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The present review discuss the relevance and innovative state-of-the-art on molecular diagnosis of leu-
kemia. This morbidity is one of the most common types of cancer with an annual incidence of 250,000
new cases. The prevalence of leukemia among children up to 15 years of age is 30% on all cases of cancer
reported in the childhood. The BCR/ABL fusion gene is one of the most important biomarkers in leukemia,
being found in all cases of chronic myeloid leukemia and up to 40% of cases of acute lymphoblastic leu-
kemia. Genosensors are considered smart devices for identification of BCR/ABL fusion gene in clinical
samples. Molecular techniques can contribute to early diagnosis of cancer, monitoring of minimal resid-
ual disease and implementation of effective drug therapies. The present review presents the scientific
advances in the last decades on DNA biosensors constructed for BCR/ABL fusion gene detection. The
assembly of nanostructured platforms, molecular immobilization strategies and analytical performances
of the biodevices are discussed. The present review assesses the potential of electrochemical and optical
techniques for BCR/ABL fusion gene detection. Electrochemical genosensors based on engineered nano-
materials at the transduction interface are useful to obtain high levels of sensitivity (up to 10�18 M).
On the other hand, optical genosensors had higher detection limits (10�15 M). The analytical response
time and reusability of genosensors for BCR/ABL fusion gene identification in small sample volumes (in
the order of lL) were discussed. The present review highlighted nanostructured platforms as promising
tool for diagnosis and monitoring of BCR/ABL fusion gene in leukemia patients.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

Leukemia is one of the most common cancer worldwide, pre-
senting 250,000 cases annually (Ferlay et al., 2012). Leukemia is
described as a malignant disease caused by abnormal white blood
cells produced in bone marrow. An exacerbated and uncontrolled
production of abnormal blood cells occur, leading to a decreased
production of healthy blood cells, promoting the rise of bleeding,
several infections and severe anemia (Inamdar and Bueso-Ramos,
2007). In addition, leukemic cells can also spread to other organs
such as spleen, brain, lymph nodes and other tissues (Inamdar
and Bueso-Ramos, 2007).

The clinical practice and scientific research are a support to
define the specific hematologic disease (Vardiman, 2010). World
Health Organization (WHO) elaborates a differentiated hematopoi-
etic and lymphoid tumors classification based on morphological,
clinical, immunophenotypic and genotypic parameters. WHO clas-
sified hematopoietic neoplasms according to the lineage of the
neoplastic cells as myeloid, lymphoid, histiocytic/dendritic, neu-
trophilic, eosinophilic, mastocytic, basophilic, monoblastic, mono-
cytic or ambiguous. In addition, leukemias are subclassified
according to their clinical evolution in acute or chronic (Arber
et al., 2016).

Genetic abnormalities are characteristic of human malignan-
cies (Guarnerio et al., 2016) and characterized by variations of
the number of DNA copies and aberrations in the chromosome
structure resulting from mutations or gene fusions (Bochtler
et al., 2015). Gene fusion is a DNA recombination that involves
the exchange of genetic material between chromosomes or
between distinct regions of the same chromosome (van Gent
et al., 2001). The molecular mechanisms responsible for obtaining
a hybrid gene are translocation (t), deletion, insertion and chro-
mosomal inversion (Feuk et al., 2006). Oncogenic fusion occurs
in neoplastic cells and includes at least one proto-oncogene dur-
ing DNA recombination process. Proteins derived from oncogenic
fusion have abnormal activities and contribute to the develop-
ment of cancer, such as leukemia (Mitelman et al., 2007; Nero
et al., 2014).

BCR/ABL translocation can be observed in myeloproliferative
neoplasms, acute leukemia of ambiguous lineage and precursor
lymphoid neoplasms class as chronic myeloid leukemia (CML),
Fig. 1. Translocation (9;22) and BCR/ABL tran
acute lymphoblastic leukemia (ALL) and acute myeloid leukemia
(AML) (Vardiman, 2010). Philadelphia chromosome (Ph chromo-
some) is a shortened chromosome 22, resulting from translocation
between long arms of chromosome 9 and 22 in hematopoietic
stem cells, presented as t(9;22)(q34;q11). In addition, Ph chromo-
some is found in over 90% of patients with CML (Rowley, 1973).
Molecular consequences are formation of BCR/ABL fusion gene on
chromosome 22 and a reciprocal ABL-BCR on chromosome 9
(Chandra et al., 2011; Liu et al., 2014a,b). The resulting BCR/ABL
protein is located in the cytoplasm with a deregulated tyrosine
kinase activity (Ben-Neriah et al., 1986). Three main types of
hybrid genes BCR/ABL are observed, producing three isoforms of
tyrosine kinase protein with abnormal activity: p230BCR/ABL,
p210BCR/ABL, p190BCR/ABL (Melo, 1996). p190BCR/ABL is an uncommon
isoform in cases of CML and often observed in children with ALL.
p210BCR/ABL is present in most patients with CML in stable phase
and some cases of ALL and AML (Li and Du, 1998; Maurer et al.,
1991; Winter et al., 1999) (Fig. 1).

1.1. Conventional diagnostic methods

Chromosome banding techniques (CBT) triggered the develop-
ment and improvement of several others techniques for molecular
mechanisms studies. Detection of chromosomal abnormalities was
helpful to assist diagnosis, prognosis and monitoring the effective-
ness of treatment. The methods used for gene fusion identification
are mainly molecular techniques. Fluorescent in situ hybridization
(FISH) is a technique that allows the narrowing of breakpoint
regions for hundreds of Kb. Additionally, real-time polymerase
chain reaction (PCR) and flow cytometry immunophenotyping
can be used as new alternatives, offering good sensibility and
specificity as compared to chromosomal banding (Bennour et al.,
2012; Branford et al., 2004; Mertens et al., 2015). However, these
are high-cost techniques and require specialized technicians
(Craig and Foon, 2008; Weir and Borowitz, 2001). Both techniques
exhibit obstacles such as difficulty in obtaining metaphase chro-
mosome spreads for specific types of tumors and growth problems
of some lineage cells in vitro (Arber et al., 2016). It is required the
use of refined culture conditions, aiming to create a sufficient num-
ber of mitosis to obtain enough material (e.g. DNA, RNA, proteins)
(Guarnerio et al., 2016). Complex karyotypes and chromosomal
scripts associated to CML, AML and ALL.
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rearrangements are observed in neoplasia, increasing the difficulty
to identifying them (Hajingabo et al., 2014; Mitelman et al., 2007).
Thus, the development of innovative and effective alternatives for
BCR/ABL gene fusion detection is of great interest for leukemia
diagnosis.
1.2. Impact of nanotechnology for leukemia diagnosis

Nanotechnology has an important role for innovation and
development of new technologies, since involves a multidisci-
plinary research field mainly associating engineering, biology,
chemistry and physics. Nanotechnology related to the develop-
ment of sensor devices results in 2200 patents between 2000 and
2010 (Antunes et al., 2012). World market nanotechnology prod-
ucts reached US$254 billion mark in 2009 (Roco et al., 2011). In
2015, a growth in financial operations about US$ 3 trillion related
to nanotechnology was observed (Guarnerio et al., 2016).

Bionanotechnology is a field of the nanotechnology related to
the development of biological devices to detect a large variety of
microorganisms, viruses, enzymes and even identify chromosomal
abnormalities such as BCR/ABL translocation. Biodevices are pre-
sent in simple daily life, hospital and industrial areas (Henry,
1990). Along of the years, a growth in the number of studies ded-
icated to the development of biosensors has been observed
(Bochtler et al., 2015). The global biosensors market was valued
from about US$2 billion in 2000 to an expected value of US$17 bil-
lion in 2018 (Turner, 2013).

Biosensors are defined as electronic devices capable of provid-
ing quantitative or semi-quantitative analytical information on
molecular targets (Scheller et al., 2001). These devices consist of
three basic functional units: (a) element receptor; (b) transducer;
and, (c) amplification and signal processing system (Grieshaber
et al., 2008; Silva et al., 2014). A biomolecule can be used as recep-
tor element responsible for recognition of the molecular target
through specific intermolecular interactions or by catalytic reac-
tions. The transducer is responsible for converting the biochemical
response obtained from the biorecognition process in a measurable
signal proportional to the concentration of the detected analyte
(Fig. 2). In addition, the most common transducers are optical,
electrochemical, calorimetric, piezoelectric, acoustic and magnetic
(Perumal and Hashim, 2014). Finally, the electronic system pro-
motes the amplification and processing of the analytical signal
(Rocchitta et al., 2016).
Fig. 2. Schematic representation of DNA biosensor developed to BCR/ABL fusion gene de
The solid surface on which the probe was immobilized is responsible for transduci
concentration.
Biosensors are able to identify diverse analytes using antibodies
(Liu et al., 2014a,b), antigens (Dong and Shannon, 2000), enzymes
(Saei et al., 2013), proteins (Zhao et al., 2016), cells (Liu et al.,
2014a,b), RNA (Campuzano et al., 2014) and DNA molecules (Hu
et al., 2014; Malecka et al., 2016). DNA biosensors also known as
genosensors have been extensively used due to the excellent selec-
tivity and specificity. Genosensors are based on hybridization pro-
cess through a specific complementary association between the
oligonucleotide probe and DNA target. Nucleic acids exhibit elec-
trochemical activity due to their structural components (Labuda
et al., 2010). The basic element to obtain a genosensor is a
single-stranded (ss) DNA (probe) with capability to recognize its
complementary DNA (DNA target). If the target sequence matches
perfectly with DNA probe a double-stranded (ds) DNA is obtained,
ensuring recognition of the analyte (Palecek, 2009).

Genosensor technology offers a wide potential of applicabil-
ity for clinical and laboratory diagnosis, allowing a direct
real-time analysis of molecular targets with low cost compared
to other available methods (Drummond et al., 2003). In addi-
tion, the synergy obtained between different nanomaterials is
crucial for obtaining robust sensor systems with high sensitivity
(Oliveira et al., 2014). Sensor systems exhibit multiple functions
such as recognition/discrimination, appropriate analytical
response, low detection limit and fast analysis. Therefore,
genosensors can be considered smart biodevices for diagnosis
of numerous human malignancies (Sadik et al., 2010; Tjong
et al., 2014).

The use of DNA sequences as a recognition element for BCR/ABL
fusion gene and nanostructured platforms for the development of
smart genosensors will be discussed in the next section. In partic-
ular, emphasis will be given to electrochemical and optical signal
transduction methods due to their extensive use for oncogenetic
diagnosis.
2. Dna as sensing element for biosensors

The genome project (Palca, 1992; Weissenbach, 1998) allowed
evaluate the genetic sequence of human genes. From this discov-
ery, a highlighted development of accurate diagnostic tools based
on hybridization procedures for detection of various genetic muta-
tions has been observed. Mutations influence the development of
epigenetic studies and development of new therapeutic tools
(Kasprzak and Zabel, 2001).
tection. Initially, oligonucleotide probe specifically recognize BCR/ABL fusion gene.
ng the biorecognition signal into a measurable signal proportional to oncogene
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DNA has been used as a biosensor element due to its greater
structural stability at different temperatures. Its thermal stability
contributed to the development of the polymerase chain reaction
(PCR) (Dijkstra and de Jager, 1998) and real-time PCR (Jia, 2012).
PCR technique is based on the use of primers, which can be used
as specific DNA sequences for gene mutations detection (Mir
et al., 2015). Primer is a short sequence of RNA or DNA (generally
about 10 base pairs – bp) used as a starting point for DNA synthe-
sis. A probe is a segment of DNA (18–50 bp) capable to adhere to its
opposite DNA strand and can be chemically labeled.

Different strategies for CML diagnosis are based on detecting
BCR/ABL fusion gene (Ph chromosome). The translocation process
between chromosomes 9 and 22 can result in three transcripts:
p190, p210 or p230. BCR primer can be used to transcript identifi-
cation since mutations may be present in the patient’s sample
(Chasseriau et al., 2004). Gene break point determines its classifi-
cation as major (M-BCR), lower (m-BCR) and micro (l-BCR). Tran-
scripts have different sizes and share the same fraction responsible
for encoding tyrosine kinase, which is involved in leukemogenesis
(Davis et al., 1985).

Most Ph + CML patients (>95%) exhibit a breakpoint in the M-
BCR region. Two points of more frequent breaks in this region
occur after 13th exon in b2a2 (e13a2) fusion or after 14th exon
resulting in b3a2 (e14a2) fusion. The fusion of the mRNA is trans-
lated into transcripts in p210BCR/ABL protein (Gabert et al., 2003).m-
BCR region breakpoint results in e1a2 junction, which is translated
into a p190BCR/ABL protein present in ALL (Sawyers, 1999). p230BCR/
ABL is composed by 90% of p160 BCR constituents due to the break-
ing point located in the 30 end of the BCR (BCR-l region). The tran-
script is related to neutrophil maturation in CML (Deininger et al.,
2000). In addition, there are reports of CML patients presenting
other proteins (p190BCR/ABL or p230BCR/ABL). The most common
breakpoint regions in c-ABL gene is the 50 of the second exon (a2
junctions) and between the second and third exon (a3 junctions)
(Radich, 2000). The choice of the primer to be used on the sensor
platform vary according to the size of the transcribed gene break-
point. Table 1 shows primers used for amplification of the BCR and
ABL genes.b1 exon (e12) belongs to BCR gene and amplifies all
variants of the m-BCR. Specific primers for E1 and E19 are related
to the minor and micro BCR regions. Some ABL primers are specific
for exon 3 and detect junctions for a2 and a3. The probes’ speci-
ficity allow identify subtle differences in genome sequences and
can be effectively applied in the development of genosensors
(Furukawa et al., 1993; Ross et al., 2008). A schematic representa-
tion of the probes construction for BCR/ABL fusion gene (b3a2/
e14a2) is showed in Fig. 3.
3. Strategies for genosensors development

The technological development in nanoscience allowed the con-
struction of biodevices based on biomolecules with high analytical
performance (Kirsch et al., 2013; Vashist et al., 2012). Biosensors
are a cutting-edge technology with high efficiency and commercial
applicability. In addition, biosensors have been able to improve the
field of clinical diagnostics (Jain, 2016). Faced with the limitations
of conventional methods, the biosensors arise as an effective
Table 1
Oligonucleotides primers for BCR and ABL genes.

Sequence (50-30) Application (Gene)

GCTTCACACCATTCCCCATT a3 primer (ABL)
TGGAGGAGGTGGGCATCTAC e1 primer (BCR)
GCAGAGTGGAGGGAGAACAT E12 (b1) primer (BCR)
CCTCGCAGAACTCGCAACAG e19 primer (BCR)
alternative for BCR/ABL fusion gene diagnosis (Chen et al., 2015;
Matsishin et al., 2016). The main techniques used for molecular
diagnosis of the BCR/ABL fusion gene are sensitive, however some
obstacles to its widespread use are present as expensive instru-
mentation and time-consuming analysis (Chen et al., 2008a;
Sharma et al., 2012b).

Therefore, genosensors differ from other biosensitive systems
due to their reusability and specificity, since immobilized DNA
probe should be able to discriminate as few as a single base-pair
mismatch between different DNA targets (Sassolas et al., 2008;
Teles and Fonseca, 2008). Although DNA-based biosensors are
promising tools for clinical and laboratory use, some obstacles
must be overcome, such as poor stability and reproducibility
(Chao et al., 2016). Biosensing interface design is the key point
for an effective bioanalysis process and obtaining reliable results
(Chao et al., 2016; Jia et al., 2016).

DNA probe should be immobilized of predictable manner dur-
ing genosensor development to maintain its biorecognition capa-
bility (Drummond et al., 2003). Independent of molecular
identity and conformation of the probe, non-specific adsorption
should be minimized and the stability of the anchored biomolecule
must be preserved (Liu et al., 2012; Lucarelli et al., 2008). The ori-
entation and accessibility of the DNA probe are essential to ensure
the affinity to DNA target and hybridization efficiency (Lucarelli
et al., 2008). The control of these steps ensures the high sensitivity
and selectivity of the biosensor (Liu et al., 2012).

The immobilization methods employed in the development of
genosensors are based on physical methods (for example, adsorp-
tion), chemical methods (via covalent binding) and biointeraction
processes (e.g., the use of biotin and avidin to anchoring of biomo-
lecules) (Campàs and Katakis, 2004). The adsorption of the DNA
probes on solid surfaces is based on ionic interactions between
negatively charged phosphate groups of the DNA molecule and
positively charged substrate (Sassolas et al., 2008). This method
is a simple way for DNA immobilization and not require any mod-
ification in the molecular structure of the nucleic acid.

Chemical immobilization of DNA probes on different supports is
one of the main methodologies used in the construction of biosen-
sors (Abdul Rasheed and Sandhyarani, 2016). Chemical immobi-
lization reduces the leaching ensuring a greater stability and
reproducibility of the sensing layer (Sassolas et al., 2008).
Chemisorption for the attachment of thiolated DNA molecules on
gold surfaces have been extensively used (Li et al., 2013; Lin
et al., 2007; Mannelli et al., 2005; Steel et al., 2000; Wang et al.,
2009). The chemisorption is based on the strong affinity between
sulfur and gold atoms, which allows the formation of covalent
bonds (Sassolas et al., 2008). Covalent immobilization of DNA
probes on functionalized surfaces can be performed through cou-
pling agents, such as glutaraldehyde, N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(Lin et al., 2007; Zhong et al., 2014). In this case, intrinsic or syn-
thetic chemical groups of the DNA molecule specifically react with
functional groups of the previously activated substrate by coupling
agents (Sassolas et al., 2008).

Other method for DNA attachment is based on affinity between
biomolecules. For example, biotin and avidin molecules (or strep-
tavidin) are widely used in the construction of biosensors, since
they form complexes with high affinity (Kim and Choi, 2014).
DNA probes can be biotinylated by chemical synthesis and subse-
quently immobilized on surfaces modified with avidin (or strepta-
vidin). The biointeraction process between biotinylated DNA
probes and avidin (or streptavidin) enables the specific orientation
of the immobilized DNA (Dong et al., 2015).

The attachment protocol is strictly dependent on the character-
istics of the transducing surfaces and interface materials (Liu et al.,
2012; Lucarelli et al., 2008). Moreover, the immobilization method



Fig. 3. Oligonucleotide probe and target sequences of BCR/ABL b3a2(e14a2) junction for BCR and ABL genes. Normal sequences are used as negative target control to evaluate
the probe specificity. 50-funcionalization of the probe (thiolation or amination) ensure its chemical immobilization on the sensor platform surface.
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chosen for the development of DNA biosensors should reduce the
electrostatic repulsion and steric hindrance between DNA strands,
avoiding desorption and ensuring the structural conformation of
the biomolecule (Campàs and Katakis, 2004; Lucarelli et al., 2008).

4. Electrochemical genosensors for Bcr/Abl detection

Diverse methods for signal transduction can be used to charac-
terize the hybridization process (Hu et al., 2014; Lin et al., 2009;
Matsishin et al., 2016). Recently, an increasing number of electro-
chemical genosensors for specific detection of the BCR/ABL fusion
gene have been reported (Chen et al., 2008a, 2015; Lin et al.,
2009; Malecka et al., 2016; Wang et al., 2014; Yang and Zhang,
2014).

The construction of the electrochemical DNA biosensors is
based on the immobilization of nucleic acids on electrochemical
transducers (Kagan et al., 2004; Perumal and Hashim, 2014).
DNA electrochemical detection is related to the measurement of
electrical parameters as current, potential, conductance, impe-
dance and capacitance (Teles and Fonseca, 2008). Electrochemical
devices have advantages as fast detection, simplicity, sensitivity,
selectivity and low cost (Chao et al., 2016; Kagan et al., 2004).

The main electrochemical techniques used to monitor the inter-
facial analytical processes during detection of the BCR/ABL fusion
gene are cyclic voltammetry (CV) (Wang et al., 2014), differential
pulse voltammetry (DPV) (Lin et al., 2007; Sharma et al., 2012b),
anodic stripping voltammetry (ASV) (Hu et al., 2013) and electro-
chemical impedance spectroscopy (EIS) (Yang and Zhang, 2014;
Zhong et al., 2014) (Table 2).

Voltammetry is an analytical methods that provides informa-
tion about analyte through electrical currents obtained from a
potential variation (Luna et al., 2015). Voltammetry technique
can be subdivided, according to the potential variation, as polarog-
raphy, linear sweep, differential staircase, normal pulse, reverse
pulse, differential pulse and others (Gupta et al., 2011). Voltam-
metric experiments involve the use of an electrochemical cell with
three electrodes: (1) working electrode, (2) auxiliary electrode or
counter electrode and (3) reference electrode. The current gener-
ated in the system is measured between the working electrode
and the auxiliary electrode, while the voltage is measured between
the working electrode and the reference electrode (Grieshaber
et al., 2008). Voltammetry is graphically represented by voltammo-
grams (current vs. potential) and provide information about the
charge transfer kinetics, reversibility of electrochemical reactions,
redox potentials of electroactive substances, adsorption and chem-
ical immobilization of substances/biomolecules (Avelino et al.,
2014; Nicholson, 1965).

EIS is based on the application of a small amplitude sinusoidal
signal (continuous voltage) to the working electrode in a system
at equilibrium. On the same electrode is superimposed an alternat-
ing signal in the form of different frequency values (Bott, 2001;
Macdonald, 1990) and, consequently, an alternating current is gen-
erated in the electrochemical cell (Suni, 2008). The impedance Z is
then calculated as the ratio between voltage-time function V(t) and
resulting current-time function I(t), considering different excita-
tion frequencies (angular frequencies) (Katz and Willner, 2003).
The impedance values correspond to complex numbers composed
by a real component (Zre or Z0) and an imaginary component (Zim or
Z00), being related to the resistance and capacitance of the electro-
chemical system, respectively (Katz andWillner, 2003; Macdonald,
1990; Suni, 2008). In addition, equivalent circuit models are used
for theoretical simulation of the experimental results and interpre-
tation of the impedance spectra (Bott, 2001; Katz and Willner,
2003). By monitoring the electrical properties (conductance, capac-
itance and resistance to charge transfer) is possible define molecu-
lar events in the double layer with high accuracy (Oliveira et al.,
2011; Park and Park, 2009). EIS is a valuable strategy for under-
standing interfacial phenomena as biorecognition processes on
the surface of modified electrodes (Bahadir and Sezginturk, 2016;
Katz and Willner, 2003; Park and Park, 2009).

The first biosensor for detection of the BCR/ABL fusion gene was
obtained from direct anchoring of the DNA probe on the electro-
chemical transducer. Lin et al. (2007) developed a biosensor for
BCR/ABL fusion gene based on covalent immobilization of the
DNA probe with terminal amino groups on glassy carbon surface.
NHS and EDC were used as coupling agents and methylene blue
as chemical indicator. The proposed biosensor showed a calibra-
tion range between 1.25 � 10�7 M and 6.75 � 10�7 M, with a
detection limit of 5.9 � 10�8 M (Lin et al., 2007). Similar biosensor
for specific detection of BCR/ABL fusion gene was developed with



Table 2
Comparison of the analytical performance of the DNA biosensors for BCR/ABL fusion gene detection.

Sensor platform Detection
technique

Detection
time

Detection
limit (M)

Reference

Gold surface/thiolated DNA probe (were used amplification probes and CdSeTe/CdS quantum
dots tagging)

ASVa �18.5 h 2 � 10�15 (Hu et al., 2013)

ITO coated glass substrate/nanostructured composite of chitosan and cadmium-telluride
quantum dots/aminated DNA probe

CVb and DPVc 1 min 2.56 � 10�12 (Sharma et al.,
2012b)

Glassy carbon surface/chitosan/cerium dioxide nanoparticles/multiwalled carbon nanotubes/
AuNPs/thiolated DNA probe

CV and DPV 55 min 5 � 10�13 (Li et al., 2013)

Gold surface/thiolated DNA probe (reporter probe labeled biotin) CV and EISd 60 min 10 � 10�15 (Wang et al.,
2009)

Gold surface/DNA probe (thiolatedhairpin locked nucleic acids) CV, EIS and DPV �60 min 1.20 � 10�10 (Lin et al.,
2009)

Glassy carbon electrode/graphene sheets/polyaniline/AuNPs/thiolated DNA probe CV, EIS and DPV �90 min 1.05 � 10�12 (Chen et al.,
2015)

Glassy carbon surface /graphene sheets/chitosan/polyaniline/AuNPs/functionalized hairpin
DNA probe (50-SH and 30-biotin)

CV, EIS and DPV �150 min 2.11 � 10�12 (Wang et al.,
2014)

Glassy carbon surface/aminated DNA probe (isorhamnetin used as electrochemical indicator) CV, EIS and DPV 35 min 3 � 10�12 (Zhong et al.,
2014)

Glassy carbon surface/poly-eriochrome black T film/AuNPs/DNA probe (thiolated hairpin locked
nucleic acids)

CV, EIS and DPV �60 min 1 � 10�13 (Lin et al.,
2010)

Glassy carbon surface/sulfonic-terminated aminobenzenesulfonic acid/aminated DNA probe
(18-mer locked nucleic acids)

CV, EIS and DPV �35 min 9.40 � 10�13 (Chen et al.,
2008a)

Gold surface/AuNPs/DNA probe (thiolated hairpin locked nucleic acids) CV, EIS and DPV �60 min 1 � 10�10 (Lin et al.,
2011)

ITO coated glass substrate/tri-n-octylphosphine oxide-capped cadmium selenide quantum
dots/thiolated DNA probe

DPV 2 min 10 � 10�15 M (Sharma et al.,
2012a)

Glassy carbon surface/aminated DNA probe (methylene blue used as electrochemical indicator) DPV 35 min 5.90 � 10�8 (Lin et al.,
2007)

Carbon paste surface /FePt nanoparticle-decorated electrochemically reduced graphene oxide/
DNA probe

EIS – 2.60 � 10�15 (Yang and
Zhang, 2014)

Gold surface/hybrid composite of AuNPs and polyaniline/DNA probe CV and EIS 15 min 69.40 � 10�18 (Avelino et al.,
2016)

ITO coated glass substrate/silane/cadmium-telluride quantum dots/aminated DNA probe CV and DPV – 1 � 10�12 (Sharma et al.,
2013)

Glassy carbon surface/aminated DNA probe (sodium tanshinone IIA sulfonate used as
electrochemical indicator)

CV and DPV 30 min 6.70 � 10�9 (Chen et al.,
2008b)

Glassy carbon surface/aminated DNA probe (2-nitroacridone used as electrochemical indicator) CV and DPV 30 min 6.70 � 10�9 (Chen et al.,
2008c)

ITO coated glass substrate/amino-functionalized silica coated zinc oxide nanoparticles/
aminated DNA probe

CV and EIS – 1 � 10�16 (Pandey et al.,
2016)

Glassy carbon surface/1-aminopyrene and graphene hybrids/aminated DNA probe CV and EIS 40 min 4.5 � 10�13 (Luo et al.,
2013)

Gold surface/thiolated DNA probe (blocking solution: 6-Mercapto-1-hexanol) SPRe 10 min – (Matsishin
et al., 2016)

Gold surface/thiolated DNA probe (blocking solution: 6-Mercapto-1-hexanol) SPRif 20 min 1.03 � 10�8 (Wu et al.,
2016)

Gold surface/1-octadecanethiol/tri-n-octylphosphine oxide capped cadmium selenide quantum
dots/thiolated DNA probe

SPR 30 min 4.21 � 10�12 (Ghrera et al.,
2016)

Cadmium-telluride quantum dots functionalized with carboxylic groups/aminated DNA probe FRETg 20 min 1.50 � 10�10 (Shamsipur
et al., 2017)

DNA machineries based on tailored DNA probes to for detect target, form appropriate
nanostructure and produce DNAzyme subunits

Chemiluminescence 110 min 23 � 10�15 (Xu et al., 2016)

a Anodic stripping voltammetry.
b Cyclic voltammetry.
c Differential pulse voltammetry.
d Electrochemical impedance spectroscopy.
e Surface plasmon resonance.
f Surface plasmon resonance imaging.
g Fluorescence resonance energy transfer.
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improved analytical sensitivity, differing in the use of isorhamnetin
as indicator. The biodevice exhibited a linear calibration range
from 50 � 10�8 M to 10 � 10�12 M, with a detection limit of
3 � 10�12 M (Zhong et al., 2014). Other electrochemical indicators
as sodium tanshinone IIA sulfonate (Chen et al., 2008b) and 2-
nitroacridone have been used (Chen et al., 2008c). The proposed
system showed low sensitivity with a detection limit of
6.7 � 10�8 M.

The immobilization technique based on thiol-modified DNA
probes on gold transducers for obtaining self-assembly monolayers
has been extensively used. Lin et al. (2009) constructed a new
biosensor using thiolated hairpin locked nucleic acids (LNA) as a
capture probe for BCR/ABL fusion gene. The biosensitive system
showed excellent specificity for single-base mismatch with a
detection limit of 1.2 � 10�10 M (Lin et al., 2009). In addition,
Wang et al. (2009) developed a sandwich-type electrochemical
biosensor for detection of the BCR/ABL fusion gene using LNA. In
this case, the detection mechanism involves a pair of probes with
a thiolated capture probe immobilized on a gold electrode associ-
ated to a reporter probe labeled biotin as an affinity tag for
avidin-horseradish peroxidase. The proposed biosensor showed a
detection limit of 10 � 10�15 M with satisfactory results for onco-
gene diagnosis using PCR samples (Wang et al., 2009). Hu et al.
(2013) associated the advantages of a circular strand replacement



Fig. 4. Schematic representation of the main components used in the development of nanostructured platforms.
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polymerization, cascade hybridization reaction as well as quantum
dot for signal amplification aiming to improve the biosensor accu-
racy. The biosensor showed high sensitivity with detection limit
�2 � 10�15 M (Hu et al., 2013).

Biocompatible nanostructured platforms arise as an innovative
alternative to immobilize DNA probes and therefore obtain smart
biosensors with high analytical performance (Patel et al., 2013).
Numerous nanostructures can be used to the platform design as
nanotubes, nanowires, nanoparticles, nanorods, nanoporous,
hybrid nanocomposites, core-shell and quantum dots (Asefa
et al., 2009) (Fig. 4). In addition, organic polymers as polyaniline,
polypyrrole and chitosan (CHI) can also be employed (Wang
et al., 2014).

Many of these functional materials exhibit differentiated phys-
ical and chemical characteristics associated to electrical conductiv-
ity, catalytic activity, high surface area, biocompatibility, magnetic
properties and chemical stability (Jia et al., 2016). Nanostructured
platforms increase the electrochemical active area maximizing the
analytical sensitivity and act as scaffolds for biocompatible DNA
immobilization. Therefore, they have been widely employed for
BCR/ABL fusion gene detection (Table 2) (Chen et al., 2015; Jia
et al., 2016; Li et al., 2013; Teles and Fonseca, 2008).

Sulfonic-terminated aminobenzenesulfonic acid is an alterna-
tive for the development of BCR/ABL detection system based on
capture probe. A capture probe (18-mer locked, nucleic acid-
modified) with free amines groups covalently attached on
sulfonic-terminated aminobenzenesulfonic acid monolayer-
modified glassy carbon electrode via acyl chloride cross-linking
reaction was developed (Chen et al., 2008a). Methylene blue is
applied as electroactive indicator to monitor the hybridization pro-
cess between the capture probe and DNA target. This platform
showed specificity for single-base mismatch and complementary
double-stranded DNA after hybridization with a detection limit
of 9.4 � 10�13 M (Chen et al., 2008a).

Electropolymerization of poly-eriochrome black T on glassy car-
bon electrode followed by electrodeposition of gold nanoparticles
(AuNPs) was effectively used for BCR/ABL fusion gene identifica-
tion. In this case, a capture probe (thiolated hairpin locked nucleic
acids) was anchored on AuNPs and methylene blue (used as
hybridization label) resulting in a detection limit of 1 � 10�13 M
(Lin et al., 2010).

Benzoate binuclear copper (II) complex (CuR2) was used as indi-
cator of hybridization in a biosensor based on AuNPs and thiolated
hairpin locked nucleic acids (as capture probe). The proposed assay
quantified BCR/ABL fusion gene over the range of 1 � 10�7 to
1 � 10�9 M with a detection limit of 1 � 10�10 M. CuR2 was able
to binding DNA through intercalation due to their geometrical
structure and physicochemical properties (Lin et al., 2011).

CHI and cadmium-telluride quantum dots onto indium-
tin-oxide (ITO) coated glass substrate was used to obtain a hybrid
platform based on electrophoretic deposition. DNA probe with
terminal NH2 group was immobilized onto modified ITO electrode
using glutaraldehyde as a cross-linker. The biosensor differentiate
between cDNA samples of CML positive and negative patients at
low concentrations (2.56 � 10�12 M) with reuse about 5–6 tests
under stored at 4 �C for 6 weeks (Sharma et al., 2012b).

Langmuir–Blodgett (LB) technique can be an efficient strategy
for construction of detection systems. Sharma et al. developed a
sensor platform based on LB monolayers of tri-n-octylphosphine
oxide-capped cadmium selenide quantum dots onto ITO coated glass
substrate under covalent immobilization of thiolated DNA probes
(via Cd-thiol affinity). The proposed biosensor was reused about
8 times, shelf life of 2months and detection limit of 10� 10�15 M
with fast time response of 120 s (Sharma et al., 2012a).

A sensing interface based on silane (cross-linker agent) and
cadmium-telluride quantum dots was reported for BCR/ABL gene
detection. Covalent immobilization of amine terminated DNA
probes on quantum dots surface allowed the identification of tar-
get oligonucleotides in concentration range from 1 � 10�6 to
1 � 10�12 M within 30 min (Sharma et al., 2013).

Pandey et al. described a controlled deposition of amino-
functionalized silica-coated zinc oxide nanoparticles onto ITO
coated glass substrate using LB technique. Electrodes were used
to detect BCR/ABL fusion gene through covalent immobilization
of aminated DNA probes. The study demonstrated that molecular
organization contributes to the increased sensitivity of the biosen-
sor with a detection limit of 1 � 10�16 M. The biosensor was able to
distinguish CML positive patient samples (Pandey et al., 2016).
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A more complex system composed by AuNPs, multiwalled car-
bon nanotubes, cerium dioxide nanoparticles and CHI composite
membrane was developed. The biosensor was based on a capture
probe attached onto nanocomposite membrane and hybridization
process mediated by methylene blue (electroactive indicator).
The method was applied for oncogene detection in PCR real sam-
ples with analytical sensitivity of 5 � 10�13 M. The proposed
biosensor had a storage time of one month and 10 cycles of regen-
eration and hybridization (Li et al., 2013).

Wang et al. developed a biosensor using graphene sheets, CHI,
polyaniline, AuNPs and hairpin structure as a probe doubly func-
tionalized with a 50-SH and a 30-biotin. The biodetection was based
on the use of a streptavidin-alkaline phosphatase bound to the
biosensor surface through the interaction between biotin/strepta-
vidin. The phosphatase enzyme catalyzes the hydrolysis of the
electroinactive 1-naphthyl phosphate to 1-naphthol, which could
amplify the electrochemical response with a linear detection range
of 1 � 10�9 to 1 � 10�11 M. The biosensor was used for real-time
detection of the BCR/ABL fusion gene in PCR products from clinical
samples with satisfactory results (Wang et al., 2014).

An indicator-free impedimetric biosensor based on FePt
nanoparticle-decorated electrochemically reduced graphene oxide
(ERGNO) was developed for identification of the BCR/ABL fusion
gene with a detection limit of 2.6 � 10�15 M. The proposed DNA
biosensor was effectively used for detection in real blood samples
(Yang and Zhang, 2014).

A DNA circuit based on graphene sheets, polyaniline and AuNPs
was developed for BCR/ABL fusion gene detection. In detail, a
transducer hairpin was designed to obtain a universal DNA circuit
with favorable signal-to-background ratio and to enable reuse of
the DNA circuit for different inputs DNA with linear response
(2 � 10�8 to 1 � 10�11 M) and detection limit of 1.05 � 10�12 M
(Chen et al., 2015).

Luo et al. described a novel protocol for preparation of 1-
aminopyrene/graphene hybrids. Amino-substituted oligonu-
cleotide probes were conjugated to hybrids for manufacturing a
label-free electrochemical biosensor. Under optimum conditions
(35 �C, pH 7.4 and hybridization time of 40 min), BCR/ABL fusion
gene can be quantified in a wide range of 1 � 10�8 to
1 � 10�12 M with good linearity and low detection limit (Luo
et al., 2013).

BCR/ABL fusion gene detection was improved to a concentration
as low as 69.4 � 10�18 M. The detection limit refers to the concen-
tration of recombinant plasmids containing BCR/ABL fusion gene
(69.4 � 10�18 M or 41 DNA copies per lL). The label-free biodetec-
tion system used in this assay was based on a hybrid composite of
AuNPs and polyaniline for self-amplification of the electrochemical
signal. A capture DNA probe was attached on gold electrode mod-
ified with hybrid composite through electrostatic interactions to
obtain the sensor layer. The developed system displayed an excel-
lent specificity and ability to discriminate between CML positive
and negative samples. Moreover, demonstrated high sensitivity
for leukemia diagnosis and monitoring of minimal residual disease
(Avelino et al., 2016).
5. Optical genosensors for BCR/ABL detection

It is worthwhile to mention that new strategies for BCR/ABL
diagnosis have been based on surface plasmon resonance (SPR)
technology. SPR is a label-free technique that allows an indirect
analysis of the sample by light refraction (Boozer et al., 2003;
Nelson et al., 2002). SPR involves the interaction between electro-
magnetic waves of incident light and free-electron systems of a
conductive surface. The incident light is placed at a fixed angle.
The position of the resonance angle is sensitive to the refractive
index of the medium adjacent to the metal surface. Each material
has an intrinsic refractive index and its presence in the region adja-
cent to the surface (where the light is reflected) results in a detect-
able evanescent wave. The difference in refractive index creates
different SPR responses. The evanescent wave from the incident
light couples to the oscillating free electrons (plasmons) on the
metal surface and then the surface is resonantly excited. Then,
the energy of the incident light is lost, reduces the intensity of
the reflected light and is detected by a set of photodiodes or detec-
tor (charge coupled detector, CCD) (Singh, 2016).

SPR has advantages as monitoring the dynamic processes on the
sensor platform surface, determination of dielectric properties
(adsorption and extension rate), kinetic association/dissociation
and affinity constants. Recently, Matsihin et al. developed two
strategies based on the ionic strength decrease of the hybridization
buffer and temperature elevation to obtain a SPR sensor for BCR
and BCR/ABL genes. The proposed biosensor was able to discrimi-
nate a complete (at 50 �C) to a partial hybridization (at 40 �C)
between probe, DNA target and negative control (Matsishin et al.,
2016).

Other study included the deposition of tri-n-octylphosphine
oxide capped cadmium selenide quantum dots (QD) on SPR disk
surface through LB technique. Thiol-terminated DNA probe
sequence was covalently immobilized to detect the change-
coupling angle via hybridization. The biosensor constructed with
DNA sequence probe for CML presented high sensitivity with
detection limit of 4.21 pM (Ghrera et al., 2016).

In addition, QD were also applied to develop a high sensitive,
simple, and low-cost FRET-based QDs-DNA nanosensor for BCR/
ABL gene determination in CML samples. The mechanism was
based on FRET between QDs (a donor) in DNA probe and MB (as
acceptor and DNA intercalator). The enhancement of the MB emis-
sion intensity was used to follow up the hybridization, which was
proportional to DNA concentration. The detection limit of the pro-
posed method was 1.5 � 10�10 M. This study was innovative since
presented a new sensor platform and used real CML patient sam-
ples (Shamsipur et al., 2017).

SPR imaging (SPRi) can be an alternative for biosensors develop-
ment since it can be used to capture images of the local changes at
the surface and provide detailed information on kinetic processes,
biomolecular interactions and molecular binding (Wang et al.,
2013). The processes can be monitored by detection of pixel inten-
sity change. The variation of the reflected light intensity is propor-
tional to the refractive index changes due to molecular binding.
SPRi devices have been developed to implement hybridization-
based sensing, including miRNA/DNA detection, bacterial genotyp-
ing and SNP identification (Gorodkiewicz et al., 2011).

SPRi was used to develop a custom-made intensity-
interrogation surface plasmon resonance imaging system to
directly detect a specific sequence of BCR/ABL in CML. The varia-
tion of reflected light intensity detected from the sensor chip com-
posed of gold islands array was proportional to the change of
refractive index due to the selective hybridization of surface-
bound DNA probes with target ssDNA. The detection limit of the
SPRi measurement is �10.29 � 10�9 M. This study demonstrated
a nucleic acid-based SPRi biosensor as an alternative high-
effective, high-throughput label-free tool for DNA detection in
biomedical research and molecular diagnosis (Wu et al., 2016).

On the other hand, Xu et al. (2016) developed a novel imaging
method using DNAzyme-driven chemiluminescence (CL) based
on bis-three-way junction (bis-3WJ) nanostructure and cascade
DNA machineries. Bis-3WJ probes were designed to recognize
specifically BCR/ABL fusion gene that forms a stable bis-3WJ
nanostructure for activation of polymerase/nicking enzyme
machineries in cascade. The resulting products formed an inte-
grated DNAzyme by self-assembly to catalyze CL substrate and
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provided an amplified signal for sensing events. This platform
achieved ultrasensitive BCR/ABL gene detection of �23 fM. It also
offered an excellent discrimination ability toward target of seven
orders of magnitude. The biosensing strategy also possessed merits
such as homogeneous, isothermal and label-free assay system (Xu
et al., 2016).

6. Conclusion and prospects

In this review, optical and electrochemical techniques were
effective applied to obtain information about molecular phenom-
ena associated to sensor assembly and bioaffinity process. The
appropriate design of DNA probes and their immobilization on
solid surfaces are a key point for biosensors development with high
accuracy. The development of portable devices is essential for clin-
ical and commercial application. However, the biosensors dis-
cussed in this review are in preliminary stages for prototypes
development. Nanostructured platforms provided an effective
environment for bioreceptor anchoring due to a larger electroac-
tive area and improvement of the interfacial electron transfer. Both
electrochemical (10�8 M to 10�18 M) and optical (10�8 M to
10�15 M) techniques were able to identify BCR/ABL fusion gene at
very low concentrations. In general, BCR/ABL fusion gene detection
is based on cDNA analysis. Genomic DNA is not widely used due to
the presence of long introns in BCR sequence. The common break-
points of the M- and m-BCR regions involve e13a2, e14a2 and e1a2
fusion variants. Adequate amounts of blood are required to obtain
cDNA samples, characterizing a limitation for reverse transcription
technique (conversion of RNA to cDNA) and biosensors. However,
is expected that the innovation associated to the smart biosensors
development allows the identification of cancer at early stage,
minimal residual disease monitoring and improvement of the
quality of life of leukemia patients.
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