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a b s t r a c t

Breast cancer is highly prevalent in females and accounts for second highest number of deaths, world-
wide. Cumbersome, expensive and time consuming detection techniques presently available for detec-
tion of breast cancer potentiates the need for development of novel, specific and ultrasensitive devices.
Biosensors are the promising and selective detection devices which hold immense potential as point of
care (POC) tools. Present review comprehensively scrutinizes various breast cancer biosensors developed
so far and their technical evaluation with respect to efficiency and potency of selected bioreceptors and
biotransducers. Use of glycoproteins, DNA biomarkers, micro-RNA, circulatory tumor cells (CTC) and
some potential biomarkers are introduced briefly. The review also discusses various strategies used in
signal amplification such as nanomaterials, redox mediators, p19 protein, duplex specific nucleases (DSN)
and redox cycling.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Breast cancer is a serious health concern for women. It con-
tributes to about 23% of the cancer cases, worldwide, (Mahfoud
et al., 2014) and accounts for the second largest number of deaths
among all cancers (DeSantis et al., 2014; Misek and Kim, 2011).
Resource limited countries are more severely affected due to their
poor financial status, deprived clinical facilities and lack of
awareness. Since, numerous factors are involved in onset of cancer
and these factors may lead to diverse symptoms depending upon
the type and site of tumor formation, hence, the treatment war-
rants an early stage diagnosis, efficient treatment procedures and
post treatment care to avoid its reoccurrence. The breast cancer
diagnostic techniques include mammography, biopsy, MRI, sono-
graphy, molecular breast imaging, thermography etc. These are
quite efficient methods and are able to detect 80–90% of breast
cancers in women (Michaelson et al., 2002). Apart from these,
biomarker based expression techniques such as enzyme linked
immunosorbent assay (ELISA), radioimmunoassay (RIA) and im-
munohistochemistry (IHC) also cater the present diagnostic needs.
Although all these techniques are efficient, still, these are asso-
ciated with some limitations as discussed in Table 1. False positive
or negative results complicate the situation by wrong
,
86@gmail.com (N. Gautam),
interpretations and unnecessary biopsies. So, researchers have
emphasized on development of detection methods that are highly
sensitive, non-invasive and needed for the point of care (POC)
diagnosis. For this, biosensors are sensitive, specific and cost ef-
fective devices. These also exhibit the benefit of quick response
due to direct assessment in physiological fluids (blood, serum,
urine, saliva, milk etc.) in a non-invasive way.

A biosensor for cancer diagnosis usually consists of biomarker
(target molecule), bioreceptor (recognition element) and compa-
tible biotransducer. These components play an imperative role and
decide the technical specifications of the biosensor device. The
biomarkers present on the cell surface or their shed off extra
cellular domains (ECD) in the serum are the common analytes
used as biomarkers (Al-Khafaji et al., 2012; Marques et al., 2014).
These biomarkers are not very specific and represent varied levels
of expression at different cancer stages. Therefore, multiplexing of
the biomarkers at single diagnostic platform may lead to better
interpretation. Accurate measurements of these biomarkers in-
dividually or in combination have been proposed to facilitate the
classification of tumor cells that ultimately decipher the prognosis
information. A correct understanding of the cancer type is neces-
sary for prognosis and responsible for selection of better treatment
therapies that maximizes the efficacy and minimizes toxicity risk
and mortality. In order to recognize a biomarker, some recognition
elements called bioreceptors are used which interact with bio-
markers and produce relative dose dependent response. Further,
the selection of particular type of biotransducer is required. It
depends on the kind of biochemical signal produced by the
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Table 1
Techniques in use for breast cancer diagnosis and their limitations.

Technique Limitations

Mammography Detects only 70% of breast cancers
Low sensitivity and specificity
Sensitivity decreases as breast tissue den-
sity increases
Fails to detect tumor in dense and small
tissue at early stage
Frequent false positive results
Low energy X- rays may cause mutations in
tissue
Disintegration of tumor tissue during ana-
lysis may cause metastasis

Biopsy May miss tumor cells
Unnecessary surgery
May lead to metastasis of tumor
Need skilled expertize
Performed for confirmation in later stages
Expensive

MRI Unable to detect all types of cancers such as
ductal and lobular carcinoma
Expensive

Sonography Less sensitive and relatively expensive
Need experienced expertize to analyse real
time examination

FISH (Fluorescence in situ
hybridization)

Provide semi-quantitative results
Separate patients in biomarker positive or
negative groups

ELISA Time consuming
Expensive
Insensitive to low level markers
Intrinsic color of analytes may lead to false
results
Require trained personal to carry out
analysis

RIA Radioactivity risk
Complex procedure
Time consuming
Require trained personal to carry out
analysis

IHC Complicated technique
Time consuming
Require trained personal to carry out
analysis

Breast 
Cancer 

Biomarkers

Cancer Stage 
based 

Biomarkers

Prognostic Biomarkers
(ER, PR, HER-2, BRCA1, Ki67, 

Osteopontin, Mammoglobin, 
Sirtuins, Autoantibodies)

Therapeutic Biomarkers 
(ER, PR, HER-2, CA15-3, 

CA27.29, Ki67, miR-21,CTC)

Diagnostic Biomarkers
(HER2-, CEA, BRCA1,miR-21, 

155, 222)

Biomolecule 
based 

Biomarkers

Glycoproteins
MUC1, HER2, CEA, EpCAM, 

EGFR

DNA 
BRCA1, BRCA2

micro RNA 
miR-21, 16, 27a, 150, 191

Scheme 1. Classification of breast cancer biomarkers.
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interaction of bioreceptor with biomarker. For example, change in
proton concentration is measured by potentiometric bio-
transducer, discharge/uptake of electrons by amperometric bio-
transducer, light emission/absorption/fluorescence or reflectance
by optical detection and change in mass by piezoelectric bio-
sensors. Further, sometimes signal enhancers are (in the form of
nanomaterials or high adsorptive properties harboring reagents)
introduced in the system to achieve desired signal amplification.

The present review focuses on the major components and
mechanisms entailed to develop POC devices for early breast
cancer diagnosis. To simplify the understanding, current review
has been divided into four major parts (1) breast cancer bio-
markers, (2) associated bioreceptors, (3) biotransducers employed,
and (4) the signal amplification strategies. These are further sub-
divided into their counter parts to discuss all the aspects asso-
ciated with the biosensor development for breast cancer diagnosis.
2. Biomarkers for breast cancer diagnosis

There are certain biomolecules such as cell surface receptor
proteins, mutated genes, micro RNAs, etc. that are variedly
expressed in/on tumor cells and are indicative of cancer progres-
sion. These biologically relevant molecules are called biomarkers.
Diagnostic assemblies demand that the biomarker should be an
element easily extractable from the physiological fluids of the
patients in a non-invasive procedure and should not exist in
healthy person. The potential of biomarkers as target molecules for
cancer diagnosis through biosensors have been vastly explored
and elaboratively discussed already (Diaconu et al., 2013; Tothill,
2009; Vidi et al., 2013). But the studies are either not dedicated to
breast cancer biosensors or does not include all the aspects of the
same. The present review is therefore focused on all the technical
points required to develop a specific breast cancer biosensor.

As other cancer biomarkers, breast cancer biomarkers also
follow two modes of classification, as stage dependent biomarkers
and over expressed biomolecules based biomarkers (Mishra and
Verma, 2010) as summarized in Scheme 1. From diagnostic point
of view, biomolecules based biomarkers have more significance
than therapeutic or prognostic biomarkers. But there is always a
correlation between the diagnostic and prognostic value of a
biomarker. For example, human epidermal growth factor receptor
2 (HER-2), oestrogen and progesterone receptors are regarded as
diagnostic as well as prognostic biomarkers (Misek and Kim,
2011). Biomolecule biomarkers identified as target molecules for
bio recognition are discussed briefly in further sections.

2.1. Glycoproteins

Glycoproteins mainly consist of surface bound glycoprotein
receptors like HER-2, Mucin1 (MUC1), carcinoembryonic antigen
(CEA), epithelial cell adhesion molecule (EpCAM), epidermal
growth factor receptor (EGFR) etc. These are usually deregulated
and mediate cancer cell proliferation by production of growth
factors which alter MAPK and PI3K/Akt pathways (Raina et al.,
2004) and induce metastasis (Nath and Mukherjee, 2014). Among
the various glycoproteins, HER-2 and MUC1 are the most widely
accepted diagnostic and prognostic biomarkers used in the de-
tection of breast cancer.

HER-2 is a proto-oncogene encoding trans-membrane glyco-
protein (M. Wt-185 kDa). It's over expression is detected in nearly



Fig. 1. HER-2 receptor response to ligand binding: HER-2 receptor has an extracellular domain that undergoes dimerization upon ligand binding. In response, the in-
tracellular protein kinase domains get phosphorylated and activate other signalling cascades.

Normal Cell Breast Cancer Cell

Fig. 2. Representation of HER-2, BRCA-1 and MUC-1 biomarker deregulation in the breast cancer vs normal cellular functions: Deregulated HER-2 receptor pathway lead to
metastasis, cell cycle deregulation, angiogenesis, increased proliferation and reduction of apoptosis in the breast cancer cells. MUC-1 protein is under gycosylated and
overexpressed throughout the membrane of cells leading to deregulation of PI3K pathway. MiR-21 overexpression leads to deregulated bcl-2 expression leading to metastasis
and activation of MAPK pathway on HER-2 stimulation. BRCA-1 down regulation in cancer cells leads to prevention of control over DNA repair and cell cycle regulation.
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20–30% breast cancer cases which makes it a suitable biomarker
for breast cancer diagnosis (Al-Khafaji et al., 2012). HER-2 positive
breast cancers are very much aggressive than any other type of
breast cancer. HER-2 receptors consist of extracellular ligand
binding domain that undergo dimerization after ligand binding
and an intracellular tyrosine kinase domain which gets phos-
phorylated in response to dimerization as illustrated in Fig. 1
(Burgess et al., 2003). This phosphorylation event in turn activates
various receptors and results in downstream signalling cascade
pathways like MAPK, P13/Akt etc. as exemplified in Fig. 2 (Menard
et al., 2000).
MUC1 is a glycoprotein that helps in protection from patho-
genic infections and is encoded by MUC-1 gene. It is normally
expressed at apical surface of epithelial cells in several organs
including breast. But in cancerous cells, MUC1 is over expressed,
leading to the presence of these glycoprotein over whole cell
surface (Hollingsworth and Swanson, 2004).

2.2. DNA biomarkers

Mutations, in oncogenes lead to gene amplification while in
tumor suppressor genes, it causes loss of their functions which are
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generally related with cancer incidence and have been employed
as diagnostic biomarkers. Epigenetic alterations in nuclear and
mitochondrial DNA are also used as indicator of breast cancer
progression (Yadav and Chandra, 2013). In case of breast cancer
diagnosis, genes BRCA1 and BRCA2 are the most widely accepted
DNA biomarkers. They are tumor suppressor genes expressed in
normal cells and help in repair of double strand DNA breaks or
induce cell death, if unable to repair (Friedenson, 2007; O’Donovan
and Livingston, 2010). They are also responsible for control and
regulation of cell cycle checkpoints and cell division. Hence, they
play key role in maintaining genome integrity (Wu et al., 2010).
Mutations in genes BRCA1 and BRCA2 are associated with the in-
creased risk of breast cancer and responsible for approximately
21–40% of the inherited breast cancer cases (Friedenson, 2007;
King et al., 2003). Expression of BRCA1 protein has been reported
to be reduced in 30% of the sporadic breast cancer cases (Yang
et al., 2001). Extent of down regulation of BRCA1 protein is de-
pendent on the severity of the breast cancer and is inversely re-
lated to the expression of BRCA2 protein which has been employed
as a tool for the diagnosis of sporadic breast cancer (Hedau et al.,
2015). Therefore, BRCA2 can be used as prognostic as well as di-
agnostic biomarker for breast cancer.

2.3. Micro RNAs

Micro RNAs (miRNAs or miRs) are small non coding RNA mo-
lecules involved in regulation of gene expression. They are usually
up-regulated or downregulated in tumor cells, hence can be used
as diagnostic biomarkers. The miRs up-regulated in cancer cells
are miR-16, miR-21, miR- 222, miR-155, miR- 213, miR-27a, miR-
29b, miR- 29c, miR- 93, miR-150, miR-191, miR-200c, miR-210, and
miR- 451. Similarly, miR-145, miR-125b, miR- 100, miR- 10b, Let-
7a-2, miR-205, miR- 497, and miR-193 are the miRs which are
down-regulated in cancer cells (Andorfer et al., 2011; dos Anjos
Pultz et al., 2014; Heneghan et al., 2010; Lv et al., 2013). Among all
miRs, miR-21 is the most targeted one in breast cancer diagnosis
because of its higher sensitivity (87.6%) and specificity (87.3%) at
early stages than other biomarkers such as CEA and CA15–3 (Gao
et al., 2013).

MiR-21 is over-expressed in blood plasma and cancerous tissue
in comparison to normal breast tissue and hence can be used as
diagnostic and therapeutic biomarker. It's upregulation has been
linked to metastasis in breast cancer by activation of MAPK
pathway on HER-2 stimulation (Huang et al., 2009). Although,
miR-21 has provided non-invasive and stable biomarker identifi-
cation platform in breast cancer diagnosis and prognosis events,
yet, these have limitations such as sequence homology with re-
lated RNAs, occurrence in other cancers too, and low abundance in
serum. Such challenges need to be addressed when working with
miRs as the target molecules. Generally, northern blotting and
in situ hybridization methods are employed for their analysis, but
they offer low sensitivity and restrict economical use of time and
money. Quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) is a widely used technique which delivers high
sensitivity and broad spectrum miR analysis but has same lim-
itations as of other laboratory bound techniques. In this regard,
electrochemical biosensors have been proved as valuable and
succeeded as POC devices (Keshavarz et al., 2015). Preliminary
studies of miR detection were mostly based on hybridization
concept and guanine oxidation (Kilic et al., 2012; Lusi et al., 2009).
Although, guanine oxidation study was the preferred method, still,
it lacked sensitivity and reproducibility in cell lysates. So, owing to
the need of another transduction principle, hybridization of miR–
21 with its complementary probe has been investigated (Campu-
zano et al., 2014; Kilic et al., 2012, 2013; Labib et al., 2013b; Yin
et al., 2012). Recently, it has been concluded that the detection
levels of miR-21 can be lowered down to fentomols using iridium
(III) complex with miR-21 recognizing G- quadruplex (Miao et al.,
2016).

2.4. Circulatory tumor cells (CTC)

The biochemical or morphological attributes of cancerous cells
are distinct from normal cells that lead to their detection. Metas-
tasis of cancer could be easily accessed by the analysis of CTC
(Nadal et al., 2013). Sequestration and enumeration of such cells
could assist in cancer diagnosis and prognosis. They also convey
the invasive nature of cancer and could be used to understand
anti-cancer drug response and mechanism of personalized antic-
ancer therapy. The size, morphological attributes, magnetic prop-
erties etc. are taken as the key factors for their isolation from a
population of cells. As their number is very low in blood stream
(0–10 ml�1 of whole blood containing 109 erythrocytes and 106

leucocytes ml�1), their enumeration is extremely difficult (Han
et al., 2006). It is speculated that a high number could be directly
associated with clinically imperative phase in breast cancer.

2.5. Miscellaneous biomarkers

There are few biomarkers that could be regarded as potential
targets for breast cancer diagnosis. These include cell free DNA
(cfDNA), autoantibodies, and antigens such as urokinase-depen-
dent plasminogen activator system (uPA), the plasminogen acti-
vator inhibitor (PAI), and the Thomsen-Friedenreich (TF).

2.5.1. Cell free DNA (cfDNA)
Circulating, cell-free tumor DNA (cfDNA) holds promising po-

tential as cancer biomarkers. Breast cancer is associated with ex-
cessive DNA damage which is released by apoptotic and necrotic
cells, expressing 0- 2000 ng ml�1 DNA content in plasma, serum
and urine (Kohler et al., 2011; Schwarzenbach and Pantel, 2015).
Quantitative estimation of cfDNA could open up new route to non-
invasive methods of breast cancer diagnosis and provide ther-
apeutic information. Studies pertaining to use of cfDNA as breast
cancer indicator reveal a direct relationship between breast cancer
progression and cfDNA concentration (Schwarzenbach, 2013;
Tangvarasittichai et al., 2015; Weigel and Dowsett, 2010). But, their
application for biosensor construction is still in infancy state and
needs more research.

2.5.2. Autoantibodies
Cancer incidence gained momentum since 1990s, but the role

of autoantibodies in early breast cancer diagnosis have been im-
plicated very late. It was observed that cancer malignancies result
in circulation of antibodies against cancer antigens in serum that
could be employed as biomarker to deduce cancer status (Lacombe
et al., 2014). Autoantibodies against tumor associated antigens
(TAA) can be detected in serum prior to any clinical manifestation.
These are overexpressed in serum and saliva of the cancer patients
and have been proposed to be effective biomarkers for early di-
agnosis (Arif et al., 2015; Azimzadeh et al., 2016; Laidi et al., 2015).
Autoantibodies against cancer antigens such as p53, heat shock
proteins (HSP – 27, 60, 90), GIPC-1, c – myc, c- myb, cyclin D1,
cyclin B1, RS/DJ-1 etc. have been reported in breast cancer patients
and a positive co-relation between their titre and cancer pro-
gression has been observed (Le Naour et al., 2001; Piura and Piura,
2010). Autoantibodies based microarray for 10 respective tumor
antigens of breast cancer has been reported and successfully ap-
plied to investigate breast cancer samples (Yang et al., 2013).
Simplified, non-invasive detection of autoantibodies in serum
potentiates their application as diagnostic biomarker in near fu-
ture, but, heterogeneous nature of breast cancer and our limited
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understanding of humoral immune response resist their routine
clinical use.

2.5.3. uPA, PAI and TF
Apart from above discussed biomarkers, combination of in-

dependent markers have been proposed to promote diagnostic
efficacy. Urokinase-dependent plasminogen activator system
(uPA), the plasminogen activator inhibitor (PAI) and the Thomsen-
Friedenreich (TF) antigen have been recognized as effective dis-
ease predictors in pre and post-menopausal women (Deutscher
et al., 2010; Qin et al., 2012). The application of these biomarkers
for real sample analysis through biosensing is awaited and may
open up sensitive and specific breast cancer diagnostic avenues.
3. Bioreceptors

Bioreceptors are the biological part of the biosensor that in-
teract with the biomarker and undergo biological reaction to
produce a signal. These bioreceptors could be any biological entity
that has specificity towards a particular biomarker. Generally
bioreceptors include antibodies, aptamers, DNA, enzymes, whole
cells, etc. Bioreceptors extensively used for breast cancer biosen-
sing are discussed below.

3.1. Antibodies

As convenient probes, antibodies have created explicit niche in
breast cancer diagnosis by contributing real nano-sense to the
system. The specificity, sensitivity, and homogeneous nature of
antibodies have attracted researcher's interest. Immobilization of
biomarker specific antibodies on electrode surface and alteration
in electron transfer rate of electrode is the principle for the de-
velopment of impedance based electrochemical sensors. This is a
process of direct and unlabelled form of detection that depends on
change in physical parameters upon antigen - antibody complex
(Ag-Ab) formation (Arya et al., 2012; Arya et al., 2013; Eletxigerra
et al., 2015; Elshafey et al., 2013; Fan et al., 2013; Li et al., 2013a; Li
et al., 2013b; Myung et al., 2011; Norouzi et al., 2011; Seven et al.,
2013; Sonuç and Sezgintürk, 2014; Sun et al., 2011; Vasudev et al.,
2013; Zhu et al., 2012). Indirect method of detection involves la-
belling of antibodies with signal producing molecules such as
enzymes (Al-Khafaji et al., 2012; Li et al., 2011c; Marques et al.,
2014; Wei et al., 2011; Xiang et al., 2011; Yang et al., 2011), redox
mediators (Prabhulkar and Li, 2009) or fluorophores (Chang et al.,
2011) to capture voltametric or optical changes. Enzymes such as
Table 2
Aptamer sequences employed to capture breast cancer biomarkers.

Target Aptamer Sequence

HER-2 5′CTTCTGCCCGCCTCCTTCC-(TGGGGCCTGGAT ACGGATTGGTAAGGATTAGT
5′GGGAGAGCGGAAGCGUGCUGGG–N40–AUAACCCA-GAGGUCGAUGGAUC
5′GTAAAAGAACTGATCAGCACGGGATGGGATAGGGAGGGGAGTGTTGAAAA
5′GGGCCGTCGAACACGAGCATGGTGCGTGGACCT AGGATGACCTGAGTACTG

MUC1 5′GCAGTTGATCCTTTGGATACCCTGG3′
5′GCAGTTGATCCTTTGGATACCCTGG3′
5′GCAGTTGATCCTTTGGATACCCTGGTTTTTTTTTTTTTTT3′
5′GCAGTTGATCCTTTGGATACCCTGG3′
5′GCAGTTGATCCTTTGGATACCCTGG3
5′ACACGGCAGTTGATCCTTTGGATACCCTGGCGTGT-3′
5′GCAGTTGATCCTTTGGATACCCTGG3′

VEGF 5′TTCCCGTCTTCCAGACAAGAGTGCAGGG3′
5′GGGCCCGTCCGTATGGTGGGTGTGCTGGCTTTTAAAAAAAAAA3′

EpCAM 5CACTACAGAGGTTGCGTCTGTCCCACGTTGTCATGGGGGGTTGGCCTG-
AS1411 5′GGTGGTGGTGGTTGTGGTGGTGGTGG3′
horseradish peroxidase (HRP) and alkaline phosphatase are
usually employed to produce electro active products leading to
redox reactions at electrode surface. Also, this approach makes use
of sandwich immunoassay to make contact with electrode surface
at one end and produce detectable signal at the other end (Al-
Khafaji et al., 2012; Kellner et al., 2011; Marques et al., 2014; Wei
et al., 2011; Xiang et al., 2011; Yang et al., 2011). The proteinaceous
nature of antibodies enable easy preparation of surface assembled
monolayer (SAM) with some cross linkers such as N-(3-dimethy-
lamminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysulfosuccinimide sodium salt (NHS) (Arkan et al., 2015;
Benvidi et al., 2016; Kilic et al., 2012; Xiang et al., 2011; Zhang
et al., 2011), 3-aminopropyltrietoxy silane (APTES), glutaraldehyde
(Wang et al., 2014), 11-mercaptoundecanoic acid (11-MUA),
3-mercaptopropionic acid (3-MPA) (Arya et al., 2012), Poly-(dia-
llyldimethylammonium chloride) (PDDA), poly(sodium 4-styr-
enesulfonate (PSS) (Gao et al., 2011; Xiang et al., 2011), Succini-
midyl 6-(3-[2-pyridyldithio]-propionamido) hexanoate (LC-SPDP)
(Arya et al., 2013; Seven et al., 2013), dithiobissuccini- midyl
propionate (DTSP) (Vasudev et al., 2013), and 1,4- phenylene dii-
sothiocyanate (PDITC) (Elshafey et al., 2013). The limitations of
antibodies are their thermal or physical instability and complex in
vitro and in vivo models of their generation. Further, regeneration
of antibody based systems and reproducibility of results are the
major challenge in using antibodies as bioreceptors.

3.2. Aptamers

Aptamers, also known as chemical antibodies have come up as
an alternative to native antibodies and are nowadays preferred
bioreceptors in biosensors because of their specific binding effi-
ciency, small size (one tenth of antibodies) and synthetic nature.
They form tertiary structures of single stranded DNA (ssDNA) or
RNA capable of making interaction with biomarkers such as cell
surface glycoproteins and miRs (Won et al., 2013). Aptamers are
also capable to interact with glycoproteins or miRs as activator or
inhibitor of their biological functions under in vivo conditions. But,
in vitro systems, they may be used as bait to pull down the target
moiety from a pool of interfering biomolecules. An interesting fact
about aptamers is that they can be selected through a process of
molecular evolution called systemic evolution of ligands by ex-
ponential enrichment (SELEX) against unlimited range of targets
extending from inorganic ions to proteins, pathogens, tumor cells
etc. (Brody and Gold, 2000; Song et al., 2013). Compared to anti-
bodies, aptamers are more thermo stable and can be easily mod-
ified with a minimal batch to batch variation (Sun and Zu, 2015).
References

AGGGGGCATAGCT)-GGAGACGAGATAGGCGGACAC T3′ (Chun et al., 2013)
CGGGG3′ (Won et al., 2013)
3′ (Zhu et al., 2012)
TCC3′ (Qureshi et al., 2015)

(Li et al., 2010a)
(He et al., 2012)
(Florea et al., 2013)
(Yan et al., 2013)
(Zhu et al., 2013)
(Hu et al., 2014)
(Cai et al., 2015b)

(Zhao et al., 2011)
(Wang et al., 2015a)

(Song et al., 2013)
(Feng et al., 2011)
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Table 2 enlists the sequences of aptamers designed to capture
breast cancer biomarkers in various investigations. Aptamers have
been proposed to work individually (Chun et al., 2013; Feng et al.,
2011; Hu et al., 2014; Wang et al., 2015a), with some redox med-
iators like methylene blue, thionine, [Ru(NH3)6]3þ etc. (Florea
et al., 2013; Pérez et al., 2015; Yan et al., 2013; Zhao et al., 2011), or
in association with antibodies (Won et al., 2013), or fluorophores
(He et al., 2012) to produce sensitive dose dependent response.
When used with redox mediators, their assembly in the presence
or absence of target decides the proximity of mediator with
electrode surface and hence influence the voltametric response.
Sometimes, specific double stranded DNA (dsDNA) sequences
could also bind to specific proteins such as beta protein 1 (BP1) to
produce mediator assisted response (Pérez et al., 2015). Aptamer
regeneration is postulated through addition of cDNA that releases
target association with aptamer (Feng et al., 2011). Inspite of ad-
vantages over antibodies, aptamers also suffer few limitations.
Their in vivo and in vitro interactions with proteins vary, but this is
not a serious problem in case of biosensor application as cancer
diagnosis is always done on physiological fluids under in vitro
conditions. But, the low success rate and time consuming attri-
butes of SELEX hinder the commercial application of aptamers in
clinical diagnosis.

3.3. Complementary DNA (cDNA)

Apart from antibodies and aptamers, classical method of DNA
detection with complementary DNA (cDNA) includes a huge
number of breast cancer biosensors. The bioassay principle de-
pends on simple hybridization of target gene with its cDNA im-
mobilized on electrode surface or optical detection platform to
produce target dependent response (Fig. 3A). In case of electro-
chemical biosensors, hybridization is confirmed by increase in
charge transfer resistance (Rct) at electrode surface through elec-
trochemical impedance spectroscopy (EIS) or introduction of some
electro active intercalating agents (Benvidi et al., 2015; Tiwari and
Gong, 2009). SAM of cDNA with nanocomposits and cross-linkers
Fig. 3. Strategies to construct breast cancer biosensors: A) Electrochemical biosensor fo
immobilized on nanoparticle assembled electrode to capture MCF-7 cells at the electrode
Nyquist plot. Alternatively cDNA complementary to miR can also be immobilized to capt
optical biosensor for breast cancer: QDs are labelled with primary antibodies against MCF
secondary antibody labelled magnetic beads (MB) enable their magnetic separation to
on electrode surface enhances voltametric signals. Detection of
target genes or miR through cDNA hybridization seems the most
reliable method for their identification (Bartosik et al., 2013;
Benvidi et al., 2015; Cardoso et al., 2016; Kilic et al., 2012, 2013;
Labib et al., 2013b; Rafiee-Pour et al., 2016; Wang et al., 2015b;
Zhang et al., 2016). Amplification of capture DNA probe after hy-
bridization with target gene (e.g. BRCA1 mutant) on the electrode
surface through DNA polymerase enzyme has enabled surface
resistance based evaluation of gene mutation (Benvidi et al., 2015).
Some modified sequences termed as locked nucleic acid (LNA) in
nucleic acid hairpin probe (NAH) also find their application in
sensitive miR-21 detection (Yin et al., 2012). LNA, also referred as
inaccessible RNA are synthetic ribonucleotides with locked con-
firmation due to a bridge between 2′ O and 4′ C, which enhances
their affinity to complementary RNA or DNA. Hybridization of
target gene with cDNA has been exploited in optical detection also
(Chen et al., 2014b; Culha et al., 2004; Li et al., 2014b; Zhou et al.,
2014). In an investigation, hybridized form of MUC1 protein spe-
cific aptamer (termed as AP) with its cDNA (termed as SP) in the
absence of MCF-7 cells did not impart any enhancement to ter-
bium (Tb3þ) fluorescence, but, in the presence of MCF-7 cells,
fluorescence was greatly enhanced (because ssSP is left behind
after association of AP with MUC1 protein on cell surface),
equivalent to MCF-7 cells concentration (Cai et al., 2015b). Dis-
ruption of G-quadraplex structures due to cDNA association has
also been exploited as bioassay principle (Zhou et al., 2014).
4. Biotransducers and CTC capturing devices

Biotransducer is the part of biosensor that converts the biolo-
gical signal produced by the interaction of target analyte and
bioreceptor into a measurable signal. The compatibility of bio-
transducer with the bioreceptor is the key feature for the success
of biosensor. Basically, a uniform trend with respect to bio-
transducers has been observed in the development of breast
cancer biosensors. Majorly, electrochemical and optical
r detection of MCF-7 cells: Antibodies against surface proteins of MCF-7 cells are
surface which increases the interfacial resistance and hence enlarged semicircle in

ure target miR released from the cell extracts of MCF-7 cells. B) Quantum dot based
-7 cell surface proteins and subjected to sample containing MCF-7 cells. Addition of
obtain fluorescence emission spectra.
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Scheme 2. Classification of biotransducers.

S. Mittal et al. / Biosensors and Bioelectronics 88 (2017) 217–231 223
biotransducers have been employed for biosensor construction.
The studies have been divided and discussed in three broad ca-
tegories of biotransducers as per Scheme 2. In addition, the mi-
crofluidic assemblies employed to capture CTC have also been
discussed under this section.

4.1. Electrochemical

Electrochemical biotransducers find wide application in bio-
sensing due to their obvious high sensitivity, specificity, port-
ability, ease of use and fast response. Electrochemical sensors offer
a virtuous platform for immobilizing bioreceptors of various kinds
that could deliver the signal with respect to analyte concentration.
They also provide important information on the interaction of
target molecule with the bioreceptor. Proteins, antibodies, apta-
mers and enzymes constitute wide array of components that could
be attached to electrode surface through various means. Majority
of electrochemical investigations take the advantage of this fact,
and attempt to figure out the perfect combination of target –

bioreceptor along with a conductivity enhancer (nanoparticles) to
generate an amplified readout. A typical electrochemical work-
station consists of three electrode system i.e. a working electrode,
a reference electrode and an auxiliary electrode. The biochemical
reactions pertaining to target-bioreceptor interaction occurs at the
surface of working electrode. The electrochemical readout is ob-
tained mainly through cyclic voltammetry (CV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV), electro-
chemical impedance spectroscopy (EIS) etc. Nowadays, EIS is a
preferred technique because it provides insight to the bimolecular
interaction through their effect on electron transfer resistance
(Ret). The interfacial resistance increases due to the bulky assembly
of mono-dispersed layers (Ag-Ab or protein–aptamer) on electrode
surface. The increased resistance is evident by the enlarged
semicircle in Nyquist plot obtained by EIS (Fig. 3A). The insulating
effect of different layers of target- bioreceptor complex affect the
mass transfer rate of electrons at the electrode surface and confer
information on sequential binding of interacting biomolecules
(Chun et al., 2013; Elshafey et al., 2013; Feng et al., 2011; Florea
et al., 2013; Kong et al., 2011; Li et al., 2014a; Norouzi et al., 2011;
Rafiee-Pour et al., 2016; Sonuç and Sezgintürk, 2014; Sun et al.,
2011; Wang et al., 2015a). Due to improved signal-to-noise ratio
and ability to work in high resistive solutions, microelectrodes are
reported to offer better current change characteristics than large
diameter electrodes (Arya et al., 2012; Arya et al., 2013; Prabhulkar
et al., 2009; Prabhulkar and Li, 2009).

The various researchers have made attempts to develop POC for
early diagnosis of breast cancer using electrochemical transducers
and overexpressed biomarkers such as mutated BRCA1 gene
(Benvidi et al., 2015; Benvidi et al., 2016; Fan et al., 2013; Tiwari
and Gong, 2009; Wang et al., 2015b), VEGF (Prabhulkar et al.,
2009; Prabhulkar and Li, 2009; Sezgintürk, 2011; Zhao et al., 2011),
EGFR (Vasudev et al., 2013; Zhao et al., 2011), MUC1 (Florea et al.,
2013; Hu et al., 2014; Li et al., 2010a; Yan et al., 2013; Zhu et al.,
2013), CEA (Kong et al., 2011; Norouzi et al., 2011; Sun et al., 2011;
Yang et al., 2011; Zhong et al., 2010), HER-2 (Al-Khafaji et al., 2012;
Arkan et al., 2015; Liu et al., 2014a; Marques et al., 2014; Qureshi
et al., 2015; Seven et al., 2013), CA15–3 (Fragoso et al., 2011; Li
et al., 2013b; Selwyna et al., 2013; Wang et al., 2014), miR-21 (Kilic
et al., 2012; Meng et al., 2013; Miao et al., 2015; Rafiee-Pour et al.,
2016; Torrente-Rodríguez et al., 2015; Torrente-Rodríguez et al.,
2014; Yin et al., 2012). Table 3 enlists the specifications and de-
tection limits of various electrochemical biosensors developed for
breast cancer.

In addition to conventional electrochemical studies, a modified
form of electrochemical investigation has been reported by da la
Escosura-Muñiz and Merkoçi (2011). In this study, nano channel
accompanied nanoporus membrane has been developed, that
could be used as blocking agent for CA15-3 protein through im-
mobilization of anti- CA15–3 antibodies on silver enhanced gold
nanparticles (AuNP) inside the channels. The whole assembly has
been converted in to a mini electrolytic cell with 300 ml capacity
and detection limit of 52 U ml�1 for biomarker CA15-3 (de la Es-
cosura-Muñiz and Merkoçi, 2011). In an another study, integration
of flow injection system and fast Fourier transform with SWV
provided sensitive estimation of minute levels of biomarker CEA
(Norouzi et al., 2011). In this case, background noise was reduced
by separating the voltametric signal and background signal in
different frequency domains. Fragoso et al. (2011) also reported
integration of microfluidic assembly with amperometric im-
munosensor for the breast cancer diagnosis (Fragoso et al., 2011).
For the first time, HER-2 concentration was related to silver
stripping by Zhu et al. (2012). In this case, AuNP – aptamer con-
jugate was armed with a reductant hydrazine to reduce silver ions
to metallic silver for square wave stripping voltammetry (Zhu
et al., 2012). Recently, the study of Swisher et al. demonstrated
that metastatic cells have high Cathepsin B production, which
could assist proteolytic cleavage of some specific tetrapeptides and
generate ferrocene dependent electrochemical signals. The in-
creased ferrocene signal revealed metastatic cell load in the
sample (Swisher et al., 2015).

Now, from electrochemical electrodes, the sensing platforms
have been advanced to capacitor sensors. Capacitor surface pro-
vide high sensitivity, label – free and cost effective testing. Direct
effect of ligand (ssDNA and aptamer) binding and target protein
(HER-2) on charge distribution at the surface has been exploited as
the bioassay principle (Qureshi et al., 2015). Few conductivity
based biosensors have been upgraded with the use of graphene
based field effect transistors and silicon nanowires, which has
enabled sensitive recognition of highly expressed biomarkers in
breast cancer patients (Myung et al., 2011; Zhang et al., 2011).

4.2. Optical biotransducers

Light emission/ absorption based determination of diverse
analytes is a widely researched field with major emphasis on
plasmonic effect of nanoparticles (Cai et al., 2015a; Chang et al.,
2011; Chen et al., 2015; Kim and Jeong, 2011; Manikandan et al.,
2014). With reference to clinical diagnosis and prognosis, use of
nanoparticles has gained interest in past couple of years. Nano-
particles have provided virtuous photostable synthesis and noise
free fluorescence signal along with biocompatible environment
(Chang et al., 2014b; Hun and Zhang, 2009). Their prolonged
fluorescence is responsible for surface enhanced Raman spectro-
scopy (SERS) and has been utilized to differentiate between hu-
man breast normal cells, cancer cells and cancer stem cells based
on scattering patterns (Manikandan et al., 2014). Shift in resonance
frequency of gold nanoparticles and similar nanocomposits define
the adsorption of aptamer or antibodies on their surface and cor-
relate the shift with target density. The Ag-Ab interaction causes
change in refractive index of gold nanorods (GNRs) micro-
environment that can be qualitatively observed as shift in long-
itudinal plasmon wavelength [LPW] (Chen et al., 2015).

Diverse bioreceptors against distinct surface proteins, genes



Table 3
Specifications of electrochemical biosensors for breast cancer diagnosis.

Target molecule Biosensor specification Linear range of detection Detection limit Reference

BRCA1 cDNA/CHIT-co-PANI/ITO 0.05–25 fM 0.05 fM (Tiwari and Gong, 2009)
BRCA1/BSA/anti-BRAC1/BMIM �BF4/MCN–TB/GCE 0.01–15 ng ml�1 3.97 ng ml�1 (Fan et al., 2013)
ssDNA probe/ Au electrode 1�10�19–1�107 M 4.6�10�20 M (Benvidi et al., 2015)
ssDNA probe /PEG/AuNP/GCE 50.0 fM–1.0 1.7 fM (Wang et al., 2015b)
ssDNA probe/PANHS/GCE 10�16�10�10 M 3.7�10�17 M (Benvidi et al., 2016)
ssDNA probe /PANHS/MWCNT/GCE 10�17�10�10 M 3.0�10�18 M (Benvidi et al., 2016)
ssDNA probe /PANHS/RGO/GCE 10�18�10�10 M 3.5�10�19 M (Benvidi et al., 2016)

MUC1 Qdots/Apt/cDNA/Au electrode 1�102–1�106 cells ml�1 100 cells ml�1 (Li et al., 2011a)
DNA probe/gold SPE 0–10 ng ml�1 0.95 ng ml�1 (Florea et al., 2013)
Aptamer/graphene/Au/GCE with Aptamer/TH/PtFe
conjugate

100–5�107 cells ml�1 38 cells ml�1 (Yan et al., 2013)

Aptamer-HRP/MUC1/Aptamer1/Au electrode 100–1�107 cells 100 cells (Zhu et al., 2013)
DNA probe-AuNP-HRP//Streptavidin/ MWCNT/GCE 8.8–353.3 nM 2.2 nM (Hu et al., 2014)

MUC1 & CEA MUC1 aptamer/MCF- 7/anti-CEA-CdS NPs 104–107 cells ml�1 3.3�102 cells ml�1 (Li et al., 2010a)
CEA HRP-anti-CEA-AuNP-graphene/GCE 0.05–350 ng ml�1 0.01 ng ml�1 (Zhong et al., 2010)

Anti-CEA/GNP–Thi–GR/GCE 10–500 pg ml�1 4 pg ml�1 (Kong et al., 2011)
HRP/anti-CEA/AuNPs/ZnONPs/Au electrode 0.1–70 ng ml�1 0.01 ng ml�1 (Norouzi et al., 2011)
Anti-CEA/GNPs/Azure I/ Nf -MWCNT 0.1–40 ng ml�1 0.03 ng ml�1 (Sun et al., 2011)
Ag/HRP-Ab2–HPtNPs / BSA /Ab1/ Au–TiO2 0.02–120 ng ml�1 12 pg ml�1 (Yang et al., 2011)

CA15–3 Pt NCs/OrgSi@CS-CNTs/GCE 0.1–160 U ml�1 0.04 U ml�1 (Li et al., 2010b)
Anti-CA15–3/ NGS-GCE 0.1–20 U ml�1 0.012 U ml�1 (Li et al., 2013b)
antiCA15–3/ZnO nanorods on QCM 0.5–26 U ml�1 0.5 U ml�1 (Wang et al., 2014)

VEGF R1-VEGF/EDC-NHS3-MPA/Au 10–70 pg ml�1 10 pg ml�1 (Sezgintürk, 2011)
Aptamer-methylene blue/Au electrode 50 pM–0.15 nM 5 pM (Zhao et al., 2011)

EGFR EA/Anti-EGFRab/DTSP/Au electrode 1 pg–100 ng ml�1 1 pg ml�1 (Vasudev et al., 2013)
PG/PDITC/Cys/AuNPs/Au electrode 1 pg–1 mg ml�1 0.34 pg ml�1 (Elshafey et al., 2013)

ER ERα-ERE-SiNW 1 pM–10 fM 10 fM (Zhang et al., 2011)
FA FA-Folate/DNA probe/Au electrode 102–106 cells ml�1 67 cells ml�1 (Zhao et al., 2013a)
BP 1 Anti- BP 1 aptamer with intercalated methylene blue 5.3–23.6 nM 1.2 nM (Pérez et al., 2015)
EpCAM Anti – EpCAM/LC-SPDP/Au electrode 1�105–1�108 cells ml�1 1�105 cells ml�1 (Arya et al., 2013)
HER-2 Anti c-erbB2/Polypyrrole-NHS/GCE 100–10,000 cells ml�1 100 cells ml�1 (Seven et al., 2013)

S6 aptamer/Au/ZnO/G ITO electrode 1�102–1�106 cells ml�1 58 cells ml�1 (Liu et al., 2014a)
Anti-HER-2/HER-2/Anti-HER-2-S-AP/SPCE 15–100 ng ml�1 4.4 ng ml�1 (Marques et al., 2014)
Ab/GNP/HDT/GNP@MW-CILE 10–110 ng ml�1 7.4 ng ml�1 (Arkan et al., 2015)
Anti – HER-2 Aptamer- capacitor chip 0.2–2 ng ml�1 0. 2 ng ml�1 (Qureshi et al., 2015)

HER-2 ECD AP-Ab2/HER-2 ECD/Ab1/Protein A/MB/SPE 0–15 ng ml�1 6 ng ml�1 (Al-Khafaji et al., 2012)
HER-3 Anti-HER-3/HER-3/BSA/HER-3/4-ATP/Au electrode 0.4–2.4 pg ml�1 0.4 pg ml�1 (Sonuç and Sezgintürk, 2014)
Choline ZnO – ChO - GCE 0.3–5.1 mM 0.647 mM (Thiagarajan et al., 2016)
miR- 21 Anti-miR probe/GPE – 6 pM (Kilic et al., 2012)

HRP/AuNPs–barcode/miR–NAH/AuNPs/graphene/Au
electrode

0.01–700 pM 6 fM (Yin et al., 2012)

Hemin/miR/DNA-Au/probe/AuNPs/Au electrode 0.01–500 pM 6 fM (Meng et al., 2013)
ALP/APBA-biotin-AuNP/miR/DNA probe/Au electrode þ re-
dox cycling

10 fM–5 pM 3 fM (Liu et al., 2014b)

HRP-antiMBP-p19-dsRNA-MBs/SPCE 1.4–1.0 nM 4.2 fM (Torrente-Rodríguez et al.,
2014)

Anti-miR/CP-AP/ PDDA/GCE 100 aM–1 nM 30 aM (Miao et al., 2015)
ALP/DNA probe/Au electrode þ redox cycling 0.5 fM–1 pM 0.2 fM (Liu et al., 2015)
ALP/miR/DNA probe/Au electrode þ redox cycling 0.5 fM–1 pM 0.2 fM (Xia et al., 2015)
Ir (III) /MB-DNA probe 2-AuNP /miR/DNA probe1/Au
electrode

5 fM–1 pM 1.6 fM (Miao et al., 2016)

Anti-miR/MWCNT- COOH/GCE 1.0–500 pM 84.3 fM (Rafiee-Pour et al., 2016)
ALP/DNA probe 2/miR/DNA probe 1-AuNPs/WO3-graphene/
GCE þ redox cycling

0.0 fM–100 pM 0.05 fM (Shuai et al., 2016)

miR – 21, miR – 205 P19 captured dual aptamer complex on SPCE 2–10 nM 0.6 nM (Torrente-Rodríguez et al.,
2015)

miR – 21, 32, 122, 141,
200

Anti-miR probe/SPE –p19 based HPD – sensor 10 aM–1 mM 5 aM (Labib et al., 2013b)

miR – 155 Anti-miR probe/GNR/GO/GCE 2.0 fM–8.0 pM 0.6 fM (Azimzadeh et al., 2016)
Anti-miR probe/AuSPE 10 aM–1.0 nM 5.7 aM (Cardoso et al., 2016)
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and miRs have been reported for optical breast cancer biosensing
such as, aptamers (Cai et al., 2015b; Hua et al., 2013; Kim and
Jeong, 2011; Zhao et al., 2015a), antibodies (Chang et al., 2011;
Chang et al., 2014b; Chen et al., 2015; Hun and Zhang, 2009), cDNA
(Chen et al., 2014a), lectins (Park et al., 2013), folic acid (Zhang
et al., 2014), cancer antigen GIPC-I (Salama et al., 2007) etc. Also,
some optical labels such as thioflavin (Chen et al., 2014b) and
terbium III (Tb3þ) (Cai et al., 2015b; Zhang et al., 2015) have been
employed to produce target dependent fluorescence responses.
Some important attributes of optical and mass change based
breast cancer biosensors have been discussed in Table 4.

4.2.1. Fluorescence resonance energy transfer (FRET)
FRET is a light emission phenomenon observed between two



Table 4
Specifications of optical and mass change based breast cancer biosensors.

Target molecule Biosensor specification Linear range of detection Detection limit Reference

BRCA1 MB based FRET biosensor 0.2–2.5 mM 70 nM (Culha et al., 2004)
HER-2 /ErbB2 LSPCF based fluorescence biosensor 1–1000 pg ml�1 1.8 pg ml�1 (Chang et al., 2011)

Thioflvain T induced quadraplex based fluorescent biosensor 100 fM–1 pM 20 fM (Chen et al., 2014b)
Longitudinal extension of microcantilever with scFv 0.06–0.6 nM 0.06 nM (Capobianco et al., 2011)

MUC1 Three component DNA system with QD 0–2 mM 250 nM (Cheng et al., 2009)
LSAW aptasensor based piezoelectric biosensor 1�102 –1�107 cells ml�1 32 cells ml�1 (Chang et al., 2014a)
Anti MUC 1 aptamer with Tb3þ 500–500,000 cells ml�1 70 cells ml�1 (Cai et al., 2015b)
Fluorescent anti-MUC 1 aptamer – 1075 cells ml�1 (Zhao et al., 2015a)

CA15–3 Antibody – lectin sandwich assay 1.25–25 U ml�1 0.4 U ml�1 (Park et al., 2013)
Gold nanorods based plasmonic biosensor 2–32 nM 10�10 M (Chen et al., 2015)

CEA Biobarcode and G- quadraplex/hemin based colorimetric assay 0.025–40 ng ml�1 0.025 ng ml�1 (Zhou et al., 2014)
miR – 21 miR-21 tagged R. luciferase competitive assay 1�10�11–1�10�15 M 1 fM (Cissell et al., 2008)

Anti- miR – 21 aptamer with Tb3þ 50 fM–1.0 pM 8.0 fM (Zhang et al., 2015)
MB/GDNA/ Seal probe mediated TIRCA 10 aM–1.0 nM 5 aM (Li et al., 2016)
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fluorophores. Fluorophores are the chemical compounds that ab-
sorb a particular wavelength of light, undergo excitation and then
emit light at a higher wavelength. To observe FRET, the fluor-
ophores should be selected wisely so as the emission wavelength
of the donor should overlap the excitation wavelength of the ac-
ceptor. Certain compounds that act as acceptors decrease the
fluorescence intensity and are called quenchers. FRET is widely
used in optical studies of biosensing and diverse compounds have
been used as fluorophores or quenchers (Chang et al., 2011; Cheng
et al., 2009; Culha et al., 2004; Degliangeli et al., 2014; He et al.,
2012; Zhao et al., 2015a). For example, conjugated polymers with
high quantum yield and multiple color emission capable of si-
multaneous multiple targeting have been used to differentiate
between breast cancer live cells from other cancer cell lines (Li
et al., 2011b). Graphene oxide (GO) as a fluorescence quencher has
been employed to detect MUC1 through MUC1-aptamer associa-
tion (He et al., 2012). In this study, fluorophore labelled aptamer in
the absence of MUC1 made close association with GO, which re-
sulted in fluorescence quenching of the fluorophore. But in the
presence of MUC1, aptamer–MUC1 association disrupted aptamer
interaction with GO and restored fluorescence. Enhanced fluores-
cence output of Tb3þ bound to ssDNA has also been investigated
to obtain target dependent response (Cai et al., 2015b; Zhang et al.,
2015). Tb3þ is insensitive to duplex formation and hence, display
no or very low change in fluorescence intensity. It was chosen due
to its long fluorescence lifetime, large Strokes shift and sharp
emission spectra. In addition to this, it is nontoxic to biological
systems and has simple synthesis. It was demonstrated that the
Tb3þ based method is more versatile and efficient detection sys-
tem due to higher simplicity and sensitivity in comparison to other
fluorophores (Cai et al., 2015b).

Apart from the direct fluorescence studies, optical fibre is the
most convenient platform for photosensitive recognition of target
moiety with the bioreceptor (Chang et al., 2011; Salama et al.,
2007). In an initial investigation, autoantibodies (human mono-
clonal IgM antibody 27. B1) against cancer protein GIPC-1 (GIPC
PDZ domain containing family member 1) were captured on op-
tical fibre through recombinant GIPC-1 (r-GIPC-1) association
which enabled 50 and 500 fold more sensitive detection than
chemiluminscent ELISA and colorimetric ELISA, respectively (Sal-
ama et al., 2007). Modified surface of the fibre proved efficient
platform for biomolecule immobilization to produce chemilu-
minscent signals. In an another study localized surface plasmon
coupled fluorescence fibre optic biosensor (LSPCF – FOB) was de-
veloped for total prostate specific antigen (t-PSA) evaluation of
breast cancer patient's serum samples (Chang et al., 2011). The
bioassay characterization was based on enhancement of
fluorophore fluorescence in the vicinity of gold nanoparticles
which were employed in the bioassay as detection antibody car-
riers (Chang et al., 2011).

4.2.2. Quantum dots (QD)
Use of QD has gained momentum in past few years. The en-

hanced FRET, electrochemi- luminescence (ECL) and photo-
luminescence (PL) of QDs have made them preferred labelling
options. Easy surface modification of QDs provided better oppor-
tunities for bioconjugate formation with aptamers or antibodies
(Algar et al., 2010; Li et al., 2011a). Quantum dots (QD) offer ad-
vantage of size dependent fluorescence emission which is gener-
ated by capturing the target cell (breast cancer cells) on QD
through alternate aptamers against two different surface proteins
or dual antibody complexes (Fig. 3B). Taking the advantage of in-
herent properties of QDs, Cheng et al., designed an assembly of
three DNA sequences to relate fluorescence quenching with MUC1
concentration in the sample. Decrease in fluorescence was ob-
served in the presence of target protein when all the three DNA
components got hybridized resulting in close association of
fluorophore and quencher (Cheng et al., 2009). QD have also been
used to visualize cancer cells through Erb2 specific aptamer as-
sembly (Kim and Jeong, 2011). Immobilization of QD on silicon
dioxide (SiO2) nanoparticles offered enhanced PL emission and
signal amplification when conjugated with target MCF-7 cells (Hua
et al., 2013). Generally, cadmium (Cd) core QD are synthesized and
their dissolution released Cd is quantified and related to antigen
concentration by optical and voltametric techniques (Hua et al.,
2013; Li et al., 2011a).

4.2.3. Surface plasmon resonance (SPR)
SPR biotransducers provide an opportunity of real time sensing

of bimolecular interaction in a rapid, sensitive and label-free way.
It works on simple principle of change in refractive index of the
sensing medium on gold surface generally due to bimolecular in-
teractions that result in change in reflected light or resonance
angle. It has profound application in breast cancer biosensing and
has been employed for the detection of point mutations in breast
cancer related genes (Carrascosa et al., 2009; Li et al., 2006; Li
et al., 2014b). But, SPR suffer from low sensitivity issues. Inclusion
of nanoparticles has overcome the limitations of conventional SPR
technique and worked as substrate enhancement and amplifica-
tion tags (Nguyen et al., 2015; Zhao et al., 2015b). Nanoparticle
based SPR has been employed to detect some breast cancer bio-
markers such as HER-2 (Martin et al., 2006), PR (Yuan et al., 2007),
ER (Neo et al., 2009), CA15-3 (Chang et al., 2010; Liang et al., 2012)
and PSA (Uludag and Tothill, 2012). SPR analysis has been applied



S. Mittal et al. / Biosensors and Bioelectronics 88 (2017) 217–231226
to serum as well as saliva samples confirming its plasticity and
adaptability to different sample matrixes (Liang et al., 2012; Ulu-
dag and Tothill, 2012).

4.2.4. Colorimetric assays
Color development based assays are preferred for commercia-

lization purpose due to simple interpretation and easy handling.
Color development is usually coupled with formation of target-
bioreceptor complex that helps in realization of target con-
centration proportional to color intensity. AuNP have been used as
color developing moiety in numerous studies. Aggregation of
AuNPs (labelled with anti-target antibodies or aptamers) in the
presence of target cells result in color change of AuNPs and hence
enable target detection (Lu et al., 2010). HRP or platinum-gold
nanoparticles (PtAuNP) catalysed conversion of 3,3′,5,5′- tetra-
methylbenzidine (TMB) to a colored product is an another strategy
commonly engaged as an indicator of aptamer or antibody reac-
tion with the target protein (Wang et al., 2015a; Zhang et al., 2015).
Conversion of luminol–piodophenol–H2O2 to its colored product
through alkaline phosphatase has also been reported (Wei et al.,
2011). Very recently, Li et al. applied the phenomenon of strand
displacement amplification (SDA) and toehold initiated rolling
circle amplification (TIRCA) to design a novel amplification ma-
chine for colorimetric estimation of miR-21 in MCF-7 cell lysates
(Li et al., 2016).

4.3. Mass change based biotransducers

Some investigators have endeavored to develop mass change
based biotransducres for breast cancer biosensors, through inter-
action of Ag-Ab on mass sensitive platform. The complex forma-
tion is associated with change in refractive index or shift in re-
sonance in accordance with target concentration. Participation of
nanocomposits to enhance target effect has also been investigated
(Gruhl et al., 2010; Wang et al., 2014). Surface acoustic wave bio-
sensors with surfaces modified with nanomaterials are reported to
produce sensitive detection of breast cancer (Chang et al., 2014a;
Crivianu-Gaita et al., 2016; Gruhl et al., 2010). Piezoelectric mi-
crocantilever sensors (PEMS) provide sensitive platform for Ag-Ab
interaction, and peptide 18–4 based shift in resonance frequency
(Etayash et al., 2015; Loo et al., 2011). But longitudinal extension of
piezoelectric microcantilever containing H3 single-chain variable
fragment (scFv) antibody as bioreceptor is reported to offer lower
detection limit for HER-2 than lower frequency flexural mode
(Capobianco et al., 2011). Technical attributes of relevant studies
are discussed in Table 4. A cost effective, silicon microring re-
sonator that enabled estimation of resonance wavelength shift
upon Ag-Ab interaction has also been reported (Kim et al., 2013). A
very prominent technology pertaining to early diagnosis of breast
cancer through detection of autoantibodies against ATP6AP1 pro-
teins in saliva has been postulated (Arif et al., 2015). This study has
given a blue print for construction of a quartz crystal microbalance
biosensor which could provide an easy and reliable (70% accuracy)
detection method for regular and timely breast cancer check-ups.

4.4. Devices to capture and analyse circulating tumor cells (CTC) in
breast cancer

Microfluidic chip technology is the science of controlling fluids
in multi-microchannels for analytical purposes. It has played a
pivotal role in recognition and capture of breast cancer antigens
because of restricted entry of cells through multichannel chip
minimize cell loss and contamination (Kellner et al., 2011).
Therefore, in addition to fluorescence based diagnostic techniques,
some highly advanced automated microfluidic devices have also
been applied for isolation of CTC from serum samples (Hyun et al.,
2013; Moon et al., 2011; Nagrath et al., 2007; Tan et al., 2009; Wei
et al., 2011). Diamagnetic property of cancer cells as compared to
paramagnetic behavior of normal RBCs have also been exploited as
isolation strategy (Han et al., 2006).

The basic idea for microfluidic based biosensing was for-
mulated by Nagrath et al. (2007). They designed a microchip (CTC
chip) for isolation of CTC from varied metastatic cancers including
breast cancer. Flow rate through the device under shear forces was
manifested as important parameter to attain capture efficiency of
65% (Nagrath et al., 2007). Fabrication of high throughput micro –

sampling unit (HTMSU) for prospective capture of CTC, equipped
with conductivity sensor for enumeration has also been reported
(Adams et al., 2008). The device provided the advantage over other
sensors, as it omitted the need of sample pre-treatment (cen-
trifugation) or post treatment (staining) for inventory. This also
reduced the interference problems due to erythrocytes or leuco-
cytes which are responsible for false positive or negative results.
Workers were able to process 1 ml untreated whole blood in
30 min that could be reduced to 2.7 min by designing the capture
channel with different aspect ratio. CTC capture on solid surface is
the primary requirement for CTC enumeration and initial studies
were based on EpCAM realization on cell surface (Chung et al.,
2011; Kim et al., 2015; Nagrath et al., 2007; Song et al., 2013; Zhao
et al., 2013b). Recently, employment of fluorescent nanoparticles
(Ru(bpy)3 – SiNP) have been reported for recognition of CEA (Wei
et al., 2011), HER-2 and MUC1 protein (Jo et al., 2015).

Some dimension optimized flow channel devices have also
been fabricated that allow size dependent segregation of CTC from
normal WBC. Generally CTC are larger than WBC. Taking ad-
vantage of this fact, multiple microchips have been designed to
provide high throughput filtration efficiency (Moon et al., 2011).
Highly efficient (99.24%) separation of CTC from RBC and WBC has
been attained using multi orifice flow fractionation (MOFF) fol-
lowed by dielectrophoresis (DEP) (Hyun et al., 2013; Moon et al.,
2011). Recently, a silicon nanowire platform (SiNW) has been
fabricated to specifically isolate breast BT20 carcinoma through
EpCAM antibody labelling (Kim et al., 2015). Specific peptide 18–4
assisted isolation of CTC is demonstrated through micro cantilever
arrays with a detection limit of 50–100 cells ml�1 (Etayash et al.,
2015).
5. Signal amplification strategies

Although the perfect combination of bioreceptor and the bio-
transducer decides the sensitivity of the developed biosensor but,
incorporation of some signal amplification modules is necessary to
magnify the output signal especially when dealing with very
minute quantities of the target entities. This section is dedicated to
discuss all such modifications adapted to enhance biosensor effi-
ciency and lower down the detection limits. The section is further
divided in to subsections as per the Scheme 3, to entail various
signal amplification strategies employed in electrochemical and
optical biosensing.

5.1. Nanomaterials

Surface chemistry plays a pivotal role in biosensing, especially
in electrochemical investigations, and it need to be managed to
produce desired signal outcome. Certain inorganic components
have been explored to functionalize the electrode surface that
facilitate rapid electron transfer and improve recognition molecule
adsorption on the electrode surface. The prerequisite for surface
modifiers are that these should be biocompatible, thermally stable,
easily functionalizable and provide antifouling effect. AuNPs or
gold nanoclusters, graphene oxide (GO), multiwall carbon
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nanotubes (MWCNT) or carbon nanorods are among the re-
cognized nanomaterials famed for their highly conductive nature
and enlarged surface area (Arkan et al., 2015; Benvidi et al., 2015;
Kumar et al., 2015; Wang et al., 2015a; Wang et al., 2015b). Such
materials not only facilitate biomolecule immobilization on tran-
sient platforms but also expand electrochemical properties such as
low background current, high signal to noise ratio and amplified
signals. These properties help to attain surface characteristics that
is ought to deliver sensitive output signals. Among all the nano-
materials, AuNPs are laced with all attributes required for elec-
trochemical biosensing. An elaborate account of AuNP participa-
tion in cancer biomarker detection has been already discussed
(Devi et al., 2015). Non-toxic, simple and rapid synthesis, con-
venient functionalization, large surface area to volume ratio and
high electrical conductivity have raised their preference for clinical
diagnosis of breast cancer (Chun et al., 2013; Elshafey et al., 2013;
Florea et al., 2013; Li et al., 2011c; Liu et al., 2014a; Selwyna et al.,
2013; Wang et al., 2015a; Wang et al., 2015b; Yan et al., 2013; Zhu
et al., 2013). Size of nanoparticles is an important parameter
considered for their easy functionalization which is necessary for
stable adsorption of DNA probes, aptamers or antibodies. Also,
electrodeposition or direct adsorption of AuNPs on gold platform
decreases interfacial resistance offered by biomolecule adsorption
on electrode surface (Arya et al., 2012; Arya et al., 2013; Chun et al.,
2013; Florea et al., 2013; Li et al., 2011a; Li et al., 2010a; Pérez et al.,
2015; Zhao et al., 2011). Association of AuNPs with some other
nanocomposits escalate the signal amplification effect. For in-
stance, amalgamating Zinc Oxide (ZnO) (superior photoelectric
properties) with AuNP (better electron transportation property)
results in more sensitive response against HER-2 (Liu et al., 2014a)
and CEA (Norouzi et al., 2011). Gold – Titanium Oxide (Au-TiO2)
nano composites offered fast electron transfer with biocompatible
interface for biomolecule immobilization (Yang et al., 2011). Not
only for electrochemical analysis, AuNPs have also crested their
place in optical studies, such as introduction of AuNP to enhance
sensitivity of ELISA (Ambrosi et al., 2009) as well as fluorescent
and colorimetric assays (Cai et al., 2015b; Chang et al., 2011; Chang
et al., 2014b; Degliangeli et al., 2014; Lu et al., 2010; Manikandan
et al., 2014; Zhang et al., 2014).

Along with AuNPs, carbon based nanomaterials (MWCNT and
graphene) have also been extensively applied as electron transfer
facilitators in designing breast cancer biosensors (Arkan et al.,
2015; Hu et al., 2014; Li et al., 2011c; Li et al., 2010b; Myung et al.,
2011; Rafiee-Pour et al., 2016; Sun et al., 2011; Xiang et al., 2011;
Zhang et al., 2011). CNT has shown their potential in research areas
ranging from aerospace engineering to nanotechnology based
applications. Due to their large surface area and hydrophobic
nature, these offer high adsorption affinities for aromatic and ali-
phatic molecules including proteins and antibodies along with
enhanced conductivity (Benvidi et al., 2016; Feng et al., 2011).
Reduced, porous GO or N-doped graphene integrated with other
nanocomposits such as AuNP and ZnO have been postulated to
increase the sensitivity and dynamic range of detection as com-
pared to unmodified or MWCNT modified electrodes (Azimzadeh
et al., 2016; Kong et al., 2011; Li et al., 2013b; Liu et al., 2014a;
Myung et al., 2011; Yan et al., 2013; Zhong et al., 2010). This could
be because of sp2 bonded carbon atoms densely packed in hon-
eycomb lattice to form one atom thick planar sheet which provide
minimum resistance to electron flow. The π – π interaction of GO
with ssDNA makes it an excellent acceptor in resonance energy
transfer and provides valuable tool to conduct fluorescence based
studies (He et al., 2012).

Owing to better photoelectrical properties and high isoelectric
point of ZnO, it has been a valuable adsorption platform for bio-
molecule immobilization (Liu et al., 2014a; Norouzi et al., 2011;
Thiagarajan et al., 2016; Wang et al., 2014). Wet chemical route of
ZnO synthesis directly on gold electrode provides strong affinity
with better sensitivity for biomolecule adsorption (Wang et al.,
2014). Interestingly, platinum nanoparticles (PtNPs) that own
peroxidase like activity, find their application as HRP substitute to
carry out either oxidation of hydroquinone (Yang et al., 2011) or
TMB in the presence of H2O2 (Wang et al., 2015a; Zhang et al.,
2014) leading to electrochemical or optical signals. It is customary
to integrate them with other nanomaterials such as AuNP, CNT or
graphene that either maximize their catalytic activity or act as
stabilizer and reductant. PtNPs have also been explored as electron
transfer facilitators to enhance analytical performance. Assembly
of Pt nanoclusters and glucose oxidase on organosilica@chitosan
nano spheres has been demonstrated as an efficient, mediator less
and reagent less method to detect CA15–3 in serum samples (Li
et al., 2010b). Employment of photostable, fluorescent tris (2,2′-
bipyridyl) dichlororuthenium (II) hexahydrate (Ru(BPY)3)-doped
SiNPs (Ru(bpy)3 – SiNP) are reported to provide distinct fluores-
cence when encountered HER-2 (þ) and MUC1 (þ) cells (Jo et al.,
2015). Recently application of modified nanomaterials with im-
proved electrochemical and optical properties is encouraged to
achieve the desired specificity and sensitivity in breast cancer di-
agnosis (Shuai et al., 2016).

5.2. Redox mediators

Electrochemical biosensors are dependent on the flow of
electrons from the bio-complex to the electrode surface. More
efficient is the electron transfer, more will be the sensitivity of the
developed system. To increase the rate of electron transport, ex-
ternal mediators are introduced in the system that can proficiently
increase the electron flow from the bio-complex activity to the
electrode surface without undergoing side reactions (Chaubey and
Malhotra, 2002). Fe(CN)63-/4 complex is the most extensively
exploited mediator system for impedance studies in aqueous
phase (Arkan et al., 2015; Arya et al., 2012; Arya et al., 2013;
Benvidi et al., 2015; Chun et al., 2013; Elshafey et al., 2013; Fan
et al., 2013; Florea et al., 2013; Norouzi et al., 2011; Sonuç and
Sezgintürk, 2014; Vasudev et al., 2013), but in few cases hydro-
quinone has also been experimented (Meng et al., 2013; Seven
et al., 2013; Yang et al., 2011; Yin et al., 2012). Oxidation of hy-
droquinone is integrated with reduction of H2O2, followed by re-
generation of hydroquinone at electrode surface by electro-
chemical reduction of quinone. These mediators not only lower
down the working redox potential to avoid interfering species
(serum protein components), but also make the system free from
oxygen and pH sensitivity. Apart from this, number of electro-
chemically active agents have been incorporated with bio-com-
plexes to enhance electron flow. Out of these, methylene blue is
the most extensively used electrochemically active agent in breast
cancer biosensors. This is because methylene blue associates with
ssDNA and dsDNA distinctly which produces change in peak cur-
rent after hybridization. Taking the advantage of this feature,
methylene blue has been assimilated in aptamer based biosensor
construction where its assembly with surface protein or miR re-
sults in close association of methylene blue with electrode surface
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(Miao et al., 2016; Mucelli et al., 2008; Rafiee-Pour et al., 2016;
Yang et al., 2014; Zhao et al., 2011) or retains it away from elec-
trode surface (Florea et al., 2013; Pérez et al., 2015). The length of
DNA employed plays the crucial role in deciding the frequency of
electron transfer rate. Shorter is the length, rapid will be the
transfer.

Another mediator, thionine has found its application in elec-
trochemical breast cancer biosensors. Being a positively charged
ion, thionine is usually amalgamated with negatively charged
polymers or cross linkers such as PSS to attain rapid transfer rate
along with higher adsorption of bioreceptor. Association of thio-
nine with discrete nanomaterials have helped in amplification of
voltametric signals (Kong et al., 2011; Li et al., 2011c; Yan et al.,
2013). Electrode surface modification with some infrequent med-
iators such as perylene tetracarboxylic acid [PTCA] (Feng et al.,
2011), ferrocene monocarboxylic acid (Prabhulkar and Li, 2009),
osmium VI (Bartosik et al., 2014; Bartosik et al., 2013), oracet blue
(Azimzadeh et al., 2016) and azure I (Sun et al., 2011) have also
been reported in breast cancer biosensors. In addition, [Ru
(NH3)6]3þ has been reported as DNA binding agent to decipher
MCF-7 cells concentration on electrode surface through folate as-
sisted capture of cells on probe DNA. In the study, reduction in
peak current of the [Ru(NH3)6]3þ mediator was observed with
decrease in number of MCF-7 cells on electrode surface (Zhao
et al., 2013a).

5.3. p19 protein assisted signal amplification

A very important criterion of a successful biosensor is the
ability to amplify the signals. An array of strategies has been de-
vised to somehow improve the target- bioreceptor association.
Recently, an organic moiety has been observed to display its po-
tential as an indicator of recognition reaction and has ability to
bind the complex. A viral protein p19 regarded as RNA silencing
suppressor, capable to specifically bind 20–23 nucleotide long miR
has been used as label to capture miR-21 bound to its aptamer. The
importance of this protein lies in the fact that it does not bind to
ssRNA or ss/dsDNA and hence describes its specific nature towards
dsRNA. Although p19 has been widely used as complexing mole-
cule, but it suffers from drawbacks like requirement of qPCR of
isolated RNA and its loss due to solution based hybridization (Kilic
et al., 2013; Labib et al., 2013a, 2013b). To overcome the above
drawbacks, few researchers have immobilised p19 protein on
magnetic beads (Campuzano et al., 2014; Torrente-Rodríguez et al.,
2015; Torrente-Rodríguez et al., 2014). It enabled the easy isolation
of miR complex at electrode surface from the solution and lead to
many fold increase in detection limit as illustrated in Fig. 4A.

In another study, the ingenious production of p19 fusion pro-
tein with maltose binding protein (MBP) at N- terminal and chitin
binding domain (CBD) at the C- terminal has been employed. This
enabled the binding of HRP labelled anti-MBP antibodies to the
whole complex and lead to dose-dependent analysis of miR-21
through HRP/H2O2/HQ system. Although in this study, the assay
time (1 h) was less but the detection limit for the analyte was
higher than previous p19 based studies (Torrente-Rodríguez et al.,
2014). Further, Torrente-Rodríguez et al. extended the approach by
targeting two biomarkers miR-21 (over expressed) and miR-205
(under expressed) simultaneously in metastatic breast cancer
(Torrente-Rodríguez et al., 2015).

5.4. Enzyme aided signal amplification strategies

Enzymes have special importance in biosensing, either as
bioreceptor or as amplification tools. This section is dedicated to
discuss the role of enzymes as signal amplification tools. Although
a lot of studies are reported on various enzyme based
amplification strategies, the present review is focussed on duplex
specific nucleases (DSN) and redox cycling studies pertaining to
breast cancer detection.

5.4.1. Duplex specific nuclease (DSN) based recycling and amplifi-
cation of target moieties

Recycling of target moiety is desired while designing the
bioassay principle. In this case, sequence specific or hybrid specific
cleavage vehicles such as endonucleases play an important role.
The selective cleavage preference of duplex specific nucleases
(DSN) to cleave ssDNA in dsDNA or RNA – DNA hybrid has been
explored as an amplification strategy for recycling of target miRs.
The detection method involves immobilization of a DNA probe
complementary to miR-21 (capture probe) on the electrode sur-
face. Addition of miR-21 activates DSN and cleaves the capture
probe hybridized with miR-21. This leads to removal of the capture
probe from electrode surface leading to decreased resistance in EIS
studies. DSN assisted cleavage of capture probe facilitates binding
of target miRs to next DNA probe and initiation of another round
of cleavage reaction resulting in an amplified response (Deglian-
geli et al., 2014; Miao et al., 2015; Yang et al., 2014; Zhang et al.,
2016; Zhang et al., 2015; Zhou et al., 2014). Diagrammatic pre-
sentation of the concept is illustrated in Fig. 4B. Adsorption of
separate capture probes (labelled with methylene blue and ferro-
cene) against two different miRs could deliver better sensitivity
towards breast cancer (Yang et al., 2014).

5.4.2. Redox cycling based signal amplification
Recently, a new phenomenon called redox cycling has been

engaged in the biosensor development which has been reported to
amplify the detection levels by many folds (Shuai et al., 2016; Xia
et al., 2015). As per the basic bioassay principle, alkaline phos-
phatase (ALP) enzyme is employed for the production of either p-
aminophenol (p-AP) or ascorbic acid (AA) from p- aminophenol
phosphate (p-APP) and ascorbic acid phosphate (AAP) respectively.
These products are electro-oxidized to produce equivalent anodic
current and the presence of reducing agent induces cyclic reduc-
tion of the oxidized product and amplifies corresponding signal by
many folds. Reducing agents such as tris(2-carboxyethyl) phos-
phine (TCEP), nicotinamide adenine dinucleotide (NADH), cysta-
mine, vitamin C, sodium borohydride (NaBH4), hydrazine, etc. are
the preferred one (Liu et al., 2015; Liu et al., 2014b; Xia et al., 2013).
Among these, cystamine, TCEP and NADH have been reported as
the best reducing agents for redox cycling of p-AP due to their
chemical stability, strong reducing properties and display of low
background current on SAM modified gold electrodes (Xia et al.,
2013). Further, the study by Xia et al. also concluded that in ad-
dition to above advantages, cystamine and TCEP have no inhibitory
effect on enzyme activity of ALP (Xia et al., 2013). In a later study,
Xia et al. utilized TCEP as the reducing agent to analyse miR-21 by
redox cycling of AA and achieved detection limit of 0.2 fM (Xia
et al., 2015). Advancement in the same approach has been de-
monstrated by Shuai et al. (2016). In addition to redox cycling of
AA, they used two hair pin probes, one to capture target miR and
other to replace miR from the duplex which can bind to the next
capture probe. This system displayed ten times better detection
limit for miR-21 than the former one. It is very much evident from
all these studies that the capture of miR through complementary
probe is linked with enzyme (ALP) loading on the electrode sur-
face which enabled production of redox active products and fur-
ther signal enhancement (Shuai et al., 2016). Recently, redox cy-
cling has attracted many researchers and has been engaged in
mechanism elucidation of many processes such as ROS mediated
DNA damage (Ensafi et al., 2016). This approach could further be
extended to explain the process of cancer induction by various
carcinogenic agents.



Fig. 4. Signal amplification strategies for miR detection: A) p19 assisted amplified detection of miR-21: p19 protein labelled magnetic beads brings biotin labelled anti-miR -
miR hybrid at the electrode surface. Addition of streptavidin labelled HRP enzyme facilitates oxidation of hydroquinone to quinine leading to miR concentration dependent
amperometric response. B) DSN aided recycling of target miRNA-21 to produce amplified signals: Hybridization of ssDNA probe (labelled with redox mediator) with
complementary miR at electrode surface activates DSN, which cleaves the capture probe and releases target miR for an another round of hybridization leading to the signal
amplification. Cleaved DNA probes left at the electrode surface produces miR concentration dependent and mediator related responses (modified from Yang et al., 2014).
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6. Conclusion

Biosensors have changed the world of breast cancer diagnosis
offering rapid, simple and cost effective routes. For low detection
limits, glycoproteins are the most preferred targets for breast
cancer diagnosis among miRs and CTC due to low abundance of
latter ones. Among bioreceptors, aptamers have advantage of
synthetic and thermo stable nature over antibodies that make
them the perfect candidates for bio-detection. Electrochemical and
optical routes of biosensing have enabled sensitive and specific
detection in the past years. Latest improvement in signal ampli-
fication through nanomaterials, redox mediators or enzyme
mediated cleavage or redox cycling has lead to102–105 fold en-
hancement in detection limits. Still, realization of on-line appli-
cation in complex biological matrices is a challenge and manifests
major purpose of biosensors. Also, there is a lack of specific early
stage biosensing breast cancer tools, and further research is nee-
ded in this area to reduce high mortality rate associated with the
high risk breast cancer.
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