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Karen Y.P.S. Avelino a,b, Léony S. Oliveira a,b, Maryana R. Santos b, Norma Lucena-Silva c,d, 
César A.S. Andrade a,b, Maria D.L. Oliveira a,b,* 
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A B S T R A C T   

The present research refers to elaborating a new label-free electrochemical biosensor used to detect the BCR/ABL 
fusion gene. We used a hybrid nanocomposite composed of chitosan and zinc oxide nanoparticles (Chit-ZnONP) 
immobilized on a polypyrrole (PPy) film. DNA segments were covalently immobilized, allowing biomolecular 
recognition. Atomic force microscopy (AFM), cyclic voltammetry (CV), and electrochemical impedance spec
troscopy (EIS) were used to evaluate the assembly stages of the biosensor. The biosensor’s analytical performance 
was investigated using recombinant plasmids containing the target oncogene and clinical samples from patients 
with chronic myeloid leukemia (CML). A limit of detection (LOD) of 1.34 fM, limit of quantification (LOQ) of 
4.08 fM, and sensitivity of 34.03 μA fM− 1 cm2 were calculated for the BCR/ABL fusion oncogene. The sensing 
system exhibited high specificity, selectivity, and reproducibility with a standard deviation (SD) of 4.21%. 
Additionally, a linear response range was observed between 138.80 aM to 13.88 pM with a regression coefficient 
of 0.96. Also, the biosensor shows easy operationalization and fast analytical response, contributing to the early 
cancer diagnosis. The proposed nanostructured device is an alternative for the genetic identification BCR/ABL 
fusion gene.   

1. Introduction 

Genetic disorders cause Leukemias in hematopoietic precursor cells. 
Leukemic diseases form a heterogeneous group of neoplasms that 
constitute one of the most prevalent types of hematologic cancer 
worldwide. The BCR/ABL fusion gene, which characterizes the Phila
delphia chromosome, is predominant in CML patients, constituting an 
essential genetic biomarker for oncogenesis. The formation of this 
hybrid oncogene results from the rearrangement between the ABL 
sequence of chromosome 9 and the breakpoint cluster region (BCR) of 
chromosome 22 [1,2]. In this perspective, efficient molecular diagnosis 
with rapid identification of the BCR/ABL fusion gene is essential for 
patients with suspected leukemia, allowing an early diagnosis, better 
stratification of the disease according to risk, and prescription of specific 
therapies [3]. 

The presumptive methods for identifying CML-related genetic 

abnormalities are based on cytogenetic studies, fluorescent in situ hy
bridization (FISH), and quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR). Although these techniques are effective for 
the diagnosis, there are still limiting factors, protocols lasting 24 to 48 h 
for metaphase analysis in cytogenetic assessments, overlapping of 
chromosome bands in FISH and variable selectivity in RTq-PCR assays. 
Moreover, there is a need for qualified professionals, robust equipment, 
and, frequently, simultaneous use of different techniques for the accu
rate confirmation of the Philadelphia chromosome, generating coun
terpoints that increase the cost and diagnostic response time [4]. 

The bioanalysis procedure is based on molecular hybridization be
tween complementary oligonucleotide fragments anchored on trans
ducer surfaces [5]. Thus, DNA biosensors provide selective and specific 
detection of target genes quickly and inexpensively. Electrochemical 
biosensors become even more advantageous due to enhanced output 
performance, high sensitivity, and the possibility of label-free response 
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analysis. However, the influence of experimental factors needs to be 
investigated for bioanalytical success, such as biomolecules concentra
tion, hybridization time, temperature, pH, and presence of salts. Some of 
these factors, such as pH and temperature, can directly affect the sta
bility and conformation of DNA probes. Specifically, sugar residues and 
phosphate groups of nucleic acids can be altered by ionic strength, 
causing loss of oligonucleotide integrity [6]. 

Nanostructures and functional materials have been associated with 
the development of electrochemical interfacing platforms [7]. PPy is a 
organic polymer with highlighted conductivity. The molecular structure 
of PPy enables an easy doping process, substantially increasing the 
material’s conductivity through the formation and movement of po
larons and bipolaron. Another advantage of applying PPy in electro
chemical biosensors is its direct synthesis by electropolymerization on 
the electrode surface, allowing an experimental control of the polymeric 
film thickness. The association of conductive polymer and nanostructure 
metal oxides has received significant attention [8]. 

Zinc oxide nanoparticles (ZnONPs) are semiconductor material that 
exhibits outstanding properties such as physical and chemical stabilities, 
high electron mobility, and high surface area for molecules immobili
zation [9,10]. ZnONPs associated with Pd and Pt [11], gold [12], chi
tosan (Chit) [13], polyaniline, and carbon nanotubes have been used to 
manufacture diagnostic devices [14]. Chit is a high molecular weight 
polysaccharide obtained from chitin that has been used to synthesize 
multilayer structures and hybrid nanocomposites [15]. Chit provides a 
highly favorable microenvironment for immobilizing biomolecules 
without loss of biological activity [16]. 

The development of new sensors utilizing nanomaterials for real- 
time bioanalysis is essential for the molecular detection of genetic bio
markers. In this perspective, Shamsipur et al. [17] created a DNA 
biosensor based on graphene nanosheets stabilized by hemoglo
bin@gold nanoclusters for the electrochemical detection of short DNA 
species. The BCR/ABL fusion gene was identified in a concentration 
range of 0.1 fM to 10 pM with a LOD of 0.037 fM, using methylene blue 
as a signaling probe. 3D corals based on polyaniline nanostructures were 
developed to capture the BCR/ABL fusion gene, through the use of DNA 
probes. The gene was quantified with high sensitivity (LOD of 7aM) in 
clinical samples [18]. Electrostatically immobilized oligonucleotides on 
zinc oxide nanorods were obtained for impedimetric determination of 
BCR/ABL fusion gene [19]. The sensing tool displayed a dynamic range 
from 1.0 pM to 1.0 nM with a LOD of 0.275 pM. Due to the high prev
alence of CML among hematologic malignancies, alternative methods 
for molecular screening of the BCR/ABL chimeric oncogene should be 
considered. 

The present study reports an electrochemical DNA biosensor as an 
innovative tool for analyzing and detecting the CML genetic biomarker. 
The sensing system based on Chit-ZnONP hybrid nanostructures and PPy 
polymer enabled the BCR/ABL fusion gene identification with high 
analytical quality, sensitivity, selectivity, and reproducibility. The 
recognition of the molecular hybridization in clinical samples config
ured the biosensor as an alternative for medical diagnosis for patients 
with malignant hematologic disorders. In addition to the early diagnosis 
of leukemia, the electrochemical test can contribute in an innovative 
way to the screening of minimal residual disease and evaluation of the 
therapeutic effectiveness. 

2. Materials and methods 

2.1. Reagents 

Pyrrole (98%), ZnONps (<50 nm) (97%), Chit (75–85%), hydro
chloric acid (HCl) (37%), glacial acetic acid (C2H4O2) (≥99.7%), 
glutaraldehyde (25%), bovine serum albumin (BSA) (≥98%), potassium 
ferricyanide (K3[Fe(CN)6]) (≥99.0%), potassium ferrocyanide (K4[Fe 
(CN)6]) (98.5–102.0%), sodium phosphate monobasic and dibasic 
(≥99.0%), 0.05 μm alumina paste (α-Al2O3) were obtained from Sigma 

Aldrich Co. (St Louis, USA). Trizol was acquired from Invitrogen Co. Ltd. 
(Carlsbad, CA, USA). The ultrapure water resulting from a Milli-Q Plus 
purification system (Billerica, USA) was used to prepare analytical grade 
solutions. 

2.2. Oligonucleotide probes and real samples 

Conventional PCR and agarose gel electrophoresis in the presence 
ethidium bromide evaluated the clinical and plasmid samples. The re
combinant plasmid containing the BCR/ABL fusion gene was amplified 
using the ALL and CML primers: ALL (9;22) 5′-AGA
TACTCAGCGGCATTG-3′ and CML (9;22) 5′-AGCTTCTCCCTGA
CATCCGTG-3′ primers [20]. Subsequently, chimeric DNA sequences 
were cloned into the pTA vector. Thus, the analytical results of the 
biosensor were validated against a standard diagnostic method. 

Patients with a leukemia diagnosis were submitted to iliac bone 
aspiration. The clinical samples were collected with patients’ informed 
consent from the Pediatric Oncology Service biorepository at the Inte
gral Medicine Institute Prof. Fernando Figueira. Bone marrow samples 
from unselected patients were subjected to genetic analysis after total 
RNA extraction in 5 × 106 cells using Trizol reagent. Reverse tran
scription to obtain cDNA specimens was processed using an oligonu
cleotide primer. This study was approved by the Research Ethics 
Committee of the Aggeu Magalhães Institute (FIOCRUZ Pernambuco) 
with the Certificate of Presentation for Ethical Appreciation (CAAE) no. 
13296913.3.0000.5190. 

2.3. Synthesis of the Chit-ZnONP nanocomposite and construction of the 
nanostructured biosensor 

The methodology adapted for the synthesis of the Chit-ZnONP 
nanocomposite was based on Xin et al, 2010 [21] and Rovina and Sid
diquee, 2016 [22]. Chit and ZnONPs solutions were prepared at a 1 mg/ 
mL concentration in a 1% acetic acid. Subsequently, the final mixture 
(volumetric ratio of 1:1) was stirred by magnetic conduction for 30 min 
at room temperature, then ultrasonication for approximately 1 h. 

Preliminarily, the bare gold electrode was moderately polished with 
an alumina suspension (Al2O3) with a particle size of 0.05 µm. After
ward, it was rinsed with ultrapure water, submitted to an ultrasound 
bath for 10 min to remove residual particles, and dried in air. The first 
stage of the sensing platform corresponds to the electrochemical poly
merization of PPy using 20 mL of 0.5 M HCl solution containing 30 mM 
pyrrole monomer. Six voltammetric cycles were performed in a potential 
range of − 0.4 at + 1.0 V at a scan rate of 100 mV s− 1. The second stage 
refers to the adsorption of the Chit-ZnONP hybrid nanocomposite on the 
polymeric film. In this second stage, 2 µL of the colloidal solution was 
added for 30 min to obtain a self-assembled nanostructured layer. The 
third stage consists of the biofunctionalization of the PPy/Chit-ZnONP 
interface platform with DNA probes to identify the BCR/ABL fusion 
oncogene. The immobilization of oligonucleotide sequences was per
formed by dropping 0.5% glutaraldehyde (v = 2 µL) with an incubation 
time of 15 min. Subsequently, 2 μL of a 25 pmol/μL DNA solution were 
added for biomolecular conjugation. Glutaraldehyde is a functional 
crosslinking agent to bind amino groups of the Chit and functionalized 
DNA. Finally, the fourth stage comprises blocking the sensor layer’s 
nonspecific sites with BSA protein. In this step, 2 µL of 1% BSA solution 
(pH 7.4) were incorporated over the electrode surface to obtain the PPy/ 
Chit-ZnONP/Probe/BSA system (Scheme 1). 

2.4. Studies of genetic detection 

The sensitivity and specificity of the electrochemical biosensor were 
assessed through hybridization studies with recombinant plasmids 
containing the BCR/ABL chimeric oncogene in variable concentrations 
(13.88 pM to 138.80 aM). In addition, clinical specimens (cDNA sam
ples) from patients with Philadelphia chromosome (Ph)-positive chronic 
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myelogenous leukemia were also used for the genetic screening. The 
biosensor was exposed to 2 µL of the sample for 15 min to the bio
recognition process. The temperature of 94 ◦C was used to cause the 
denaturation of the genetic material before the biorecognition assay. 
Dilutions of all biological samples were prepared with phosphate buffer 
saline solution (PBS, 10 mM, pH 7.4) and kept frozen. 

2.5. Electrochemical measurements 

An Autolab PGSTAT 128 N in potentiostatic mode (MetrohmAutolab 
Inc., Netherlands) controlled by NOVA 1.11 software was employed in 
the electroanalytical measurements. An electrochemical cell was used in 
conventional configuration with three electrodes immersed in support 
electrolyte of PBS (10 Mm, pH 7.4) containing 10 mM K4[Fe(CN)6]/ 
K3[Fe(CN)6] (1:1, v/v). A modified gold electrode (ϕ = 2 mm) was used 
as a working electrode. Ag/AgCl saturated with 3 M KCl and platinum 
wire were used as reference and counter electrodes. Cyclic voltammo
grams for interfacial characterization were obtained from the applica
tion of potentials between − 0.2 and +0.7 V with a sweep rate of 50 mV 
s− 1. Cole-Cole diagrams were recorded in a frequency range of 100 mHz 
to 100 kHz using a potential of 10 mV and integration time of 0.125 s. 

The electrochemical analysis was obtained at least three independent 
repetitions of the experiment at room temperature and inside a Faraday 
cage. 

2.6. Microscopy measurements 

The morphological characterization of the biosensor construction 
and its interactions with the BCR/ABL oncogene was performed using an 
atomic force microscope (SPM-9500; Shimadzu Corporation, Tokyo, 
Japan). AFM cantilevers with aluminum-coated silicon probe (Nano
world, Japan; resonant frequency = 300 kHz; force constant = 42 N. 
m− 1) were used noncontact mode at room temperature. The topographic 
micrographs (512 points per line) were collected in a scan area of 5 × 5 
µm. Finally, the 3D images were processed and analyzed using the 
Gwyddion software. 

3. Results and discussion 

3.1. Microscopic characterization 

AFM was employed to monitor biosensor surface morphologies and 

Scheme 1. Representation of the Chit-ZnONP hybrid nanocomposite (a) and its use in a nanostructured biosensor based on polypyrrole (PPy), Chit-ZnONP, DNA 
probe, and bovine serum albumin (BSA) for the detection of the BCR/ABL chimeric oncogene. 
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investigate biomolecular activities against clinical samples with a posi
tive diagnosis for the BCR/ABL chimeric oncogene. The PPy electro
chemical synthesis resulted in a nodular polymeric matrix with an 
average thickness of 125 nm (Fig. 1a). PPy globular nodules are ex
pected in electropolymerized thin films, contributing to electrolyte 
permeation and higher electric conductivity [23]. These structures are 
dependent on the oxidation–reduction states of the polymer, pyrrole 
concentration, properties of the doping ions, polymer film thickness, and 
experimental conditions of electrochemical polymerization [24]. Metal 
oxide nanoparticles were homogeneously deposited on the PPy polymer, 
where the PPy/ZnONP film has a maximum height of 201 nm (Fig. 1b). 
For comparison of the topographic profile, when ZnONPs are in the form 
of a hybrid nanocomposite with the Chit biopolymer, an increase in 
surface heterogeneity can be verified (Fig. 1c). Topographic peaks of up 
to 218 nm were evidenced after the self-assembly of the Chit-ZnONP 
nanocomposite on the polymeric substrate. The height difference of 
the PPy and PPy/Chit-ZnONP films suggests that the hybrid nano
material has an approximate diameter of 93 nm. 

The chemical anchorage of the DNA probe on the PPy/Chit-ZnONP 
nanoplatform was mediated through glutaraldehyde. Sequentially, 
incorporating BSA globular proteins enabled the blocking of non- 
functional sites on the transducer. The AFM 3D image (Fig. 1d) 
showed that the PPy/Chit-ZnONP/Probe/BSA biosensing system is 
characterized by well-defined peaks and valleys with a maximum height 
of 0.24 µm. The flattening structural feature in Fig. 1e indicates the 
biomolecular hybridization process after exposure of the biosensor to 
positive CML sample. When the biosensor was exposed to the BCR/ABL 
oncogene during the biorecognition assay, there was an increase of 0.11 
µm in the surface roughness measurements with a maximum height of 
0.35 µm. Distinctively, Fig. 1f shows a granular topology with a 
maximum peak of 0.21 µm for the sensor platform during selectivity 
tests with a negative sample of CML. 

3.2. Electrochemical characterization of the genetic sensing platform 

3.2.1. Impedimetric characterization 
The physical–chemical analysis of the DNA biosensor preparation 

stages is shown in Fig. 2. Nyquist plots were adopted to display the EIS 
data. The Randles circuit model was employed to fit and interpret the 
experimental spectra accurately (inset of Fig. 2a). This equivalent circuit 
is composed of a constant phase element (CPE) related to the charge 

concentration on the electric double layer; resistance to charge transfer 
(RCT) associated with electron flow between the electrode and electro
lytes in solution; the resistance of the electrolyte solution (RS); and 
Warburg impedance (ZW). The impedimetric parameters were summa
rized in the supplementary material (Table S1). 

The impedimetric investigation for bare gold electrode (Fig. 2a and 
Fig. S1) showed an almost linear response characterized by a low RCT 
value (RCT = 0.15 ± 0.001 kΩ). The decrease of electrochemical resis
tance from 0.15 ± 0.001 kΩ (for gold electrode) to 0.01 ± 0.0001 (for 
PPY-modified gold electrode) confirmed the presence of the polymeric 
film on the metallic surface. These results suggest that the PPy polymer 
can improve the charge-transfer efficiency of bioanalytical devices, thus 
favoring the chemical stability, sensitivity, and selectivity of sensing 
tools [25]. 

Reduced charge transfer in the electric double layer was observed 
(RCT = 2.02 ± 0.07 kΩ) after electrodic modification with the Chit- 
ZnONP nanocomposite. The conjugation of the Chit-ZnONP hybrid 
material on the PPy polymer favors the increase in the surface area, 
provides chemical groups (–NH2 and –OH) for the covalent immobili
zation of oligonucleotides, and offers a hydrophilic and biocompatible 
microenvironment, necessary for the maintenance of the molecular 
conformation of immobilized biomolecules. 

The biofunctionalization of the PPy/Chit-ZnONP nanostructured 
platform with oligonucleotide probes caused a reduction in the 
impedimetric signal (RCT = 10.86 ± 0.15 kΩ). This phenomenon is 
related to the reduced accessibility of redox probe in the sensor system 
due to the electrostatic repulsion between the phosphate groups of the 
DNA probes and the negative charges of the [Fe(CN)6]3-/[Fe(CN)6]4- 
ions. Consequently, the partial impediment of the oxidation–reduction 
reactions in the regions adjacent to the electrode surface is favored [41]. 
Additionally, BSA caused an increase in resistance (RCT = 12.56 ± 0.45 
kΩ). 

3.2.2. Voltammetric characterization 
Cyclic voltammograms are graphical representations of a current (I) 

measured as a function of a linearly swept potential (E) in the form of a 
triangular wave. Valuable parameters can be obtained from electroan
alytical analysis, such as anodic peak current (Ipa), cathodic peak cur
rent (Ipc), anodic peak potential (Epa), and cathodic peak potential 
(Epc). These variables provide information about charge transfer ki
netics, reversibility of electrochemical reactions, redox potentials of 

Fig. 1. Atomic force microscopy (AFM) images for PPy (a); PPy/ZnONP (b); PPy/Chit-ZnONP (c); PPy/Chit-ZnONP/Probe/BSA (d); Biosensor/CML positive sample 
(e); and Biosensor/CML negative sample (f). 
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electroactive substances, biomolecular interactions, and surface modi
fication processes [26]. 

Voltammetric measurements were recorded in 10 mM [Fe(CN)6]3-/4- 

solution (Fig. 2b). As expected, the voltammetric responses agree with 
the impedimetric measurements discussed earlier. The oxidation and 
reduction of electrolytic components on the bare gold electrode were 
characterized by a diffusion-limited transport kinetic with Ipa of 61.14 
± 0.35 µA. Diffusion limited for bare gold electrode was assumed 
considering the fact that redox active species with high electron transfer 
rate, such as the [Fe(CN)6]3-/4- electrolyte, has an electron transfer rate 
controlled by the flow in which redox-active species are brought to the 
electrode surface (i.e. diffusion limited) [27]. Additionally, the vol
tammogram exhibits well-defined oxidative and reductive processes. 

The electropolymerization of the pyrrole monomer caused an in
crease in the voltammetric signal. Additionally, the oxidation current 
became higher (Ipa = 141.06 ± 0.04 µA) due to polypyrrole-mediated 
electron transfer. A decrease in anodic and cathodic currents (Ipa =
77.27 ± 0.20 μA and Ipc = − 64.98 ± 0.18 μA) was obtained after mo
lecular structuring of the Chit-ZnONP nanocomposite on the PPy 
conductive matrix, indicating dielectric properties of the material. A 

lower voltammetric response (Ipa = 22.769 ± 0.255 μA) was observed 
after the chemical immobilization of DNA probes on the Chit-ZnONP 
composite. As expected, the use of BSA molecules to block nonspecific 
sites of the biosensor caused a reduction in voltammetric currents (Ipa =
18.432 ± 0.057 μA). Additionally, voltammetric and impedimetric 
characterizations for each isolated component that the biosensitive 
nanostructured platform was presented in Fig. S2. Therefore, it was 
possible to ensure the proper construction of the biological sensor on a 
transducer substrate through these electrochemical characterizations. 

3.3. Evaluation of experimental conditions 

3.3.1. Electrochemical polymerization of PPy 
Fig. 3 shows the voltammetric measurements recorded during the 

potentiodynamic polymerization of pyrrole. Electropolymerization in
volves the application of a potential variation, resulting in the oxidation 
of the monomer unit. The electrochemical polymerization reaction 
proceeds with the coupling of monomer cations and oligomer cations 
until the PPy film is formed [28]. 

The electrochemical behavior of the electrode surface was 

Fig. 2. Impedance spectra (a) and cyclic voltammograms (b) for each assembly step of the nanostructured biosensor based on PPy/Chit-ZnONP/Probe/BSA. Inset: 
Equivalent circuit used to adjust impedance measurements (a). Three consecutive analyzes were conducted in each methodological procedure, where the experi
mental values are displayed as the mean values ± standard deviation. 

Fig. 3. Cyclic voltammograms (a) and peak currents (b) were recorded during the potentiodynamic polymerization of pyrrole.  
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investigated during 15 cycles of polymerization, where a reduction in 
the anodic current was observed after the 6th scanning cycle. This result 
is consistent with previous studies [29,30]. It is related to an increase in 
the conducting polymer layer resistance, lower electrical double layer 
capacitance, and decreased pyrrole monomers consumed during the 
synthesis [31]. Therefore, six electropolymerization cycles were ideal 
for obtaining a reproducible polymeric coating with maximum con
ductivity response and controllable thickness. 

3.3.2. Immobilization study of the Chit-ZnONP nanocomposite 
The self-assembled layer of Chit-ZnONP hybrid composite formed on 

a gold electrode previously modified with PPy was investigated under 
different adsorption times (1, 10, 20, 30, and 40 min). The increase in 
adsorption time resulted in voltammetric curves with anodic peak po
tential shifted to more positive potentials. This fact is due to the 
oxidation of zinc oxide species on the electrode surface [32] (Fig. 4a). 
According to Fig. 4b, the diameter of the impedance spectrum increased 
with the adsorption time. These responses indicate that the incubation 
period influences the amount of nanomaterial deposited on the trans
ducer. Thus, it results in a change of the resistance signal. However, from 
the RCT analysis (Fig. S3), it was verified that the time of 30 min causes 
electrodic saturation with moderate blocking of the redox reactions in 
the electrical double layer. Thus, the time of 30 min presented ideal 
adsorption kinetics for the molecular ordering of the Chit-ZnONP 
nanocomposite on the polymeric film. 

3.4. Analytical performance with plasmid DNA 

The detection study of the BCR/ABL chimeric oncogene involves 
monitoring variations in the electrochemical currents. The analytical 
behavior of the nanostrutured device was evaluated through the hy
bridization of recombinant plasmids. As evidenced in Fig. 5a, after 
exposing the PPy/Chit-ZnONP/Probe/BSA system to synthetic DNA 
samples, a reduction in the voltammetric signal was observed with a 
decrease in the height of the anodic and cathodic peaks. The electro
chemical event indicates hybridization between two oligonucleotide 
strands, which causes greater electrostatic repulsion between the [Fe 
(CN)6]3-/4- ions and the negatively charged phosphate groups of the gene 
molecules. Due to the formation of a barrier to electron transport, the 
current values are reduced with the more significant number of cDNA 
conjugates at the transducer interface [17]. 

Fig. 5b shows the anodic peak currents for the DNA biosensor after its 

exposure to different concentrations of the BCR/ABL chimeric sequence. 
The biodetection assay indicated that the proposed biosensor has an 
excellent linear response to BCR/ABL chimeric oncogene in the con
centration range of 138.80 aM to 13.88 pM with a SD of 3.49 (Fig. 5b). 
The linear regression equation was expressed as y = 12.07 – 1.06 *ln(x) 
with a coefficient of determination (R2) of 0.96 (n = 6). Where x cor
responds to the target DNA concentration and y refers to the Ipa value. It 
is noteworthy that the linearization of the x axis was performed on a 
logarithmic scale of the concentration. A LOD of 1.34 fM, LOQ of 4.08 
fM, and sensitivity of 34.03 μA fM− 1 cm2 were estimated. These 
analytical variables were measured using the respective equations, 
3.3SD/slope, 10SD/slope, and SD/(area of the electrode), where SD is 
the standard deviation of the blank sample (zero concentration) in 
triplicate and slope is the angular coefficient of the linearity study. The 
reproducibility for the bioanalysis system was 4.21%, obtained from the 
SD value for three independent biosensing tools produced with the same 
methodological process. 

In addition, the percentage variation of the anodic peak current (ΔI), 
described as: 

ΔI(%) =
Ib − Ia

Ib
× 100 (1)  

was shown in Fig. S4. Where Ib and Ia correspond to the peak current 
before and after the oncogenic capture. A gradual increase in the ΔI (%) 
values can be seen in correlation with the concentration of the studied 
plasmids. The gene detection caused the linear variation of ΔI (%) from 
33.62 ± 2.42% to 132.123 ± 3.84%, reflecting the molecular capture 
ability of the proposed system (Table S2). 

3.5. Electrochemical investigation in clinical samples 

Biodetection assays with real biological samples were performed to 
verify the clinical relevance of the nanostructured biosensor. Reduced 
voltammetric signals were reported in Fig. 6a after exposure of the 
sensing system to different cDNA samples from patients diagnosed with 
CML. Positive samples for BCR/ABL fusion gene caused significant 
current variations with ΔI values between 9.78 ± 3.62% and 561.44 ±
3.50% (Fig. 6b). Differences in the magnitude of the electrochemical 
responses can be attributed to the target oncogene expression and, 
consequently, to the staging of the hematologic malignancy [33]. These 
results indicate the feasibility of the sensor utilizing nanomaterials for 
gene screening in cDNA clinical specimens. 

Fig. 4. Voltammetric plots (a) and impedance spectra (b) for the self-assembled layer of Chit-ZnONP hybrid composite formed under different adsorption times (1, 
10, 20, 30, and 40 min). Three consecutive analyzes were conducted in each methodological procedure, where the experimental values are displayed as the mean 
values ± their standard deviation. 
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Specificity analysis was conducted using leukemia-negative samples. 
The interference studies were performed using human cDNA samples 
contained biological interferers: Mycobacterium tuberculosis genome, 
cholesterol (5 mM), and ascorbic acid (0.05 mM) [34]. The distinct 
electrochemical profiles show an excellent specificity and selectivity of 
the biosensor (Fig. 6b). Thus, the biosensor can be used for clinical trials 
with complex samples. 

Conventional techniques for identifying genetic disorders in human 
blood have disadvantages such as late diagnosis, limited sensitivity, and 
and complex protocols. In contrast, the nanostructured biosensor 
developed in this study provides a fast analytical response within 15 min 
with a single hybridization step. Furthermore, the biodetection process 
occurs isothermally, at room temperature, without the need for tem
perature cycling, as in qRT-PCR experiments. In this perspective, a new 
tool developed for identification the BCR/ABL chimeric oncogene is 
relevant for the health promotion of patients with leukemia and the 
monitoring of minimal residual disease. 

An analytical comparison with previous works is shown in Table 1. 
The biodevices presented in the Table 1 are based on the association of 
different nanomaterials, such as polyaniline nanostructures [18], 
ZnONPs [35], graphene sheets [36] and gold nanoparticles [17]. Elec
trodic modification methodologies were used to build biosensors on 
flexible or rigid transducers. It is observed that the use of conductive 
polymers such as polyaniline can increase the sensitivity of sensing 
tools, leading to limits of detection on the order of attomolar [18]. In this 
perspective, the incorporation of the Chit-ZnONP nanocomposite in a 
conductive matrix of PPy enabled the development of an innovative and 
biosensitive nanostructured platform, until then not described in elec
trochemical genosensors. 

Distinctively from other studies, the developed bioanalysis system 
requires only small volumes of biological samples (only two microliters) 
for rapid and quantitative detection of the BCR/ABL fusion gene. The 
biodevice presented notable analytical performance parameters: com
parable detection and quantification limits, high selectivity, and 

Fig. 5. Cyclic voltammograms (a) for the DNA biosensor exposed to variables concentrations of the BCR/ABL fusion gene in recombinant plasmids. Calibration plot 
of the bioanalytical platform with linear regression equation expressed as y = 12.07 – 1.06 *ln(x), R2 

= 0.96, and SD = 3.49 (b). Three consecutive analyzes were 
conducted in each methodological procedure, where the experimental values are displayed as the mean values ± their standard deviation. 

Fig. 6. Voltammetric records (a) of the DNA biosensor exposed to clinical samples from patients diagnosed with CML. The histogram shows ΔI values for the 
biosensor after assays with leukemia-negative samples and human cDNA samples containing biological interferers, such as M. tuberculosis genome, cholesterol (5 
mM), and ascorbic acid (0.05 mM). 
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specificity. It is important to note that most electrochemistry-based as
says require the analytical signal amplification using, for example, 
methylene blue, biotinylated hairpin molecules, and streptavidin- 
labelled alkaline phosphatase [17,36]. In this report, our DNA 
biosensor is label-free to reduce the demand for chemicals, response 
time, and methodological process costs. 

4. Conclusions 

The proposed biosensor is a promising tool for the molecular 
detection of the BCR/ABL chimeric oncogene. An innovative nano
structured platform based on PPy electropolymerized film and Chit- 
ZnONP nanocomposite was successfully obtained. The electrodic 
modification enabled amplification of the surface area, electron transfer 
efficiency, and biocompatible microenvironment. The biosensor is 
effective for leukemia investigation with high analytical performance, 
sensitivity, specificity, and selectivity. Small volumes of synthetic oli
gonucleotides and real biological samples were used in bioactivity as
says. Thus, the biosensor can be applied for clinical trials. In addition, 
label-free electrochemical responses were measured at a 15-minute in
terval with limits of detection and quantification in the femtomolar 
order. Therefore, a new sensing assay was designed for diagnostic ap
plications of hematologic malignancies, enabling the identification of 
early-stage cancer. 
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