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Abstract: Nowadays, a prompt and reliable diagnosis is one of the most critical measures for leprosy control. 

The current diagnostic is based on clinical exams by a health care professional, and it may not recognize 

early signs of the disease. Therefore, other leprosy diagnosis methods are needed that are sensitive, 

disease-specific, and easy to deliver to the end-user. This study describes the construction of an 

electrochemical DNA biosensor to detect PCR products of Mycobacterium leprae using methylene blue as 

an indicator of the hybridization. The capture probe was immobilized on the graphite electrode modified with 

poly(4-aminophenol). The electrode surface was morphologically characterized by atomic force microscopy. 

Linear voltammetry was used to monitor the concentration of methylene blue on the DNA biosensor, which 

indicated a limit detection of 1 x 10-10 mol/L. The biosensor showed selective when placed to hybridize with 

a non-complementary sequence. This study suggests that the electrochemical DNA biosensor developed is 

promising for detecting DNA of Mycobacterium leprae. 

Keywords: Poly(4-aminophenol); DNA biosensor; Methylene blue; Mycobacterium leprae. 

INTRODUCTION 

Leprosy is a contagious and chronic systemic granulomatous human disease caused by Mycobacterium 

leprae that primarily affects the cooler body areas as skin and peripheral nerves.  Most cases are seen in 

HIGHLIGHTS 
 

 Leprosy is a neglected tropical disease. 

 Poly(4-aminophenol) was a good platform for immobilization of DNA. 

 The methylene blue was an appropriate hybridization indicator in this electrochemical DNA 
biosensor. 
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developing countries, although the incidence rate has decreased in most countries for the past 20 years.  The 

disease is still an important cause of morbidity with consequent severe and permanent injuries and 

mutilations. There were 202,162 new cases detected of leprosy in the world in 2019.[1, 2] 

A prompt and reliable diagnosis is one of the most critical measures for leprosy control. Clinical 

evaluation as dermatologic and neurologic examination, microscopic examination of a slit-skin smear are for 

diagnosis of leprosy generally sufficient for most cases. However, almost 65% of all leprosy patients are 

smear-negative, and untrained health workers may not be efficient in recognizing early signs of the disease 

[3]. Therefore, there is a need for other leprosy diagnosis methods that are sensitive, disease-specific, user-

friendly, quick, reliable, and easy to deliver to the end-user. Nowadays, serological tests[4] and molecular 

probes [5] have shown a potential for detecting and identifying Mycobacterium leprae in patients, but these 

methods suffer from limited sensitivity to controversial results. Other recent techniques are arising and may 

revolutionize diagnostic methods, such as biosensor technologies. 

Methods to pathogens detection of clinical interest, based on the analysis of specific DNA sequences as 

biorecognition elements, have stimulated DNA biosensors development [6]. A DNA biosensor consists of a 

single-stranded (ssDNA) immobilized on the transducer surface to recognize its complementary sequence. 

The double-stranded formed on the electrode surface is known as a hybrid (dsDNA), and this event is 

converted to the analytical signal transducer[7]. DNA biosensors design employing electrochemical 

transducers presents advantages in analytical science due to high sensitivity, short response time, easy-to-

use, and low cost[6, 7]. The electrochemical detections of DNA are divided into two major groups: label-free 

and labeled. The first, the DNA biosensor does not rely on the additional signal molecule but only on the 

physical proprieties of the ssDNA or dsDNA on the electrode surface[8,9,10,11]. In labeled DNA biosensors, 

the electrochemical response depends on an active redox marker called the hybridization indicator, which 

changes its concentration upon DNA hybridization. [12]. The most common are dyes and complex metals 

that interact with DNA. 

The modification of the electrode surfaces can increase the efficiency and applicability of electrochemical 

sensors[13]. The modification of surfaces with polymer films has been used to develop biosensors to protect 

the surface of the electrodes of impurities, block interfering, incorporate mediators, and provide 

biocompatibility. It is a promising strategy for immobilization of DNA probes in the development of DNA 

biosensors. Electropolymerization studies indicate that monomers containing aromatic groups bonded to 

oxygen atoms are easier to polymerize, providing reproducibility and mechanical resistance of the film[14]. 

The use of aminophenols in the preparation of electrodes modified with polymer films can be applied in 

biosensors development because this molecule presents two functional groups (-NH2 and -OH), both 

appropriate for immobilization of biomolecules[15]. 

Taj et al. (1992) reported for the first time the formation of the poly(4-aminophenol) in platinum electrode, 

using cyclic voltammetry as the technique for electropolymerization [16]. Since then, other groups have 

shown interest in production to elucidate these film structures and applications [17,18,19,20]. Madurro and 

co-workers showed the formation of poly(4-aminophenol) on graphite electrodes at different pH values. 

Analyses indicated that films prepared in an acid medium promote charge transfer. Moreover, films prepared 

in a basic medium passivate the electrode, hindering the charge transfer[21]. Brito-Madurro et al. (2007) 

showed that graphite electrodes modified with poly(4-aminophenol) are adequate for immobilization of 

biomolecules (guanosine triphosphate and adenosine triphosphate). The signal amplitude for detecting these 

bases was twenty-four times more significant than the bare graphite electrode[22]. Madurro and co-workers 

conducted studies showing that electrodes modified with poly(4-aminophenol) efficiently immobilize 

nucleotides or oligonucleotides. All four bases (adenine, guanine, cytosine, and thymine) can be determined 

simultaneously by voltammetry[15,18]. 

Herein, an electrochemical DNA biosensor for detecting Mycobacterium leprae using methylene blue as 

an indicator of the hybridization was reported. The probe of the genosensor was a single-stranded DNA (78-

pb DNA fragment), PCR amplified from the RLEP3 region, which is a specific sequence of the Mycobacterium 

leprae genomic DNA. The capture probe was immobilized on the graphite electrode modified with poly(4-

aminophenol), providing a recognition surface for hybridization with the DNA target. To our knowledge, this 

is the first report in the literature showing the detection in modified electrodes of specific DNA sequence of 

Mycobacterium leprae using methylene blue as a hybridization indicator. 

MATERIAL AND METHODS  

All electrochemical experiments were in a three-compartment electrochemical cell containing a graphite 

working electrode of 6 mm diameter, cut from a graphite rod (99.9995%, Alfa Aesar), platinum as a counter 
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electrode, and a saturated calomel electrode (SCE) as a reference electrode, respectively, connected to a 

potentiostat CH Instruments, model 760 C. Ultra-high purity water (Master System, Gehaka, Brazil) was used 

for the preparation of the 4-aminophenol (Acros Organics) solutions. Monomer solutions (2.5 x 10-3 mol.L-1) 

were prepared in 0.5 mol.L-1 HClO4 solution, immediately before use.  

The polymerase chain reaction for gene-specific of Mycobacterium leprae was performed in a final 

volume of 25 µL, containing 200 µmol∙L-1 of dNTPs, 1.6 mmol∙L-1 of MgCl2, 1 X PCR buffer (Tris-HCl 10 mM, 

pH 9.0), 10 pmol of primers sense: 5'-GCA GTG GGC AGT AGG GTG AT-3' and anti-sense: 5'-CAC CGA 

AAG CTC ATG GCC AC-3', 1 U of Platinum Taq, 400 ng of genomic DNA, in 0.2 mL thin-walled polypropylene 

tubes. All reagents to this reaction were obtained from Invitrogen Life Technology.  Polymerase chain reaction 

(PCR) was performed on a standard Perkin Elmer 9600 cycles (Perkin Elmer, Warrington). The PCR 

amplification was performed in the following conditions: 95°C (1 minute), 58°C (20 seconds), 72°C (30 

seconds) - 36 cycles, 72°C (10 minutes), 4°C (10 minutes). Amplicon detection was done by electrophoresis 

of the end products in a 0.8% agarose gel stained with ethidium bromide and visualized under ultraviolet 

light. The size of the PCR product was 78 bp. The fragments were separated with agarose gel electrophoresis 

to obtain 100 mL PCR product. The dsDNA or PCR product concentration was measured through the 

ultraviolet absorption at 260 nm (ε = 6600 L mol−1 cm−1). The amplification product without further purification 

gave an A260/A280 ratio of 1.82; thus, the DNA was pure enough. The product obtained from PCR 

sequenced below was used as a capture probe and target complementary. 

 

5´-GCAGGCGTGAGTGTGAGGATAGTTGTTAGCGCCGCGGGGTAGGGGCGTTTTAG 

TGTGCATGTCATGGCCTTGAGGTGT- 3´ 

 

3´-CGTCCGCACTCACACTCCTATCAACAATCGCGGCGCCCCATCCCCGCAAAATC 

ACACGTACAGTACGGGAACTCCACT- 5´  

 

The following sequence was used as a target non-complementary. 

 

5´-CACGTAAGCATGTCGGTGGTGGATGCTGCTTGGTCTACATGTTGATGATGCC 

AGGGGCTGGGCACCTGGGCTGTGCTGAAGGCGATATC– 3´  

 

The phosphate buffer solution was prepared at pH 7.4. Buffer solution for DNA immobilization (TE buffer) 

was prepared with Tris-HCl 10×10-3 mol∙L-1, pH 8.0, containing EDTA 1x10-3 mol L-1. For DNA detection, 

methylene blue 20 x 10-3 mol L-1 in NaCl 20 x 10-3 mol L-1 was added to the electrode surface. All reagents 

were used without further purification, and the experiments were conducted at room temperature (25 ± 1oC). 

Film morphology in the absence or presence of biomolecules was assessed by atomic force microscopy 

(AFM) (Nanoscope IIIa, Digital Instruments). 

Before electropolymerization, the bare graphite electrode was mechanically polished with alumina (0.3 

µm) slurry, ultrasonicated, washed with deionized water, and dried in the air. The 4-Aminophenol solution 

was deoxygenated through bubbling with N2 before electropolymerization. The monomer 4-aminophenol was 

electropolymerized on a graphite electrode through continuous potential cycling, according to Franco et al., 

2008[15]. After electropolymerization, the modified electrode was rinsed with deionized water to remove the 

unreacted monomer. 

The thermal stability of poly(4-aminophenol) was evaluated as a function of thermal treatment. The 

electrode was maintained at a temperature of 98 ± 1 °C for 2 hours and, in every 5 minutes, submitted at 

potential scans in 0.5 mol∙L-1 HClO4 solution, between +0.30 V to +0.55 V vs. SCE at 100 mVs-1. A control 

experiment was performed using an electrode modified with a polymer film without thermal treatment. 

For immobilization and hybridization of the PCR product (RLEP3), a pre-conditioning and polarization of 

the surface of the graphite electrode modified with poly (4-aminophenol) was conducted[23]. It was subjected 

to successive sweeps of potential from 0 to +0.8 V vs. SCE, in phosphate buffer solution until the 

voltammograms remain constant. RLEP3 was denatured at 98°C for 5 minutes.  

Scheme 1 represents the electrochemical DNA biosensor using a hybridization indicator to identify 

Mycobacterium leprae. Initially, 15 µL of the denatured sample (3∙93 x 10-8 mol∙L-1 in TE) was added onto the 

surface of the modified electrode. The electrode was kept at 98°C for 3 minutes to assure the maintenance 

of ssDNA, washed with phosphate buffer solution (pH 7.4) for 5 seconds, and dried with ultra-pure N2. 15 µL 

of the target complementary or non-complementary DNA in TE buffer were added onto the surface of the 

modified electrode containing the probe. The hybridization was carried out at 42°C for 3 min. Methylene blue 
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was added to the electrode surface. It was kept for 5 minutes, and after that, the modified electrode was 

washed with phosphate buffer. Linear voltammetry was the technique used for electrochemical detection of 

the DNA in phosphate buffer solution (pH 7.4).  

 

Scheme 1. Schematic illustration of the electrochemical DNA biosensor for the identification of Mycobacterium leprae 

RESULTS AND DISCUSSION 

Evaluation of thermal stability of the poly 4-aminophenol modified electrode 

The poly(4– aminophenol) thermal stability was carried out to evaluate the method's feasibility for RLEP3 

immobilization. In this condition, the physics and chemistry properties of the film should be maintained. 

According to Figure 1, the electrical charge of oxidation waves of the electrode modified without thermal 

treatment maintained stable after 25 potential scans, demonstrating its electrochemical stability in these 

conditions. The electrode modified with polymer film submitted to thermal treatment for 20 minutes 

maintained about 70% of the electrical charge of the first oxidation wave. This result suggests that poly(4-

aminophenol) had a low loss of conjugation, maintaining the electroactivity and doping and dedoping of ions 

into poly(4-aminophenol) films[24]. 

 

Figure 1. The electrical charge of the oxidation wave of poly(4-aminophenol) in 0.5 mol∙L-1 HClO4. The electrode was 
maintained at a temperature of 98 ± 1 °C for 5 min over 2 hours.  
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Analysis of atomic force microscopy 

Mode AFM images were used to demonstrate the surface modification without DNA, after immobilization 

of ssDNA, and after hybridization event with the complementary target. As shown in figure 2, the roughness 

value obtained for the graphite electrode modified with poly(4-aminophenol), poly(4-aminophenol)ssDNA, 

poly(4-aminophenol)dsDNA were 639.9 nm, 367.3 nm, 504.64 nm, respectively. The immobilization of 

ssDNA on the graphite electrode modified with poly(4-aminophenol) causes a decrease in the roughness of 

the surface and differences in height and shape of the clusters, figure 2 B. According to the literature, that 

occurs due to the DNA probe penetrates in conducting polymer chains as described by poly(4- 

aminothiophenol) and polypyrrole[25].  This observation confirms the success of ssDNA immobilization on 

the surface of the graphite electrode modified. Figure 2 C indicates an increase in roughness and the 

presence of larger clusters after the hybridization event. Following the literature, double-stranded DNA 

molecules are more elongated and inflexible than single-stranded DNA molecules, resulting in larger 

structures[26]. It could explain the increase of roughness surface. From these results, we can suggest that a 

hybridization event occurs on the electrode surface.  

 

 

 

 

 

 

Figure 2. AFM topographical images of modified graphite electrode with poly(4-aminophenol): (a) without biomolecules; 
after immobilization and hybridization with biomolecules: (b) RLEP3, ssDNA, before hybridization; (c) RLEP3, dsDNA, 
after hybridization. 

Detection of PCR product using methylene blue 

The methylene blue (MB) is an organic dye used as a hybridization indicator in electrochemical DNA 

biosensors that interacts differently with ssDNA and dsDNA[27,28,29]. Fig. 3A shows linear voltammograms 

of MB on a graphite electrode modified with poly(4-aminophenol) containing ssDNA before and after 

hybridization assay, with complementary target at concentration 3.93 x 10-8, 3.93 x 10-9, 3.93 x 10-10, 3.93 x 

10-11 and 3.93 x 10-12 mol/L. An obvious decrease in the voltammetric peak at – 0.22 V is observed for the 

MB with increased concentration of the complementary target. The decrease in the magnitude voltammetric 

peak occurs due to lesser interaction of MB with guanine bases because the accessibility of unbounded 

guanine bases is greater in ssDNA than in dsDNA[30, 31]. A linear relationship of the current concentration 

of the complementary target was observed, as shown in Fig. 3 B. The linear regression obtained was I(µA) = 

-56.62 x log([ssDNA]) – 156.8 for three independent experiments with R2 0.90. The detection limit for the 

complementary target was 1 x 10-10 mol/L. 

 

 

 

 

 

 

Figure 3. (A) Linear voltammograms of MB on a graphite electrode modified with poly(4-aminophenol) containing ssDNA 
before and after hybridization assay, with complementary target at concentration 3.93 x 10-8, 3.93 x 10-9, 3.93 x 10-10, 

B  
A  
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3.93 x 10-11 and 3.93 x 10-12 mol/L in phosphate buffer, pH 7.4. (B) The plot of reduction current of methylene blue vs. 
logarithmic concentration of the ssDNA target.  

In the selectivity assay, Figure 4 shows a graphite electrode modified with poly(4-aminophenol) 

containing ssDNA placed to hybridize with a complementary and non-complementary sequence, both in the 

concentration of 3.93 x 10-8 mol/L. The magnitude of the peak reflects the extent of the interaction of MB with 

ssDNA. When the DNA biosensor was placed to hybridize with a non-complementary sequence, the peak 

current of reduction MB did not change compared to the peak current reduction of MB for poly(4-

aminophenol) containing ssDNA.  This result suggests selectivity to the system studied.   

 

Figure 4. Linear voltammograms of DNA biosensors with complementary (3.93 x 10-8 mol/L) and non-complementary 
targets (3.93 x 10-8 mol/L ) using the reduction signal of MB, supporting electrolyte: phosphate buffer, pH 7.4. Before 
hybridization (A), after hybridization with non-complementary sequence (B) after hybridization with complementary 
sequence (C).  

CONCLUSION 

This study reports the construction of an electrochemical DNA biosensor to detect PCR products of 

Mycobacterium leprae. The graphite electrode modified with poly(4-aminophenol) proved to be a promising 

platform for DNA immobilization. Furthermore, it exhibited good thermal stability after 20 min incubation at 

98 ºC, maintaining its electroactivity. The DNA biosensor showed a low limit detection and selectivity when 

placed to hybridize with a non-complementary sequence. The electrochemical DNA sensor offers good 

sensitivity and amenable to miniaturization.  This study suggests that electrochemical DNA biosensor 

developed are promising for detecting DNA of Mycobacterium leprae, but it is necessary to continue research 

with DNA biosensor to develop its protocol with real samples of Mycobacterium leprae.   
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