antibiotic prescription at inclusion, duration of anti-

biotic therapy, total antibiotic exposure days, and the length of staying in the ICU 

without adverse outcome of increased mortality. Since PCT-guided antibiotic ther-

apy is more efficient, it reduces medical cost, and decreases the excessive use of 

antibiotics, which is believed to be the main cause of spread of antibiotic-resistant 

bacteria (Kopterides et al. 2010). Thus a point-of-care device for sepsis detection is 

expected to improve the ease, speed, and cost of procalcitonin tests, increase the use 

of procalcitonin-based antibiotic therapy, and reduce the misuse of antibiotics.

The point-of-care device for PCT detection is developed by our team as presented 

in Fig. 14.10 (Sun et  al. 2016). For preparation of the gold nanopillar array chip 
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(p = 320 nm, R = 75 nm, and T = 50 nm) in Fig. 14.10a, the chip was in turn cleaned 

with isopropanol, acetone, and deionized water, and dried at room temperature with 

nitrogen gas. The chip was incubated with 1 mM (in ethanol) PEG7 thiol acid (thiol-

COOH, Poly-pure AS, Norway) overnight at room temperature to form an amine-

reactive self-assembly monolayer (SAM) and washed thoroughly with ethanol and 

dried. Than a mixture of 75 mM of sulfo-N-hydroxysuccinimide (sulfo- NHS) and 

15  mM of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Bio- Rad, 
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Hercules, CA, USA) was dripped on the surface to activate the carboxylic group of 

the SAM for 15 min. Next, 30 μL of 50 μg/mL anti-PCT (Anti-Procalcitonin mouse 

monoclonal antibody, Abcam) was spotted on the sensor surface and incubated for 

2 h. Finally, the sensor chip was immersed in 1 M of ethanolamine-HCl solution 

(Bio-Rad, Hercules, CA, USA) for 15 min to deactivate the excessive carboxylic acid 

groups, followed by a rinse with deionized water and dried with nitrogen gas.

The above prepared nanochip was integrated with a microfluidic chip in 

Fig. 14.10b. The microfluidic chip was fabricated with sandwiched low-cost PMMA 

polymer and adhesive Mylar® sheet, each having CO2 laser fabricated cut-through 

patterns. The patterns of the four layers are also shown in Fig. 14.10b, with layer 1 

using PMMA to have through holes for the inlet and outlet of the microfluidic, layer 

2 on a double-side adhesive Mylar® defining the microfluidic channel, layer 3 on a 

single-side Mylar® to expose the nanopillar array structure to the fluidic channel, 

and layer 4 with PMMA to accommodate the nanochip in its cavity. The four layers 

were laminated and bound together by the Mylar® adhesive layers, with the nanopil-

lar array inside the fluidic channel.

The fabricated microfluidic chip will be sealed inside a microfluidic chip holder 

(the plate with two black bars on its sides in Fig. 14.10c, the holder was invented by 

SIMTech, A*STAR, and now is commercially available), which provides the inter-

face to connect the fluidic pipes for different washing buffer and bio-reagents to the 

microfluidic chip. Because the microfluidic chip has only one inlet, in our design, a 

small 8-into-1 manifold is connected to the microfluidic chip holder. Each fluidic 

pipe at the multiple-channel-end of the manifold connects to a different reagent, and 

has an individual valve controlled by home-made Labview software (electronically 

activated through the communication of the Labview software to an USB6002 data 

acquisition hardware purchased from National Instruments) to selectively connect 

the reagent to the microfluidic channel. A mechanical jig (the hexagonal shape in 

Fig. 14.10c) is designed and fabricated for holding a vial and a valve for each bio- 

reagent in one column of the jig. When a bio-reagent is selected to flush the micro-

fluidic chip, the valve for this reagent will be open while the valves for the rest 

reagents will be shut, and the time for injecting the selected reagent will be con-

trolled by parameters input (or preset) in the Labview software. A commercial avail-

able peristaltic pump (grey box in Fig. 14.10c) is also controlled by the home-made 

Labview software and the USB6002 data acquisition hardware to determine the 

time and pumping speed when a reagent is drawn into the microfluidic chip. The 

automation system formed with the bio-reagents, microfluidic chip and its holder, 

the valves and the pump enables the labor free operation of the sandwich assay 

establishment and detection on the chip.

The optical system configuration in Fig. 14.10d is similar to the Nikon Ti Eclipse 

fluorescent microscope used for PSA and thrombin detection, except being far less 

expensive and highly compact. The 532 nm wavelength laser passes through the 

beam-splitter via an optical fiber cable and illuminates on the nanochip inside the 

microfluidic chip. Upon the establishment of the sandwich assay for PCT detection, 

the emission of the QD-655 at the wavelength of 655 nm will transmit through a 

655 nm band-pass filter and be detected by an intensity recordable CCD camera. 

The optical system in Fig.  14.10d is packaged in a black box made of light 
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absorption material to avoid light scattering and reflection to achieve high signal-to-

noise ratio. The on and off of the laser source and the exposure of the camera are 

also controlled by the home-made Labview software. So after the bioassay estab-

lishment for PCT detection, the optical signal will be read and processed automati-

cally in the software shown on the panel of the computer screen in the point-of-care 

device. The software is multifunctional for the tasks of running the sequences for 

establishing the bioassay on the nanochip after analyte injection, turning on the 

laser and camera at the right time to take the QD emission image with 4 s of expo-

sure time, analyzing the image to correlate to the PCT concentration to the light 

intensity in the image, displaying the quantified PCT concentration on the screen 

and saving the data.

For the PCT test, the gold nanopillar array integrated microfluidic chip was place 

in its holder, and a drop of specimen (such as PCT in serum) was injected into a vial 

through a cover at the top of the point-of-care device (Fig. 14.10e). Once the start 

button was pressed, the microfluidic system first injected 100 μL of 1% BSA solu-

tion through the nanopillar array surface to incubate for 10 min to block any non-

specific binding. After 2  min flush of phosphate-buffered saline with Tween-20 

(PBST), analyte with PCT biomarker was drawn to the microfluidic channel and 

incubated for 10 min to react with the capture antibodies previously immobilized on 

the nanopillar array. PBST was flowed for 2 min to remove unreacted PCT, and 

50 μL of biotin-dAb (20 μg/mL, biotin conjugated procalcitonin detection antibody, 

Raybiotech) was injected and incubated for 10 min. After that, the chip was flushed 

with PBST again for 2 min, followed by applying 50 μL of streptavidin conjugated 

QD-655 (20 nM, Life Technology) and incubating for 10 min. The unbound QD-655 

was flushed away by 2-min PBST washing. The sandwich cAb-PCT-(biotin-dAb)-

(QD-655) immunoassay was built on the nanopillar chips (Fig. 14.10f) and ready 

for fluorescent automatic reading by the built-in CCD camera.

Various PCT concentrations of 10, 5, 1, 0.5, and 0.1 ng/mL were tested with the 

point-of-care device. The images are shown in Fig. 14.10f, and the light intensity 

analyzed by the Labview program is used to draw the characterization curve. For 

each PCT concentration, three individual microfluidic chips were tested to obtain 

the error bar. The QD emission versus PCT concentration indicated a LOD at 0.5 ng/

mL, which is enough for the indication of sepsis in clinics. This point-of-care device 

has relatively high sensitivity, is labor free with fully automated test process, and 

can obtain the results with 30 min. Because the nanochip and the microfluidic chip 

are mass produced, the test cost is also relatively low at around ten US dollars per 

test. Because the PCT detection is based on CCD image intensity, it is feasible to 

further develop the nanochip for multiple biomarker detections without much addi-

tional cost by spotting different cAbs at various locations of the nanochip.

 Conclusion
This book chapter introduces the principle, design, fabrication, surface function-

alization of the LSPR biosensing nanochips, as well as its incorporation into a 

microfluidic chip for point-of-care devices.

Irregular nanopatterns tend to broaden the LSPR peak and reduce the Q factor 

of the plasmonic field, so our work demonstrates the simulation and design of 
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periodic gold nanohole and nanopillar arrays for biosensing, which helps to 

increase the sensitivity of the LSPR biosensors. To reduce the cost of the LSPR 

biosensors, we developed methods for mass production of the gold nanoarrays 

on glass substrate by fabricating the 4″ nickel mold for nanoimprinting, and the 

gold nanostructures fabricated are with high quality compared with the original 

designs, proven by SEM and AFM images, as well as the characterized optical 

spectra.

The gold nanoarray is demonstrated for point-of-care detections by a direct 

assay for cTnI detection by LSPR peak wavelength shift, and by plasmonic-

enhanced fluorescence detection for PSA, thrombin, and PCT detections. The 

LODs of the gold nanoarray chip for cTnI, PSA, thrombin, and PCT are, respec-

tively, at the concentrations of 0.55, 0.01, 1, and 0.5 ng/mL. The difference in 

LODs is related to the bioassay design, biomarker property, and detector sensi-

tivity. These LODs all meet the clinical sensitivity of these biomarkers in blood, 

thus our research has shown great potential of applying the gold nanoarray-based 

point-of-care devices in clinics.
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15.1  Introduction

Enhancement of cancer diagnostics based on biomarker detection and nanoparticle 

tags has been a focus of current scientific and medical research. Raman spectros-

copy was one of the first methods used to identify different diseases based on their 

unique Raman signatures. The method is convenient and noninvasive, and has had 

many practical uses in surgery for monitoring respiratory and anesthetic gas mix-

tures. Unfortunately, owing to its weak efficiency and low sensitivity, Raman spec-

troscopy is not the optimal choice for routine use in biomedicine.

Surface-enhanced Raman spectroscopy is the advanced alternative to Raman 

spectroscopy. The high sensitivity, spatial resolution, and chemical sensitivity of 

SERS facilitate classification and analyte detection through amplification. SERS 

may well be at the frontline of medical diagnostics in near future.

This chapter focuses on the utilization of SERS and its role in cancer detection 

based on biomarkers and nanoparticle tags. Nanometer-sized particles, when conju-

gated with peptides, monoclonal antibodies, or other small molecules that function 

as biomolecular targeting ligands, can then be used to detect tissues and cells of 

interest. Among the many recent advances that have led to the development of dif-

ferent types of nanoparticles, SERS nanoparticles for in vivo biomarkers sensing is 

of our particular interest for this chapter. A brief history of SERS at the start of the 

chapter will be followed by a discussion of its unique optical properties, enhance-

ment mechanisms, and usage, with an emphasis on the major SERS-active nano-

structure materials. Usage of SERS substrates and nanostructures in tumor and 

biomarker detection will follow, along with its application and potential in biomedi-

cine. A description of SERS nanoparticles for in  vitro diagnostics, in  vivo 
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spectroscopic detection, label-free molecular detection, and image-guided cancer 

surgery will follow. This chapter will end with a discussion on future challenges and 

potential of SERS in human study and application, with final remarks.

15.2  Advantages of SERS

In 1973, Martin Fleischmann and his colleagues first observed SERS as strong 

Raman spectra of pyridine adsorbed onto a rough silver electrode surface 

(Fleischmann et al. 1974). This discovery, however, was not fully explained until 

1977, when two groups independently saw that the enhanced signals could be 

accounted for merely by the concentration of the scattering species. Each group 

later proposed a theory to explain the observed enhancement. Jeanmaire and Van 

Duyne proposed a mechanism based on electromagnetic field enhancements, 

while J.  Alan Creighton suggested a chemical enhancement (Albrecht and 

Creighton 1977; Jeanmaire and Van Duyne 1977). Both theories are recognized 

today as explanations for the amplification of Raman scattering intensities. Of the 

two studies, George C.  Schatz and Moskovits found that electromagnetic field 

enhancement contributed much greater to enhancement of Raman signal (King 

and Schatz 1979; Moskovits 1978). In later experiments, other molecules were 

observed to adsorb on metals such as silver, gold, and aluminum (Henglein 1993; 

Li et al. 2010a; Linnert et al. 1993; Mulvaney 1996). Usage of SERS has since 

then grown exponentially.

Compared to the multitude of other methods used in biomedical imaging and 

detection, SERS-based platforms have the advantages of fast speed and high sensi-

tivity. SERS was demonstrated to have high enhancement factors and sensitivities 

beyond that of fluorescence. While fluorescent-imaging is more time-consuming, 

SERS is almost instantaneous, and its signals are much more resilient against photo- 

bleaching and photo-degradation that result from the use of other techniques 

(Doering and Nie 2003).

SERS particles can be designed for simultaneous excitation with a single laser 

beam in the near-infrared region (NIR), and their SERS signals cover approximately 

the same region (200–3500 cm−1). The high effectiveness of SERS in the NIR region 

is significant because auto-fluorescence and light attenuation from tissues in this 

region are low. Since it is not susceptible to the interference of water, SERS is well 

suited for biological imaging (Aroca et  al. 2004). SERS has also overcome the 

detection limits of many of the current imaging technologies.

15.3  Mechanisms in SERS

Both electromagnetic effect and chemical effect operate simultaneously in 

SERS. Exciting surface Plasmon resonances of nanoparticles by electromagnetic 

mechanism leads to a huge increase in the electromagnetic field strength at the par-

ticle surface. The chemical enhancement mechanism arises when molecules 
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localize at specific surface sites, including terraces and steps, electronically couple 

with the surface, producing an enhancement effect to the Raman signal. We take a 

further look at electromagnetic as well as chemical enhancements in this section.

Metallic particles must rely on their plasmonic properties to increase the local 

strength of an electromagnetic field. Surface Plasmon polaritons spread along the 

metallic surface plane and dielectric interface. Here, the field strength exponentially 

decreases into the dielectric having a decay length of approximately 200 nm (Willets 

and Duyne 2007). Localized surface plasmons, on the other hand, concentrate fields 

locally around a metallic nanoparticle. The electron cloud of the particle is pushed 

and pulled with the oscillating polarity of the incident field, leading to the particle 

to emit its own dipole field, which in turn enhances the incident electromagnetic 

field (Kelly et al. 2003; Liz-Marzán 2006). When the incident radiation is closer to 

the localized surface plasmon resonance (LSPR) frequency, field enhancements 

become much greater. LSPR frequency is dependent on the nanoparticles’ optical 

properties as well as on its surroundings (Henglein 1993). Electrostatic approxima-

tion of the dipole radiation can be used to assess the magnitude of the electromag-

netic enhancement. The metal sphere will emit its own dipole field upon irradiation, 

thus enhancing the local optical field that is used to enhance a nearby molecule 

(Fig. 15.1) (Schlücker 2014).

As particles decrease in size, less surface area is available to collect the incident 

light. The highest enhancements for gold and silver nanoparticles with spherical 

shapes are typically observed in h size range from 40 to 60 nm in diameter (Hong 

and Li 2013; Kreibig and Fragstein 1969; Stamplecoskie et al. 2011). Theoretically, 

the optimal condition for maximal SERS intensities occurs when the LSPR peak 

has a high overlap with the laser line and Raman-scattered frequencies, though this 

is not always the case (Li et al. 2014; McFarland et al. 2005). Experimental observa-

tions, however, have exhibited that for single particles, Plasmon location is optimal 

between that of the laser line and Raman bands (Sivapalan et al. 2013).

The electromagnetic fields surrounding nanostructures are greatest where sharp 

edges or vertices are located, allowing enhancement factors as high as 1010 

(Fig. 15.2) (McMahon et al. 2010; Xu et al. 1999, 2000). The strength of EM field, 

however, drops with increasing distance from the particle’s surface. According to 

theoretical calculations, triangles and cubes offer maximal local field enhancements 
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Fig. 15.1 (a) Electromagnetic enhancement in SERS by LSPR on a gold nanoparticle. (b) The 

enhancement of the “incoming” field (ωinc, green) with the elastic light scattering on a LSPR- 

supporting metal nanostructure. Reprinted with permission by Wiley-VCH Verlag GmbH & Co
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Fig. 15.2 Simulation of the distribution of |E|2 intensity of local (top) and nonlocal (bottom) for 

various shapes of nanowire (diameters = 50 nm). The nanowire is outlined in white. The direction 

and polarization of incident light are indicated (k: wave vector, E: electric field, B: magnetic field 

density). All intensity profiles are normalized by their maximal intensity. Although the structures 

with sharper tips show greater maximal enhancements, these fields are highly localized and drop 

off instantaneously with distance. Reprinted with permission from McMahon et  al. (2010). 

Copyright 2010 American Physical Society

7–16 times greater than circles. These enhancements become similar at distances 

just 0.5 nm away from the surface (McMahon et al. 2010). For these particles to 

provide greater SERS signals, it is crucial that Raman reporter molecules reach and 

adsorb to these specific locations along the edges and vertices.

The electronic structural changes when a free molecule is attached onto a metallic 

surface gives rise to the mechanism known as chemical enhancement (CE). Albrecht 

and Chreighton first proposed this mechanism, which was later confirmed by experi-

mental data (Albrecht and Creighton 1977; Furtak and Macomber 1983; Lombardi 

et al. 1984). The CE mechanism has a much shorter ranged effect compared with the 

EM mechanism, as the CE mechanism is on the Angstrom length scale and requires 

the reporter to be either chemically bonded or directly adsorbed on to the metallic 

surface (Jensen et al. 2008; Morton and Jensen 2009). CE mechanism enhancements 

are also weaker than those of the EM mechanism. A theoretical description that incor-

porates the molecular polarizability, charge transfer, and the resonances of the parti-

cle Plasmon in a single expression was developed by Lombardi and Birke (Jensen 

et  al. 2008; Lombardi and Birke 2008, 2009; Valley et  al. 2013), but because the 

occurrences of each component are not independent of each other, the magnitude of 

each component with respect to the overall CE has proved difficult. As shown in 

Fig.  15.3, CE is attributed to four mechanisms: (a) interaction of molecule and 

nanoparticle in ground state, (b) excitation wavelength resonant with HOMO (Highest 

Occupied Molecular Orbital)  →  LUMO (Lowest Unoccupied Molecular Orbital) 

transition, (c) excitation wavelength resonant with charge-transfer transitions (charge-

transfer (CT) resonance) between nanoparticle and molecule, and (d) excitation 

wavelength resonant with a strong field of Plasmon excitations in the nanoparticle.
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15.4  SERS Nanoparticle Tags

SERS tags possess high sensitivity and enhanced multiplexing and quantitative 

abilities (Doering and Nie 2003; Doering et al. 2007; Keren et al. 2008; Qian et al. 

2008; Qian and Nie 2008; Zavaleta et al. 2009). SERS tags are thus the preferred 

choice over fluorescent probes in molecular imaging applications as well as in spec-

troscopic biological detection.

Controlled aggregation to form dimers or higher order multimeric structures 

creating hot spots produces enhancement factors which may have several orders 

of magnitudes greater than the single particle (Lee et al. 2006; Wang et al. 2005). 

An efficient method was developed by the Xia group to create dimers of silver 

spheres. This required use of iron (III) nitrate to etch and dimerize polymer-stabi-

lized silver nanocubes in an ethanol solvent (Fig. 15.4a) (Li et al. 2010b). The 

nanocubes are transformed into spherical shapes by the iron salt, with 66% of the 

product yield being dimers and the rest, monomers. Nanocubes of varying size, 

from 40 to 100 nm, could be used in this process to yield dimers. The Xia group 

later demonstrated this method to produce SERS tags of the dimers for cancer cell 

imaging (Xia et  al. 2013). The dimers with the adsorbed Raman reporter were 

modified using the Stober method with a silica layer, then coated with targeting 

ligands and dextran. The Schlucker group also presented an efficient method for 

producing colloidal dimers. In this process, PVP-stabilized gold nanospheres 

were aggregated using sodium chloride (Steinigeweg et al. 2011). The aggregates 

were then fractionated into monomeric, dimeric, and trimeric solutions using den-

sity gradient centrifugation. To assemble the metal nanoparticles in a controlled 

fashion, DNA was also used as a scaffold (Fig. 15.4b, c) (Mirkin et al. 1996; Xu 

et  al. 2015). DNA was also used to produce quadramers in pyramidal shapes. 

Controlling the amount of DNA molecules on each of the molecule surfaces also 

helped narrow the gap between the metal particles. Placing the reporter molecules 

within high-field regions of the dimers has yielded SERS enhancements as high as 

1012 (Lim et al. 2010, 2011).
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Fig. 15.3 Illustration of interrelated processes for SERS.  The enhancement factor for charge- 

transfer (CT) resonance is typically dependent on the energy gap of HOMO-LUMO. Reprinted 

with permission from Royal Society of Chemistry
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The cores of SERS tags most often contain gold particles as they are considered 

to be nontoxic and chemically inert. Large concentrations of gold nanoparticles, 

greater than the amount needed for SERS detection, have previously been adminis-

tered in patients during cancer clinical trials for CT imaging (Popovtzer et al. 2008). 

Silver nanoparticles are plasmonically more active in the visible spectrum than 

gold; however, their advantages are lost in the NIR region, and silver nanoparticles 

are not only toxic to mammalian cells, but their surfaces are also prone to oxidation 
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(Bondarenko et al. 2013; Greulich et al. 2012). Thus, gold is one of the safer and 

more preferred choices in clinical applications in the NIR region.

SERS tags are best prepared using reporters with inherent large Raman cross 

sections. A reporter with an adsorption spectrum that overlaps with the laser line of 

the wavelength being used can invoke surface enhance resonance Raman scattering 

(SERRS), thus furthering the total enhancement 10–100 fold (McNay et al. 2011). 

The use of resonant reporters also helps ensure that the reporter signal outweighs 

Raman bands of environmental contaminants that may potentially adsorb to the 

surface of the particle. To counteract against such contaminants as well as prevent 

desorption from the metal surface, reporter molecules should have moieties contain-

ing nitrogen and/or sulfur atoms that form strong surface bonds. Increased surface 

binding affinity also invokes greater overall enhancements. Chemical enhancements 

(CE) arise from a ligand-metal bond formation and electromagnetic (EM) fields are 

greatest when the molecule is anchored to the surface of the metal. Surface adsorp-

tion can be facilitated by electrostatic interactions between reporters and their 

respective ligands. A rational design for SERS reporters that exhibit signal intensity 

as well as enhanced stability has yet to be reported. Reporters based on triphenyl-

methine parent structures with a lipoic acid anchor group were developed by Olivo 

and colleagues (Samanta et al. 2011). These reports produced strong SERS signals 

and exhibited an improved stability, which was afforded by the bidentate thiol bind-

ing of the lipoic acid group to the surface of the metal. Olivo and colleagues also 

developed NIR resonant dyes that exhibited a sensitivity 12-fold greater than the 

average, owing to the stability of a dithiol anchoring group (Samanta et al. 2011). 

This method could be further used to functionalize other dyes that also contain a 

lipoic acid anchoring group while causing little minimal perturbation to the original 

electronic structure of the dyes. Further research pertaining to NIR resonant dyes of 

different electronic structures would significantly benefit in multiplex SERS tag-

ging applications.

15.5  Label-Free Detection and Identification

SERS enables both identification and detection without the hassle of labeling ana-

lytes, providing thorough spectroscopic information, along with information about 

the orientation and conformation of the molecules that are adsorbed (Das et  al. 

2009; Yu and Golden 2007). This method has been used to identify pathogens by 

comparing the relative intensities of multiple bands of molecular components of 

pathogens.

Genotypic analysis using polymerase chain reaction (PCR) is employed for iden-

tifying bacteria within an infection. PCR first amplifies the nucleic acid sequences 

of the organism, and these genetic strands are then run through a microarray for 

classification (Nadkarni et al. 2002). The primer, which determines the nucleic acid 

sequence that needs to be amplified, is required by PCR to be readily available for 

the DNA or RNA of the bacteria of interest. Some bacteria samples may also require 

a long period of time to culture. This time frame proves disadvantageous. In some 
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cases, the duration of this period may exceed that of the therapeutic window in 

which clinicians must intervene to prevent the infection from worsening.

Clear diagnoses and earlier intervention may be aided by a SERS method that 

helps detect and identify the bacterial strains. This SERS platform would greatly aid 

clinicians when facing cases of bacterial infection. For simple sampling of the bac-

terial cells on a SERS active-substrate, clinicians can use the Raman fingerprint to 

determine the relative bacteria concentrations within the cellular membrane (Jarvis 

and Goodacre 2004; Zeiri et al. 2004). This, however, may not be applicable to all 

bacterial cells. Cell lysates, for one, owing to the array of components that compete 

for surface adsorption and as thus denatures the proteins and alters the spectra over 

a period of time, are much more difficult to pinpoint let alone study. Intact mem-

brane components, because of fewer exposed components and the fact that proteins 

within the cellular membrane are less likely to denature upon adsorption, exhibit 

more consistency in their SERS spectra. Overall, bacterial strain identification will 

rely on the reproducibility and uniqueness of the SERS spectra among the various 

species of pathogens.

In SERS detection and identification of bacterial strains, it is crucial to note the 

unique spectral features of each sample that allows specificity and high certainty in 

their classification. In one research, a multivariate analysis technique was developed 

by Ziegler and colleagues, which compared SERS data obtained from a vast record 

of spectra of different pathogenic species (Patel et al. 2008). Each bacterial strain 

that was studied by the group is considered to possess its own particular spectral 

character. This characteristic is assigned a “barcode” for identification and classifi-

cation. Upon filtering for noise, the normalized SERS spectrum is analyzed as a 

function of frequency through its second derivative. Black or white assigned blocks 

with the Raman spectra curvature create the barcode that marks the bacterial strain. 

The barcode is then run through a record of known barcodes, and using the principal 

component analysis (PCA), the bacterial species can be identified. A low-cost, 

battery- powered, portable Raman system has been developed, and it can be used for 

the detection of bacterial species used in biological warfare, such as anthrax spores 

(Fig. 15.5) (Zhang et al. 2005).

Cancer is one of the top three leading causes of death around the world, and as 

such, a rapid, efficient, and simple diagnosis is crucial and highly desirable for 

detecting it in its early stages. This would not only facilitate follow-up treatment 

procedures, but also provide cost-relief for management and care of cancer patients. 

Traditional diagnostic methods have drawbacks and limitations, ranging from inef-

ficiency to the lengthy periods of time they require for detection; thus SERS has 

gradually risen as the alternative approach for cancer cell detection (Lin et al. 2011, 

2012; Yan and Reinhard 2010). Since the SERS spectra allows for differentiation of 

bacterial cell types as previously stated, there is no question that the same methodol-

ogy can be applied in detection and identification of cancer cells. SERS has the 

potential for differentiating cell types of mammals, and has previously been used to 

differentiate normal cells from cancerous ones. Due to the enhanced metabolic rates 

of cancer cells compared to that of normal cells, a significant difference in their 

SERS spectra has been repeatedly examined. This also owes to the fact that cancer 
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cells have a distinct preference in metabolic pathways and surface receptor regula-

tion (Lin et al. 2011). While mass spectrometry is commonly used in biomarker 

identification and classification, SERS also offers a similar profiling method 

(DeBerardinis et al. 2008; Urayama et al. 2010). SERS has the advantage of rapid 

detection and facile implementation; however, SERS spectra of cells can evolve 

over time, especially cancer cells that metastasize. Renal cells, for example, begin 

secreting molecules in response to environmental conditions that may cause com-

plications in the cells’ reproducibility.

15.6  Multiplexed Tagging and Diagnostics

SERS particles can be excited with a single laser beam in the NIR region (around 

785  nm) and their emitted signals cover about the same spectral region (200–

1800 cm−1). In this section, we discuss the different methods of SERS tagging from 

molecular to cellular detection, as well as their use and the benefits they provide for 

biomedicine.

Fluorescently labeled antibodies are commonly used in immunophenotyping 

to identify various cell types for disease diagnosis and treatment. As previously 

stated, SERS nanotags have narrow spectral signals independent of the external 

environment, and are thus suitable for detection of multiple markers in one set-

ting. A study of multiplexed phenotyping was conducted by Maiti et al., where the 

tags were functionalized with lipoic acid derivatives of triphenylmethine and cya-

nine dyes then PEGylated, in which the distal ends were functionalized with 

EGFR and HER2 antibodies (Maiti et al. 2011). The two tags with different anti-

bodies were used to identify two distinct cell lines, OSCC and SKBR-3. This 
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strategy enabled the authors to correctly identify the cells, and is a method that 

can be expanded further to identify cancer types and subtypes, as well as cancer 

stem cell markers. Flow cytometry measures the probe emission from thousands 

of individual cells, and thus provides more accurate details of a whole ensemble 

instead of the fewer number cells in vitro. For these reasons, flow cytometry is 

more relevant and adaptable for clinical settings (Chattopadhyay et  al. 2008; 

Nolan and Sebba 2011). Coupling this with SERS nanotags produces a multi-

parameter flow cytometry. The instrumentation for SERS flow cytometry was pio-

neered by Nolan and colleagues for analyzing SERS nanotags adhered to 

micrometer-sized beads or single cells (Nolan and Sebba 2011). MacLaughlin 

et al. later reported the use of SERS flow cytometry to identify leukemia and lym-

phoma cells (MacLaughlin et  al. 2013). SERS flow cytometry offers a greater 

number of probes to enable better identification accuracy, presenting a more effi-

cient and cost-effective platform for diagnoses.

Methods for biomarker detection aim to identify molecular indicators of disease 

in clinical samples such as urine or blood (Anderson and Anderson 2003; Stern 

et al. 2010). A number of biological analytes, such as those associated with cancer, 

have been identified in the concentration rage of a few ng/mL. Methods ranging 

from radioactive immunoassays, enzyme-linked immunoassay (ELISA), mass 

spectrometry (MS), Western blot, or a combination of these have been performed 

for detection of biomarkers (Ambrosi et al. 2010; Fortin et al. 2009). Mass spec-

trometry provides great sensitivity, but requires that protein samples are purified 

before detection analysis (Chan et al. 2009). While immunoassay methods are less 

time-consuming, they typically lack the sensitivity and quantitation abilities of mass 

spectrometry, and can only operate within a small dynamic range (Jia et al. 2009). 

SERS methods have ultrahigh sensitivity and can be multiplexed over many sam-

ples. Its wide working range enables biomarker detection in whole blood, making 

SERS the preferred method for detection.

Grubisha and group previously performed a study that demonstrated the benefits 

of using SERS tags in detection of biomarkers over a large dynamic range (Grubisha 

et al. 2003). Derivatives of the Raman reporter dithiobis (benzoic acid) were used. 

The derivatives formed a monolayer on 30 nm gold particles where the distal ends 

of the molecule were biofunctionalized with antibodies, allowing a larger concen-

tration of the reporter on the surface of the particle, and thus leading to brighter 

probes. These probes were then used to detect prostate-specific antigen (PSA). 

Normal PSA levels fall between 4 and 10 ng/mL (Polascik et al. 1999). The SERS- 

based method has a working range from 1 ng/mL to 10 μg/mL, capable of monitor-

ing both healthy and diseased PSA levels (Ward et al. 2001). Li et al. used gold 

nanostar SERS nanotags and gold nanotriangle arrays to demonstrate a sensitivity 

increase of the SERS-ELISAs (Li et al. 2013). Detection antibodies were attached 

to the gold nanostar SERS tags while captured antibodies were anchored to the gold 

nanotriangles on the substrate. Increased sensitivity was thought to have arisen from 

the tips of the nanostar coupling with the nanotriangles. These assays were used to 

determine the biomarker VGEF in clinical blood samples and the limits of detection 

was found to be 7 fg/mL (Zhou et al. 2012).
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Despite recent advances in fluorescence-based immunoassays, the SERS 

approach offers a much more rapid detection time, less washing steps, and easier 

operation that allows multiple detections in a single setting. Studies of multiplexed 

detection of cardiovascular protein biomarkers in the blood using SERS nanoparti-

cle tags have also been reported. Considering coronary artery disease (CAD), one 

major problem is to predict sudden cardiac events such as plaque rupture and myo-

cardial infarction. The great sensitivity, multiplexing, and dynamic range of SERS 

facilitate assessment of multiple biomarkers within a single tube. Assays that can 

distinguish populations that have high risk for plaque rupture are crucial in facilitat-

ing immediate diagnosis, intervention, and treatment. While scoring methods such 

as the Framington Risk Score determine the risk of such cardiac events, they are not 

precise predictors for patients diagnosed with CAD (Shlipak et al. 2008). Thus, it is 

of great importance that a diagnostic procedure to detect biomarkers in the blood is 

developed and applied to better provide for CAD patients (Eapen et al. 2013).

Detection of DNA sequences is important to molecular and cellular identifica-

tion. Known polymorphisms within the DNA sequence can be used to assess sus-

ceptibility or diagnose patients of diseases such as diabetes, cancer (Zacho et al. 

2011), and more. Microassays are often employed in DNA biomarker detection. In 

microassays, fluorescence signals the hybridization of the target to surface-anchored 

probe sequences. But as stated before, immunoassays, though less time-consuming, 

lack the sensitivity and quantitation abilities of spectrometry. SERS tagging is the 

better method as the target strands can easily be detected using a colloidal substrate. 

As opposed to planar substrates, colloidal substrates can increase the kinetic rate of 

hybridization. The first to demonstrate multiplexed DNA detection using SERS 

molecular beacons was the Vo-Dinh group (Hsin-Neng and Tuan 2009). 

Complementary strands to that of the intended biomarker formed hairpin loops, 

where one end is a silver nanoparticle, while the other end carries a Raman reporter. 

The gap of the reporter to metal nanoparticle can be controlled by the assembly of 

DNA with a hybridization process in which the hairpin structure will open and dis-

tance the reporter from metal nanoparticle. Thus, it creates a decrease in the Raman 

signal. Fluorescence-based probes based off similar constructions have also been 

developed, but in these, a fluorescent dye is on one end and a fluorescence quencher 

is on the other (Tan et al. 2004). Hybridization of the fluorescence-based probe turns 

on the fluorescence, whereas SERS is turned off because of the separation of the 

metal particle and the reporter. Multiplexed detection of two genes characteristic of 

breast cancer using the SERS-based approach had been previously reported. Probes 

that had two different Raman reporters were used. Their structures consisted of 

relevant biomarkers for cancer, the genes ERBB2-MS and KI-67-MS, and reporter 

dyes, Cy3 and TAMRA. It was noted that the Raman spectra of the dyes were very 

distinct and easily resolved in mixture, and that the probes were specific to their 

target, only diminishing the SERS signal when the target was present. In different 

cases, it may be preferable to have SERS signals that are turned on (positive) rather 

than SERS signals that are turned off (negative). Upon target hybridization causing 

aggregation, positive signal enhancement can be obtained through electromagnetic 

enhancements and plasmonic coupling. In one study, Graham and colleagues used 
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silver nanoparticles coated with a single layer of resonant Raman reporters that 

functionalized with the DNA sequences (5′-end thiolated) complementary to the 

intended target strands. Hybridization caused the solution to change from yellow to 

green-blue (Fig. 15.6) (Graham et al. 2008). The SERS signal also increased multi-

fold owing to the induced aggregation.

15.7  In Vivo Sensing of Biological Markers

SERS nanoparticles that are spectrally encoded are very suitable for spectroscopic 

detection and in vivo tumor targeting. In this section, we explore how SERS func-

tions in tumor targeting as well its application in image-guided surgery.

Solid tumors have been discovered to have highly permeable vasculatures with a 

number of fenestrations, and owing to increased intra-tumoral pressures, functional 

lymphatic vessels are often absent in solid tumors, which decrease the outflow of 

particles that may have entered their permeable vasculature (Boucher and Jain 

1992). Thus, enhanced permeation and retention (EPR) of nanoparticles are often 

seen in solid tumors (Iyer et al. 2006; Maeda 2001). Passive targeting is relying on 

the EPR effect to ensure that nanoparticles delivered will stay within the tumor, 

whereas active targeting is using antibodies conjugated to the nanoparticle surface 
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Fig. 15.6 The Raman signal could be selectively enhanced via assembly of DNA with hybridiza-

tion process. By using three different DNA (oligonucleotide) sequences, dye 1 and dye 2 can be 

selectively enhanced in the presence of their complementary DNA sequences; the presence of 

complementary DNA sequence for A and B could enhance the signal of dye 1; the presence of 

complementary DNA sequence for D and C could enhance the signal dye 2. Reprinted with per-
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to aid in increasing accumulation. In a research by Nie and coworkers, SERS tags 

were used in vivo tumor targeting, and differences between the active and passive 

targeting were examined (Qian et al. 2008). Although the passively targeted parti-

cles were discovered to accumulate at similar levels as the actively targeted ones, 

remarkably decreased signals of passive particles were observed subsequently, 

which was due to the passively targeted probes washing out of the tumor. Dinish 

et al. reported similar results in a recent study, in which actively targeted particles 

led to longer retention times within tumors (Fig. 15.7) (Dinish et al. 2014). They 

demonstrated in vivo multiplexed detection of EGFR, CD44, and TGFbRII through 

the use of three biocompatible SERS nanotags that had Raman reporters (Cy5, 

MGITC, Rh6G), and observed that the antibody-coated nanotags exhibited SERS 

signal for as long as 2 days, while the antibody-free nanotags had detectable signals 

only for 4–6 h.

For numerous cancer patients, surgery is the first line of treatment that is fol-

lowed by chemotherapy and radiation. Surgical resection of the tumor leads to a 

45% chance of survival for the patient, and as thus provides a strong advantage 

among many cancers today (De Grand and Frangioni 2003). Complete resection, in 

which the surgeon must remove the entire tumor without any traces, is one of the 

most important factors in increasing survival of the patient (Evans 2003; Karakiewicz 

et al. 2005). Complete resection of tumors of the prostate, colon, lung, and pancreas, 

as compared to an incomplete resection, has been shown to lead to a three- to five-

fold improvement in patient survival. While intraoperative MRI assists in surgical 

resection of cancer tumors, the method prolongs surgery time and increases associ-

ated costs of the resection (Ramina et al. 2010). On the other hand, using optical 

methods in resection provides real-time imaging with high resolution at lower costs 
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Fig. 15.7 SERS nanotags were injected into mouse model. (a) Photograph of tumor-bearing 

mouse model. (b) Collection of SERS spectra from the tumor-bearing mouse. Due to the lack of 

targeting property, the signal is not detectable after 6 h injection. (c) SERS spectra for targeted 

SERS nanotags bound to TGFbRII, CD44, and EGFR biomarkers. The signal is detectable up to 

48 h. Reprinted with permission from Nature Publishing Group
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of surgery. With its high sensitivity of detection and spatial resolution, intraopera-

tive SERS is optimal when compared with other imaging modalities. Mohs and 

coworkers reported the development of a handheld spectroscopic device that oper-

ates in the NIR region to detect both fluorescent and Raman signals (Mohs et al. 

2010). The spectra obtained with the device were compared to those obtained by a 

standard Raman spectrophotometer, and were found to have less than 1.0% of vari-

ance between them.

The ultrahigh sensitivity of SERS tags while using the spectroscopic pen 

enabled detection of cancer cell invasions to areas outside of the main tumor even 

after a complete resection. SERS-guided surgery provides the added advantage in 

discovering microscopic metastases and residual tumor cells that may have 

resulted from an incomplete resection. Kircher’s group recently developed a 

handheld Raman scanner to guide brain tumor resections (Karabeber et al. 2014). 

Mice with implanted glioblastomas were used in their demonstration (Fig. 15.8). 

This particular cancer was used as it has an 80–90% chance of recurrence in the 

same area, which can incur major problems in the event of an incomplete resec-

tion (Petrecca et al. 2013). Kircher’s group tested three surgical scenarios: resec-

tion without Raman imaging, resection using a Raman microscope, and resection 

using the handheld Raman device during surgery. Raman imaging by microscope 

and by handheld device generated significant results, providing better determina-

tion of tumor margins while also identifying the positive margins left behind dur-

ing the surgery. The handheld Raman device was used to illuminate the brain 

tissue at short distances, and enabled detection of small tumor foci, or clusters of 

tumor cells, that had went unnoticed. Since injected particles are unlikely to cross 

the blood-brain barrier, nanoparticles are more promising, as they can locate the 

brain with the help of monocytes. Since very few particles successfully reach the 

intended target site, optical-guided surgery requires the high sensitivity of SERS 

nanotags.

Surface-enhanced resonance Raman scattering (SERRS) “nanostars,” was 

reported by Harmsen et al. Nanostars are significantly more sensitive than previ-

ous SERS nanotags (Harmsen et al. 2015b). Other than human sarcoma xenograft 
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Fig. 15.8 Schematic represents the use of a handheld Raman scanner and SERS nanoparticles for 

guiding surgical resection of brain tumors. Reprinted with permission from American Chemical 
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model, Harmsen et al. demonstrated the efficacy of SERRS using mouse models 

of breast cancer, sarcoma, prostate cancer, and pancreatic cancer. Intravenously 

injected SERRS nanostars offer high precision detection of both microscopic 

lesions and macroscopic tumors (Fig. 15.9). Harmsen et al. also demonstrated the 

use of near-infrared 2-thienyl-substituted chalcogenopyrylium dyes adsorbed 

onto gold nanoparticles to produce SERS nanoprobes for in  vivo biological 

marker detection could reach attomolar sensitivity level (Harmsen et al. 2015a).

Development of minimally invasive surgical techniques is at the frontline of bio-

medical research. Such techniques would not only decrease patient down time and 

discomfort, but also help lower the overall costs of treatment. Image-guided surgery 

can be adapted into a clinical setting, and holds great potential for future cancer 

diagnosis.
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with permission from Nature Publishing Group
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15.8  Concluding Remarks

SERS is capable of providing rich spectroscopic information with high specificity 

and enhanced sensitivity. Recent advancements have led to the development of SERS 

substrates and nanoparticles that are now used for label-free detection and multi-

plexed tagging, which have proven to be beneficial in biomedical applications.

Compared with traditional imaging probes, SERS nanoparticles offer ultrahigh 

detection sensitivity, label-free detection, spectroscopic multiplexing, and multivalent 

targeting, among its numerous other advantages. These features would not only aid in 

image-guided surgery and highly sensitive tracking and detection of tumor cells, but 

also enable better identification and classification. SERS has experienced numerous 

milestones since its discovery, and continues to be the central focus of activities rang-

ing from cellular tagging, single-molecule and single-particle spectroscopy, as well as 

image-guided surgery. The many advantages SERS offers facilitate its adoption into 

the medical field, but this clinical transition still may take time to be fully implemented. 

Thus, systematic nano-toxicological studies, such as nanoparticle distribution, metabo-

lism, excretion, pharmacokinetics, and pharmacodynamics, must be carried out to 

expand its use not only in biomedicine, but also for potential human applications.
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16.1  Introduction and General Overview

Point-of-care testing (POCT) shows its significant importance in academic and 

social affairs (Jansen et al. 1998; Wu et al. 1999). From commercialized products 

to laboratory prototypes, the creative atmosphere in this research field has main-

tained its vitality and drawn increasing attention from researchers in related areas. 

There have been many inventions that have changed the practice of medicine at the 

point of care in either rural or developed areas, and one prominent candidate for 

POCT is paper-based microfluidic analytical devices, also called Chip-on-a-Paper, 

or paper- based POC.

The development of paper chips dates back to the seventeenth century, when 

British chemist Robert Boyle fabricated the pH test strip, aka litmus paper. In 

1949, Müller and his colleagues invented paper-thin layer chromatography for 

eluting dye by impregnating paraffin barriers on paper to form fluid paths (Müller 

and Clegg 1949). These pioneering works demonstrated that the confined hydro-

philic region of a cellulose paper sheet can speed up the solution-diffusion pro-

cess and reduce sample consumption. The application of paper as an analytic tool 

has been revitalized since the scientific term “microfluidic paper-based analytic 

devices (μPADs)” was defined by Martinez et al. in 2007 (Martinez et al. 2007).

Compared to traditional substrate materials, such as quartz, glass, silicon, and 

polymers, in the fabrication of POCT devices, the highly appreciated characteristics 

of paper are, but not limited to, the following (Martinez et al. 2007; Tobjörk and 

Österbacka 2011; Yetisen et al. 2013; Nguyen et al. 2014):
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 1. Cheap and abundant sources: paper is ubiquitous and can be mass produced.

 2. Chemical and physical processability: paper has good biocompatibility and can 

be easily modified by chemical and physical treatments.

 3. Disposability and recyclability.

 4. Energy-saving assay: paper is cellulose and it can transport liquids by capillary 

forces without any external pumping forces.

Apparently, simplicity, a long-lasting trend in the development of all microfluidic 

devices (Sun et al. 2014; Petryayeva and Algar 2015), is no exception in the realm of 

paper microfluidics, which itself represents a cheap and fast way of doing experi-

ments. From pH testing to filtrate solutions, the beneficial features of cellulose paper, 

such as its absorptivity, storage, and ability to diffuse liquid, have made it indispens-

able in the construction of POCTs (Mabey et al. 2004; Ali et al. 2009; Martinez et al. 

2009). Socioeconomic concerns comprise one of the driving forces promoting the 

research and application of μPADs. First, μPADs can provide a wide range of low-

cost portable devices for clinical diagnostics (Parolo and Merkoçi 2013; Petryayeva 

and Algar 2015), environmental monitoring (Alkasir et al. 2012; Jayawardane et al. 

2014; Nath et al. 2015), and food safety analysis (Chen et al. 2015; Gomes and Sales 

2015; Zhang et al. 2015). More appreciably, the shortage of medical personnel and 

equipment in undeveloped regions could be offset by promoting the application of 

μPADs. Meanwhile, μPADs also can be conveniently deployed in laboratories to 

reduce the cost of assays. Owing to its importance in facilitating all such advances, 

the past several decades have witnessed explosive development and application in 

the field of μPAD development. The aim of this chapter will be to illustrate the state-

of-the-art of μPAD technology, discuss assay formats, and describe the commercial 

successes enjoyed by and challenges faced by μPADs.

16.2  Fabrication of μPAD

Paper is a permeable porous material composed of a solid fiber networks. The 

porous geometry and the hydrophilic nature of cellulose determine the fluidic prop-

erties of paper (Bruzewicz et al. 2008; Carrilho et al. 2009; Lu et al. 2009; Cate et al. 

2014). This is the fundamental chemical nature of paper that allows making use of 

it to build fluid paths. The ultimate goal of μPAD fabrication is to form a specific 

hydrophilic area on a paper sheet. The fabrication methods should be in line with 

the format and application of the as-prepared μPADs. Surveying the reported state- 

of- art fabrication methods, two fabrication principles are generally followed.

16.2.1  Paper Shaping

Shaping paper by cutter, knife, and/or scissors is a straightforward approach to 

preparing paper artware (Fenton et al. 2008; Fu et al. 2010; Renault et al. 2013). 

The strength of physically shaped paper is obtained by eliminating wet 
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chemicals, which can potentially damage the cellulose matrix. To improve the 

speed, precision, and production efficiency of paper shaping, computer-con-

trolled cutting machines have been used instead of hole punches and handheld 

blades to fabricate μPADs (Nie et al. 2013; Evans et al. 2014a, b). In principle, a 

cutter machine faithfully transfers computer-designed structures onto a paper 

substrate. Two kinds of cutter machines can be applied for paper-device 

fabrication:

 1. Craft-knife cutter: In this type of machine, the blade of the mechanical cutter can 

cut the paper substrate on demand. The flexibility and complexity demanded by 

paper cutting can be satisfied through use of a computer-controlled knife (see 

Fig. 16.1a). The major challenge of craft-knife cutting is the mitigation of the 

Craft C
utter

Knife

Cutted μPADs

Cutted out

Cutted out

Channel

Embossed paper

Mold-A

Paper

Mold-B

Embossing

Laser Cutter

Laser jet

a

b

c

Fig. 16.1 Building fluid paths on cellulose paper by physical treatments. (a) Computer-controlled 

craft-knife cutter machine directly draws lines and creates holes in a sheet of cellulose paper. The 

unwanted parts are then removed to form a multichannel structure. (b) The laser nozzle of a laser 

cutter draws lines on a paper sheet. The high energy of the laser can directly shape the paper with 

high precision. (c) Building of an open-channel microfluidic device by embossing channels on 

omniphobic paper. The cross-sectional schematic of the embossing process shows a sheet of paper 

placed between two plastic molds that are pressed
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warping and tearing that usually occur during the cutting process (Fenton et al. 

2008). Multiple passes with an optimized cutting force can be applied to reduce 

this damage.

 2. Laser-cutting device: In laser cutting, the focused laser beam strikes the material, 

which then either burns or vaporizes away, leaving an edge with a high-quality 

surface (see Fig. 16.1b). Advantages of laser cutting over mechanical knife cut-

ting include easier work-holding and reduced interference caused by a contami-

nated knife. The precision of laser cutting may be better than that of mechanical 

cutting, since the possibility of paper warping and wear can be minimized by a 

small heat-affected zone of laser system. Normally, a laser cutter is more expen-

sive than a craft-knife cutter, which would restrain the application of laser cut-

ting in a resource-limited setting (Cate et al. 2014).

Direct cutting or shaping by a craft-knife or laser cutter can be used to fabricate 

μPADs for multiplexed sample analysis (Nie et al. 2013). However, these paper- 

based devices suffer from low mechanical stability and need solid supports as 

unwanted paper material is removed. To solve this problem, a cutting-technique- 

prepared paper strip can be laminated with a plastic backing, in a similar way to 

identification-card production, to provide mechanical strength to the paper device 

(Spicar-Mihalic et al. 2013). Pressure molding techniques, such as embossing, hold 

promise for generating fluid paths from omniphobic paper, whose surface has been 

modified by treatment with a hydrophoic fluorinated alkylsilane. An open-channel 

microfluidic paper device can be fabricated by sandwiching a sheet of paper between 

molds with complementary structures (Thuo et al. 2014) (see Fig. 16.1c). Optimizing 

the pressure imposed on the mold-paper-mold sandwich structure can build an iden-

tical paper-channel depth, which is clearly different from paper devices built by 

direct cutting. Moreover, fluid-flow behavior in these so-fabricated paper channels 

is similar to that observed in polydimethylsiloxane- (PDMS-) based open-channel 

devices, on which laminar flow, in the form of droplet generation through shearing 

in a T-device, can be observed. This kind of embossing technique, coupled with 

functionalized paper sheet, has potential for building complicated fluid networks for 

biosensing applications.

16.2.2  Defining Hydrophobic/Hydrophilic Regions on Paper

Apart from shaping paper into structures, such as channels and holes, by direct cut-

ting, defining/patterning hydrophobic/hydrophilic regions on a paper sheet is one 

important strategy to use in developing μPADs. Based on the available methods of 

manipulating hydrophobic materials onto a paper sheet, the patterning approaches 

can be grouped into two categories: (1) Bottom-up patterning, in which stepwise 

addition/deposition/grafting of hydrophobic materials onto a specified area of a 

paper sheet is carried out; and (2) top-down patterning, in which hydrophobic mate-

rials are grafted to fully cover the paper sheet, followed by selective removal of part 

of the hydrophobic materials to reveal the hydrophilic area of the paper.
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16.2.2.1  Bottom-Up Patterning
The principle of the bottom-up patterning approach is that hydrophobic materials 

are selectively implanted into a cellulose matrix to confine the hydrophilic region 

on a paper sheet (see Fig. 16.2a). Depending on the materials’ properties, several 

techniques, such as screen printing (Dungchai et al. 2011), injection printing (Abe 

et al. 2008), contact printing, and dip coating, can be applied to deliver hydropho-

bic materials onto a paper sheet. The pioneering and most often used hydrophobic 

material is wax, which can be easily melted and can penetrate into a paper substrate 

through heating to form a hydrophobic barrier to confine fluid paths. Wax drawing 

not only can be used as a prototyping method to replace printing, but can also be 

used to add hand-drawn features to wax-printed μPADs (Lu et al. 2009). The wax- 

dipping method, which uses a magnetic fixed metal mask to cover the hydrophilic 

zones and dips the fixed mask into molten wax, is a low-cost alternative to the 

aforementioned techniques (Songjaroen et al. 2011). However, such wax-pattern-

ing methods usually suffer from low resolution, although their simple and eco-

nomical characteristics make them attractive. The wax printing achieved by 

commercial wax printers is a highly appreciated approach (Carrilho et al. 2009; Lu 

et al. 2009). In this method, solid wax lines are printed on a paper sheet, which are 

then heat-melted to form a wax barrier on the paper. Using a wax-printing method, 

channels of different thicknesses and size channels can be created (Li and Liu 

2014). Collectively, the merits of wax-patterning methods are (1) simple printing 

and baking processes, (2) rapid fabrication requiring only 5–10 min, and (3) elimi-

nation of organic solvents.

Filter Paper/NC Film

Wash Solvent

PDMS/Wax Coat Mask

Hydrophilic Patterns

Hydrophobic ink

Melt & Penetrate

Inverted Mask

Reveal of channel

Soak in hydrophobic
polymers

a. Bottom up Methods

b. Top down Methods

Fig. 16.2 Patterning hydrophobic barriers on paper sheets by (a) selectively implanting bottom-

 up hydrophobic materials onto paper sheets by screen printing, injection printing, wax printing, dip 

coating, and flexographic printing; and (b) utilizing a top-down method in which a paper sheet is 

fully covered by hydrophobic ink, followed by removal of the ink in specific regions to reveal the 

hydrophilic cellulose paper. PDMS polydimethylsiloxane, NC nitrocellulose
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PDMS is a popular material for microfluidic device fabrication (Fujii 2002). 

Unlike solid wax, the PDMS ink can completely penetrate the paper before heating. 

Thus, printing PDMS resin onto paper and curing is another way of building a 

hydrophobic barrier. Screen printing (Ma et al. 2014), injection print, and stamping 

methods are used to selectively deliver PDMS resin onto a cellulose matrix. 

Progressively, other polymers have been explored to fabricate μPADs. Alkyl ketene 

dimer (AKD) (Li et al. 2010), which can be polymerized with heat, is deposited 

onto paper by injection printing to define hydrophobic regions. In a similar way, UV 

curable inks can be directly printed onto a paper sheet to fabricate a paper device 

(Maejima et al. 2013; Yamada et al. 2014). Innovative methods also have been tried, 

e.g., lacquer spraying (Nurak et al. 2013), a classic long-lasting wood finish, has 

been explored for patterning paper and has demonstrated itself to be the basis of a 

consistent and reproducible method for creating a hydrophobic barrier on paper.

The main concern with bottom-up strategies to build hydrophobic barriers on 

paper is the lateral resolution of the fluid path (channel width). The diffusion of the 

hydrophobic ink along the horizontal direction of the paper challenges the size limi-

tation (width) of the microchannel that can be built. The impact of lateral diffusion 

should be specifically considered in wax printing and PDMS printing. Next, inkjet 

printing usually requires several printing runs to generate devices, and such multi-

step printing can potentially cause low print resolution (Cate et al. 2014). The posi-

tive aspect of this situation is that printing techniques, such as wax printing, screen 

printing, and inkjet printing, can be scaled up and adapted for high throughput and 

low-cost fabrication of paper devices. One candidate for high-throughput paper- 

device production is flexographic printing (Olkkonen et al. 2010), a well-established 

method for printing letters or images on almost any type of substrate, including 

plastic, metallic films, and paper. Fast and high-throughput production of μPADs 

may be realized using this method because commercially available flexographic 

printers used in industrial settings can print at speeds higher than 300 m/min on dif-

ferent substrates such as paper and plastic (Cate et al. 2014). A successful trial of 

using flexographic printing to fabricate μPADs is printing with polystyrene ink, 

which is dissolved in toluene, on cellulose paper. The solidified polystyrene then 

creates hydrophobic barriers that partially or completely penetrate through the 

paper substrate. However, before it can be widely used in scaled-up μPAD 

 fabrication, several technical requirements need to be satisfied: (1) improving the 

flexibility and availability of the individual printing plates to lower the cost of oper-

ating a specialized flexographic printer, and (2) exploring the possibility of printing 

different kind of reagent at a time with acceptable resolution. It is anticipated that 

progress in flexographic printing can facilitate the commercialization of paper-

based-device fabrication.

16.2.2.2  Top-Down Patterning
The principle of top-down patterning is that a paper sheet is fully impregnated with 

hydrophobic material. The hydrophobic material is then selectively removed to 

reveal the hydrophilic region (see Fig. 16.2b). The representative top-down approach 

is photolithography, which uses light to transfer a geometric pattern from a 
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photomask to a light-sensitive chemical “photoresist” on the substrate. It is a stan-

dard microfabrication process that is used to pattern parts of a thin film or the bulk 

of a substrate. The UV-cured photoresist is a hydrophobic layer that can reform the 

hydrophilic region of the paper (Martinez et al. 2007). In principle, the photoresist, 

normally an epoxy-based negative photoresist designated SU-8, is coated on a paper 

substrate. A photomask with a desired pattern is used to control the photoresist- 

saturated paper that is exposed to UV light. The UV-light-treated paper sheet is then 

placed in a developer, such as 1-methoxy-2-propanol acetate, and the uncured- 

photoresist can subsequently be removed by the solvent to reveal the hydrophilic 

region, while the cross-linked photoresist forms hydrophobic barriers within the 

paper. A similar photolithography patterning technique has been established to fab-

ricate μPADs by selectively curing photo-cross-linkable methylacrylic anhydride on 

paper. The other top-down strategy is a “wet-etch” process. In this approach, a sol-

vent is delivered onto a specific region of a hydrophobic ink-impregnated paper 

sheet. The solvent can specifically wash off the precoated hydrophobic ink to reveal 

the native paper matrix. For example, polystyrene is precoated on the paper, and 

toluene as a solvent is then printed onto the precoated paper to dissolve and remove 

the polystyrene.

The fabrication resolution of top-down approaches relies heavily on expensive 

lithography equipment and reagents. Utilization of an organic solvent, which can 

potentially damage the integrity of the paper matrix, is a major issue. In addition, 

the cured photoresist usually suffers from low mechanical elasticity and can break 

upon bending, dooming its potential for building flexible paper-based devices. 

Compared to photolithography, the “wet-etching” strategy involves less wet chemi-

cal processing and lithographic machinery. It can be carried out, combined with 

digital inkjet printing and even flexographic printing techniques, to deliver a spe-

cific solvent onto the hydrophobic ink-impregnated paper to scale up to a high-

throughput capability in the fabrication process.

16.2.3  Loading of Biological and Chemical Components

Paper is a good material for building a suitable place, container, or strip to conduct 

functional assays. Except for fabrication methods for building paper structures, 

effective loading of biological or chemical reagents to the desired region of the 

patterned-paper sheet is crucial. Inkjet printing can deposit biochemical reagents on 

paper (Maejima et al. 2013; Yamada et al. 2014), and is both practical and cost- 

effective. The principles for deposition of biochemical reagents anchored on a paper 

matrix are in line with the immobilized methods established in immunoassay 

(Gerbers et al. 2014), DNA microarray (Rosa et al. 2014), etc. Strategies such as 

physical absorption and entrapment are routinely used to fabricate μPADs. 

Moreover, due to the well-characterized chemical properties of cellulose paper, it is 

possible to modify the paper fiber, making it a better substrate with which to cova-

lently capture biochemical molecules. For example, the available functional groups 

on cellulose paper include a backbone of hydroxyl groups and the reducing end of 

16 Microfluidic Paper-Based Analytical Devices for Point-of-Care Diagnosis



372

the cellulose ring. These can be chemically modified to form carbonyl or carboxyl 

groups, which can then covalently bind with amine-terminated molecules such as 

proteins or DNA.  Alternatively, cellulose paper can be treated with polyamide- 

epichlorohydrin (PAE) (Saito and Isogai 2007) and polyvinyl amine (PVA) (Feng 

et al. 2006) to produce hydrophobic esters for biomolecule anchoring.

16.3  μPAD Formats

The format of a μPAD is determined by the chosen application and detection scheme. 

Progress in μPAD format has progressed from paper-only devices to hydride-based 

devices through the integrating of paper strips and electronic components.

16.3.1  Paper Only

A two-dimensional (2D) strip is a simple format for paper-based μPADs in which the 

fluid paths are built on the same layer (depth) of the paper (Fig. 16.3a). The sample 

solution can diffuse in the hydrophilic region because of capillary action. In general, 

2D μPADs can be used to carry out sequential steps such as washing, sample pretreat-

ment, and signal enhancement. To boost the multiplexing capability of a 2D μPAD, 

structures with multiple channels can be designed and fabricated. In addition, multiple 

reagents can be spotted on a 2D shaped porous substrate to achieve multiplexed lateral 

flow assays. Because of their straightforward structural design, 2D μPADs can be 

fabricated using either top-down or bottom-up strategies, such as paper cutting and 

shaping, wax printing, photolithography, inkjet printing, and screen printing.

Three-dimensional (3D) μPADs are assembled from multiple layers of patterned/

structured paper (Martinez et al. 2008). The fluid networks are embedded at differ-

ent layers of the paper. The flow transports not only laterally but also vertically, thus 

enabling the sample flow from one inlet to different outlets or detection zones. The 

stereo structure has more potential for implementing several assays without inter-

fering with each other. To realize a 3D structure, three strategies have been estab-

lished to assemble 3D μPADs.

 1. Stacking multiple layers of patterned paper sheets using double-sided adhesive 

tape (Martinez et al. 2008): Vertically stacking several layers of paper with the 

assistance of double-sided adhesive tape is a straightforward way of building 3D 

μPADs. Aligning the hydrophilic spots on different layers allows fluid flow verti-

cally to link the independent channels on the multiple layers, thus guiding the 

flow transport between the layers of paper (Fig. 16.3b).

 2. Refining the thickness/depth of the hydrophobic layer within the paper matrix 

(Renault et al. 2014): This strategy makes full use of the thickness of the paper 

sheet. By precisely controlling the hydrophobic layer formed within the paper 

matrix, multiple fluid paths can be sophisticatedly formed at different layers of a 

single paper sheet (Fig. 16.3c). Normally, the hydrophobic ink, such as wax or 

PDMS, can be delivered on the front and back sides of the paper sheet. By tuning 
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the amount of ink placed on the sheet, the ink saturation gradients, and the tem-

perature for ink curing or melting, the depth of the ink that penetrates into the 

paper matrix to form the hydrophobic barrier can be controlled. The device is 

outwardly a single, flat paper sheet, but the fluid paths lie at different depths of 

the paper matrix to form a 3D fluid network.
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Fig. 16.3 Format of paper-based devices: (a) 2D paper-based device in which microstructures are 

formed on the same plane of a single, flat paper sheet; 3D paper-based device. (b) Stacking of pat-

terned paper sheets—paper sheets containing hydrophobic/hydrophilic patterns are vertically 

stacked with the assistance of double-sided adhesive tape (adapted from reference Martinez et al. 

(2008)); (c) Controlling the depth of hydrophobic ink penetrated into the paper matrix—hydropho-

bic ink is delivered on both the front and back sides of the paper sheet, and amount and speed of 

ink penetration into the paper matrix to form the hydrophobic barrier at different depths (planes) 

of a single paper sheet is precisely controlled (adapted from reference Renault et  al. (2014));  

(d) Origami-paper-based device—a single sheet of flat paper with patterned channels is assembled 

by simple paper folding (adapted from reference Liu and Crooks (2011))
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 3. Origami-paper device (Liu and Crooks 2011): The key advantage of origami 

paper is the ability to fabricate multiple structures on a flat sheet of paper and 

vertically assemble them by folding. In this method, all of the μPAD func-

tional units are fabricated on a single flat sheet of paper in one photolitho-

graphic step. First, the flat sheet of paper is folded to align the functional units 

vertically (Fig. 16.3d). The fluid, then, is not only diffused laterally on every 

layer, but is also transported vertically at the alignment region. If all the 

hydrophobic barriers could be cured at the same time, no matter how complex 

the structures are, the fabrication process could be completed within a few 

minutes. The origami method of fabricating 3D μPADs is simple and inexpen-

sive, yet effective.

16.3.2  Integrating Paper and Electronic Components

The paper and electronic units in hydride-based μPADs are designed to perform 

electrochemical, electrochemiluminescence, and photoelectrochemical-based 

detection (Dossi et al. 2013; Santhiago et al. 2014; Shi et al. 2015). It is antici-

pated that their successful integration can boost the sensitivity, portability, and 

digital analysis capability of μPADs. Thus, conducting circles and electrodes are 

fabricated on paper substrates to build electronics units on μPADs. The screen-

printing technique is most often used to load conductive materials, such as carbon 

ink or silver ink, onto a paper matrix to form the desired screen-printed electrodes 

(SPEs) and wires (Yang et al. 2014). Surprisingly, pencil lead can also be used as 

an economical source for drawing conductive lines, dots, and pads on paper 

(Santhiago and Kubota 2013; Dossi et al. 2014). Conductive nanomaterials, such 

as gold nanoparticle (AuNP) ink, can be printed on paper by a calligraphic pen to 

build electrodes (Liana et al. 2013). However, many efforts have been directed to 

modifying the screen-printing carbon electrode with functional conductive mate-

rials. AuNPs, gold nanorods (Ma et al. 2015), gold and manganese oxide nanopar-

ticles (Li et al. 2014b), gold–palladium alloy nanoparticles (Li et al. 2014a), and 

platinum nanospheres have been grown on SPEs to improve their performance as 

detectors.

The fluid paths and electronics components can be arranged either on the 

same paper sheet (2D device) or on different layers (3D device). For a 2D 

device, the electrodes are separated from each other by a paper channel on the 

same plane (Dungchai et al. 2009) (see Fig. 16.4a). For a 3D integrated device, 

electrodes can be fabricated on a separated paper sheet and vertically assembled 

with the fluid networks (Lu et  al. 2012; Zhang et  al. 2013) (see Fig.  16.4b). 

Otherwise, a single sheet of paper folded into a 3D device that changes shape, 

and fluidic and electrical connectivity, by simply folding and unfolding the 

structure (Wang et al. 2016) (see Fig. 16.4c). Because of the hydrophilic nature 

of paper, the sample and electrolytes can diffuse between layers to effect the 

analysis.

Z.Z. Shi et al.



375

16.4  Detection Schemes Conducted Using μPADs

The signal-reporting system utilized in μPADs is in line with progress made in 

developing other POCT tools. Several detection methods have been realized in 

μPADs, such as colorimetric, chemiluminescence (CL), electrochemilumines-

cence (ECL), and electrochemical (EC) detection. Based on the signal generated 

during a biochemical assay, the detection methods can be categorized as either 

(1) optical signal sensing or (2) electrical signal sensing. Basically, to satisfy the 

low-cost requirement of point-of-care applications, signal detection should not 

be conducted by large, expensive pieces of equipment. Colorimetric and EC 

detection are favored because of their simplicity and/or high sensitivity and 

selectivity.

Glucose

LactateUric acid

Paper-A

WE

Paper-B

CE

RE

Paper-B

Open

Sample port/Reaction zone

Detection zone

Closed

Paper-A

Folded

RE
WE
CE

a b

c

REW
TCE

Fig. 16.4 Format of paper-electronic components integrated devices: (a) 2D integrated device in 

which electrodes and paper-channel are formed on the same plane of a single, flat paper sheet 

(adapted from reference Dungchai et al. (2009); 3D integrated device: (b) vertically stacking of 

electrodes and reaction zone, which are patterned on separated paper sheets (adapted from refer-

ence Zhang et al. (2013)); (c) origami-integrated device—a single sheet of paper with patterned 

channels and electrodes is assembled by simple paper folding (adapted from reference Wang et al. 

(2016)). WE working electrode, CE counter electrode, RE reference electrode
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16.4.1  Optical Sensing

16.4.1.1  Colorimetric Detection
Colorimetric detection is the most commonly used detection scheme in paper-based 

μPADs due to its simple operation and straightforward signal readout. The other 

important factor to be considered is that paper strips are favored for glucose (Zhu 

et al. 2014a), uric acid (Demirel and Babur 2014), and lactic acid detection. The core 

of those enzyme-based reactions is the production of hydrogen peroxide, which par-

ticipates in horseradish peroxidase- (HRP-) led oxidation. The substrates are oxi-

dized by HRP using hydrogen peroxide as the oxidizing agent, yielding characteristic 

color, fluorescence, and luminescence signals (see Fig. 16.5). As they are well char-

acterized in biological assay techniques, such as enzyme-linked immunosorbent 

assay (ELISA), the HRP-conjugated antibody, ligands, and oligonucleotide provide 

the specific recognition and also catalyze the versatile substrate to generate charac-

teristic color changes, which are proportional to the concentrations of analyte. The 

visual color changes can be either discriminated by the naked eye, or can be recorded 

by scanners or cameras and converted to digital results for quantitative analysis.

uric acid + O2 

a-D-glucose + O2 D-glucono-1,5-lactone + H2O2 

5-hydroxyisourate + H2O2  

glucose

oxidase

uricase

visual color

visual color

visual color

fluorescent

light

Luminol

H2O2 

horseradish
peroxidase (HRP)

ox-TMB

ox-DAB

ox-ABTS

resorufin

AmplexRed

TMB

DAB

ABTS

OH
O

O

S S

N

N

N

N

S S

O

O

OH

N

O

O

OHHOCOO-

COO-O

O

NH

NH2

NH2

NH2

NH2

NH2

NH2

H2N

H2N

NH

a

b

Fig. 16.5 Enzyme-based detection: (a) hydrogen peroxides are produced during glucose-oxidase- 

or uricase-mediated oxidation; (b) hydrogen peroxides participate in HRP catalyzing of the con-

version of substrates to generate visual color changes [e.g., 3,3′,5,5′-tetramethyl benzidine—TMB, 

3,3′-diaminobenzidine—DAB, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)—ABTS], 

producing light (e.g., luminol) or a highly fluorescent signal (e.g., Amplex® Red)
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Next, chemical dyes, which have been used as indicators to determine the exis-

tence of a chemical reaction, are also widely used to construct a colorimetric-based 

μPADs. The classical example is phenol red for pH sensing. For instance, multiplex-

ing of pH and nitrite sensing by colorimetric signal can be read and analyzed by a 

smartphone (Lopez-Ruiz et al. 2014). In this application, the pH-sensing zones of a 

μPAD have been immobilized with the pH indicators phenol red and chlorophenol 

red. While in nitrite-sensitive zones, Griess-reaction-related reagents are preloaded. 

The analyte dropped into the sample zone can flow along the channels toward the 

pH- and nitrite-sensing zones. After reaction, the visible color can be captured and 

analyzed by a smartphone, demonstrating POCT capability.

The next group of colorimetric change is given by function nanoparticles, which 

have higher extinction coefficients than ordinary dyes. Gold colloid labeled anti-

body has long been used to build lateral flow tests (Yu et al. 2015). The aggregation 

of the gold nanoparticles at the detection zone brings about a pinkish-brown color 

that can be either discriminated by the naked eye or quantified by a scanner.

Apart from improving the performance of the signal-generation system achieved, 

for example, by increasing the labeling efficiency of an enzyme or gold colloid, 

modification of a paper substrate to improve the colorimetric signal-to-noise ratio is 

another important development trend. Biomolecules can be adsorbed on the paper 

surface by van der Waals forces and electrostatic forces. Because of the hydrophilic 

characteristic of paper, physical adsorption is not stable. Moreover, the weak nega-

tive charge surface makes only adsorbing positive ions or cationic molecules pos-

sible. Thus, chitosan as a natural biopolymer has been used to modify paper-based 

analytical devices to improve the analytical performance of colorimetric measure-

ments (Gabriel et al. 2016). Next, chemical modification of paper matrix, such as 

hydroxyl on the cellulose, to enhance the sensing material loading is favored 

because of the well-characterized chemical property of paper and covalent conjuga-

tion proved stable immobilization. For example, the oxidized cellulose can produce 

acid groups to form Schiff base between the cellulose and biomolecules (Su et al. 

2007). Apart from chemical modifying paper fiber, introducing of chemical or bio-

chemical compounds onto the paper to enhance the effective sensing material 

immobilization is another strategy. For instance, a paper surface can be functional-

ized with zwitterionic poly(carboxybetaine) through surface-initiated atomic- 

transfer radical polymerization to decrease surface fouling and speed up flow 

transportation in paper channels (Zhu et al. 2014b). Otherwise, cellulose binding 

modules (CBMs) can be genetic engineered to capture enzymes, antibodies (Cao 

et al. 2007), cells (Craig et al. 2007), and bacteriophages (Tolba et al. 2008). Due to 

the fast development in nanoparticle synthesis and functionalization, the concept of 

using carrier particles to build sensitive colorimetric sensing strip is getting popular. 

In principle, the sensing material is covalently coupled to the colloidal particles and 

then loaded on cellulose. There are several advantages of using carrier particles for 

improving the signal-to-noise ratio: firstly, the carrier colloid particles could be 

delivered to the paper matrix by printing, which is one important technique to fab-

ricate paper device. Secondly, colloidal particles are more easy to trap on the pore 

surface of the paper compared to biological molecules in solution. Thirdly, the 

blocking and detection functions can also be carried out on carrier particles. 
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Common carrier particles include gold nanoparticles (Zhao et  al. 2008), SiO2 

nanoparticles (Evans et al. 2014a), ceria nanoparticles (Ornatska et al. 2011), porous 

sol-gel particles (Bang et al. 2008), and so on.

Owing to the revolutionary technological advancement in mobile communica-

tion, smartphone-based analysis shows tremendous potential for POCT. The colo-

rimetric signal can be easily captured in a timely manner using a smartphone at 

the assay point. Moreover, smartphone apps are becoming capable of sophisti-

cated image analysis, including the ability to quantify colorimetric change, which 

can thus lead to the ability to perform quantitative or semiquantitative analysis 

(see Fig. 16.6a).

capture and analysis

spectrometer box

capture and analysis

a

b

c

Fig. 16.6 Potential of smartphone-based analysis to promote the affordability and availability of 

sensitive POCT. (a) Smartphone camera coupled with an image-process app can capture and ana-

lyze colorimetric changes; (b) smartphone-docked miniaturized spectrometer for conducting 

absorbance and fluorescence measurements; (c) smartphone-docked miniaturized interface to read 

the electrochemical signals
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16.4.1.2  Fluorescence Detection
Fluorescent dyes are one of the well-characterized probes used in cell, protein 

(Yamada et al. 2014), and DNA analysis (Scida et al. 2013). Using fluorophores 

with different excitation/emission wavelengths, multiplexing can be achieved. 

Inherited from procedures established in cell biology, fluorescence-based μPADs 

have been demonstrated in the analysis of biological samples, such as cancer bio-

markers and bacteria (Rosa et al. 2014). For example, a competitive hybridization 

assay is conducted on a 3D paper-based platform where quencher- labeled ssDNA 

and capture ssDNA are competing to hydrolyze with fluorophore- labeled ssDNA 

(Scida et al. 2013). A target analyte can replace the quencher-labeled ssDNA from 

fluorophore-labeled ssDNA due to it having a higher matching degree than the 

quencher, producing a fluorescent signal that is linearly proportional to the concen-

tration of target DNA. Except for natural fluorophore conjugates, nanoparticles with 

a characteristic photoluminescence property have been explored for application in 

μPADs. Quantum dots (QDs) (Noor and Krull 2014) or semiconductor nanocrystals 

are particularly promising for optical applications due to their high extinction coef-

ficient. The protein oligonucleotides are linked with QDs and function as a signal 

reporter. Tuning the size of the QDs can produce different emission wavelengths, 

visualizable as distinct colors, proving a multiplexing capability. Moreover, the sur-

face of QDs can be functionalized to ensure an effective labeling with biological 

probes.

However, the whitening additives in paper can increase the background fluores-

cence and thus compromise the sensitivity and specificity of the assay. In addition, 

the experimental setting of fluorescence detection is more complicated than that of 

colorimetric detection. In the near future, a smartphone-docked, miniaturized fluo-

rospectrometer is highly anticipated to take full advantage of sensitive fluorescence- 

based sensing for POCT applications (see Fig. 16.6b).

16.4.1.3  Luminescence Detection
Chemiluminescence (CL) is the emission of light as the result of a chemical reac-

tion. The applications of chemiluminescence in analytical biochemistry have been 

demonstrated in western-blot and cell-ELISA. Although there is light emitted in the 

assay, no excitation light and optical filter are involved compared to fluorescent 

detection. In addition, CL reagents are usually inexpensive and the detection is 

highly sensitive (Yu et al. 2011a, b), making it a promising candidate for construct-

ing sensitivity assays on μPADs. Two sets of CL are favored in μPAD applications. 

First, enhanced chemiluminescence is a commonly used technique in biological 

assays. In this setting, the HRP-conjugated-antibody, oligonucleotide probes par-

ticipate in specifically recognizing the molecule of interest and catalysis of the con-

version of the CL substrate to produce a light signal (Zhou et  al. 2014). Next, 

luminol chemistry is applied for blood, hemoglobin, and metal-ion detection based 

on the principle that luminol with hydrogen peroxide in the presence of metal ions, 

such as iron or copper, produces a luminescence signal. For example, a CL-based 

μPAD is designed to simultaneously and quantitatively test for glucose and uric acid 
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(Yu et al. 2011a, b). The μPAD is fixed in a cassette, and the cassette could be closed 

using a black metallic cover that has a sample-injection hole. The sample-injection 

area is aligned with the photomultiplier of the analyzer. Once the sample migrates 

toward the CL detection area and generates a CL signal, the signal is recorded by a 

computer.

Electrochemiluminescence (ECL) is a detection method that uses electrochemi-

cal reactions to generate luminescence (Delaney et al. 2011; Doeven et al. 2014; Ge 

et al. 2014). The high sensitivity and specificity provided by an ECL signal reporter 

is due to the low background optical signal, which can be minimized by controlling 

the electrode potential (Richter 2004; Deng et al. 2009; Forster et al. 2009; Feng 

et al. 2014). Owing to rapid developments in printing technology and the creation of 

functional conductive nanomaterials, a μPAD coupled with electronic components 

can be fabricated cost-effectively. Growing interest has been focused on the integra-

tion of ECL with μPADs. The electrochemically triggered light emission also can be 

recorded by a mobile phone camera. To reinforce the point-of-care applicability of 

ECL-based detection, expensive potentiostats are not favored for controlling the 

potential on the electrodes of a paper-based device (Delaney et al. 2013). An inno-

vation is to trigger the electrochemical reaction by operating the electrode potential 

from the audio socket of a phone. Audio functional properties, such as frequency, 

amplitude, and duration of square-wave pulses, can be transduced to the working 

electrode. This demonstrates the powerful aspects of applying smartphones in 

POCT; such application not only fulfills the requirement for signal detection, but 

also that to control the testing.

16.4.2  Electrochemical Sensing

Progress in electrochemical (EC) sensing has been both rapid and prodigious in 

recent decades. A glucose strip coupled with a handhold electronic reader has 

achieved huge commercial success, demonstrating the strengths of μPADs coupled 

with electrochemical detection schemes. The use of wax printing to build the fluidic 

paths and screening print to create electrodes can be used to fabricate paper-based 

electrochemical sensors for the detection and measurement of glucose, uric acid, 

DNA, and cancer biomarkers. Leveraging the synergy between new sensing materi-

als, device architectures, and fabrication techniques has led to the invention of 

paper-based electrochemical microfluidic devices with high sensitivity and selectiv-

ity. For instance, a 3D origami-based multiplex EC μPAD has been fabricated using 

a nanoporous silver-paper electrode for disease detection and early diagnosis (Li 

et al. 2013). Tumor-associated biomarkers are selectively tagged with nanoporous 

gold-chitosan hybrids, which contain absorbed metal ions. The metal ions can be 

detected by square-wave voltammetry (SWV), and the biomarker concentrations 

are linearly correlated with the measured peak currents of the metal ions. Because 

of the good biocompatibility of cellulose paper, culturing cells in μPADs is a prom-

ising platform for investigating cellular activity and screening potential therapeutic 
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drugs. The integrated electrochemical sensor can monitor cellular apoptosis, hydro-

gen peroxide release, and glycan production under drug challenges (Liu et al. 2014; 

Shi et al. 2014; Su et al. 2015).

The bottleneck to wider application of EC-based μPADs is the availability of 

cost-effective, miniaturized, and portable electrochemical analyzers. Currently, 

most of the EC-based μPADs that have been demonstrated work in conjunction with 

a desktop electrochemical workstation. While the reported EC-based μPADs read 

verifiable signals, such as amperometric signals, impedance, conductivity, and sig-

nals from both cyclic and square-wave voltammetry, the question of whether it is 

possible to build a miniaturized portable device to read multiple signals at a reason-

able price still remains. It is anticipated that in the near future progress in the elec-

tronics sector will facilitate the development of a handheld electrochemical reader 

like a glucose meter that can take full advantage of the sensitivity and quantitative 

analysis capability of an electrochemical biosensor.

16.5  Classification of μPADs

New sensing concepts have been put forward by rapid developments in materials 

science and mechanical engineering. Exciting μPAD designs for biomedical analy-

sis, environmental supervision, food sanitation monitoring, etc. are being innovated 

in the practical application pipeline of paper-based analytical device research. An 

appropriate classification of these devices will help detail the importance, chal-

lenges, and future trends of μPADs development.

First, the devices can be classified based on their purpose or fields to which they 

are to be applied, e.g., a paper strip for urine testing or a μPAD for detecting illegal 

additives in raw meat. This is a satisfactory way for nonprofessionals to understand 

this area of endeavor, since fewer details are able to be discussed without sacrificing 

the required depth of understanding. Otherwise, paper-based devices can be catego-

rized based on the biological or chemical nature of the target of analysis, as in the 

case of a paper strip for enzyme detection or a paper-based device for DNA 

testing.

As simplicity is highly related to manufacturing cost and functionality is deter-

mined by analytical accuracy, both aspects are important for eventual commercial-

ization. Considering the fabrication/preparation process, paper-based devices can 

be divided into two categories as follows (see Fig. 16.7): (a) On-demand devices, 

which are blank-paper platforms without predeposited biological and chemical 

reagents. Depending on the samples to be tested, the detection reagents are chosen 

and introduced into the devices by users prior to the test, either before or after the 

addition of test samples. (b) Ready-to-use devices, which are designed as complete 

analytical sensors by integrating indication reagents into the detection zones of the 

devices. Based on the particular detection chemistry incorporated, this type of 

device is used to detect specific analytes in test samples (Li et al. 2012). Although 

this classification does not reveal the nature of the analyzers or the application field 
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for the device, it helps in constructively understanding a critical challenge; that is, 

how to make the trade-off between simplicity and functionality of newly designed 

paper-based analytical devices commercially viable?

Simplicity and low cost are two predominate factors influencing the develop-

ment of paper-based microfluidics. New fabrication methods include ink printing, 

paper folding and cutting, pressure-based fiber-structure shaping, and other poten-

tially feasible techniques that are continually being created and improved. It is rea-

sonable to predict that fabrication techniques can sustain the rapid development of 

on-demand devices. In the near future, efforts should be focused on simplifying and 

standardizing the assay procedures and reagents.

From the POCT point of view, the second group of devices, namely ready- to- use 

devices, should be usable by end-users without complex procedures. However, in 

addition to paper platform manufacturing, the biggest issue with ready- to- use devices 

is how to effectively preload and preserve the functional indicator reagents, which 

are normally expensive compared to a paper-based platform. The biochemical mol-

ecules comprising such reagents are fundamental to the specific reorganization, bind-

ing, catalyzing, and conversion required to realize target detection and signal 

transmission, such as color development, fluorescence, and luminescence genera-

tion. Because such molecules are either extracts from living biomaterials or are syn-

thesized from sophisticated chemical reactions, their isolation and purification are 

time consuming and labor intensive, increasing the cost of mass producing the 

devices utilizing them. In addition, for the application of a ready-to- use paper-based 

device, one key function is simple and/or cost-effective signal recognition and trans-

fer. Most of the existing desktop ultraviolet spectroscopy or fluorescent microscopy 

devices and scanners would not be a perfect match for ready-to-use μPADs for the 

Handy paper base Bioactive compound fixation

Detection devices Integrated products
Prototypes

On-demand devices Ready-to-use devices

a b

Fig. 16.7 Classification of μPADs according to specifics of their preparation and application:  

(a) On-demand devices, which are blank-paper-based platforms without predeposited biological 

and chemical reagents. (b) Ready-to-use devices, which have indication reagents integrated into 

their detection zones
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mass population of end-users. To this end, simple and portable handheld devices are 

highly anticipated in order to translate biosignals into visual information for interpre-

tation by the naked eye or comprehensive data for analysis by the handheld devices.

Collectively, fixation of functional biomolecules and signal recognition and 

transfer components are the key requirements that increase the complexity and cost 

of paper-based devices. Paper itself is indeed inexpensive and easily accessible, but 

functionalizing it is costly, a factor that would be further increased with the desire 

to achieve higher accuracy and reproducibility. Although it is an unrealistic goal to 

set a universal standard that combines simplicity and functionality in paper-based 

devices, tremendous efforts have been directed to finding techniques that fulfill the 

goals of simplicity and functionality. For example, ink printing and pressure mold-

ing are paper-manufacturing techniques. They are economically viable candidates 

for reducing the cost of designing laboratory techniques and products that would be 

widely accepted by industry. In the future, synthetic paper may become the very 

first μPADs-making step rather than starting with ready-made paper. This can be 

achieved by advancements in fabric and/or organic polymer weaving techniques. 

The second trend is characterized by integration; that is, combining different func-

tional parts to increase application efficiency and/or accuracy. Revolutions in tele-

communication, especially the progressively more powerful smartphone, are 

affordable for the majority of the end-user population, significantly opening up 

greater possibilities in POCT. Owing to the widespread use of smartphones with 

reduced signal recognition and transference costs, POCT is truly within reach of 

masses of end-users of practical daily testing applications (see Fig. 16.6).

16.6  Market Impact of μPADs

Progress in fabrication, cellulose-paper functionalization, and biomolecule preload-

ing are all aimed at improving target-detection sensitivity in low-cost analytical 

devices. A growing number of miniaturized analytical devices have been developed 

to meet increasing demands from the medical, food safety supervision, environmen-

tal monitoring, and homeland security industries.

Currently, the majority of POCT devices are designed for biomedical applications. 

The first paper-based bioassay was introduced in 1957 for the identification of glucose 

in urine (Free et al. 1957). This assay was developed into a commercial product in the 

mid-1960s to diagnose and assist in the management of diabetes. The same concept 

has been used to develop a “dipstick” to detect urinary albumin and pH by examining 

distinct color changes. Colorimetric-based urinary dipsticks can multiplex ten com-

pounds, including nitrites, ketones, urobilinogen, and bilirubin (Free et al. 1957). The 

underpinning of the commercial success of these dipsticks is the color-coded chart 

provided with the sticks that allowed the user to determine the presence of an analyte 

at a defined location along the length of the strip. Now, their use is widely accepted by 

the medical community. Although dipsticks and lateral flow strips dominate the rapid 

diagnostics market, some μPADs have emerged as versatile POCT platforms for the 

detection of glucose, uric acid, hemoglobin, and nitrites (Table 16.1).
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The next important market for μPADs is food safety supervision. Food presents 

a complex matrix and the detection of minor components such as vitamins, aller-

gens, and herbicide or pesticide residues often requires ultrasensitive analytical 

devices with low detection limits. In the past, food safety supervision relied heavily 

on specialists and food safety bureaus because conventional analytical techniques, 

such as gas chromatography and spectrometer, which are often expensive, compli-

cated, and slow. The emergence of miniaturized analytical systems enables users to 

accurately perform analyses with small liquid volumes and at unprecedented speeds. 

This development should partially placate consumers and stakeholders who are des-

perately looking for user-friendly, ready-to-use detection strips to safeguard food 

quality and uphold safety. Since pathogens such as Campylobacter, Salmonella, and 

Escherichia coli O157:H7 (Atalay et al. 2011) are thought to be responsible for the 

majority of food-borne diseases, paper-based analytical devices can be applied to 

specifically examine suspicious food on a daily basis and in a timely manner to 

prevent food-borne diseases. Such devices and methods are desirable because con-

ventional bacterial detection methods, such as colony-, immunology-, and 

polymerase- chain reaction-based methods may take up to several hours or even a 

few days to yield results. For direct probing, the toxins produced by bacteria, e.g., 

Staphylococcal Enterotoxin B (SEB) produced by Staphylococcus aureus, are 

important targets in food safety analysis. Most desired by the food safety market are 

strips that can sensitively detect harmful additives, pesticide residues, and antibiot-

ics. The food analysis μPADs developed in laboratories and launched to market to 

date are limited. Considering the customers’ basic needs in daily life, it is easy to 

determine the direction for research and development. Solid foods do not have 

enough water and surface area to activate wet chemical reactions on paper, while 

liquid foods usually have their own pigments/coloration, which can potentially 

interfere with test accuracy. High accuracy is generally needed for testing food, 

since the targeted chemicals/pathogens may exist at very low concentrations in the 

samples. Such high accuracy and sensitivity may not be satisfied by a μPAD if its 

selling point is simpler fabrication and operation, low cost, and enhanced 

portability.

Similarly, for environmental monitoring that aims to provide quality water, soil, and 

air to mass populations, sensitive and affordable analytical tools are sought by custom-

ers. For example, microfluidic paper-based electrochemical devices (μPEDs) have been 

fabricated to selectively analyze Pb(II) in an aqueous solution containing a mixture of 

Pb(II) and Zn(II) (Nie et al. 2010). In addition, both electrochemical and colorimetric 

detection have been realized in an integrated paper device for the rapid screening for 

Au(III) in the presence of a common source of interference, Fe(III), in industrial waste 

solutions (Apilux et al. 2010). Even though μPAD devices have advantages, the number 

of successful examples of environmental analytical devices is relatively less than those 

that have found application in biomedical fields (Table 16.2). Owing to the crucial 

importance of a safe environment to human life, it is believed that increasingly minia-

turized environmental analytical devices will find their way to market, since sufficient 

technological advances and accurate market positioning are deemed achievable. Similar 

to the two-type classification method mentioned above, the future growth of μPADs for 
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environmental and food analysis will likely to be focused on two key elements: (1)

Development of instrumentation- free and elegant paper-based devices, which can be 

correctly operated by minimally trained personnel and the results of which can be 

clearly understood, and (2) portability and online data analysis to enable use in the field 

and interpretation of testing data for comprehensive understanding.

16.7  Future Challenges

Apart from the development of techniques to build a simple and easy-to-use test 

strip, the challenges that current μPADs encounter in commercialization include how 

to balance the cost and functionality of such a testing device. More specifically, 

although more and more designs are claimed to be cheaper and faster, what exactly 

would be a “better” test device in the interest of the public? The criterion highlighted 

by the World Health Organization is not which test is the cheapest, but that the cost 

of the test needs to provide the desired clinical benefit. This can be interpreted by the 

concept of the cost-to-benefit ratio. For example, averting the prescription of months 

of expensive, ineffective, and potentially toxic therapy by a drug-sensitivity-screen-

ing POCT justifies a higher price than a POCT that only marginally improves public 

health. Additionally, the cost of “discounting” a concept well known in economics 

and finance states that the availability of a good or service today has greater value 

than the same good or service in the future (Chin et al. 2012). In short, the true value 

of newly created POCT designs can never be defined by a simple, one-dimensional 

standard. Target consumers are another major factor that cannot be avoided in a dis-

cussion of the application and commercialization of μPADs. As functionalization 

and simplicity are difficult to achieve together, precise customer positioning is 

needed (see Fig.  16.8). A useful paper-based analytical device may not be the 

Fig. 16.8 Balance between the functionality and simplicity of a μPAD moving toward 

commercialization
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cheapest, but could be the one that best suits the need of the target consumers. The 

commercialization of new designs can be divided into multiple product lines, and the 

production cost, use conditions, and detection accuracy of each product line can dif-

fer based on the needs of the target consumers. For example, a POCT device can be 

combined with typical clinic analytical equipment to achieve high-accuracy detec-

tion that suits the needs of hospitals, while another POCT device can be combined 

with smartphone readers to suit the needs of nonprofessionals at the same time. 

Researchers exploring new POCT device ideas in laboratories also need to consider 

commercialization possibilities from the start of their experiments.

Finally, local cultures, ethics, and political trends are also factors that influence 

the market for μPADs, not just in the medical space, but in the food safety and 

environmental monitoring spaces as well. For example, a large volume of literature 

emphasizes simplified manufacturing in an effort to facilitate acquisition of afford-

able analytical devices in rural and otherwise resource-limited areas. However, the 

number of comprehensive studies of such markets are lacking and are generally 

needed. Projecting the actual uptake and performance of such “simplified” devices 

in developing countries require answers to the following questions:

• To what extent are civilians able to access medical services? How many of them 

are willing to go and/or can afford to go to hospitals?

• How to maintain detection reliability, data/data transmission security, and thus 

protect security of the patients?

For projecting the uptake and performance of food safety and environmental test 

devices, the following questions need to be answered:

• Does the target area have environmental and/or food safety regulations or laws?

• To what extent are any regulations and/or laws followed and to what degree have 

they been implemented?

Analytical devices are needed in quality and quantity, especially when health- 

care, food quality, and environmental emergencies or crises occur on large scales. 

Such occurrences provide a good opportunity for popularizing inexpensive, porta-

ble analytical devices.

 Conclusion
As a good candidate for POCT applications, paper microfluidics or μPADs 

achieve tremendous progress in sensing platform design and fabrication. Because 

low cost and easy to use are two key selling points of μPADs, socioeconomic 

concerns comprise one of the driving forces promoting the research and applica-

tion of μPADs. Currently, the research focus is to build miniaturized handheld 

device to direct reading the signal on μPADs. Coupling of low cost, disposable 

paper strip or paper device with portable economical signal reading tool can 

provide a truly POCT service. The state-of-art technology discussed in this chap-

ter is promoting the scale-up fabrication of paper device. However, apart from 

the technology development, the commercialization of the μPADs heavily relies 

on the choice of analyte/target and the potential users. In addition, an important 

16 Microfluidic Paper-Based Analytical Devices for Point-of-Care Diagnosis
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thing to do now is to seek standardization of global regulations for POC devices, 

especially in the biomedical area. Unifying regulations are not needed only for 

measuring product quality, but they would also help deter any possible monopo-

lization and stimulate more business startups, which would encourage minor 

enterprises to launch new products.
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